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Abstract

:

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. This review aims to present the current state-of-the-art sample preparation methods and chromatographic analysis applied to the study of PhACs in water matrices by pinpointing their advantages and drawbacks. Because it is almost impossible to be comprehensive in all PhACs, instruments, extraction techniques, and applications, this overview focuses on works that were published in the last ten years, mainly those applicable to water matrices.
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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 [1]. 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 [1,2].



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) [3,4].



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 [5,6]. 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 [7,8,9].



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 (WWTPs). 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 [10,11].



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 [12,13,14,15].



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 [16,17].



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 [18,19,20,21,22,23,24,25,26,27].



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 µg/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-β-estradiol (E2) and 17-α-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 [29] 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 [30] 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 [30]. 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” [31].



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 [33].



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 [34,35].



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 [36,37] and solid matrices, such as sediments, sludges, and biota [38,39,40]. Because of the polar characteristics of PhACs, the liquid chromatography is the most used [41,42,43,44]. 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) [45,46], ion-traps (IT) [38], and quadrupole-linear ion trap (QLIT-MS/MS) [37,47]. 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 [10,48,49,50].



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 [33]. Gómez 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 [51].



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 [52,53,54]. In 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 [51,55,56].



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) [57], solid-phase extraction (SPE) [10,27,58,59,60], solid-phase microextraction (SPME) [27,28], or stir bar sorptive extraction (SBSE) [61]. Currently, pharmaceuticals are usually extracted from water samples by off-line solid-phase extraction [10,46,61] and on-line solid phase extraction [44,62].



Several other methodologies namely microwave assisted extraction (MAE) [63,64], pressurized liquid extraction (PLE) [65], ultrasonic solvent extraction (USE) [66], accelerated solvent extraction (ASE) [67] and QuEChERS (Quick, Easy, Cheap, Effective, Rugged, and Safe) [68,69] 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.



All of the developed methods should be validated to ensure that every measurement performed will be close enough to the unknown real value for the target compound’s content in the sample. With this purpose, several items should be addressed: (i) applicability, fitness for purpose, and acceptability limits; (ii) specificity and selectivity; (iii) calibration study, involving the goodness of the fit of the calibration function and dynamic concentration range, sensitivity, detection, and quantification limits, as well as assessment for matrix effects (recovery studies); and, (iv) accuracy study, involving trueness, precision, and robustness, as well as the estimation of measurement uncertainty [70,71].



This study is an overview of the most applied methodologies. It summarizes data that were published in the past twenty years, mainly in the last ten years regarding the methods used to quantify PhACs worldwide, relative to pre-treatment and quantification methods, focused on water matrices, mostly environmental samples. There are hundreds of publications close to this subject, but 241 were selected for this purpose. The author searched the Web of Science and Scopus database of peer-reviewed literature and mainly selected studies involving water samples, environmental samples (surface and groundwater), wastewater, and drinking water.




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 [72]. Any selected method should be minimized or overcome both errors.



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 [73].



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 [74].



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 Pow, 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 [75]. Significant progress in LLE was made through the development of liquid–liquid microextraction techniques, such as single liquid microdrops, nanodrops, or picodrops extractions [74]. Other new LLE approaches include single liquid drop extraction with two phases, unsupported liquid membrane extraction with three phases, supported liquid membrane extraction (SLM) [74], microporous membrane liquid–liquid extraction (MMLLE) [76], and membrane-assisted solvent extraction (MASE) [77]. 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 [78]. 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 [79]. Therefore, they are the most used techniques for monitored PhACs belonged to different pharmaceutical classes, both off-line [60,80,81,82] and on-line [44,62,83,84].



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.



Table 1 summarises many methods for PhACs analyzed in water matrices and the corresponding merit figures of SP procedure, chromatographic methods, and method validation. The table is at the end of methods before the validation section due to its size.



2.1. Solid-Phase Extraction


Conventional off-line solid-phase extraction (SPE) on cartridges [85,86] and discs [87] 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 [72].



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) [73,88].



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, Na2EDTA or citric acid) are usually added for complexing metal ions, which, otherwise, could bind to some analytes, such as tetracyclines and fluoroquinolones [89,90,91].



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 [91,92,93].



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 [10]. 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 [94]. 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) [73].



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) [74].



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 [95].



The HLB sorbent is the SPE material that is most often (Table 1) used in the extraction of PhACs belonging to different therapeutic classes [10,23,45,48,60,96].



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 [97]. 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 [74]. 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) [98,99], mixed-mode/anion-exchange (MAX) [26], and weak anion-exchange (WAX) [27]. These mixed-mode sorbents were used for reducing interference and matrix effects in the determination of PhACs in waters [92,98,100,101,102,103]. Unfortunately, the sorption capabilities of these cartridges are often limited when compared to the HLB cartridge for large volumes of water or complex environmental matrices [88].



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 (Table 1). This amplitude is higher for methods with a higher number of compounds, and when the number of therapeutic classes is also higher [37,44,51,96,99]. Sorbents with dual polarity (hydrophobic and hydrophilic) are the most versatile, so Oasis HLB is the most used sorbent [45,104,105]. For the analysis of PhACs belonging to the same therapeutic class, usually with similar polarity, more selective cartridges, both polar [26,82] and non-polar [106] 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 [107]. 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 quantification 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 µm) (83).



The SPE technique has been applied to the analysis of PhACs that belong to several therapeutical classes (Table 1) in river waters [21,46,108], groundwaters [109], drinking waters [10,110], marine waters, and wastewaters [23,25,27,46,108], both wastewater 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 [107].



This technique 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 [111]. 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 [78,112]. 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 [113] and wastewaters [111], and natural hormones in river waters [111]. In 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 µg/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 [72,75,88,112].



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 [114]. 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 [112,115].



Several materials have been used for preparation of the surface coatings of MNPs, such as silica, carbon nanomaterials, polymers, surfactants, and ionic liquids [113,116,117,118].



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 (MWCNTs), 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 [119,120,121].



The magnetite (Fe3O4) 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 [122].



Graphene was easily immobilized on silica-coated magnetite (designated Fe3O4@SiO2/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 [123].



A novel magnetic polyethyleneimine modified reduced graphene oxide (Fe3O4@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 Fe3O4@PEI and Fe3O4@PEI-GO, the Fe3O4@PEI-RGO showed a higher extraction efficiency for polar NSAIDs [114].



Gemfibrozil was extracted by MSPE using β-cyclodextrin-grafted graphene oxide (GO)/magnetite (Fe3O4) nano-hybrid [124].



Abdolmohammad & Talleb evaluated the use of MNPs composite Fe3O4@(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 [125].



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 [126].



Several other coatings were evaluated as sorbent in MSPE for the extraction of PhACs that belong to different therapeutic classes [127,128].



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 [78,112,129].



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 [130].



Recently, several automated MSPE approaches for the analysis of organic micro-pollutants and antibiotics have been reported [112].



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 [112,131,132].



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 [110,132,133]. To 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 [112].



Some MMIPs have been used for the specific recovery of estrogenic compounds and antibiotics from water matrices [118,134].



This molecular imprinting technology has also been applied in electrochemical MIP sensors [135]. Some of them were constructed on different sensing platforms for the detection of pharmaceuticals in water samples [136].





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) [137,138].



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 [78].



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 [139]. 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 [140,141]. 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 [142,143,144].



As most SPME coatings are nonpolar, the technique is mostly applied to gas chromatography (thermic desorption) [141]. For the analysis of polar compounds, derivatization is required to enhance the selectivity and sensitivity of the SPME method [145,146].



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 [147].



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 [112,138].



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 [106,148].



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 [146,149], antiepileptic [149,150], lipid regulators [145], anti-diabetics [145], beta-blockers, anti-depressives [93], and antibiotics. In this last group, several classes were under study, namely tetracyclines [151], macrolides [152], and sulfonamides [62,153].



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 [146].



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 [154,155].



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 [155].



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 [156]. Another limitation is the number of commercially available sorptive phases, such as polydimethylsiloxane (PDMS), ethylene glycol (EG)-silicone, carboxen, carbowax-divinylbenzene (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 [135,157]. Some of them have been applied to the analysis of PhACS in complex water matrices [61,158,159].



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 [160].



Molecular imprinted polymers and magnetic carbon nanotubes were combined in a stir bar for the enrichment of cefaclor and cefalexin in water samples [161].



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 [162].



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) [163].



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.





3. Analytical Instrumentation


3.1. Chromatography in Water Analysis


Monitoring environmental contaminants have grown rapidly and significantly in recent years, becoming a crucial analytical science area, developing new and innovative analytical techniques to identify and quantify pollutants in trace concentrations in the environment. Despite which sample preparation methods used for water sample enrichment, additional steps, including chromatography for separation and further quantification, can increase the data’s quality. Therefore, the interest in developing high performance, robust, and sensitive chromatographic methods has also increased. Consequently, new stationary phases, columns, and instruments have appeared, intending to simultaneously shorten the analysis time and obtain greater resolutions and sensitivities [78].



Currently, chromatography is considered to be the most used and versatile technique due to several factors: (i) the availability of very sensitive detection methods for all categories of chromatographic techniques; (ii) the relative speed of chromatographic separations; (iii) ease of use when compared to other analytical methods; and, (iv) the possibility of developing precise and trueness analytical methods.



The quantitative chromatographic analysis is used in all analytical chemistry areas, being essential in environmental sciences, namely in the monitoring of organic compounds in water matrices. Besides, the various organic parameters that are defined in the national and European legislation on the quality of water [28,29,164,165], pesticides, polycyclic aromatic hydrocarbons (PAHs), trihalomethanes, and alkyl halides, among others, are determined while using chromatographic techniques, as gas chromatography and liquid chromatography. These two techniques are also the techniques of choice in PhACs analysis.



The development of analytical methodologies for determining pharmaceuticals in environmental matrices, mainly in water, has boomed in the past years. In this context, the analytical challenges, primarily in quantitative analysis, had focused not only on the development of novel sample preparation methods (or new materials), but also on fast chromatographic methods, most of them being coupled to mass spectrometry (MS) [96,166,167].



Although gas chromatography has a high resolving power and it has been applied in the determination of PhACs, they are mostly polar and not very volatile or thermally unstable, which makes its direct determination by GC impossible, which implies the use of a derivatization step. Therefore, liquid chromatography (LC) has become the selected technique, as it allows the determination of PhACs from different therapeutic classes and with different physical-chemical properties after sample preparation techniques [97,168,169].



The main advantages of LC include the separation of a wide variety of compounds present in different samples, regardless of volatility, thermal stability, and polarity, in a few minutes, with high resolution, efficiency, and repeatability.



Literature shows the determination of PhACs in water samples by LC coupled with different detection techniques, such as ultraviolet and diode detectors [149,150] or fluorescence [20,60,110]. However, liquid chromatography coupled with mass spectrometry (MS) is the most used. The coupling of liquid chromatography with the mass spectrometer combines the advantages of chromatography (high selectivity and separation efficiency) with mass spectrometry (structural information, molar mass, and increased selectivity and detectability) [49].



HPLC has undergone some considerable improvements, especially in terms of innovative stationary phases and instrumentation. Short narrow-bore columns that are packed with fully porous sub-2 µm particles together with instruments exhibiting reduced extra-column volumes and able to withstand pressures up to 1000–1300 bar. This type of chromatography is known as ultra-high performance liquid chromatography (UHPLC) or ultra-performance liquid chromatography (UPLC). UPLC uses small diameter particles (typically 1.7 μm) in the stationary phase and short columns, which allow higher pressures and, ultimately, narrower LC peaks (5–10 s wide). In addition to providing narrow peaks and improved chromatographic separations, UPLC dramatically shortens the analysis times, often to 10 min. or less [49,86]. Therefore, it provides several advantageous characteristics, and the best ones are: employs less sample volume, provides faster analysis, less mobile phase consumption, higher resolution of chromatographic peaks, better detectability, and higher signal/noise ratio, which, in turn, decreases the limit of quantification (LOQ) [170,171,172].



Although the assortment of columns currently available for HPLC and UPLC is wide and varied, most methods being applied to PhACs analysis have been based primarily on the use of C18 reverse-phase (RP) columns (Table 1). However, columns C8 [3,90,104] and C16 [150] have also been used. The C16 is an RP-amide column used for the same separations as a C18, but shows higher wettability in high aqueous mobile phases. It is much more retentive for those PhACs that can interact by hydrophobic interactions and H-bonding with the amide group. Therefore, it is the right column for acidic PhACs.



The 1.7 µm and 1.8 µm UPLC BEH (Ethylene Bridged Hybrid) columns are the most used in UPLC. These columns allow a wide pH range (pH 1–12) due to the intrinsic chemical stability of hybrid particle technology. Therefore, they have been applied to the analysis of a great diversity of PhACs [37,45,94,101,173]. The UPLC HSS T3 columns have also been employed for PhACs analysis by UPLC in waters matrices. The HSS (High Strength Silica) particle is 100% silica ideally suited for the enhanced retention of polar compounds and metabolites by reversed-phase LC. This low-ligand density C18 column enables analytes to access the material’s pore structure more readily, providing a balanced retention of polar and hydrophobic molecules without the need for ion-pair reagents. The compatibility with 100% aqueous mobile phase and analysis of polar and non-polar compounds is an excellent advantage of these columns for PhACs analysis in water matrices [37,78,83,174,175].



The HPLC/UPLC with UV [123,125,127,176,177], DAD [111,114,134,150,161,162] and FLD [124] detection was used in the analysis of PhACs, but, in most applications, it is coupled with tandem mass spectrometry [37,45,98,101,178,179].



Mass spectrometry characteristics have raised it to an excellent position among analytical methods, mainly due to its sensitivity and detection limits. Regarding water matrices, optical detectors in LC methods for the analysis of PhACs are limited to wastewater, because its threshold limits are insufficient for measuring these target compounds at trace levels in groundwater and drinking water, even in surface waters. The enrichment factor of sample preparation method, even the large one used in the SPE technique (1000), is not enough to overcome their lower sensitivity. For example, the limits of quantification (LOQs) of 12 PhACs from four therapeutic classes by SPE-HPLC-UV-FLD (1000 mL of sample) ranged between 10–800 ng/L in surface waters, 10–850 ng/L in wastewater effluents, and 30–1100 ng/L in ranged between 10–800 ng/L in surface waters, 10–850 ng/L in wastewater effluents, and 30–1100 ng/L in wastewater influents [177]. The analysis of 90 PhACs of thirteen therapeutic classes by SPE-HPLC-MS/MS ranged between 0.06–196 ng/L in surface waters and 0.07–78 ng/L in wastewater effluents [46]. When considering the PhAC with the lowest LOQ in both techniques, the SPE-HPLC-UV-FLD method has a sensitivity approximately 150 times lower than that of the HPLC-MS/MS method, even using twice the sample volume.



The UPLC coupled to mass spectrometry has undoubtedly seen the most significant developments (almost at an exponential level) for applications in the field of research, but, above all, in routine analysis. This coupling (UPLC-MS) allowed for the increase of the sensitivity (as well as the precision and trueness) as phenomena of increased resolving power, reduction of ion suppression, and improvement of peak symmetry. Because of the narrow peaks produced by UPLC, the duty cycle should be fast, properties only available on the latest generations of MS devices. Therefore, specific analyzers are more readily compatible with UHPLC (e.g., QqQ or TOF/MS) than others (e.g., ion trap or Fourier-transform mass spectrometry) [180].




3.2. Mass Spectrometry: Interfaces and Analysers


Mass spectrometry (MS) is a widely used instrumental technique that is based on the ionization and fragmentation of sample molecules in the gas phase. MS has become the choice technique for the definitive identification of a wide variety of environment contaminants, including PhACs. In most cases, the separation of the compounds is achieved via chromatography (GC or LC) and the mass spectrometer is used as the detector. The separated compounds sequentially enter the mass spectrometer for the ionization, separation, and detection of the generated ions. The coupling of the chromatography system to the mass spectrometer allows for obtaining the retention time and mass spectral information for each separated compound, both of which can be compared with suitable reference standards [181].



The type of ionization in MS mainly depends on the internal energy transferred during the ionization process and on the physicochemical properties of the analyte to be ionized. Some ionization techniques are highly energetic and they produce extensive fragmentation. Other techniques are “smooth”, with little fragmentation and only produce ions of the molecular species. Electronic ionization (EI), chemical ionization (CI), and field ionization (FI) are techniques that can only be applied to gas-phase ionization and, consequently, to compounds that are sufficiently volatile and thermally stable. However, because most PhACs are thermally labile and low volatile, the molecules of these compounds must be directly extracted from the condensed phase (liquid or solid) to the gas. These sources of direct ionization are of two types: ion sources in the liquid phase and in the solid phase. The first are those used in association with liquid chromatography, where the analytes are in solution. The solution is introduced by nebulization in the form of drops in the source, where ions are produced at an atmospheric pressure and subsequently focused on the mass spectrometer through differential pumping systems. Electrospray ionization (ESI), atmospheric pressure chemical ionization (APCI), and atmospheric pressure photoionization (APPI) are sources of liquid phase ionization [181]. All of these ionization techniques have been applied to the analysis of PhACs.



Relative to pharmaceuticals determination, the ESI is the most used technique, but there are some analytical methods with APCI. Electrospray ionization proves to be a more sensitive technique than APCI; however, it is more susceptible to matrix effects, thus becoming a less robust technique [182,183].



There are few papers that report the use of APCI source for the ionization of moderate polar contaminants, such as PhACs, in water matrices. The target compounds under study belong to some therapeutical classes, such as anti-epileptic [184], antibiotics [185,186,187], NSAIDs [182], psychostimulants [188], benzodiazepines [183], and steroidal hormones [189,190].



Other technological solutions have also been studied to improve high throughput of environmental analysis by making conventional ionization interfaces more efficient. For example, the laser diode thermal desorption-atmospheric pressure chemical ionization (LDTD-APCI) apparatus has eliminated the use of a LC/GC step prior to detection, thereby reducing sample pre-treatment, analysis time, and cost, eliminating chromatography columns, and reducing solvent consumption, while increasing sample throughput [191,192]. In addition to these advantages, this technology also allows for the quantification in situ, which is essential in mapping contaminated areas and monitoring remediation effects. However, the direct analysis of heterogeneous and complex samples does not allow a precise and exact analysis of certain target compounds, mainly in trace concentration. Therefore, these techniques are most indicated to screen and control organic contaminants by semi-quantitative analysis [78].



During the ionization by electrospray, three kinds of ions are formed: molecular ions, protonated and deprotonated species, and adducts. The extent to which each of these ions is formed can be understood in terms of the balance between three essentially different processes, which occur inside the capillary: redox reactions (oxidation/reduction), which produce molecular ions, acid/base reactions (protonation/deprotonation), which result in the formation of protonated or deprotonated species, and coordination with cations (usually alkali metals) or anions (mainly chlorides), which leads to the formation of adducts. The ionization of most PhACs generally occurs through acid-base reactions since their redox potentials are low. In the case where the formation of ions is carried out by protonation/deprotonation, the pKa of the functional groups of the analytes is one of the main factors that influence the ionization process. In general, the alkaline compounds are ionized in the positive mode, giving rise to protonated ions at low pH values, and the acidic compounds ionize in the negative mode suffering deprotonation at high pH [193].



Single quadrupole mass spectrometry [90,176,194], especially tandem mass spectrometry (MS/MS) with triple quadrupole detection [10,46,48,109,126,132,195], QTOF (quadrupole-time of flight) [173,196], and quadrupole-ion-trap [91,197], have been the most used techniques in recent years, due to their high sensitivity and selectivity.



The tandem mass spectrometry (MS/MS) has been considered to be an identification and confirmation tool. The monitoring of the fragments provides more excellent discrimination than a single quadrupole (MS). This approach has several advantages, as it reduces the excessive sample preparation steps, decreases false positive and negative results in complex samples, allows for the identification of analytes with different physical-chemical characteristics at ultra-trace levels, results in less time and cost of analysis due to the reduced amount of reagents used in sample preparation and provides better detectability and selectivity.



Up to date, the residue analysis of PhACs in waters has been accomplished by LC–MS/MS in the selected reaction monitoring (SRM) mode or multiple reaction monitoring (MRM). The SRM mode has a severe limitation—the number of compounds that can be screened in a single run [86].



Up to 150–200 compounds (depending on the scan speed/dwell-time) can be analyzed in a run by LC–MS/MS in the SRM mode with a dedicated chromatographic method. Besides, when increasing the number of compounds included in the SRM method, the possibility of finding common or overlapped transitions for coeluting isobaric compounds increases. Another major limitation of these SRM methods is that they are blind to compounds not defined in the SRM method (non-target analysis). None or scarce information on possible non-target/unknown organic micro-contaminants or their degradation products is available when using these techniques [37].



Several hybrid systems have been used in the monitorization of PhACs in water matrices. Gros et al. [37] monitored 81 target compounds (PhACs and their metabolites) in wastewater influent and effluent, river, reservoir, sea, and tap waters using an ultra-high-performance liquid chromatography that was coupled to quadrupole linear ion trap tandem mass spectrometry (UPLC-QqLIT). The PhACs belong to 19 therapeutical classes. The main therapeutical classes under analysis were psychiatric drugs (15 compounds) and antibiotics (13 compounds). The method yielded detection limits between 0.04–20 ng/L in sea waters and 0.7–140 ng/L in wastewater influents. Thus, it is providing a reliable and robust tool that can be used for the routine analysis of multiple-class pharmaceuticals in aqueous samples. UPLC technology allowed for a fast separation of many pharmaceuticals, with improved sensitivity, altogether with a significant cost reduction in terms of time per analysis and solvent consumption. QqLIT allows for the application of the information dependent acquisition (IDA) function, where a targeted screening, monitoring one elected reaction monitoring (SRM) transition per compound, is performed in combination with an enhanced product ion scan (EPI). In this way, MS/MS spectra are achieved, which are afterwards matched with MS/MS spectra recorded in a library [37,43].



Gros et al. [174] also analyzed 53 antibiotic residues, covering various chemical groups and some of their metabolites in hospital and urban wastewaters, and river waters by UHPLC-QqQLIT. The method showed a good sensitivity with method quantification limit (MQL) between 1.44–44.6 ng/L for river waters and 9.81–272 ng/L for wastewater influents. The sensitivity, reduction of extraction volumes for all matrices, fast separation of a broad spectrum of antibiotics, and selectivity (due to tandem mass spectrometry) were the main advantages of this method. The method’s speediness was incredibly advantageous for detecting β-lactam antibiotics (penicillins and cephalosporins) that were challenging to analyze in multi-residue methods because of their instability in water.




3.3. High-Resolution Mass Spectrometry (HRMS)


The analysis of transformation products of CECs has become the subject of intense analysis in the field of environmental chemistry, given that the transformation products may be more toxic or persistent than the parent compounds, thus representing a greater risk for the environment and human health [53]. The LC or GC associated with high-resolution mass spectrometry (HRMS) has been widely applied in the identification of these transformation products [37]. In this context, the amoxicillin’s behavior in waste and surface water, which includes identifying its transformation products, was carried out using liquid chromatography that is associated with a QTOF [198].



While QTOF is more suitable for confirmation purposes, as well as for identification of unknown compounds or metabolites [43,199], because of their ability to provide exact mass measurements, QqLIT is appropriate for both quantitation and confirmation [96].



Calza et al. identified biotic and abiotic transformation products of clarithromycin and carbamazepine [200] and lincomycine [201] by liquid chromatography that was coupled to an Orbitrap analyzer.



Relative to these instruments, the last decade has witnessed a significant shift from using ion traps, single- and triple-quadrupole mass spectrometers towards employing mass spectrometers that provide an accurate mass of analytes, such as time-of-flight (TOF), Fourier transform ion cyclotron resonance (FT ICR), and Orbitrap detectors [202].



The HRMS instruments, such as TOF and Orbitrap, have revolutionized the research of CECs in the aquatic environment, due to their high sensitivity in full scan mode, their increased mass accuracy, and the capacity to distinguish the isotopic pattern. HRMS instruments can screen for unknowns, due to exact mass measurements. This unique characteristic distinguishes it to other mass spectrometry instruments [203].



In comparison to triple quadrupole mass spectrometers, which operate at unit resolution and generally in the selected reaction monitoring (SRM) or multiple reaction monitoring (MRM) modes for specific target analytes, TOF-mass spectrometers can acquire full-scan mass spectra at high resolution for all analytes without a loss in sensitivity. Because most of the TOF mass spectrometers have a resolution of at least 10,000 at full-width-half-maximum (FWHM) peak height, isotopic patterns are evident and empirical formulas, and chemical structures can be proposed for unknowns or confirmed for target analytes. This also makes it possible to use mass spectral libraries and enable the data file to be reinterrogated months later to find additional unknown contaminants [86].



Hybrid systems, such as HRMS hyphenated to a quadrupole, or linear ion trap (LTQ), such as the LTQ-Orbitrap, combine the tandem mass spectrometric capability that is associated with the LTQ with the high mass resolving power (up to 100,000 FWHM) and mass accuracy capability of the Orbitrap [202,203]. These hybrid configurations based on HRMS allow for the reliable interpretation of MS/MS spectra. They are valuable when dealing with complex environmental matrices, such as surface water or wastewater, where the co-elution of analytes with matrix interferences can result in ambiguous peaks [203,204].



This type of hybrid systems has also been used in the monitorization of PhACs in water matrices.



Bijlsma et al. [205] illustrated the potential of liquid chromatography coupled to a hybrid linear ion trap Fourier Transform Orbitrap mass spectrometer (LC-LTQ FT Orbitrap MS) for the simultaneous identification and quantification of 24 drugs of abuse and relevant metabolites in influent and effluent sewage water. The acquisition of full-scan accurate-mass data by Orbitrap, together with the simultaneous MS/MS measurements allowed by LTQ, is a powerful combination for confident identification and confirmation.



Abdallah et al. [206] show the UPLC-Q Exactive TM Orbitrap MS’s capability for simultaneous determination of 28 acidic and basic PhACs in a single run using rapid polarity switching of the electrospray ionisation source. The PhACs belong to seven therapeutical classes, such as antibiotics, antiseptics, beta-blockers, NSAIDs, narcotic analgesics, anti-hyperglycemic, and proton-pump inhibitors. The method applies rapid polarity switching in the heated ESI source for the simultaneous analysis of positive and negative ionised compounds in one chromatographic run of 16 min.



Althakafy et al. [207] optimized the conditions of ultra-high pressure liquid chromatography hyphenated with a quadrupole Orbitrap mass spectrometer (UHPLC- Q-Orbitrap-MS) to analyze 13 PhACs in water matrices. High-resolution MS and MS/MS analysis produce high selectivity and sensitivity based on the exact mass measurement of protonated and fragment ions using a narrow mass extraction window. The optimization approaches were performed to develop an acceptable method that allows for high resolution analysis of a range of PhACs in water samples with reliable quantification and confirmation of compound identities.



Bade et al. [208] compared the most popular HRMS instruments, quadrupole time-of-flight and linear trap quadrupole-Orbitrap, from two different laboratories. Wastewater (influent and effluent) and surface water samples from Spain and Italy were screened for 107 PhACs and abuse drugs (including 220 fragment ions). The sample results and findings of both instruments were compared, highlighting the advantages and drawbacks of the strategies that were applied in each case.



Chitescu et al. [209] applied LC-Q Exactive Orbitrap high resolution MS in both full scan (FS) MS and targeted MS/MS modes to study the occurrence of 67 pharmaceutical and antifungal residues in the Danube river.



Kalaboka et al. [210] screened 20 PhACs belonging to antibiotics, antipsychotics, anti-inflammatory drugs, plus acesulfame K with UHPLC–LTQ-Orbitrap MS in hospital and urban WWTP effluents. The method proved to be a powerful technique for the quantification and identification of analytes of interest in effluent matrix with excellent mass accuracies below 2 ppm and 5 ppm for positive and negative ionization, respectively.



However, low-resolution (LR) mass spectrometers continue to be the most used due to this equipment’s lowest price. Nevertheless, their properties make them suitable for high throughput targeted and screening approaches involving a significant number of PhACs [10,23,166,211]. Triple quadrupole has still preserved its market share due to the competitive price and unequalled performances in quantitative analysis [212,213,214].





[image: Table] 





Table 1. Sample preparation methods and chromatographic methods for analysis of PhACs in water matrices.
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	Matrix
	Nº PhACs Therapeutical Classes
	Extraction Configuration/Sample Volume
	Phase System
	Analytical Instrumentation
	Stationary Phase/Column
	Cal./R2
	Precision
	Recovery
	LOD/LOQ (ng/L)
	Ref.





	Surface water
	1 PhACs

(stimulant/caffeine)
	LLE

1000 mL
	---
	LC–APCI–MS
	Luna HPLC

(150 × 4.6 mm,

5 μm)
	ISC

0.9997
	RSDr

8.3%

RSDR

8.3%
	89%
	LODs

4
	[188]



	Surface waters (river and lakes)
	9 PhACs

(lipid regulators, NSAIDs)
	SPE
	SDB-XC Empore disk
	GC/MS after derivatization
	DB5-MS
	ESC
	---
	Rel Rec

21–152%
	---
	[21]



	Wastewater and surface water
	10 PhACs

(analgesic, lipid regulators, NSAIDs)
	SPE

WWE: 500 mL

Surface water: 1000 mL
	C18 Bondelut, (200 mg)

Oasis HLB

(60 mg)
	GC-MS, after derivatization with MSTFA
	HP5/MS

(30 m × 0.2

5 mm × 0.25 μm)
	ESC

0.9916–0.9999
	RSDr

5–13%
	

53–94% (Oasis HLB)
	---
	[215]



	Wastewaters, surface waters, marine water and drinking waters
	18PhACs

(antidepressant, antiepileptic, β-blockers,

lipid regulators, NSAIDs,

stimulants)
	SPE
	Oasis MCX

(60 mg)
	GC-MS, after derivatization with MSTFA
	HP5/MS

(30 m × 0.2

5 mm × 0.25 μm)
	ISC
	RSDr

<20%
	Rel Recoveries

54–120%
	LODs

WWE. 3.2–28.6

MW: 1.2–2.6

SW: 0.3–2.5

DW:0.1–1.5
	[216]



	Tap water
	6 PhACs

(NSAIDs)
	On-line SPE

100 mL

Off-line SPE

500 mL
	LiChrospher RP-18e (500 mg)

LiChrolut RP-18

(500 mg)
	HPLC-DAD-MS
	LiChrospher RP-18 (250 × 4.6 mm, 5 μm)
	ESC 0.9992–0.9995
	RSDr

On line: 0.2–6.4%

Off-line:

3.3–10.4%
	On line

96–104%

Off-line

96.5–101.7
	On line

LODS: 3.5–94

Off-line

LODS: 20–950
	[217]



	Drinking and Aquaculture Water
	6 PhACs

Antibiotics
	On-line SPE

25 mL
	MIP
	HPLC-DAD-FLD
	Mediterranea Sea C18

(250 × 4.6 mm,

3 μm)
	MMC

>0.998
	RSDr

2–5%



RSDR

2–6%
	62–102%
	LODs

DW: 1–11

AW: 1–12
	[110]



	Surface water
	10 PhACs

(analgesic, β-Blockers,

Corticosteroids, NSAIDs)
	SPE

1000 mL
	Oasis HLB

(500 mg)
	HPLC-DAD-FLD
	Purospher STAR C18e

(125 × 3 mm,

5 μm)
	ESC

0.9987–0.9999
	RSDr

SW: 1.2–11.1%
	Rec

SW: 62–105%
	LOQs

SW: 6.5–3145
	[60]



	Surface water and wastewater
	12 PhACs

(antiepileptic, lipid regulators, NSAIDs, steroid hormones)
	SPE

1000 mL
	Strata X polymeric
	HPLC-UV-FLD
	Alltima C18

(250 × 4.6 mm,

5 μm)
	ESC 0.9781–0.9980
	RSDr

SW: 4–13%

WWI: 7–15%

WWE: 5–16%
	SW: 86–104%

WWI: 62–92%

WWE:

65–100%
	LOQs

SW: 10–800

WWI: 30–1100

WWE: 10–850
	[177]



	Wastewater
	65 PhACs

(analgesic, antiepileptic, antibiotics, β-blockers, lipid regulators, natural hormones, NSAIDs, stimulants)
	SPE

200 mL (acidic PhACs)

500 mL (neutral PhACs)
	OASIS HLB

(60 mg)

(acidic PhACs)

RP-C18ec cartridges

(500 mg)

(neutral PhACs)
	HPLC-DAD-MS(ESI+)
	Purospher® STAR RP-18 endcapped (5 µm) LiChroCART® 250-4
	ESC
	RSDr, RSDR

1%–12%
	Rel Rec

WWI

64–104%
	LOQs

4–95
	[23]



	Surface water
	23 PhACs

(analgesic/antipyretic, antibiotics, antiepileptic, antipsychotic, β-blockers, glucocorticoids, hormones, H2 receptor antagonist, lipid regulators, NSAIDs, stimulant)
	SPE

1000 mL
	SDB-disks
	LC-UV/VIS-(ESI)-MS
	Restek C18, (150 × 4.6 mm, 5 μm)
	MMC

>0.99
	RSDr

2.1–11.3%

RSDR

5.9–21.5%
	46.8–92.1%
	LOQs

11.1–354
	[176]



	Surface water
	4 PhACs

(estrogenic hormones)
	SPE

2 L
	C18

C18 + Florisil

C18 + Florisil + NH2
	LC–ESI-MS
	CAPCELL PAK C18 UG 120

(250 × 2.0 mm,

5 μm)
	----
	---
	72–81%
	LOQs

0.1–0.2
	[106]



	Surface and wastewater water
	15 PhACs

(analgetics, angiotensin converting enzyme inhibitors, angiotensin receptor antagonists, calcium antagonists, β-blockers, antidepressants, anticonvulsants, platelet antiaggregants, and cholesterol lowering

agentes)
	SPE

50 mL
	Oasis Max
	HPLC-MS/MS
	Kinetex C18

(100 × 2.1 mm, 2.6 µm)
	SAC

>0.99
	<15%
	40–110%
	LOQs

0.5–25
	[218]



	Wastewater
	6 PhACs

(analgesic, antiepileptic, antidepressants, stimulant)
	SPE

100 mL
	Oasis HLB

(500 mg)
	LC-APCI-MS/MS
	Genesis C18

(150 × 3 mm,

4 μm)
	ISC
	RSDr

WWI: 1–8%

WWE:2–11%
	Abs Rec

WWI

79–161%

WWE

75–178%

Rel Rec

WWI

84– 109%

WWE

76–136%
	---
	[183]



	Surface, groundwater and drinking water
	8 PhACs

(natural hormones,

contraceptive hormones)
	SPE

500 mL
	Oasis HLB

(200 mg)
	HPLC-MS/MS
	---
	ESC

0.9963–0.9998
	RSDr

GW: 3.8–10%

SW: 2.3–14%

DW: 4.1–9.3%
	GW: 41–77%

SW: 40–95%

DW: 54–82%
	MDLs

0.69–11
	[59]



	Surface and wastewater
	39 PhACs

(corticosteroids)
	SPE

SW, WWE: 1000 mL

WWI: 500 mL
	In-house SPE

Env + (150 mg), Strata-X-CW (100 mg), Strata-X-AW (100 mg) and Oasis HLB (200 mg)
	HPLC-MS/MS
	Poroshell 120 EC18

(100 ×2.1 mm,

2.7 μm)
	---
	---
	36–100%
	LODs

0.5– 8
	[108]



	Surface water and wastewater
	90 PhACs

(analgesics, antidiabetic, antipropulsive, psychiatric drugs, antihistamine, anti-parkinson, antibiotics, anti-ulcer,

antihypertensives, diuretics, antidiabetic, contraceptives, hormon therapy, anti-cancer)
	SPE

100 mL
	Oasis HLB

(500 mg)
	HPLC-MS/MS
	Fully endcapped C18 Hypersil GOLD aQ (50 × 2.1 mm, 5 μm)

GOLD Phenyl (50 × 2.1 mm, 3 μm)

Porous grafite Hypercarb (50 × 2.1 mm, 5 μm)
	ISC

>0.980
	RSDr

SW: 1–56%

WWE: 2.7–50%
	Rel Rec

SW: 5–132%

WWE: 35–246%
	LOQs

SW: 0.06–196

WWE: 0.07–78
	[46]



	Surface and wastewater
	50 PhACs

(antibiotics)
	SPE

SW: 1000 mL

WWE: 500 mL

WWI: 200 mL
	Oasis HLB

(500 mg)
	HPLC-(ESI)-MS/MS
	Eclipse Plus-C18 (100 mm × 2.1 mm, 1.8 μm)
	ISC

>0.995
	RSDr

0.63–9.67%

RSDR

2.74–21.3%
	SW: 49–292%

WWE: 61–188%

WWI: 32–446%
	MQLs

SW: 0.63–4.43

WWE: 1.42–9.52

WWI: 2.35–20
	[219]



	Groundwater and surface water
	11 PhACs

(antibiotics)
	SPE

1000 mL
	Oasis HLB

(60 mg)
	LC-(ESI)-MS/MS
	Luna C8 (100 × 4.6-mm, 3 μm)
	---
	---
	84 - 130%
	---
	[90]



	Wastewater
	11 PhACs

(analgesics, antibiotics,

anxiolytics and hipnotics,

lipid regulators, NSAIDs)
	SPE

WWI: 50 mL

WWE: 100 mL
	Oasis MAX

(500 mg)
	LC-(ESI)-MS/MS
	Pursuit UPS C18 (2.1 × 50 mm, 2.4 µm)
	ESC

0.9926–0.9992
	RSDr

WWI: 7.2%–23%

WWE: 5.9%–13%
	Rel Rec



WWI: 65.2–75.2%

WWE: 64.1–88.2%
	MQLs

WWE: 1.4–200

WWI: 1.4–204
	[26]



	Wastewater
	23 PhACs

(antibiotics, antidepressant, antiepileptic, antiulcer, antihypertensives,

lipid regulators, NSAIDs,

stimulant)
	SPE

250 mL
	Oasis HLB

(500 mg)
	LC-MS/MS
	SunFireTM C18 (100 × 3.0 mm, 3.5 μm)
	---
	---
	---
	---
	[32]



	Wastewater
	23 PhACs

(analgesic, antibiotics,

Antidepressives, diuretics, antipyretic, antiulcer, anxiolytics, cardiotonics, lipid regulators, NSAIDs)
	SPE

WWI: 50 mL

WWE: 100 mL
	LC sílica

(500 mg)

LC Florisil

(1 g)

GCB (1 g)

LC SAX

(500 mg)

LC-NH2, WAX

(500 mg)

Oasis MAX

(500 mg)
	HPLC–(ESI)–MS/MS
	Pursuit UPS C18

(50 × 2.1 mm,

2.4 µm)
	ISC

0.9823–0.9988
	MAX cartridges

RDSr

WWI: 5%-17%

WWE: 3%-18%

RDSR

WWI: 4%–15%

WWE: 6%–26%
	MAX cartridges

LSL

WWI:34–72%

WWE: 3–90%

MSL

WWI:12–95%

WWE: 12–129%

HSL

WWI:10–95%

WWE: 9–176%
	MAX cartridges

MQLS

WWI:3–19

WWE: 3–208
	[27]



	Wastewater
	17 PhACs

(analgesics, β-blockers, lipid regulators, NSAIDs,

H2 histamine receptor antagonista, illicit drugs)
	SPE

WWE: 50 mL

WWI: 25 mL
	SCX (200 mg)

Novel in-house SPE sorbents

2 Different sorbents: A and B
	LC–(ESI)-MS/MS
	Ascentis®Express C18 with Fused-Core technology

(100 × 4.6 mm,

2.4 µm)
	ESC

≥0.996
	RSDr and RSDR

16–23%
	Sorbent A

WWE:

19–106%

WWI: 31–107%

Sorbent B

WWE: 43–98%

WWI: 24–97%
	Sorbent B

LOQs

WWE: 5–10

WWI: 10–20
	[220]



	Wastewater, groundwater, and surface water
	8 PhACs

(antibiotics, antiepileptic, β-blockers)
	SPE

WWI, WWE, SW, and GW: 100, 250, 500 and 1000 mL
	Oasis HLB

(60 mg)
	HPLC-(ESI)-MS/MS
	Zorbax XDB-C18 (50 × 2.1 mm,

5 μm)
	ESC

>0.99
	---
	Abs Rec

GW: 40–97%

SW:24–111%

WWI:

18–121%

WWE:52–105%

Rel Rec

GW: 48–121%

SW: 19–118%

WWI: 18–152%

WWE: 59–127%
	LOQs

GW: 1–10

SW: 1–24

WWE:1.4–29

WWI: 3.5–163
	[109]



	Drinking water
	27 PhACs

(antibiotics, cardiotonic, neuroleptics, hormones, NSAIDs)
	SPE

200 mL
	Oasis HLB
	UPLC-MS/MS
	Acquity C18

(BEH) (100 × 2.1 mm, 1.7μm)
	SAC
	---
	- --
	---
	[80]



	Wastewater and surface water
	5 PhACs

(β-blockers)
	SPE

250 mL
	CNW MCX

(60 mg)
	HPLC-(ESI)-MS/MS
	Chirobiotic T (150 mm × 2.1 mm, 5 μm)
	ESC,

≥0.998
	RSDr

<6.9%
	Rel Rec

SW

70.3%–99.4%

WWI

59.5–97.9%
	LOQs

WWI

0.066–0.227

SW

0.059–0.227
	[82]



	Wastewater
	15 PhACs

(analgesics, NSAIDs,

β-blockers,

antiepileptics,

antidepressants,

lipid regulators)
	SPE

250 mL

MISEP

250 mL
	Oasis HLB

(150 mg)

Oasis WAX

(150 mg)

Oasis MAX

(150 mg)

Affinilute MIP—NSAIDs

(150 mg)
	LC–(ESI)-MS/MS
	Fused-CoreTM Ascentis

Express C18

(100 × 4.6 mm, 2.7 μm)
	ESC

≥0.996
	RSDr

<15%

(Rec > 25%)
	WWE

Oasis HLB

71–103%

Oasis MAX

60–100%

Oasis WAX

14–105%

MIP

45–102%
	MISEP

LODs

0.5–2.0
	[107]



	Groundwater, surface water, and wastewater
	14 PhACs

(antibiotics, stimulant)
	SPE

500 mL
	Oasis HLB

(500 mg)
	Ion trap HPLC-MS/MS
	Beta Basic C18 (100 × 2.1 mm,

3 µm)
	ISC
	RSDr

1.0–16%
	Rel Rec

(0.25 µg/L)

GW:51–120%

SW: 74–127%

82–126%
	LOQs

100–650
	[92]



	Wastewater
	6 PhACs

(lipid regulators, NSAIDs)
	SPE

(MISEP)

WWE: 50 mL

WWI: 10 mL
	Affinilute MIP—NSAIDs

(150 mg)
	LC–(ESI)-MS/MS
	Fused-CoreTM Ascentis

Express C18 (100 mm × 4.6 mm, 2.7 μm)
	MMC

≥0.987
	RSDr

<19%
	WWE: 62–102%

WWI: 69%–103%
	LODSs

50–100
	[81]



	Drinking water, surface water and reclaimed waters
	31 PhACs

(antibiotics)
	On-line SPE

1 mL, 5 mL and 10 mL
	HyperSep retain PEP (porous polystyrene divinylbenzene, (20 × 3.0 mm, 12 μm)

Hypersil gold aQ (polar endcapped C18, (20 ×2.1 mm, 12 μm)

Hypercarb

(porous graphitic carbon, 20 ×2.1 mm, 7 μm)
	HPLC-(ESI)-MS/MS
	Hypersil Gold C18

(50 × 2.1 mm,

1.9 μm)
	ISC

>0.99
	RSDr, RSDR

<20%
	50–150%
	LODSs

1.2–63
	[103]



	Surface, groundwater and drinking water
	31 PhACs

(analgesics, antibiotics,

anticonvulsant, anti-depressants, β-blockers,

corticosteroid, lipid regulators, nsaids, psychostimulant, sexual hormones)
	SPE

500 mL
	Oasis HLB

(200 mg)
	UPLC-(ESI)-MS/MS
	Acquity BEH C18 (50 x 2.1 mm,

1.7 μm)
	MMC

0.9951–0.9987
	RSDr

<15%

RSDR

≤20%
	S: 43–111%

GW: 31–120%

DW: 49–88%
	LOQs

SW: 0.030–5.2

GW: 0.040–5.0

DW: 0.03–1.7
	[10]



	Surface water and wastewater
	7 PhACs

(antidepressants)
	SPE

(MISEP)

100 mL
	MIP
	UPLC-(ESI)-MS/MS
	BEH C18

(50 × 2.1 mm,

1.7 μm)
	ISC

≥0.992
	RSDr

<15%
	SW: 6–94%

WWI: 6–90%

WWE: 14–93%
	MDLs

SW: 0.3–12

WWI: 0.3–14

WWE: 0.3–11
	[132]



	Wastewater
	16 PhACs

(analgesic, antibiotics,

antidepressant, antiepileptic, β-blockers, lipid regulators, NSAIDs,

stimulant)
	SPE

WWE: 200 mL

WWI: 100 mL
	Oasis HLB

(200 mg)
	UPLC-MS/MS
	UPLC BEH C18

(50 × 2.1 mm,

1.7 μm)
	ISC

>0.99
	RSDr

7.9%

RSDR

10.4%
	WWI: 70%

WWE: 81%
	LOQs

WWE: 0.3–5.4

WWI: 1.0–20.2
	[179]



	Surface and wastewater
	50 PhACs

(antibiotics, antiulcer, cardiovascular, lipid regulators, NSAIDs,

psychiatric drugs)
	SPE
	Oasis HLB

(60 mg)
	UHPLC-MS/MS
	Acquity HSS T3

(100 × 2.1 mm, 1.8 µm)
	ISC
	<15%
	Abs Rec

24–53%



Rel Rec

48–147%
	LOQs

2–170
	[175]



	Surface water and wastewater
	20 PhACs

(analgesic, anti-anxiety, antiarrhythmic, antiepileptic, antihistamine, contraceptives, corticosteroids,

lipid regulators, stimulant,

NSAIDs, steroid hormones)
	SPE

1000 mL
	Oasis HLB

(200 mg)
	UHPLC-MS/MS
	ZORBAX Eclipse Plus C18

(50 × 2.1 mm,

1.8 μm)
	ISC

>0.99
	RSDr

SW: 1.4–5.4%

WWE: 3.2–21.6%
	SW: 39–121%

WW: 38–141%
	MRLs

0.1–15
	[221]



	Surface water and wastewater
	5 PhACs

(antibiotics, steroid hormones)
	0n-line SPE

10 mL
	Hypersil GOLD aQ (20 × 2.1 mm, 12 μm)
	UHPLC-MS/MS
	Kinetex Biphenyl (100 × 2.1 mm, 1.7 μm)

Kinetex EVO C18 (100 × 2.1 mm, 1.7 μm)
	ISC

>0.99
	RSDr

2.3–8%

RSDR

3.6–15%
	98.8–102%
	LOQs

WWE: 0.42–1.9

WWI: 0.49–1.9
	[222]



	Surface water and wastewater
	20 PhACs

(analgesics, anti-inflamatories, ansiolitics,

Antidepressants, anti-ulcer, cardiovasculars, lipid regulators, psychiatric drugs)
	SPE

100 mL
	Oasis HLB

(200 mg)
	UHPLC-MS/MS
	Acquity UPLC BEH C18

(50 × 2.1 mm,

1.7 μm)
	ISC

>0.99
	RSDr

SW: 2–22%

WWE: 2–18%

WWI: 2–24%
	Rel Rec

SW: 27–117%

WWE: 66–120%

WWI: 55–124%
	LOQs

SW: 0.2–44

WWE: 3.6–85

WWI: 13–974
	[45]



	Surface, groundwater, and wastewater
	73 PhACs

(analgesic, antibiotics, antidepressants, anti-diabetic, antiepileptic, antihypertensive, β-blockers, diuretic, histamine H2 receptor antagonists, lipid regulators, NSAIDs, anti-cancer)
	SPE

SW, GW: 500 mL

WWE: 200 mL

WWI: 100 mL
	Oasis HLB

(60 mg)
	UHPLC-MS/MS
	BEH C18

(100 × 2.1 mm,

1.7 µm)
	ISC

>0.99
	RSDr

0.2–5%

RSDR

0.1–10%
	50–150%
	MDLs

0.01–8.98
	[94]



	Surface and wastewater
	8 PhACs

(antiepileptic, cardiovascular, lipid regulators, NSAIDs)
	SPE
	Oasis HLB

(60 mg)
	UHPLC-MS/MS
	UPLC BEH C18 (50 × 2.1 mm,

1.7 µm)
	ISC

>0.98
	---
	20–130%
	LOQs

0.2–280
	[223]



	Wastewater (efluente)
	33 PhACs

(amphetamines, antidepressants,

β-blockers)
	SPE

50 mL
	Oasis HLB

(60 mg)
	UPLC-MS/MS
	Chirobiotic V (250 × 2.1 mm,

5 µm)

(chiral separations)
	ESC

≥0.997
	RSDr

2.8–28.2%

RSDR

5–27.3%
	Rel Rec

25.9–240.6%

Abs Rec

46.9–142%
	MQLs

0.09–109
	[64]



	Surface water
	28 PhACs

(analgesics, antibiotics, antidepressants, antiepileptics, β-blockers, bronchodilators, lipid regulators, histamine-2-blockers,

calcium channel blockers, angiotensin-II antagonists, NSAIDs)
	SPE
	Oasis MCX
	UPLC–MS/MS
	ACQUITY UPLC BEH C18

(100 × 1 mm, 1.7 μm)
	ISC
	RSDr

3.1–23.9% (10 ng/L)

RSDR

7.1–24.8% (10 ng/L)
	Rel Rec

7.3–121%

Abs Rec

5.2–131%
	MQLs

0.3–50
	[98]



	Surface and wastewater
	3 PhACs

(antibiotics)
	SPE

120 mL
	Oasis HLB

(60 mg)
	LC–(ESI)-IT-MS/MS
	Xterra MS C18 (50 × 2.1 mm,

2.5 μm)
	---
	RSDr

SW: 3.2–11.7%

WWI: 8–18%
	SW: 78.6–104.9%

WWI: 70.1–99.5%
	MDLs

30–70
	[197]



	Surface and wastewater
	48 PhACs

(analgesic, antibiotics,

Anticoagulants, antidepressants, antidiabetic, antiepileptic

Antihypertensive,

β-blockers, diuretic,

corticosteroides,

histamine H2 receptor antagonists, hormones,

lipid regulators, NSAIDs)
	SPE

500 mL
	Oasis MCX

(150 mg)
	UPLC-(ESI)-MS/MS
	ACQUITY UPLC BEH C18

(100 × 1 mm, 1.7 μm)
	ISC

>0.99
	RSDr

SW:3–25%

WWE: 2–27%
	SW: 48–123%

WWE: 43–157%
	LOQs

SW: 3.4–85

WWE: 1.6–39
	[101]



	Wastewater and surface water
	53 PhACs

(antibiotics)
	SPE

50 mL
	Oasis HLB

(60 mg)
	UHPLC–(ESI)-QqLIT
	Acquity HSS T3 (50 × 2.1 mm,

1.8 μm)
	ISC

0.9878–1.0000
	RSDr

1–16%

RSDR

4–30%
	HWW: 30–176%

SW: 20–121%

WWI:

720–163%

WWE:

20–180%
	MQLs

HWW: 3.97–164

SW: 1.44–44.6

WWI: 9.81–272

WWE: 4.93–183
	[174]



	Surface and wastewater
	73 PhACs

(analgesic, antibiotics, anti- cancer, antidiabetic, antidepressants, antiepileptic, antihypertensive,

β-blockers, diuretic,

histamine H2 receptor antagonists, lipid regulators, NSAIDs)
	SPE

SW: 500 mL

WWI: 100 mL

WWE: 200 mL
	Oasis HLB

(60 mg)



Oasis MCX

(150 mg)
	LC-ESI-(QqLIT) MS/MS
	Purospher Star RP-18 endcapped (125 × 2.0 mm,

5 μm)
	ISC

0.9870–1.0000
	RSDr

SW: 1–25%

WWI: 2–21%

WWE: 1–15%
	Rel Rec

SW: 10–194%

WWI: 21–148%

WWE: 30–121%
	LOQs

SW: 0.2–13

WWE: 0.6–28

WWI: 1–62
	[96]



	Wastewater, groudwater and surface water
	19 PhACs

(antibiotic/sulfonamides)
	On-line SPE

WWI: 5 mL

WWE: 15 mL

GW: 40 mL

SW: 15 mL
	Oasis HLB

Hysphere C18 EC

PRLPs cartridges

Oasis HLB was selected
	HPLC-QqLIT-MS/MS
	Atlantis C18

(150 × 2.1 mm,

3 μm)
	MMC

WWI: 0.9948–0.9999

WWI: 0.9948–0.9999

SW: 0.9991–0.9999

GW: 0.9962–0.9999
	RSDr

WWI: 1.5–10.3%

WWE: 1.2–12.9%

GW: 1.8–14.8%

SW:1.0–25.6%

RSDR

<10%
	Osais HLB

5–125%
	MDLs

WWI: 0.05–7.84

WWE: 0.01–6.90

SW: 0.02–4.52

GW: 0.02–5.13
	[62]



	Wastewater, surface water, sea water and drinking water
	90 PhACs

(analgesics, antibiotics, NSAIDs, anticoagulant, antidiabetic, β-Blockers, antihelmintics, antihypertensives, antiplatelet, diuretics, histamine H1 and H2 receptor antagonists, lipid regulators, prostatic hyperplasia, psychiatric drugs, sedation and muscle relaxation statin drugs, glucocorticoids, anti-asthma, tranquilizer,

X-ray contrast agentes)
	SPE

MW: 200 mL

WWI: 25 mL

WWE: 50 mL

DW: 500 mL

SW: 100 mL
	Sea waters

Oasis HLB

(200 mg)

Other waters

Oasis MCX

(60 mg)
	UPLC-QqLIT
	PI

Acquity HSS T3 (50 × 2.1 mm,

1.8 μm)

NI

Acquity BEH C18 (50 × 2.1 mm,

1.7 μm)
	ISC
	RSDr

MW: 1.5–20%

WWI: 2.0–33.7%

WWE: 1.0–20%

DW: 0.3–23%

SW: 1.0–27.8%
	MW: 30–147%

WWI: 50–150%

WWE: 40–146%

DW: 12–157%

SW: 30–158%
	MQLs

MW: 0.04–20

WWI: 0.7–140

WWE: 0.6–51

DW: 0.1–20

SW: 0.2–50.7
	[37]



	Surface waters
	17 PhACs

(antidepressant, antiepileptic, β-blockers,

lipid regulators, NSAIDs

Stimulants)
	On-line SPE

0.5 mL
	Oasis HLB,

(2.1 × 20 mm, 25 μm)
	UPLC-MS/MS
	Acquity HSS T3

(150 × 2.1 mm,

1.7 μm)
	ISC
	---
	---
	LOQs

20–70
	[83]



	Surface and drinking water
	28 PhACs

(antibiotics, anticholinergic, antidepressant, antidiabetic, antifungal,

anti-inflammatories, anti-ulcer agente, β-blockers, corticosteroids, histamine H2 receptor antagonists,

lipid regulatorss,

stimulant)
	SPE

1000 mL
	C18

(500 mg)
	HPLC-ESI-microOTOF-QII
	Shim-pack XR-ODS C18

(50 x 2.0 mm, 2.0 μm)
	ESC

0.9907–0.9986
	RSDr

0.07–14.6%

RSDR

0.85–22%
	S: 9–293%

DW: 4–286%
	MQLs

SW: 2.9–460

DW: 1.5–470
	[224,225]



	Drinking water, groundwate, surface water, and wastewater
	

100 PhACs

(analgesic, antibiotics, antidepressants, antiepileptic, β-blockers, lipid regulators, NSAIDs,

stimulant)
	SPE

100 mL
	Oasis HLB

(200 mg)
	HPLC-QTOF-MS
	Zorbax Eclipse XDB-C8

(150 × 4.6 mm, 3.5 μm)
	MMC

>0.98
	RSDr

2–7%

RSDR

5–12%
	65–105%
	LODs

5–500
	[104]



	Surface water and wastewater
	7 PhACs

(antimycotic drugs)
	SPE

500 mL
	Oasis MCX
	HPLC-Q-TOF-MS
	ZORBAX Eclipse XBD C18

(100 × 2 mm, 3.5 μm)
	ISC

0.9980–0.9999
	---
	SW: 84–104%

WWE:71–109%

WWI: 80–90%
	LOQs

2–15
	[226]



	Surface, groundwater, and sewage water
	74 PhACs

(analgesics, anti-inflammatories, antibiotics, antidiabetic, antihypertensives, barbiturates, β-agonists,

diuretics, histamine H2 receptor antagonists, lipid regulators and cholesterol lowering stain drugs, psychiatric drugs, anti-cancer drugs)
	0n-line SPE

2.5 mL
	HySphere Resin GP

PRLP-s

Oasis HLB

(1, 2.5 and 5 mL)
	LC-ESI-(QqLIT) MS/MS
	Purospher Star RP-18 endcapped

(125 × 2.0 mm, 5 μm)
	ISC

0.9637–1.0000
	RSDr

0.34–51%

RSDR

0.51–89%
	Abs Rec

GW: 8.9–179%

SW: 6.3–165%

WWE: 3.3–174%

WWI: 2.2–134%

Rel Rec

GW: 39–328%

SW: 42–287%

WWE: 12–535%

WWI: 7.6–600%
	MQLs

GW: 0.11–260

SW: 0.02–78

WWE: 0.02–805

WWI: 0.01–1278
	[44]



	Surface and wastewater
	105 PhACs

(analgesics, antiepileptic anti-inflammatories, antibiotics, bronchodilatadors, β-blockers, diuretics, hormones, lipid regulators, psychiatrics, ulcer healings)
	SPE

100 mL
	Oasis HLB

(200 mg)
	HPLC-Q-TOF-MS
	ZORBAX Eclipse Plus C18

(50 × 4.6 mm, 1.8 μm)
	MMC

>0.998
	<10%
	50–130%
	LOQs

0.7–592.4
	[99]



	Wastewater
	67 PhACs

(illicit drugs, prescription drugs with potential for abuse and metabolites)
	SPE

50 mL
	Oasis MCX
	UHPLC-QTOF-MS
	UPLC BEH C18 (50 × 2.1 mm,

1.7 µm)
	---
	---
	---
	IDLs

10–3500
	[227]



	Surface and Wastewater
	29 PhACs

(analgesics/anti-inflammatories, antibiotics, anti-ulcer, β-blockers, lipid regulators, histamine H2 receptor antagonist, psychiatric)
	SPE

SW, WWE, and WWI: 500, 200, and 100 mL
	Oasis HLB

(60 mg)
	UPLC-QTOF-MS
	Acquity C18

(50 ×2.1 mm,

1.7 μm)
	
	RSDr

0.5–5.3%

RSDR

2.1–9.1%
	---
	MDLs

10–500
	[173]



	Surface, drinking, and groundwater.
	13 PhACs

(analgesic, antibiotics,

antiepileptic, lipid regulators, NSAIDs)
	SPE

100 mL
	Oasis-MCX

(150 mg)
	LC-(ESI)-QTOF-MS
	RP-18

(100 × 2.1 mm,

3.5 μm)
	MMC

0.995–0.999
	RSDr

2.0–12% (100 ng/L)

RSDR

5–44% (25 ng/L)

13–34% (100 ng/L)
	63–195%
	LOQs

5–25
	[91]



	Wastewater
	160 PhACs

(metabolites)
	SPE

100 mL
	Oasis HLB

(60 mg)
	UHPLC-QTOF-MS
	UPLC BEH C18 (100 ×2.1 mm,

1.7 μm)
	---
	---
	---
	---
	[105]



	Surface and wastewaters
	87 PhACs

(analgesics, antibiotics, antiepileptic, antipyretics,

β-blockers, chemotherapy drugs, corticosteroids,

diuretics, lipid regulators

NSAIDs, psychiatric drugs)
	SPE

WWE: 200 mL

SW: 400 mL
	Oasis HLB

(200 mg)
	LC–(ESI)-QTOF-MS/MS
	RP XDB-C18

(50 × 4.6 mm, 1.8 μm)
	MMC

0.9000–0.9987
	RSDr

2–23%
	22–127%
	MDLs

<5–50
	[51]



	Surface

water, and influent and effluent wastewater
	22 PhACs

(drugs of abuse

stimulant, tranquilising drugs)
	Direct injection
	---
	Screening by HPLC- (ESI) QqQLIT-MS/MS

Confirmation by LC–MS/MS
	ZorbaxEclipse XDB, RP C8 (150 × 4.6 mm, 5 μm)
	MMC

R > 0.99
	RSDr, RSDR

4%–16%
	---
	IDLs (LOQs)

SW: 0.5–600

WWI: 10–700

WWE: 10–600
	[3]



	Wastewater
	13 PhACs

(antibiotic, antidepressant,

anti-diabetic, lipid regulators, stimulant)
	SPE

30 mL
	Oasis HLB

(60 mg)
	UHPLC- Q-Orbitrap-MS
	Agilent Extend-C18

(50 × 2.1 mm, 1.8 μm)
	ESC

0.9875–0.9993
	---
	95–101%
	LOQs

40–2500
	[207]



	Wastewater, surface water and drinking water
	27 PhACs

(analgesic, antibiotics, antidepressant, antiepileptic, β-blockers, corticosteroids,

lipid regulators, NSAIDs,

steroid hormones, stimulant)
	SPE

250 mL
	Oasis MC X
	UPLC-Q ExactiveTM

Orbitrap-MS
	Accucore

RP-MS

(100 x 2.1 μm)
	ISC

0.9619–0.9990
	RSDr

2.0–7.7%

RSDR

3.9–7.6%
	76–104%
	MQLs

2.7–83.8
	[206]



	Milli Water
	17 PhACs

(antibiotic/sulfonamides)
	---
	---
	UPLC-

LTQ/Orbitrap

MS/MS
	---
	---
	---
	---
	---
	[55]



	Marine waters
	11 PhACs

(antibiotics)
	SPE disks

1500 mL
	Bakerbond Speedisk

(H2O-Philic DVB)
	

HPLC-(ESI)-QqQIT

HPLC-(ESI)-MS/MS
	Eclipse XDB C18

(150 × 4.6 mm, 5 μm)
	ESC

0.9984–1.0000
	RSDr

0.1–6.0
	Abs Rec

37.5–117%
	LOQs

0.5–50
	[87]



	Wastewater
	8 PhACs

(steroid hormones)
	SPE
	RP Strata-X (surface-modified styrene divinylbenzene polymer)

(200 mg)
	LDTD-APCI-MS/MS
	---
	MMC
	RSDr

5–14%

RSDR

5–17%
	77–121%
	MDLs

13–42
	[190]



	Wastewater
	9 PhACs

(antibiotic, antiepileptic,

NSAIDs, steroid hormones, stimulant)
	SPE

250 mL
	Strata ABW cartridge

(500 mg)
	LDTD-APCI-MS/MS
	---
	MMC

≥0.991
	RSDr, RSDR

<15 %
	Rel Rec

76–106%
	LODs

30–122
	[191]



	Wastewater
	1 PhACs

(NSAIDs/diclofenac)
	---
	---
	LDTD-APCI-MS/MS
	---
	ESC

>0.999
	RSDr

7.1%

RSDR

9.2
	98.2–104.6%
	MDLs

300
	[182]



	Wastewater
	1 PhACs

(antiepileptic/

carbamazepine)
	---
	---
	LDTD-APCI-MS/MS
	---
	ESC

>0.999
	RSDr

8%

RSDR

11%
	98–113%
	LODs

12
	[184]



	Wastewater
	3 PhACs

(antibiotics)
	DSPE
	Activated carbon-decorated PAN nanofibers
	HPLC-DAD
	RP C-18
	ESC

0.9998
	RSDr

<3.6%
	90–99%.
	LODs

530–2170
	[111]



	Mineral waters
	11 PhACs

(antibiotic/sulfonamides)
	DSPE

250 mL
	MWCNTs

m- MWCNTs)
	UPLC-DAD
	Hypersil Gold C18

(100 × 2.1 mm,

1.9 μm)
	MMC

0.995–0.997
	RSDr

0.9–3.8%

RSDR

1.7–2.9
	MWCNTs

40–100%

m- MWCNTs

32 and 53%
	LOQs

27–89
	[113]



	Surface water
	4 PhACs

(natural hormones)
	DSPE

250 mL
	mag-MFMIP

Fe3O4/Poly(Stc-

MPS)/SiO2
	HPLC-FLD
	XDB-C18
	ESC

0.996–0.9999
	RSDr

<7.0%
	72–102%
	LODs

2.5–5.8
	[118]



	Wastewater
	4 PhACs

(NSAIDs)
	MMSPD



1 mL
	SiO2, C8, Magnetite particles Fe3O4
	HPLC-UV
	Microsorb

100-C18

(150 × 4.6 mm,

5 μm)
	---
	RSDr

1.0–2.1%

RSDR

1.4–2.0%
	>90%
	LOQs

3000–5000
	[127]



	Tap

water, groundwater, and river water
	6 PhACs

(NSAIDs)
	MSPE

10 mL
	Fe3O4@PEI-RGO (10 mg)
	HPLC-DAD
	BDS Hypersil C18

(250 × 4.6 mm,

5 μm)
	ESC

0.9972–0.9986
	

RSDr

0.39–6.67%

RSDR

0.70%–8.75%,
	91.2–101.1%
	LOQs

1000
	[114]



	Surface water
	7 PhACs

(antibiotics)
	MSPE

3 mL
	EMMIPs

(10 mg)
	HPLC-DAD
	Ultimate XB-C18 (250 × 2.5 mm,

5 μm)
	ESC

0.999–0.9999
	RSDr

0.9%–7.3%.
	79.3–92.4%
	LOQs

100–310
	[134]



	Surface water and wastewater
	6 PhACs

(antibiotics/

sulfonamides)
	MSPE
	Fe3O4@SiO2/G

(0.3 mg)
	HPLC-UV
	Inertsil® ODS-4 (150 × 4.6 mm,

5 μm)
	---
	RSDr

3.3%–10.7%

RSDR

4.6–9.8%
	SW

76.4–104%

WWI

74.2–89.3%
	LOQs

320–530
	[123]



	Wastewater
	1 PhACs

(lipid regulator/gemfibrozil)
	MSPE

200 mL
	β-CD/ Fe3O4/GO NP

(150 mg)
	HPLC-FLD
	---
	ESC

0.9989
	RSDr

1.09%

RSDR

2.67%
	96.0–104.0%
	LOQs

3
	[124]



	Marine water, wastewater and drinking water
	5 PhACs

(lipid regulators)
	MSPE

10 mL
	Fe3O4@Fe-BTC

MMOF

(5 mg)
	HPLC-UV-Vis
	Microsorb-MV

100-8 C18 (250 × 4.6 mm, 2.5 μm)
	ESC

0.9992–0.996
	RSDr

MW: 2.6–5.4%

WW: 1.8–7.2%

DW: 2.2–3.2%
	MW

80.1–99.4%

WWI

59.7–90%

DW

83–100.5%
	LOQs

460×103–725×103
	[125]



	Surface water
	3 PhACs

(antibiotics/macrolids)
	MSPE

50 mL
	Ol-coated Fe3O4MNP

(50 mg)
	LC-(ESI)-MS/MS
	Kinetex XB-C18 (100 × 3 mm, 2.6 μm)
	MMC
	RSDr

<6.0%

RSDR

<13%
	54–117%
	LOQs

34–77
	[122]



	Surface water
	24 PhACs

(steroid hormones)
	MSPE

100 mL
	EDA@Mag-CNTs

(50 mg)
	UFLC-MS/MS
	Shimpack

XR-ODS II (150 × 2.0 mm, 2.2 μm)
	ISC

0.9980–1.0000
	RSDr

1.6–6.4%

RSDR

2.6–8.1%
	82.1–113%.
	LOQs

0.02–1.0
	[126]



	Mineral, tap and wastewater using
	12 PhACs

(estrogenic hormones)
	MSPE

25 mL
	Fe3O4@poly(dopamine)

(60 mg)
	UFLC-(ESI)-MS/MS
	X-Bridge C18 (100 mm × 4.6 mm, 3.5 μm)
	ISC

0.9943–0.9991
	RSDr

3–15%
	70–119%
	LOQs

10–1100
	[128]



	Surface waters
	58 PhACs

(antibiotics, steroid hormones)
	MSPE

100 mL
	3D-Mag-CMGO

(100 mg)
	UFLC-(ESI)-MS/MS
	Shimpack

XR-ODS II (150 mm × 2.0 mm,

2.2 μm)
	MMC

0.9981–0.9991
	RSDr

1.7–2.2%

RSDR

7.3–9.0%
	78–109%
	LOQs

0.10–2.09
	[130]



	Surface water
	2 PhACs

(antibiotics)
	SBSE

25 mL
	MIP

MWCNTs
	HPLC-DAD
	ZORBAX C18

(4.6 × 150 mm,

5 μm)
	ESC

0.9929–0.9945
	RSDr

5.1–5.5%

RSDR

6.4–6.5%
	86.5–98.6%
	LOQs

10×103–12×103
	[161]



	Surface water
	4 PhACs

(estrogen hormones)
	SBSE

15 mL
	dual-templates MIP
	HPLC-DAD
	C18

(250 × 4.6 mm,

5 μm)
	ESC

0.9978–0.9992
	RSDr

2.0–5.5%
	62.8–98.0%
	LOQs

1000–5000
	[162]



	Surface and wastewater
	7 PhACs

(analgesic, antiepileptic,

β-blockers, NSAIDs, stimulants)
	SBSE

100 mL
	poly(MAA-co-DVB
	LC-(ESI)-MS/MS
	Kinetex C18 (100 × 4.6 mm, 2.6 μm)
	ESC

>0.999
	SW

RSDr

1–7%

WWE

RSDr

3–19%
	SW: 11–90%

WWE: 10–85%
	LODs

10--50
	[163]



	Wastewater
	12 PhACs

(analgesics, antibiotics, antipyretics, β-blockers,

lipid regulators)
	SBSE

50 mL
	32 µL EG Silicone Twister® 25 µL Acrylate Twister®
	LC-(ESI)MS/MS
	Kromasil 100 C18

(150 × 4.6 mm,

5 μm)
	ESC,

>0.997
	RSDr

<15% (Rec > 16%)
	PA: 1 - 43%

EG silicone:

1–80%
	LODSs

150–5000
	[61]



	Tap water, groundwater, surface, and wastewater
	3 PhACs

(NSAIDs)
	DI-SPME

20 mL
	PEG-g-MWCNTs)
	GC-FID
	CP-Sil 24CB -

WCOT Fused silica

(30 m × 0.32 mm × 0.25 μm)
	ESC

0.9985–0.9992
	RSDr

5.9–8.1%

RSDR

7.2–9.1%
	84–107%.
	LOQs

50–70
	[143]



	Surface water
	8 PhACs

(analgesics, lipid regulators, NSAIDs)
	

On-line

HS-SPME

Derivatization with DMS

10 mL
	PDMS–DVB, 65 μm
	GC-MS
	HP5MS

(30 m × 0.25 mm × 0.25 μm)
	ESC

0.994–0.999
	RSDr

0.6–12.3%
	92.5–110.8%
	LOQs

0.34–4.13
	[145]



	Tap water and wastewater
	6 PhACs

(NSAIDs)
	HS_SPME

Derivatization with DMS

6 mL
	PDMS 100 μm
	GC-MS
	HP5MS

(30 m × 0.25 mm × 0.25 μm)
	ISC

0.9920–0.9980
	RSDr

7.9–17.2%
	76–133%
	LODs

0.3–2.9
	[146]



	Surface water
	8 PhACs

(antiepileptic, NSAIDs)
	On-line SPME
	PDMS–DVB, 65 μm
	HPLC-DAD
	Discovery RP-Amide

C16

(150 × 4.6 mm,

5 μm)
	ESC

0.994–0.999
	RSDr

4.4–8.2%

RSDr

5.1–9.3%
	71.6–122.8%
	LOQs

1000–4000
	[150]



	Wastewater
	17 PhACs

(analgesics, ansiolitics,

Antibiotics, antidepressants, antiepileptic, antipsychotic, β-blockers,

NSAIDs)
	On-line

dual-SPME

2 ×2 mL (pH=3, pH=11)
	CW/TPR (50 µm)
	LC–(ESI)-ITMS
	Mediterranea

Sea18) C18 (100 × 2.1 mm, 3 μm)
	ISC

0.988–0.998
	RSDr

6.2–10.2%

RSDR

7.4–13.6%
	89.2–109.7%
	LOQs

0.005–0.01
	[93]



	Wastewater
	9 PhACs

(antibiotics)
	SPME

1.5 mL
	CW/TPR

(50 µm)
	HPLC-MS/MS
	ZORBAX

Eclipse XDB C18 (250 × 4.6 mm,

5 μm)
	SAC

WWI

0.9080–0.9992

WWE

0.9336–0.9987
	RSDr

7–50%
	---
	LOQs

WWI:9.2–1380

WWE: 14–260
	[152]



	Tap water and surface water
	6 PhACs

(hormones)
	SPME

20 mL
	Home made

MMF/AMED
	HPLC-DAD
	Hypersil BDS C18

(250 × 4.6 mm,

5 μm)
	ESC

0.9910–0.9980
	RSDr

3.5–5.0%

RSDR

5.1–6.0%
	75.6–118%
	LODs

130–340
	[148]



	Wastewater
	16 PhACs

(analgesic, antibiotic, antidepressant, lipid regulators, NSAIDs, stimulant)
	SPME



10 mL
	FPSE

(FG)@PEG300
	UHPLC–LTQ Orbitrap MS
	Hypersil Gold C18 analytical (100 × 2.1 mm,

1.9 μm)
	ESC 0.9928–0.9989
	RSDr

8%

RSDR

11%
	83–114%
	LOQs

9.3–447.7
	[210]







Legend: (Abs Rec) Abs Recovery; (Acrylate Twister®) polyacrylate (PA) with a proportion of polyethyleneglycol (PEG); (APCI) atmospheric pressure chemical ionization; (β-CD) β-cyclodextrin; (BEH) ethylene bridged hybrid; (Cal.) calibration; (CW/TPR) carbowax/templated resin; (DAD) diode array detector; (3D-Mag-CMGO) modified graphene oxide; (DMS) dimethyl sulfate; (DSPE) dispersive solid phase extraction; (DW) drinking water (tap water); (EDA@Mag-CNTs)ethylenediamine-functionalized magnetic carbon nanotubes; (EG Silicone Twister®) PEG modified silicone; (EMMIPs) epitope magnetic molecularly imprinted polymers; (ESC) external standard calibration; (ESI) electrospray ionization; (FPSE) fabric phase sorptive extraction; (Fe3O4) magnetite; (Fe3O4@PEI-RGO) polyethyleneimine modified reduced graphene oxide; (Fe3O4@Fe-BTC) Fe3O4@Fe-(benzene-1,3,5-tricarboxylic acid); (FLD) fluorescence detector; (G) graphene; (GC) gas cromatography; (GCB) graphitised carbon black; (GO) graphene oxide; (GW) groundwater; (HLB) hydrophilic-lipophilic-balance; (HPLC) high performance liquid chromatography; (HSL) high spiking level; (HWW) hospital wastewater; (IDL) instrumental detection limit; (ISC) internal standard calibration (isotopically labelled internal standard as surrogates); (LC) liquid chromatography; (LDTD/APCI) laser diode thermal desorption/atmospheric pressure chemical ionization; (LLE) liquid-liquid extraction; (LOD) limit of detection; (LOQ) limit of quantification; (LSL) low spiking level; (LTQ) linear trap quadrupole; (PEG-g-MWCNTs) poly(ethylene glycol) (PEG) grafted multi-walled carbon nanotubes; (MS) mass spectrometry; (MW) marine water (sea water); (MAX) mixed-anion exchange; (MCX) mixed-mode/cationic-exchange; (MDL) method detection limit; (MQL) method quantification limit; (MRL) method reporting limit; (MIP) molecularly imprinted polymer; (MMIP) magnetic MIP; (MMC) matrix matched calibration; (m-MFMIP) magnetic multi-functional molecularly imprinted polymer; (MISEP) molecularly imprinted SPE; (MMF/AMED) multiple monolithic fiber/ poly (1-allyl-3-methylimidazolium bis (trifluoro methyl) sulfonyl)imide-co-ethylene dimethacrylate); (MMOF) magnetic metal-organic framework; (m-MWCNTs) magnetic- multi- walled carbon nanotubes; (MNPs) Magnetic nanoparticles; (MMSPD) magnetic matrix solid phase dispersion; (MS/MS) triple quadrupole; (MSL) medium spiking level; (MSTFA) N-methyl-N-(trimethylsylil)trifluoroacetamide; (MWCNTs) multi- walled carbon nanotubes; (NI) negative electrospray ionization; (NP) nanoparticles; (Ol) oleate; (NSAIDs) Nonsteroidal anti-inflammatory drugs (PAN) polyacrylonitrile nanofibers; (PI) positive electrospray ionization; (poly(MAA-co-DVB) carbowax/templated resin 50 µm (CW/TPR), copolymer of methacrylic acid and divinylbenzene; (QqLIT) quadrupole-linear ion trap; (QqLIT) triple quadrupole–linear ion trap; (Rel Rec) Rel Recovery; (Rec) recovery; (RSDr) relative standard deviation under repeatability conditions (intra-day precision); (RSDR) relative standard deviation under intermediation precision (inter-day precision); (SAC) standard addition calibration; (SAX) strong anion exchange; (SCX) strong cation-exchange; (Sorbent A) AMPSA/HEMA/PETRA (20/60/20): SCX polymer obtained by copolymerisation of three monomers: 2-acrylamido-2-methylpropanesulphonic acid (AMPSA), 2-hydroxyethyl methacrylate (HEMA) and pentaerythritol triacrylate (PETRA); (Sorbent B) (HEMA/DVB (50/50): SCX polymer obtained by post-modification with sulphuric acid (H2SO4) of a copolymer based on HEMA and divinylbenzene (DVB); (SBSE) stir bar sorptive extraction; (SPE) solid phase extraction; (SPME) solid phase microextraction (SW) surface water; (TOF) time-of-flight; (U(H)PLC) ultra(-high) performance liquid chromatography; (UFLC) ultra-fast liquid chromatograph; (UV) ultra-violet; (UV-Vis) ultra-violet visible; (WAX) weak anion exchange; (WW) wastewater; (WWE) wastewater effluent; (WWI) wastewater influent.













4. Methods Validation


Analytical methods should be well characterized to define their application area and reliability, by meeting the specifications related to the intended use of the analytical results, according to current international recommendations [228]. This process, by which the method proves its “fitness for purpose”, is known as validation [229].



The validation should be started only after an initial period of familiarization with the method to be validated. Operators acquire knowledge regarding the conditions of handling and storing samples, preparation of reagents, carrying out tests, quality control procedures and interpretation of obtained results. The methods can be standard or internal. Regarding standardized methods, it is assumed that they have been adequately validated, are subject to periodic updating, and are recognized by the national or international authority [230].



Relative to an investigation, new methods are implemented or developed. Therefore, it is necessary to define which assays and statistical tests to apply, in order to assess whether the method applies to a given matrix. The quality and credibility of the results depend on the results of these tests.



Any method is a process that involves manipulations that are likely to accumulate errors (systematic or random) and, in some situations, can significantly change the result. The errors that are associated with analytical measurements can have different origins [230,231]: (i) random measurement errors (affect repeatability); (ii) effect of the run-in (considered as resulting from the bias of a run and the random variation of several runs); (iii) effect of the laboratory (viewed as the bias of a single laboratory); (iv) bias of the method; and, (v) matrix effect.



The error component that is associated with repeatability includes contributions of volumetric, gravimetric, and heterogeneous errors of the test material, and they are evaluated based on the dispersion of the results from the replicate measurement. The running effect contributes with an additional effect of variation between days, associated, for example, with the change of the operator, change of reagent lots, recalibration of the equipment, and environmental modifications (for example, change of temperature). The laboratory’s impact result from factors that are related to variations in standards, reagents, equipment, and environmental conditions. Differences between laboratories are assessed through collaborative studies between laboratories or participation in interlaboratory trials [230,231].



The validation requirements should be specified in directives, standards, or guides, which should be followed whenever possible. For example, the validation of methods for water analysis must follow a strategy in line with the ones that are used by International Standard Organization (ISO) [232,233,234], International Union of Pure and Applied Chemistry (IUPAC) [230], or EURACHEM [231], which ensure that the terminology applied to the validation, together with the statistical treatment, is interpreted in agreement with the concerning sector [229].



The minimum requirements for a new or developed method include the study and knowledge of the following parameters: (i) linearity/working range; (ii) analytical thresholds (detection and quantification limits); (iii) repeatability; (iv) reproducibility; (v) accuracy; and, vi) uncertainty [232]. It is necessary to define the acceptance criteria for each of these parameters, which varies with the matrix under analysis, the target compound’s concentration, or the developed method. Usually, these acceptance criteria are, in national or community legislation, applicable to that matrix and analyte. In the absence of such standards, it is usual to adopt others by analogy. For example, if the monitoring of PhACs in water is not part of the legislation, the acceptance criteria of other organic compounds analyzed by the same type of methods and whose concentration in the samples is in the same order of magnitude is assumed. Usually, the acceptance criteria for different analytes are similar if the analytical methods and samples’ concentrations are similar. A brief evaluation of the validation parameters is done, focusing on the main problems or limitations that are found in the literature.



Target compounds analyzed by the same or different methods show different linear profile when analyzed by other researchers. After the linearity study, the working range must be defined. According to ISO 8466-1 [232], the linear range should be evaluated in any quantification procedure, and several statistical parameters were defined, namely, determination coefficient (R2), coefficient of variation of the method (CVm), and Fisher Snedecor test (Mandel test). The R2 is a good correlation indicator but is not a linear indicator. However, most researchers report linear studies based on R2 and the other parameters are not quantified. Only a few reviews [10,59] write the Mandel test. Usually, the PG and tabulated F values are missing.



Another problem is the acceptable R2. Some publications report values lower or equal to 0.98. To fit the requirement of PG lower than F (0.05; 1; N-3), the R2 should be higher than 0.995, and the CVm should be lower than 5% [232]. In addition, some calibration curves have a broad range of concentration values, being higher than one magnitude order and not adjusted to the concentration of target compounds in samples. Some authors use the same calibration curve to quantify the target compounds in different matrix samples with very different concentrations. Therefore, the concentration range is not well adjusted to both samples. For example, PhACs in drinking water or wastewater [224,225], or surface water and wastewater [45]. Nevertheless, the calibration curve’s first concentration is not represented by the limit of quantification for each target compound.



The matrix interference is a great problem in the quantification of PhACs in trace concentration in complex matrices. The quantification by external standard method is not adequate, due to matrix interferences. This is particularly relevant in quantitative analysis of environmental samples using chromatography coupled to mass spectrometry due to the suppression or the enhancement of the analyte signals in the presence of matrix components. The standard addition calibration or the matrix matched calibration is often used. Even in these conditions, instrumental analysis has problems of response linearity over wide concentration ranges, especially in the analysis of complex matrices, such as surface or wastewater, especially when the matrix components can act differently, depending on the level of analyte concentration [78,235].



Standard addition calibration (SAC) is the most suitable method for compensating matrix effects, but it is time-consuming and laborious [10,48]. Therefore, other methods have been proposed, such as internal standard calibration (ISC) and matrix-matched calibration (MMC). The most versatile approach is to use isotopically labeled standards (ISC) [166,167,236]. This approach has been considered the best option for compensating signal suppression or enhancement in mass spectrometry. It uses isotope-labeled analogues for quantitative analysis. In LC-MS/MS analysis, it is expected that the ionization of the target analytes and the isotope-labeled analogues will be suppressed or enhanced to the same extent, as the analogues should have the same chromatographic retention times and ionization characteristics as the analytes (184). However, these standards may be expensive, and they are often not commercially available for environmental analysis. Sometimes it is possible to use structurally similar unlabeled compounds as internal standards that do not coelute with the analytes of interest [235].



Concerning the limit of detection (LOD) and limit of quantification (LOQ), most of the publications report their values that are based on a signal-to-noise ratio (S/N) of 3 and 10, respectively [10,96,222]. Few documents show the LOD and LOQ based on the standard deviation of the method (Sm), LOD = 3 × Sm and LOQ = 10 × Sm, respectively. Sm is the ratio between the relative standard deviation of the standard addition calibration curves (Sy/x) and its slope (b) [23,60].



The confirmation of the LOQ with a standard control with the same concentration value for the target compound was not performed for most of the studies. Besides, when used, it has a concentration higher than the LOQ.



Most of the studies evaluated the precision under repeatability and reproducibility conditions. The instrumental trueness is also assessed, but the trueness of the global method, pre-treatment and chromatographic method, is not always considered with certified reference materials (CRM) or spiked samples with appropriate concentration ranges [27].



Matrix effects, extraction efficiency, and absolute recovery of the developed analytical methods should always be determined [109,175,178].



Usually, the matrix effect is evaluated by recovery studies. However, the spiked concentrations are sometimes too high when compared to concentration values that were obtained in real samples. Some authors reported recoveries around 100% determined with surrogates. However, these values should have been reported as relative recoveries. This approach did not well evaluate the extraction efficiency. Although the recoveries higher than 70% are desirable, lower recoveries, even those lower 40% have been acceptable when their repeatability was good, to obtain as much information as possible regarding the presence of PhACs in environmental waters. When the ones corrected the SPE recoveries with the corresponding surrogates, the percentage of compounds with relative recovery around 100% increased significantly [44,64,221].



Notwithstanding the uncertainty estimate should be a necessary component of an analytical result, it is still a severe problem, especially in monitoring the presence of pharmaceuticals in the environmental waters [87].



There are several possible approaches to determine the uncertainty [237]: (i) bottom-up; (ii) fitness-for-purpose; (iii) top-down; (iv) validation-based; and, (v) robustness-based–based on robustness tests from interlaboratory studies. However, there are few papers relative to the estimation of expanded uncertainty of the methods for determining PhACs in environmental water samples.



Vera-Candioti et al. [150] reported expanded uncertainties between 8.5% to 29.0% for NSAIDs and antiepileptic drugs in river water by SPE- LC-DAD.



Henriques et al. [59] compared the expanded uncertainties that were obtained by bottom-up approach (method 1) and the top-bottom approach (method 2) in the quantification of endocrine disrupters in natural and drinking waters by SPE-LC-MS/MS [238,239]. The estimation of uncertainty by method 1 was between 18% and 26%, while, by method 2, it was between 15% and 30%. In method 1, the calibration component of uncertainty had the highest contribution to the expanded uncertainty. In method 2, there were no statistically significant differences between the contribution of the variability component and the accuracy component to the expanded uncertainty (p value = 0.60).



Kot-Wasik et al. [217] compared the expanded uncertainties of on-line and off-line SPE coupled to LC-DAD-MS technique to determine NSAIDs. The uncertainties ranged from 15% to 37% with on-line SPE and 19% to 64%with off-line SPE.



Borecka et al. [87] showed a procedure to facilitate the introduction of uncertainty estimation in chromatographic measurements to the analysis of pharmaceutical residues in environmental sample waters. The proposed method is in line with the Guide to the Expression of Uncertainty in Measurement (GUM) [239]. The uncertainties ranged from 4.2% to 69.7% for eleven antibiotics in marine waters by SPE disks-LC–MS/MS. This study demonstrates that the expanded uncertainty can be a powerful tool for optimizing an analytical method, since it allows for seeing where authors should concentrate their efforts to improve the reliability of their results [87].



The differences of expanded uncertainties can be explained by the different approaches to estimate uncertainty by these authors as well as the different quantification methods. The calibration component had the highest contribution for the expanded uncertainty [59]. When internal standards are used in calibration, they can reduce the value of uncertainty, but do not eliminate it completely [237]. When the concentration used to calculate the uncertainty is close to the LOD, the obtained uncertainty is higher [237]. Accordingly, this parameter should never be excluded when calculating the expanded uncertainty in trace analysis [87].




5. Conclusions


Medicines are chemicals or compounds used to cure, halt, or prevent diseases, ease symptoms, or help diagnose illnesses. Advances in therapies have enabled curing many diseases and save lives. Therefore, new pharmacologically active substances are being continuously developed to overcome old and new pathologies. However, their use in human and veterinary medicine has been growing awareness about the potential toxicity of pharmaceutical compounds in the environment, especially in water. Several analytical approaches have been reported in the literature, and this overview illustrated the most procedures that were applied in sample preparation, chromatographic, and detection methods to meet the requirements and demands of environmental water analysis.



This led to the evolution of methodologies for monitor the PhACs in trace concentrations while using new detectors, the development and implementation of more selective sample preparation methods, and the use of hyphenated techniques, such as chromatography coupled to mass spectrometry.



In the last decades, sample preparation has been at the forefront of analytical methods, to meet specific requirements: simplicity, speed, reduction of extraction and waste solvents, automation, safety, and cost reduction. The developed methods were mostly generic and comprehensive to satisfy large scale or concrete analyses requirements to comply with the intended quantification. New materials and extraction modes have been developed continuously, and rapid advances are expected, especially concerning nanostructured sorbents and their disposition in more advantageous forms (for example, fibers, bars).



Regarding sample preparation, different extractive materials for use as sorbents have been synthesized, including magnetic nanoparticles, molecularly imprinted polymers, ionic liquids, carbonaceous nanomaterials, and their many possible combinations to improve the development of these methodologies and increase the extraction’s efficiency.



It is necessary to highlight incorporating these materials in off-line and on-line sample preparation techniques that were coupled with the chromatographic analysis of PhACs in water samples. This combination has provided crucial advantages, such as the speed of analysis, total automation and miniaturization of systems, low cost and time, reduction of toxic organic solvents, samples’ volume, sorbents for extraction methods, and greater separation efficiencies.



PhACs were primarily determined by GC-MS and evolved into HPLC-MS, but LC-MS/MS is currently the primary choice for its analysis, due to the greater sensitivity.



The field of MS has broadened from the low-resolution to the high-resolution stage and from the electron-impact to the electrospray ionization mode to detect and quantify these target pollutants at much lower concentrations.



Target-compound techniques are insufficient for monitoring unknown compounds, typically environmental transformation products. In this regard, TOF and QTOF mass spectrometers, as well as Orbitrap mass spectrometers, can give valuable information, such as accurate mass measurement for the identification of metabolites and degradation products.



The analysis of PhACs in environmental samples is still a complicated and demanding task, and analysts face many problems that are associated with the need to perform reliable identification and quantification of these target compounds, especially in complex matrices. In any scientific research, crucial decisions are based on analytical information, which is based on analytical measurements, and it is assumed that reliable methods obtained them, hence the importance of quality assurance and quality control systems. For this reason, the validation of analytical techniques is crucial. In the validation, the estimate of the analytical measurement’s uncertainty is one of the less determined tools. However, the uncertainty is a basic characteristic of any measurement because it is always present at every step of a procedure.



In the future, research will focus on improving the extraction efficiency, selectivity, and speediness by developing new coated or parked materials and new designs for quantifying trace concentrations of PhACs from complex matrices, automating the devices if possible.



Finally, more research into these new methods for the detection and quantification of several PhACs in environmental waters is required. In addition, the validation of these new techniques and commercialization of new materials as sorbents require attention.
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Figure 1. Main steps of sample preparation methods. Legend: Steps (—) and procedures to be implemented (− − −) [72]. 
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