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1. Introduction

The environmental and human impact of chemical processes
has encouraged scientists to the introduction of safer and cleaner
alternatives. In this sense, Anastas introduced the concept of Green
Chemistry as “the invention, design and application of chemical
products and processes to reduce or to eliminate the use and gen-
eration of hazardous subtances”, together with 12 principles that
provided a roadmap for development and application of safer, more
benign chemical processes [1]. A number of miniaturized strate-
gies have been developed with the aim of greening sample
preparation. In this regard, the introduction of single-drop
microextraction (SDME) in the mid-1990s represented an impor-
tant boost toward a dramatic reduction of solvent consumption in
analytical methodologies involving conventional liquid-liquid ex-
traction [2-4]. Even though solvent consumption and waste
generation could be substantially minimized by replacing conven-
tional solvent extraction with SDME, some toxic organic solvents,
such as benzene, were systematically employed in SDME-based
methodologies in recent years.

The fifth principle of Green Chemistry states that it is necessary
to search for alternatives that could replace harmful organic sol-
vents, thus contributing to reducing the unfavorable environmental
impact of chemical processes. Scientific efforts therefore focus on
the search for greener substances that could improve selectivity, sen-
sitivity and accuracy of techniques. In this way, ionic liquids (ILs)
are commonly considered promising green solvents [5]. ILs are defined
as a class of non-molecular ionic solvents with low melting points
(by convention, below 100°C) [6]. A typical IL consists of a large non-
symmetrical organic cation (e.g., imidazolium, pyrrolidinium,
pyridinium, tetraalkyl ammonium or tetraalkyl phosphonium)
and a smaller organic/inorganic anion (e.g., tetrafluoroborate,
hexafluorophosphate, bromide).

ILs are characterized by a unique set of physicochemical prop-
erties that include: negligibly low vapor pressure, broad temperature
range in the liquid state, thermal stability, high viscosity and density,
and affinity to organic or inorganic compounds. Additionally, due
to the appropriate selection of the anion, the cation, and the length
of the substituent alkyl chain, it is possible to control their physi-
cochemical properties, and, thus, to obtain an IL for virtually every
specific application. This is why they are called “designer sol-
vents” [7]. Due to their physicochemical properties, ILs have found
a broad range of applications in many areas of analytical chemis-
try, namely sample preparation [8], analytical separation [9,10] and
detection systems [11]. Fig. 1 presents the main milestones in the
development of ILs.

The implementation of ILs in SDME thus involved a step forward,
as the use of volatile organic solvents as extractants can be avoided.
Furthermore, the physicochemical properties of ILs provide advanta-
geous conditions for several extraction processes. IL-SDME fulfills several
principles of Green Analytical Chemistry (GAC), including the use of min-
iaturized systems, dramatic reduction of analytical waste, removal of
toxic reagents and solvents, and increased operator safety.

2. Fundamental aspects of SDME

SDME is a miniaturized sample-preparation technique based on
the partitioning of target analytes between the sample solution and
the extractant phase. SDME enables the achievement of high EFs
due to the highly reduced extractant phase-to-sample volume ratio.
Unlike alternative liquid-phase microxtraction (LPME) [12,13], the
extractant phase is exposed to the tip of a capillary or, more com-
monly, a syringe needle during the extraction process and shows
a nearly spherical configuration in SDME.

Drop stability during the microextraction process is an essen-
tial condition for the successful application of the technique. The
mechanical equilibrium of a microdrop hanging at the end of a cap-
illary or a syringe needle is given by the balance between forces
acting over the drop. When the profile of the drop at the bounda-
ry with the capillary is nearly vertical, the maximum drop volume
that can be formed can be expressed as:
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where R, is the external capillary radius, o is the interfacial tension,
Ap is the density difference between the interior droplet phase
and the exterior matrix phase, and g is the gravitational acceler-
ation [14]. Drop volumes larger than V,__ are not physically stable
and, thus, result in droplet detachment. It is worth mentioning that
the drop can experience certain perturbations during the
microextraction process due to the agitation of the sample, so the
droplet can be detached from the needle tip. Therefore, drop volumes
below the V,_ value are recommended for higher reliability.

Two SDME modes are commonly used (Fig. 2), namely direct
SDME (D-SDME) and headspace SDME (HS-SDME). We describe
below basic aspects of both SDME modes.

2.1. D-SDME

In direct-SDME (Fig. 2A), the extractant phase is directly im-
mersed into a continuously stirred liquid-sample solution for
extraction of target analytes or analyte derivatives. D-SDME is a ver-
satile SDME mode in terms of analyte type, as both volatile and non-
volatile compounds can be extracted. However, its applicability is
reduced in the case of heterogeneous samples, as the presence of
suspended materials can affect the mechanical stability of the
hanging drop. Furthermore, certain experimental parameters, such
as extraction time, temperature and agitation, can also affect the
stability of the microdrop and should be therefore carefully se-
lected. The extractant phase must be immiscible with the sample,
and show a reduced solubility and a low toxicity.

Under equilibrium conditions, the concentration of analyte in the
extractant drop is given by:
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