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Abstract
Current society is living in a world in which it is exposed to a broad spectrum of 
contaminants that can pose different risks for health. In this sense, we are daily 
bombarded with news related to pollution by plastic residues (especially in the 
oceans), being one of the main issues that humans must face today, not only 
because of the direct effects of plastics but also because of the variety of contami-
nants they can release to the environment. Probably, the most important ones are 
phthalic acid esters (PAEs), since they easily migrate from the polymeric matrix to 
the surrounding media, acting as endocrine disruptors in human organisms and 
resulting in multiple diseases. Their occurrence in water matrices is of especial 
importance, since it is essential for life, and the presence of PAEs, even at very low 
levels, can cause serious health problems. This book chapter aims at providing a 
general and critical overview of the different analytical methodologies that have 
been developed for the analysis of PAEs in water samples and which are based on 
the application of sorbent-based microextraction techniques, which is one of the 
current trends in the Analytical Chemistry field.
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1.1	 Introduction

Phthalic acid esters (PAEs) are a group of dialkyl or alkylaryl esters of 
phthalic acid (see Figure 1.1), commonly known as phthalates, which 
are widely used as additives in the polymer industry but also added to 
paints, adhesives, lubricants, and cosmetics, among others [2]. As an 
example, low-molecular PAEs such as butyl benzyl phthalate (BBP), 
dibutyl phthalate (DBP), and diethyl phthalate (DEP) are widely used 
as solvents and emulsifiers to maintain color and fragrance mainly in 
beauty products and pharmaceuticals, while high-molecular PAEs such 
as di(2-ethylhexyl) phthalate (DEHP) are highly used as plasticizers to 
make polymeric materials more workable and flexible. As a result of the 
extremely high production of such products, especially plastics, PAEs are 
exorbitantly present in the daily life. Among them, DEHP is the most 
currently used. In fact, its production as plasticizer is estimated to be 
a quarter of the total [3, 4]. Due to these widespread applications and 
intensive production, together with the fact that they are only retained 
in the polymer structure through weak secondary molecular interactions 
and not covalently, PAEs can easily migrate to the environment. As a 
result, PAEs have become ubiquitous contaminants in the environment, 
in particular, they can be found in natural waters such as lake, river, sea, 
and ground waters [5, 6], especially those adjacent or downstream from 
industrial locations [5]. In addition, their possible migration to drink-
ing waters that are in contact with plastic materials like mineral and tap 
waters must also be taken into account, as well as their final presence in 
waste waters [5, 7].

It has already been demonstrated that many PAEs act as endocrine dis-
ruptors and that they can be toxic for reproduction, even at extremely 
low concentrations [8–11]. Even more worrying is the fact that certain 
PAEs can be easily degraded in the environment by bacteria and fungi 
and their degradation products can also have an important toxicity. Such 
is the case of DEHP that can be degraded to DBP, DEP, and especially to 
mono-2-ethylhexyl phthalate (MEHP), which has shown to be more toxic 
than DEHP [12, 13] (see Figure 1.2). As a result of the high human expo-
sure to PAEs and their metabolites, their potential risks for health and 
their persistence, several organizations have established an increasingly 
broad and restrictive legislation. As examples, the European Union has 
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listed several PAEs as compounds suspected to produce endocrine abnor-
malities [15] and the International Agency for Research on Cancer has 
classified DEHP in the group 2B (possibly carcinogenic to humans) [16]. 
Moreover, the US Environmental Protection Agency (EPA) has included 
several PAEs (BBP, DBP, DEHP, DEP, dimethyl phthalate (DMP), and 
di-n-octyl phthalate (DNOP)) in its priority list of pollutants and has 
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Figure 1.1  The chemical structures of PAEs. Adapted from [1]. PAEs, phthalic acid esters.
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established limits of 6 µg/L and 400 µg/L for DEHP and di(2-ethylhexyl) 
adipate (DEHA) in drinking water, respectively [17], while this maximum 
allowed concentration has been established in 8 µg/L for DEHP by the 
World Health Organization [18] and in 1.3 µg/L in surface waters by the 
European Union [19]. Considering all the above mentioned, it is clear that 
there is an increasing need to develop highly sensitive and reliable analyt-
ical methods for monitoring trace amounts of PAEs in different samples 
and, especially, in water.

PAEs have been analyzed in water samples using gas chromatog-
raphy (GC) coupled to flame ionization detectors (FIDs) [20], mass 
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Figure 1.2  DEHP biodegradation pathways to obtain MEHP, DBP, and DEP. Reprinted 
from [14] with permission from Elsevier. DBP, dibutyl phthalate; DEHP, di-2-ethylhexyl 
phthalate; DEP, diethyl phthalate; MEHP, mono-2-ethylhexyl phthalate; PA, polyacrylate.
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spectrometry (MS) [21] and tandem MS (MS/MS) [22], or high- 
performance liquid chromatography (HPLC) coupled to diode array 
detectors (DADs) [23], ultraviolet (UV) [24], and MS [25]. Among 
them, GC is normally the preferred technique since most PAEs are 
nonpolar and thermostable. It is important to notice that, in all these 
analytical methods, it has been necessary to include previous sample 
preparation steps before instrumental analysis to achieve accurate and 
sensitive results. These steps consist on the isolation and pre-concen-
tration of PAEs since they can be found in water samples at extremely 
low concentrations. However, since PAEs are not ionizable in water, 
these samples are normally analyzed directly or after a simple filtration 
without pH adjustment regardless of the sample preparation technique 
used in each case [26]. 

In this context, special attention should be paid to the risk of sample 
contamination during their analysis, which would result in false positives 
and/or over-estimated concentrations. As it has already been said, PAEs 
are ubiquitous contaminants and this includes their possible presence in 
any laboratory since they can be found in solvents, reagents, filters, etc. 
Consequently, previous washing steps using PAE-free solvents, if possible 
(since most organic solvents also contain some PAEs), subsequent heating 
of non-volumetric glassware at high temperatures (450–550°C) for several 
hours (4–5 h), washing volumetric or any glassware material with strong 
oxidizing agents, and, in some cases, even wrapping in heat-treated alumi-
num foil to avoid adsorption of PAEs from the air are carried out, among 
others [27–29]. Despite all these precautions, residues of PAEs may finally 
appear, and the analysis of blanks should be developed on a daily basis in 
every batch of samples so that background levels can be suitably subtracted 
[21, 25, 30].

Until very recently, the most widely used sample preparation methods, 
also for the analysis of PAEs in water samples, have been based on the 
use of liquid-liquid extraction (LLE) and solid-phase extraction (SPE) [31, 
32]. The need for developing quicker, simpler, and miniaturized extraction 
procedures able to maintain or even to improve the required sensitivity 
of the analysis has resulted in the development of new sample prepara-
tion techniques. In this sense, microextraction techniques have gained 
notoriety since the extraction is carried out using amounts of extracting 
phase much smaller than the sample amount (extraction of analytes is not 
always exhaustive). Microextraction techniques have inherent advantages 
such as exceptionally high enrichment factors, simplicity, time saving, and 
the generation of small amounts of organic solvent or reagents wastes, 
without affecting reproducibility, and compatibility with most analytical 



6  Applied Water Science Volume 1

instrumentation [33–36]. Among these new alternatives, sorbent-based 
microextraction techniques have been widely used due to the great diver-
sity of commercially available sorbents, as well as new extraction sorbents 
(in particular nanomaterials) that are constantly being proposed for their 
direct use or after a previous functionalization to enhance their selectivity 
[35–37].

As a result of the above-mentioned issues, the aim of this book chap-
ter is to provide a general overview of the sorbent-based microextraction 
techniques applied to the analysis of PAEs in water samples, which mainly 
include solid-phase microextraction (SPME), dispersive SPE (dSPE), and 
magnetic dSPE (m-dSPE), among others. The extraction ability to quanti-
tatively and selectively extract these target analytes will be commented and 
discussed. 

1.2	 Solid-Phase Microextraction

SPME has been the sorbent-based microextraction technique most used 
for the analysis of PAEs in water samples (see Table 1.1) probably, among 
other reasons, because it allows to reduce the risk of PAEs contamination 
during sample extraction with respect to other conventional extraction 
techniques. On the one hand, the absence of organic solvents and addi-
tional steps reduces PAEs background levels. On the other, water is in 
many occasions a simple and clean matrix that contains few interferences, 
so the direct immersion (DI) mode can be used without hardly any impair-
ment of its lifetime (except for waste waters or marine water). Moreover, in 
SPME, extraction, pre-concentration and direct desorption into analytical 
instruments can be easily integrated in most cases. 

The first studies in which SPME was applied for PAEs extraction 
from water samples dealt with the direct application of commercial fiber 
coatings, including polydimethylsiloxane (PDMS), polyacrylate (PA), 
PDMS-divinylbenzene (DVB), carboxen (CAR)-PDMS, and carbowax 
(CW)-DVB. As examples, Cao [21] demonstrated the better performance 
of PDMS-DVB fibers compared to PDMS and DVB-CAR-PDMS fibers for 
the headspace (HS) SPME extraction of nine PAEs (DMP, DEP, DIBP, DBP, 
BBP, DHXP, DEHA, DEHP, and DNOP) from bottled water samples, while 
Polo et al. [28] found that PDMS-DVB fibers also give higher extraction 
efficiency than PDMS, PA, CAR-PDMS, and CW-DVB fibers for DBP, BBP, 
and DNOP, but CAR-PDMS and PA fibers show a better extraction perfor-
mance for DMP and DEP, and for DEHP, although the first one provided 
better results for simultaneous analysis of the target PAEs from bottled, 
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industrial harbor, river, urban collector, and influent and effluent waste 
water samples. As expected, the optimal SPME fiber for the extraction of 
a particular phthalate depends on both the properties of the coating and 
the PAEs since these compounds differ from each other in terms of polar-
ity and volatility and, therefore, on their distribution between the fiber 
coating and the matrix. In addition, low-molecular PAEs are more vola-
tile than those of high-molecular weight [38]. As a result, low-molecular 
PAEs would be expected to be more efficiently extracted when HS mode 
is used [38]. However, they have a certain solubility in water and, as con-
sequence, they volatilize very slowly from this kind of matrices. Contrary, 
although high-molecular PAEs are less volatile, they have a lower water 
solubility and they volatilize faster at higher temperatures than it could be 
expected [38]. Accordingly, it has been observed that DEHP and DNOP 
are extracted from different water samples more efficiently than BBP, DEP, 
and DMP using HS-SPME [28, 39]. Nevertheless, most of the works pub-
lished on this topic are based on DI-SPME instead of HS-SPME. 

As it has already been said, the fiber coating plays a key role in the SPME 
of PAEs from water samples. However, the types of commercial fibers are 
still limited, which reduces their application field. In addition, under cer-
tain conditions they have low thermal and chemical stability. Furthermore, 
they are fragile since they are based on fused silica supports. Consequently, 
most of the subsequent studies have been focused on developing new 
highly selective, efficient, inexpensive, and robust SPME fibers with con-
trollable thickness through different coating techniques. For this purpose, 
a wide variety of new fibers based on the use of carbon-based nanomateri-
als [40–43], metal oxide nanoparticles (NPs) [39, 44], molecular imprinted 
polymers (MIPs) [45], covalent organic frameworks (COFs) [46], and 
bamboo charcoal [47] have been reported, among others.

The development of carbon-based coatings for stainless-steel fibers has 
been an important research field as a result of the exceptional properties 
these materials have, such as great chemical and thermal stability, high sur-
face area and great capacity to establish π-π interactions with the aromatic 
groups of the PAEs [37, 48, 49]. Moreover, they can be easily dispersed in a 
polymer matrix to obtain coatings that provide considerably better charac-
teristics than those of virgin polymers. Among them, multi-walled carbon 
nanotubes (MWCNTs) have been the most used, which are large molecules 
composed by numerous electronically aromatic delocalized carbon atom 
layers and rolled up into a cylinder. As examples of the use of this kind of 
coatings for the extraction of PAEs from water samples, Asadollahzadeh et 
al. [40] made a fiber coated with an oxidized MWCNTs-polypyrrole (PPy) 
composite while Behzadi et al. [42] used MWCNTs-poly-o-aminophenol, 
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both obtained through electrochemical polymerization, for the extraction 
of mineral water samples. Song et al. [41] also prepared a MWCNTs-
polystyrene (PS) material via electrostatic interactions as SPME coating, 
and Zhang et al. [43] developed a SiO2-PDMS-MWCNTs fiber by a sol-gel 
method. In both cases, drinking and environmental water samples were 
analyzed. All these fiber coatings presented a porous structure with very 
large surface areas where both phases (the MWCNTs and polymer) took 
part in the extraction procedure, enhancing the final adsorption capacity 
of the fiber. Moreover, in the last work, the organic-inorganic bilayer struc-
ture was designed to increase the stability and durability of the coating. In 
particular, a stainless-steel fiber was coated with a SiO2 layer, which was 
used as support for the chemical bonding of the second layer of PDMS-
MWCNTs (see Figure 1.3). The first coating with a SiO2 layer is a general 
procedure widely used for coating different surfaces or particles [50, 51]. 
Compared with commercial PDMS, PA, and DVB-CAR-PDMS fibers, this 
new coating showed better extraction efficiency and longer lifetimes (150 
vs. 50–100 times) for the extraction of DMP, DEP, DBP, and DEHP. It is also 
noteworthy to mention the extensive study that was conducted by these 
authors to evaluate the influence of salt addition on the extraction effi-
ciency. It was observed that the addition of different kinds of salts such as 
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NaCl, CaCO3, FeCl3, and MgCl2 at different concentrations (0%, 5%, 10%, 
and 15%, w/v) can have a negative or a negligible effect on the recovery 
values. Therefore, no salt was added to the samples, as in the vast majority 
of the published works on this topic (see Table 1.1).

Graphene is another of the allotropic forms of carbon that has been 
used as SPME coating. It consists of a monolayer of sp2 hybridized car-
bon atoms arranged in a 2D network. Like MWCNTs, graphene has a 
high surface area, high chemical and thermal stability as well as a high 
affinity for hydrophobic and aromatic compounds. Then, graphene- 
polymer nanocomposites have also been used as excellent SPME fiber 
coatings for the extraction of PAEs. Such is the case of the work developed 
by Amanzadeh et al. [20] in which a stainless-steel fiber was coated using 
a new graphene/polyvinylchloride (PVC) material and evaluated suc-
cessfully as a SPME fiber for the extraction of dipropyl phthalate (DPP), 
DBP, DEHA, and DEHP from drinking waters and sunflower and olive 
oil samples. However, even though it was used in the HS mode, a sin-
gle fiber could be used only 60 times without a significant decrease in 
the extraction efficiency. As a very interesting experiment, these authors 
also determined these PAEs in boiling water exposed to a polyethylene 
terephthalate (PET) bottle. Although the water used did not contain resi-
dues of any of the target PAEs at the beginning, residues of DPP and DBP 
were found at 2.1 and 1.8 µg/L, respectively, after filling this bottle with 
the same water just after boiling (it was analyzed after cooling). That is, 
the PAEs with low molecular weight (250.2 g/mol for DPP and 278.3 g/
mol for DBP compared to 370.5 g/mol for DEHA and to 390.5 g/mol for 
DEHP) have larger water solubility, so these kinds of PAEs migrated more 
easily from PET bottles containing hot water.

Another example of the benefits of using graphene, is the work of 
Tashakkori et al. [52] who prepared SPME fibers based on the use of the 
ionic liquid (IL) 1-(3-aminopropyl)-3-vinyl imidazolium bromide and 
1-(3-aminopropyl)-3-vinyl imidazolium tetrafluoroborate grafted onto 
graphene oxide (GO) previously deposited onto stainless-steel wires. 
On the one hand, GO disperses more easily for the first preparation step 
and inherits the mechanical properties of graphene but with a moder-
ate decrease of mechanical parameters (Young’s modulus and intrinsic 
strength) due to the alterations produced in the sp2 structure [53, 54]. 
On the other hand, ILs can be structurally customized based on diverse 
procedures to tune the extraction performance [55]. In fact, ILs can estab-
lish a broader variety of interactions with the analytes such as π-π, dipo-
lar, hydrogen bonding, and ionic/charge-charge [56]. As a result, they are 
also suitable for the extraction of hydrophobic compounds and aromatic 
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analytes like PAEs. Consistently, the first GO-IL fibers showed better 
extraction efficiency for the analysis of DMP, DEHP, DBP, DNPP, BBP, 
and DNOP in tap and sea water samples (also in instant coffee samples) 
than other lab-made fiber, as well as commercial PA and CAR-PDMS 
fibers, using DI mode in all cases.

MIPs also provide a great improvement in selectivity since they have cav-
ities specifically designed for a particular compound or group of analogous 
compounds [57, 58]. That is to say, retention occurs through a molecular 
recognition mechanism based on their size, shape and three-dimensional 
distribution of functional groups [59]. He et al. [45] demonstrated that 
MIPs are quite suitable as SPME fiber coatings for the successful extraction 
of low (DMP, DEP, DBP, and diallyl phthalate -DAP-) and high-molecular 
PAEs (DNOP) simultaneously, from bottled, tap, and reservoir water sam-
ples, although it is true that the latter was poorly extracted since DBP was 
used as template molecule during the synthesis of the polymer. Moreover, 
the peak areas obtained using the MIP fiber were much higher than those 
using a non-imprinted fiber prepared with the same protocol (without the 
addition of the template molecule), but also better compared to commer-
cial PDMS, PA, and CW-DVB fibers (see Figure 1.4). These results indicate 
that the MIP fiber provided a better selectivity for the structural analogues 
of DBP, while commercial SPME coatings are more susceptible to undesir-
able interferences in the extraction process.

Another variant of SPME which has also been applied for PAEs 
extraction is in-tube (IT)-SPME [60]. In this format, a very thin tube is 
coated in its inner walls and the extraction and desorption are carried 
by the introduction and extraction of the sample inside the tube sev-
eral times [61]. As in conventional SPME, the combination of materials 
with high surface areas and polymers afford a high extraction capabil-
ity, while its porous structure provides suitable dynamic transport during 
extraction. As examples, Wang et al. [23] used poly(dopamine) (PDA) 
to functionalize melamine formaldehyde aerogel on carbon fibers and 
were packed inside IT-SPME tubes for the extraction of seven PAEs 
from drinkable and surface water, while the performance of this process 
embedding activated carbon (without any chemical modification) in 
different polymers (e.g., poly(butyl methacrylate-co-ethylene dimethac-
rylate) (poly(BMA-EDMA)) and PS-DVB) was investigated by Lirio et 
al. [62]. In this last work, low extraction recovery values were obtained 
when a solution containing eight PAEs was collected using monolithic 
columns with native poly(BMA-EDMA) and PS-DVB. On the contrary, 
the presence of increasing amounts of activated carbon provided a higher 
extraction efficiency under the same conditions. Moreover, the activated 
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carbon-PS-DVB monolithic column exhibited better extraction perfor-
mance than the activated carbon-poly(BMA-EDMA) one. Therefore, 
the first was applied in the IT-SPME of mineral water samples obtaining 
recovery values in the range of 78.8%–104.6% at 50 µg/L.

1.3	 Stir Bar Sorptive Extraction

As a technique derived directly from SPME, SBSE is based on the same 
principles of distribution of the analytes between the sorbent and the sam-
ple. This technique, introduced by Baltussen et al. [63], is based on the 
use of a small device consisting of a magnetic bar which is introduced in a 
glass tube coated by PDMS in most cases, generally using around 50–300 
times larger PDMS amounts as coating, so SBSE significantly increases 
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content of 10% w/v, stirring at 60°C in DI, adsorption time 30 min, desorption at 250°C 
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DNOP, di-n-octyl phthalate; DVB, divinylbenzene; MI, molecular imprinted polymer; PA, 
polyacrylate; PDMS, polydimethylsiloxane; SPME, solid-phase microextraction.



26  Applied Water Science Volume 1

the enrichment factors compared to SPME, providing at the same time a 
higher extraction efficiency as a consequence of its larger volume and sur-
face area. Moreover, SBSE desorption can be directly developed in a ther-
mal desorption unit in many GC systems, so it maintains one of the main 
advantages derived from the use of SPME [64]. Since then, this technique 
has evolved and a wide variety of laboratory made coatings have been 
developed in order to extend the field of application of SBSE, especially 
to the extraction of polar compounds, as well as to improve its selectivity 
[64]. Up to now, few works have used SBSE for the determination of PAEs 
in water samples (see Table 1.1). This is the case of the work of Prieto et 
al. [65], who analyzed six PAEs together with sixteen polycyclic aromatic 
hydrocarbons (PAHs), twelve polychlorinated biphenyls (PCBs) and three 
nonylphenols in sea and estuarine waters, and that of Si et al. [66], who 
extracted fifteen PAEs from sea water. In both works, commercial PDMS-
coated stir bars of 0.5- and 1-mm thickness were used, respectively. In both 
cases, the addition of methanol (MeOH) to the water sample (20% for 0.5-
mm thickness fibers and 10% for 1-mm thickness fibers, v/v) was crucial 
to avoid PAEs adsorption on the glass walls and to improve the extraction 
efficiency, particularly for long chain PAEs. In the last work, four com-
mercially available stir bars containing different amounts of PDMS were 
evaluated in terms of extraction capacity. The results showed that the stir 
bar containing the highest amount (150 µL vs. 50, 75, and 150 µL over 
carbon) provided the largest peak areas, which was consistent with the 
principles of the process. However, the sensitivity for the higher-molecular 
weight PAEs (i.e., DNOP and DEHP) was notably lower, which is probably 
caused by the fact that this kind of nonpolar compounds establish strong 
interactions with the PDMS coating which could result in an incomplete 
desorption and the consequent higher LODs and LOQs. The combination 
of SBSE with GC-MS systems using single quadrupoles operated in the 
SIM mode allowed obtaining high extraction efficiency as well as high sen-
sitivity (0.1–489 ng/L) in general.

1.4	 Solid-Phase Extraction

One of the most important advantages of SPE compared to SPME is the 
availability of a wider range of relatively cheap commercial sorbents. 
However, the low rate of diffusion and mass transfer between the packed 
sorbents and the target analytes generally results in a slow extraction 
process. Moreover, in some cases, cartridges can be blocked when com-
plex matrices are analyzed, leading to process failure. Besides, a previous 
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cartridge conditioning is required which also lengthens the extraction pro-
cess. In order to solve these problems, dSPE—as a miniaturized version of 
SPE in many cases—emerged as an alternative based on the direct addition 
of the sorbents (without preconditioning) to samples or extracts [67, 68], 
improving the contact area between sorbent and the sample/extract solu-
tion. Consequently, the analytes are extracted much faster by simple man-
ual, vortex, or ultrasound agitation, while most interferences remain in the 
solution (depending on the selectivity of the sorbent). Then, the sorbent 
can be separated by its retention into a SPE column [25] or by centrifuga-
tion and the subsequent supernatant decantation [69]. In the first case, the 
analytes are later eluted as in conventional SPE, while in the second, the 
analytes have to be desorbed under agitation, centrifugation, and decanta-
tion. Therefore, this variant saves time, efforts, and solvents, with the con-
sequent economic savings that this entails [70, 71]. The few dSPE methods 
developed for the extraction of PAEs from water samples (see Table 1.2) 
have been based on the application of graphene [72], GO-MIP [69], MIPs 
microbeads [73], a commercial metal-organic framework (MOF) [25], and 
a temperature-sensitive polymer [74]. In this last case, a lab-synthesized 
β-cyclodextrin-poly(N-isopropylacrylamide) (β-CD-PNIPAM) polymer 
was used to carry out the extraction of three short-chain PAEs from tap 
and mineral water. This kind of polymers are characterized by showing 
a reversible phase transition in aqueous samples at a certain temperature 
known as low critical solution temperature (LCST). In this case, the LCST 
is at 32°C, so the polymer behaves as a liquid below that value while it is 
a solid when the temperature exceeds it. Taking advantage of this fact, the 
authors introduced 20 mL of β-CD-PNIPAM into the sample and mixed. 
Then, the temperature was increased up to 50°C obtaining a floating solid 
phase, which was collected after Na2SO4 addition in order to favor the  
salting-out effect. This extraction methodology, in combination with 
GC-MS, allowed obtaining good extraction efficiency and sensitivity, espe-
cially for DBP, which makes think about the potential of this procedure for 
the determination of long-chain PAEs. It is important to mention that, from 
an operational point of view, the use of this kind of polymers implies that 
the extraction step is developed in the same way as a LLE procedure and, 
as consequence, it could be not considered as a sorbent-based extraction 
methodology for some authors. However, the second part involve a desorp-
tion of the analytes from the solid polymer, since that reversible phase tran-
sition just takes place when it is into the water sample. In order to provide 
a better vision of this procedure, Figure 1.5 shows a scheme of a similar 
procedure used by Chen et al. in a previous work for the determination of 
different phenolic compounds—no PAEs were included [75].
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Despite the simplicity of the dSPE, the whole procedure can be even 
improved and simplified if the sorbent particles can be manipulated with 
a magnet. Such dSPE mode is called m-dSPE and is based on the use 
of magnetic NPs (m-NPs), which can be applied as synthesized (though 
in very few cases), although they are generally functionalized or coated 
with other chemical species or materials, resulting in many cases a “core-
shell” structure, in order to improve their selectivity, or even embedded 
them in the extraction sorbent to provide it with magnetic properties 
[50]. Despite the extraction step is performed in a similar way as in dSPE, 
in this case, the magnetic sorbent containing the analytes is retained 
in the extraction recipient using an external magnet while the sample 
matrix is easily discarded without the need of an additional centrifuga-
tion step or the retention of the sorbent in an empty column. Finally, the 
analytes are desorbed from the magnetic sorbent using a suitable solvent 
and, once more, the sorbent is retained with the magnet to separate the 
solvent containing the analytes by decantation for their determination 
with a suitable technique.

Although a wide variety of metals, metal oxides and alloys can be used 
to provide magnetic properties to the sorbent, Fe3O4 NPs have been used 
as the main support with this purpose due to their extraordinary magnetic 
features and the possibility of being modified by anchoring certain chemi-
cal species or materials to obtain sorbents that provide different selectivity. 
Therefore, as in the rest of the sorbent-based microextraction techniques, 
the preparation of appropriate sorbents is one of the most important 
aspects to be considered. In this regard, carbon-based nanomaterials like 
MWCNTs [76, 77] and graphene [26, 78, 79], combined with m-NPs have 
once again been one of the most used for the extraction of PAEs from 
water samples due to their well-known properties in terms of high sur-
face area-to-volume ratio that guarantees high extraction efficiency. As an 
example, MWCNTs were functionalized via chemical modification by Jiao 
et al. [76]. Figure 1.6 shows the scanning electron microscopy and trans-
mission electron microscopy images of m-NPs successfully combined 
with MWCNTs. The authors used this sorbent to study a large set of thir-
teen PAEs, paying special attention to the elution step because PAEs may 
not be easily desorbed due to the strong interaction between the sorbent 
and analytes. For this purpose, different common organic elution solvents 
(i.e., acetone, MeOH, n-hexane, ethyl acetate, and toluene) were evalu-
ated, finding that the use of toluene provided higher recovery percentages 
compared to non-aromatic solvents, particularly for BBP and diphenyl 
phthalate (DPhP), since they contain two and three benzene rings, respec-
tively. However, since toluene is highly toxic, toluene-acetone mixtures 
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were also evaluated in different proportions (1:1, 1:4, and 1:9, v/v), obtain-
ing that toluene-acetone (1:4, v/v) kept satisfactory recovery values, while 
the use of toluene-acetone (1:9, v/v) decreased them. Finally, the viabil-
ity of this method was demonstrated for the extraction of the selected 
PAEs from drinking water, showing an extraordinary extraction capacity 
which, in combination with the inherent advantages of m-dSPE, becomes 
this methodology an excellent alternative to be explored for the analysis 
of other pollutants. Similarly, Luo et al. [77] immobilized m-NPs onto 
MWCNTs by ultrasound application as a simpler alternative to chemi-
cal functionalization (see Figure 1.7). In particular, appropriate amounts 
of the previously synthesized Fe3O4 NPs and MWCNTs were dispersed 
in dimethylformamide and sonicated, achieving the spontaneous assem-
bling of both materials resulting in a magnetic composite. Finally, it was 

(B)

(A)

NONE SEI 5.0kV X20,000 WD 8.0mm1 μm

0.2 µm

Figure 1.6  Scanning electron microscope image (A) and transmission electron 
microscope image (B) of the MWCNTs coated m-NPs. Reprinted from [76] with 
permission from Royal Society of Chemistry. m-NPs, magnetic nanoparticles.
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washed with water and suspended in water at 40 mg/mL, taking a certain 
volume of it for the extraction procedure. Next, the usual m-dSPE pro-
cedure was carried out for the enrichment of sixteen PAEs from mineral 
and tap water, juice and carbonated drinks as well as one perfume sam-
ple. The combination of this extraction procedure with GC-MS allowed 
obtaining a good extraction capacity in relatively short times as well as 
high sensitivity, becoming this methodology an interesting alternative to 
be considered.

Graphene is also able to establish strong π stacking interactions with 
benzene rings which already was demonstrated when it was used as sor-
bent in dSPE for PAEs extraction [72]. However, graphene is difficult to 
remove from the sample in which it has been dispersed because it is an 
ultralight material. Therefore, if magnetic properties are provided, its sub-
sequent separation will be greatly facilitated while retaining its excellent 
adsorption capacity. Such is the case of the work developed by Wu et al. 
[78] in which graphene-coated m-NPs were first used for the extraction of 
PAEs from bottled and river water samples as well as from a soft drink and 
green tea samples. In this case, graphene was previously obtained from the 

Preparation Determination

Desorption

magnet

magnet
1) Evaporated
2) Redissolved

Eluentcollection

GC-MS analysis

Analytes
CNT/Fe3O4

Extraction

MWCNTs

Aggregate-wrap

CNT/Fe3O4 composite

Fe3O4

Coprecipitation

FeCl3.6H2O
FeCl2.4H2O
NH3.H2O

O

O

OR’

OR

Figure 1.7  Schematic illustration of the preparation strategy for m-NPs and the m-dSPE 
procedure for the determination of PAEs. Reprinted from [77] with permission from 
Elsevier. CNT, carbon nanotubes; GC, gas chromatography; MS, mass spectrometry; 
MWCNTs, multi-walled carbon nanotubes.
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graphite oxide exfoliation to obtain GO, which was subsequently reduced. 
Then, it was suspended in the alkaline solution used to synthesize the Fe3O4 
NPs by a chemical coprecipitation process, obtaining the desired magnetic 
sorbent. As expected, the developed m-dSPE procedure provided high 
extraction efficiency, besides high enrichment factors, which resulted in 
LODs in the range of few µg/L, even though a HPLC-UV system was used 
for analytes separation and detection.

Despite carbon-based nanomaterials have been widely combined with 
m-NPs in a good number of applications, polymeric coatings have been, 
without any doubt, the most extensively used in m-dSPE because of the 
versatility and advantages they provide. In consequence, and as it could 
not be otherwise, polymer-coated m-NPs have also been widely used for 
the extraction of PAEs from water samples. The polymer coating protects 
m-NPs from oxidization and undesirable aggregation that occurs after 
their synthesis improves their stability and maintains their magnetic prop-
erties. Consequently, surface functionalization will also improve m-NPs 
dispersion while different kinds of interactions with PAEs take place, 
at the same time that enhances their selectivity. As several examples, 
Hernández-Borges’ group first applied PDA-coated m-NPs for the isola-
tion and enrichment of PAEs from mineral, tap, pond, and waste waters 
[22] as well as in sea water and sea sand samples [80], using in both cases 
a chemical co-precipitation method to obtain the Fe3O4 m-NPs and taking 
advantage of the self-polymerization capacity of DA in weak alkaline water 
solutions to create a magnetic core-shell sorbent; while Zhao et al. [81] 
demonstrated the applicability of synthesized PPy-coated m-NPs through 
a chemical oxidation method which allowed the combination of both 
materials for the determination of sixteen PAEs in lake and tap water sam-
ples, while Liu et al. [82] and Zhou et al. [83] employed the highly hydro-
philic ILs 1-vinyl-3-butylimidazolium bromide and 1-vinylimidazole to 
modify PS and carboxylatocalix[4]arene coated m-NPs, respectively. In 
these last two works, the immobilization of polymerized ILs onto m-NPs 
surface improved the dispersion and extraction efficiency in drinking and 
environmental water samples significantly due to the additional hydrogen 
bonding and π-π interactions. In addition, the developed sorbents could be 
reused at least 12 and 30 times, respectively, without a significant decrease 
in their adsorption capacity or carry-over.

Finally, m-NPs have also been combined with MOFs and used as sor-
bents in m-dSPE. In fact, and specifically concerning the extraction of 
PAEs, it has been the main field of application of MOFs among all sor-
bent-based microextraction techniques. MOFs are considered one of the 
nanoporous materials with the largest surface areas, characterized by 
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highly ordered cavities and tailorable chemistry by coordinated bounds 
of a large variety of metal cations and organic ligands [84]. Various types 
of MOFs combined with the magnetic core have arouse special interest in 
this topic, as it is the case of Liu et al. [85], who coated Fe3O4 m-NPs with 
Zeolitic Imidazolate Framework-8 (ZIF-8) resulting in a core-shell struc-
ture. These modified m-NPs were successfully applied to the extraction of 
five PAEs from river, mineral and tap water samples, showing an excellent 
extraction capacity (recovery in the range 84%–104%) for all the analytes 
independently of the matrix. On contrary, Dargahi and co-workers [86] 
proposed other alternative sorbent based once again on the combina-
tion of Fe3O4 m-NPs and a MOF, but in this case, the Material of Institute 
Lavoisier-101 (MIL-101) was used as support on whose surface the m-NPs 
were deposited. This sorbent was applied to the m-dSPE of five short-chain 
PAEs from well water and human plasma samples, showing promising 
results. However, MOFs are not always used as synthesized, but they are 
sometimes used as the basis to create highly porous sorbents with differ-
ent features. A clear example of this fact is the work of Wang et al. [87], in 
which they synthesized what they called a “three-dimensional magnetic 
porous N-Co@carbon dodecahedron/hierarchical carbon framework” (3D 
N-Co@C/HCF) which was used as sorbent for the extraction of five PAEs 
from river water, green tea, a sports beverage, and white spirit samples. The 
first step consisted in the synthesis of a 3D carbon-based structure based 
on sodium carbonate and glucose. Then, it was combined with Co(NO3)2 
and 2-methylimidazole under stirring, obtaining a composite of ZIF-67 
and the HCF, which was finally calcined at 700°C under N2 atmosphere to 
obtain the desired 3D N-Co@C/HCF. This magnetic nanoporous sorbent 
demonstrated to provide an excellent extraction efficiency for all the target 
PAEs and matrices thanks to its large surface-to-volume ratio.

Apart from the previous works, the combination of MOF and poly-
mer-coated m-NPs has also been found beneficial for the extraction of 
PAEs. In this sense, Li et al. [88] prepared Fe3O4@MIL-100 and Fe3O4@
SiO2@polythiophene as mixed sorbents for m-dSPE extraction of six PAEs 
(DMP, DEP, DBP, BBP, DEHP, and DNOP) from tap and mineral water 
samples. Although PAEs contain both benzene rings and alkyl chains, the 
use of the MOF-coated m-NPs alone did not show enough extraction effi-
ciency particularly for both DMP and DEP. This was attributed to the greater 
water solubility of these low-molecular PAEs as well as lower hydrophobic 
interaction with this sorbent. When the polymer-coated m-NPs were used, 
it did not show good adsorption capacity for the PAEs that contain longer 
alkyl chains, especially DNOP. This was associated to the negative effect of 
these long alkyl chains on the π-π interactions with the sorbent. Instead, 
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both sorbents in a 1:1 (w/w) ratio were combined under sonication, and 
the mixture was used as sorbent, giving satisfactory extraction recovery 
values for all the PAEs and matrices.

1.5	 Others Minor Sorbent-Based Microextraction 
Techniques

Although dispersive versions of SPE have been widely used due to the well-
known advantages they offer, as it has been already mentioned, trends in 
sorbent-based extraction techniques are also focused on the miniaturiza-
tion of the extraction devices, which has given place to the appearance 
of new modifications of conventional SPE but with reduced amounts of 
sorbent or slight changes on extraction devices. Some of these alternative 
methodologies have also been successfully applied to the analysis of PAEs 
in water samples (see Table 1.3).

In this sense, microextraction by packed sorbent (MEPS) is consid-
ered as a miniaturized technique derived directly from SPE which can be 
coupled directly to the chromatographic systems without any additional 
modification. MEPS only use 1–2 mg of sorbent to adsorb the analytes 
successfully. Concretely, it is packed between frits inside a microsyringe 
and extraction is performed within it by subsequent suction. After the ana-
lytes are trapped, the packed sorbent is washed with water to remove the 
interferences. Finally, the target analytes are eluted by appropriate solvent 
aspiration into the microsyringe [89]. Amiri et al. [90] used only 2 mg of 
synthesized hydroxyapatite NPs packed inside a 0.5-ml microsyringe for 
the rapid extraction of five PAEs from river, mineral and tap water samples. 
To evaluate the extraction efficiency, the effect of multiples drawing-eject-
ing cycles in the range 10–60 cycles were performed in the same vial 
containing 8 ml of spiked sample at 50 µg/L. The results showed that the 
maximum peak areas were achieved using 40 cycles for all the target ana-
lytes and then kept constant. When the same process was repeated using 
8 mL of spiked sample at 100 µg/L discarding each 0.5 mL load to another 
vial (16 cycles), the results did not improve. Therefore, 40 cycles of draw-
eject in a same vial was the best approach in terms of simplicity. With it, the 
developed methodology showed good sensitivity, repeatability, and relative 
recovery values, being a really interesting alternative to conventional SPE 
procedures.

As it is well-known, thin film microextraction (TFME) initially 
emerged as an alternative to classical SPME, which provides a higher 
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volume of extractive phase as well as a larger surface-to-volume ratio 
compared to SPME fibers, which results in an improved sensitivity with 
relatively shorter extraction times [91, 92]. However, such an interesting 
alternative extraction method has been adapted and applied in different 
ways which can be considered as SPE variants more than SPME modi-
fications. As an example, Mehrani et al. [93] developed a membrane by 
peeling a piece of poly m-aminophenol-nylon6-GO nanofiber and sup-
ported it in a circular holder in order to emulate a miniaturized version 
of a conventional SPE device. Then, the analytes were extracted by push-
ing the sample through the membrane with a syringe. After a washing 
step, the analytes were eluted with 2-propanol. In this case, a GC-MS 
system was used for the separation and detection of the analytes. This 
methodology was successfully applied to the analysis of four PAEs from 
water and milk samples, with LODs in the range 0.1–0.15 µg/L for all the 
studied analytes.

Finally, the use of miniaturized extraction devices based on membrane- 
protected sorbents has also been explored for the analysis of PAEs in water. 
That is the case of Wang and co-workers [94], who developed a small 
device (1 cm × 1.5 cm) using a polypropylene membrane sheet as a kind of 
heat-sealed bag containing 10 mg of sorbent. The extraction was developed 
introducing the extraction device in the sample and stirring for a certain 
time while the device tumbled freely. Then, the device was taken out with a 
pair of tweezers, dried with a tissue paper and the analytes were desorbed 
with MeOH in a vial. After that, the device was washed with MeOH and 
this volume was combined with the desorption portion. In this case, 
three materials were evaluated as possible sorbents in terms of enrich-
ment factors, MIL-101(Cr), MIL-100(Fe) and powdered activated carbon. 
MIL-101(Cr) showed the strongest adsorption ability for the extraction 
of the six PAEs selected from bottled water samples, providing suitable  
extraction recovery.

1.6	 Conclusions

The use of sorbent-based microextraction techniques is a current trend in 
sample preparation that will surely continue its consolidation during next 
years as a result of their inherent advantages related with Green Analytical 
Chemistry principles. Such techniques have also been applied with success 
for the extraction of PAEs from different types of water samples. Among 
them, SPME has been mostly used, followed by dSPE. SBSE, as a variation 
of SPME, has also been applied but in extremely few occasions together 



Phthalates Microextraction From Water  53

with other small variants of each of the technique. Though commercial 
sorbents can also be used for such purpose, the latest achievements in this 
field have been done using laboratory made coatings, mainly using nano-
materials such as MWCNTs, graphene, GO, coated m-NPs, etc., as well as 
new polymers or nanoporous materials such as MOFs. In this last case, a 
suitable characterization of them using different surface characterization 
techniques is necessary as well as clear demonstration of their stability and 
batch-to-batch reproducibility. In all probability, this will constitute an 
active research area in the near future.

Once suitably optimized, the application of all these extraction pro-
cedures has demonstrated that PAEs are present in nearly any type of 
water sample as a result of their capacity to migrate from plastics, which 
is probably their main source. Further studies should also continue to be 
assessed in order to continue monitoring their presence in all environmen-
tal compartments.
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