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In the environment, pharmaceutical residues are a field of particular interest due to the adverse effects to either human
health or aquatic and soil environment. Because of the diversity of these compounds, at least 3000 substances were
identified and categorized into 49 different therapeutic classes, and several actions are urgently required at multiple steps,
the main ones: (i) occurrence studies of pharmaceutical active compounds (PhACs) in the water cycle; (ii) the analysis of
the potential impact of their introduction into the aquatic environment; (iii) the removal/degradation of the pharmaceutical
compounds; and, (iv) the development of more sensible and selective analytical methods to their monitorization.
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| 1. Introduction

The problem of water availability and quality is a fundamental issue of the 21st century. Over the past two decades, there
has been increasing concern regarding several biologically active environmental contaminants in the aquatic environment.
Many of these compounds belong to the group of so-called contaminants of emerging concern (CECs).

The CECs are naturally occurring, manufactured or human-made chemicals, or materials that have now been discovered
or suspected in various environmental compartments and whose toxicity or persistence are likely to significantly alter a
living being’s metabolism. Such potential CECs should remain “emerging” if the information is scarce in the scientific
literature or poorly documented issues regarding the associated potential problems that they could cause @. The
contamination of environmental compartments, such as surface water, groundwater, and soil with these chemicals shows
some potential to pose risks to the environment or human health. Still, they are not yet subjected to regulatory criteria or
norms for protecting human health or the environment 2],

The CECs include many micropollutants, among them certain pesticides and their degradation/transformation products,
industrial chemicals (surfactants and surfactant residues, gasoline additives, brominated flame retardants, plasticizers,
and perfluorinated compounds), disinfection by-products, personal care products (PCP), human and veterinary medicines
and their metabolites, and nanomaterials, and so on. Some of these compounds also belong to the group of persistent
organic pollutants (POPs) and endocrine-disrupting chemicals (EDCs) [BI4],

The impact of chronic exposure to these or other contaminants on humans, animals, vegetation, and aquatic species is a
matter of concern for the scientific community and regulatory and supervisory entities, since they may not only
compromise the functioning and maintenance of ecosystems, which is crucial in promoting the ecosystem services on
which humanity depends, but also causing various public health problems B Regarding human’s health, special
attention has been given to drinking water and the quality and contamination of raw water (surface and groundwater) used
for its production. Therefore, the presence of these contaminants is an environmental issue. It has been the backbone for
the development of EU’s policy regarding the protection of water resources through the Water Framework Directives,
which emphasize the need for well-developed monitoring programs as mechanisms for understanding the occurrence and
fate of environmental contaminants, as well as assessing the risks that are associated with long-term exposure to low
concentrations of these compounds or combined effects of mixtures. The guidelines will be proposed after the evaluation
of these results, if necessary.

Because of the diversity of structures, physico-chemicals and biological properties, special attention has been given to
pharmaceutical active compounds (PhACs), because, in contrast to conventional pollutants, they are deliberately
designed to have a biological impact, even at low concentrations (812,



The sources of PhACs, their metabolites, and degradation products include: (i) effluents of pharmaceutical plants; (ii)
runoff from agriculture, livestock and aquaculture; (iii) domestic and hospital effluents; and, (iv) municipal wastewater
treatment plants (WWTPSs). The presence of these target compounds in the environment can have adverse effects on
aquatic and terrestrial organisms, and they can occur at any biological hierarchy level, such as cell, organ, organism,
population, and ecosystem. These effects can be observed in concentrations in the order of ng/L for certain compounds
[10[a1].

It is difficult to predict which environmental and public health implications may arise from PhACs in freshwater
ecosystems, since the individual concentrations that are usually found in the environment are lower than those that are
able to cause direct adverse effects (acute toxicity). However, even trace concentrations have shown that they might have
direct toxicity towards individual aquatic organisms [12[13]J14115]

Concerning drinking water, several risk assessments studies indicate that very low concentrations of pharmaceuticals are
very unlikely to pose any risks to human health. Still, there are knowledge gaps in assessing the risks that are associated
with long term, low-level exposures to pharmaceuticals and possible combined effects of chemical mixtures. The
investigation of possible additive or synergistic effects of mixtures would be necessary for an accurate exposure
assessment in order to determine whether there are any potential risks to human health, while considering sensitive
subpopulations LEIL7.

Because of these challenging questions, PhACs in the environment are reported in thousands of publications during the
last decades and reviewed by many authors, demonstrating an increasing concern about them [L8I[9[201[21][22][23][24][25][26]
[27]

Efforts have been made to improve the knowledge and data available on sources of PhACs, and how pollution occurs to
identify targeted and effective control options. The determination of these compounds in the various environmental
matrices, such as water (wastewater, surface water, groundwater, and water for human consumption), soils, sediments,
and biota, has grown and is subject to increasingly demanding legislative requirements (in the order of pg/L or ng/L, or
ng/g for solid matrices).

In water policy, Directive 2013/39/EU refers for the first time to the contamination of water and soil by pharmaceutical
waste as an environmental problem 28, In Europe, to ensure the monitoring of compounds subject to possible hazards,
such as emerging pollutants, and to guarantee a quality database to identify/prioritize substances, this directive identifies
a set of priority substances in a watch list subject to update. The watch list mechanism was established to require the
temporary monitoring of other substances for which evidence suggested a possible risk to or via the environment, in order
to inform the selection of additional priority substances. The watch list should contain a maximum of 10 substances or
groups of substances, indicating the matrices to be monitored as well as possible methods of analysis that do not involve
high costs. Relative to PhACs, this first watch list includes a non-steroidal anti-inflammatory drug (diclofenac) and the
hormones 17-B-estradiol (E2) and 17-a-ethinyl estradiol (EE2) to determine the concentration levels that facilitate the
application of appropriate measures given the risk that these substances represent. Two other PhACs, carbamazepine
and sulfamethoxazole, are also being studied for possible inclusion in this list.

The first watch list was adopted in the Decision 2015/495/EU of 20 March 2015 22 and it includes seven PhACs: two
natural hormones (E2 and estrone (E1)), one synthetic hormone (EE2), one nonsteroidal anti-inflammatory drugs
(diclofenac), and three macrolide antibiotics (erythromycin, clarithromycin, and azithromycin). This directive was repealing
by Decision 2018/840/EU B9 of 5 June 2018 and the substances mentioned above (EE2, E2, E1, azithromycin,
clarithromycin, and erythromycin) were included, together with two other antibiotics, amoxicillin and ciprofloxacin. The
Commission removed the diclofenac from the watch list due to the sufficient high-quality monitoring data available for
diclofenac BY. The inclusion of amoxicillin and ciprofloxacin is consistent with the European One Health Action Plan
against Antimicrobial Resistance (AMR), which supports the use of the watch list to “improve knowledge of the occurrence
and spread of antimicrobials in the environment” 211,

All of the evaluations and decisions were supported by the occurrence studies of these contaminants in the aquatic
environment, where the high-quality data on their concentrations (quality of the analytical results) were essential. Besides,
the knowledge of their concentration is essential as a starting point to apply more advanced treatments to improve their
removal and, consequently, minimize their environmental risk (32,

Under this scenario, analytical chemistry plays an essential part in providing high-quality information by applying two
different approaches: (i) target analysis and (ii) screening methods for the determination of non-target or unknown
compounds (degradation products). Both of the approaches demand highly sophisticated techniques that enable the



implementation of sensitive and selective methods to provide accurate data regarding the identification, confirmation, and
quantification of compounds 31,

In this context, the analytical challenges, mainly in quantitative analysis, are focused on developing and validating new
materials, strategies, and procedures to quickly meet the requirements for selectivity, sensitivity, speed, and green
methods. Because of the constantly updating of international standards, guidelines, and recommendations, constant
innovation is mandatory in both the pre-treatment procedures and analytical equipment to obtain reliable, true, and
reproducible data [B4(33],

Gas chromatography (GC) or liquid chromatography (LC) coupled to mass spectrometry (MS) or tandem mass
spectrometry (MS/MS) are advanced methods that can determine target compounds to the nanogram per liter level or
lower and they are commonly applied for the detection of PhACs in different water B8I87l and solid matrices, such as
sediments, sludges, and biota B840 Because of the polar characteristics of PhACs, the liquid chromatography is the
most used “U12143144] Nevertheless, since the late 80s, liquid chromatography-mass spectrometry (LC—MS) has rapidly
grown in popularity as a technique for environmental control.

Common mass analyzers applied in target analysis of these compounds are triple quadrupoles (QqQ) “248l jon-traps (IT)
(28] and quadrupole-linear ion trap (QLIT-MS/MS) B4R, On the field of liquid chromatography coupled to tandem mass
spectrometry, ultra-performance liquid chromatography (UPLC) has enabled the development of more sensitive, fast, and
environmentally friendly methods for pharmaceuticals 2248149150

Improvements in the identification capability for target compounds have also been achieved by the introduction of high-
resolution mass spectrometry (HRMS). The time-of-flight (TOF), quadrupole-TOF (QTOF), and Orbitrap-based mass
spectrometry in combination with chromatographic techniques have resulted in a valuable tool, not only for qualitative, but
also quantitative, analysis of target compounds 3. Gémez et al. (2010) have described the advantage of using a QTOF
analyzer in the identification, confirmation, and quantification of almost 400 contaminants (mainly pesticides and
pharmaceuticals) in surface water and wastewater (211,

The analysis of transformation products has also become an important issue in environmental chemistry, as it has been
found that they may be more toxic and/or persistent than the parent compounds, thus representing a higher risk to the
environment and human health B34 |y this area, LC or GC coupled to HRMS has been widely applied in the
identification of transformation products, with time-of-flight (TOF), quadrupole-TOF (QTOF), and Orbitrap mass
spectrometers increasing in use. These techniques were used in the study of the behavior of PhACs, the identification of
their transformation or degradation products in wastewaters, natural waters, and drinking waters [BL551(56],

Owing to the large-scale dilution of these contaminants in water sources (natural waters) or due to the matrix complexity,
a preliminary sample preparation technique for concentration or/and clean-up is mandatory, such as liquid-liquid extraction
(LLE) B4, solid-phase extraction (SPE) L7860 golid-phase microextraction (SPME) [21[28] or stir bar sorptive
extraction (SBSE) L. Currently, pharmaceuticals are usually extracted from water samples by off-line solid-phase
extraction [LAE8IEL and on-line solid phase extraction 441621,

Several other methodologies namely microwave assisted extraction (MAE) 631841 pressurized liquid extraction (PLE) [63],
ultrasonic solvent extraction (USE) [8€], accelerated solvent extraction (ASE) 4 and QUEChERS (Quick, Easy, Cheap,
Effective, Rugged, and Safe) (B89 have been developed as pre-treatment procedures for the determination of PhACs,
metabolites, and degradation products in solid samples, such as sediments, sludge or sewage sludge, and biota.

| 2. Sample Preparation Methods

The main goal of the sample preparation (SP) methods is to transfer the target analytes from the matrix, in a more
suitable way, to be analyzed by the selected analytical technique, using, in the case of trace analysis, strategies for the
enrichment of the analytes, to gain sensitivity. Usually, several steps are required, involving up to about 80% of the
analytical time. Figure 1 shows the main phases of the sample preparation methods. Regarding trace analysis, these
steps can represent a significant source of errors that will affect the analytical result. There are two types of errors:(i)
negative error, due to the analyte loss; and, (ii) positive error, which results from the addition of analyte to the sample or
enrichment, or due to the presence of matrix interferents 2. Any selected method should be minimized or overcome both

errors.
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Figure 1. Main steps of sample preparation methods. Legend: Steps (—) and procedures to be implemented (- — -) 9,

The selection of the sample preparation method depends on several factors, namely, the type of matrix, the nature of the
target compounds (volatility, polarity, solubility), their concentration in the matrix (mainly in trace or ultra-trace
concentrations), the analytical method (gas chromatography, liquid chromatography, and their detectors), costs, ease of
automation, and analysis time. Each method should be evaluated relative to their advantages and drawbacks 4,

Sample preparation has been subject to a continuous evolution that is mainly based on two approaches, discovery and
development of new materials and improvements in technology, both using the principles of separation science 22,

For decades, liquid-liquid extraction (LLE) was the selected technique in the official methods of the EPA (Environmental
Protection Agency) for the pre-concentration of organic compounds in aqueous samples. LLE is based on the partition of
organic compounds between the aqueous sample and an immiscible organic solvent. The extraction efficiency depends
on the physicochemical properties of analyte (solubility, pKa, log Py, etc), solvent (polarity), sample, volume of the
solvent, number of extractions, water: solvent ratio, as well as other parameters, such as pH and ionic strength of the
sample. The solvents, in which the analyte is extracted, may be organic liquids, supercritical fluids, and superheated
liquids 28l Significant progress in LLE was made through the development of liquid-liquid microextraction techniques,
such as single liquid microdrops, nanodrops, or picodrops extractions 2. Other new LLE approaches include single liquid
drop extraction with two phases, unsupported liquid membrane extraction with three phases, supported liquid membrane
extraction (SLM) 22 microporous membrane liquid—liquid extraction (MMLLE) 24 and membrane-assisted solvent
extraction (MASE) 8. However, the enrichment factor of these techniques is not enough to quantify the organic
compounds in trace or ultra-trace concentrations.

In the last two decades, the tendency to extract and analyze the largest number of compounds simultaneously to save
time, expenses, and labor has led to the development of simple, fast, and generic sample treatments. Consequently, more
“dirty” extracts and smaller recoveries are obtained, an accepted commitment for the analysis of multi-class compounds
(multi-resides analysis) with different physical-chemical properties 8. The selection of SP methods is based on the
criteria of both the efficiency and its environmental impact, and SP has undergone considerable movement toward green
sample preparation (GSP). In this perspective, new concepts have emerged that are allied to methodologies that use
fewer volumes of organic solvents or even free of organic solvents, equally efficient, with less environmental impact, and
less risk to public health. Among the various techniques, solid-phase extraction (SPE), solid-phase microextraction
(SPME), and stir bar sorption extraction (SBSE) show a good recovery of target analytes (lower threshold limits), high
precision, speed, and ease of automation. These techniques combine sample extraction, purification, and enrichment in a

unique procedure 4. Therefore, they are the most used techniques for monitored PhACs belonged to different
pharmaceutical classes, both off-line B8N and on-line [2416281](82],

Because it is almost impossible to be comprehensive in the coverage of all pre-treatment techniques to the
pharmaceutical’'s analysis, the attention is focused on most used techniques, namely SPE, DSPE, SBSE and SPME.



2.1. Solid-Phase Extraction

Conventional off-line solid-phase extraction (SPE) on cartridges 83184 and discs 3 is a well-established technique that is
routinely used for the extraction/concentration of several target compounds as well as for removing interfering
components from matrix before chromatographic analysis. The technique is very versatile, and it is another criterion for its
selection, due to the wide variety of sorbents chemistries available.

The SPE process shows five main stages: adsorbent conditioning, passing the sample, washing the adsorbent, drying the
adsorbent, and eluting the analytes. When developing an SPE procedure, it is essential to correctly choose the packing
material and the washing and elution solvents, according to the characteristics of the analytes and matrix. The final extract
should also be compatible with the analytical technique used 9,

The extracts obtained by SPE technique are cleaner and the recoveries are higher. However, it has some disadvantages,
namely: (i) clogging of the adsorbent layer by solid or fatty components present in the sample; (ii) extraction only of
analytes dissolved in aqueous solvents; (iii) high variability due to different adsorbent capacity between sorbents batches;
and, (iv) the breakthrough or limitation of the extractive capacity of the sorbent material (when he concentration of the
analyte(s) is very high) 188,

Wastewater samples should be previously filtered and, in some cases, centrifuged in order to remove suspended matter
that may clog SPE sorbents 48,

For some target compounds, it may be necessary to adjust the pH of the sample or other chemical corrections.
Complexing agents (for example, Na,EDTA or citric acid) are usually added for complexing metal ions, which, otherwise,
could bind to some analytes, such as tetracyclines and fluoroquinolones [BZIE8I89],

The sample pH adjustment can increase the affinity of some analytes for the SPE adsorbent, according to the type of
adsorbent and the characteristics of the analytes [B[2091]

The selection of adsorbent to analyze several PhACs belonging to different therapeutic classes is the critical step in SPE
method development, and in most cases, the selected adsorbent is the best compromise, due different physical and
chemical properties of the target compounds 9. Based on the nature of target compounds, a careful choice of the
sorbent allows for obtaining high recovery efficiencies and enrichment factors, which typically range between 20 and 1000
[78] Relative to PhACs in drinking waters and clean waters, the typically factor is 500 and for wastewater the typical
factors range between 20 and 100 22, These factors are a strong point of this technique.

The adsorbents that are used in SPE can be classified according to the interaction between the adsorbent material and
the target compounds. The most common interactions are: (i) hydrophobic, nonpolar or reverse phase interactions; (ii)
polar, hydrophilic or normal phase interactions; and, (iii) ionic interactions (cationic or anionic) 4.

There is a wide range of sorbents (packing materials) that can be used in the manufacture of solid phases for SPE. Some
of them are of natural origins, such as graphitized carbon black (GCB), diatomaceous earth, alumina, silica, silica-based
bonded phase (C18, C8), magnesium silicate (florisil), and cellulose, but others are synthetic polymers, such as the
polystyrene-divinylbenzene and poly (divinylbenzene-co-N-vinylpyrrolidone). The last one has a high degree of porosity
and, thus, a higher real active surface, allowing for a higher adsorption capacity. This new generation of polymers allows
the extraction of a wide variety of analytes regardless of their nature, whether they are acidic, basic, and neutral, whether
polar or nonpolar, and they are sometimes called HLB (Hydrophilic-Lipophilic-Balance) /4,

HLB cartridges consist of a hydrophobic component (polystyrene and/or divinylbenzene) and hydrophilic component
(methacrylate, N-vinylpyrrolidone, and vinylamidazole). Unlike traditional SPE sorbents, where the reverse phases are
made up of silica that can only retain non-polar or moderately polar compounds, this type of polymeric adsorbent can
retain a wide range of acidic to basic compounds, with low to high polarity, being very useful in the development of
methods that consist of compounds with different physicochemical properties. In addition, silica-based sorbents are
unstable over a wide pH range and they contain free silanol groups, which can irreversibly bind to some analytes, such as
tetracyclines [93],

The HLB sorbent is the SPE material that is most often used in the extraction of PhACs belonging to different therapeutic
classes [L[23][45][48][60][94]

In the analysis of complex matrices, such as wastewater, the extraction/concentration and cleanup process requires
passing the sample through more than one type of SPE material. One example of this approach is the use of an anion



exchange adsorbent, followed by an HLB adsorbent for the determination of antibiotics, such as fluoroquinolones,
sulfonamides, and trimethoprim 2. Mixed-mode sorbents were developed to simplify this type of analysis. This
application combines two or more functional groups into a single cartridge. This combination allows multiple retention
interactions between the sorbent and the analytes, improved cleanup, better reproducibility, and recovery, leading to,
overall, more sensitive, precise, and accurate analytical methods Z2. An example of this application is a SPE cartridge
with a cation exchange resin and an HLB copolymer is the mixed-mode/cationic-exchange (MCX) 281871 mixed-
mode/anion-exchange (MAX) [28] and weak anion-exchange (WAX) &1, These mixed-mode sorbents were used for
reducing interference and matrix effects in the determination of PhACs in waters [2QR6I98I991[100]101] - ynfortunately, the

sorption capabilities of these cartridges are often limited when compared to the HLB cartridge for large volumes of water
or complex environmental matrices [€8l,

The matrix’s complexity always affects the recovery of the PhACs, regardless of the sorbent used. The relative recoveries
always show wide ranges of values due to the diversity of compounds under analysis. This amplitude is higher for
methods with a higher number of compounds, and when the number of therapeutic classes is also higher [BZ4151][94](97]
Sorbents with dual polarity (hydrophobic and hydrophilic) are the most versatile, so Oasis HLB is the most used sorbent
[45][102)[103] 'For the analysis of PhACs belonging to the same therapeutic class, usually with similar polarity, more selective
cartridges, both polar 28189 and non-polar 224 are chosen. When mixed-mode sorbents, such as Oasis MAX and WAX,
are used, the sample pH is a crucial issue because this parameter can affect the sorption adsorbent capacity to a greater
degree. Different ionic forms of the PhACs and the sorbent can be present, depending on the sample pH 193,
Unfortunately, the sorption capabilities of these cartridges are often limited when compared to the HLB cartridge.

Regarding the use of an off-line or on-line SPE, one of the critical issues is the sample size, particularly the relative size of
the water sample and injectable sample. This size depends on the expected concentration of PhACs in water samples.
The enrichment factor should be high for drinking water with trace concentrations of PhACs. The water sample size is
much larger than the injectable sample. Therefore, it is much more useful to opt for off-line SPE in order to obtain lower
guantification limits. For wastewater, the enrichment factors can be lower, and the on-line SPE can be an advantageous
option. However, coeluting of matrix interferences can be a significative drawback. In addition, on-line SPE coupled to
ultra-performance liquid chromatography (UPLC) shows disadvantages because of the elevated back pressure that is
generated by the high flow rates used in small particle size columns (<2 um) (83).

The SPE technique has been applied to the analysis of PhACs that belong to several therapeutical classes in river waters
[21]46][106] ' groundwaters 294, drinking waters 291981 marine waters, and wastewaters [23I[25][27][46][106] hoth \yastewater

influent and effluent.

For example, Gilart et al. (108) compared the selectivity and capacity of Oasis HLB, Oasis MAX, Oasis WAX, and a
commercially available molecularly imprinted polymer (MIP) specific for non-steroidal anti-inflammatory drugs (NSAIDs)
on the extraction of a group of 15 PhACs from wastewater. These four different commercial sorbents were tested to check
which is more effective in preconcentrating and selectively extracting acidic PhACs from environmental waters. Although
the recoveries that were obtained for the 15 PhACs by Oasis HLB with ultra-pure water and wastewater were similar (71—
103%), this sorbent did not enable selective washing of real samples. Regarding the two mixed-mode sorbents, the
washing step was able to eliminate all of the basic compounds, in contrast to ultra-pure-water experiments. The
recoveries range between 60-100% (Oasis MAX) and 14-105% (Oasis WAX). The recoveries of PhACs in wastewater
with MIP were slightly lower (45-102%) than those that were obtained with ultra-pure water, but this sorbent allowed for
the selective extraction of acidic analytes from wastewater samples 1051,

This technigue still has several limitations, most of them being associated with the cartridge packing material, regardless
of SPE’s advantages. Consequently, not only sorbents of new forms (fibers, bars) appeared, but, above all, alternative
modes of extraction. In this last approach, the dispersive solid phase extraction (DSPE) and the magnetic solid phase
extraction (MSPE) stand out.

2.1.1. Dispersive Solid-Phase Extraction

Dispersive SPE (DSPE) is based on the SPE methodology, but the sorbent is directly added to the sample without
conditioning the clean-up, being easily carried out by shaking and centrifugation. After that, the sorbent with the analytes
is washed with an appropriate solvent to recover analytes 199, Because the contact surface between the sorbent and
sample is higher, the extraction equilibrium is more quickly achieved, reducing the extraction time. The adsorbents do not
need to be packed into the SPE cartridges and the problems of column blocking and high pressure often encountered in
SPE are overcome. Furthermore, it is a more environmentally friendly method than standard solid-phase extraction, as the
amount of sorbent and volume of solvent are lower. However, the crucial centrifugation/filtering step is difficult to



automatize and become a critical hindrance in environmental analysis due to the high number of samples [Z8I1101 A
noteworthy improvement of DSPE arises with magnetic solid-phase extraction (MSPE), where the centrifugation step is
not necessary, in order to overcome this drawback.

The DSPE was applied to the analysis of antibiotics in mineral waters 11 and wastewaters 199, and natural hormones in
river waters 199 |n the last study, a new organic adsorbent was prepared by the electrospinning method with
polyacrylonitrile (PAN) and activated carbon. The activated carbon decorated PAN nanofibers showed LOQs that were
between 0.53-2.17 pg/L. These sorbents can reusable, with satisfactory recoveries for more than ten uses.

2.1.2. Magnetic Solid-Phase Extraction

Briefly, the magnetic nanoparticles (MNPs) coated or hybridizated with other materials (magnetic sorbent) is added to the
sample, vortexed and then separated from the solution under magnetic conditions. After separation, the material
(containing the analytes) was dissolved in low amount of a suitable organic solvent to form the extract to be analysed X%
[73](86][110]

MNPs have attracted a great deal of interest in the separation of different organic environmental contaminants due to their
unique paramagnetic properties, high surface areas, customized surface modifications, and good dispersion in solution,
which can affect the sensitivity and selectivity of the method 112 Additionally, magnetic adsorbents can be readily
recycled, which is economical and eco-friendly. The current trends are the development of new magnetic adsorbents with
high adsorption capacity and selectivity 1101113]

Several materials have been used for preparation of the surface coatings of MNPs, such as silica, carbon nanomaterials,
polymers, surfactants, and ionic liquids [L11[114][115][116]

A tremendous increment in progress of MSPE is also associated with the use of carbon nanomaterials. Carbon exists in
several allotropic forms, such as fullerenes, carbon nano tubes (CNTs), including single-walled CNTs (SWCNTs) and
multi-wall CNTs (MWCNTSs), carbon nanohorns, carbon nanocones, carbon nanodisks, carbon nanofibers, nanotube rings,
graphene oxide (GO) and graphene (G), and diamonds. However, to date, from the analytical point of view, the
applications have mainly been focused on the use of fullerenes, CNTs, and GO/G [117]118][119]

The magnetite (Fe3O,4) nanoparticles coated with different materials have been used to extract different classes of

pharmaceuticals in surface water. These MNPs were used to extract macrolide antibiotics in surface waters by MSPE
[120]

Graphene was easily immobilized on silica-coated magnetite (designated Fe;0,@SiO,/graphene) and it was used as an
adsorbent to extract six sulfonamide antibiotics (sulfapyridine, sulfamerazine, sulfameter, sulfachloropyridazine, and
sulfadoxine) from surface water and wastewater samples 121,

A novel magnetic polyethyleneimine modified reduced graphene oxide (FesO,@PEI-RGO) was used as adsorbents for
the extraction of polar non-steroidal anti- drugs (NSAIDs) from tap water, groundwater, and river water. When compared
with Fe30,@PEI and Fe30,@PEI-GO, the Fe;0,@PEI-RGO showed a higher extraction efficiency for polar NSAIDs 112,

Gemfibrozil was extracted by MSPE using B-cyclodextrin-grafted graphene oxide (GO)/magnetite (Fe3O4) nano-hybrid
122

Abdolmohammad & Talleb evaluated the use of MNPs composite Fe3;O,@(Fe-benzene-1,3,5-tricarboxylic acid) as a
sorbent for a higher group of lipid regulators (bezafibrate, clofibric acid, clofibrate, gemfibrozil, and fenofibrate) in water
matrices [123],

Ethylenediamine-functionalized magnetic carbon nanotubes (EDA@Mag-CNTs) that were used as sorbent showed a high
extraction capacity of the steroid hormone by MSPE procedure 124,

Several other coatings were evaluated as sorbent in MSPE for the extraction of PhACs that belong to different therapeutic
classes [129]1126]

The metal organic frameworks (MOFs) are another type of sorbents used in the extraction of organic compounds in water
matrices. They show several advantageous properties, such as high porosity, tunable structures, ultra-high surface areas,
outer-surface functionalization, and high thermal stability. Based on metal ion geometry and bridging ligands, MOFs can
show different topologies and dimensionalities: one-dimensional, two-dimension or three-dimension MOFs (1D MOFs, 2D



MOFs, and 3D MOFs). The 3D MOFs are highly porous and stable, since coordination bonds spread in three directions
[76][110][127]

The analysis of 58 human and veterinary drugs (24 steroid hormones, 22 sulfonamides, and 12 quinolones) in ultra-trace
concentrations in river water by MSPE were performed while using three-dimensional interconnected magnetic chemically
modified graphene oxide (3D-Mag-CMGO) as adsorbent [128],

Recently, several automated MSPE approaches for the analysis of organic micro-pollutants and antibiotics have been
reported 120,

Most of these adsorbent materials are under intensive research, unfortunately they are not commercially available. Thus,
its potential use in routine analysis is still limited.

2.1.3. Molecularly Imprinted Polymers

The selectivity of the sorbent can also be achieved through the development of selective extraction phases that were
obtained by molecularly imprinted polymers (MIPs), which are synthesized by the polymerization of functional and
crosslinking monomers around a template analyte. After the elimination of template by extraction or chemical reaction, the
cavities (binding sites) are exposed in the polymeric matrix. These cavities are complementary to the template in size,
shape, and position of functional groups of the template analyte and its structurally related analytes [L1101[129][130]

The MIPs that are associated to SPE are also known in literature as MIP-SPE or MISPE, and they have been applied to
the analysis of antidepressants, antibiotics, and beta-blockers [L08I[130I[131] Tg date, the potential of MISPE is still poorly
explored in the analysis of PhACs in the environmental analysis.

It is difficult to separate MIPs with small particle sizes from aqueous samples when they are applied as the sorbent in SPE
or SPME. Therefore, surface molecular imprinting polymerization onto MNPs to form magnetic MIPs (MMIPs) is usually
applied to increase the number of imprinting or recognition sites (because of the high surface to volume ratio of MNPs)
and mass transfer kinetics of the MIPs, as well as their simple magnetic separation from the sample solution 119,

Some MMIPs have been used for the specific recovery of estrogenic compounds and antibiotics from water matrices 116!
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This molecular imprinting technology has also been applied in electrochemical MIP sensors 233 Some of them were
constructed on different sensing platforms for the detection of pharmaceuticals in water samples 2341,

2.2. Sorbent-Based Microextraction

The sorbent-based microextraction has led to a new generation of techniques with different and improved characteristics.
Different solid-phase microextraction (SPME) techniques, including fibers, stir bar sorptive extraction (SBSE), thin-film
microextraction (TFME), and automated techniques, such as in-tube solid-phase microextraction (IT-SPME) enhance the
capacity of monitorization of a broad number of compounds that belong to different classes of organic contaminants,
including CECs in complex water matrices. Some of these procedures are in automated configurations, on-line SPME,
and IT-SPME. Although many of these automated techniques have been normally coupled with gas chromatography
(GC), there are also some applications with liquid chromatography (LC) 135](136]

A clear advantage of the miniaturized devices is their portability, which significantly facilitates the implementation of on-site
sampling and reduces errors that are associated with the sample transport and possible changes during storage 28!,

Solid-phase microextraction (SPME) with fibers (usually referred as SPME) and stir-bar sorptive extraction (SBSE) have
been the most used in water analysis.

The theory of SPME in both the direct immersion (DI) or in headspace technique (HS) was described in detail by
Pawliszyn and coworkers 237, Since then, many configurations have been successfully implemented, which can be
classified into static and dynamic techniques. Static procedures are typically carried out in stirred samples, including fiber
SPME, and they constitute the most common format for this technique.

The HS-SPME technique is usually applied in an equilibrated situation with the analytes being distributed between the
fiber coating and HS gas present in a sealed vial. In theory, the HS-SPME has several advantages: the fiber does not
contact with the sample, the background adsorption and matrix effects are reduced, which also enhances the life
expectancy of SPME fiber. The extraction by SPME is influenced by several factors: sample matrix, stirring, temperature,



sample volume, the size of the HS vial, the ratio of the HS to aqueous phase, and the position of the coated fiber in the
HS, which can all affect the time that is required for the analyte to equilibrate between the HS vial contents and the SPME
fiber coating [138I139] The effects of these factors and advantages of HS-SPME versus DI-SPME have been studied by
several authors utilizing many groups of compounds and many environmental, biological, and food samples [1401[141][142]

As most SPME coatings are nonpolar, the technique is mostly applied to gas chromatography (thermic desorption) 1391,

For the analysis of polar compounds, derivatization is required to enhance the selectivity and sensitivity of the SPME
method [1431[144]

The derivatization process can occur in the solution, in the coating phase, or in the GC injection port, and it is applicable
to both techniques, immersion and headspace. The derivatization and extraction procedure can both be performed on a
commercial autosampler that is coupled with GC [88],

The ionic liquids (ILs) and polymeric ionic liquids (PILs) overcome the drawback relative to the extraction of highly polar
compounds from water matrices, and it has also quickly become a fast and cost-effective alternative technique to be
coupled to LC. For LC analysis, these coatings applied to SPME should be highly robust when exposed to organic
desorption solvents and not slough from the support material 1451,

Other developments of novel polymeric sorbent materials, including graphene, molecularly imprinted polymers (MIPs),
and metal-organic frameworks (MOFs), have also been developed for the extraction/enrichment of organic contaminants
specifically for aqueous samples [1101[136]

Hybrid materials polymerized from an IL monomer and an organic/inorganic crosslinker have been applied as SPME
sorbent coatings for the analysis of several organic contaminants in aqueous samples by HPLC, some of them PhACs
[104][146]

However, these novel materials were home-made. Therefore, they are not commercially available, and their use is limited.

Regarding water analysis, the SPME has been applied to the analysis of PhACs that belong to a wide range of
therapeutic classes, such as NSAIDs 1241471 antiepileptic 14711481 |inid regulators (1431 anti-diabetics 143, beta-blockers,
anti-depressives [, and antibiotics. In this last group, several classes were under study, namely tetracyclines 491,
macrolides 289, and sulfonamides [621151],

The number of PhACs that belong to a different therapeutic class analyzed by SPME techniques is much lower than the
SPE technique, because this technique is not adequate for high samples volumes. On the other hand, the fiber’s fragility
limits its use in complex matrices, mainly wastewaters. This limitation can be overcome in headspace SMPE, but it is
limited to volatile compounds. Regarding PhACs, it implies the derivatization of the polar compounds and their analysis by
gas chromatography 2441,

The principle of SBSE is equal to SPME, but, due to higher volume of sorbent material, about 50—250 times larger than
SPME, the sensitivity of this procedure is higher. After exposure to a sample, the stir bar that is covered with a thick film of
polydimethylsiloxane (PDMS) is removed and the sorbed compounds are then either thermally desorbed, and analyzed by
GC-MS or desorbed by an organic solvent, for improved selectivity or for interfacing to an LC subsequent system [222](153]

Because of the nonpolar character of sorbent, the SBSE has been mostly applied to the analysis of nonpolar or weakly
polar compounds, and derivatization is a mandatory step for the analysis of very polar compounds 153!,

The SBSE shows some drawbacks regarding the desorption step in GC applications that limits the automatization of the
procedure, because the stir bar cannot be transposed directly in the injection port for thermally desorption. Therefore, it is
a necessary specially designed thermal desorption unit, which is only available in sophisticated instrumentation.
Furthermore, some target compounds can be lost during the manual transfer of stir bar to the desorption device with a
loss of sensitivity gained 224 Another limitation is the number of commercially available sorptive phases, such as
polydimethylsiloxane (PDMS), ethylene glycol (EG)-silicone, carboxen, carbowax-divinyloenzene (CW-DVB), and
polyacrylate (PA).

As observed for SPME, a variety of home-made stir bar coating have emerged, such as nanocarbon materials, functional
monomers, metal-organic frameworks (MOFs), ionic-liquids (ILs), template imprinted polymers, and inorganic particles
[133)[155] Some of them have been applied to the analysis of PhACS in complex water matrices (6115611157



Fan et al. 158 developed a novel IL-bonded sol-gel stir bar coating for SBSE of NSAIDs, followed by high-performance
liquid chromatography-ultraviolet detection (HPLC-UV).

The stir bar was wrapped by a porous membrane (MPSBSE) to filter out the high molecular weight interferences (humic
acid among others). A hydrophobic polytetrafluoroethylene (PTFE) membrane that was impregnated with methanol was
employed to protect the C18 coated stir bar. The C18-MPSBSE was used for the direct determination of two common
NSAIDs, ketoprofen and naproxen in complex water samples 58],

Molecular imprinted polymers and magnetic carbon nanotubes were combined in a stir bar for the enrichment of cefaclor
and cefalexin in water samples 59,

A novel dual-template molecularly imprinted polymer (MIP)-coated stir bar was prepared for the analysis of environmental
estrogens in complex samples. This dual template showed two different kinds of specific binding sites and three-
dimensional cavities increasing the adsorption capacity of the target compounds 169,

A monolithic and hydrophilic stir bar coating based upon a copolymer of methacrylic acid and divinylbenzene copolymer,
which was designed as poly(MAA-co-DVB), was synthesized and use for extraction of polar PhACs (paracetamol,
caffeine, antipyrine, propranolol, carbamazepine, naproxen, and diclofenac) from river water and effluent wastewater from
a treatment plant (WWTP) [161],

There is still a long way to go to put these materials available on the market, regardless of the selected sample
preparation method and the new materials used. Selectivity was one of the first requirements under evaluation. The
uniformity of new materials' size, shape, and capacity are essential for their commercialization. The ease of automation is
also a factor to consider, mainly in routine water analysis.
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