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Abstract From its introduction until now, more than 20 years ago, stir bar sorp-
tive extraction (SBSE) has been consolidated as sample preparation technique. This 
chapter revisits the fundamentals of this solventless technique and discusses the 
different aspects affecting its performance, with special emphasis on working under 
non-equilibrium conditions. Special attention is focused on its limitations, mainly 
those derived for the extraction of non-polar compounds, and how researchers try 
to solve them by resorting to derivatization strategies, by developing new work-
flows and approaches, and/or by proposing new sorbents and synthetic procedures. 
Those SBSE-derived extraction techniques and the advantages they present are also 
described and deeply discussed. An exhaustive revision of those published papers 
just applying these techniques are not described considering they have been exten-
sively compiled in recent published review articles, but those contributing with some 
of the above-mentioned developments are commented on. 
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CE Capillary electrophoresis 
COF Covalent organic framework 
DE Desorption efficiency 
DμSPE Dispersive microsolid-phase extraction 
DS Desorption solvent 
DVB Divinylbenzene 
EDMA Ethylene dimethacrylate 
EE Extraction efficiency 
EF Enrichment factor 
EG Ethylene glycol 
FPSE Fabric phase sorptive extraction 
GC Gas chromatography 
GO Graphene oxide 
HFμE Hollow fiber microextraction 
HLB Hydrophilic-lipophilic balance 
HS Headspace 
HSSE Headspace sorptive extraction 
ICECLES Ice concentration linked with extractive stirrer 
ICP Inductive coupled plasma 
LC Liquid chromatography 
LD Liquid desorption 
LDH Layered double hydroxide 
MAOE Octyl methacrylate 
MAX Mixed mode anion exchange 
MECs Microextraction capsules 
MI-FPSE Magnet-integrated-FPSE 
MIP Molecularly-imprinted polymer 
MOF Metal-organic framework 
MPS 3-(Trimethoxysilyl)propyl methacrylate 
MSAμE Multi-spheres adsorptive μ-extraction 
MTES Methyltrimethoxysilane 
MWCNTs Multiwalled carbon nanotubes 
o-SWNHs Oxidized single-walled carbon nanohorns 
PA Polyacrylate 
PANI Polyaniline 
PCB Polychlorinated biphenyl 
PDMS Polydimethylpolysiloxane 
PEEK Poly(ether ether ketone) 
PEG Polyethylene glycol 
PPESK Poly(phthalazine ether sulfone ketone) 
PTFE Polytetrafluoroethylene 
PTV Programmable temperature vaporizer 
RAM Restricted access material 
RDSE Rotating disk sorptive extraction 
rGO Reduced graphene oxide
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SA-SBSE Solvent-assisted stir bar sorptive extraction 
SBME Solvent bar microextraction 
SBSDME Stir bar sorptive dispersive microextraction 
SBSE Stir bar sorptive extraction 
SCSE Stir cake sorptive extraction 
SME Stir membrane extraction 
SPME Solid-phase microextraction 
TD Thermal desorption 
ZIF Zeolitic imidazole framework 

1 Introduction 

Stir bar sorptive extraction, abbreviated as SBSE, is a solventless extraction technique 
invented in 1999, and patented, by Prof. Sandra and co-workers [1]. In its original 
format, it consists of the partition of analytes between an aqueous sample (or solution) 
and polydimethylsiloxane (PDMS) (used as sorbent) immobilized on a magnetic-core 
bar (typically 10–40 mm length) immersed into the aqueous phase, in such a way the 
bar is stirred by using a laboratory magnetic stirrer. After a defined period of time, 
the agitation is stopped and the stir bar containing the analytes is taken out and rinsed 
with deionized water. Afterwards, it is carefully dried with a paper tissue or under 
a nitrogen stream, and subsequently either it is stirred into an appropriate solvent 
to back-extract the analytes by liquid desorption (LD), or it is subjected to high 
temperatures, in case of (semi)volatile and thermally-stable compounds, to desorb 
them by thermal desorption (TD). LD allows multiple analysis of the extract and it is 
the preferred option for the subsequent measurement by liquid chromatography (LC), 
capillary electrophoresis (CE) or inductively coupled plasma (ICP), among others. 
On the contrary, TD is the preferred option when gas chromatography (GC) is used, 
and it allows achieving higher sensitivity than with LD, since all the extracted amount 
is transferred to the measuring instrument. Figure 1 shows a schematic representation 
of the experimental procedure of SBSE. 

Fig. 1 Schematic representation of the experimental procedure of SBSE
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From an operational point of view, SBSE is very simple and easy to carry it out, 
without requiring supervision, so it can be working overnight to compensate the long 
extraction times often required. Before their use, the stir bar needs to be conditioned 
by cleaning with suitable solvents (e.g., acetonitrile) or through thermal treatment 
(e.g., 320 °C) to minimize interferences and memory effects [2]. 

Although nowadays the stir bar is made up of different materials and forms, as it 
will be discussed later, the original stir bar consisted of three parts, i.e., a magnetic 
rod that enables the rotating movement, a glass jacket coating the magnetic rod, and a 
thin layer of PDMS coating the glass jacket where the analytes are really extracted by 
means of hydrophobic interactions through Van der Waals forces, although hydrogen 
bonds can also be stablished [3]. Although the intermediate glass jacket could seem 
unnecessary, it was essential to prevent decomposition of PDMS catalyzed by the 
metallic rod [4]. These devices have been, and still are, for many years marketed by 
Gerstel GmbH & Co. KG under the trade name of Twister® [5, 6]. This information 
will be completed later. 

Much has been written about SBSE, as evidenced by the countless review articles 
that can be found in the bibliography describing the principles and applications of 
this technique [3, 7–11]. The objective of this chapter is not to repeat once again 
what has already been published but to revisit the fundamentals and describe them 
from a more didactic perspective, while describing the evolution of this technique 
through novel sorbents, instrumental developments, and derived techniques. 

2 Fundamentals 

SBSE emerged as a way to enhance the extraction efficiency (EE), and thus the sensi-
tivity, achieved by solid-phase microextraction (SPME) (described in this chapter), 
the unique sorbent-based microextraction technique that existed at that moment. 

Both microextraction techniques are based on the partition of the target compound 
(e.g., A) between the aqueous sample and a small amount of PDMS immobilized 
in an inert support, either a stir bar in SBSE or a fiber in SPME. The equilibrium 
constant governing this equilibrium, i.e., the partitioning coefficient (KPDMS/water) can 
be defined as: 

KPDMS/waterA = 
[A]extracted 
[A]remaining 

= 

mextractedA 
VPDMS 

mremainingA 
Vwater 

(1) 

where [A] is the concentration of the compound A either extracted in the PDMS phase 
or remained in the aqueous phase once the equilibrium is reached, respectively, which 
in turn can be expressed as the ratio between the mass (m) of the compound A in 
each phase with respect to the volume (V) of each phase, respectively. 

The EE for this compound A is defined as the ratio between the amount extracted 
of this compound in the PDMS layer (mextracted) with respect to the amount of the
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same compound that was initially present in the aqueous sample (minitial). After 
equilibrium is reached, the initial amount is distributed between the PDMS layer and 
the aqueous solution (mremaining), thus: 

EE (%) = 
mextractedA 

minitialA 
x 100 = 

mextractedA 

mremainingA + mextractedA 
x 100 (2) 

Combining both equations, it is easy to see that EE depends on KPDMS/water and 
volumes ratio. Since the Ko/water values are usually accessible unlike KPDMS/water 

ones, and PDMS behaves similarly to octanol, it could be assumed that KPDMS/water 

~ Ko/water, and thus: 

EE (%) = 
1 

Vwater 
VPDMS 

KPDMS/waterA 
+ 1  

x 100 ≈ 1 
Vwater 
VPDMS 
Ko/waterA 

+ 1  
x 100 (3) 

In a partition equilibrium, unlike an adsorption equilibrium where the compounds 
are adsorbed in the active sites on the surface, the total amount of the extraction phase 
has a high influence on the EE. According to Eq. 3, for the same compound under 
the same extraction conditions, the lower the amount of PDMS is, the lower the 
EE is. This is the reason why EE values are low in SPME, since the extremely 
thin PDMS-coated fused silica or stainless-steal fibers limit the amount of available 
PDMS (typically around 0.5 μL for a 100-μm film thickness [1]). On the contrary, 
the PDMS amount is much higher in SBSE due to the higher surface area of the 
stir bar, which depending on its length (10–20 mm) and thickness (0.5–1.0 mm) 
can reach more than 120 μL [5], i.e., more than 240 times compared to SPME. 
As EE does not depend linearly on VPDMS, the sensitivity does not increase in the 
same way as VPDMS, as wrongly stated elsewhere, but it does increase notably. The 
difference between both approaches can be visualized by representing Eq. 3 as in 
Fig. 2, where, as a practical example, 25 mL of aqueous sample is extracted with 
SPME (VPDMS = 0.25 and 0.5 μL) or with SBSE (VPDMS = 60 and 120 μL). As it can  
be seen, the theoretical EE increases with Ko/water, or what is the same, the extraction 
is more favourable the more non-polar the compound is (i.e., higher Ko/water). As also 
predicted by Eq. 3, the EE is higher as the amount of PDMS increases, and thus the EE 
is always superior for SBSE than for SPME. It should be noticed that for moderately 
non-polar compounds (Ko/water ~ 103–104), which represent most of applications, 
EE > 70% is achieved by SBSE, whereas it does not reach to 20% for SPME. To 
a lesser extent, SBSE allows the extraction of polar and medium-polar compounds 
(Ko/water < 103), which are hardly achievable by SPME. For SPME, quantitative EE 
values are just achieved for extremely non-polar compounds (Ko/water > 106) and thus 
quantitative extractions are hardly encountered by employing this microextraction 
technique.

If we move our attention from the VPDMS to the Vwater, lower theoretical EE 
but higher theoretical extracted amount (mextracted) are achieved for higher sample 
volumes maintaining the same PDMS-coated stir bar. This can be seen by plotting
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Fig. 2 Comparison of theoretical EE values obtained by SPME (VPDMS = 0.25 and 0.5 μL) and 
SBSE (VPDMS = 60 and 120 μL) in the extraction of 25 mL of aqueous sample

EE throughout Eq. 3 and mextracted throughout Eq. 2 for different sample volumes. 
Figure 3 shows, as a practical example, the extraction of a compound with Ko/water 

= 104 from a water sample containing 10 ng mL−1 by means of a PDMS-coated stir 
bar with 60 μL PDMS.

From these results, and taking into account that the desorption is accomplished 
under the same conditions, large sample volumes are the best option to achieve higher 
sensitivity, obviously if there are not problems related to sample availability. 

Apart from volume ratio, all those experimental variables affecting the Ko/water 

also affect the EE. Temperature increases the solubility of solutes in a solvent, thus 
temperature can affect differently the solubility of the target compound in both 
phases, and then is compound-dependant. However, the increase in solubility is 
often more accentuated in the aqueous phase and thus it causes a decrease in Ko/water 

and as a consequence it can be concluded that EE often decreases with temperature. 
Nevertheless, the effect of the temperature is often ignored and people work at room 
temperature [9]. In the case of ionisable compounds, such as weak acids and bases, 
pH plays a key role, since the neutral form is more extractable than the ionic one, 
thus those values that favour the formation of the neutral form increase the EE. The 
addition of ion-pair reagents also facilitates the extraction of ionized acids and bases 
by formation of a neutral adduct. The ionic strength also affects the Ko/w and thus 
the EE, in such a way, an increase in the salt content forces the solutes to move to 
the organic phase (‘salting-out effect’). Sometimes, a small amount of polar organic 
solvent (modifier), such as methanol, is added to the bulk aqueous sample solution to 
avoid the adsorption of the target compounds onto glass vessels and thus it prevents
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Fig. 3 Variation of theoretical EE (blue line) and theoretical extracted amount (green line) with 
sample volume for a compound with Ko/water = 104 extracted from a water sample containing 
10 ng mL−1 by means of a PDMS-coated stir bar with 60 μL PDMS

analyte losses (‘wall-effect’), but it also increases the solubility in the aqueous phase 
and thus it reduces collaterally the Ko/water and the EE. 

Through Eq. 3, researchers can predict the theoretical EE for a specific compound 
with known Ko/water and for a given volume ratio. However, these theoretical values 
are rarely achieved experimentally owing mainly to three reasons: on the one hand, it 
is assumed that KPDMS/water ~ Ko/water, which could be slightly different; on the other 
hand, for very non-polar compounds, the above mentioned ‘wall-effect’ could be 
significant; and last but not least, the equilibrium might not have been reached after 
a defined period of extraction time [1]. Figure 4 shows the results experimentally 
obtained for the SBSE of a group of semivolatile compounds compared with the 
predicted theoretical values.

Not reaching the equilibrium state is a consequence of the existence, in addition 
to those variables that affect thermodynamics mentioned above, of other variables 
involved in the extraction that exert a kinetic control over it. These variables are the 
extraction time, the stirring rate, the temperature (again) and the surface area of the 
stir bar. 

With the aim to contextualize the discussion on the kinetic control in SPME 
and SBSE, it should be said that, unlike those microextraction techniques where 
the sorbent is dispersed (see chapter “Dispersive-Micro-Solid Phase Extraction 
(d-μSPE)”) [12], the kinetics in both SPME and SBSE are slow. So, longer extrac-
tion times are needed to reach the equilibrium state and thus to obtain the maximum 
thermodynamic EE for a target compound under these conditions. Figure 5 shows a
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Fig. 4 Experimental EE (red squares) compared with theoretical EE (blue line) values obtained 
for different semivolatile compounds from a 10 mL aqueous sample by using SBSE (VPDMS = 55 
μL) (adapted with permission from [1])

real case obtained in the extraction of polychlorinated biphenyls (PCB) from a water 
sample [13], where the experimental EE gradually increases with extraction time. 
This behavior has been reported by other authors. 

Fig. 5 Experimental evolution of EE with extraction time observed in the extraction of different 
PCB from water samples (adapted with permission from [13])
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In practice, to avoid extending the total analysis time too much, it is usual to 
shorten the extraction time and to work under non-equilibrium conditions, or if time 
is not a critical parameter to get the results, the extraction can be left overnight. If we 
opt by working under non-equilibrium conditions, we should take into account that 
it does not affect the accuracy of the determination if calibration is conducted with 
standards extracted under the same working conditions than samples. However, this 
way of proceeding can jeopardize the precision and sensitivity. Regarding precision, it 
is affected as a consequence of not working in a plateau, thus the extraction time needs 
to be strictly controlled. In any case, the precision can be improved by working with 
surrogates [11]. Regarding sensitivity, it is lowered as a consequence of not achieving 
the maximum thermodynamic EE. Thus, a compromise situation is usually looked 
for, so that the selected extraction time is increased if it compensates the increase 
in the EE, what depends on the region EE (%) vs time in which the system is. 
To this regard, SBSE, like SPME, is considered as non-exhaustive microextraction 
technique. 

Bearing in mind that extraction occurs under diffusion-controlled conditions, 
diffusion through the boundary layer between the bulk aqueous solution and PDMS 
is rate controlling, and this can be enhanced by an efficient stirring. However, a 
vigorous uncontrolled agitation could physically damage the stir bar and also cause 
bubble formation, which in both cases negatively affects the EE [8]. Unlike SPME, 
SBSE integrates the extraction and stirring elements in the same device, which, in 
addition to simplifying the extraction, reduces the thickness of the boundary layer 
and thus speeds the diffusion of the extractable compounds from the bulk sample to 
the stir bar [14, 15]. 

Apart from the thermodynamic effect that exerts the temperature over the Ko/water 

discussed before, temperature per se usually accelerates the kinetics, but also dimin-
ishes the viscosity of the liquid bulk sample enhancing the mass transfer and thus 
decrease the time required to reach the equilibrium state. To this regard, as described 
before, the addition of salt improves the thermodynamics by the ‘salting out’ effect 
but it could damage the kinetics by increasing the viscosity. 

Finally, the higher the surface area of the stir bar exposed to the bulk sample 
solution, the faster the extraction process is, since the sorbent is more accessible to 
entrap the target compounds. 

With regard to the desorption conditions, we should distinguish between LD or 
TD, as commented before. In case of LD, a new partitioning equilibrium is now 
stablished between the PDMS and the desorption solvent (DS), so it is governed by a 
new partitioning coefficient (KDS/PDMS). In this sense, the nature and volume of this 
solvent exert a great influence in the thermodynamics of the desorption efficiency 
(DE), which similarly as discussed early, it could be defined as: 

DE (%) = 
1 

VPDMS 
VDS 

KDS/PDMSA 
+ 1  

x 100 (4)
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The solvent is chosen from the wide range of options that can be found in the 
laboratory compatible with the extraction phase. Aqueous solutions buffered at an 
appropriate pH to cause ionization of the analytes and their back-extraction could also 
be used, if it is the case. Its compatibility with the subsequent analytical instrument 
should be considered. To this regard, evaporation and reconstitution in an appro-
priate solvent could also be implemented despite increasing the total analysis time. 
Regarding the desorption volume, at least it should totally cover the stir bar to effi-
ciently wet it, whereas, as it can be seen from Eq. 4, the higher the volume, the higher 
the DE. Nevertheless, as desorption volume increase, the enrichment factor (EF) for 
a compound A, defined as the ratio of the concentration in the desorption solvent 
([A]DS) with respect to the initial concentration in the sample ([A]initial) (Eq.  5), 
would worsen as a consequence of collateral dilution, thus decreasing the sensitivity 
of the overall procedure. Nevertheless, at this stage, evaporation and reconstitution 
in a less amount of this same or another solvent could be carried out. 

EFA = 
[A]DS 
[A]initial 

(5) 

Here again, the stirring rate and temperature enhance the kinetics [8], but it is usual 
to work at room temperature conditions. 

Regarding TD, it is used in the case of (semi)volatile and thermally-stable 
compounds, so their boiling points and vapor pressures are the thermodynamic 
parameters inherently associated to the compounds themselves. For TD, a dedicated 
unit is required, consisting of two programmable temperature vaporizers (PTV). 
The first one heats a glass tube containing the stir bar, in such a way the retained 
compounds are vaporized and transferred to a cold trap (i.e., a quartz tube packed 
with a sorbent or a series of sorbents of increasing strength) with the aid of the 
carrier gas (Fig. 6a). There, the compounds are cryofocused to avoid the excessive 
peak broadening caused if they were transferred directly to the GC instrument. The 
desorption temperature and the carrier gas flow play a crucial role in this step. After 
the required desorption time and once the compounds are in the cold trap, the carrier 
gas flow reverses and the second PTV is ballistically heated to transfer rapidly and 
efficiently the compounds to the GC instrument (Fig. 6b).

At this point it should be said that SBSE can also operate in headspace (HS) mode 
rather than in the immersion mode discussed up to now, which is particularly inter-
esting to extract (semi)volatile compounds. In this mode, also known as headspace 
sorptive extraction (HSSE), the stir bar is held in the HS of the vial by using special 
devices (Fig. 7), and it remains static in such a way the target compounds are parti-
tioned between the aqueous sample and HS, and then between HS and PDMS. An 
additional magnetic stir bar immersed into the bulk sample (or solution) is used to 
facilitate the mass transfer from it to the HS. Compared to the immersion mode, HS-
SBSE requires longer extraction times since the kinetics are more limited, whereas it 
is more selective since non-volatile potentially interfering compounds are avoided.



Stir Bar Sorptive Extraction 127

TD glass 
tube 

GC 

Carrier gas 

TD glass 
tube 

GC 

Carrier gas 

Cold 
trap 

Cold 
trap 

(a) (b) 

Fig. 6 Schematic diagram of thermal desorption process. a glass tube heating; b cold trap heating

The boiling points and vapor pressures of the target compounds control the thermo-
dynamics, besides the pH, the salinity, and the organic modifier content, as discussed 
before for the immersion mode. 

To conclude with this section, it is obvious to emphasize that the influence of 
both thermodynamic and kinetic variables needs to be considered in both extraction/ 
desorption steps with the aim of reaching an efficient extraction/desorption in a 
reasonable time.

PDMS 
stir bar 

Magnetic 
stir bar 

Glass 
insert 

Stainless 
steel wire 

Magnetic clip 

Fig. 7 Different devices for holding the extraction stir bar in the HS 
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3 Main Limitations and Solutions 

As said before, PDMS was the unique and commercially available coating material 
for SBSE for a long time, and therefore it has been the most used and discussed in 
the literature for a wide range of applications. Despite this, due to the hydrophobic 
nature of this polymer, SBSE was initially limited to the unspecific extraction of 
non-polar compounds (generally for those with log Ko/w > 3), so the researchers had 
to resort to different strategies if the target compounds were of polar nature. 

In this sense, a new stir bar with more polar features was later marketed, also by 
Gerstel GmbH & Co. KG. This alternative stir bar is made up of PDMS and ethy-
lene glycol (EG)-modified silicone (EG/Silicone Twister®), which allows unspecific 
sorption of non-polar compounds and additional specific binding of polar hydrogen 
bond donors, such as phenols, demonstrating greater affinity compared to PDMS 
Twister® [16, 17]. Against, it has been verified that the stability of this coating 
material is inferior due to the softer nature of the polymer, and for this reason 
it is covered with an inert supporting grid for mechanical stabilization. Likewise, 
numerous scratches were observed on the surface of the grid when reused several 
times. Because of this, its use is recommended either in the HS mode, or immobilized 
in the aqueous donor phase and being stirred with an additional inert stir bar. 

It is worth mentioning that a third stir bar coated with an alternative sorbent was 
also commercialized for a time by the same company, namely, polyacrylate (PA) with 
a proportion of polyethylene glycol (PEG) (Acrylate Twister®), but it is no longer 
available since robustness and applicability were limited [6]. 

Despite the commercial availability of these less non-polar coatings, their extrac-
tion mechanisms are still mainly based on hydrophobic interactions due to the pres-
ence, to a greater or lesser extent, of PDMS in its composition, and non-polar and 
medium polar compounds are by far the most extracted analytes. In fact, even EG/ 
Silicone Twister® was shown to still be a challenge for the extraction of some polar 
compounds (especially for those with log Ko/w < 2) [18]. In addition, nowadays, multi-
residue methods that allow the extraction of the widest possible range of analytes of 
different polarity is one of the most demanded needs by many analysis laboratories. 

For all these reasons, great efforts have been directed to solve these limiting 
factors. In the following sections, different proposals are detailed and discussed, 
namely, the derivatization of the analytes, the use of novel workflows, and the 
fabrication of lab-made stir bars. 

3.1 Derivatization 

Different derivatization strategies carried out as an alternative to extract polar 
compounds more efficiently can be found in the literature [19]. In these cases, the 
polar functional groups of the analytes are converted to less polar derivatives, whose
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transfer to the PDMS stir bar is feasible. Some examples are alkylation, acylation, 
or silylation, among others. 

In-situ derivatization of the analytes is the most common strategy, which occurs 
simultaneously with the extraction step in the aqueous donor phase. In this sense, 
the derivative is first formed within the solution in the presence of the derivatizing 
agent, which is subsequently extracted by the sorbent phase (Fig. 8a). This proce-
dure reduces the number of steps compared to derivatization prior to extraction, and 
therefore the whole analysis time. Alternatively, the derivatization can also be on-
stir bar, i.e., by previously loading the derivatization agent on the PDMS phase and 
then the analytes are incorporated into it, thus derivatization and extraction being 
also simultaneous (Fig. 8b). However, derivatization reactions that can be performed 
in aqueous solutions are limited, even some of them, such as silylation, does not 
occur since silylating agents are very sensitive to water and other protic solvents. In 
addition, derivatizing agents may be a source of interferences and errors. 

Apart from these simultaneous derivatization strategies to extract polar analytes 
on PDMS stir bars, post-extraction derivatization strategies have also been reported to 
enhance the volatilization of the analytes and thus the chromatographic performance 
for GC analysis. In-tube derivatization (or in-port derivatization) occurs in the glass 
TD tube, where a few microliters of the derivatization reagent are added in a capillary 
tube or glass wool alongside the post-extraction stir bar containing the analytes 
(desorption and derivatization are simultaneous) (Fig. 8c). However, this on-line 
derivatization is limited to the fact that the non-derivatized polar compounds have 
been efficiently extracted on the stir bar, and more so if it is from PDMS phase. If 
LD is carried out, the derivatization reagent may be added to the desorption solvent 
after or during the desorption (in-extract derivatization) (Fig. 8d). In this case, the 
silylation reaction is possible if the solvent is not protic.

Derivatizing 
reagent 

Carrier 
gas flow 

GC 

Extraction 

Desorption 

(a) (b) 

(c) (d) 

Derivatizing reagent 
Analyte 
Derivatized analyte 

Derivatizing 
reagent 

Fig. 8 Schematic diagram of: a in-situ derivatization; b on-stir bar derivatization; c in-tube 
derivatization; d in-extract derivatization 
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3.2 Novel Workflows in SBSE 

When multi-residue analyzes are needed for the simultaneous determination of a 
large number of compounds covering a wide range of polarities, the problem arises 
when the extraction conditions for the analytes are quite different. For this reason, 
several alternatives to the conventional SBSE workflow were presented. 

Ochiai et al. proposed back in 2006 dual SBSE [20], where two sample aliquots are 
subjected parallelly to different extractions conditions with separate stir bars, using 
the optimal conditions for the analytes in each case. After extraction, the stir bars are 
desorbed together, mainly by TD in the same glass tube (in one or two steps), and 
consequently only one chromatogram is obtained, reducing overall analysis time 
(Fig. 9a). It should be noted that what changes in each aliquot are the extraction 
conditions (pH, derivatization agent, ionic strength, extraction time, etc.), but they 
should not necessarily be two stir bars with different characteristics. 

Although for other purposes, at this point, it should be mentioned that some authors 
employed the so-called multi-shot SBSE in order to obtain a higher sensitivity. In 
this methodology, several sample aliquots were extracted under the same extraction 
conditions using a stir bar per aliquot, and then desorbed together. When the results 
of this procedure were compared with those obtained using a single stir bar in a 
sample volume equivalent to the sum of the aliquots, an enhancement in sensitivity 
was verified [21]. 

The combination of stir bars with different polarities may expand the range of 
compounds to be extracted. In sequential SBSE [22], the same sample aliquot is

Parallel 
extraction 

Extraction 
conditions A 

Thermal desorption 

GC 

Extraction 
conditions B 

EG/Silicone 
stir bar 

Magnetic clip 

PDMS 
stir bar 

Extraction 
conditions A 

Extraction 
conditions B 

Sequential 
extraction 

(a) (b) 

(c) 

Fig. 9 Schematic diagram of: a dual SBSE; b sequential SBSE; c multi SBSE 
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subjected to different extraction conditions, even using different types of stir bars, in 
a sequential manner (Fig. 9b). It is also possible to modify the extraction modality 
(immersion and HS) between extractions, which is useful if volatile compounds are 
determined, as it has been proven that a high temperature may decrease the EE due 
to the volatilization up to the HS. After extraction, both stir bars are simultaneously 
desorbed for a single analysis. This workflow usually requires less sample volume 
than dual SBSE, but as the extractions are not carried out simultaneously, the analysis 
time increases. 

In 2013, Ochiai et al. presented multi SBSE (mSBSE) [23], which enables the 
extraction of a single sample aliquot using simultaneously both PDMS- and EG-
Silicone-coated stir bars, and the simultaneous desorption of both (Fig. 9c). The 
superior extraction capacity of this workflow to cover a wide polarity range was 
demonstrated [24]. Although the extraction device can be made in the laboratory 
[25], Gerstel GmbH & Co. KG commercializes a device under the tradename of 
Twicester® specifically designed for mSBSE. Up to three stir bars can be used, two 
of them magnetically positioned with a clip on the inner wall of the vial for HS 
and the third being stirred in the bottom. This arrangement prevents damage to the 
EG-Silicone-coated stir bars due to mechanical stirring. 

A novel extraction technique that relies on stir bars that have been swollen with 
solvent was presented in 2016 under the term solvent-assisted SBSE (SA-SBSE) 
[26] to extend the applicability of conventional SBSE to more polar compounds. In 
this approach, a small volume of solvent (e.g., ethyl acetate, acetone, acetonitrile, 
methanol) is added to the conventional PDMS-coated stir bar before the extrac-
tion step leading to a swelling of the sorbent phase (Fig. 10a). Thereby, compared 
to conventional SBSE, the SA-SBSE phase volume is significantly increased (thus 
reducing the phase ratio), and, at the same time, it modifies its polarity depending 
on the solvent used, leading to improved extraction not only for polar compounds 
within the range of log Ko/water values between 1 and 2, but also for non-polar 
compounds. Gerstel GmbH & Co. KG developed and commercializes a stir bar 
specifically designed for this approach named as Flex Twister®). 

Fig. 10 a Comparison between a solvent swollen PDMS stir bar and a conventional PDMS stir bar 
in SA-SBSE (reproduced with permission from [26]. b Schematic diagram of ICECLES apparatus 
(reproduced with permission from [27])
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Another alternative to overcome the drawback of poor extraction of polar 
compounds by conventional SBSE was proposed in the same year by Maslamani 
et al. [27]. Ice concentration linked with extractive stirrer (ICECLES) is based on the 
gradual freezing of the aqueous solution during SBSE from the bottom of the vial 
to the top using a double-walled beaker and a circulating chiller. As the donor phase 
freezes the analytes are gradually concentrated into the PDMS stir bar that remains 
in the upper liquid phase (Fig. 10b). It was demonstrated its higher performance for 
the extraction of polar compounds compared to conventional SBSE [28]. The main 
drawback was the limited sample volume (up to 10 mL), since it is moved away from 
the magnetic field as the ice front moves towards the top of the vial. 

Recently, the concept of sequential SBSE was extended for a two-step fractiona-
tion of compounds with different polarities, by using a combination of mSBSE and 
SA-mSBSE. This new workflow, termed fractionated SBSE (Fr-SBSE) [29], consists 
of introducing first a set of three PDMS stir bars in a sample volume to extract 
the non-polar compounds. Then, after removing these stir bars, three PDMS stir 
bars swollen with solvent are introduced in the same sample for the extraction of 
polar compounds (Fig. 11). This extraction procedure provides two fractions with 
different polarities, which are either thermally desorbed or back-extracted in an 
organic solvent. A similar but simpler methodology was recently proposed by the 
same authors, combining SBSE and SA-SBSE with in-situ derivatization [30].

3.3 Alternative Coatings for SBSE 

The development and manufacture of new lab-made coatings has been one of the 
major aims of researchers working in the field to expand the potential and versatility 
of SBSE [31]. In this way, there is no dependency on commercial availability, which 
can limit the application, as previously stated. Beyond the ability to efficiently extract 
the analytes, the mechanical and chemical stability of the coating are two of the most 
sought properties when preparing alternative coatings. To obtain an increase of the 
extraction efficiency, a thick coating layer is preferable. 

In the literature, there are different methods for preparing alternative coatings 
on stir bars with different sorbent materials, which are briefly summarized in the 
following subsections. 

3.3.1 Coating Preparation Methods 

The first fabrication approach used for SBSE-stir bars was the sol–gel technology 
[32]. This approach involves the transformation of a liquid colloidal solution (sol) 
to a solid matrix (gel). The most typical procedure consists of the hydrolysis of the 
coating precursors (e.g., methyltrimethoxysilane (MTES)) followed by the polycon-
densation of the hydroxylated species (i.e., inorganic network growth), incorporation 
of active organic ligands (e.g., hydroxy-terminated PDMS) into the network, and
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Fig. 11 Schematic diagram of Fractionated SBSE (Fr-SBSE) (reproduced with permission from 
[29])

finally chemical bonding of the coating on the previously treated glass stir bar to 
generate silanol groups on its surface. 

Several other precursors are available and different functional groups (i.e., modi-
fiers) can be easily introduced into the three-dimensional network structure during 
its growth to provide them with the desired polarity, such as β-cyclodextrin (β-CD) 
[33], polyaniline (PANI) [34], and other materials detailed in Sect. 3.3.2. Thereby, 
the inclusion of all these modifiers enhances the extraction of polar compounds 
compared to PDMS-only stir bars. 

These stir bars present a good chemical, thermal and mechanical stability, and 
thus a long lifetime, since there is a strong chemical bonding between the coating 
and the glass surface of the stir bar. Additionally, the coating obtained is usually 
thick and uniform due to the good reproducibility in the preparation. Against, as the 
typical sol–gel coatings are based on non-polar PDMS, they may still lack selectivity 
for the most polar compounds, and also the pretreatment of the glass surface may be 
laborious. 

The monolithic fabrication consists of the in-situ polymerization of a monomer 
and cross-linker mixture in the presence of a porogen solvent and a radical initiator. 
The polymerization is then thermally- or photo-initiated and lasts for a period of 
several hours.
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Monoliths are porous materials containing a network of interconnected micro-
sized pores, and as a result they possess very good permeability and adsorption 
capacity. Moreover, it is easy to tune the polarity of the resulting monolith by simply 
selecting the appropriate monomer from a large availability, depending on the chem-
ical properties of the analytes. A combination of various monomers is possible, 
and the ratio between them and the composition of the porogen affect the rigidity, 
porosity, and polarity of the resulting monolith. 

The fixation of the monolith on the glass surface of the stir bar can be physical 
or chemical. For the former, the immobilization of the coating is achieved just by 
simply immersing the glass stir bar in the polymerization mixture inside a mold 
with the desired dimensions and then starting the polymerization. For the chemical 
attachment, the coating fabrication involves the pretreatment of the surface of the stir 
bar by silylation to create double bonds, for example with 3-(trimethoxysilyl)propyl 
methacrylate (MPS), and subsequent polymer growth on it. Although the physical 
attachment is significantly easier than the chemical one since the previous step is 
avoided, the latter presents a higher chemical and mechanical stability due to the 
chemical bonding. 

In a similar way, molecular imprinting technology involves the fabrication of poly-
mers with molecule-specific cavities to recognize a target molecule (i.e., molecularly-
imprinted polymer [MIP]), thus enhancing the selectivity of the material. The 
synthesis of the coating is carried out in the same way as explained above, but in pres-
ence of a template molecule (i.e., the target analyte or an analogous compound) in 
the polymerization mixture, and its subsequent removal at the end by washing steps. 
The formed cavity complements in size, shape, and chemical environment to the 
template. The ratio of crosslinker and porogen plays an important role in increasing 
the recognition capacity of the MIP (i.e., imprinting factor). 

On the other hand, the main limitations of MIP fabrication are the need to 
ensure the complete removal of the template (otherwise it could provide false posi-
tives), which lengthens the synthesis time, and its better extraction efficiency in an 
organic medium rather than in an aqueous one. The latter can be improved with the 
incorporation of hydrophilic monomers. 

Adhesion techniques are efficient alternatives to immobilize the sorbent materials 
directly on the stir bar surface, either by physical or chemical coating. For the physical 
coating, different methodologies have been proposed. The first proposal, and one of 
the most widely used in this context, is to cover the stir bar with an adhesive film 
(i.e., epoxy glue or a PDMS sol), followed by the attachment of the solid material 
(e.g., rolling the stir bar in the material), and subsequent incubation and drying [35]. 
Alternatively, a pretreated stir bar can be placed in an organic solution containing the 
extraction phase for a period of time. Once removed, the solvent is evaporated, and the 
coating remains on the surface. Other more sophisticated alternatives are magnetic 
adhesion [36], if magnetic sorbents are used, or flame deposition [37], among others. 
On the other hand, chemical adhesion involves the previous modification of the glass 
stir bar and the subsequent covalent immobilization of the material. Unlike the sol– 
gel technology, these stir bars are broadly not based on PDMS or the in-situ growth 
of a three-dimensional network.
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Solvent exchange (or immersion precipitation) consists of dissolving or dispersing 
the material (e.g., a polymer) in a suitable solvent (e.g., formic acid), immerse first 
the stir bar in the solution to adhere the material onto the surface of the stir bar, and 
finally immerse the stir bar in water for a period of time to allow diffusion of the 
solvent out and leaving the film of the material on the surface. The first application 
of this procedure was reported by Guan et al. [38] who deposited poly(phthalazine 
ether sulfone ketone) (PPESK) on the stir bar, presenting a good mechanical stability. 

3.3.2 Sorbent Materials 

As previously indicated, the use of a wide variety of materials as the extraction phase 
in SBSE has been one of the main focuses of attention of researchers, since it is 
essential to broaden the applicability of the technique. There are different interesting 
review articles in the literature that have already addressed this issue [39–42], so these 
materials and their applications will only be briefly summarized here. It is important 
to note at this point that the same material can be immobilized on the stir bar by the 
different methods described in the previous section. Thus, the selected preparation 
method will affect the morphology, thickness, and stability of the coating, among 
others. 

Different carbon-based materials, such as graphene oxide (GO) [43], reduced 
graphene oxide (rGO) [44] or multiwalled carbon nanotubes (MWCNTs) [45, 46], 
have been shown to be effective in extracting the compounds of interest in SBSE. 
They present high surface area, thermal and chemical stability, and their ability to 
have hydrophobic, π − π and/or electrostatic interactions. 

Huang et al. [47] were the first to introduce the monolithic materials in SBSE. They 
prepared an octyl methacrylate (MAOE)-ethylene dimethacrylate (EDMA) monolith 
for the extraction of non-polar polycyclic aromatic hydrocarbons in water samples 
and polar steroids in urine samples. Since then, a wide variety of monomers have 
been used to fabricate monoliths [48, 49]. The selection of the monomers is made 
based on the properties of the analytes, so that they interact through hydrophobic, 
hydrophilic, hydrogen bonding and/or electrostatic interactions. 

Regarding the use of the selectivity provided by the MIPs, Zhu et al. [50] were  
the first to report the use of a MIP-based film for SBSE, which was prepared by 
precipitation of the polymer (nylon-6) containing the template molecule onto the 
surface of a commercial PDMS-coated stir bar. On the other hand, the first application 
of a MIP chemically attached to the surface of the stir bar was reported by Xu et al. 
[51]. Over the years, alternatives have been proposed to avoid the use of expensive or 
toxic molecules as a template and the problem of possible residual template leakage. 
In this sense, dummy templates (i.e., molecules similar in shape and interactions to 
the analytes) have been used [52]. 

Metal–organic frameworks, widely known as MOFs, are hybrid inorganic–organic 
microporous crystalline materials with a three-dimensional network by the assembly 
of metal ions and organic ligands by coordinative bonds. For the last decade, they 
have been widely used as extraction phases due to their high chemical and thermal
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stability, large porosity, and huge surface area. Their use in SBSE has not been an 
exception [53, 54]. Covalent organic frameworks (COFs) are similar to MOFs in 
chemical structure and properties, but their assembly is between different units by 
covalent bonds, and they have gained interest as extraction phase for the last years 
[55–57]. 

Some other sorbent materials have also been used as coatings in SBSE but to a 
much lesser extent. In this sense, polyurethane foams are polymers produced by the 
reaction of polyisocyanate with polyols and water in the presence of specific catalyst. 
These materials offer high chemical stability, flexibility, and the ability to cut them to 
the desired size. Although this material presented a promising future in SBSE [58], 
its use has not been exploited in recent years. Layered double hydroxides (LDH) 
are two-dimensional nanosorbents composed of two layers of divalent and trivalent 
cations with an anionic interphase [59]. Restricted access materials (RAMs) are 
biocompatible particles that enable the direct extraction of analytes from biological 
fluids since are able to fractionate the protein component. However, this material has 
been scarcely used in SBSE [60]. Immunoaffinity materials such as aptamers have 
been used since they present a high selectivity degree [61]. 

In addition, the combination of various materials in the same coating (i.e., hybrid 
materials) has also been proposed for SBSE purposes. For instance, a novel glycidyl 
methacrylate (GMA)-based polymer with an amino-modified MOF was recently 
developed for the first time [62], allowing to incorporate the best features of both 
materials in the same sorbent. 

3.3.3 Stir Bar Geometry and Coating Support 

One of the main drawbacks of the stir bars with conventional geometry (i.e., uniform 
elongated bars) completely covered by the coating material is its direct contact with 
the bottom of the extraction vessel in immersion mode, which may cause its damage 
and/or loss due to the high stirring rate. To solve these problems, alternative stir bar 
geometries with better mechanical resistance than the conventional one have been 
proposed along the last two decades. 

In a first attempt, in 2007, Yu et al. [33] prepared a stir bar from the combination 
of two glass-coated bars with different diameters placed in parallel, with a long steel 
wire sealed inside one of the glass bars. One side of the combined stir bar was coated 
with PDMS/β-CD by sol–gel method, and no coating on the other side. The authors 
demonstrated that this stirring device was durable to withstand frictional forces at 
high stirring speed and could be reused at least 100 times with minimum loss in EE. 

Two years later, the same authors presented a dumbbell-shaped stir bar to prevent 
the friction loss [63]. Specifically, a capillary glass bar with an iron wire inside was 
sealed at both ends in the shape of a spherical bubble (with an internal diameter larger 
than the glass bar) by alcohol flame (Fig. 12a). Then, the bars were immersed in a 
sol solution of PDMS/β-CD/divinylbenzene (DVB) to physically adhere the coating. 
They concluded that the dumbbell-shaped stir bar presented a longer lifetime since it
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Fig. 12 a Photograph of dumbbell-shaped stir bar (adapted with permission from [63]). b Photo-
graph of barbell-shaped stir bar (reproduced with permission from [52]) 

was able to be reused 40 times, while a normal-shaped stir bar was able for 30 times 
under the same operating conditions. 

With a similar setup, Liu et al. [52] proposed in 2016 a MIP-coated glass stir 
bar that was sleeved by silicone wheels at both edges. In this case, they termed it 
“barbell-shaped” stir bar (Fig. 12b). In the same way as the dumbbell-shaped, the 
friction between the coating and the extraction vessel was avoided. 

Moreover, although glass-coated stir bars are the most used coating supports in 
SBSE, other less fragile materials than glass have also been used, with the additional 
advantage that they can be used directly, avoiding the pretreatment of the surface of 
the glass stir bars before the immobilization of the extraction material. 

Zhang et al. [43] were the first to report a chemically-bonded coating on a stainless-
steel wire as jacket-free device for SBSE in 2014. Therein, they modified the wire 
first with polydopamine and then with GO, resulting in a good stability of the stir 
bar. Compared to conventional glass-coated stir bar, it avoided the pretreatment, 
thus saving operational time. Against, the metal rod suffered from corrosion when 
exposed long time under acidic conditions. 

Fan et al. [34] proposed a stainless-steel spring as coating support (Fig. 13a). Its 
spiral structure presented two advantages. On the one hand, compared to a stainless-
steel wire, more extraction phase can be physically fixed on it, which favored the 
extraction efficiency of the analytes, as demonstrated by the authors. On the other 
hand, it prevents the friction of the coating with the bottom of the extraction vessel, 
thus prolonging its lifetime.

An easier-to-prepare dumbbell-shaped stir bar was proposed by Sukree et al. [64], 
where a stainless-steel net is rolled into a tube, and filled with the sorbent and a metal 
rod to allow the stirring. Then, the two ends of the tube were closed with Teflon caps 
with larger diameter than the resulting stainless-steel tube (Fig. 13b). The greater 
advantage of this stirring device is the possibility of easily changing the sorbent 
material inside the tube depending on the analytes to be extracted. 

In 2018, Zhou et al. [65] applied a etched poly(ether ether ketone) (PEEK) jacket 
stir bar. As PEEK presents high chemical resistance and smooth surface, it was 
treated with sulfuric acid before functionalization. Two lollipop-shaped stainless-
steel needles prepared by burning polypropylene at one end were inserted into the 
PEEK tube for the construction of a facile detachable dumbbell-shaped stir bar 
(Fig. 13c). During the elution, one of the needles was detached in such a way can be
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Fig. 13 a Images of stainless-steel spring (adapted with permission from [34]). b Schematic 
diagram of the preparation of dumbbell-shaped stir bar (reproduced with permission from [64]). 
c Schematic diagram of the detachable dumbbell-shaped PEEK jacket stir bar (reproduced with 
permission from [65])

easily inserted into a pipette tip. This setup was also recently applied to a polypropy-
lene hollow fiber as the jacket for stir bar [56]. In this case, the porous structure of 
the bare hollow fiber avoided the tedious etching process with sulfuric acid. 

Commercial polytetrafluoroethylene (PTFE) jacketed stir bar has also been 
employed as coating support for SBSE as it presents affordability and low cost. 
However, the modification of PTFE can be complicated due to its chemically resis-
tant surface. Zhang et al. [66] immobilized graphene onto the surface previously 
modified with polydopamine. 

Mirzaee et al. [59] proposed in 2020 the in-tube SBSE for the first time. Specifi-
cally, they immobilized the extraction material on the inner surface of a small piece 
of an aluminum tube, which itself participates in the fabrication of the sorbent. As the 
coating is not in direct contact with the extraction vessel, it prevents its deterioration. 

An anodized aluminum wire was electrochemically prepared and used as 
nanoporous substrate for in-situ growth of a zeolitic imidazole framework (ZIF) 
by Ghani et al. [67]. The anodized aluminum presents a porous layer on the metal 
surface, and the stir bar was mechanically stable. Later, this substrate was also used 
for the in-situ growth of a zeolite imidazolate framework on the surface of a LDH 
[68].
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On the other hand, to avoid interferences from the sample matrix that could affect 
the lifetime of the stir bar, such as the macromolecules, Mao et al. [69] used a  
PTFE membrane-protected stir bar, by encapsulating the coated stir bar in a porous 
membrane. In this way, according to author’s words, the high molecular weight 
interference compounds would be blocked by the protective porous membrane and 
the lifetime of the stir bar was prolonged. 

In any case, further exploring the suitable support material with porous structure 
and making a suitable structure design remains one of the goals at SBSE. 

4 Novel Developments 

The advantages of integrating extraction and stirring in the same unit have propitiated 
the development of similar formats that share this principle. The most outstanding 
characteristics of these microextraction devices raised in an increased versatility of 
both formats, sorbent phases and stirring mode (magnetic or mechanical). The most 
relevant approaches are detailed in this section, focused on the description of the 
principle behind the development and its main favourable features rather than in 
the specific application or analytical figures that can be easily found in the specific 
reference. 

4.1 Magnetically Stirred Units 

4.1.1 Stir Membrane Extraction 

The use of membranes as active elements for analyte isolation presents several advan-
tages over other configurations. They especially refer to their planar nature, which 
results in a high surface-to-volume ratio. Moreover, their porous structure permits the 
flow of the liquid or gaseous samples through them, which improves the kinetics. The 
incorporation of a membrane in a stirring device synergically combines the benefits 
of both. Stir membrane extraction (SME) was proposed by Alcudia et al. in 2009 
[70]. The device consists of the use of a commercial polypropylene unit as membrane 
holder (Fig. 14a). It was pierced by a protected iron wire which provided the stirring 
of the unit under magnetic agitation. Two windows were opened on the plastic holder 
to allow the flow of the sample through the membrane. This first design was evaluated 
for the extraction of polycyclic aromatic hydrocarbons from waters. The extraction 
only required 15 min while elution was accomplished by face-down immersion of 
the membrane in the desorption solvent therefore, there was no need to remove the 
membrane from the holder while higher enrichment factors were obtained. The better 
performance of this configuration over conventional SBSE using PDMS stir bars of 
different surfaces was also demonstrated by the authors, which was justified by the
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Fig. 14 Different configurations of stir membrane extraction. a Stir membrane extraction. b SME 
for LPME. c SME for processing limited-volume samples. d SME for the analysis of solid samples. 
Panels a–c reproduced under Creative Commons Attribution (CC BY) license from reference [15]. 
Panel d reproduced with permission from [74] 

enhanced transference of the analytes from the sample to the membrane thanks to 
the stirring and the permeability of the extractant phase. 

This basic configuration can be adapted to other microextraction modalities. 
The first modification consists of closing the membrane holder with a plastic cap 
(Fig. 14b). In this way a small chamber is created over the membrane, which can 
be filled with an organic (two-phase) [71] or aqueous (three-phase) solution [72]. 
The versatility of the SME is dramatically increased as, in the first situation, organic 
compounds are extracted based on the partitioning equilibrium between the sample 
(aqueous) and the extractant (organic solvent). The second alternative increases the 
selectivity of the extraction because the transference of the analyte between the two 
aqueous phases in favored by their intermediate solubilization into the organic phase 
filling the pores of the membrane (supported liquid membrane) and driven via a pH 
gradient established between the donor and acceptor aqueous phase. This approach 
is suitable for the extraction of ionizable polar analytes. 

One of the main advantages of miniaturized extraction techniques is the possibility 
of facing new analytical problems, for example, those involving limited-volume 
samples such as saliva and related biofluids. In this case, the SME configuration can 
be modified by increasing the volume of the upper chamber that can be filled with 
the sample instead of the liquid extractant (Fig. 14c). This system works under the 
three-phase format and the stirring is accomplished by means of a vortex [73].
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Another example of the versatility of the SME is that it also works processing 
solid samples as indicated in Fig. 14d. An Eppendorf is used as extraction device 
and the membrane is used to confine the extractant aqueous phase in the cap [74]. 
The extraction is carried out in the body of the Eppendorf where the sample is in 
deep contact with the organic extractant. Once isolated from the sample, the target 
analytes are re-extracted in the aqueous phase by passing through the supported 
liquid membrane. 

Similarly, the polymeric membrane can be substituted by a borosilicate disk [75] or  
a series of small magnets [76] to broaden the application field through the possibility 
of using different coatings for analytes extraction. 

4.1.2 Stir Cake and Rotating Disk Sorptive Extraction 

The substitution of the membrane by a monolithic sorbent resulted in the so-called stir 
cake sorptive extraction (SCSE) [77]. In this configuration, the sorbent is synthesized 
inside a home-made plastic holder, which is also fitted with a protected iron wire, 
responsible for the stirring of the unit under a magnetic field. The advantages of SCSE 
over SBSE are the higher extraction capacity of the sorbent phase and its longer 
lifetime (reusability of 300 times versus 60 reuses). Since its proposal in 2011, 
several sorbents have been prepared and used in this format, including polymeric 
ionic liquids [78] and organic-phase monoliths [79]. Also, the plastic holder can 
be modified in terms of size and geometry to contribute to the sustainability of the 
synthesis, for example, reusing plastic bottle caps [80]. 

Rotating disk sorptive extraction (RDSE) can also be described in this section as it 
consists of a PTFE disk (diameter ca. 1.5 cm) with an embedded miniaturized magnet 
(for rotation by a laboratory magnetic stirrer) and one of its sides coated with the 
sorbent phase in the form of a thin film [81]. Since the sorbent phase is not in contact 
with the bottom of the vessel, high stirring speed can be applied without damage. 
Notwithstanding this, the disk can also be rotated by using a rotary rod connected to 
an electric stirrer [82]. The authors demonstrated that this last configuration reduces 
the time needed to reach the extraction equilibrium. This was ascribed to the fact 
that the movement of the disk reduces the boundary layer, and the transference of 
the analytes is, therefore, faster. As it is the case with SCSE, the variety of sorbent 
phases that can be deposited over the disk surface clearly increases the number of 
different families of compounds that can be extracted. A detailed description of the 
analytes and samples that can be processed has been recently reviewed [83]. 

4.1.3 Adsorptive Microextraction 

Despite developing novel sorbent phases to increase the versatility of SBSE during 
the last decades, as described previously, Nogueira et al. proposed in 2010 the decou-
pling of the sorbent phase from the magnetic stirring unit. The so-called adsorptive 
microextraction (AμE) was proposed to afford the challenge of extracting polar
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Fig. 15 Schematic representation and images of BAμE (a) and MSAμE (b) during the μ-extraction 
process (reproduced with permission from [84]) 

compounds from waters [84]. For the aim, two different configurations, namely 
bar adsorptive μ-extraction (BAμE) and multi-spheres adsorptive μ-extraction 
(MSAμE), were evaluated. Two representative examples are given in Fig. 15. The  
preparation of BAμE units involved the retention of a powdered sorbent over 
polypropylene hollow cylindrical substrates by adhesive forces while in MSAμE the  
spherical particles of sorbent were attached to a threat and covered by the powdered 
sorbent, which was fixed by thermal curing. Their application in microextraction 
techniques requires using a conventional Teflon magnetic stirring bar to promote the 
agitation of the sample and thus the migration of the target analyte to the sorbent 
phase. As both, BAμE and MSAμE substrates, were lighter than water, they remained 
below the vortex, under the so-called floating sampling technology. 

An interesting issue with this configuration is the stability of the coating during 
the extraction and thus, the potential reusability of the extraction units. In this first 
study, the authors concluded that the thermal curing confers the sorbent with higher 
stability in the organic media (direct immersion in pure solvent for 60 min under soni-
cation), temperature (20–50 °C, 3 h, sonication) and pH (1–14, 3 h, sonication). The 
instability of the adhesive supporting film would be the reason behind this behavior. 
Nevertheless, both configurations can be used for analyte isolation under standard 
operational conditions and solvents, although activated carbon and polystyrene-DVB 
performed better in terms of stability, robustness, and μ-extraction efficiency. 

As it was described for SCSE and RDSE, this configuration minimizes the friction 
with the vessel walls. Moreover, both BAμE and MSAμE require less extraction time 
and lower agitation speed to reach similar performance than SBSE. 

BAμE has evolved following sustainability criteria and in 2018 an eco-friendly 
alternative was developed [85]. The authors proposed the use of a flexible nylon 
support of reduced dimensions (7.5 × 1.0 mm) that is coated with the appropriate 
sorbent. Analyte elution is carried out in a glass vial insert which, on the one hand 
makes it compatible with automatic instrumental analysis and, on the other hand 
increases the preconcentration factor that can be achieved and hence, the sensitivity 
of the analytical method. 

A hollow fiber filled with the most convenient organic solvent can also be used 
as floating extraction unit [86]. The so-called hollow fiber microextraction (HFμE)
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uses a polypropylene membrane of 10 mm in length which is immersed for a few 
seconds in the organic solvent of choice, being 20 μL embedded in the pores. Next, 
the unit is immersed into the sample and the agitation of the vial allows its free 
floating below the vortex created by the stirring magnetic bar. Once finished, the 
unit is withdrawn by means of clean tweezes and transferred to a glass insert for 
liquid desorption with the help of ultrasounds. The whole vial is transferred to an 
LC autosampler for instrumental analysis. The preparation of this type of extraction 
unit is quite simple and rapid, using negligible amounts of organic solvent for both, 
extraction, and elution steps. 

The versatility of this miniaturized extraction technique can be improved if two 
hollow fibers are added to the sample, giving rise to what is known dual-HFμE. In 
this case, the different nature of the organic solvents broadens the chemical nature 
of the analytes to be extracted. If it is combined with large volume injection, the 
sensitivity is dramatically enhanced [87]. 

4.1.4 Stir Bar Sorptive Dispersive Microextraction 

Dispersive microextraction techniques exhibit better performance than non-dispersed 
miniaturized approaches thanks to the higher contact between the sorbent/solvent 
phase and the analyte distributed within the sample matrix [12]. However, its main 
disadvantage is the collection of the extractant phase enriched with the analyte after 
the extraction step. It usually requires filtration or centrifugation. The inclusion of 
magnetic materials in these dispersive techniques facilitates the procedure as the 
extractant is isolated from the sample matrix or eluent by means of an external magnet 
(see chapter “Dispersive-Micro-Solid Phase Extraction (d-μSPE)”). However, in 
some cases, the recovery of the solid or liquid extractant phase is not complete 
or requires and excessive time to occur. In 2014, a new microextraction technique 
named stir bar sorptive dispersive microextraction (SBSDME) was developed as an 
elegant combination of SBSE and dispersive microsolid-phase extraction (DμSPE) 
[88, 89]. The fundamentals of SBSDME are found in the use of a strong permanent 
magnet over which a thin layer of a magnetic sorbent is deposited. Playing with the 
stirring rates, the solid phase is retained (lower speeds) or detached (higher speeds) 
from the magnetic support. Therefore, as indicated in Fig. 16a, in the first step, 
the magnet coated with the sorbent phase is introduced in the vial containing the 
sample. Then, the system is stirred at a high-speed provoking the dispersion of the 
sorbent phase into the liquid sample for a given time. Next, the speed is reduced to 
zero and the magnetism of the bar retrieves the magnetic sorbent enriched with the 
analytes without needing an external magnetic field. Finally, the bar is withdrawn 
from the sample and the target compounds are liquid or thermally desorbed for further 
instrumental analysis.

Automation of SBSDME has been proposed using a lab-in-syringe manifold on-
line connected to a spectrophotometer [90]. The configuration developed all the steps 
of the process in an on-line fashion: sorbent dispersion, magnetic collection, elution, 
and detection. The main shortcoming of this configuration is that only 5 mL of
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Fig. 16 Configurations of: a conventional (reproduced with permission from [88]); b miniaturized 
SBSDME (reproduced with permission from [91])

sample can be processed. Therefore, to increase the sensitivity of the measurements, 
the processes was repeated up to eight times using fresh aliquots of sample prior to 
analytes elution and determination. 

Very recently, SBSDME was miniaturized to face the processing of low avail-
ability samples [91]. A dedicated device was constructed to hold 400 μL glass vial 
as sample containers and 3 mm × 2 mm bar shaped magnetic as stirring elements. 
As can be seen in the Fig. 16b, up to 15 samples can be simultaneously processed. 
In addition to the low sample volume, the amounts of sorbent and eluent are also 
reduced thus contributing to the sustainability of the sample preparation.
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4.1.5 Solvent Bar Microextraction 

Solvent bar microextraction (SBME) was proposed in 2004 by Jiang and Kee-Lee 
[92]. It consists of the confinement of few microliters of octanol into the lumen of a 
hollow fiber membrane followed by sealing of both ends. The resulting solvent bar 
was then added to a liquid sample and stirred by means of an additional magnet. As 
a main advantage, its use in “dirty” samples (e.g., soil slurries) can be highlighted as 
the hollow fiber acts as a filter of the particulate matter that can eventually be found 
dispersed in the matrix. 

Since its proposal, several configurations have been developed, including the two-
phase and three-phase modes. In the first case, the organic solvent fills the lumen and 
the pores of the hollow fiber while in the tree-phase the organic medium impregnates 
the pores and separate two aqueous phases, thus acting as a liquid membrane. 

The basis arrangement of SBME has been adapted to increase its performance 
[93]. For example, one of both ends can remain unreached for compatibility with 
volatile organic solvents, which are easily evaporated during the seal of the second 
fiber end [94]. Efficiency of the extraction can be improved by keeping the fiber at 
the bottom of the sample vessel either using a pipette-tip [95] or a stainless-steel 
wire [96] Also, a dual solvent-stir bar microextraction has been designed where a 
stainless-steel bar with four fixing positions was used to hold two SBME [97]. The 
magnetic bar can also be externally stuck to the hollow fiber although this alternative 
considerably reduces the surface area available for analytes diffusion [98]. All these 
approaches are represented in Fig. 17.

4.1.6 Capsuled Microextraction 

Extraction phases can also be stirred in the sample solution without the need of a 
plastic holder. Unlike SME and related techniques, the magnetic bar is attached to the 
sorbent element in different ways, thus allowing the device to spin itself for analytes 
diffusion. Georgiadis et al. coined in 2019 the term microextraction capsules (MECs) 
to describe a device consisting of a built-in magnet, a cellulose fiber substrate coated 
with a sol–gel organic–inorganic sorbent and porous membrane [99] As it can be 
seen in Fig. 18, the magnet is introduced in a polypropylene membrane which is 
joined to the extractant phase protected by a polypropylene membrane. The built-in 
magnet avoids the need for an additional, independent magnetic bar, while the porous 
polypropylene membrane allows sample permeation, protecting the sorbent from 
impurities coming from the matrix, thus extending its reusability. The high porosity 
of the capsule facilitates analytes diffusion for both isolation and elution steps. Also, 
it provides many interaction chemistries (polar, non-polar, anion-exchange of mixed 
mode) which also extend its applicability to a wide variety of analytes.
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Fig. 17 Modifications of the conventional SBME setup: a “Cone” SBME; b solvent stir bar 
SBME; c magnetic bar SBME; d dual solvent stir bar micro-extraction; e magnetic support SBME 
(reproduced with permission from [93])

Fig. 18 Preparation of a capsule phase microextraction unit (adapted with permission from [99]) 

4.1.7 Flat-Shaped Self-Rotating Devices 

The use of planar substrates presents several advantages in microextraction. Among 
them, the larger superficial area, thanks to the fact that the two-sorbent sides are avail-
able for extraction, can be highlighted. If they are used under self-rotating configura-
tion, the need for a holder is obviated as well as the need for an additional magnetic 
bar. These facts make this approach more environmental and user-friendly and, at 
the same time, reduces costs and time.
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Fig. 19 Flat-shaped self -rotating devices. a Iron-mess screen (reproduced with permission from 
[100]). b Magnet-integrated fabric phase sorptive extraction (reproduced with permission from 
[102]) 

Two flat elements have been proposed. Kerman et al. synthesized an iron mesh 
screen that was electrochemically coated with polypyrrole. The device can rotate in 
the presence of an external magnetic field and the presence of apertures in the design 
increases the sorptive phase available for analyte interaction, which promotes the 
diffusion of the sample through the extractant phase (in comparison to bar or plates) 
[100]. To demonstrate the advantages of this configuration over other geometries, 
the authors compared the efficiency of the mesh screen, cylindrical and solid-plate 
layouts (see Fig. 19a) under standard extraction conditions (temperature 30 °C, stir-
ring rate 1000 rpm, extraction time 30 min and no salt addition). Quantitative extrac-
tions were obtained for the mesh screen, followed by the solid plate coated with the 
same polymeric phase (ca. 55%) and cylindrical geometry performed the worst (ca. 
25%). The authors attributed this enhanced performance to the extra stream path-
ways provided by the open structure of the mesh that facilitate the sample diffusion 
through the sorbent phase. The cylindrical (rod wound on the support) and the solid 
plate allow only part of the sorbent to the exposed to interaction with the analyte. 

Fabric phase sorptive extraction (FPSE) consists of using a natural or synthetic 
fabric substrate which is subsequently modified with a hybrid organic–inorganic 
polymeric phase [101]. The stability of the thin film coating and its porous structure 
results in extremely high extraction efficiency. The integration of a stirring element 
allows the FP to freely rotate in the sample [102]. According to the authors’ descrip-
tion, the magnet-integrated-FPSE (MI-FPSE) was constructed using two circular 
membranes (r = 0.75 cm) integrated with a metallic magnetic stir bar (see Fig. 19b). 
As it was the case with the previously described approach, this MI-FPSE is easy to 
handle with better reproducibility, faster extraction equilibrium and shorter extrac-
tion times. As an upgrade regarding other alternatives, FPs with different interaction 
chemistries can be used to fabricate the MI-FPSE thus broadening the range of 
polarity of the analytes that can be simultaneously extracted.
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4.2 Mechanically Stirred Devices 

One of the limitations of the magnetically stirred devices and even the self-rotating 
layouts is their difficulty in being adapted to perform on-site extraction. If the target 
compounds are on-site extracted, the sampling logistics are reduced, and the analytes 
integrity is increased during transportation and storage. In these strategies, only 
the extractant phase containing the analytes is delivered to the laboratory and the 
absence of the aqueous matrix eliminates undesired secondary reactions. The only 
requirement is the stability of the analytes on the extraction unit during the storage. 
All the devices that are described below share the simplicity of installation, removal, 
and replacement of the extraction units. They also avoid coating deterioration due to 
the friction with the bottom of the sample vessels. 

In a first approach a home-mase portable electric stirrer was coupled to an SBSE, 
working under the off/on-site modes [103]. The bar was fixed to the stirrer through 
a magnetic stir rod welded onto the bottom of the mini-electro motor (stirring speed 
2000–6000 rpm). The stir bar used was lab-made by coating a glass-coated iron stir 
bar with a thin film of PDMS. The portable SBSE can work under the HS, direct 
immersion, or continuous flow modes. 

Qin et al. demonstrated the advantages of using a PDMS thin film coupled to an 
electric drill for on-site extraction in waters [104]. Interestingly, the authors compared 
the performance of the planar substrate with a SPME fiber. As expected, the PDMS 
thin film resulted in a better efficiency thanks to the most favorable surface-to-volume 
ratio and larger extractant phase (ca. 100 times higher). 

Borosilicate disks can also be used as planar support of the sorbent phase. They 
exhibit a higher mechanical stability while being easily functionalized. Roldán-
Pijuán et al. modified these disks with oxidized single-walled carbon nanohorns 
(o-SWNHs) [105]. The o-SWNHs disks were fixed to a screw of a portable drill to 
develop on-site extractions. The rotation of the disk homogenized a defined volume 
of sample around it and therefore the extraction can be considered almost indepen-
dent of sample volume. The methodology was robust and highly reproducible among 
different synthesized o-SWNHs disks. 

Despite the high reproducibility reported for the laboratory-made extraction units, 
the use of standardized and commercial elements helps to increase this analytical 
properly and is less time-consuming. Casado-Carmona et al. presented a portable 
stir membrane device that can be used with commercial nylon membranes to carry 
out the on-site extraction of target compounds from environmental water samples 
[106]. A countersunk pot magnet permits the attachment of the nylon membrane 
using a metallic washer. The system is coupled to a wireless electric drill using a 
screw of variable length (depending on the sampling site requirements) and a nut. 
The membrane can be easily removed after each extraction for analyte elution and 
quantification. 

This configuration can be simplified by substituting the membrane by a magnetic 
paper thanks to the minimization of the diffusion boundary layer. The flat support 
was prepared by immersion of a piece of paper in a dispersion containing nylon-6
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(dissolved) and magnetic nanoparticles (dispersed). The magnetic paper is directly 
attached to the magnet, avoiding the need of metal washers. In addition, an improved 
blade is fixed over the magnet to promote mass transference [107]. 

Commercial particulate particles with different interaction chemistries are widely 
used in environmental analysis thanks to their high efficiency compared to poly-
meric sorbents. This material can also be used in the previously described device 
combining the advantages of a flat extraction unit with the integrated mechanical 
stirring [108]. The preparation of the sorbent phase consists of the deposition of 
hydrophilic-lipophilic balance (HLB) particles over a magnetic tape. It was then 
fixed to a screw by means of a countersunk pot magnet, as previously described. A 
small blade was added to facilitate the analyte diffusion. The device was integrated 
into a glass bottle’s cap fitted with a small electric motor. A portable power supply 
was used to facilitate the portability of the system. The extraction unit can be adapted 
to the sample volume that would be eventually needed to reach a given sensitivity 
level by changing the volume of the bottle used for the extraction. The authors used 
an internal standard to compensate the influence of the ionic strength of the sample 
on the analytical signal. 

Open-sources technologies such Arduino can be used to automate these devices. 
Also, several sensors (temperature, conductivity) can also be added to enrich the 
sample information. Moreover, the planar sorbent phase can be attached to the stirring 
element by means of an alligator clip [109]. This configuration, shown in Fig. 20, 
maximized the surface available for analyte interaction. In this proposal, mixed mode 
anion exchange (MAX) particles to avoid pH adjustment were used for analytes 
isolation and they were achieved to the support by means of a double sided adhesive 
tape.

Using several extraction units simultaneously can increase the amount of analyte 
extracted or, if they are of different nature, expand the variety of compounds 
(hydrophobic, hydrophilic, charged) that can be isolated in a single extraction step. 
Makkiniang et al. developed a portable and miniaturized apparatus that can hold up 
to 6 miniaturized multi-stirred microextractors [110]. A monolithic polymeric phase 
containing carboxylated MWCNTs was prepared, and the rods were connected to 
the motor by using pipette tips of different volumes (see Fig. 21a). The low cost of 
the extraction units allows the simultaneous use of several units, therefore, a higher 
sample throughput is achieved.

Solvent bars can also be used in mechanical stirrer devices, using an electronic 
motor [111]. In this case, four hollow fibers were arranged in a cubic-like configura-
tion between two polymeric disks which are connected to the motor (see Fig. 21b). 
The higher the number of hollow fibers, the better the extraction efficiency. In the 
case that only one hollow fiber was needed to reach the desired sensitivity, the device 
can be used to obtain replicate values of the analysis in a single step.
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Fig. 20 Photograph 
resembling the elements 
used to construct the on-site 
extraction device integrating 
temperature and conductivity 
probes (adapted with 
permission from reference 
[109])

5 Future Remarks 

This chapter provides a general overview of SBSE technique from a broad perspective 
since related techniques and new materials have been outlined. Initially, SBSE was 
proposed as the simple integration of the sorptive phase into a stirring bar, a common 
element in any microextraction technique to enhance mass transference. In the last 
few years, SBSE has experienced a remarkable evolution driven by resolving its 
initial shortcomings. 

Compared to in-fiber SPME, the SBSE coatings are thicker, thus increasing the 
potential extraction capacity of the technique. However, thicker coatings restrict the
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Fig. 21 Magnetically stirred devices using several extraction units simultaneously. a Multi stir 
rod microextractors (reproduced with permission from [110]). b Solvent bars (reproduced with 
permission from [111])

extraction kinetics, which are, sometimes only partially, compensated by the efficient 
stirring of the solution. New porous materials, such as monoliths and membranes, 
have been proposed to boost the contact area between the sorptive phase and the 
analytes. In most cases, the extraction units needed to be completely redesigned to 
deploy the new materials giving rise to new microextraction modalities. 

PDMS was extensively used as the coating in the first SBSE approaches. 
This material has demonstrated an efficient extraction capacity. However, its non-
hydrophobic nature somewhat limits the applicability of SBSE to the extraction of 
non-polar compounds. Developing new coatings covering a wider range of polari-
ties has been vital to widening the technique’s versatility. The development of new
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LPME modalities based on integrating the solvent into the stirring element can be 
highlighted as a milestone in this evolution. 

We foresee some trends for the evolution of SBSE and related techniques in the 
next years, including: 

(a) The development of new commercial coatings covering a wider range of 
polarities. 

(b) The improvement of the portability of the technique allowing the development 
of on-site extraction procedures. 

(c) The evaluation of the direct coupling of the extraction devices with instrumental 
techniques for the sake of simplification. 

(d) The implementation of open technologies, including 3D printing, improving the 
affordability and versatility of the technique. 
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