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    This 6th volume of Recent Advances in Analytical Techniques contains five comprehensive chapters. The concepts described in this volume reﬂect the important recent advances in analytical chemistry, including modern quality management aspects of these methods that can find wide use in industry. In addition, the chapters cover important recent trends in analytical methods, including the use of Analytical Techniques for Analysis of Metals and Minerals in Water; Lipidomics Techniques and their Application for Food Nutrition and Health; Recent Advances in the Analysis of Herbicides and Their Transformation Products in Environmental Samples; Nano Porous Anodic Aluminum Oxide: An Overview on Its Fabrication and Potential Applications; PIXE/PIGE Measurements of Archaeological Glass, its Conceptualization and Interpretation: A Case Study. I hope that the readers will greatly enjoy reading the excellent chapters contributed by eminent scientists in their respective fields. I would like to thank all the authors contributing to this volume for their superb contributions.
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      Abstract




      Investigation of the water samples for content of bulk, trace and heavy metals is of great importance for the humanity. For this purpose, a large number of analytical techniques have been developed. Beside analytical techniques, there are systems and methods for pretreatment and preparation of the samples for analysis. There are also procedures for sampling and sample preservation which are essential for the final result. There are several available instrumental techniques for the analysis of metals in water samples (AAS, GFAAS, ICP-OES, ICP-MS, etc.), which can be divided into several groups such as volumetric, spectrophotometric, electrochemical, chromatographic, etc. All these techniques may be coupled among themselves and with techniques for sample preparation such as preconcentration techniques. This improves the performance of the applied techniques and decrease the possibility of the contamination of samples. This chapter provides an insight into all these processes and issues from sampling, sample conservation, pretreatment and preparation to the application of different analytical techniques for analysis of water samples.
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      INTRODUCTION




      Water is one of the most precious resources in the world. Contamination of this resource is an important issue to deal with. Presence of the toxic pollutants shows the negative effect on the environment, human health, as well as negative economic effects. Heavy metals in water may originate from natural sources, i.e., eroded sediments, volcanos, etc., or from anthropogenic sources such as waste




      disposal, industrial effluents, etc. These metals may negatively influence the organic life. Their action is connected with their properties, availability, and concentration. Availability depends on the form of these elements, which may be dissolved (dangerous form) and particulated (bounded form in sediments, organic compounds, etc.). Balance between these two forms is regulated by pH value and redox potential [1].




      It has been reported that the concentration of heavy metals is significantly higher in the populated areas with industry, comparing to their concentration in the wild [2-4]. For such reasons, there is a high possibility of contamination of drinking water in these areas followed by an expression of negative effect on human health [5-7]. Thus, it is important to develop analytical techniques for monitoring water samples originated from both urban and wild areas. It should be taken into account that these techniques should be able to detect and quantify very low levels of analyzed elements because some elements are present in rather a trace or even ultra-trace levels (µg/L or even ng/L levels). However, it has been mentioned that these levels may be higher in urban areas due to the presence of the industry [8, 9].




      Another group of elements is major or bulk elements. Their concentration in the environment is much higher (in mg/L levels). Although they are essential for human health, presence in excessive amounts may lead to different disorders and illnesses [1].




      Due to the significance of knowing the levels of all these elements in the water, this chapter’s aim is to summarize available methods for sampling, storage, pretreatment, and preparation of water samples for the analysis. Besides, an important task is to present all available analytical techniques for analyzing the metals in both major and trace levels.


    




    

      SAMPLING, STORAGE, AND PRESERVATION OF THE SAMPLES




      Sampling is probably the most important and critical step in all analytical procedures because even a tiny mistake may cause a huge error in obtained result, making the analysis useless. For such reason, sampling procedures need to be followed strictly. Taking the diversity in the nature of the sample itself and concentration of the metals into an account, different sampling methods have been developed [1]. Therefore, the main aspects of the water samples’ collection have been defined. It is essential that the collected sample is a representative sample of water which is to be analyzed. To accomplish this, large volumes of water are usually required. Representative samples must be homogenized for preparation of samples for the analysis. It should be also bear in mind that the shorter time between the sampling and analysis is in strong correlation with reliability of the obtained results [10, 11]. It needs to be pointed out that occurrence of the turbidity and/or suspended matter, and application of the methods for their elimination are very important factors in the analytical process [11-13]. Chemical profile of the water also has significant influence on the choice of the sampling method. Therefore, a discrete sample should be taken when composition of water is unchanged over the time. However, obtained results showed the composition of the analyzed water at the certain moment. On the other hand, when it comes to the average composition of desired component(s) during the certain period of time, a composite sample should be taken (mix of different samples taken at different period) [14-16].




      Contamination of the sample during the manipulation is an important factor, which contributes to the final result of the analysis. Magnitude of the concentration of the analyzed element is also a significant contributor. Lower order of magnitude usually means a higher error in the final result. Usual reasons for losing the heavy metals are adsorption on the surface of the storage vessel and/or contamination. Significance of this issue is proven by the available publications on this subject, reporting the necessary steps and precautions to avoid contamination [17-19]. Factor, which should be also taken into account, is chemical and biological inertness of the sampling equipment, i.e., used equipment must not change the composition of the water sample. Selected containers must be made of such material that prevents any possible undesirable processes such as adsorption and desorption. Material of the sampling container should be chosen according to the objective of the analysis. If the heavy metals are analyzed, container must not be made of metal in order to prevent contamination of the sample due to the metal leaching. Considering all relevant factors, e.g., sampling efficiency and cost, samples may be kept in a plastic container made of polyethylene or polyvinyl chloride. It is essential that plastic containers are cleaned prior to sample’s collection. This could be accomplished by rinsing with diluted hydrochloric acid, distilled and distilled water [20]. Extreme caution is needed when chemical separation is required because chemical reaction may occur, causing the changes in chemical composition of the sample. Such an event happens due to the variations in certain parameters (pH, redox potential, oxygen, etc.). In such cases, samples have to be stored at low temperatures (dark place and/or frozen) [1].




      When it comes to the bulk elements, such as sodium (Na) and potassium (K), the analyst should be aware that those elements may leach from the glass bottle. Therefore, when bulk elements are to be analyzed, borosilicate or polyethylene vessels should be used. It is also recommended to lower the pH down with nitric acid (pH ≈ 2) in order to prevent the adsorption of these elements on the vessel’s wall [21]. Besides, zinc (Zn), manganese (Mn), iron (Fe), and copper (Cu) could also be lost because of the precipitation and/or adsorption. It is necessary to acidify the samples when these elements are to be analyzed. Acidification is accomplished by adding hydrochloric (HCl) or nitric acid (HNO3). Analysis of dissolved fractions requires filtration of the sample through 0.45 µm membrane filters. Dissolved Mn has to be precipitated by oxidation to a higher state with a suitable reagent. However, when total Mn is required, acidification should be used (with HNO3).




      For determination of the trace elements, a container made of polypropylene (or high-density polypropylene) and polymers based on fluorinated ethylene are highly recommendable. On the other hand, materials such as soft glass, polyvinyl chloride metals (or plastic-coated metals), rubber, and structural nylon must be avoided [22-24]. It is worth mentioning that containers must be carefully cleaned. Cleaning should be performed with a diluted acid solution. Filtration of the samples through the 0.45 µm or 0.20 µm membrane filters is also necessary. Filtration should be performed in an inert atmosphere (N2) for the determination of trace elements [18-20]. Ultrafiltration (pore size of 0.001 µm) may also be used for determination of the trace elements [25-27]. In the case when filtration in situ cannot be performed, it must be done within a few hours after sampling for minimizing the losses of the soluble compounds due to the occurrence of the sorption processes [1].




      Immediate analysis of the sample for trace metals is encouraged. However, in the case when it is not possible, the sample must be adequately stored to prevent any possible contamination. Extra care should be dedicated to the possible contamination from the laboratory sources such as distilled water, filters, and containers [28, 29]. In this case, the water sample should be acidified with ultrapure HNO3 (pH < 2). This will prevent the precipitation of the hydroxides or occurrence of the adsorption processes. Sample should also be stored at 4 °C in order to decrease the activity of microorganisms. Refrigeration has several advantages. It does not affect the composition of the samples, does not interfere with applied methods of analysis, and prevents evaporation of certain metals, i.e., mercury, arsenic, selenium, cadmium, and zinc. Addition of the 10% K2Cr2O7 solution is highly recommended for the conservation of the samples when analysis of the mercury is required [1]. As previously mentioned, the addition of the acids into the sample is necessary to prevent both precipitation and sorption processes. Depending on the analyzed elements and chosen analytical technique, preservation can be performed with addition of different acids in different concentrations [30, 31]. After conservation with the acid, samples should be kept in the dark and cold place (4 °C). Analysts should be also aware that time between sampling and analysis must be as short as possible for increasing the reliability of the results [32-34]. For obtaining quantitative data about the total recoverable fraction of elements in natural water, including suspended loads, unfiltered samples should be immediately acidified with 1% HNO3. Aliquot of this mixture is then mixed with concentrated HNO3 and concentrated HCl, and then heated at 85 °C to reduce the volume. After the heating, sample can be treated with microwaves (closed system) before the analysis [28, 35-37]. Contamination issues during the sampling and preservation have been also reported in the case of analysis of the bulk elements. To prevent those issues, acidification and application of the vessels made of borosilicate glass or polyethylene are strongly recommended [38].


    




    

      PREPARATION OF THE SAMPLES




      Preparation of the samples for the analysis includes pretreatment procedures and final preparation for the analysis. Pretreatment is required for the elimination of any possible interferences. The main goal of these procedures is to improve analytical methods and protocols in order to facilitate the analysis of the elements abundant in the trace levels. There are three cases to be considered in the analysis of heavy metals: particulated (suspended), total metals, and dissolved metals. Analytical procedure for determination of total metals requires acidification of the samples (pH ≤ 2) before the filtration. In the case of analysis of the dissolved metals, samples should be filtered through the filters (pore size of 0.45 µm), which are previously cleaned with acid in order to prevent contamination of the sample and to remove any particulate matter. For analysis of particulated metals, samples should be filtrated through the previously acidified filters with pore size of 0.45 µm, while the retained matter is to be analyzed [1].




      Acidification or stabilization of the samples is a very important and necessary step when it comes to the analysis of the trace elements. Acidification to the pH ≤ 1 provides proper conservation of the sample and prevents the occurrence of precipitation and/or sorption. Different acids in different concentrations may be used for this purpose. In most cases, 1% HNO3 is applied. Another important factor is the storage of the samples. It has been previously mentioned that samples should be kept in a dark and cold place, at 4°C. However, it is strongly recommended to perform analysis as soon as possible after the sampling.




      In the case of major elements, filtration is also a necessary and essential step. This is especially important in the case of the samples with high content of particulars and colloids, where filtration forestall sorption and desorption processes. It is worth mentioning that filtration and refrigeration prevents also bacterial activity, which interferes with the analysis. It is of high importance that filters are cleaned with acid solutions prior to application to prevent any possible contamination of the samples [10, 38].




      After pretreatment, digestion of the sample should be performed in order to release bonded heavy metals from the organic compounds or complexes. For this purpose, preconcentration and/or separation should be applied. To achieve these goals, coprecipitation [39, 40], complexation and extraction [41, 42], and evaporative methods [43, 44] may be used. Besides previously-mentioned techniques, solid phase extraction is also proven to be effective for the extraction and preconcentration of the metals from water samples [45-47], together with the ion-exchange resins [48-50]. There are also several reports which have proposed usage of organisms and biomasses for the preconcentration. This proposal is based on the ability of those organisms to absorb the metals [51-54]. These steps are followed by the digestion of acids. HNO3 is the most commonly used acid for this purpose. On the other hand, mixtures of this acid with others (e.g., HCl, H2SO4, and HClO4) are also used for digestion. Samples are then evaporated to the lowest possible volume prior to the precipitation, while the addition of HNO3 is continuing until the clear solution has been obtained. After this step, organic matter in the samples is completely removed.




      In particular cases, the dry-ashing method may be used for the analysis of the major elements. For this purpose, samples should be completely evaporated and remain should be converted into an ash in the muffle furnace. Remaining ash is then transferred into a mixture of HNO3 and hot water. Obtained mixture should be further filtrated and diluted. Moderate digestion is usually used for releasing the ions from their bonded forms. One such example is filtration of the sample through the quartz tube followed by acidification (pH ≤ 2) and exposure to UV irradiation (mercury lamp) for digestion [55-57]. Hydrogen peroxide (H2O2) may also be added to accelerate the degradation of the organic compounds in the water samples [58, 59].




      Unlike the trace elements, bulk elements, i.e., K, Na, Ca, and Mg, may be analyzed directly. It has been previously mentioned that trace elements, e.g., transition elements (Mn, Fe, Zn, Cu, etc.) require preconcentration prior to analysis. To achieve this, different methods have been developed, e.g., coprecipitation, extraction, and chelation. Coprecipitation is based on addition of metal oxide or organic agent at a defined pH value. Metal ions of interest coprecipitate and, after filtration, may be analyzed directly or be dissolved in acid [40, 60, 61]. In the case of extraction, complexating agent (miscible with water-immiscible organic solvent mixture) is added into a sample of analyzed water. After the extraction, organic layer is separated and analyzed [62, 63]. There are several combination of complexation agents and organic solvent like sodium diethyldithiocarbamate (agent) and methyl isobutyl ketone (solvent) [64, 65].




      Third case is chelating by using the solid-phase sorbents, which implies the application of various sorbents for preconcentration of different transition elements. In this case, an important factor is the efficiency of the process, which is determined by sorbent characteristics, e.g., distribution coefficients, stability of the complexes, adsorption and desorption rates, loading ability, selectivity, acid-base behavior, etc. [66-68]. There are two modes for this method: the column mode and batch mode. Column mode allows automation and direct connection with techniques such as flame atomic absorption spectroscope (FAAS) and inductively coupled plasma (ICP). This approach improves sensitivity and decreases the risk of contamination [69-72]. Comparing these methods, it might be concluded that extraction techniques are time-consuming and laborious, while chelating methods decrease preparation time and reduce the possibility of contamination.


    




    

      ANALYTICAL METHODS




      Next step, after the sampling and preparation, is analysis of the prepared samples. Different analytical techniques are available for such purposes. Generally, these techniques may be divided into classical methods, spectrophotometric methods, spectroscopic methods, electrochemical methods, chromatographic methods, and other techniques. In this chapter, all these techniques and methods will be described and summarized.




      

        Conventional Analytical Methods




        Conventional analytics mostly has historical importance in these days, but these methods are still applied since they are highly precise and accurate. However, these methods require well-trained chemists to be applied routinely for a large number of samples. The most important methods are volumetric ones. These methods rely on the reaction between known concentration of a titrant (reagent) and the accurately measured volume of the sample. End point of the titration is usually determined by an indicator. Common types of reaction during the titrations are neutralization, oxidation-reductions, complexation, and precipitation. To improve these methods, automatic titrators have been developed. Classic titration techniques are also combined with other methods, such as spectrophotometric, potentiometric, amperometric, which determine the end point and enhance the sensitivity and precision comparing to the visual determination of the end point.




        The well-known application of titrimetric techniques is for determination of water hardness (concentration of Ca and Mg), where complexometric methods for Mg analysis have been also developed [73-76]. Another alternative method is ion-exchange method. This method showed high reproducibility, but is time-consuming. Combined ion-exchange method with photometric titration for determination of Mg has been reported [77-79].


      




      

        Spectrophotometric Methods




        Spectrophotometric methods are based on the creation of the colored compound after reaction with specific reagent. Ultraviolet (UV) or visible (VIS) radiation passes through the sample solution found in the quartz cell. Concentration of the desired analyte is directly proportional to the amount of the absorbed radiation at a certain wavelength [10].




        Base on the instrument design, there are single-beam and double-beam spectrophotometers. The single-beam is an older system and offered high sensitivity, while double-beam system offered greater reliability of the obtained results. A single-beam instrument measures the ratio of the incident beam to transmitted beam radiant energy, while the logarithm of a measured ratio represents absorbance of the analyzed system. Single-beam system reads absorbance of the system without sample, and with sample at the light path. This is accomplished by using the beam splitter or pulsed light source. In the case of double-beam instruments, beam splitter splits the incident beam into two beams portions. One of them passes through blank, while the other passes through the analyzed sample. In this case, detector is able to measure the ratio of these two beams in real-time. Both systems are schematically presented in Fig. (1).
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Fig. (1))


        Principle of the single-beam (A) and double-beam (B) spectrophotometers.



        Spectrophotometric methods are one of the most commonly used methods all over the scientific world and are proven as suitable for the analysis of transition elements in water samples. Flow injection analysis (FIA) has been proposed for the analysis of potassium (K), while combination of sequential injection analysis (SIA) with spectrophotometer as a detector has been proposed for the analysis of Ca [80-82]. The FIA method can be used for simultaneous determination of Ca and Mg by using piridylazo resorcinol (PAR) in combination with multivariate calibration [83-85].




        On the other hand, there are numerous reagents for the determination of transition elements such as Mn, Fe, Zn, and Cu. Besides reagents, there are several different methods for their analysis. One of them is online oxidation-spectrophotometric determination of Mn using FIA [86-89]. Analysis of Fe has been also performed routinely regardless of the interference from Cr, Zn, Co, Cu, and Ni in high concentrations [90-92]. To facilitate this issue, different techniques have been used, e.g., boiling with acids, the addition of hydroxylamine in excessive amount, liquid-liquid extraction, etc. For analysis of Zn different reagents, such as ditizone [93], zincon [94], and xylenol orange [95], are used. There are also several reagents reported for the analysis of Cu in the water samples [96, 97]. Simultaneous method for determination of Cu (II) and Fe (II) using FIA combined with double-beam spectrophotometry has been reported [98, 99]. Besides classical and combined spectrophotometric methods, catalytical spectrophotometric methods (CST) have also been reported. In this method, the transition elements catalyze the reaction among chemical compounds presented in higher concentrations [100-104]. The catalytic method combined with FIA for determination of Mn, Al, Cu, Pb and Fe [105-109] were developed, where the automatization of the technique enhances the performance, increases the reproducibility, and decreases the time needed for the analysis.


      




      

        Atomic Absorption Spectroscopy




        Atomic absorption spectroscopy (AAS) is one of the most common techniques in the analytical laboratory for determination of metals in different matrixes. It is also one of the cheapest methods, which provides sufficient sensitivity for determination of the major metals in water samples. Certain spectrometers are also able to work in the emission mode. Thus, it is possible to perform an atomic emission spectroscopy analysis, which is more desirable in the case of alkali metals. It is worth mentioning that this technique is free of spectral interferences [1].




        If there is a need for increasing the method’s sensitivity, simple preconcentration may be performed. Analysts should be aware that the limits of detection (LOD), which have been reported by the manufacturers, have been given for ideal conditions. These LODs are usually compiled to the samples of pure water. In the case of real samples, other ions are presented, which may induce high background. To keep the background in the acceptable ranges, normal connector systems are applied, such as deuterium background correction lamp (D2BGC) [1].




        This technique relies on the absorption of the light of a certain wavelength by the ground-state metals. Metal ions in the water sample are converted to the atomic state after insertion into a flame. When the light of the desired wavelength is supplied by the hollow-cathode lamp or electrodeless discharge lamp, amount of the absorbed light has been measured (Fig. 2).
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Fig. (2))


        Schematic representation of the flame atomic absorption spectrometers (FAAS).



        Flame atomic absorption spectrometers are of very simple design, while nebulizer is the most complicated and the most essential part of the instrument. The nebulizer (Fig. 3) converts solution of the analyzed sample into a mist or aerosol, whereupon nebulized sample is introduced into a flame.
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Fig. (3))


        Schematic representation of the nebulizer for FAAS [110].



        After the insertion of the sample into the flame, a specific light source emits the radiation which is focused on the atomic vapor in the flame. This is followed by the entering of the radiation into a monochromator. Output light is then measured by the photomultiplier tube, and an obtained signal is processed by the computer.




        Determination of bulk elements (Na, K, Ca, and Mg) usually requires dilution of water samples because they are present in large amounts which exceed the linearity range of the instruments. Combination of FAAS with FIA for automatic determination of these metals has been previously mentioned, together with the application of FIA for insertion of seawater samples into the FAAS in the case of Cu, Zn, Cd, and Pb analysis [1].




        Hydride technique has been developed for the analysis of volatile elements, such as As, Sb, Sn, Se, Bi, and Pb. This method enhances the detection limit for these elements 10 to 100-fold. It should be taken into account that these elements are highly toxic and their detection and quantitation are of great importance. Volatile hydrides are generated by adding the acids into a sample and transfer this mixture into a glass vessel with 1% aqueous solution of sodium borohydride (NaBH4). Formed hydride is then introduced by an inert gas into an atomization chamber. Chamber is frequently made of silica and heated in a flame or tube furnace. Hydrides are then decomposed at the high temperature forming atoms. Their concentration is then measured by FAAS [111].




        There are other methods proposed to improve the efficiency of the FAAS. One of them is application of the ligands to bond desired metal ions prior to the accumulation step on the adequate sorbent. In this sense, the continuous flow preconcentration technique has been proposed for the analysis of transition metals in water samples [112, 113].




        Another AAS technique is electrothermal AAS (ETAAS), also known as graphite furnace AAS (GFAAS) technique. In the GFAAS, 5-100 µL of the sample is transferred into a graphite tube which is open at both ends. This tube fits into a pair of cylindrical graphite electrical contacts at both ends of the tube (Fig. 4). The contacts are located in a metal housing equipped with water cooling system and with two streams of inert gas. One stream (external) ensures that outside air does not enter the chamber, thus preventing the oxidation of the tube. Second stream (internal) flows into the ends of the tube and out of the central point. This stream has double role. First is to prevent air from entering and the second, most important one, is to carry samples’ vapors generated during the heating of the tube. Tube itself is electrically heated in several steps, what is controlled by a program [1, 111].
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Fig. (4))


        Cross-sections of the graphite furnace with graphite tube.



        During the atomization step graphite furnace heats fast and produces a high density of metal atoms. This ensures much higher selectivity and sensitivity compared to the FAAS technique. However, analytical signal generated in this technique is more sensitive to the composition of the matrix when comparing to the FAAS. Therefore, application of the background corrector system is essential in this technique [114-117]. Volatilization of the matrix may be facilitated by using the modifiers (i.e., NH4NO3 and (NH4)3PO4) [118-120]. Addition of the modifiers helps with the elimination of interfering anions such as chlorides. At the same time, they stabilize analytes such as Cd, Pb, and Zn. Insertion of L’vov platform (Fig. 4) in the graphite furnace ensures the elimination of the interfering ions form the matrix, while reproducibility increases at the same time [121, 122].




        There are reports about the application of tungsten (W) instead graphite for manufacturing of the tubes and its application for the determination of several metals [123-127]. High selectivity of this technique ensures a direct determination of certain transition metals. (Mn, Cd, Zn, and Fe). However, in certain cases, high background effect occurs which cannot be compensated. In these cases, addition of chelating adsorbents solves this problem by removing the matrix salts and increasing the selectivity through preconcentration of the desired metals [128-131]. Furthermore, flow injection accessories for this technique have also been developed [132-135]. Ability to better control the possible contamination in the furnace than in the flame under the same experimental conditions is very important advantage of GFAAS over the FAAS [1].


      




      

        Inductively Coupled Plasma




        Inductively coupled plasma (ICP) has proven itself as an excellent technique for the determination of metal ions in water samples. ICP is a partially ionized gas (mostly argon) induced by the quartz torch, where temperature maybe 5,000 to 10,000 K [136-138]. This technique shows at least one order of magnitude higher selectivity compared to the FAAS, as well as high stability, excellent reproducibility, and low background level. All these benefits ensure that water samples can be analyzed directly without any preparation and/or pretreatment. The IPC is usually coupled with the optical emission spectrometer (ICP-OES) or mass spectrometer (ICP-MS).




        The ICP torch (Fig. 5) comprises three concentric quartz tubes. Argon gas is passing through those tubes. At the top of this tube is induction coil powered by the RF generator and equipped with the water-cooling system. This generator generates power of 0.5 to 2 kW, while ionization of Ar gas is started by spark from Tesla coil. Induced ions and their electrons interact with the fluctuating magnetic field (Fig. 5) and give an induction coil, while interaction ensures that ions and electrons flow through the closed annular parts. Existing resistance of the electrons and ions to the flow provides ohmic heating of the plasma [111].
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Fig. (5))


        A typical ICP torch.



        The sample is introduced by the peristatic pump to the spry chamber and nebulizer. The Ar caries sample further through the central quartz tube to the torch. Emitted light passes through the entrance window of the Echelle monochromator to the diffraction granting and prism to the CCD detector (Fig. 6).
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Fig. (6))


        Schematic presentation of an ICP-OES.



        There are two views of the torch in the ICP: radial and axial (Fig. 7). Thus, it is possible to read both axial and radial in single reading, while vertical torch provides high matrix capability.
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Fig. (7))


        Cross-section of dichroic spectral combiner and its capabilities in Agilent Technologies 5100 ICP-OES.



        The ICP-MS is far more superior to ICP-OES. The common mass analyzer used in this purpose is single quadrupole system (Fig. 8) [139, 140]. The detection limits for this technique are more than 3-fold lower than those for ICP-OES technique. They are dependent on the sample nature and can be eroded in the case of background increasing or spectral overlapping [141, 142].
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Fig. (8))


        Cross-section of ICP-MS (single quadrupole) [143].



        Both techniques allow simultaneous analysis of a large number of elements. This is highly recommended considering the possibility of investigation of the matrix interferences [144-146]. Combination of FIA with ICP and sample enrichment by using the chelating adsorbents can be routinely applied for preconcentration and matrix modification [48, 147-153]. Isotope dilution method has been developed and reported for increasing of the analytical performances of the ICP-MS method [154-156].




        In the end, a combination of the ICP technique with the other analytical techniques, such as ion chromatography (IC-ICP-MS), liquid chromatography (LC-ICP-MS or HPLC-ICP-MS), gas chromatography (GC-ICP-MS), field-flow fractionation (FFF-ICP-MS), capillary electrophoresis (CE-ICP-MS) should be mentioned. Such coupling of the techniques is necessary and essential for increasing the capability for determination of metals in rather trace levels. Some of these methods will soon become standard equipment for determination of toxic elements in analytical laboratories, especially arsenic, cadmium, and mercury. One such coupled instrument is presented in Fig. (9).


      




      

        Electrochemical Methods




        Well-known and widely applied techniques belonging to this group are voltammetry and polarography (Fig. 10). They were used for a long time for analysis of the liquid samples analyzing the dependence of current on applied voltage. Voltage of the polarizable electrode negatively increased in the steps of 1-2 V, while resulting change in current is measured [157, 158]. Voltammetric methods showed high sensitivity, required small volume of the samples, and possibility to work in real-time [159, 160]. It is possible to determine bioavailability of transition metals and complexes which they built with inorganic and organic ligands [161-163]. Preconcentration step has also been introduced for improvement of the method’s sensitivity. It occurs in situ at the surface of working electrode. Such an approach decreases the possibility of sample’s contamination [164-166].
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Fig. (9))


        High performance liquid chromatograph (HPLC) coupled with inductively coupled plasma (ICP) and mass spectrometer (MS).
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Fig. (10))


        Metrohm Autolab potentiostat with electrochemical cell for electrochemical analysis.



        Another successfully applied method is differential pulse anodic stripping voltammetry (DPASV). In this method, hanging mercury drop (HMD) electrode or rotating glassy carbon thin mercury film (TMF) electrode are used [167-170]. It is worth mentioning that TMF electrode ensures significantly higher sensitivity comparing to the HMD electrode. Reason for better performance of the TMF electrode is higher surface-to-volume ratio [171-174]. Beside these electrodes, microelectrodes have been developed for this type of analysis [175, 176], while the analysis of metals in seawater has been performed using both cathodic [177-180] and anodic [181-185] stripping voltammetry. One typical anodic stripping voltammetry curve is given in Fig. (11).
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Fig. (11))


        Typical anodic stripping voltammetry curve for different concentration of lead (Pb) and cadmium (Cd).



        Potentiometric methods employ ion-selective electrodes for the analysis of metals in water samples. Solid state electrodes are commonly applied for the determination of sodium and potassium ions or total content of monovalent cations. Different ion selective electrodes have been developed for determination of different metal ions [186-190]. Another successfully applied potentiometric technique for water analysis is potentiometric stripping analysis (PSA). This method is insensitive to dissolved oxygen and ensures direct analysis of the samples. This method is very similar to anodic stripping voltammetry, but PSA technique offers the possibility of automation and requires simpler equipment, which is a significant advantage [1].


      




      

        Chromatographic Techniques




        Ion chromatography (IC) is the most frequently used chromatographic technique for the analysis of metals in water. It is one of the most significant methods due to its sensitivity and selectivity, especially because of the possibility to perform analysis of several metals in single run. Besides cations, this technique is able to analyze anions. The typical ion chromatograph is given in Fig. (12).
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Fig. (12))


        Typical ion chromatogram of mixture of several cations with their designation.



        This technique relies on the separation of metal ions in the column with low-capacity cation-exchange resin as a stationary phase. System may be single-column or suppressed one. Both ones are used for analysis of major cations in water samples [191-193]. Different detectors have been used for this system. However, conductometric detector has been proven as the best solution [194-197].




        Besides ion chromatography, other chromatographic techniques may be used. Hence, thin layer chromatography (TLC) has been used as metal-ion separation technique at first [198-200]. It has been also applied for prediction of metal complexes behavior in HPLC systems [201-203], which is another chromato-graphic technique suitable for analysis of metal ions and their complexes [204-206]. As previously mentioned, the HPLC techniques may be coupled with ICP-MS or AAS to improve the performance of the analytical techniques.


      




      

        Other Techniques




        Metal ions may react with the suitable ligands resulting in the formation of the complex compounds, which are fluorescent or phosphorescent. Photolumine- scence may be applied in direct or indirect mode. Direct mode includes the creation of the fluorescence compound with the analyte. On the other hand, indirect mode is based on the measuring of analyte’s influence on the luminescence of other species [1]. There are also several reagents which may increase analytical performances (sensitivity and selectivity) of the method [207, 208]. Pulse laser has been reported to increase signal-to-noise (S/N) ratio [1, 209]. Instrumentation for this technique is quite simple, consisting of reactor and photomultiplier, which is a significant advantage.




        X-ray fluorescence spectrometry (XRFS) is also one of the well-known methods for analysis of the metals in aqueous samples. Preconcentration of the samples is performed by using a chelating ion exchanger (column packing or membrane form) [210, 211]. Besides chelating ion exchanger, solvent extraction may be also used for preconcentration of the samples prior to the analysis [212, 213].


      


    




    

      CONCLUSION




      Water is the most significant resource these days. Apart from the human necessity for water, there is continuous increasing demands by the industries, especially food and pharmaceutical. Importance of high quality water and strict regulations forced analytical industry to develop different analytical techniques which are able to fulfill these requirements. As a consequence, market offers different techniques for the analysis of the water samples, such as atomic absorption spectrometry, inductively coupled plasma, chromatographic techniques, etc. New trend is coupling of these techniques among themselves with addition of more powerful detectors such as mass spectrometer. It may be concluded that analytical equipment has recorded significant development over the past 70 years from classic volumetric methods to powerful instrumental techniques, which offer very low detection limits, high sensitivity and selectivity.
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