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Abstract

:

Fluorescence excitation-emission matrices (EEMs) are a useful tool in aquatic sciences for monitoring and studying the biogeochemistry of organic matter in natural waters and engineered systems. Yet, the interpretation of the wealth of information available in EEMs requires the use of appropriate software. Existing software tools for the analysis of EEMs, offered by instrument producers, have limited treatment capabilities, while other freely available tools are based on the MATLAB or R programming languages, which require a certain level of programming skills and a pre-installation of MATLAB or R. Here, we present TreatEEM, the first non-commercial, stand-alone Windows-based software tool that provides comprehensive treatment of EEMs. Its greatest advantage is its user-friendly and interactive graphical user interface, providing a convivial and responsive graphical feedback on any action performed on either a single spectrum (recorded at one excitation wavelength) or EEM. The capabilities of TreatEEM, including (a) basic EEM treatment, such as simple inner filter correction, scatter removal, blank subtraction, Raman normalisation, smoothing, drift alignment etc., (b) extraction of useful parameters for DOM characterisation (Coble peaks and fluorescence indices) and (c) preparation of data for PARAFAC analysis plus presentation/manipulation of obtained PARAFAC components, are described in detail, along with a basic theoretical background on these most commonly used treatment steps of EEMs.
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1. Introduction


Fluorescence spectroscopy has been shown to be useful in a number of disciplines relevant to physical, chemical, biological and medical sciences. In the water sciences, it is used for monitoring and studying the dynamics of dissolved organic matter (DOM) [1,2,3,4,5]. The fraction of DOM capable of absorbing light at the UV and visible wavelengths is called chromophoric/coloured DOM (CDOM), whereas the fraction of CDOM that emits part of the absorbed light as fluorescence is called fluorescent DOM (FDOM). Even if the percentage of CDOM is very hard to estimate, it is proposed to range from 20% in open ocean to 70% in coastal regions where riverine DOM dominates [6]. Although it represents a small and not well-defined fraction of the entire DOM pool in the ocean, CDOM plays an important role in the carbon cycle, as well as in the cycling of trace elements and gases important to biological activity and global climate. CDOM is also of vital interest for aquatic ecosystem functioning by influencing the optical properties of seawater [6,7]. It mediates redox reactions of some trace metals such as Fe, which is biologically the most relevant trace metal, and influences the air–sea exchange of climate-relevant gases [8,9]. Furthermore, CDOM is an important class of compounds in wastewaters [10] and molecules of concern in drinking water, since they can form harmful by-products during the disinfection process [11].



With the development of modern spectrofluorometers, FDOM is mostly studied by using excitation-emission matrices (EEMs), where fluorescence peaks are attributed to groups of fluorophores with known excitation/emission maxima. The EEM is obtained by collecting the emission scans at a wide range of excitation wavelengths (typically from 200 to 500 nm) and arranging them in a matrix resulting in a contour graph of fluorescence intensity as a function of emission (λem) and excitation wavelengths (λex).



In natural water sciences, EEMs can provide information on the main origin of DOM components and their biological lability, as well as on changes within the DOM pool resulting from different processes such as biological processes of production and degradation, photobleaching, humification or mixing of water mases [5,12,13,14,15,16,17]. In coastal waters, a decrease in fluorescence intensity and a hypsochromic shift in fluorescence maxima (shift to shorter wavelengths) is often observed in the seaward direction as a result of photobleaching [6]. Protein-like and pigment-like fluorophores have shown an evident relationship with elevated biological activity; they are therefore considered evidence for DOM production [6,18,19]. These components appear to be microbially degradable, whereas humic-like components appear to be photodegradable but resistant to microbial degradation [5,20,21]. Humic-like FDOM has therefore been widely used as a potential tracer of refractory DOM [22], which plays an important role in carbon storage in the sea.



Besides understanding the DOM biogeochemistry in natural waters, EEMs can provide a useful tool in other water applications such as (a) predicting the treatability and potential of disinfection by-products formation in drinking water [11,23], (b) tracing the leachate contamination of ground water [24], (c) identification of textile wastewater in water bodies [25], (d) monitoring of (i) wastewater [26], (ii) sewage treatment impacts on aquatic systems [10,27], (iii) fluorescent whitening agents as a marker of an anthropogenic pollution [28], and (e) tracking oil-related DOM after oil spills [3,29]. There are many other utilities of EEMs, e.g., determining the individual binding parameters of organic matter components with metals [30], assessing soil health [31], investigating the DOM formed during composting [32], and identifying the geographical origin of plants [33]; they can also have different uses in medicine [34,35,36,37].



Despite their potential, the information contained in the EEMs is very difficult to interpret. There are several software tools capable of analysing EEMs. The most known and used is “drEEM toolbox” [38] developed for the MATLAB environment. Other MATLAB-based tools are “progMEEF”, developed by a group at the University of Toulon [39], and “efc”, developed by China University of Geosciences (Beijing, China) (https://www.nomresearch.cn/efc/indexEN.html (accessed on 26 April 2023)). Other MATLAB-based tools for EEM treatment exist, such as “EEM_corr”, that offers scattering correction in fluorescence data through an easily managed and freely available graphical user interface [40] or the EEMizer algorithm that automates the PARAFAC model building [41]. Recently an R-based program “staRdom” [42] was presented, allowing the treatment of both UV-Vis and fluorescence spectra. Philippe Massicotte provides his version of an R-based tool, named “eemR” (https://github.com/PMassicotte/eemR (accessed on 26 April 2023)). The programs provided by the instrument’s producers are mostly used to carry out measurements of samples, and they usually have limited treatment capabilities. The above-mentioned software tools require installation of either MATLAB (or MATLAB Runtime Library) or R software environment for statistical computing and graphics. To the best of our knowledge, no standalone windows-based software exists for such purposes. We think this is mostly because the various mathematical algorithms for the treatment of data already exist for MATLAB or R software environments, which simplifies the development of the specific software tools. To fill this gap, we present a free, windows-based software tool, TreatEEM. It is a user-friendly software developed for the visualisation and treatment of EEMs that does not require any other supporting program to be installed and run; it is therefore available to everyone and very easy to be used. Capabilities of TreatEEM are described along with the basic theoretical background related to the most common analysis of EEMs.




2. Basic Software Description and Main Graphical User Interface


TreatEEM was developed as a tool for visualisation and analysis of FDOM EEMs recorded by various producers of spectrofluorometers: Horiba, Shimadzu, Cary, Hitachi, Jasco. Various file types can be loaded (ASCII or binary); however, the actual version is tested using limited number of file types as provided by the software of these instrument producers. The most tested are Horiba Aqualog binary OPJ files. A partial structure of the binary OPJ file was reconstructed by reverse engineering (searching for specific segments within the binary file structure). Thus, errors when loading the file are possible, and users are invited to report the problem to the author of the program.



The greatest advantage and potential of the TreatEEM tool, if compared to other similar software tools, is its graphical user-friendly interface (GUI) and accurate correction for Raman and Rayleigh scattering. TreatEEM is fully interactive, and it provides a responsive graphical representation of the performed actions (Figure 1). EEMs can be visualised using both 2D contour and real 3D plots. Each separate spectrum can be presented using classical 2D plots. Numerous options to copy numerical data or graphics are incorporated. It is designed to allow users to follow the logical sequence of EEM treatment. It is assumed that users are familiar with the basic principles of the applied methodologies.



The following treatment routines for the analysis of EEMs are incorporated in TreatEEM:




	
Inner filter effect (IFE) correction;



	
Raman/Rayleigh (RR) scatter removal;



	
Reconstruction of spectra under Raman/Rayleigh bands (interpolation);



	
Blank subtraction;



	
Raman normalisation;



	
Alignment of drifted EEMs;



	
Calculation of EEM wavelength drift;



	
Manual correction of region inside of EEM;



	
Smoothing;



	
Resampling—EEM resolution increase;



	
Selection of active EEM wavelength ranges;



	
Peak picking;



	
Fluorescence indices (HIX, BIX, FI, YFI, Coble peaks);



	
User-defined fluorescence indices;



	
Preparation of data for PARAFAC analysis;



	
Presentation of PARAFAC components;



	
Reconstruction of EEMs using PARAFAC components.








The study of DOM often includes analysis of CDOM using UV-Vis spectrometry, along with the analysis of EEMs. Although the analysis of UV-Vis spectra and EEMs are often a part of the same software tools (e.g., “staRdom” [42]), we did not include the other functions inside of the TreatEEM as we developed a separate software dedicated only to the advanced analysis of UV-Vis spectra, called ASFit [43].



The top toolbar of the TreatEEM contains basic commands for opening the EEMs, saving the treated EEMs and activating the window for RR band removal (Figure 2). In case of Horiba OPJ files, there are a few additional options for the elaboration of EEMs contained in the OPJ file. If “Check for Rayleigh peak drift” is selected, the program will calculate the drift of the fluorescence spectra for the selected excitation wavelength (350 nm default). The calculation of the drift is based on the comparison of a theoretical position of the Rayleigh peak in single spectrum and the actual position determined by fitting the Rayleigh peak using the equation for Gaussian peak.




3. Initial EEM Treatment


3.1. Inner Filter Effect (IFE) Correction


A problem for practical EEM applications is the apparent non-multi-linearity of the fluorescence intensity resulting from sample absorption or sample scattering. The overall high sample absorption can lead to an IFE, at which the detected fluorescence signal can be misleading, limiting the linear dependence of fluorescence signals to low sample concentrations [44]. At high concentrations, the absorption of the intrinsic components of the sample can alter the detected signal by absorbing the excitation light through the sample, leading to non-uniform sample illumination (primary IFE), and by reabsorbing the emitted fluorescence (secondary IFE). To account for IFE correction, the set of absorbance files corresponding to each EEM file should be loaded. In the case of Horiba, the OPJ files already contain the UV-Vis spectra, recorded along with the fluorescence spectra. The IFE correction will be applied automatically for each file loaded by selecting the checkbox named “Inner Filter Effect (IFE) correction”. A simple and approximate method for IFE correction is based on the equation proposed by Lakowicz, 2006 [45]:


   F A  =  F 1  ×   10   (  A  ex   +  A  em )   / 2    








where FA is the IFE-corrected fluorescence intensity, F1 is the measured (uncorrected) fluorescence intensity, Aex is the absorbance at the fluorescence excitation wavelength, and Aem is the absorbance at the selected fluorescence emission wavelength.



Note that the TreatEEM was conceived to deal with classical issues and hindrances of IFE that can be circumvented by a dilution (to a level of organic matter with absorbance lower than 0.7) instead of the IFE that can be generated by IFE-based fluorescent sensing systems [46]. For further reading about advanced IFE correction we refer the readers to Chen et al., 2018 [46] and Mazivila et al., 2022 [47].




3.2. Raman and Rayleigh Scatter


Scattered light is another phenomenon that can create problems for quantitative analysis, especially for samples with low CDOM [48]. The most common types of scatters in EEMs are Rayleigh and Raman (RR). Rayleigh scattering is the scattered excitation light that peaks at the excitation wavelength equal to emission wavelength (1st band). Second-order Rayleigh band can be observed at an excitation wavelength that is half of the emission wavelength. Raman bands are the result of the inelastic scattering of the incoming light from water (or any other solvent) and peaks at a fixed emission/excitation wavelength pair.



The RR-scatter removal is performed in three main steps (Figure 3):




	
Selection of bands to be removed by selecting corresponding checkboxes;



	
Adjustment of the width of each scatter band;



	
Interpolation of missing values under RR-bands.








The advantage of the provided procedure is that each change in the parameters is immediately visible on the EEM’s contour. It is recommended to apply smoothing of the spectra as the noise can cause a non-adequate interpolation. The interpolation of the missing parts of the spectrum, produced by scatter removal (replaced first by zeros), can be performed either by “spline”, “polynomial” or combined mathematical treatment. An additional algorithm is created to set a few non-zero values within the removed scatter points, with the purpose of helping the better interpolation using the above-mentioned mathematical treatments. It is advised that the blank EEM is subtracted before the scatter band removal, as this step could improve the shape of the spectra on both sides of the RR-bands, and it could also slightly narrow the width of the removal range. Once the set of parameters is adjusted, it can be saved for further use. The example, reported in Figure 3, clearly demonstrates the efficiency of the algorithms used for scatter band removal and interpolation. As the shape of the EEMs varies greatly depending on the sample source/matrix, the RR-removal process may provide a non-ideal treatment. The fine tuning of the algorithms behind the mathematical treatment is regularly improved to account for potential glitches of this type.




3.3. Blank Subtraction


The EEMs of ultrapure water are supposed to be free of any fluorescent peaks and are therefore used as blank. The usual practice is its recording for the inspection of the cleanliness of the system (especially cuvettes) and the partial removal of scattering bands by their subtraction from the EEM of the sample or to use for Raman normalisation [38]. In the TreatEEM, there are two options: (i) use a blank EEM for a selected set of sample EEMs, or (ii) use a different blank for each sample EEM (multiple pairs sample-blank). The effect of blank subtraction is visible for each excitation wavelength in the 2D plot (Figure 4). The blank-corrected EEMs can be saved by pressing the button “Save blank subtracted EEMs”. A user-defined prefix can be added to the blank-corrected files, which are stored in a separate folder named “_BL_Corrected”. In the case of Horiba OPJ files, the subtraction of blanks is possible by selecting the checkbox “Show blank corrected (*.opj files only)”. The blank corrected EEM is visible only in Contour 2D plot or Real 3D plot. It is mandatory that the matrix size of the blanks is the same as that of the samples. The subtracted data are saved in a form as currently displayed, e.g., Raman-normalised and/or resampled using option “Increase EEM resolution”.




3.4. Raman Normalization


The fluorescence intensity can be expressed in arbitrary units, but it is subjected to changes due to changes in the intensity of the fluorescence source and the response of the detector; it is therefore necessary to calibrate the instrument with standardized samples in the same experimental conditions in order to enable the comparison of results among different studies and different instruments. Most often, this is accomplished by correcting the instrument intensity by using the Raman scattering of water at λex = 350 nm and λem = 371–428 nm, i.e., expressing it in Raman units (R.U.). For this purpose, the area of the Raman peak in single emission spectra recorded at 350 nm excitation is used and fluorescence intensities are divided by the calculated peak area. In TreatEEM, the Raman peak recorded in ultrapure water at a selected excitation wavelength is fitted on a linear combination of Gaussian peak and first-order polynomial equations (Figure 5).



The polynomial equation is needed to account for a non-flat baseline under the Raman peak. The peak area is then computed by integrating only a fitted Gaussian peak. In this way, we do not needed to take care to centre and select the exact range for the peak integration, and the non-zero baseline is eliminated in the calculation. By default, λex = 350 nm is used, but the user can manually set up another excitation wavelength. The fluorescence spectrum for a Raman correction can be separately recorded, or in the case of Horiba OPJ files, it can be taken from the blank file that is included in the OPJ file. In the case of separate Raman files that correspond to different sets of samples, all files should be loaded in the “Raman” file list. Thereafter, for a selected set of samples (“3D EEM” tab), a corresponding (correct) Raman file can be assigned from the dropdown menu (right-mouse click).




3.5. EEM Alignment


The positions of the Raman/Rayleigh bands in recorded EEMs could be shifted in either a positive or negative direction as a consequence of the instrument-specific influences. The extent of the drift is not the same for each excitation wavelength, and it is calculated as a factor that is the ratio of the observed and theoretically expected position of the Rayleigh or Raman peak in the single-emission spectra. This ratio is used to correct emission wavelength across the scanned emission wavelengths. The position of the Raman peak is calculated using the equation [49]:


  R a m a n   p e a k   p o s i t i o n      λ  ex     = 1 ×   10  7        1 ×   10  7     λ  ex     − 3400     − 1    











The procedure includes the increase in the resolution of each spectrum by factor of 4 (linear interpolation) and the reconstruction of the drifted spectrum at the original emission wavelengths by a smoothed cubic spline function using the mathematical component provided by H. Lohninger (http://www.lohninger.com/helpcsuite/cubicspline.htm (accessed on 26 April 2023)). In this way, the original fluorescent peak intensities are preserved (Figure 6). Although the drift is usually at the level of a few nm, the alignment of spectra is suggested if the drift is higher than 5 nm in order to keep consistency with the correct positions of the characteristic fluorescence peaks recorded under different instrumental circumstances and/or to have a better comparison with the spectra of other authors.





4. Parameters Derived from EEMs


4.1. Peak Picking


Many studies investigate specific fluorescence peaks. They are commonly identified in aquatic FDOM and are often labelled with letters (A, C, M, B, T) according to Coble, 1996 [50]. The identification of these fluorescence peaks in EEMs is called ‘peak peaking’. Due to the difficulties in linking the fluorescence regions to the exact biochemical structure of the DOM, fluorophores generating them are categorized in groups named according to the fluorescence of standard substances e.g., humic-like and fulvic-like (according to International Humic Substances Society; IHSS standard samples) or protein-like (specifically tryptophan- or tyrosine-like). Common fluorescence components in aquatic DOM with designated letters by Coble, 2007 [6] are summarized in Table 1, including their fluorescence properties and potential sources.



Different peak intensity ratios can be used to gain information on DOM quality. For example, the ratio between tryptophan and humic-like substances (peak T/peak C) has been used to trace sewage contamination in riverine waters and estuaries, to detect contamination in recycled water systems and/or to estimate the DOM biodegradability [51,52,53]. The ratio between peaks A and T has been used to characterize the degree of anaerobic conversion of the organic matter during oil crop straw degradation [54].





[image: Table] 





Table 1. Common aquatic EEM peaks.






Table 1. Common aquatic EEM peaks.





	Component
	Coble, 2007 [6]
	λex,max/λem,max (nm)
	Source





	Humic-like
	C
	300–370/400–500
	Terrestrial or anthropogenic; agriculture



	Humic-like
	A
	237–260/400–500
	Terrestrial or autochthonous



	Marine humic-like
	M
	290–312/370–420
	Anthropogenic; wastewater and agriculture



	Protein-like

Tyrosine-like
	B
	225–237/309–321

270–280/305–310
	Autochthonous



	Protein-like

Tryptophan-like
	T
	225–237/340–381

270–280/340
	Autochthonous



	Pigment-like
	P
	400–430/660–670
	Autochthonous



	PAH-like [55]
	-
	220–280/311–350
	Anthropogenic; oil-related or wildfires









4.2. Fluorescence Index


A common parameter in FDOM studies is the fluorescence index (FI), i.e., the ratio of emission intensity at specific emission/excitation wavelengths. The FI proposed to provide information about the source of FDOM is the ratio of emission intensity at 450 and 500 nm, excited at 370 nm [56]. The value of FI has been shown to be independent of the pH value and is ~1.4 for terrestrial sources and ~1.9 for autochthonous FDOM [56,57]. This corresponds to an increase in the emission maximum wavelengths with increasing biological activity.



The FI can be improved by using a wider fluorescence range formulated as Modified fluorescence index or Yeomin fluorescence index (YFI). The YFI is calculated as the average intensity over the 350–400 nm emission range divided by the average intensity over the 400–500 nm emission range, excited at 280 nm. Having a better resolution and less variation in different solutions, and being less sensitive to concentration-dependent effects than the FI, the YFI can help in differentiating the FDOM precursor materials [58,59]. As an example, in contrast to FI, YFI can distinguish between protein-like and amino-sugar-like standards [58]. Su et al., 2021 [54] successfully used YFI to track the evolution of the DOM during the anaerobic digestion of oil crop straw, and Derrien et al., 2019 [60] found it to be a reliable and robust index for tracking organic matter sources under early diagenetic processes.




4.3. Biological Activity and Humification Indices


In the literature, other fluorescence ratios have been reported to be related to DOM quality: the biological activity index (BIX) and humification index (HIX). BIX was proposed to investigate the contribution of biologically produced organic matter in a DOM pool [61,62]. It is defined as the ratio of the emission intensity at 380 and 430 nm upon excitation at 310 nm. The first emission wavelength corresponds to the intensity maximum of the fluorophore M (Table 1), whereas the second intensity maximum corresponds to the emission maximum of the fluorophore A (Table 1). In natural waters, BIX values higher than 1 indicate the presence of organic matter freshly produced by primary production, even if photochemical processes can also result in high BIX values [61]. In contrast, BIX values lower than 1 (0.6–0.7) are associated with a low biological production of DOM [62]. HIX, on the other hand, is taken from studies of organic matter in soil samples and is related to the degree of humification or aromaticity of fluorescent organics by quantifying the extent of the shifting of the emission spectra toward longer wavelengths with increasing humification. There are two ways for calculating this parameter, both included in the TreatEEM. Zsolnay et al., 1999 [63] first calculated HIX by dividing the emission intensity in the 435–480 nm range by the intensity in the 300–345 nm range, upon excitation at 255 nm. Ohno, 2002 [64] then corrected HIX for DOM concentration effects by defining it as the fluorescence intensity in the 300–345 nm region divided by the sum of intensity in the 300–345 nm and 435–480 nm regions. This correction is needed only for the samples with high absorbance (>0.3 cm−1); however, the use of Ohno’s equation gives HIX values that are concentration independent, allowing for an easier comparison of results from different studies. HIX can be useful to study DOM in agricultural environments, e.g., for characterizing DOM in agricultural soils coming from different crop systems [65]. With increasing aromaticity degree, the emission at 255 nm shifts towards longer wavelengths, and HIX increases. In natural waters, this is often accompanied by a decrease in BIX. For example, in the eastern Indian Ocean, BIX decreased with depth together with protein peaks B and T [66], whereas HIX gradually increased with depth together with peaks A and C, indicating a higher concentration of humic-like fluorophores in deep waters as humic substances accumulate in the deep ocean with the aging of water masses [66]. In coastal waters, this pattern is evident when moving from open seawater to the land due to the input of humic-like fluorophores derived from terrestrial sources and sediment resuspension [67]. BIX and HIX also proved useful for studying wastewaters to evaluate the removal process of effluent DOM [68] and to identify the origin of some industrial effluents [53].



The peak piking method is implemented in TreatEEM in two ways. The first one is for a quick preview of the selected peak in the loaded set of EEMs, and it is performed by choosing the command “Plot fluorescence intensities at this WL” at the selected Ex/Em wavelengths using a right-mouse click. The program will plot the extracted fluorescence intensities, which can be copied in clipboard as a figure or numerical data set for transfer to other programs (Figure 7).



The second method corresponds to the determination of the classical Coble peaks along with the calculation of the above-described fluorescence indices (Figure 8). The Coble peaks are calculated using their default positions (but can be adjusted) and can be shown in the EEM by selecting the “Show classical Coble peaks positions” in the “Contour 2D” tab (see Figure 1). In the “FLUO Indices” tab, a user can define its own set of excitation and emission wavelengths for which the characteristic fluorescence peaks (as defined by the user) are extracted (user-defined setup is automatically saved for future use). Calculations of described indices can be performed in the same table. The equation for the calculation of selected indices is shown in the top-right position above the table (by clicking on the proper column in table). Note that the user can define the wavelengths for the indices, but the equations will remain the same. By double clicking on the selected column in the table, the numerical values will be plotted for a quick preview.





5. EEM Decomposition


Currently, the common practice is to mathematically resolve EEM datasets into underlying fluorescent components, which represent groups of fluorophores with similar fluorescence excitation–emission maxima, using parallel factor analysis (PARAFAC) [38]. PARAFAC provides estimates of the relative concentrations of each fluorescent component within samples. Fluorescence spectroscopy combined with PARAFAC has been applied to a variety of natural ecosystems, and it has also been used, albeit to a lesser extent, in engineered systems for monitoring water treatment [69,70]. PARAFAC analysis can provide a wealth of information about the dynamics of different components that are not otherwise apparent due to the overlapping of the spectra. It is generally supposed that similar underlying PARAFAC components can be attributed to similar DOM sources [69]. It is therefore particularly useful in studying ecosystems influenced by a variety of DOM sources, such as coastal waters where the marine DOM can be overshadowed by fluorophores originating from terrestrial sources [71,72]. The largest number of components (up to 12) was identified in studies that analysed a wide range of samples from lakes, streams, wetlands, estuaries, sea ice, waters influenced by anthropogenic activity, black-odour waterbodies, agricultural catchments, etc. [1,73,74,75,76,77,78].



As mentioned in the Introduction section, various and well-established software tools exists for PARAFAC analysis. The intention of TreatEEM is to prepare the set of EEMs that will be further used for PARAFAC analysis without the need for additional processing by these programs. Currently, the implemented procedure composes a set of files with a predefined structure for use in the drEEM toolbox. For the progMEEF software tool, there is no need for the specific structure of files/folders as there is for drEEM. The progMEEF tool reads ASCII-stored EEM files and performs PARAFAC analysis in which the file with the extracted components and their intensities in each EEM can be saved. This file can be used for the visualisation of the PARAFAC components in TreatEEM. Based on the selected number of components (component model 2C–6C), a reconstruction of each EEM is possible, along with the creation of residual EEM files if the “blank subtraction” procedure is combined.



The example reported in Figure 9 shows the excitation and emission spectra for a selected number of components (4C model in this case). The intensities of each PARAFAC component are displayed in the bottom graphs. It is also possible to compare the intensity of the same component (e.g., C1 in the first bottom graph) obtained with different models (indicated with different colours). TreatEEM also provides for the possibility to prepare the data file to be used in the OpenFluor database (“Save for OpenFluor” button). The option to copy the plot(s) or component intensities of one or all the components is offered in the drop-down menu (right-mouse click) (inset in Figure 9).




6. Conclusions


In this paper, we presented the first non-commercial, stand-alone Windows-based software tool that provides a comprehensive treatment of EEMs, called TreatEEM. The great advantage of TreatEEM and its main difference compared to other similar software tools is its independence, as it does not require any other supporting programs to be installed; other advantages include its user-friendly and interactive GUI and its ease of use. We have systematically described the capabilities of TreatEEM with its treatment routines for the analysis of EEMs, including preliminary EEM treatments, extraction of useful parameters for DOM characterization, and PARAFAC support. The description of the software was complemented by an elementary theoretical clarification of these most commonly used treatment steps of EEMs and parameters used for the analysis of DOM in both natural waters and engineered systems.
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Figure 1. Screenshot of the TreatEEM showing the graphical user interface (GUI). 
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Figure 2. The main toolbar with commands for basic file handling. 
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Figure 3. Main window for adjustment of parameters for Raman/Rayleigh scattering removal (top) and (a) uncorrected, (b) RR-removed and (c) interpolated contour EEM plots (bottom). 
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Figure 4. Window showing a procedure of blank subtraction (colour codes: sample—black; blank—red; difference—blue). 
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Figure 5. Raman peak fitting routine for calculation of its area (in red). Inset: an example of how to assign a specific Raman file to the set of sample EEMs. 
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Figure 6. An example of spectrum alignment using Raman as a reference peak for excitation wavelength of 285 nm. Black — original spectrum; red — aligned spectrum. Green vertical lines represent the theoretical positions of Raman and Rayleigh peaks. 
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Figure 7. An example of a quick preview pick picking result of loaded set of EEM files (x-axis represents the ordinal number of the EEMs). 
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Figure 8. Screenshot of the program showing the calculation of fluorescence indices. 
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Figure 9. Screenshot of the program showing the visualisation of PARAFAC components obtained using progMEEF software tool [39] (upper graphs; red lines are excitation spectra and blue lines are emission spectra) and their intensities in treated EEMs (bottom graphs; different colours show the same component but calculated with different component models: 2C–6C as indicated in the toolbar above). 
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