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Abstract
Maintaining a clean water supply is one of the key challenges facing humanity today. Pollution, over-use and climate change are just some of the factors putting increased pressure on our limited water resources. Contamination of the water supply presents a high risk to public health, security and the environment; however, no adequate real-time methods exist to detect the wide range of potential contaminants. There is a need for rapid, low cost, multi target systems for water quality monitoring. Information rich techniques such as vibrational spectroscopy have been proposed for this purpose. This review presents developments in the applications of vibrational spectroscopy to water quality monitoring over the past 20 years, identifies emerging technologies and discusses future challenges.
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1. Introduction

A wide range of parameters are used to describe water quality, which can be broadly subdivided into the following groups: indicator, microbiological, organic and inorganic. Thus, the concept of water quality is essentially a multivariate one. Some examples of indicator parameters are colour, conductivity, hydrogen ion concentration, odour and taste. Organic chemicals which may be found in natural waters include chlorinated Alkanes, Benzenes and Ethenes; inorganic chemicals include Cadmium, Lead and Nickel. Microbiological organisms of concern include Escherichia coli (E. coli), Enterococci and Pseudomonads. These groups of quality parameters may be further subdivided; for example, the United States Environmental Protection Agency (EPA) further subdivides organic parameters into disinfectants and pesticides. 
Environmental waters are exposed to contamination by thousands of micro-pollutants from pharmaceutical, agricultural and natural origins. Monitoring of water quality presents a complicated multi-spatial and multi-temporal problem extending from surveillance monitoring of surface or ground waters to operational monitoring of waste waters, both prior to and after treatment, in order to control treatment performance and enable re-use. International organisations such as the World Health Organisation (WHO), United States Environmental Protection Agency (EPA) and European Union (EU) provide guidelines including maximum allowable concentrations of various contaminants in water which may be found in (WHO, 2006; EPA, 2010; EU, 2010). Table 1 lists the highest priority contaminant substances and their maximum allowable levels for inland surface water quality as published recently by the EU Water Framework Directive (WFD) (Porcher (2009)).
Standard methods for water quality analysis involve intensive sampling regimes and multi-step sample preparation, requiring manual inputs, which prohibits their integration in continuous monitoring systems. Analytical determination of contaminants is typically carried out by extraction of the compounds of interest from the water matrix, using high performance liquid chromatography (HPLC) or gas chromatography (GC) coupled to selective detection methods such as Mass Spectrometry (MS). Sample preparation required in these multi-step methods is lengthy and typically the most crucial step in the detection process. In some cases, turnaround times for such laboratory tests are so slow that consumption of contaminated water may occur before the test results are known.  Consequently there is a need for low cost, robust, reliable monitoring techniques that can be easily integrated into water flow systems. For instance, Karlberg et al. (2010) concluded that “there is a growing need for in situ sensor technologies that can provide high temporal and spatial resolution data in real time, with an appropriate standard of data quality, to supplement techniques and methods for laboratory analysis” . 
The term Early Warning System (EWS) encompasses all scanning, monitoring, and analysing efforts related to contaminant detection in water. The EPA has defined a need for EWSs with the following characteristics: rapid response, detection of a wide range of potential contaminants, low skill operation, sufficient sensitivity, remote and continuous operation (Hassan et al., 2005). At present, viable integrated EWSs that meet the desired performance characteristics and that can be routinely used are not available. However, a wide range of new screening and monitoring emerging tools (SMETs)  have been developed to aid in the task of water quality monitoring. A review of advances in online drinking water quality monitoring has recently been published (Storey et al.), based on visits to water utilities, research and technology providers throughout Europe. These include immunoassays, optical sensors, bio sensors and chemical test kits (Graveline et al.). The main characteristics of these tools are: on site, in situ or continuous measurement; fast response and relative ease of use. Such tools can provide temporal and spatial water quality assessment at a relatively low cost and may help reveal the existence of rare and sudden pollution peaks that might not be detected by existing monitoring systems. However, according to a best practise guide on the use of SMETs, many of these emerging tools have not been fully validated and as such are not widely accepted by water quality monitoring experts (Schneider, 2004). 
Established methods for water quality assessment go through extensive certification and validation processes prior to their implementation (e.g. inter-laboratory trials to demonstrate their comparability); such processes are expensive yet crucial to the acceptance of SMETs. Apart from validation, the adoption and implementation of new methods faces other substantial challenges, such as retraining costs and lack of comparable historical data. Consequently, SMETs are not currently regarded as replacements for traditional monitoring tools, but rather as complementary tools, for rapid on-site measurements (Graveline et al.), identification of temporal changes in water quality, rapid screening and wide scale monitoring of water bodies.  The development of water quality sensors that are both sensitive and selective to multiple contaminants in water presents a substantial challenge for SMETs and is consequently an area of active research. Vibrational spectroscopy encompasses a wide range of techniques that have been used for this purpose. This review aims to give an extensive overview of the developments in this field for water quality monitoring and to establish the current state of the art in this area.
2. Vibrational spectroscopy

Infrared (IR) and Raman spectroscopy are the principal techniques of vibrational spectroscopy; both result from molecular energy transitions between quantised vibrational states (Chalmers and Griffiths, 2002). Infrared bands result from changes in the dipole moment of a molecule, whereas Raman bands arise from changes in the polarizability of the molecule. The vibrational spectrum of a given molecule is unique and can be used for its identification. It is also highly dependent on the physical state of a sample. Thus, vibrational spectroscopy may be used to probe chemical and physical properties of materials and has been successfully applied to quality monitoring of numerous products, notably in the food and pharmaceutical industries. The Handbook of Vibrational Spectroscopy (Chalmers and Griffiths, 2002) is recommended for readers who require a comprehensive introduction to the theory of vibrational spectroscopy. The following sections give a brief overview of features of IR and Raman spectroscopy relevant to this review. 
2.1
IR spectroscopy
The IR region, extending from 750nm-10μm, is subdivided into the Near InfraRed (NIR) (750 to 2500 nm), Mid InfraRed (MIR) (2500-16,000 nm) and Far InfraRed (FIR) (16,000-10 μnm). Molecules with N atoms have 3N-6 vibrational modes, each with a different fundamental frequency. The energy difference required for transitions between the ground and first excited state generally corresponds to the radiation energy of the MIR, thus fundamental frequencies for molecular vibrations (e.g. stretching, bending) occur in the MIR region. Overtone and combination bands, usually overtones of bond-stretching in X-H, X-H2, X-H3 groups, where X = C, N, or  O, arise due to the anharmonicity of these vibrations and appear in the NIR region. The intensity of these bands is usually weaker than that of the fundamental frequency and absorption bands tend to be overlapped in the NIR. Consequently, the MIR range is more molecule-specific than NIR. The FIR is rarely utilised for structural elucidation of molecules; this is mainly due to reduced performance of thermal light sources and photon detectors in this region. For this reason, this review will focus on the MIR and NIR regions of the IR spectrum.
2.1.1
MIR spectroscopy

Fourier transform infrared (FT-IR) spectroscopy is the standard spectroscopic method currently used to acquire MIR spectra. The FT-IR spectrometer is based on the interferometer, the basic operation of which is shown in Figure 1(a). Light passes from a source through a beam splitter where it is split into 2 beams of equal intensity. One of the beams is reflected by a fixed mirror and returns to the beam splitter. The other beam is reflected by a second mirror that can be displaced along the optical axis and returns to the beam splitter where it combines with the light from the first beam. The result, known as an interferogram, is caused by the interference of the two beams. The interferogram is a representation of all frequencies simultaneously, resulting in rapid measurement. In the spectrometer, after the beam splitter, approximately half of the light returns along the incident optical path and half is directed to the sample. After reflecting from or transmitting through a sample the light is focused onto a detector. The signal is amplified, and high-frequency contributions are eliminated. The interferogram is then converted into an interpretable spectrum by Fourier transformation. 

The high absorption of water in the MIR range means that, in order to measure aqueous samples, very short pathlengths (i.e. thin samples) are required. Pathlengths between about 10-100 micrometers are necessary to avoid signal saturation and at the same time to provide a sufficiently strong signal. Such thin samples are difficult to prepare; however, Attenuated Total Reflection (ATR) - FTIR, also known as evanescent wave spectroscopy (EWS) provides a solution to this problem. The basic ATR set-up is shown in Figure 1(b). When light is incident on the interface between 2 materials, a portion of it is reflected and a portion is transmitted. A standing wave normal to the reflecting surface is established in the denser medium and an evanescent non propagating field is set up in the less-dense medium. The use of an internal reflection element (IRE) or waveguide (an optically transparent material with high refractive index) ensures that the IR beam propagates through a series of reflections at the sample/IRE interface. The evanescent wave penetrates into the sample when it is in direct contact with the IRE. Zinc Selenide (ZnSe) crystals are commonly used as IREs due their relatively low cost and transparency in the IR range. However, the ATR element is usually located inside the instrument, reducing the capability for remote measurement. In order to overcome this limitation, IR transparent fibre optics (FOs) have been developed. Silver halide is FOs are commonly used since this material is relatively soft and can be shaped into different geometries, including flattened, tapered, u shaped and spiral.
A commercially available portable contaminant identification system based on FT-IR ATR spectroscopy has been reported (Hasan et al., 2005). The sensing unit is rugged with respect to temperature; however the reported detection limits are rather high; it can detect the presence of biological material in water when at least 10% is present. Lower detection limits have been reported in various lab-based prototypes, as discussed in section 3. 
2.1.2
Membrane extraction

Water is a strong absorber of MIR light; therefore the development of water quality sensors in the MIR has depended on the use of pre-enrichment steps such as Solid phase microextraction (SPME). Apart from the problem of strong absorption of water in the MIR region, multi-component water samples are often too complex to analyse directly. Various membrane extraction methods have been developed to extract the contaminant of interest prior to acquiring its vibrational spectra. SPME is a solventless method that facilitates selective preconcentration of compounds in aqueous solutions. Polymer membranes may be coated directly on the ATR element, or on MIR transparent optical fibres to facilitate SPME. The term fiber optic evanescent wave spectroscopy (FEWS) is usually applied in this case. This method requires equilibrium between the aqueous and stationary phase to be reached prior to acquiring the vibrational spectra. Alternatively, the membrane or solid phase can be exposed to the gaseous (i.e. headspace) phase of a sample for a period of time and subsequently presented to the spectrometer. 

The ideal membrane will be easily reversible; achieve equilibrium within a reasonable time; be easily prepared; not react with the analyte; be hydrophobic; resistant against organic compounds and adhere well to the IRE or FO. They must not have IR absorption bands coincident with the analyte of interest and must have a refractive index lower than that of the IRE. Polymer membranes have shown the most promise in this field, although ensuring contact between the membrane and IRE has proved challenging. Film thickness also affects the detection limit obtainable. The optimal thickness depends on the analyte of interest and on the IR region examined,  however, it has been recommended that the coating be around 3 times the penetration depth for optimum sensor performance (Pejcic et al. (2009)). The sensitivity of a FEWS system is determined by the SNR of the spectrometer, enrichment factor of polymer, the number of internal reflections inside the waveguide and the angle of reflection. The engineering of molecularly imprinted polymers that selectively extract specific molecules in the presence of others facilitates greater specificity and sensitivity. 
2.1.3
Near-infrared　spectroscopy
Reflectance, transmittance and transflection spectra may be obtained in the NIR wavelength range using FTIR spectrometers. However, monochromator-based NIR spectrophotometers are more commonly employed for NIR measurements (DeThomas and Brimmer (2006)). Such dispersive systems efficiently match the energy of the source with that of the detector and are typically less expensive than FTIR systems. The weak absorption of light in the NIR compared with that in the MIR facilitates greater sample thickness and direct measurement of water samples. In addition, adsorption problems, relevant in the thin cell or ATR cell configurations of MIR spectroscopy, are less prominent in the NIR. However, NIR spectra are more complicated to analyse than IR spectra due to the combination of vibrational modes present, leading to highly overlapped absorption bands. In order to extract useful information, it is necessary to apply multivariate techniques such as Principal Components Analysis (PCA) and Partial Least Squares Regression (PLSR). 
2.2
Raman　spectroscopy

When a sample is irradiated with monochromatic light, its molecules become excited to a higher energy state. Most of this energy is lost by Rayleigh scattering as the molecules return to the ground state. However, a small proportion of photons (0.0001%) are scattered with shifted frequency; this inelastic scattering of photons is known as the Raman Effect. The difference between the frequency of input and scattered light corresponds to the quantised energy levels in the molecule studied. If a vibrational mode is IR active, IR and Raman spectra will be qualitatively the same; however, some Raman active modes are not IR active. Raman spectra are more distinct and less overlapped than NIR spectra. Certain bands showing weak absorbance features in the IR are strong in Raman (e.g. C=C stretching bands). Therefore RS is said to be complementary to IR spectroscopy. 
Surface enhanced Raman spectroscopy (SERS), developed in 1970s, facilitates a large enhancement of the Raman scattering signal by absorbing analytes on roughened metal surfaces or colloidal metal particles. Signal amplification through SERS of up to 106  has been reported. Metal surfaces, such as Copper, Silver and Gold, which exhibit a weak Raman response, are commonly used as substrates. This method has been applied to aqueous solutions, as will be discussed later in section 3. Membrane extraction methods as described in 2.1.2 are also commonly used in combination with Raman spectroscopy. Raman spectroscopy, like NIRS, is capable of direct measurement on water systems, since water is a relatively weak Raman scatterer. An excellent introduction to Raman spectroscopy and its potential role in potable water monitoring can be found in (Collette and Williams (2002)).
3. Applications of Vibrational spectroscopy to water quality monitoring
Although water is the most abundant molecule in biological systems, its structure is still not fully understood. Water is composed of small molecules with strong potential for hydrogen bonding, and therefore is highly sensitive to changes in its surroundings. These changes are reflected in its light absorbance pattern. As a consequence, vibrational spectroscopy, particularly NIR and Raman, has for many years been used as a tool for understanding water structure (Bakker and Skinner (2009)). There are currently two main categories of models for describing water structure: mixture and continuum models. Mixture modes consider water to be a multi-component mixture of molecules with different numbers of hydrogen bonds, which break as temperature is increased. Continuum models regard water as a continuum system which is more or less completely hydrogen bonded; these bonds weaken with increasing temperature. A number of studies on the effect of temperature on vibrational spectra of water support the mixture model of water structure (Maeda et al., 1995; Segtnan et al. (2001)), while the continuum model has also been shown to be consistent with observed data (Smith et al. (2005)). 
Advances in the understanding of the behaviour of water systems foster the development of new water monitoring tools. However, the leap from theory to application has not always been rapid; for example, the effect of temperature on the NIR spectrum of water structure was known from the 1960s, but tools for measuring temperature based on NIRS were not developed until the 1990s (Lin & Brown (1994)). Since then, a vast body of research has emerged in the development of sensors for water quality monitoring based on vibrational spectroscopy. Using the subdivision of water quality parameters as mentioned in the introduction (i.e. indicator, microbiological, organic and inorganic parameters), the following sections discuss recent applications of MIR, NIR and Raman spectroscopy for water quality monitoring.
3.1
Indicator parameters

NIRS in the wavelength range of 700 – 1200 nm has been demonstrated for measurement of chemical and physical properties of water. Using low cost fiber optic probes, Lin and Brown (1994) showed that the variable effects of different electrolytes (NaCl-HCl, NaCl-NaHCO3 and Na2CO3) on water structure could be used for their simultaneous determination in mixtures. They also demonstrated the potential of NIR for simultaneous measurement of 15 physico-chemical properties of water, including density, dielectric constant, vapour pressure and enthalpy. In another paper, this group demonstrated the use of NIR for measuring seawater salinity (in the concentration range 0-35%), reporting a standard error of prediction (SEP) of 0.22% (Lin and Brown, 1993).
The presence of ions in solution affects hydrogen bonding in water, and this can be measured directly with NIRS (Inoue et al. (1984)). Consequently, NIRS has been used to estimate the concentration of OH- and H+ ions in solution, i.e. pH (Molt and Cho (1995)).  It has been demonstrated that binary mixtures of inorganic salts could be quantitatively analysed with NIR due to the specific effects of cation/anion OH interactions (Frost and Molt (1997)). A cation, when adjacent to a water molecule tends to attract the oxygen atom of the water molecule and repel the hydrogen atom, resulting in a loosening of the O-H bond, and so its stretching frequency will shift to a longer wavelength. An anion, adjacent to water molecule, will attract the hydrogen atom of the water molecule, also causing a loosening of the O-H bond. Therefore both anions and cations should cause similar effects, i.e. a shift to a longer wavelength. Such ion induced shifts are distinct from structure induced shifts, which arise due to changes in the arrangement of water molecules in the electrostricted and intermediate region around the ion (Bunzl (1967)). 
Dabakk et al. (2000)  used NIR reflectance spectroscopy to measure lake water quality indirectly through measurement of filtered lake sediments. Water samples taken from different lakes were filtered, and NIR spectra of the dried filters were obtained. Reference water quality parameters measured in this study were total organic Carbon (TOC), total Phosphorus (TP), colour (Abs420) and pH. Models developed from NIR spectra for inference of lake water pH, TOC and colour were deemed to be useful for screening purposes, while TP of the particulate material could be accurately predicted. A similar method was used to demonstrate the use of NIRS for screening of river seston (suspended particulate matter) downstream of an effluent discharge point  (de Medeiros et al. (2005)).
More recently, FTIR has been applied for monitoring microalgae grown in different environments in the presence of NaCl, using either NO3- or NH4+ as the nitrogen source (
 ADDIN EN.CITE 
Domenighini and Giordano (2009)
). Cell suspensions were prepared using a multi-step process prior to spectroscopic measurement; after passing through nylon filters, the cells were washed twice in an iso-osmotic solution of ammonium formate; they were then re-suspended in ammonium formate solution; this suspension was deposited on a silicon window which was dessicated at 60 oC for 3 h. Absorbance FTIR spectra of the residue on the silicon window were then recorded. It was possible to classify the algae samples according to their growth environments using hierarchical cluster analysis, suggesting that differences in FTIR spectra of microalgae response could be used to gain knowledge on the water quality environment of their origin.

3.2
Microbiological parameters
A limited number of studies exist reporting the use of vibrational spectroscopy for detecting microbial contamination in water. The majority focus on the use of vibrational spectroscopy for discriminating between live and dead cells of bacterial species and there is little information available on the detection limits achievable. Al-Qadiri et al. (2006) demonstrated the potential of MIR spectroscopy for detection and identification of the bacterial strains P. Aeruginosa and E. coli,  both separately and in mixed cultures in drinking water. As a pre-enrichment step, inoculated tap water samples were passed through an aluminium oxide membrane filter under partial vacuum. The filter was dried under laminar air flow at room temperature for 5 mins and then placed directly on an ATR IRE for measurement. Second derivative spectra indicated spectral variations in amide, phosphodiester and polysaccharide compounds, which were related to the different bacteria studied. The multivariate classification technique known as ‘soft independent modelling of class analogy’ was used to classify spectra, with >83% correct classification rate reported. In later work, this research group used the same method for monitoring the effect of chlorine induced injury on P. Aeruginosa and E. coli in water. In this study, a correct classification rate of > 70% for discriminating between chlorine injured, dead and intact bacterial cells was reported. More recently, Kiefer et al.) studied the potential of UV-Vis-NIR spectroscopy for characterisation of E-coli in broth, reporting that it was possible to detect cell contents that are released after membrane damage in the NIR range (800-900 nm). This research suggests the potential of NIRS for characterisation of microbial contamination in water, although this has yet to be demonstrated conclusively.

3.3
Organic parameters 

The majority of applications of vibrational spectroscopy for detection and quantification organic parameters have been carried out in the MIR range, with lowest reported detection limits in the tens of ppb range (Table 2). These applications are discussed in more detail in the following paragraphs.

3.3.1 MIR for detection of organic parameters in water
SPME coupled with MIR spectroscopy has been investigated for the determination of volatile organic compounds in water (Heglund and Tilotta (1996)). Standard solutions of benzene, chlorobenzene, toluene, chloroform, and p-chlorotoluene were prepared by spiking into methanol and diluting in water. In this study, parafilm was used as a solid phase; it was suspended in the headspace of jars containing the aqueous solution which was then stirred. After this extraction process, FT-IR spectra of the films were obtained. Limits of detection in the range 66 ppb - 1.3 ppm were reported, and reproducible extractions were achieved with a 30 min extraction time. In order to validate the procedure, the method was also applied to real water samples spiked with BETX compounds. It was reported that solid matter within the real water samples did not significantly affect the extraction and detection of the tested compounds (Heglund and Tilotta (1996))..

Supercritical fluid extraction is another process that has been applied to water quality monitoring, although research in this area is sparse. Minty et al (1996) investigated the use of an aqueous supercritical fluid extraction system coupled to FT-IR spectrometer for the analysis of hydrocarbons in water. Dodecane solutions ranging in concentration between 6-200 ppm were used to test the system, and carbon dioxide was employed as an extraction fluid. A linear relationship was observed between the intensity of the CH2 asymmetric stretching band at 2930 cm-1 and concentration of dodecane, and a limit of detection of 13ppm was reported.   

SPME has been employed in combination with FTIR for estimation of oil and grease content in water (Ferrer and Romero (2002)). In this study, several oils and greases were examined including n-hexadecane, n-tetradecane, n-nonadecane and n-docosane. Contaminated water samples were made by adding the oil or grease samples to distilled water in a test tube, and Polytetrafluoroethylene (PTFE) disks were used as a solid phase. The PTFE disks were suspended in the headspace of test tubes containing the contaminated water samples and the assembly was placed in an oven to facilitate extraction. After the extraction phase, which lasted from 1-14 hours, transmission spectra of the PTFE disks were obtained.  The authors identified CH stretching bands in the spectra of the PTFE disks after extraction, and observed that the position of the maximum corresponding to the CH stretch changed according to the contaminant studied, thus allowing identification of the different oils studied. The effect of the water matrix was studied by using three different types of water (tap, Milli-Q and seawater) and it was reported that the water matrix did not cause any significant difference in detection ability. 

 ADDIN EN.CITE 
Silva et al. (2008)
 reported the use of a PVC sensing phase in combination with FTIR spectroscopy for detection of BTEX compounds in water. The PVC sensing phase was placed in a vial which was filled with the aqueous solution; the sensing phase was then removed from the vial and tested using an FTIR transmission spectrometer. The studied films reached saturation after 180 mins; however, 60 mins enrichment was sufficient to generate a signal strong enough to measure the selected analytes. The addition of a plasticiser to the film was shown to improve the sensitivity of the method and limits of detection ranging from 4 ppm (for Xylene) to 9 ppm (for Ethylbenzene) were reported.

Polymer membranes coated directly onto the waveguide may also be used for SPME to enrich concentration at the sensor surface. Pejcic et al. (2009) provide a comprehensive review of the use of MIR ATR sensors that employ trapezoidal IREs coated with membranes to detect organic pollutants in aqueous environments.  The coated IRE can be placed in a flow cell that presents the aqueous solution to the sensing surface; however, it is critical that the membrane is robust and chemically stable in environmental waters. Heinrich et al. (1990) were among the first to demonstrate the potential of FTIR-ATR spectroscopy combined with polymer coatings generated directly on the IRE surface for quantification of organic compounds in aqueous solution. Aqueous solutions of halogenated hydrocarbons (e.g. C2Cl4, CHCl3) were obtained by injecting them into methanol to generate a solution, to which distilled water was added.  Both gaseous and liquid phase spectral measurements were obtained and a variety of polymer membranes were studied. Linear relationships were found between absorbance at characteristic wavenumbers and concentration of the analyte of interest. Limits of detection were generally lower for the liquid (ranging from 1-10 ppm) than for the gaseous (ranging from 4-740 ppm) phase, while the time taken for 90% saturation of the polymer was longer for the liquid (in the order of minutes) than for the gaseous (in the order of seconds) samples. 

Yang and Cheng (2001) developed a sensor for detecting phenolic compounds in water using SPMEs combined with FT-IR spectroscopy, and investigated the use of different polymers for this purpose. The SPMEs were coated directly on to ZnSe IREs and Poly acrylonitrile co butadiene was found to be the most suitable polymer among those tested.  Standard aqueous solutions of phenols were used for calibration development and detection limits of lower than 200 ppb were reported, although sensitivity was lower for high polarity compounds, such as phenol, 3-hydroxlyphenol and 2,4-dinitrophenol. This calibration technique was applied to environmental water samples and it was demonstrated that the variable water matrix in such samples did not significantly affect the detection ability. Soaking the SPME phase in water containing 5% methanol for 20min was found to be sufficient for its regeneration. 
Polyisobutylene has shown promise as a membrane for enrichment of volatile organic compounds from aqueous solutions. Yang and Tsai (2002) used this polymer, coated on a ZnSe ATR crystal for determination of chloroform, trichloroethylene (TCE), toluene, chlorobenzene (CB) and 1-chloronaphthalene (1-CN) in aqueous solutions. The solution was heated to liberate the volatile organic compounds from the sample and a cooling unit was integrated in the system to prevent warming up of the ATR crystal. Limits of detection in the ppm range were reported in this study. 
Karlowatz et al. (2004) employed ethylene/propylene copolymer films coated onto Zn-Se crystals as an enriching phase for ATR MIR quantification of Benzyne, Toluene and Xylene (BTEX) compounds in water. Aqueous solutions containing mixtures of BTEX compounds were passed through a flow cell in direct contact with the coated crystal. Coating the surface of the internal reflection waveguide (ZnSe crystal) with the ethylene/propylene copolymer facilitated direct detection of the compounds, which exhibited well separated absorption features in the MIR wavelength range. Limits of detection varying between 20 (Xylene) -80 (Toluene) ppb were reported. 

The development of molecularly imprinted polymers (MIPs) that selectively extract specific molecules in the presence of others facilitates improved sensitivity of enrichment based MIR methods for water quality monitoring. One of the first reported papers in this area came from Jakusch et al. (1999), who developed MIPs selective for the herbicide 2,4-dichlorophenoxyacetic acid (2,4-D). The MIP film was generated on a ZnSe ATR crystal, mounted into a flow cell through which analyte solutions were pumped. Saturation of the film was achieved after 15 min and the sorption process could be completely reversed using a buffer solution. Limits of detection ranging from 3-210 micro moles were reported, depending on the wavenumber range employed in the analysis. 

More recently,　Flavin et al. (2007) developed an MIR sensing methodology in which the properties of the sensing phase can be modified. This is achieved using the sol-gel process in which variations of sol-gel precursors and processing conditions facilitate tailoring of the polymer properties, such as porosity, functionality and polarity. As a demonstration of this novel methodology, Flavin et al. (2007) developed and validated the performance of a novel phenyl-trimethoxysilane diphenyldimethoxysilane medium for detection of p-nitrochlorobenzene. The medium was coated on a ZnSe ATR crystal which was placed in a temperature controlled flow cell. Analyte solutions were pumped over the polymer surface. The residence time required for this method was reduced by increasing the temperature of the system, and limits of detection of 0.7　ppm were reported. Some water diffusion into the film was observed and the film experienced plasticisation during the initial phases of analyte absorption. The effect of plasticisation on the long term performance of the film was not discussed.

There is an extensive body of research on the development of MIR based evanescent sensors that employ polymer coated FOs for detection of organic pollutants in water. Mizaikoff (2003) gives an excellent review of developments in fiber optic evanescent wave spectroscopy (FEWS) for water quality monitoring. One of the earliest reported studies in this field came from Krska et al. (1993). This team used silver halide OFs coated with low density polyethylene (LDPE) coupled to an FTIR spectrometer for detection of chlorohydrocarbons (CHCs) such as monochlorobenzene, tetrachloroethylene (TeCE), trichloroethylene, and trichloromethane. Good correspondence between the proposed technique and the conventional detection method (head space gas chromatography) was found, with a relative standard deviation of 1-10ppm reported. 

Subsequent developments in the use of silver halide fibres for water quality monitoring have been reported. Gobel et al. (1995) employed tapered silver halide OFs to improve the sensitivity of FEWS measurement of chlorinated hydrocarbons in water. Decreasing the fibre diameter increases evanescent water absorbtion and thus the sensitivity of the system. The tapered fibres were coated in polyisobutylene (PIB) and TeCE was used as a test analyte in this study. A minimum limit of detection of 50 ppb was achieved using the tapered fibres, while that for non-tapered fibres was in the range 100-300 ppb. The time taken for regeneration of the sensor in this case was around 10 min.
Walsh et al. (1996) developed a sensor based on polymer coated silver halide optical fibres coupled to an FTIR spectrometer for detecting chlorinated hydrocarbons and pesticides in water. Trichloroethylene and Alachlor solutions in the concentration range 1-50 μg/L were used to demonstrate the performance of this system. PVC and PIB were employed as coating materials. Enrichment of Alachlor on PVC was only possible when a liquid chloroplasticiser was added to the PVC coating. 90% enrichment was achieved after 40 min exposure and reversal of the membrane required 5 mins.  The system was shown to have good performance at the ppm level.

Current methods for pesticide detection require sample enrichment followed by GC/GC-MS/LC/enzyme ammunoassay and are unsuitable for field testing, continuous monitoring or screening. As a consequence, there has been much interest in the development of MIR sensors for pesticide detection in water. Regan et al. (1996) developed a sensor that could detect pesticides in water employing a polymer film coated on either an ATR crystal or silver halide FO coated in a polymer film. Atrazine and alachlor were used as test analytes in this study; the polymer film (PVC with a chloroparaffin pasticiser) enriched their concentration by up to a factor of 30. With the proposed system, detection limits of 2 ppm were achievable and pesticide enrichment on the film was reversible within 5 minutes with a water wash. In order to demonstrate the potential for continuous analysis, the polymer coated FO was mounted in a sample flow cell which was filled with aqueous pesticide. 

Since the first research showing the potential of FEWS around 20 years ago, numerous advances have been reported that extend the potential of this technique for continuous monitoring in real water bodies, including the sub-sea environment. The research teams of Mizaikoff and Katzir have contributed major developments in this area. They developed a laboratory prototype for a FEWS sensor for in situ real time detection of hydrocarbons (CHCs) in water which consisted of an FTIR spectrometer and silver halide fibres coated in a thin film or ethylene/propylene copolymer for sample enrichement and water exclusion (Jakusch et al. (1997)).  This “remote dip probe” was capable of remote measurement of TeCE solutions with a detection limit of 300ppb attainable after an enrichment period of 10 min. In later work, this team developed a miniaturized system for monitoring chlorinated hydrocarbons in waste water and other media (
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Beyer et al. (2003)
). This system, consisting of a miniature spectrometer (8000-12500 nm) and silver halide optical fibres coated in PIB, poly(acrylonitril-co-butadien) (PANB) or ethylene/propylene (E/PCo), facilitated a detection limit of 900ppb for tetrachloroethylene in water. 
Mizaikoff (1999) reported the development of an MIR-FEWS sensing system for pollution monitoring in the subsea environment. This consisted of an FTIR spectrometer coupled to a silver halide optical fiber sensor coated with E/PCo. A conventional lab-based ATR spectrometer with an E/PCo layer was used to demonstrate the feasibility of the proposed system and it was shown that it could detect chlorinated hydrocarbons in artificial seawater at low ppb (100-115 ppb) concentrations. The development of a sensor head for this system, consisting of U-shaped silver halide fibres coated with polymer membranes, has also been reported (
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Kraft et al. (2002)
). Due to losses in the silver halide FOs it was necessary to develop a system with an inbuilt IR spectrometer for use underwater; this system could work at depths down to 300m. The system was rugged to variation in the marine environment in terms of salinity, turbidity, yellow matter and biofilm development. Simultaneous detection of tetrachloroethylene (TeCE), 1, 2 dichlorobenzene and the three xylene isomers at concentrations ranging from 100 to 5 ppm were reported. 

Hahn et al (2001) developed a waveguide consisting of flattened silver halide fibres coated with PANB and an analyte enriching organic polymer coupled to a portable TDL spectrometer. Reducing the fibre thickness from 900 to 170 μm increased sensitivity by a factor of 5. The waveguide was placed in a flow cell through which aqueous toluene solutions (concentration range of 40-200 ppm) were pumped.  The system response was linear with toluene concentration and a noise equivalent concentration of the order of 1 ppm was reported. 

Raichlin and Katzir (2008) provide an excellent review of developments in MIR FEWS for the analysis of various solids, gases and liquids including water. They reported the application of a FEWS system consisting of flattened silver halide fibres coupled to an FTIR spectrometer for direct detection of the pesticides DDVP, Diazinon and Parathion in water. Detection limits as low as 1 ppm were attained within 30s exposure time without the use of an enrichment layer. The same sensor, coated with an enrichment layer and coupled to a lead salt diode laser IR source was capable of detecting hydrocarbons in water at concentrations below 0.1 ppm. This research team also developed a remote sensing system using a 15m long U-shaped silver halide fibre. The performance of this system was demonstrated for TeCE detection, with a reported limit of detection of 0.2 ppm. 
3.3.2
NIRS for detection of organic parameters in water
Solid phase extraction using synthetic materials in combination with NIRS has been demonstrated for detection of a variety of organic compounds in water. For instance, Albuquerque et al. (2004) measured  BTEX  compounds in water  using a silicone rod attached to an NIR transflectance probe. The probe assembly was placed in an aqueous solution containing BTEX compounds which was mechanically stirred during measurements. Limits of detection of 8, 7, 2.6 and 3 ppm were reported for benzene, toluene, ethylbenzene and m- xylene, respectively. The sensor was used on gasoline and diesel fuel contaminated water samples and it was possible to discriminate between the contaminant sources using first derivative spectra. In a more recent study (
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Lima et al. (2007)
), pre-extraction was achieved by means of a solid PDMS disk placed in an aqueous solution containing BTEX compounds. After agitation of the solution, the disk was removed and its NIR spectra obtained. Limits of detection of 0.080, 0.12, 0.14 and 0.27 ppm were reported for benzene, toluene, ethylbenzene and xylenes, respectively.
NIR FO sensors enable remote detection of water quality. Coupled to an FTIR spectrometer, FOs have been demonstrated for measuring non-polar hydrocarbons in aqueous solution in the ppm range. Due to the low attenuation losses in such NIR fibres, long cable lengths are possible, further facilitating remote monitoring. However, the technique is limited in complex matrices due to unspecific absorbance features in the NIR range and due to the length of active transducer required (Mizaikoff (2003)). Blair and Bando (1998) used a silica core FO coupled to an FTIR spectrometer operating in the NIR range to detect volatile organic compounds (trichloroethylene, 1,1,2 trichloroethane, toluene, and chloroform and these four analytes as well as tetrachloroethene) in aqueous solutions. The FO was placed directly in the aqueous solution for 20 min prior to spectroscopic measurement. Calibration models were developed for the prediction of volatile organic compounds analytes  using principal components and partial least squares regression and root mean square errors of prediction ranging from 6-31 ppm were reported.

Burck et al. (1994) developed an NIR evanescent wave sensor consisting of a silicone clad quartz fibre coiled on a stainless steel/Teflon support coupled to an NIR spectrometer. This system was used for determination of chlorinated hydrocarbons and aromatics in water. Calibration models were developed to predict concentrations of dichloromethane, trichloroethene and chlorobenzene. Low ppm limits of detection were reported. The enrichment process was reversible; however, it required up to 71 min depending on the substance tested. This system was later enhanced through the development of a calibration method based on hydrocarbon extraction kinetics (Buerck et al. (2001)). The method, which uses the initial gradient of the response curve to estimate analyte concentration, reduced measurement time from several hours to 20 mins for samples with no or low agitation.
3.3.3 RS for detection of organic parameters in water
Some research on the application of RS for determination of organic compounds in water has been reported, although the detection limits reported have been significantly higher than those achievable by MIR and NIR (Table 2). Wittkamp and Tilotta (1995) examined the potential of SPME combined with RS for detection of BTEX compounds in water.  A solid phase of polydimethylsiloxane beads were placed in aqueous solutions containing BTEX compounds which were then shaken. The time taken to reach equilibrium ranged from 16-30 mins; this facilitated pre-concentration enhancements of 2-3 times, resulting in limits of detection in the ppm range. Application of the method to real environmental water samples indicated no significant interference from river and water well matrices, indicating the robustness of the method.

Collette et al. (2001) employed RS for speciation of organic contaminants in water and discussed the issues associated with tautomeric forms of organic chemicals, pointing out that these are not typically considered by many research and regulatory bodies. This may lead to gross errors in forecasting the fate and effects of organic compounds in the environment. The time scale of organic species interconversion (tautomeric equilibrium) is too rapid to allow physical separation of tautomers and it is not possible to remove these chemicals from water, since water actively interacts in the speciation process. Surface enhancement techniques are also problematic in speciation of tautomers, since the surface employed typically have more affinity for one species than another. This highlights the necessity of direct measurements in aqueous solution. In order to demonstrate this, the authors used meta-Hydroxypyridine (MHP) in de-ionised water as a model system. MHP exists in water at pH 7 as an equilibrium mixture of a neutral and a zwitterion. Temperature and pH were varied in order to quantitatively determine microequilibrium constants that coupled simultaneously occurring species of complex organics and Raman spectra were obtained directly on the water samples. Resolved spectra for each species were obtained, even though the species could not physically be separated from each other.
3.4
Inorganic parameters

Table 3 shows the minimum LODs reported for detection of inorganic contaminants in water using MIR, NIR and RS. 
3.4.1
MIR for detection of inorganic parameters in water
Although a number of papers have been written that deal with the studying the influence of inorganic solutes on water using MIR spectroscopy, the majority are focussed on understanding the effect of solutes on water structure rather than on detection of inorganic parameters per se. Masuda et al (2003) investigated changes in water structure brought about by addition of inorganic substances (NaCl, NaHCO3 and Na2CO3) and changing temperature using a horizontal ZnSe ATR attached to an FT-IR spectrometer. MIR Spectra of solutions of NaCl and Na2CO3 were deconvolved using Gaussian curve fitting assuming that the broad spectral band centred around 3300 cm-1 results from four components with varying cluster size and H-bond distances. Using this approach it was possible to interpret increasing NaCl concentrations as increases in longer H-bond distance and increasing Na2CO3 and NaHCO3 concentrations as decreases in longer H-bond distances. Fillipan et al (2004) demonstrated the potential of ATR based MIR of acenotrile/water solutions for characterisation of the stoichiometry of complexes of solvent molecules in the liquid phase for enhanced understanding of changes in mobile phase composition in chromatographic separations.
3.4.2
NIR for detection of inorganic parameters in water
It is clear that, among vibrational spectroscopies, the NIR dominates in terms of the number of reported applications (Table 3). Although metals do not have absorbance in the NIR, their presence is detectable due to the interaction of metal ions with organic matter in environmental water and/or with OH bonds in water.  Detection of the presence of low concentrations of metals (Cu, Fe, Pb, Zn) in HNO3/H2O solutions using NIR transmission spectroscopy (700-1860 nm) has been reported (Sakudo et al. (2006)) with promising prediction capability (residual predictive deviation (RPD) > 2). It was hypothesized that the ability to predict the concentrations of these metals in solution was due to the effects of perturbation by the metal ions of intermolecular hydrogen bonding within the water matrix. 
The extraction of inorganic compounds in aqueous solutions by natural and synthetic materials has been used in combination with NIRS as an indirect method for water quality measurement. Organic matter present in environmental water bodies (e.g. lakes) can be considered as a kind of natural solid extraction phase. Malley et al. (1996) investigated NIR reflectance spectroscopy for measuring Carbon, Nitrogen, Phosphorus and organic-bound Cadmium in lake plankton as an indicator of lake water quality. Samples taken from a lake were passed through glass-fibre filters. The filters were then dried and their spectra measured in the wavelength range 1100-2500 nm. Although good correlations were developed for Carbon (RPD>3), the predictions of Nitrogen and Phosphorus (>2) and Cadmium were poorer (2<RPD<3). Since Cadmium has no absorbance features in the NIR, they suggested that the Cadmium was measured in its binding form (i.e. bound to organic matter) rather than directly through NIR. In later work, (Malley and Williams (1997)) demonstrated the potential of NIR reflectance spectroscopy for the prediction of heavy metal content (Cd, Cu, Zn, Pb, Ni, Mn and Fe) in freshwater sediment. 

Trace lead  (Pb) determination in water using NIRS (1006-1383 nm) combined with a preliminary enriching step has been reported (Huang et al. (2009)). In this study, water containing Pb at different concentrations was passed through a column of chelating resin under a vacuum. A diffuse reflection accessory was mounted on top of the resin column to obtain NIR spectra. Promising linear correlation between Pb concentration and absorbance in the 1006-1383 nm range was found and a LOD of 0.23 ppm was reported.

3.4.3
RS for detection of inorganic parameters in water
Cavaille et al. (1996) used Raman spectroscopy to study the effects of high hydrostatic pressure and additives on the dynamics of intramolecular and hydrogen bonds in water. The results indicated that an increase in pressure led to a strengthening of intermolecular bonds and that the addition of salts (chlorides and bromides of potassium and sodium) resulted in a loss of organised structure in water. More recently, Li et al (2009) examined the effects of different metal ions (Na+, Mg2+ and Al3+, Ca2+, Mn2+, Al3+ and Fe3+) on water structure using RS of the OH stretching band. 

The OH stretching band (located around 3000 and 3800 cm-1) can be interpreted as the distribution of OH oscillators that are coupled by varying degrees depending on their environment; modification of this band is observed in the presence of ions. Dubessy et al. (2002) used the OH stretching band observed by RS at room temperature to determine concentrations of chloride in aqueous fluids. Numerous geological salts were examined (LiCl, NaCl, KCl,CaCl2, MgCl2, and NaCl–CaCl2) and the perturbation of RS by chloride ions was related to the ionic character of an aqueous solution, being minimal for aqueous solutions containing cations with high solvation energy (as these do not provoke major perturbation in OH coupling); whereas for aqueous solutions containing cations with low solvation energies, more water molecules were expected to experience perturbations. 
Premasiri et al. (2001) employed SERS on sol gel substrates for cyanide detection in waste water. The most characteristic Raman band of cyanide at around 2100 cm-1 became significantly enhanced when a gold metal substrate was used. This research was carried out using a low resolution spectrometer in order to demonstrate a low-cost approach to detection. Despite the low resolution of the system, the proposed method achieved a detection limit in the region of 10ppb. More recently, Chang-Hu et al. (2007) employed Raman spectroscopy for analysis of mineral content of commercial drinking water

4.
Emerging methods
4.1
Aquaphotomics
Variations in spectra caused by water are often regarded as a nuisance in vibrational spectroscopy, and numerous methods have been suggested to circumvent such variations, such as exclusion of water bands in data analysis and the use of pre-enrichment stages. Selective enrichment phases are somewhat limited in the sense that they cannot be selective for the broad range of contaminants potentially present in water. Moreover, some chemicals (e.g. tautomers) cannot be removed from water since water actively interacts in their functionality. It has recently been observed that variations in water spectra resulting from perturbations (e.g. contaminants in small concentrations) may be used to gain information the state of the sample (Martens et al. (2006)). Aquaphotomics  uses the interaction between water and NIR light to extract information on the state of biological systems　(Tsenkova (2009)). The water–light interaction in the vibrational spectrum measured for a whole biological or aqueous system is used as a potential source of information for better understanding of water and the biological world. Water absorbance patterns have been identified for disease diagnosis (mammary gland inflammation, oxidative stress, prion disease), identification of bacteria and genetically modified objects. More recently, Aquaphotomics has been used for accurate prediction of low concentrations of solutes in water (Tsenkova et al., 2007), conventionally seen as impossible due to weak absorbance of the target compounds. This new framework shows great promise for direct water quality monitoring. 
4.2
Terahertz spectroscopy

The Terahertz region is located between the IR and microwave regions of the electromagnetic spectrum, between 0.1-10 THz (1THz  = 300 μm). This spectral range is rich in information on crystalline lattice vibration and hydrogen bond stretching. Many plastic and ceramic materials are nearly transparent to THz radiation and therefore THz spectroscopy can be applied to samples directly within certain containers. Because of this, THz spectroscopy has been considered as a potential tool for numerous defence and security applications (Liu et al., 2007).  Recent technological advances have led to developments in Terahertz instrumentation, such as portable systems and imaging systems. Pulsed THz spectroscopy, which employs low power, ultra short pulses of broadband radiation, has been applied to investigate the effect of solutes on water structure (Kaun et al. (2005)). The THz region studied (0.2-8 mm) was shown to be more useful than the MIR for probing interactions between neighbouring water molecules. More recently, kinetic THz has been used to understand the process of protein folding in water (Born and Havenith (2009)). However, the potential of THz spectroscopy for evaluation of water quality has not been reported to date.
4.3
Imaging spectroscopy
Imaging spectroscopy combines imaging and spectroscopy to extract intrinsic chemical information from a sample. It extends the capability of conventional spectroscopy through rapid collection of thousands of spectra and has shown much promise for quality evaluation and contaminant detection in food and pharmaceutical products (Gowen et al. (2007), Gowen et al. (2008)). More recently this technology has been applied to investigate the absorption and scattering properties of liquids (Qin and Lu (2007)). Instrumentation has developed rapidly in the past 20 years, with NIR, MIR, Raman and THz imaging instruments now available. The advantages of such imaging methods include high throughput analysis, large sampling area and the potential to examine spatial distribution of components in non homogeneous systems. Spectral images may be obtained from the macroscopic scale (e.g. remote sensing) down to the microscopic scale. Remote sensing techniques, although not included in this review, have been applied to large scale monitoring of water bodies (
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Bing et al. (2009, Coskun et al. (2008)
). Remote sensing images are usually obtained for a small number of broad wavebands in the Visible and NIR wavelength ranges; however, with the development of low-cost, rugged imaging spectrometers it has become feasible to obtain full spectrum images which enable an improved description of the targets under study. 
Raman imaging has recently emerged as a tool for probing water quality. (Tripathi et al. (2008)) demonstrated its use for waterborne pathogen detection. A Raman signature classifier was constructed that could identify Gram positive, Gram negative organisms and proteins at the species level. It was shown that tap water storage time did not have a significant effect on the discrimination between Gram-positive organisms, Gram-negative organisms, and protein substances.  Sarrazin et al. (2008) demonstrated the use of confocal Raman imaging to obtain spatially resolved concentration maps of chemical reactions on microfluidic devices. The isotopic exchange between D20 and H2O was used as a model system in this study. This method enabled high selectivity and spatial resolution; however, the mapping system required 1h to obtain a full image. Recent developments in Raman imaging include the new generation of global illumination instruments that employ liquid crystal tunable filters for selective transmission of scattered light at narrow wavebands. These instruments present a tremendous time saving advantage over traditional Raman mapping instruments that obtain single Raman spectra at single points using a mapping platform.
5.
Limitations and challenges

Detection limits reported in the majority of applications of vibrational spectroscopy to water quality monitoring have been in the ppm range, while the maximum allowable concentration of some contaminants in environmental waters is in the ppb range. This wide gap between the ppm and ppb concentration presents a major limitation to the adoption of vibrational spectroscopic methods for water quality measurement. At the ppm detection level, the main use of these systems would be as screening tools for wide scale monitoring. It should also be considered that these detection limits are usually quoted for experiments carried out in idealised laboratory conditions. The transfer of such sensors from the lab to water quality monitoring of real environmental water bodies is still a substantial challenge and extensive validation with real environmental water samples is required. Among the major issues are the variable background of water matrices and the wide range of contaminants potentially present; real water bodies are highly complex systems and may contain a large number of pollutants at similar levels. Although numerous studies using membrane extraction have demonstrated robustness to variable water background, the trade off between specificity and sensitivity presents a limitation, in that the developed methods can detect only one or a relatively small subset of potential contaminants. 

The application of vibrational spectroscopy to continuous monitoring requires that the method be robust to water flow. Various membrane enrichment methods have been shown to be suitable for flow-through measurements; however, again, they are restricted to the number of contaminants they can detect, depending on the composition of the membrane. It is not known what the optimal chemoselective material for sensing the wide range of hydrocarbons possible; this is further complicated as their solubility is also dependent on extrinsic factors such as temperature, salinity, presence of natural organic matter, oxidation, hydrolysis and biodegredatation. Moreover, the extraction process may change the composition of the contaminants in the water and thus affect the detection ability. Direct measurement on water spectra does not perturb equilibrium to such a great extent as does pre-extraction. However, in the case of direct measurement of water samples, extrinsic factors such as the flow of water generally increase noise in the measurement (Han et al. (2005)). 
There are needs for improvements in instrumentation, including greater efficiency of light sources, decrease of size, more selective membranes and development of molecularly imprinted polymers. In terms of the membrane technologies, surface regeneration and sensor reversibility still remains a significant challenge. Membrane degradation over time also is an important factor that needs to be addressed before such sensors can be considered for environmental monitoring. In the aquatic environment, formation of biofilms on sensor surfaces also may present a major problem; modification of the physical and chemical properties of the membrane may be useful to prevent this. 
6.
Conclusions and Future Perspectives 
It has been estimated that worldwide around 70,000 synthetic chemicals are used by industry daily, resulting in an extremely wide variety of potential contaminants that may find their way into drinking water (Mizaikoff (2003)).  With new industrial processes, the varieties of potential contaminants in the water supply expands, and this may occur at a rate faster than the development of diagnostic tests for measuring these compounds in water. Developments in solid phase extraction and membrane enrichment methods coupled with improved signal to noise ratio and the availability of low cost spectrometers have stimulated a vast body of experimental work on the use of vibrational spectroscopy in water quality monitoring. However, it is clear that despite the many advances in the application of vibrational spectroscopy over the past 20 years, much remains to be done before these tools can be implemented as water quality monitoring tools. Presently, the role of detectors based on vibrational spectroscopy is at best described as complementary to traditional techniques, for screening and wide scale continuous monitoring. The challenge of developing multicontaminant sensing systems to measure water quality in a reliable and cost effective way still remains. Increased understanding of water structure and its optical response in the presence of contaminants, made possible by emerging methods (e.g.Terahertz imaging and Aquaphotomics) should contribute to the development of such systems. 
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Table 1. Priority contaminant substances [EU , 2008]
of Vibrational Spectroscopy to Bacterial contamination detection in water

[image: image1.emf]Name Annual Average Value (μg/L) Maximum Allowable Concentration (μg/L)

Anthracine 0.1 0.4

Brominated diphenylether 0.0005 not applicable*

Cadmium and its compounds 0.08-0.25 0.45-1.5

Chloroalkanes 0.4 1.4

Endosulfan 0.005 0.004

Hexachlorobenzene 0.01 0.05

Hexachlorobutadiene 0.1 0.6

Hexachlorocyclohexane 0.02 0.02

Mercury and its compounds 0.05 0.07

Nonylphenol 0.3 2

Pentachlorobenzene 0.007 not applicable

Benzo(a)pyrene 0.03 0.1

Benzo(b)fluoranthene 0.03 not applicable

Benzo(g,h,i)perylene 0.002 not applicable

Indeno(1,2,3-cd)pyrene 0.002 not applicable

Tributyltin compounds (Tributyltin-cation) 0.0002 0.0015

*Annual average values are considered protective against short term pollution peaks in continuous discharges since they are significantly lower than values derived on the basis of acute toxicity

All values for inland surface waters


Table 2. Applications of Vibrational Spectroscopy to detection of organic compounds in water LOD in ppm shown * RMSEP values quoted 
	Category
	MIR
	NIR
	Raman

	　
	
	
	　

	Pesticides
	
	
	　

	Alachlor
	2 (Regan et al. (1996)) 
	
	　

	Atrazine
	2 (Regan et al. (1996))
	
	　

	P-nitrochlorobenzene
	0.7 (Flavin et al. (2007) )
	
	　

	　
	
	
	　

	BTEX Compounds
	
	
	　

	Benzene
	0.05  (Karlowatz et al. (2004))
	0.08  (
 ADDIN EN.CITE 
Lima et al. (2007)
)
	3.4 (Wittkamp and Tilotta (1995))

	Toluene
	0.08 ( Karlowatz et al. (2004))
	0.12  (
 ADDIN EN.CITE 
Lima et al. (2007)
)
	2.5 (Wittkamp and Tilotta (1995))

	Ethylbenzene
	9 (
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Silva et al. (2008)
)
	0.14 (
 ADDIN EN.CITE 
Lima et al. (2007)
)
	12.7 (Wittkamp and Tilotta (1995))

	Xylene
	0.02 (Karlowatz et al. (2004))
	0.27  (
 ADDIN EN.CITE 
Lima et al. (2007)
)
	1.4 (Wittkamp and Tilotta (1995))

	　
	
	
	　

	Chlorinated compounds
	
	
	　

	Chloroform
	0.57 (Yang and Tsai (2002)) 
	16  (Blair and Bando (1998))*
	　

	Tetrachloroethylene
	0.1  (Mizaikoff (1999)) 
	
	　

	 Trichloroethylene
	0.3  (Jakusch et al. (1997))
	6 (Blair and Bando (1998))*
	　

	Trichloroethane
	
	9 (Blair and Bando (1998))*
	　

	Trichloromethane
	10 (Krska et al. (1993)) 
	10.5 (Burck et al. (1994)
	　

	Chlorobenzene 
	0.16   (Yang and Tsai (2002))
	
	　

	Dichlorobenzene 
	0.12  (Mizaikoff (1999))
	0.4 (Burck et al. (1994))
	　

	Monochlorobenzene
	10 (Krska et al. (1993))
	
	　

	Dichlorobenzene, 
	5  (Krska et al. (1993))
	
	　

	Trichlorobenzene,
	50 (Krska et al. (1993))
	0.04  (Burck et al. (1994))
	　

	Chloronaphthalene 
	0.06   (Yang and Tsai (2002))
	
	　

	　
	
	
	　

	Phenols
	
	
	　

	Chlorophenol 
	0.23 (Yang and Cheng (2001))
	
	　

	Dichlorophenol
	0.15 (Yang and Cheng (2001))
	
	　

	Trichlorophenol
	0.52 (Yang and Cheng (2001))
	
	　

	Methylphenol 
	0.24 (Yang and Cheng (2001))
	
	　

	Trimethylphenol 
	0.1 (Yang and Cheng (2001))
	
	　

	Dinitrophenol 
	1.92 (Yang and Cheng (2001))
	
	　

	Nitrophenol
	0.45 (Yang and Cheng (2001))
	
	　

	Hydroxylphenol 
	5.47 (Yang and Cheng (2001))
	　
	　


Table 3. Applications of Vibrational Spectroscopy to detection of Inorganic compounds in water
	Name
	MIR
	NIR
	Raman

	NaCl
	0.1 Mol (Masuda et al. (2003)) 
	0.015 Mol (Lin and Brown (1994)) 
	　

	Pb
	
	0.24 ppm (Huang et al. (2009)) 
	　

	Mn
	
	1.4 ppm (Sakudo et al. (2006))
	　

	Fe
	
	1.3 ppm (Malley and Williams (1997))
	　

	cyanide
	
	
	10ppb (Premasiri et al. (2001)), 

	Acenotrile
	0.05 Mol (
 ADDIN EN.CITE 
Fillipan et al. (2004)
)
	
	　

	Cu
	
	1.1 ppm (Sakudo et al. (2006))
	　

	Cd
	
	0.2 ppm (Malley et al. (1996))
	　

	Zn
	
	2.1 ppm (Sakudo et al. (2006))
	　

	Ni
	
	1.6 ppm (Sakudo et al. (2006))
	　

	Na2CO3
	0.05 Mol (Masuda et al. (2003))
	
	　

	NaHCO3
	0.05 Mol (Masuda et al. (2003))
	
	　

	KC1 
	
	0.005 mol/L SEP (Frost and Molt (1997)) 
	　

	MgCl2 
	
	0.004 mol/L SEP (Frost and Molt (1997))
	　

	AICl3
	
	0.003 mol/L SEP (Frost and Molt (1997))
	　

	AICl3 
	
	0.002 mol/L SEP (Frost and Molt (1997))
	　

	KCl
	
	0.03 mol/L SEP Frost and Molt (1997))
	　

	P 
	　
	0.9 ppm  (Malley et al. (1996))
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Figure 1. (a) Schematic of FT-IR and (b) ATR set up (IRE = internal reflection element).
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