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Abstract

In this chapter, the use of Raman spectroscopy (RS) for studies of aqueous solutions is
shown. This technique is mainly used for the characterization of solid samples, but
presents numerous features permitting its use for the analysis of aqueous media. Indeed,
it possesses all the advantages of optical methods (versatility, rapidity, contact-less non-
destructive measurement, etc.), but also offers possibilities for in situ measurements.
The Raman spectrum will be influenced by several parameters such as the solution
concentration or its temperature-phase. Thus, the analysis of a set of aqueous solutions
of different concentrations in a certain temperature range can permit the identification
of the specific effect of salt and temperature. A proper analysis based on the follow-up
of  the  specific  peak  areas  or  intensities  can  permit  the  determination  of  the  salt
concentration or the phase transition of the studied solution. The analysis can be focused
on the salt direct effect on the spectrum, analysis of the salt signature itself, or on its
indirect effect on the water signature. The method for the characterization of aqueous
solutions of some salts is presented: elaboration of calibration curves and concentration
determination. As an application example, a special attention is devoted to aqueous
solutions that are used in the winter maintenance domain (solution of acetates, formates,
or chlorides), which are very relevant examples of aqueous solution behavior. A specific
analysis set to determine the solution solid-liquid phase transitions is presented as well
as the thus-constructed phase diagram.

Keywords: aqueous solutions, Raman spectroscopy, characterization, quantification,
phase transition

© 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
and reproduction in any medium, provided the original work is properly cited.

© 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



1. Introduction

In this chapter, the possibility of using Raman spectroscopy (RS) for studies of aqueous solutions
is shown. Section 2 is devoted to the description of the general principle and characteristics of
Raman spectroscopy (RS) as a technique for the investigation of molecular structure. Since
Raman spectra contain information not only on intra-molecular vibrations but also on vibrations
of the crystal lattice and other solid movements, RS is a well-established technique for the studies
on solid materials [1].

The aim of this chapter is to show the possibility of its use to study aqueous solutions and
chemical species dissolved in water. The application of RS on the study of aqueous media is
more complicated than in solids, but is still very efficient if a proper signal treatment is applied.
In order to show the different possibilities of RS for the characterization of water media, a
special attention is devoted to one application example: aqueous solutions that are used in the
winter maintenance domain (solution of acetates, formates, or chlorides). The possibility of its
use for the detection of some water pollutants is also discussed.

In the case of water quality, there is a need for a device presenting a high polyvalence degree
to detect and to quantify several chemical species in aqueous solutions but also to discriminate
them from each other. There is an increasing need for a technique that could permit in situ
measurements and continuous monitoring of water.

However, the techniques actually used for the detection and quantification of chemicals in
water often do not respond to these criteria [2]. Some techniques, such as the widely used
solution conductometry, are fully dedicated to one chemical species or are not able to make an
accurate discrimination between different chemical species. In other cases, the quantification
of chemicals in water media usually needs the combination of several techniques such as ionic
chromatograph and electrical conductivity. This approach is then not appropriate for in situ
measurements and are time consuming, inducing a time delay between the sample collection
and analysis. The same remark concerns the inductively coupled plasma atomic emission
spectroscopy, which permits to detect chemical atoms.

On the other hand, previous studies indicated the great potential of the optical and spectro-
scopic tools in the detection of salts in solutions and, more specifically, RS, which could then
permit to avoid the inconveniences of the techniques mentioned above [3]. Indeed, as it is
shown, RS can permit us to determine the nature and the quantity of chemical species present
in water media, offering the possibility to discriminate the different species present. In
addition, the RS is an all-optical method, so it possesses all the advantages of optical methods
(versatility, rapidity, contactless non-destructive measurement, etc.), as it will be detailed
further on. Moreover, RS is generally more versatile and easier to set up in situ.

2. General principle of Raman spectroscopy

RS provides numerous information about the structure and chemical composition of the
sample, information obtained by an illumination of the sample with a monochromatic
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radiation (laser beam) that excites the vibrational structure of molecules; RS is thus called a
vibrational spectroscopy. As illustrated in Figure 1, the radiation coming to the sample
undergoes two types of scattering: Rayleigh scattering, where the radiation is at the exact same
frequency as the excitation laser line (υ), and Raman scattering where the scattered radiation
has a different frequency (υ'). The difference between the two frequencies, called “Raman
shift” (Δυ), is the consequence of the interaction of the radiation with the sample molecules by
the means of the vibrations of the chemical bonds present in the sample [4–6]. Note that,
because it is a difference value, the Raman shift is consequently totally independent of the
frequency of the incident radiation.

Figure 1. Schematic representation of the Rayleigh and the Raman diffusions.

In order to properly extract the Raman shift, the radiation coming from the Rayleigh diffraction
has to be filtered out with a notch or a band pass filter from the total radiation before being
collected on the spectrometer sensor (generally a CCD). Thus, only the radiation with a
different wavelength than the incident laser beam is analyzed.

2.1. Raman spectrum

The results of the measurements are depicted graphically as Raman spectra. The intensity of
the scattered light is plotted for each energy (frequency) of light. The frequency axis represents
the Raman shift Δυ, as it is the shift in energy/frequency of the light that is of particular interest.
In vibrational spectroscopy, the frequency is traditionally measured in a unit called the
“wavenumber” (number of waves per cm, cm−1), which is directly proportional to energy.
Wavenumbers are easily converted into the more familiar wavelength scale by calculating the
reciprocal.
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A thus-plotted Raman spectrum is composed of peaks, where each peak corresponds to a
specific vibration of a chemical bond present in the sample. The more complex the chemical
composition, the richer is its Raman spectrum.

When the specific vibration is represented by a wider peak, we are generally talking about a
“band” that can be composed of several peaks. In this case, each peak represents the vibration
of the same chemical bond, but its surrounding environment is slightly different, provoking a
frequency shift. Thus, the partly overlapping peaks form a resulting band that is covering a
more or less large range of frequencies.

2.2. Information accessible

By the analysis of the different Raman peaks present, a Raman spectrum can give us numerous
qualitative and quantitative information on the sample, as presented in Figure 2.

Figure 2. Information accessible from a Raman spectrum [6].

Three spectral parameters can be derived from the analysis of a Raman line.

The position of the peak defined by its maximum corresponds to the vibration frequency of
the chemical species. Since each chemical bond has its own characteristic vibrations, the
position of the peaks lead to the identification of the chemical species. The determination of
the peak locations in a Raman spectrum is sensitive enough for the recognition and the
specification of chemical species in heterogeneous samples [7].

The peak intensity is related to the corresponding chemical species concentration. In order to
determine this parameter, it is necessary to use normalization of the integrated intensity of the
Raman line as the peak intensity is also sensitive to the laser power. The follow-up of the
relative changes in the integrated intensities of peaks is then necessary for excluding the laser
influence and to determine correctly the species concentration.

Furthermore, the full width half maximum (FWHM) reflects the order character of the sample:
structure with the lower the FWHM, the higher the local order.

Applications of Molecular Spectroscopy to Current Research in the Chemical and Biological Sciences408



Thereby, the peak position, the linewidth, and intensity extracted from a Raman line can be
used for the determination of some physico-chemical parameters such as the sample phase or
constraint [8]. The analysis of all the peaks present in the spectrum gives us an insight on the
sample composition and structure. RS can thus be used to determine various quantities that
can affect the vibrational state (modes/peaks) specific to a substance.

In addition, specific Raman peaks are sensitive not only to the above-mentioned composition
or concentration of the substance under study but also to external parameters such as the
temperature or the pressure that affect the structure of the sample. Thus, the spectroscopic
follow-up of a sample can permit to identify which chemical bond is affected by a change of
an external parameter and to identify the constraint through the resulting peak shift. This
aspect is explained further in this chapter in Section 3.2.

Since a Raman spectrum gives details on the chemical composition, molecular structure, and
molecular interactions, it is hence considered as a chemical compound fingerprint at a
molecular or crystalline level.

2.3. Advantages

RS is useful for chemical analysis for several reasons [9, 10]. As many optical techniques, it is
non-destructive and non-intrusive, permitting to perform contactless measurements. Further-
more, in contrast with most other chemical analysis techniques, it does not require any specific
sample preparation. Moreover, this technique requires a small volume of the substance, in the
order of 1 μm3, for the analysis and it is possible to use optical fibers for deported measurement.
This kind of set up is particularly well adapted for on-site measurements (on the field or in an
industrial context). Furthermore, as a Raman spectrum can be acquired in the range of time of
seconds, RS permits an almost “real-time” monitoring of chemical reactions. Depending on
the experimental set up and on the application aimed, it can offer different spatial resolutions
(from 1 μm to 1 cm). An additional advantage of RS is the possibility to analyze samples in
solid, liquid, or gaseous state.

It is to note that RS offers the possibility to use lasers in a large spectral domain, going from
the ultraviolet to the near infrared (IR). The choice of the most appropriate laser to use will
depend on the nature of the sample under study. Indeed, the absorption, the fluorescence, the
solidity toward light exposure, and more generally the interaction between light and the
sample have to be taken into account. For the specific case of aqueous solutions, the most
appropriate laser is in the visible green light (514 or 532 nm), which permits to diminish the
fluorescence.1 Furthermore, the excitation wavelength will have an important impact on
experimental capacities; the laser wavelength λ will influence Raman intensity, proportional
to λ−4, and spatial resolution, defined by a diameter equal to 1.22 λ / NA, the numerical aperture
of the objective used.

1 In fluorescence, the incident excitation light is completely absorbed, transferring the system to an excited state and
producing a photon with a different frequency. The fluorescence photons, which are of lower energy, are emitted after a
certain resonance lifetime.
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RS presents also some inconveniences and limits, but the technology development offers
possibilities to overcome most of them. For instance, Raman signal of some compounds can
be weak comparing to the total signal, making it difficult to determine small concentrations.
A stronger signal can obviously be obtained by the increase of the laser power, but the influence
of the laser on the sample state could be strong enough to be problematic for the analysis or
even induce a sample damage. To compensate this detrimental effect, the recent technological
development improved significantly the performance of multichannel detectors, leading to a
considerable increase of the sensitivity of Raman spectrometers.

Another limiting factor is the fluorescence, which can be much higher than the Raman signal,
dominating in intensity the Raman effect, at times diluting it completely in the signal noise.
However, as the Raman effect is independent on the excitation frequency, it is often possible
to overcome this difficulty by choosing an appropriate laser.

Despite these few restrictions, RS appears well adapted for the analysis of aqueous solutions.
Compared to infrared spectroscopy where the spectrum of water is so strong and complex that
it interferes with the signatures of chemical species, the Raman spectrum is not sensitive to
aqueous absorption bands that are weak and unobtrusive. The analysis of liquids is easier,
thanks to the transparency of glass containers in the spectral domains concerned.

3. Spectroscopic analysis of water

3.1. Specific water signature

The structure of water has been studied for decades by both infrared (IR) and RS [11–15]. The
normal modes of water are nowadays well known and detailed on Figure 3; The spectral band
corresponding to the O─H bending (noted v2) is located at about 1600 cm−1, and to the O─H
stretching band around 2900–3700 cm−1. This broad range of the Raman spectrum of liquid
water is composed of symmetric (noted v1) and asymmetric (noted v3) O─H stretching
vibrations [14, 16, 17].

Figure 3. Normal modes of water.

In the literature, a special attention is devoted to the study of the O─H stretching region [18,
19]. The particular interest for this region originates from the fact that it is generally considered
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to be closely related to the structure of water [20, 21] because it is an indicator of the hydrogen-
bonding network [22, 23]. Moreover, even though it is well known that this band constitutes
of the symmetric and asymmetric O─H stretching, further designations of these normal modes
are still not well elucidated. It is generally admitted that all the bands of water are made up
from contributions from different components from water molecules in different hydrogen
bonded environments. In order to analyze this region in a more detailed way, it is necessary
to proceed to a deconvolution of the band corresponding to this complex contribution of the
water spectrum into various peak components, to assign each vibrational mode and to get back
to their molecular origins. However, when it comes to bands that are as large as the O─H
stretching band, the decomposition is rather complicated and numerous deconvolution
models can be found in the literature. Depending on the authors, different number of compo-
nents as well as different mechanisms involved are considered. The use of two to five compo-
nents for deconvolution is suggested to correctly describe the O─H stretching band [18, 24–
27]. The most commonly proposed deconvolution contains five components [28–30]. An
example of such a deconvolution of the O─H stretching band is presented in Figure 4.

It is to note that even when using the same number of components for the deconvolution,
different results can be found and different attributions proposed. For each deconvolution,
different hydrogen bond properties, such as their number, angle or length, are used to define
the attributions [18, 27, 30–33]. Generally speaking, lower frequency components are attributed
to water molecules with stronger hydrogen bonds and higher frequency components have
weaker hydrogen bonds [34].

All these studies show that, besides the intra-molecular O─H pairs, intermolecular O─H linked
by hydrogen bonds contribute to the O─H stretching. The role of the hydrogen bonds is
therefore of great importance for the understanding of this spectral range. This bond being

Figure 4. Example of deconvolution of the O─H stretching band into five sub-bands [28].
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flexible is sensitive to temperature [35] and the presence of ions. The study of this spectral
region can therefore be used for the determination of the water phase or for the detection of
ions dissolved in water, as it will be presented thereafter.

3.2. Phase effect

As a molecule, water can be present at three different phases—solid, liquid, and gaseous—the
state depending on the environmental conditions, namely the pressure and the temperature.
This chapter concentrates on the solid-liquid phase transition, with a special focus on meas-
urements performed on atmospheric pressure, the application example being the winter
maintenance domain.

As mentioned earlier, the O─H stretching band is considered to be closely related to the
structure of water. It is expected that the morphology of this band will be modified by a change
in the temperature or in its chemical composition, as it can be seen on Figure 5 where normal-
ized spectra of liquid water and ice are compared.

Figure 5. Raman signature of the O─H stretching region for water in its liquid (at 20°C) and solid form (at −20°C) ob-
tained with a 532-nm laser beam at 100 mW.

In the case of liquid water, molecules are in constant movement, provoking continuous creation
and break of hydrogen bonds that are rather weak. Water can be considered as a mixture of
isolated water molecules and water molecules forming clusters by the hydrogen bonds [14].
Hence, all contributions, in terms of number of hydrogen bonds present, contribute to the O─H
stretching band. This leads to a broad spectrum with the symmetric and asymmetric regions
of the band that are almost equally represented. An average number of hydrogen bonding for
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each molecule is found to be 2.75 [29], which is manifested by a slightly greater intensity at
3385 cm−1 corresponding to the contribution possessing three H-bonds.

In the case of ice, on the other hand, the decrease of temperature will strengthen the hydrogen
bonds, leading to weaker O─H bonds, which will thus vibrate at lower frequencies. Further-
more, besides the shift toward the lower frequencies, due to the increased importance of
intermolecular hydrogen bonding at lower temperature, the lower part of the spectrum, related
to fully H-bonded atoms, enhances and becomes narrower [36].

3.3. Phase transition determination

Since the spectra of liquid water and ice are significantly different, the combination of Raman
spectrometry and micro-thermometry can lead to precise detection of the water phase
transition. Spectra obtained in the −3 to 3°C temperature region were collected and their O─H
stretching band presented in Figure 6. It is reminded that the study is focused on the O─H
stretching band, as it is the spectral region considered to be closely related to the structure of
water and which is thus expected to be the most influenced by a change of temperature.

Figure 6. Raman spectra of water between −3 and 3°C, obtained with a 532-nm laser beam at 100 mW.

The center of the O─H stretching bond is located around 3325 cm−1. The temperature modifi-
cation induces large changes in the shape and the intensity of the O─H stretching region in
both the part corresponding to symmetric and asymmetric stretching vibrations. It can be
considered that the lower frequency part of the spectrum (between 2900 and 3325 cm−1) roughly
corresponds to the ordered solid phase as this contribution is related to fully H-bonded atoms,
whereas partly H-bonded and free O─H are expressed in the upper frequency part, charac-
teristic of the liquid phase [30]. It is then possible to follow the phase transition by the relative
evolution of these two parts of the O─H stretching region as the evolution of the order/disorder
of the water structure can be reflected from the values of their intensities. Thus, a spectral
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marker SD, can be defined as the ratio of the asymmetric and the symmetric part of the O─H
band, parts centered on 3385 and 3135 cm−1, respectively, in order to detect the phase transition.

A method for the determination of the phase transition based on that principled was developed
and tested [37]. That study showed that, for the calculation of the spectral marker, it is possible
to use intensities at the peak maximum or integrated intensities of raw spectra.2 The compar-
ison of curves obtained by the calculation of ratios of simple intensities of the two most intense
parts (c) and of integrated intensities of more (a) or less broad (b) spectral areas around the
peak maximum is shown in Figure 7.

Figure 7. Plots of the spectral marker SD calculated with intensities (c) or integrated intensities (a, b) as a function of
temperature [37].

The temperature of the phase transition is then determined by a simple calculation of the curve
inflection point. The uncertainty of the phase temperature thus obtained is dependent on the
speed of the temperature change during the measurements. In the case presented here, the
speed was set to 0.5°C/minute, and the uncertainty obtained is about 0.5°C for each ratio tested
(ratio of simple or integrated intensities).

2 The use of raw spectra permits to overcome the possible controversies about the deconvolution of the O─H stretching
region. In this method, only two parts of the spectra that are affected by the temperature and phase change are then
analyzed.
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4. Spectroscopic analysis of aqueous media

A Raman spectrum of an aqueous solution will present specific the different O─H bond
vibrations of water, as well as specific peaks of each chemical/salt diluted. Indeed, each type
of salt (acetate, formate, nitrate, etc.) diluted in an aqueous solution presents specific signa-
tures/peaks corresponding to the vibrations of the different chemical bonds constituting it. By
the analysis of each peak, it is possible to identify the nature of the chemical present, as well
as its concentration. Indeed, the systematic analysis of a set of aqueous solutions of different
concentrations can permit the identification of the specific effect of the chemical. A proper
analysis based on the follow-up of the specific peak intensities or areas can permit the
determination of the chemical concentration. The analysis can be focused on the salt direct
effect, on analysis of the salt signature, or on its indirect effect by the analysis of the water
signature.

As presented earlier in this chapter, the peak intensity is linked to the concentration. Peak
intensity measurements are thus used in most quantitative analyses. However, the absolute
intensity of a Raman spectrum can vary considerably from one instrument to another as it is
also sensitive to changes in instrumental resolution, calibration and signal/noise ratio, etc.
Thereby, it is necessary to use integrated intensity, a measure of the total intensity of the band,
which is much less sensitive to instrumental resolution [4].

4.1. Application to winter maintenance aqueous solutions

The application example will concern aqueous solutions used in winter maintenance where
different anti-icing chemicals are spread on runways in order to maintain a proper grip.3 This
is a commonly employed technique to avoid the occurrence of ice or to generate its melting [38,
39]. The products used are mainly salts, heard as ionic compounds composed of cations and
anions. Each of these salts contains an “active compound” permitting to lower the freezing
temperature of the liquid present on the road surface [40]. The most commonly employed anti-
icing product for road winter maintenance is the NaCl (in France, up to 99% of the cases). The
active compounds of the products applied on the airport surfaces are mainly acetates and
formates of sodium or potassium for corrosion reasons [41].

4.1.1. Concentration determination

For the quantification of the molecules of interest, the anti-icing active compounds, it is
necessary to construct appropriate calibration curves. For that purpose, solutions with well
known composition and concentration of each active compound are prepared and analyzed
spectroscopically. The first step is to identify the spectral signature of an analyzed compound.
Raman spectra of the different salts used in winter maintenance are presented on Figure 8. The
more complex the chemical composition, the richer is its Raman spectrum;

3 The quantification of the active compound of these products is necessary for both the characterization of the nature of
the commercial products and the optimization of the quantities applied on airport areas.
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The Raman spectrum of potassium acetate presents peaks corresponding to the vibrations of
O─C─O bending, C─C stretching, CH3 bending, C─O stretching and CH3 stretching [42–45].
For potassium formate, the peaks corresponding to O─C─O and C─H bending, as well as C─O
and C─H stretching [46–48] are present. The sodium chloride spectrum, on the other hand,
presents only the peaks characteristic of the water, O─H bending and O─H stretching. Indeed,
chemicals that present only monoatomic ions once dissolved in water (like NaCl gives [Na+]
and [Cl−]), do not possess specific peaks, as they do not have bonds anymore [49, 50].

Clearly, it is not possible to use the same analysis method for the elaboration of the calibration
curves for all these species. We then consider two cases: on the one hand, the case when the
salt presents specific peaks, making it possible to detect its presence and concentration directly,

Figure 8. Raman spectra of aqueous solutions of the salts used in winter maintenance: potassium acetate (a), potassium
formate (b), and sodium chloride (c) obtained with a 532-nm excitation wavelength.
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and, on the other hand, where the salt does not present any specific peak and it is only possible
to detect and quantify it indirectly.

Furthermore, for a better baseline correction, it is possible to focus the study on only one part
of the spectrum. In the case of winter maintenance salts presented below, the study considered
the region above 2500 cm−1.

4.1.1.1. Direct concentration determination: CH3COOK and CHOOK

For an optimized calibration curve, the analysis of aqueous solutions covering a large scale of
concentrations is necessary. For the potassium acetate and formate, solutions with a weight
percent up to 65 and 60%, respectively, were analyzed (Figure 9). The weight percent (wt%) is
defined as the ratio of the mass of the salt dissolved msalt and the mass of the solution sample
msample.

Figure 9. Normalized Raman spectra of aqueous solutions of potassium acetate (a) and potassium formate (b) with a
weight percent between 0 and 65% and 0 and 60%, respectively. Spectra obtained with a 532-nm laser at 100 mW.

In Figure 9 are presented spectra of potassium acetate and potassium formate solutions at
different concentrations/weight percent in the 2500–4000 cm−1 spectral region. This region
contains, for both salts, a salt specific peak, as well as the O─H stretching band. As expected,
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in both cases, the intensity of specific peaks increase with the concentration. A proper signal
treatment permits to extract the effect of the active compound on the Raman spectra and to
elaborate appropriate calibration curves. A calibration curve defines the relationship between
an analytical signal produced by the analyte and its concentration.

In the simplest case, the calibration curve is linear and a simple linear regression permits to
fit the analytical signal to the concentration. Most generally, however, the analysis is more
complex since the calibration curves are often affected by overlapping bands, additional
interfering components. The resultant calibration curves will often be non-linear [5].

On the whole, for the elaboration of a calibration curve, the calculation of the peak intensity
as a function of the concentration can be used, however, it is important to ensure that the peak
characteristics that will be calculated will be affected only by the compound itself. As men-
tioned before, in order to avoid the bias of spectral intensity caused by the experimental setup,
it is recommended to use integrated intensity. Furthermore, experimental conditions, such as
ambient light, can also influence the spectral intensity and even the integrated intensity. One
way of overcoming all these difficulties and to maintain only the compound concentration
influence is to use a ratio of integrated intensities [28].

Hence, for the elaboration of the calibration curves of potassium acetate and formate, a
spectral marker SD is defined as a ratio of an integrated intensity of a specific peak ΔIsalt, over
the integrated intensity of the O─H asymmetric stretching vibrations ΔIOH. For the potassium
acetate, the integrated intensity 2801–3001 cm−1 including the CH3 stretching band was chosen
as ΔIsalt, and for potassium acetate ΔIsalt was defined as the integrated intensity of the 2725–
2809 cm−1 region including the C─H symmetric stretch. For both cases, ΔIOH was defined as the
integrated intensity of the water 3324–3486 cm−1 spectral region. The thus obtained calibration
curves are presented in Figure 10.

Figure 10. Calibration curves obtained for potassium acetate (a) and potassium formate (b). Both curves present an R2

of 0.999.

In this particular case, there is a slight overlapping of the bands chosen, as there is a small
contribution of the O─H band in the region of the C─H band. As a result, the resultant
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calibrations curves obtained for the potassium acetate and potassium formate presents an
exponential evolution.

These calibration curves can then permit not only to identify the presence but also to quantify
these species in an aqueous solution. The precision of the method will depend on the quality
of Raman spectra obtained. In general, with the 532 nm laser excitation and a 60 second
accumulation time, it is possible to obtain a good signal/noise ratio permitting the quantifica-
tion of these species with an 1% uncertainty. Depending on the application aimed, it is possible
to diminish even more the uncertainty by analyzing more aqueous solutions in order to have
more points for the calibration curves. For the winter maintenance application, however, the
uncertainties aimed are rather high, 5%, and then this method is well-fitted just as it is shown
here.

4.1.1.2. Indirect concentration determination: NaCl

The concentration determination by a direct analysis of a chemical specific peak is immediate
and will, logically, offer better results. However, chemicals that dissolve in monoatomic ions
do not possess specific peaks, as they do not have bonds [49, 50]. In order to detect their
presence in water and to quantify them, it is necessary to analyze the water signature and
deduce information on the chemical through their influence on the water structure. A typical
example of this behavior is sodium chloride, NaCl.

Figure 11. O─H stretching region of Raman spectra of NaCl aqueous solutions in a weight percent up to 20%.

Figure 11 shows the influence of NaCl concentration dissolved in water on its Raman spectrum.
Two main effects can be underlined: NaCl affects both the O─H symmetric and O─H asym-
metric stretch. The concentration increase enhances the morphological changes of the O─H
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stretching band, diminishing the O─H symmetric and increasing the O─H asymmetric
stretching vibrations [51], leading to a spectrum shift towards higher wavenumbers. This can
be considered as a direct result of the dissolution of NaCl in water, which provokes the decrease
of the number of hydrogen bonds in the intermolecular structure [50, 52, 53].

It is then possible to use the ratio of the asymmetric and symmetric O─H stretching vibrations
as a spectral marker for the elaboration of the calibration curve [54]. The O─H stretching band
was then divided into two parts, 3325–3650 cm−1 as representative of the O─H asymmetric
stretching vibrations, and 3000–3325 cm−1 as representative of the O─H symmetric stretching
vibrations.

After an elaboration of a calibration curve, a set of blind tests should be performed in order to
verify the uncertainty of this indirect way of concentration determination. The plot presenting
the calculated concentration via the experimental SD versus the theoretically calculated
concentration is presented in Figure 12.

Figure 12. Comparison of calculated weight percent (represented by the experimental points in black) and weight per-
cent (represented by the curve in red).

As shown in the Figure 12, even an indirect way of concentration determination can offer good
precision, especially for more concentrated solutions; For this specific case, the standard
deviation is of 0.25% for weight percentages over 7 and of 0.75% for weight percentages up to
5%.
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To sum up, this approach can also be applied to all salts that dissolve into monoatomic ions,
since in their dissolved form they interact with water, and these interactions are detectable and
quantifiable by the means of the Raman spectra of water. Hence, similar studies even in
applications other than the winter maintenance domain were also conducted, for example on
the effect of different alkali halide on the water structure [50, 51]. These studies showed that
the influence of dissolved salts on water structure depends on the size and the charge of the
ions, as well as the strength they form with the O─H complex.

It is also possible to analyze the O─H stretching band for the quantification of dissolved salts
in solutions where several salts are present. For instance, quantification of NaCl with a 0.14 wt
% error was realized in a solution of NaCl and NaF at 2.8 wt% [55].

4.1.2. Phase diagram elaboration

The method described in Section 3.3 can also be applied to aqueous solutions where the main
morphological change appearing with the phase change concerns the O─H stretching band.
It is then possible to apply exactly the same spectral marker as for water for the detection of
the phase transition, that is to say a ratio of integrated intensities of the asymmetric and the
symmetric part of the O─H band.

The analysis of a set of aqueous solutions at different concentrations in a large range of
temperature can therefore permit the construction of the phase diagram which has a capital
importance in the winter maintenance domain. With a large temperature range, it is possible
to detect the different phase transitions. Indeed, in mixtures such as aqueous solutions, upon
cooling down, each component will solidify at a different temperature. The first phase
transition will then be a transition from a liquid to a mixture of liquid and solid phases. For
binary systems, where only two components are present, the second phase transition will then
transform the solid-liquid mixture into an entirely solid. For illustration purpose, the NaCl-
H2O phase diagram is presented Figure 13.

Figure 13. Phase diagram of the NaCl-H2O binary system.
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Upon cooling down a mixture of NaCl and water, the ice will be formed below a certain
temperature of the so-called liquidus curve, this temperature being dependent on the brine
concentration. During a certain temperature range, the mixture will be then composed of ice
and liquid brine (Zone II). Upon further cooling down, at some point the entire mixture will
solidify into ice and a hydrated form of NaCl (Zone III). This second phase transition will occur
at temperatures below the solidus line, which is located at the eutectic temperature. The
concentration of the eutectic point permits to determine the precise hydrated form of salt.

Such a phase diagram can be built experimentally by applying the spectroscopic method
described before to any aqueous solutions [56].

4.2. Application to water pollution

Another application example could be the detection of water pollutants where there is an
increasing need for a technique that could permit an on-site detection of the pollution sources.
Many pollutant families are identified as being potentially very harmful for the environment
and thus it is important to survey. As an example, we can cite the pollutants coming from the
agricultural activities, such as the fertilizers, nitrates, or phosphates, or some drugs, such as
hormones, which can have particularly important impacts on the environmental media.

In that objective, many studies have investigated the possibility to use optical methods, and
more specifically RS for the detection of pollutants in water media [57, 58]. The method
described earlier in this chapter, based on the calculation of ratios of pollutant-specific peak
and water peak, can then also be applied to water pollutants [59, 60].
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