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Abstract In the past decade, liquid-phase microextrac-
tion (LPME), which can also be called solvent microex-
traction, has emerged as a minimal organic solvent-based
sample preparation approach. The main advantages of this
method include versatility, simplicity and effectiveness of
its extraction procedures at reducing sample complexity, as
well as the convenience of liquid sample concentration and
injection techniques. LPME is based on the distribution of
analytes between the organic solvent and the aqueous
solution. Hitherto, several different LPME modes have
been developed. Some of the described methodologies
usually offer slow extraction kinetics due to the low contact
surface between the sample and the extractant phase. Since
the introduction of dispersive liquid-liquid microextrac-
tion, a number of studies have been focused on the features
of emulsification in preconcentration techniques. Emulsi-
fication enhances the surface area between the extraction
solvent and aqueous sample by the efficient dispersion
(chemically assisted or by the use of an external energy
source) of the extractant in the sample. In this paper we
review the emulsification-based liquid-phase sample prep-
aration techniques. A brief practical and theoretical
description of each technique and some applications are
given.
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Introduction

Sample pre-treatment is the first and possibly the most
important step in analysis. The main objectives of sample
preparation are removal of potential interferences, analyte
preconcentration, conversion (if needed) of the analyte into
a more suitable form for detection or separation and pro-
viding a robust and reproducible method that is indepen-
dent of variations in the sample matrix. Liquid-liquid
extraction (LLE) is a versatile classical sample preparation
technique prescribed in many standard analytical methods.
However, conventional LLE uses large amounts of poten-
tially toxic organic solvents which are often hazardous and
expensive. LLE is also considered to be a time-consuming,
tedious and multi-stage operation [1]. The advent of the
concept of “green chemistry” at the beginning of the 1990s
emphasized the need for non-toxic and environmentally
friendly analytical procedures. The concept also promoted
the use of environmentally sustainable sample-preparation
methods with the development of solvent-free or minia-
turized extraction methods [2].

The development of novel miniaturized techniques
derived from conventional LLE is a challenging issue in
analytical chemistry. Several works related to the use of
microliter volumes of the extractant phase were subse-
quently carried out at Dasgupta’s laboratory [3, 4]. Jeannot
and Cantwell proposed the application of a Teflon rod to
expose an 8-pL drop to sample solution [5]. After the mic-
roextraction process, the enriched organic phase was with-
drawn with a microsyringe for analysis. Employing the
microsyringe to expose the microdrop during the extraction
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process and to retract it back obtained a powerful and simple
approach, known currently as single-drop microextraction
(SDME) [6, 7]. Since its inception in 1997, SDME has been
exploited for hundreds of applications in both organic and
inorganic analytes. Although SDME is very simple and
efficient, and diminishes the consumption of organic sol-
vents to a few microliters per sample, it suffers from low
stability of the hanging drop, which is easily lost in the
sample during extraction. In order to improve the stability
and reliability of liquid-phase microextraction (LPME),
Pedersen-Bjergaard and Rasmussen [8, 9] introduced, in
1999, a new LPME method called hollow fibre-based LPME
(HF-LPME). In this method, the extracting phase is placed
inside the lumen of a porous hydrophobic hollow fibre that
forms a supported liquid membrane (SLM). The extraction is
done in two-phase or three-phase sampling modes.

Microextraction time is a key parameter in LPME
techniques owing to the time-dependent nature of mass
transfer processes [10]. The concentration of analyte in the
extractant phase (C**'(¢))can be expressed as a function of
microextraction time (f), as follows:

(1) = (1 = &™) (1)

wherein, C;’;‘ is the equilibrium concentration in the

extractant phase and k is the observed rate constant
which is obtained from the equation below:

A Vext
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where A is the interfacial area and ' is the overall mass

transfer coefficient to the extractant phase. Also, V°*' and
V* are the volumes of extractant phase and aqueous sample,
respectively, and K is the distribution coefficient. Thus, for
the rapid extraction of an analyte, A and S°*' must be
maximized and V* should be minimized. The above-men-
tioned LPME methodologies present slow extraction
kinetics because of the low interfacial area between the
sample and the extractant phase.
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Since the introduction of dispersive liquid-liquid mic-
roextraction (DLLME) [11], considerable studies have
been conducted focusing on the properties of emulsifica-
tion-based LPME techniques (EMU-LPME). The interfa-
cial area, A, which defines the available area for the
interfacial mass transfer, varies with the square of the
droplet diameter. That explains the rapid kinetics of
extraction when EMU-LPME is employed in comparison
with the other LLE modes described here. In the emulsi-
fication-based extraction many tiny drops of organic sol-
vent are formed in the aqueous medium, which provide a
larger interface between the two media, hence enhance the
extraction rate. Therefore, extraction time is not important
in EMU-LPME unlike the other techniques in which
equilibrium conditions are not commonly achieved. Con-
sequently, short extraction times are generally gained with
EMU-LPME as a result of the infinitely large surface area
formed between the extractant phase and the aqueous phase
that increases the sample throughput. In fact, this is one of
the main advantages of emulsification-based extraction as
compared with the rest of preconcentration methodologies.

In recent years, the interest in EMU-LPME has
increasingly turned towards the refinement of its modes for
use in practical sample preparations. In this critical review,
first we explore EMU-LPME technique innovations that
appeared in the literature (e,g., HLPME, DLLME and
supramolecular solvent microextraction) in the period from
mid-2006 to mid-2013. After that we investigate hyphen-
ated methods as well as modern phase separation in EMU-
LPME. Figure 1 graphically represents the recent relative
interest in the three major general EMU-LPME modes
using disperser solvent, external force and surfactant.

Homogeneous liquid phase extraction

Homogeneous liquid phase microextraction (HLPME) is a
simple and powerful preconcentration method that extracts
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the solute from a homogeneous solution into a very small
organic phase formed from the solution by the phase sep-
aration phenomenon. Phase separation phenomenon results
in an emulsion of extraction phase in aqueous medium.
Several methods such as temperature changing and addi-
tion of salt, concentrated acid or an auxiliary solvent have
been used for phase separation in HLPME [12].

In LLE, certain solvents such as acetonitrile, acetone,
2-propanol, propylene carbonate, methanol, ethanol and
dimethylsulphoxide cannot be used as extracting solvents
because they are miscible with water in all proportions.
Therefore, they are omitted from use as extractants from
aqueous solution although their high dielectric constants,
donor numbers and solubility parameters would make them
helpful if they could be employed [13]. It is obvious that if
some ways could be found to separate these solvents as
organic phases from aqueous solutions, the versatility of
solvent extraction would be greatly increased.

Temperature dependent homogenous system

These approaches are based on the high solubility of
organic solvent in water at higher temperature [14]. At
room temperature, the two phases are present heteroge-
neously, but at the elevated temperature they change into a
homogeneous solution, which separates into the two phases
again upon cooling. During these sequential procedures,
the species in the aqueous phase transfers into the organic
phase. The effectiveness of the homogeneous LLE is
attributed just to the higher reaction temperature.

Salting out-based homogenous system

Two relatively simple and similar theories have been used
to explain salting-out phenomena, one postulating
decreased mutual solubility of the solvents and the other
postulating removal of one solvent via solvation processes
[15]. The former assumes that compounds, not necessarily
ionic in nature, are preferentially solvated by one of the
solvents, making this solvent unavailable for dissolving the
second. The latter theory, which applies only to ionic
compounds, assumes that the more polar solvent (e.g.,
water) in a mixture of two solvents preferentially congre-
gates around the salt because of electrostatic attraction,
leading to nonideal behaviour. A combination of these two
processes is obviously possible, but the salt effect will
probably predominate with ionic salting-out compounds.
Three factors should be considered when evaluating a salt
and its potential salting-out effect on organic solvent [15]:
(1) the solubility of the salt in organic solvent must be
negligible; (2) the solubility in water must be large to have
maximum interaction with the water molecules; and (3) the
ability of ions to precipitate water-loving substances (gels),

according the lyotropic series (Mg>" > Ca*" > Sr** > -
Ba’" > Li" > Na® > K" > Rb" > Cs™). Various salts
have been used for acetonitrile phase separation for metal
determination, like calcium chloride [16] and sodium
nitrate [17].

In case of ternary solvent (water/methanol/chloroform)
the phase separation of the extracting solvent (chloroform)
from aqueous phase can also be accomplished by salt
addition [18]. By this procedure, fine droplets of the
extraction phase were sedimented in the bottom of a con-
ical test tube by centrifugation. In this case the volume of
the sedimented phase is very small.

Auxiliary solvent-based homogenous system

There is also the procedure [19] that, the addition of a small
volume of an auxiliary solvent to promote the separation of
an immiscible ternary phase (water/acetonitrile/chloro-
form), made up almost entirely of the water-miscible sol-
vent. Although such auxiliary solvents need to be found
empirically, once a suitable one has been found and the
phase diagrams for the ternary system have been con-
structed, the phases obtainable by use of various ternary
solvent compositions can be used for solvent extraction as
easily as the solvent pairs in conventional solvent extrac-
tion systems.

A similar HLLE method called “single phase” using
ternary solvent system (water/ethanol/methylisobutylk-
etone) [20] (acetonitrile/chloroform/HCI aqueous solution)
[21] and (water/ethanol/chloroform) [22] has been pro-
posed for metal extraction and determination. After pre-
paring this single-phase solution, the homogeneous three-
component solvent system is “broken down” by the
addition of an excess of water. By this procedure the
homogeneous solution is separated into two liquid layers.

The pH-dependent homogenous system

Another alternative homogeneous LLE method is based on
pH-dependent phase separation [23]. Neutralization of
perfluorooctanoate ion (PFOA™) in water-miscible organic
solvent solution (such as acetone, 1,4-dioxane and tetra-
hydrofuran) induces phase separation, providing a small
volume (down to 0.1 mL, depending on the amount of
PFOA™ which has been added) of an oily and transparent
water-immiscible liquid phase, from a large volume of the
aqueous solution. This phase separation was reversible
with the pH change in the solution, corresponding to below
and above the pKa value of perfluorooctanoic acid
(HPFOA).

The PFOA™, pH-dependent, method needs usually
strongly acidic condition (pH < 1) and thus is difficult to
be applied for the separation and concentration of
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biologically active substances due to the fact that these
substances easily hydrolyse the substituents and cause
denaturation of the protein. In order to solve these prob-
lems, phase separation in the neutral pH region has been
achieved wusing Zonyl FSA (CF;(CF,),—~CH,CH,-
SCH,CH,—COOH, n = 6 + 8), which induced the meth-
ylene group as a spacer of the fluorosurfactant. The pH-
dependent phase separation with Zonyl FSA has been
applied as a preconcentration step before spectrofluoro-
metric determination of chlorophyll-A [24] and recently for
analysis of 14 elements with ICP-AES [25].

Also, recently, a binary system for pH-dependent
homogeneous LPME using an organic phase with density
lower than water as the extractant was introduced to
resolve some problems in pH-dependent systems. Octanoic
acid was used as the solvent in acid-induced homogeneous
liquid phase microextraction (AI-HLPME). In this method,
octanoic acid provides a homogeneous solution in basic
mediums (pH > 7.5) and changing in pH was used as
emulsification phenomenon for phase separation. Emulsi-
fication and phase separation were performed by adding
several microliters of concentrated HCI to the homoge-
neous solution [26].

Moreover, a homogeneous LLE method using the pH-
dependent phase separation in the water/acetic acid/chlo-
roform ternary solvent system was reported for copper(Il)
and palladium(II) determination [27]. It is postulated that
the state of the homogeneous solution in water/acetic acid/
chloroform dissolved in water is due to the solvation of
small amounts of chloroform with acetic acid molecules.
When sodium hydroxide is added to this system, acetic
acid converts to acetate ion due to the acid—base reaction of
acetic acid, and consequently its function as a solvation
molecule was absent. Hence, an emulsion of water-
immiscible chloroform is formed in the aqueous solution
by phase separation. Extracting solvent selection in this
case is an important factor and it has to meet the following
characteristics: (a) it should be heavier than water, (b) it
should form a ternary homogeneous system with water and
acetic acid, (c) it should dissolve the analyte more than
water and (d) it should be sedimented after adding a phase-
separation agent (NaOH solution).

Ion pair-based homogenous system

The ion-pair formation of tetrabutylammonium ion
(TBA™) and perfluorooctanoate ion (PFOA™) in a homo-
geneous solution of water/sodium acetate has been used for
extraction and spectrophotometric determination of ura-
nium(VI) [28].

Recently, an ion-pair formation pH-independent phase
separation method was established using a homogeneous
ternary solvent system (water/TBA+—Cl04~/chloroform) for
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iron(Il), cobalt, copper and nickel extraction, based on ion-
pair formation of TBA™ and perchlorate ion (C104 ™) [29].

Dispersion of organic extraction solvent

In 2006, a new mode of LPME namely DLLME, as a high-
performance, powerful, rapid and inexpensive microex-
traction method, was developed for isolation of polyaro-
matic hydrocarbons (PAHs) from aqueous samples [10].
The basic principle of this method is the dispersion
(emulsification) of extraction solvent (immiscible in
water), assisted with disperser solvent (miscible in both
water and extraction solvent), within the aqueous solution
which leads to a very high contact area between the
aqueous phase and the extraction solvent. The disperser
solvent (e.g. methanol or acetonitrile) reduces the interfa-
cial tension (y) between organic and aqueous phases, thus
making an increase in surface area during fine droplet
formation, as explained by the Young-Laplace equation

AP = Pinlemal - Pextemal = V( 2 >7 (3)
Rpn

where Ry, is the radius of the spherical droplet and Piyernal
and Pexemar are the internal and external pressures of the
droplet, respectively. This simple form of the Young-
Laplace equation shows that the interfacial tension decline
results in a decrease in the droplet radius and the creation
of finer droplets at a constant pressure difference.

In general, several requirements have to be met to per-
form sample isolation using DLLME. The dispersing sol-
vent must be fully soluble in the water phase. Usually,
acetone, acetonitrile and methanol are applied for this
purpose. The extracting solvent has to fulfil several
requirements. It must have potential for extracting the
analytes. Also, it has to be soluble in the dispersing solvent
while its solubility in water should be very low. Finally, the
density of the extracting solvent should differ greatly from
the density of water to enable phase separation. Up to now,
three categories of extraction solvents (consisting of
organic solvents with higher and lower densities than
water, and ionic liquids) have been exploited in DLLME.

Having a look at the literature, it is clear that conven-
tional DLLME covers the utilization of water-immiscible
chlorinated solvents as the most common extractants (i.e.,
chlorobenzene, dichloromethane, carbon tetrachloride, tet-
rachloroethane, etc.), while disperser solvents include
water-miscible solvents, such as acetone, acetonitrile,
methanol and ethanol. As a result, in recent years due to the
high attractiveness of this technique, several review articles
have been published concerning the specific use of
DLLME for the extraction of different types of analytes
from a wide variety of matrixes [30-33].



JIRAN CHEM SOC (2014) 11:1087-1101

1091

Of course, like other analytical methods, DLLME also
has drawbacks, that are mainly caused by the requirements
for extraction solvent and disperser solvent. One of the
most significant disadvantages of this technique is that it is
most useful for non-polar analytes. For strong polar and
non-volatile samples, which are unsuitable for analysis by
gas chromatography (GC), derivatization is necessary to
increase the analytes volatility. Application of DLLME
coupled with derivatization reaction provides a one-step
derivatization and extraction technique, greatly simplifying
the operation steps and shortening the analysis time.
Simultaneous derivatization and extraction by DLLME
combined with GC-electron capture detector (GC-ECD)
was developed to determine chlorophenols (CPs) in water
samples [34].

On the whole, the technique has been mostly applied in
the past few years to the extraction and preconcentration of
pesticides [29, 35-37], together with (although to a lesser
extent) other organic analytes, such as pharmaceuticals [38,
39], amines [40], parabens [41] and wine compounds like
phenols, anisols, etc. [42-46]. All these studies illustrate
the use of toxic chlorinated solvents or carbon disulfide as
the extracting solvents. GC has been employed in most of
these investigations as an analytical technique in which it is
natural to utilize DLLME. After that a preliminary study on
DLLME conjugated with high-performance liquid chro-
matography-diode array detection (HPLC-DAD) reported
for the analysis of antioxidants in aqueous samples [47]. In
propose method, extracted solvent was evaporated before
injection to HPLC due to damage possibility to LC col-
umns. The proposed method was very efficient, rapid and

Fig. 2 Special home-made
extraction devices for emulsion- H
based liquid phase
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repeatable. However, Wei et al. [48] suggested the possi-
bility of direct injection of tetrachloroethane extract in
reversed-phase HPLC analysis. In the following years,
most researchers used the direct injection of chlorinated
solvents in several DLLME techniques to HPLC operating
in reversed-phase mode [49, 50] without the tedious sol-
vent evaporation.

Extraction solvents with density higher than water are
highly toxic and environmentally-unfriendly. To overcome
these problems, researchers have exploited organic sol-
vents with lower densities than water. One probable way of
allowing the application of low-density solvents in emul-
sification-based liquid phase microextraction procedures is
the use of special extraction devices [51-54]. All these
devices (Fig. 2) work on a single principle: centrifugation
of an organic solvent less dense than water after emulsifi-
cation and extraction procedure, causing its accumulation
at the top of the aqueous phase, followed by elevation of
the floating film to the narrow part of the device by adding
water and withdrawal of the extraction phase for sub-
sequent analysis using a proper analytical method.

Room-temperature ionic liquids (ILs) have recently
being considered as replacement solvents in sample prep-
aration, because of their unique chemical and physical
characteristics such as negligible vapour pressure, non-
flammability, good extracting ability for various organic
compounds and metal ions as neutral or charged com-
plexes, as well as tunable viscosity and miscibility with
water and organic solvents. Besides, the high attention is
also due to the capability of ILs to form a wider range of
intermolecular interactions than typical volatile organic
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solvents; these include strong and weak ionic, hydrogen
bonding, van der Waals, dispersive, n—m and n—m interac-
tions [55]. Classical DLLME based on ILs as extractant
phase (IL-based DLLME) [56, 57] and cold-induced
aggregation microextraction (CIAME) [58, 59] have both
been proposed as novel ultrasound-assisted emulsification—
microextraction (USA-EME) techniques, avoiding many of
the problems observed in earlier methods.

In comparison with the conventional DLLME, the per-
formance of the IL-based DLLME decreases significantly
as the salt content of sample solution is increased. In the
presence of salt, the solubility of ILs increases due to
increase in ionic strength of the aqueous solution. There-
fore, the volume of the settled phase in IL-based DLLME
depends strongly on the salt concentration of samples.
Moreover, ILs dissolve completely at high concentration of
salt and the cloudy solution is not formed. Consequently,
IL-based DLLME cannot be applied for extraction and
preconcentration of analyte(s) from samples containing
high salt concentration. To overcome to this drawback a
novel IL-based DLLME technique that is robust against
high salt concentration demonstrated [56] so that a mixture
of a water-immiscible ionic liquid (as extraction solvent)
and disperser solvent is injected into an aqueous sample
solution containing one of the IL’s ions. As an example
1-Hexyl-3-methylimidazolium hexafluorophosphate [Hmim]
[PFs] (a water-immiscible ionic liquid) and NaPFg were
used as extraction solvent and common ion source,
respectively. According to the common-ion effect, the
solubility of ionic compounds (such as ILs) decreases in
the presence of a common ion, even at high ionic strength.
A common ion is any ion in the solution that is common to
the ionic compound (IL) being dissolved. In the present
work, the PF, ion in NaPFs is common to the PF; in
[Hmim][PF]. In the proposed IL-based DLLME, because
of the presence of PF; the solubility of [Hmim][PF¢]
decreases. Therefore, proposed IL-based DLLME can be
applied for aqueous samples containing high concentration
of salt (up to 40 %, w/v).

As an alternative to IL-based DLLME a new method
termed CIAME was developed [58]. In this method, a very
small amount of hydrophobic IL as an extractant solvent is
dissolved in the sample solution containing Triton X-114.
Triton X-114 prevents IL sticking onto the surface of the
centrifuge tube wall, so its name is “anti-sticking agent”.
One should be aware that there is no interface between the
water and the extractant phases; as a result mass transfer
from aqueous phase into separated phase has no important
effect on the extraction step. After dissolving, the solution
is cooled in the ice bath and a cloudy solution is formed
due to the solubility reduction of IL and fine droplets are
formed. During the formation of fine droplets of the

@ Springer

extractant phase, the hydrophobic species are collected by
the extractant molecules, and the extraction process is
completed after the formation of the droplets. After cen-
trifuging, the fine droplets of extractant phase settle to the
bottom of the conical-bottom glass centrifuge tube.

Improvement in DLLME
Emulsification by external force

More recently, by increasing concerns about environmen-
tally friendly chemistry, different external forces were used
to eliminate disperser solvent in DLLME. In a heteroge-
neous system consisting of two immiscible liquid phases,
the influence of ultrasound radiation is the result of several
concurrent partial phenomena with complex interrelation-
ships and is dependent on a considerable number of vari-
ables. The application of ultrasounds in liquids produces
cavitations which are related to formation of microbubbles
that finally collapse. When the liquid is a mixture of two
immiscible phases the result of the formation of cavitations
and their collapse is an emulsion of the minority phase in
the bulk. The cavitational collapse also produces strong
variations of pressure and temperature in the interface
which may affect the exchange of analytes between the
phases [60]. The application of a miniaturized approach to
this technique using a microvolume of extracting organic
phase provides the advantages of both DLLME and ultra-
sound-assisted LLE (USA-LLE) and some more, mainly
derived from low concentration of inner phase drops,
decrease in the coalescence effect [61], decline in the
radiation absorption and then warming and the acoustic
flow facilitation leading to increase in homogenization
speed. The approach is very efficient for fast preconcen-
tration. After mass transfer, the two phases can be readily
separated by centrifugation. In this way, USA-EME has
been successfully utilized for the extraction of, amongst
others, bisphenol A from beverages [62] and parabens from
cosmetics [63]. In addition, the simultaneous performance
of derivatization and USA-EME of phenolic compounds in
water has been reported [64]. On the other hand, organic
extraction solvents tend to volatilize under the ultrasonic
radiation. Taking this into account, Liang and co-workers
[65] have investigated the application of ILs as extraction
solvents instead of organic solvents in USA-EME of four
fungicides (azoxystrobin, diethofencarb, pyrimethanil and
kresoxim-methyl) from environmental water samples.
Ultrasound energy can be a source of problems [66],
since ultrasound irradiation frequently causes the formation
of stable emulsions, thus resulting in a prolonged separa-
tion. Also, it is often difficult to ensure the uniformity of
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ultrasound energy among individual samples and experi-
ments, and analyte degradation may occur owing to the
influence of ultrasound energy. Hence, the vortex-assisted
liquid-liquid microextraction (VA-LLME) technique, in
which the dispersion of extraction solvent is enhanced by
vortex mixing rather than ultrasound irradiation, was
devised. Up to now, low-viscosity organic solvents and
high-viscosity ILs were successfully tested for emulsifica-
tion using VA-DLLME [67-69]. This technique was per-
formed with multiple samples and could conceivably be
fully automated.

Emulsification by surfactant

An interesting method for dispersion of extraction solvent
in aqueous solution is the use of surfactant-assisted
DLLME (SA-DLLME) [70, 71]. This technique needs no
ultrasound irradiation or toxic disperser solvent. In the
presence of the surfactant a cloudy solution was readily
formed as the fine droplets of the immiscible extraction
solvent dispersed in the aqueous sample. After centrifu-
gation, the collected phase was injected into HPLC-UV for
further analysis. The method exhibited very good results
for real water samples, with advantages such as high
extraction efficiency and recovery, low cost, low matrix
effects and minimum extractant solvent consumption
(without the use of dispersive solvent), all of which agreed
with green chemistry criteria. There are several reports
about the application of surfactant as emulsifier for the
microextraction of cannabinoids [72], nitrophenols, chlo-
roanilines [73], fluoroquinolones [74] and some metal ions
[75, 76].

Supramolecular solvent-based microextraction
Cloud point extraction

Although cloud point extraction (CPE) method cannot
categorize in the microextraction techniques its mechanism
is based on emulsion formation of surfactant-rich phase so
that firstly a cloudy solution was formed and then analytes
were isolated onto non-aqueous phase. Hence, here we
introduce extraction mechanism of CPE method which is a
promising, environmentally benign extraction technique
that was first introduced by Watanabe and coworkers in
1976 [77]. At the beginning, CPE was used for precon-
centration of trace-metal ions in the form of their hydro-
phobic complexes. Later, it was extensively exploited as a
primary isolation step in purification of proteins. Since
then, analytical chemists throughout the world have been
developing its potential and finding different applications.
A recent publication by Mishra et al. [78] provides an

excellent overview of the fundamentals, methodology and
applications of the CPE technique.

Clouding behaviour, also known as lower consolute
behaviour or coacervate phase behaviour, is a typical
physical change in the homogeneous solutions of amphi-
philic substances, due to which the solution separates into a
surfactant-rich and a surfactant-poor phase at a definite
temperature. The temperature, at which phase separation
occurs, i.e. the threshold temperature of clouding, is known
as the cloud point (CP) or lower consolute temperature
(LCT), as an important character of non-ionic surfactants.
Clouding is ascribed to the efficient dehydration of
hydrophilic portion of micelles at higher temperature
condition. The clouding phenomenon is due to the inter-
action of non-ionic surfactant micelles via an attractive
potential, whose well-depth increases with temperature
[79]. These micelles attract each other and form clusters
[80] with the approach of the cloud point. However, the
mechanism behind the lower consolute behaviour of non-
ionic surfactant systems still remains obscure.

CPE consists of three simple steps (Fig. 3): (1) solubi-
lization of the analytes in the micellar aggregates; (2)
clouding (or emulsification); and (3) phase separation for
analysis. When a surfactant solution is heated over a crit-
ical temperature, the solution easily separates into two
distinct phases: one aqueous phase contains a surfactant at
a concentration below, or equal to, the critical micelle
concentration of surfactant, and the other is a surfactant-
rich phase. The hydrophobic compounds initially present in
the solution and bound to the micelles are extracted to the
surfactant-rich phase. This phenomenon is observed, in
particular, for polyoxyethylene surfactants and can be
attributed to the ethylene oxide segments in the micelle that
repel each other at low temperature when they are hydrated
and attract each other when the temperature increases
owing to the dehydration.

Off-line CPE has been applied to extract and precon-
centrate various metal ions from aqueous solutions. It
involves a series of fussy procedures including incubation,
centrifugation, and separation of the surfactant-rich phase
from the bulk aqueous phase and dilution of the surfactant-
rich phase. These steps may result in poor reproducibility, a
low preconcentration factor, and a time-consuming proce-
dure. In the on-line mode of CPE, some tedious steps that
could reduce repeatability of the method, such as heating,
centrifugation, cooling in an ice bath, separation of the bulk
aqueous phase from the surfactant-rich phase and dilution
of the surfactant-rich phase, are omitted. These steps result
in a long extraction time, a small preconcentration factor,
and poor precision. On-line CPE integrates heating of the
sample, trapping of the surfactant-rich phase on a column
(emulsion breaking), and elution of the entrapped analytes
in one step; therefore, it reduces the analysis time and
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Fig. 3 Different steps of cloud
point extraction —

increases the simplicity, sensitivity, preconcentration factor
and precision of the method.

Supramolecular-based microextraction

Recently, Rubio et al. [81] reviewed both theoretical and
practical aspects related to the use of supramolecular sol-
vents (SUPRASs) in analytical extractions over the past
decade. The term SUPRAS was initially introduced by
Pérez-Bendito’s research group. Generally, SUPRAS refers
to nano-structured liquids generated from amphiphiles
through a sequential, self-assembly process occurring on
two molecular and nano scales. Here, the term supramo-
lecular solvent-based extraction is employed for two recent
alkyl carboxylic acid aggregate-based extractions (water-
induced and tetrabuthylammonium (TBA)-induced coac-
ervation). First, amphiphilic molecules spontaneously form
three-dimensional aggregates (e.g. aqueous and reversed
micelles or vesicles) above the critical aggregation con-
centration. Then, the generated nanostructures self-assem-
ble into larger aggregates with a wide size distribution in
the nano- and micro-scale regimes by the action of an
external stimulus (e.g. water or TBA) and separate from the
bulk solution by a mechanism that remains elusive [82].
In 2006, the same research group studied the potential of
TBA-induced liquid-liquid phase separation in alkyl car-
boxylic acid vesicular solutions for the extraction of
organic compounds prior to HPLC, for the first time [82].
SUPRASs are water-immiscible liquids made up of
supramolecular assemblies dispersed in a continuous
phase. Two characteristics make the alkyl carboxylic acid-
based coacervates have a high potential for analytical
extraction processes. First, the polar region of the molec-
ular aggregates consists of protonated and deprotonated
carboxylic and ammonium groups, so a number of inter-
actions (e.g., electrostatic, cation-m, hydrogen bonding,
formation of mixed aggregates, etc.) could be established
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with the analytes, in addition to the hydrophobic interac-
tions in the hydrocarbon region. Second, the vesicles have
a number of available solubilization sites; therefore, high
concentrations of polar and apolar molecules can be solu-
bilized in each aggregate. In the above work, the creation
of vesicles in aqueous solution before adding BuyN™ ions
was not essential to complete liquid—liquid phase separa-
tion. The driving forces for the construction of these
vesicular aggregates were hydrophobic interactions
between the hydrocarbon chains of decanoic acid (DeA)
and decanoate (De™), the formation of hydrogen bonds
between carboxylic and carboxylate groups, and the elec-
trostatic interactions between carboxylate and quaternary
ammonium groups of De™ and BuyN™ ions, respectively.

Normally, pH of sample solution determines the state of
DeA in aqueous solution which plays an important role in
the stability of vesicles in aqueous samples. It was found
that the maximal amount and stability of the vesicles are
obtained at pH = 7.0, so it was recommended to work at
alkyl carboxylic acid/carboxylate molar ratios around 1.0.
On the other hand, vesicular coacervate composition pri-
marily depended on the Buy,N*/DeA + De™ molar ratio
(w/w) in the bulk solution [83-85].

In another work, SUPRASs made up of reversed
micelles of decanoic acid dispersed in THF-water [86].
Analytes with a broad range of polarities were efficiently
extracted on the basis of the hydrophobic (e.g., PAHs) and
hydrogen bond (e.g., chlorophenols, bisphenols, pesticides,
phthalates, non-ionic surfactants, dyes, and photographic
developers) interactions of reverse micelles. Decanoic acid
dissolves in THF forming reverse micelles according to a
sequential-type self-association model with at least three
critical aggregation concentrations (4.8 £ 0.2, 7.6 + 0.4
and 51 4 2 mmol/L) [87]. The addition of water to this
binary system causes partial desolvation of the aggregates,
which makes their interactions easier and promotes the
construction of larger reverse micelles that separate from
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the THF:water bulk solution as an immiscible liquid phase.
The structure of the coacervates comprised spherical
droplets dispersed in a continuous phase. Phase-volume
ratios were functions of both alkyl carboxylic acid and
THF concentrations. The volume of the solvent produced
was linearly and exponentially dependent on the amount of
DeA and the percentage of THF, respectively. Recently,
the same research group developed SUPRASs-based mic-
roextraction of sulfonamides (SAs) from meat samples
prior to LC-fluorescence detection [88]. The SUPRAS was
prepared within a wide range of THF/water ratios (e.g.
from 5:95 to 80:20, v/v) and DeA concentrations below
8.0 % (w/v). Reverse micelles were created only from
decanoic acid (pKa = 4.8 £ 0.2), so maximal production
of this solvent happened at pHs below 4.0.

The morphology of the nano-sized aggregates of DeA was
investigated by dynamic light scattering (DLS). The DLS size
distributions of DeA aggregates are shown in Fig. 4 [89]. Itis
apparent the distributions centred at approximately 1-2 nm
correspond to micelles. The actual micelle size is probably
larger than the DLS-determined value, because the measured
diffusion coefficients are strongly affected by inter-micelle
repulsion among the charged micelles. The diffusion coeffi-
cient, D, in the Stokes—FEinstein equation depends on the
nature of interactions between the particles. Because of
deprotonated DeA (De™) in the reverse micelle structure the
aggregates have a small negative charge, resulting in electrical

repulsion between them. When there is a repulsive interaction
between particles the diffusion coefficient tends to increase;
thus, measured size is slightly smaller than actual size. The
larger distributions centred at approximately 100 nm corre-
spond to larger aggregates, which are vesicles. In Fig. 4b, the
size distribution is plotted against the number of aggregates.
Although the proportion of vesicles is close to 0.0 % (Fig. 4b),
because of their large size they scattered 30.0 % of the light
(Fig. 4a). It seems that the reverse micelle is the main type of
aggregate in the formed SUPRAS.

Hyphenated methods for emulsification-based
microextraction

Solid-phase extraction

Solid-phase extraction (SPE) is the most popular clean-up
technique, due to factors such as convenience, low cost,
and simplicity and also the most accepted sample pre-
treatment method today. The principal goals of SPE are
trace enrichment (concentration), matrix simplification
(sample clean-up), and medium exchange. In spite of the
fact that SPE methodologies often render high extraction
yields, they suffer from two main weaknesses: (i) in the
case of commercial sorbents (e.g., C18), selectivity is
rather low and many interfering species might be co-eluted
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[90]; thus, other sorbents or extra-step microextraction
methods are required to improve clean-up and selectivity;
(ii) the consumption of organic solvents is quite low in SPE
compared with LLE, but to attain high extraction effi-
ciency, evaporation of the eluent after extraction is crucial,
so extra step and also more time are needed in sample
preparation.

For the first time a combination of SPE and DLLME for
extraction and determination of chlorophenols (CPs) in
complex matrixes (such as highly saline solution) was
introduced [91]. This combination leads to a very high
concentration factor. In SPE-DLLME, CPs were adsorbed
from a large volume of the aqueous samples into function-
alized styrene-divinelybenzene polymer sorbent. After elu-
tion of the desired compounds from the sorbent by acetone,
the DLLME technique was performed on the obtained
solution. Besides DLLME, some other EMU-LPME tech-
niques can combine with SPE method. For instance, recently
a SPE-SUPRAS for extraction of drugs from urine and water
samples was developed [92]. In this study, due to matrix
effect, drugs were initially extracted from the samples by
SPE. The extracted analytes were subsequently eluted from
the sorbent with THF, and the eluate was subjected to
SUPRAS formation process. Finally, the analytes in the
SUPRAS were separated and determined by HPLC-UV.

Ultrasound-assisted extraction

Ultrasound-assisted solvent extraction (UASE) is consid-
ered a good choice for extraction of organic compounds
from different matrixes, which provides a more efficient
contact between the solid and solvent due to increases in
both pressure (that favours penetration and transport) and
temperature (that improves solubility and diffusivity).
Several extractions can be fulfilled simultaneously and
since no specialized laboratory equipment is necessary, the
technique is fairly inexpensive compared with most mod-
ern extraction methods. In general, UASE method can be
used for recovering organic compounds from plant tissues
before their preconcentration [93]. Ultrasound is able to
break up cell membrane and facilitate the release of ana-
lytes from the plant matrix and thus intensify mass transfer.
In addition, the above method can be operated at reduced
temperatures that are beneficial to the thermally unstable
botanical materials. In contrast to other sample preparation
methods, this technique requires no cleanup or evaporation
of extraction solvent [94].

Supercritical fluid extraction
As a general rule, DLLME is not suitable for extraction of

compounds from solid samples since in this case extra steps
in sample preparation before DLLME are needed, leading to

@ Springer

the consumption of high volumes of toxic organic solvents.
The unique properties exhibited by supercritical fluids have
already been applied to extract antifungal drugs from solid
samples [95]. Supercritical fluid extraction (SFE) is a
selective and less solvent-consuming method and thus is
environmentally friendly. The most serious problem of off-
line SFE methods is evaporation of collecting solvent at the
end of extraction to acquire high preconcentration factor.
However, this procedure is a time-consuming step which
contaminates the environment and the collected analytes
may be lost or degraded during it. Meanwhile, sometimes it is
impossible to run DLLME for the extraction of analytes from
complex matrixes. For this purpose, a combination of SFE
and DLLME, as a sample preparation method, for determi-
nation of PAHs and OPPs in solid samples was developed
[96, 97]. In this SFE-DLLME technique, the collecting sol-
vents, such as methanol and acetonitrile, in SFE were used as
disperser solvent in DLLME. After performing SFE and
collecting the extracted analytes in the disperser solvent, an
appropriate volume of the extracting solvent was added to
the collecting solvent. Finally, the mixture was injected into
the aqueous sample. The remaining steps were similar to
DLLME method.

Modern phase separation in EMU-LPME techniques

In the EMU-LPME techniques, microdroplets of extraction
solvents are precipitated from the aqueous bulk usually by

A— —
N~ —

Emulsification microextraction waste

HPLC column

Emulsion filtration

pump

Fig. 5 Schematic design of on-line microextraction procedure and
separation phases using in-line filter. In-line PTFE filter was inserted
into its holder and located in the loop position of HPLC valve. In the
loading step, extraction phase was trapped in the filter, and after
moving the valve to the injection position, the trapped phase was
eluted from the inverse direction by the mobile phase and transferred
to HPLC column. Reprinted with permission from [101]
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Table 1 Application of different EMU-LPME in sample preparation
Analyte Extraction solvent ~ Disperser External Hyphenated Phase separation  Instrument References
agent force method method analysis
PAHs Tetrachloroethylene Acetone - - Centrifugation GC-FID [29]
OPPs Chlorobenzene Acetone - - Centrifugation GC-FPD [102]
Chlorophenols Chlorobenzene Acetone - - Centrifugation GC-ECD [34]
Carbamate pesticides Chloroform Acetone - - Centrifugation HPLC-DAD  [35]
Organosulfur Carbon Methanol - - Centrifugation GC-FPD [36]
pesticides tetrachloride
Organochlorine Tetrachloroethylene Acetone - - Centrifugation GC-MS [37]
pesticides
Fentanyl, alfentanil, =~ Chloroform Methanol - - Centrifugation HPLC-DAD [38]
sufentanil
Psychotropic drugs Carbon Acetonitrile — - Centrifugation HPLC-UV [39]
tetrachloride
Anilines Cyclohexane Ethanol - - Centrifugation GC-MS [40]
Parabens 1-octanol Acetone - - Centrifugation GC-FID [41]
Phenols Carbon disulfide Acetone - - Centrifugation HPLC-DAD [42]
Haloanisols Carbon Methanol Microwave Centrifugation GC-ECD [43]
tetrachloride assisted
extraction
AI(II) 1-undecanol Acetone - - Centrifugation ICP-OES [44]
TI(I) ILs Methanol - - Centrifugation FAAS [45]
Co(II) Chloroform Methanol - - Centrifugation FAAS [46]
Antioxidants Carbon Acetonitrile - - Centrifugation HPLC-DAD [47]
tetrachloride
Methomyl Tetrachlororthane Acetonitrile - - Centrifugation HPLC-VWD  [48]
Quinolones Dichloromethane Acetonitrile - SPE Centrifugation HPLC-DAD [49]
Clenbuterol Tetrachloroethylene Methanol Sonication SPE Centrifugation HPLC-UV [50]
PAHs Toluene - Sonication — Centrifugation GC-FID [51]
OPPs Cyclohexane Acetone - - Centrifugation GC-FID [52]
OPPs Toluene Surfactamt  Vortex - Centrifugation GC-FPD [53]
Glycyrrhizic acid 1-hexanol Acetone Sonication — Centrifugation HPLC-UV [54]
DDT ILs Acetone - - Centrifugation HPLC-UV [103]
Triclosan, ILs Methanol - - Centrifugation HPLC-MS [57]
triclocarban
Hg(II) ILs - - - Centrifugation UV-vis [58]
spectrometer
Phthalate esters ILs - - - Centrifugation HPLC-VWD [59]
Pb(II), Cd(II) ILs Ethanol - - Centrifugation FAAS [56]
Musk fragrances, Chloroform - Sonication - Centrifugation GC-MS [60]
phthalate esters
Nitrophenols 1-octanol - Sonication — Centrifugation HPLC-UV [61]
Bisphenol Carbon - Sonication — Centrifugation GC-MS [62]
tetrachloride
Parabens 1-octanol - Sonication - Centrifugation HPLC-UV [63]
Phenols Trichloroethane - Sonication - Centrifugation GC-MS [64]
Fungicides ILs - Sonication — Centrifugation HPLC-VWD  [65]
OPPs Chlorobenzene Surfactant ~ Vortex - Centrifugation GC-FPD [67]
Cd(I) ILs - Vortex - Centrifugation FAAS [68]
Clozapine and its ILs Vortex - Centrifugation CE [69]
metabolits
Carbamate pesticides Chloroform/ Surfactant ~ Sonication — Centrifugation HPLC-DAD  [70]
Chlorobenzene
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Table 1 continued

Analyte Extraction solvent ~ Disperser External Hyphenated Phase separation  Instrument References
agent force method method analysis
Fungicides Carbon Acetonitrile  Sonication — Centrifugation HPLC-MS [104]
tetrachloride
Chlorophenols 1-octanol Surfactant - - Centrifugation HPLC-UV [71]
Cannabinoids Toluene Surfactant - - Centrifugation HPLC-UV [72]
Nitrophenols- 1-octanol Surfactant - - Centrifugation HPLC-UV [73]
Chloroanilines
Fluoroquinolones 1-octanol Surfactant - - Centrifugation HPLC-UV [74]
PddI) 1-octanol Surfactant - - Centrifugation ICP-OES [75]
Cr(IID), Cr(VI) 1-octanol Surfactant  — - Centrifugation Spectrometer  [76]
Benzimidazolic Vesicle Water - - Centrifugation HPLC-FLD [83]
fungicides
Chlorophenoxy acids Reverse micelle THF - - Centrifugation HPLC-UV [87]
Solfunamids Reverse micelle THF - - Centrifugation HPLC-FLD [88]
Phthalate esters Reverse micelle THF Sonication - Centrifugation HPLC-UV [89]
Chlorophenols Chlorobenzene Acetone - SPE Centrifugation GC-ECD [91]
NSAID drugs Reverse micelle THF - SPE Centrifugation HPLC-UV [92]
OPPs Chlorobenzene Acetone - Sonication Centrifugation GC-FPD [93]
VOCs Chloroform Methanol - Sonication Centrifugation GC-MS [94]
PAHs Chlorobenzene Acetonitrile — SFE Centrifugation GC-FID [96]
OPPs Carbon Acetonitrile — SFE Centrifugation GC-FID [97]
tetrachloride
OCPs Xylene Acetonitrile — - Acetonitrile GC-MS [98]
Pd(II) 1-octanol Acetonitrile — - Acetonitrile ET-AAS [99]
Cu(Il), Pb(ID) Xylene Methanol - - On-line F-AAS [100]
sequential
injection
Parabens 1-octanol - Sonication - On-line HPLC-UV [101]
Opium alkaloids Chloroform Acetone - - Centrifugation HPLC-UV [105]
Pb(II) Carbon THF - SPE Centrifugation ET-AAS [106]
tetrachloride
Fe(III), Cu(Il) 1-dodecanol - Sonication - Centrifugation F-AAS [107]
Fe(III) ILs Ethanol - - Centrifugation F-AAS [108]

centrifuging the oil-in-water (O/W) emulsion. The O/W
emulsion is thermodynamically unstable and is separated
by centrifugation into its constituent phases at a given
sufficient time. The phase separation by centrifugation
needs additional instruments and extra time. This time-
consuming process leads to low precision and makes the
microextraction method difficult to be automated. More-
over, it is not easy to handle large-volume centrifugation.
This time-consuming step can be avoided by a recently
introduced alternative that is “solvent-based de-emulsifi-
cation dispersive liquid-liquid microextraction” (SD-
DLLME). In this method, methanol and acetonitrile, that
typically serve as disperser solvents in DLLME, were
established as chemical demulsifiers to break up the dis-
persed system owing to their characteristics of low surface
tension and high surface activity. [98, 99].
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An on-line sequential injection DLLME system coupled
to atomic absorption spectrometry has been developed in
which the organic phase was retained in a microcolumn
packed with PTFE-turnings instead of centrifugation, and a
portion of several hundred microliters of the eluent (methyl
isobutyl ketone) was subsequently used for quantitative
elution of the analytes, which were then introduced directly
to the atomic absorption spectrometer [100]. The repre-
sented method has a number of shortcomings, such as the
necessity to apply a microcolumn for the retention of the
analytes as well as the use of several hundred microliters of
solvent for the elution of the analytes. Additionally, this
approach is hardly applicable for the extraction of ion
associates with the subsequent UV-vis spectrophotometric
detection that is very often employed as a detection tech-
nique in sequential injection analysis, since it does not
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permit the separation of excess dye reagent from the ion
associate.

Very recently, an EMU-LPME followed by on-line
phase separation coupled to HPLC was described based on
a novel idea for the separation of dispersed organic phase
from aqueous phase [101]. In this method, the dispersed
organic extraction phase was filtered using an in-line filter
and separated from the water sample (Fig. 5). The new
approach was simple and, in addition to improving some
limitations of the conventional EMU-LPME, eliminated
the need for centrifugation in the phase separation step.
The on-line procedure was performed at two stages:
(i) loading step: the emulsion was passed through the in-
line filter and the retention and separation of the organic
phase from the aqueous solution were carried out based on
emulsion filtration and (ii) injection step: by changing the
position of the HPLC valve, the in-line filter was located in
the pathway of the mobile phase. The organic phase was
eluted and introduced into the HPLC column. After sepa-
ration and detection of the analytes, the filter was washed
with acetonitrile and prepared for the next separation. The
versatility of different method of EMU-LPME is seen in
relation to the variety of applications in many areas, as
depicted in Table 1.

Conclusions and future trends

The pressure to decrease organic solvent usage in labora-
tories is increasing. Thus, miniaturization and improve-
ment of sample handling via the available alternatives is a
challenge that has been discussed by several researchers.
From this perspective, emulsion-based sample preparation
is an educated choice. The following are the main advan-
tages of EMU-LPME methods: (i) the use of only micro-
liter volumes of extraction solvents, which makes the
procedure environmentally friendly; (ii) the short extrac-
tion time as a result of a rapidly reached equilibrium state;
and (iii) the high enrichment factor due to the high phase
ratio.

Because of the special benefits of these sample pre-
treatment techniques, extensive efforts have been made to
remove the restrictions of EMU-LPME or to develop and
automatize these approaches. For instance, to this aim,
researchers have recently attempted to (i) use solvents with
densities lower than water, (ii) conduct the extraction
without utilizing a disperser solvent and (iii) perform
separation phase without centrifugation. Surfactants and
external forces, such as ultrasound irradiation and vortex
agitation, can disperse the extraction solvent in the aqueous
medium in the absence of disperser solvent. With the
development of supramolecular solvents for more efficient
and selective extraction of analytes, further improvement

of EMU-LPME methods has become possible. Besides,
there is increasing interest in automating the EMU-LPME,
thus speeding up these processes and enhancing their pre-
cision and cost-effectiveness.

In the near future, EMU-LPME will certainly be used
for solid-state samples and connected to other sample
preparation techniques. Usage of EMU-LPME for solid
samples has already been reported in some papers. The
analytes were extracted from the matrix using solid—liquid
extraction, the SFE procedure or microwave irradiation.
Then, EMU-LPME was used to concentrate the extracts.

The novel idea for phase separation in EMU-LPME
without centrifugation facilitates the automation of these
methodologies in further studies. So far, only two papers
presented on-line EMU-LPME [100, 101]. One paper
reported an on-line sequential injection DLLME system in
which the organic phase was retained in a microcolumn
packed with PTFE-turnings, and a portion of several hun-
dred microliters of the eluent was subsequently used for
quantitative elution of the analytes, [100]. However, the
complexity of the procedure presented was far from the
simplicity of the EMU-LPME technique. Another paper
described use of an EMU-LPME followed by on-line phase
separation coupled to HPLC [101]. The dispersed organic
extraction phase was filtered using an in-line filter and
separated from the water sample. The new approach was
simple and improved some limitations of the conventional
EMU-LPME.
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