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Resumo 

Este trabalho resultou da necessidade em explorar novos métodos de análise que permitissem 

caracterizar águas provenientes de várias origens e auxiliassem na compreensão do conteúdo em 

matéria orgânica natural. 

O enfoque principal desta tese foi a utilização da espectroscopia de fluorescência, em especial das 

matrizes de excitação emissão (EEMs), como ferramenta para caracterização da matéria orgânica da 

água. A informação extraída permitiu diferenciar as águas de acordo com a sua origem (águas 

superficiais ou subterrâneas) e de acordo com os processos de tratamento a que já tinham sido sujeitas 

(águas brutas ou tratadas). A reactividade ao cloro também foi avaliada, pois a concentração de cloro 

decai à medida que a água percorre os sistemas, devido essencialmente a reacções químicas com a 

matéria orgânica natural (MON) no seio da água. Devido à grande diversidade de compostos que 

compõe a MON, o estudo destas reacções requer a utilização de ferramentas de caracterização 

avançadas, das quais se destaca a espectroscopia de fluorescência. 

Esta dissertação, desenvolvida no Laboratório Nacional de Engenharia Civil no âmbito do projecto 

Chloridec: Tecnologia para monitorização em tempo real das taxas de decaimento do cloro em sistemas 

de abastecimento de água, que tem a EPAL, S.A como parceiro. 

Realizaram-se três campanhas de ensaios com águas brutas, tratadas e cloradas cedidas pela EPAL. 

A primeira campanha visou estudar as alterações em águas naturais cloradas com uma concentração de 

cloro inicial próxima de 1 mg/L, a segunda campanha analisou o efeito do cloro em águas naturais com 

uma razão Cl/DOC próxima de 3 e o último conjunto de ensaios visou o estudo do decaimento da 

concentração de cloro e das alterações das EEMs ao longo do tempo em águas preparadas em 

laboratório. 

Com o intuito de extrair informação química relevante do conjunto de dados devolvidos pelas 

EEMs, recorreu-se a um método quimiométrico designado por Parallel Factor Analysis (PARAFAC). A 

interpretação dos dados com recurso ao PARAFAC permitiu identificar os grupos de compostos 

presentes em cada água e assim inferir sobre o perfil da MON para cada amostra. 

 

Palavras-Chave: Espectroscopia de fluorescência; Matéria orgânica natural; Matrizes de excitação-

emissão; Cloro; PARAFAC 
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Abstract 

This work resulted from the need to explore new methods of analysis that allow a proper 

characterization of water samples from different sources and to help understanding the composition of 

natural organic matter. 

The main focus of this thesis was the use of fluorescence spectroscopy, in particular excitation 

emission matrices (EEMs) as a tool for characterization of natural organic matter in water samples. The 

extracted information could differentiate the waters according to their origin (surface or groundwater) 

and according to the treatment processes that had already undergone (raw or treated water). 

The reactivity of the chlorine was also evaluated, since the chlorine concentration decays as the 

water travels through the systems due to chemical reactions between the disinfectant agent and natural 

organic matter (NOM) dissolved in the water. The wide diversity of compounds that constitute NOM 

intricate the study of these reactions and the use of advanced characterization tools, such as 

fluorescence spectroscopy, is essential to extract chemical information. 

This thesis was developed at the National Civil Engineering Laboratory and was part of the Chloridec 

Project: Technology for online monitoring of chlorine decay in the water supply system, which has EPAL, 

SA as a partner.  

This investigation work included three sets of experiments in which raw, treated and chlorinated 

waters. The first experiment aimed to study the changes in chlorinated natural water with an initial 

concentration of chlorine near 1 mg/L, the second set of experiments examined the effect of chlorine in 

natural waters with Cl/DOC ratio near 3 and the last set of tests aimed the study of chlorine 

concentration decay and EEM changes over time in artificial waters. 

In order to extract relevant chemical information from the data returned by the EEMs, a 

chemometric method called Parallel Factor Analysis (PARAFAC) was used. The interpretation of the data 

using the PARAFAC allowed to draw the NOM profile for each water. 

Keywords: Fluorescence spectroscopy; Natural organic matter; Excitation-emission matrices; 

Chlorine; PARAFAC 
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1. Introduction 

1.1 Natural Organic Matter  

1.1.1  Composition 

Natural organic matter refers to a complex and diversified mixture of organic compounds that result 

from natural processes occuring in the environment. Dead and live plants, animals, microorganisms and 

their decomposition products may be the precursors of NOM (CHOW et al. 1999). Thus, NOM occurs as 

a consequence of the contact between water and dead or living organic matter present in the 

hydrological cycle (Bridgeman et al. 2011). 

NOM is present in all fresh water sources, especially in surface waters and its composition varies in 

time and space, depending on the material that was in the basis of its genesis and the modifications it 

went through (Lankes et al. 2008). NOM prevenient from aquatic algae has high nitrogen content and 

the presence of aromatic carbon and phenolic compound is low, although terrestrially derived NOM has 

relatively low nitrogen content but large amounts of aromatic carbon and phenolic carbon (Fabris et al. 

2008). This comparison proves NOM characteristics are intrinsically related with its origin. Besides its 

source, NOM concentration, composition and chemistry also depends on the physicochemical 

characteristics of the water column (e.g.,  pH, temperature, ionic strength), the surface chemistry of 

sediments and the occurrence of photolytic and microbiological degradation processes (Leenheer et al. 

2003). NOM is not a passive agent in the aquatic system, playing multiple roles such as, acting as a 

carbon source for the metabolism of living organism and being an important part of ecological and 

geochemical functions, such as proton binding, influencing biogeochemical processes and 

photochemical reactions, transportation of inorganic and organic substrates and aggregation and 

photochemical reactivity (Bridgeman et al. 2011).  

Several studies have been conducted through the years in order to understand which the major 

components of NOM are and these include humic substances (HS). Humic substances are complex 

macromolecules and some consist in a mixture between many organic acids with variable functional 

groups as carboxylic and phenolic groups. HS contribute to 30 to 50 percent of the Dissolved Organic 

Carbon (DOC) in water  (Thurman 1985).  These multivariate groups can be divided in humic acids (HA) 

and fulvic acids (FA). The main difference between HA e FA is that HA are insoluble at pH less than 1, 

while FA are soluble at the all range of pH (Baghoth 2012). The non-humic fraction of organic matter or 

hydrophilic matter consists of less refractory molecules such as carbohydrates, proteins, sugars and 

aminoacids. Other compounds, such as amino acids, sugars and carboxylic acids are usually present in 

freshwaters although in smaller amounts, as well as a heterogeneous mixture of compounds that 

represent the hydrophilic acid fraction of dissolved organic matter (DOM) , also called “hydrophilic 

humic substances”(Thurman 1985). 
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Figure 1- Dissolved Organic Carbon histogram for an average river with a DOC of 5 mg/L  (Adapted from 
(Thurman 1985)) 

Due to the highly complex and diverse composition - depending on the water being studied 

(natural, wastewater, drinking water, seawater) - NOM is often fractionated according to molecular size 

or functional properties and its compounds are classified as humic substances, building blocks, low 

molecular weight organic acids and neutrals and hydrophobic organic carbon (Kennedy et al. 2008; 

Huber et al. 2011). 

Recent studies suggested that sterol- and hopanoid- type structures are potentially dominant 

throughout DOM (Woods et al. 2012). 

1.1.2 Relevance in water supply systems 

NOM presence is undesirable when it comes to drinking water due to aesthetic, operational and 

economical factors. The presence of some components causes a brownish yellow color and a 

disagreeable taste and odor (Leenheer et al. 2003). Moreover, NOM has the ability to act as a substrate, 

promoting microbial growth and compromising the water safety. Hence, water abstracted from 

reservoirs and rivers (surface water) is treated in water treatment plants (WTP), where a large fraction 

of NOM is removed. However, treated water still has NOM in a variable concentration, depending on 

the initial NOM concentration and the effective removal capacity of the treatment plant. The removal of 

HS can be achieved using conventional methods for drinking water treatment, such as as flocculation, 

sedimentation and filtration. Removal of NOM of hydrophilic nature is more challenging. This fraction is 

a major contributor of easily biodegradable organic carbon, which promotes microbiological regrowth in 

the water distribution systems. There are some strategies that can be included in the treatment of 

potable water in order to remove the majority of NOM, however, some NOM characteristics, such as 

molecular weight distribution, carboxylic acidity and humic substances content may compromise the 

removal efficiency. Generally, high molecular weight compounds are easier to remove than low 

molecular weight components, especially the NOM fraction with MW of 500 Dalton (Da). NOM 

components with the highest carboxylic functionality and therefore, the highest charge density, show 

some resistance to removal by conventional treatment.  Conventional treatment, direct filtration, and 

dissolved air flotation are some coagulation-based methods that can be used. The use of metal salts to 
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induce NOM molecules to agglomerate, so that they can be removed using clarification or filtration, is 

also a valid alternative. Oxidation processes, such as ozonation, transform NOM into smaller and/or less 

reactive species that are less likely to form disinfection by-products (DBPs). High pressure membrane 

filtration processes can remove NOM molecules through size exclusion.  

NOM may also compromise operational efficiency of treatment processes because it may foul 

membranes, block activated carbon pores and compete with taste and odors compounds for available 

adsorption sites, compromising the technique´s efficiency. The concentration of NOM that water 

contains may also influence the coagulant and disinfectant demand.  

In order to combat waterborne diseases, different disinfectants are used to inactivate pathogens at 

the WTP, such as chlorine, ozone and chlorine dioxide. Chlorination of potable water is widely used 

worldwide because is economical viable and provides residual disinfecting capacity downstream from 

the treatment site. However, the use of chlorine does not eradicate Giardia and Cryptosporidium and 

the disinfectant reacts with NOM, leading to the appearance of potentially carcinogenic disinfection by-

products, DBPs. This is the major concern related with the existence of NOM in WTP and in distribution 

systems. The reaction between NOM and disinfectant agents leads to the formation of disinfection by-

products and causes the decrease of disinfectant concentration, compromising water quality and safety 

(Matilainen et al. 2011). These by-products consist of trihalomethanes (THMs), haloacetic acids (HAAs), 

halo-acetonitriles (HANs) and other halogenated DBPs, and, due to its toxic and possibly carcinogenic 

nature, DBPs concentration obeys to a legal concentration limit. Moreover, NOM oxidation results on 

the formation of low weight compounds, which are easily assimilated by microorganisms (AOC – 

assimilable organic carbon), promoting microbiological growth in water systems, especially in the form 

of biofilms.   

Since the beginning of the 90’s, increasing natural organic matter concentration levels have been 

observed in several countries due to matters as global warming, changes in soil acidification, severe 

drought and intense precipitation phenomenon (Fabris et al. 2008). NOM composition, concentration 

and chemistry are variable in time and space and to counter the trend of increasing concentration levels 

of NOM, the current challenge of water treatment industry is the improvement and optimization of 

drinking water treatment procedures and the development of novel techniques to characterize and 

quantify NOM at different treatment process stages. With the recent advances in spectroscopy 

techniques, fluorescence spectroscopy has received increased attention in drinking water treatment 

industry.  

1.2 Measurement and Characterization of NOM 

Several tools are available to clarify the intricate nature of NOM, such as methods that aim whole 

water characterization or procedures that allow the characterization of specific fractions of NOM. 

1.2.1 Total Organic Carbon and Dissolved Organic Carbon  

Total Organic Carbon (TOC) and Dissolved Organic Carbon (DOC) measurements are parameters 

measured by standard analytical techniques largely used to determine the amount of organic carbon in 

a water sample. TOC measurements include all organic compounds in the analyzed water sample, such 

as suspended particles, bacteria and innumerous dissolved organic macromolecules in a large size range 

(Gooddy et al. 2005). Hence, TOC is the most comprehensive measurement used to quantify the 

presence of organic natural matter in water samples. 
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The first step in order to do a proper measurement and characterization of NOM is the subdivision 

of TOC in two fractions. The water sample is forced to pass through a 0.45 µm porosity membrane and 

the fraction of the TOC retained on the membrane is the particulate organic carbon (POC), while the 

organic carbon smaller than 0.45 µm corresponds to DOC (Leenheer et al. 2003). Figure 2 shows the 

classification in dissolved or particulate components accordingly to the separation performed through a 

0.45 µm porosity membrane. 

 

Figure 2-Classification of particulate and dissolved organic carbon in natural waters (Leenher et al., 1993) 

DOC concentration level in a water column is influenced by season variations and POC inputs, for 

example excess of algae biomass (Leenheer et al. 2003).  

TOC and DOC concentration values are measured directly and the difference between the two data 

gives the POC concentration. DOC concentrations vary due to the water source, varying between 0.1 mg 

C/L in groundwater and reaching 50 mg C/L in bogs (Thurman 1985). 

TOC and DOC analysis can be performed using wet chemical oxidation and high temperature 

combustion methods. The most used wet chemical oxidation techniques are persulfate oxidation, UV 

irradiation or a combination of the two (Sharp 1993). 

1.2.2 UV-Vis Spectroscopy 

Ultra violet (200-400 nm) and visible light (400-800 nm) interacts with matter and causes electronic 

transitions to a higher energy orbital. By applying the Beer-Lambert law, the determination of an analyte 

concentration is trivial, just by knowing its absorbance at a specific wavelength (Matilainen et al. 2011).  

In water samples, the inorganic chemicals do not absorb light significantly at wavelengths higher 

than 230 nm, whereas NOM components absorb in an extensive range of wavelengths. Therefore, light 

absorbance is a trustworthy semi-quantitative indicator of the concentration of NOM in natural waters 

(Li, Chi-Wang, Korshin, Gregory V, Benjamin 1997). In surface waters, absorbance is mainly attributed to 

aromatic chromophores, mostly humic, that are dissolved in the water (Leenheer et al. 2003). 

Absorbance measurements can be done at specific wavelengths or in a wide range of wavelengths 

and different wavelengths suggest the existence of different chromophores. For example, absorbance at 

220 nm is related with carboxylic and aromatic chromophores but absorbance measured at 254 nm is 

specific for aromatic chromophores with varying degrees of activation (Korshin et al. 1999).  



 

5 
 
 

However, water spectra are broad and have no distinctive features (Leenheer et al. 2003) because 

they are the consequence of the superposition of the spectrum of many different chromophores, none 

of them possessing a particularly unique and discernible spectrum (Li, Chi-Wang, Korshin, Gregory V, 

Benjamin 1997; Perdue et al. 2003; Carter et al. 2012). Absorbance intensity at a single wavelength 

represents information at a specific point in the spectrum and, as such, is not a useful characteristic for 

structural understanding and highly limited for NOM characterization. In order to extract clear and 

reliable conclusions about NOM properties from the UV/Vis spectrum, numerous spectral parameters 

have been defined, many of them are based on absorption at a specific wavelength or absorption ratio 

at two different wavelengths. Different ratios are used to characterize NOM, such as UV254/UV204, 

UV254/UV436, UV250/UV365 and UV253/UV203 (Hur et al. 2006). Peuravuori & Pihlaja (1997) used the ratio of 

absorption at 250 to 365 nm to track changes in the relative size of DOM molecules. As molecular size 

increases, UV250/UV365 decreases due to stronger light absorption by high-molecular-weight colorful 

dissolved organic matter (CDOM) at longer wavelengths (Helms et al. 2008). 

UV254 has been widely accepted as a potential surrogate parameter for DOC, despite the tendency 

to only represent aromatic character (Traina et al., 1990). 

1.2.2.1 Specific UVA (SUVA) 

Specific absorbance (SUVA), which is the ratio between UV254 and DOC, describes NOM nature in 

terms of its hydrophobicity or hydrophilicity and is a good and reliable alternative to DOC or UVA for the 

recognition of DBP precursors. Table 1 indicates the forecast composition of NOM regarding SUVA 

values. 

Table 1-Guidelines on the nature of DOM according to SUVA (Addapted from Edzwald et al., 1985) 

SUVA (L/mg-m) Composition 

> 4 
Mostly aquatic humic material 

High hydrophobicity 
High molecular weight 

2 - 4 
Mixture of aquatic humics and other NOM 

Mixture of hydrophobic and hydrophilic NOM 
Mixture of molecular weights 

< 2 
Mostly non-humics 
Low hydrophobicity 

Low molecular weights 

 

The literature provides some correlations between SUVA and the ratio between absorbance at 254 

nm and 204 nm, because both relate well with the amount of aromatic carbon in NOM, hence SUVA is a 

valuable parameter to evaluate NOM reactivity and treatability (Archer and Singer, 2006).  

1.2.2.2 Differential UVA 

Differential absorbance spectroscopy can be used to study the chemical characteristics of species 

that absorb in UV range, mainly humic substances. Differential UVA (ΔUVA) is defined as a modification 

in a sample´s UV absorbance in response to a forcing function, such as halogenation or ozonation. 

Differential spectroscopy focuses, principally, on the behaviour of chromophores that are affected by 

the forcing parameters. 

This method can be used in order to monitor the transformation that some NOM components suffer 

when the water is treated with ozone or chlorine. ΔAλ is measured as the difference between UV 

absorbance at a given wavelength after (Aλ(t)) and before (Aλ(0)) the external process. Differential 
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absorbance at 272 nm (ΔUVA272) is associated with DBPs formation and, for chlorinated surface waters 

, this parameter intensely correlates with the total THM and HAA concentration (Roccaro et al. 2009). 

1.2.3 Fluorescence Spectroscopy 

Absorbance based-techniques are prone to have interference from several impediments present in 

water, such as UV-absorbing contaminations, pH, iron and nitrate. Thus, it is difficult to find a straight 

correlation between NOM reactivity and treatability parameters (i.e. reactivity with coagulants and 

disinfectants) based on absorbance-derived surrogates, because the results may only refer to a specific 

NOM fraction. This limitation can be overcome to a large extent by the use of fluorescence spectroscopy 

due to its sensitivity and selectivity (Bieroza et al. 2010). 

In NOM, compounds which absorb light are known as chromophores and the ones which absorb and 

re-emit energy are called fluorophores. This intrinsic spectral property can be utilized in fingerprinting of 

NOM with fluorescence spectroscopy technique. With the recent technological advances in 

spectroscopy techniques, fluorescence spectroscopy has been received increased attention in the 

domain of drinking water treatment, because of its advantages such as fast, sensitive and selective NOM 

characterization, no need of a pre-treatment step, small sample volume and potential use for online 

monitoring (Bridgeman et al. 2011). 

Fluorescence is a type of luminescence in which the molecules of the sample are excited by 

irradiation at a certain wavelength and the emitted radiation is measured at a different wavelength 

(Matilainen et al. 2011). Typically the absorbance is in the ultraviolet range and the emitted light is in 

the visible range, though, this depends on the molecule nature. 

When a light beam with a specific wavelength is absorbed by a molecule, transitions occur between 

electronic and vibrational states of polyatomic fluorescent molecules, the fluorophores.  At room 

temperature, most molecules occupy the lowest vibrational level of the ground electronic state (S0), 

however, when a light beam is absorbed, the molecules are elevated to generate excited states. 

Generally, the excited electronic state is usually the first excited singlet state (S1). Once the molecule is 

in a vibrational level of an electronic state, it rapidly loses the vibrational energy excess by collision and 

falls to the lowest vibrational level of the same electronic state. Every molecule that reside in an 

electronic level higher that the second suffers an internal conversion and collapses from the lowest 

vibrational level to the highest vibrational level of the electronic excited state immediately below, which 

has the same energy. From this point, the molecule loses energy until it reaches the lowest vibrational 

level of S1 for a period of nanoseconds, which is the fluorescence lifetime. Then, the molecule remains in 

the lowest vibrational level of S1, the molecule can return to any of the vibrational levels of the ground 

state, emitting its energy in the form of fluorescence. If all molecules that have the ability to absorb light 

participate in this occurrence, the efficiency quanta of the solution will be equal to one, which is the 

maximum. On the other hand, if some molecules chose another path, the efficiency quanta will be less 

than one and in some cases, it may be zero. 

An accurate representation of the fluorescence phenomenon is the Jablonski diagram, as Figure 3 

shows. 
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Figure 3-The Jablonski diagram of fluorophore excitation, where E symbolizes the energy scale, S0 is the ground 
singlet electronic state, S1 and S2 are the successfully higher energy excited single electronic states. Adapted from 

(So et al. 2002) 

Fluorescence spectra are much more highly structured than absorbance spectra, often exhibiting 

several distinct maxima of fluorescence intensity with respect to both excitation and emission 

wavelength. Fluorescence techniques are widely used for NOM characterization in several types of 

waters (e.g., freshwaters, urban waters, seawater) (Stedmon et al. 2003; J. Chen et al. 2003; Bieroza et 

al. 2010; Carstea et al. 2010; Coble 1996; Hambly et al. 2010; Hudson et al. 2007; Peuravuori et al. 2002; 

Santos et al. 2009). These techniques have been used for monitoring and understanding NOM 

transformations in aquatic systems (Hudson et al. 2007), for the identification of the relative source of 

DOM (Rosario-Ortiz et al. 2007; Xu-jing et al. 2011), for the differentiation of NOM fractions (Marhaba et 

al. 2000; J. Chen et al. 2003) and for the identification of THM precursors (Hua et al. 2010).  

Fluorescence techniques include emission spectra (FL), synchronous fluorescence spectra (SF), 

spectral fluorescent signatures (SFS) and EEMs. 

For emission spectra, a fixed excitation wavelength is set and the intensity of emission of light is 

recorded. The emission maxima obtained will be dependent on the wavelength of excitation that was 

used and therefore the information that is obtained from the FL should be treated cautiously (Goslan 

2003). 

For synchronous fluorescence spectra, both excitation and emission wavelengths are scanned 

synchronously with a constant wavelength interval, Δλ= Δλem - Δλex. For well-defined absorption and 

quantum yield maxima, the optimum value of the bandwidth Δλ is set by the difference in wavelength of 

the emission and excitation maxima which is known as Stoke’s shift. Fluorescence synchronous spectra 

have been used for NOM characterization (Peuravuori et al. 2002; J. Chen et al. 2003). Peuravuori et al. 

(2002) identified several distinct classes of chromophores in aquatic humic matter at λex/λem 280/298, 
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330/348, 355/373, 400/418, 427/445, 460/478, 492/510 and 516/534 nm. The synchronous 

fluorescence spectra can give information about function and structure (Xu-jing et al. 2011) 

SFS technique  is a tool to rapidly identify DOM fractions in water (Marhaba et al. 2000). The SFS is 

the total sum of emission spectra of a sample at different excitation wavelengths, recorded as a matrix 

of fluorescent intensity in coordinates of excitation and emission wavelengths, in a definite spectral 

window. SFS technique can identify and characterize DOM components using a combination of spectral 

characteristics such as intensity of the spectral peak, slope of the spectral peak and spectral area 

(Marhaba et al. 2000). 

These traditional fluorescence techniques rely on the measurement of single emission or excitation 

spectrum, hence, the provided information is often insufficient to analyze rich water samples.  

Excitation-emission matrices (EEM) are the mostly used method to access NOM characteristics in 

several applications (Her et al. 2003; Hudson et al. 2007; Beggs et al. 2009; Carstea et al. 2010; Hambly 

et al. 2010; Seredynska-Sobecka et al. 2011). EEMs provide information on both the number and the 

type of fluorophores present as well as their abundance (Stedmon et al. 2003). This technique measures 

water sample´s fluorescence in a broad range of excitation and emission wavelengths. By 

simultaneously determining three fluorescence parameters, excitation wavelength, emission 

wavelength and fluorescence intensity, it is possible to obtain the entire fluorescence profile of a water 

sample. The results are arranged in a grid (excitation x emission x intensity) and the measured peak 

intensity is directly related to the concentration of the responsible fluorophore in the sample. EEM 

contains a considerable amount of information about NOM composition and structure and its 

interpretation allows a proper fingerprinting of water samples since specific excitation-emission 

wavelengths can be associated with a certain molecular conformation.  Each EEM demonstrates a 

specific combination of fluorescence intensities over a range of excitation and emission wavelengths. 

Thus, it is a much more explanatory technique than the single-scan methods (Bridgeman et al. 2011; 

Matilainen et al. 2011). EEMs are a very strong tool due to its non-destructivity of sample, and 

simplicity. 

One of the biggest problems associated with fluorescence measurements is the inner-filter effect 

(IFE) , also known as self-absorption. This occurrence is due to absorption of the exciting as well as the 

fluorescent light (primary and secondary IFE, respectively) by the fluorophore itself or, alternatively, by 

another component of the sample. Primary inner filter effect refers to the absorption of the excitation 

beam prior to reaching the interrogation zone and secondary inner filter effect refers to the absorption 

of the emitted fluorescence photons (Ohno 2002). When the solution contains other chromophores that 

absorb in the same wavelength range as the fluorescent compound in analysis, the chromophores act as 

filters at the excitation wavelength and the fluorescence intensity must be multiplied by a correction 

factor (Valeur 2001). 

EEM can also show interference due to Rayleigh and Raman scatter. Rayleigh scatter, also known as 

elastic scattering, results in an emitted light with the same energy as the exciting light. This process is 

the most probable one, and, consequently, it has the highest intensity. Raman scatter is an inelastic 

process in which the molecule relaxes to an energy vibrational level of the ground state different from 

the original one. When the molecule relaxes to a higher vibrational level, the emitted light presents a 

lower frequency than the excitation light and vice versa for the case when the molecule relaxes to a 

lower vibrational level. Therefore, raw data must be corrected from inner-filter effect (Perdue et al. 

2003) and Rayleigh and Raman scatter (Zepp et al. 2004). 
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1.2.4 Resin Fractionation 

The most used NOM fractionation techniques are based on absorption resins, which aim to isolate 

NOM from the aqueous solution and draw DOM profiles. A widely used procedure involves a two-

column array of resins, Amberlite XAD-8 and XAD-4, and this simple DOC analysis determines humic and 

non-humic content of waters based on polarity. XAD-8 favors the isolation of hydrophobic compounds, 

containing NOM with high molecular weight and aromatic nature and XAD-4 absorbs weakly 

hydrophobic acids, which are known as transphilic NOM (Sharp et al. 2006; Wei et al. 2008). While the 

hydrophobic fraction is easily adsorbed, the hydrophilic part of the sample is not adsorbed by either of 

the columns resins. In order to differentiate the humic fraction in humic acids and fulvic acids, the 

method may be modified. If the sample is pre-filtrated with 0.45 µm and pH is settled to 2, the 

components that are absorbed consist only in fulvic acids (Matilainen et al. 2011). The hydrophilic 

fraction can be further separated in neutral DOC and charged DOC by using a third resin, for example 

AG-MP-50 cationic resin and WA-10, a weak anionic resin (Marhaba et al. 2003). 

1.2.5 Size characterization 

Methods of NOM characterization that rely on size are strongly influenced by their aggregation 

state and interactions with the media used for size separations. Membrane filtration is used for low-

resolution separations and size exclusion chromatography is used for high-resolution separations. 

1.2.5.1 Size exclusion choromatography 

Size exclusion chromatography (SEC) is a high performance liquid chromatography (HPLC) technique 

in which a given sample is fractionated according to its size or molecular weight. The chromatography 

column packing consists of a stationary phase, the absorbent, which is a powder coated onto a solid 

support with specific and controlled pore sizes. The sample in analysis passes through the column and 

when a molecule finds ‘affinity’ with a specific part of the absorbent, a thin layer is formed. Large 

molecules pass through without being retained and smaller molecules penetrate the particles of the 

packaging particles and elute later, thus the largest molecules have the shortest retention times. The 

chromatography column packaging consists on exact pore sizes, providing a proper characterization of 

NOM according to its molecular weight (MW) distribution, from higher to lower size. The data obtained 

is assembled in a SEC chromatogram (Pelekani et al. 1999).   

1.2.5.2 Membrane Filtration 

Membrane filtration is a simple and widely used fractionation technique that uses semi-permeable 

membranes to separate species according to their molecular weight, shape and/or charge. It has been 

proved, in 1970, that NOM could be fractionated by means of membranes with different cut-off ranges 

(Gjessing, 1970). Since then, many studies have corroborated that NOM is a complex mixture of organic 

matter with different sizes and structures, and thus, membrane filtration is a suitable process to 

separate NOM into various groups, according to their apparent molecular weight. This method is 

economical viable, nondestructive, reagent free and can process large volumes of samples. The 

fractionation is achieved when the sample passes through a set of membranes, arranged in parallel or in 

series. The retention of a given solute is due to its molecular weight and shape and can be influenced by 

the solute concentration, ionic strength, pH, membrane type and pressure (Leenheer et al. 2003). 

Accumulation of macromolecules in membrane surface forms a thick gel layer that can negatively 

influence results, since the deposit becomes the principal resistance to flow. This phenomenon, also 

known as flow restriction or concentration polarization, relies on the solute concentration, pressure, 
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viscosity, cross-flow (tangential) velocity and temperature. If DOC concentration is below 100 mg/L, 

which occurs in the majority of natural waters, the concentration polarization is minimized (Cai, 1999).  

1.2.6 Biological tests  

Several biological tests have been developed in order to access the biodegradable level of NOM in 

water. The two broadly used parameters are assimilable organic carbon (AOC) and biodegradable 

dissolved organic carbon (BDOC). The first test measures the growth of the bacterial inoculum in 

response to the amount of nutrients available in the water sample, whereas the latter measures the 

fraction of DOC assimilated and mineralized by heterotrophic microorganisms. It is believed that AOC is 

mainly formed by low molecular weight (LMW) components, which are the ones that offer bigger 

resistance to be removed by desinfection. These compounds are rapidly degraded, thus demonstrating 

the potential for bacterial growth in the distribution system (Matilainen et al. 2011). 

1.3 NOM Fluorescence 

NOM contains a variety of fluorophores and the two major NOM components that have been found 

to fluoresce are humic substances and protein-like substances (Coble 1996). 

As said before, EEMs allow assessing the type of NOM that is dissolved in the water and can be 

easily interpreted if the intensity peaks are compared to the ranges of excitation and emission 

wavelengths of maximum intensity of fluorescence of pure compounds. (W. Chen et al. 2003) reported 

five main areas in EEM, as seen on Figure 4. 

. 

 

Figure 4-Five excitation and emission wavelength EEM regions reported by (W. Chen et al. 2003). Region I 
corresponds to Aromatic Proteins I (EX: 220-250 nm; EM:280-332 nm); Region II corresponds to Aromatic Proteins II 

(EX: 220-250 nm; EM:332-380 nm); Region III corresponds to Fulvic acid-like (EX: 220-250 nm; EM:380-580 nm); 
Region IV corresponds to Microbial by-products (EX: 250-470 nm; EM:280-380 nm); Region V corresponds to Humic 

acid-like (EX: 250-470 nm; EM:380-580 nm). 

 

Previously to that classification, (Coble 1996) has suggested an alternative organization for the 

fluorescent regions: humic-like fluorescence consists of two peaks, one stimulated by UV excitation 

(peak A) and one by visible excitation (peak C), protein-like fluorescence is responsible for the 

appearance of peak B (tyrosine-like) and peak-T (tryptophan-like). According to McKnight et al. (2001), 

peak T can be used as an indicator of the aromaticity degree.  Figure 5 shows a fluorescence excitation-
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emission matrix with typical fluorescence features (peak A, C, B, T, Rayleigh-Tyndall effect and Raman 

scatter) as named by (Coble 1996). 

 

Figure 5- Common EEM features and position of peaks A, C, B and T reported by (Coble 1996). Adapted from 
(Hudson et al. 2007) 

Several authors (Coble 1996; Leenheer et al. 2003; Goslan 2003; Marhaba et al. 2000) have 

endorsed multiple studies in order to find a suitable correlation between an excitation/emission pair 

and a particular group of components. Table 2 exemplifies some of the existent relationships. 

Table 2- Identified components and its location on EEM 

Range of 
excitation (nm) 

Range of 
emission (nm) 

Component type Reference 

330-350 
250-260 
310-320 
270-280 
270-280 

420-480 
380-480 
380-420 
300-320 
320-350 

Humic-like (Peak C) 
Fulvic-like (Peak A) 

Marine Humic-like (Peak M) 
Tyrosine-like, protein-like (Peak B) 

Tryptophan-like, protein-like or 
phenol-like (Peak T) 

(Leenheer et al. 2003; 
Coble 1996) 

 

296 
305 
317 
291 

328 
395 
420 
351 

Humic acid fraction 
Fulvic acid fraction 

Hydrophilic acid fraction 
Hydrophilic non-acid fraction 

(Goslan 2003) 

320 
296 
296 
298 

446 
336 
325 
323 

MW >3000 Daltons 
3000 > MW > 1000 Daltons 
1000 > MW > 500 Daltons 

MW < 500 Daltons 

(Goslan 2003) 

225-237 
225-237 

225 
237-249 
225-237 
225-237 

345-357 
357-369 
609-621 
417-429 
369-381 
309-321 

Hydrophilic acid 
Hydrophilic base 

Hydrophilic neutral 
Hydrophobic acid 
Hydrophobic base 

Hydrophobic neutral 

(Marhaba et al. 2000) 

 

1.4 Reactivity of NOM towards chlorine 

Chlorine is the most used disinfectant worldwide, and although it prevents waterborne diseases, it 

reacts with water’s NOM, leading to the formation of DBP’s and compromising the water safety for 

human health. Hence, prediction of NOM reactivity towards chlorine is a matter of public health. 
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Two distinct types of reactive functionalities exist in NOM resulting in two parallel first order 

reactions. One NOM
R 

functionality, possibly attributed to aldehyde and phenolic hydroxyl groups, results 

in a very rapid rate of chlorine consumption. The other NOM
S 

functionality is less reactive, such as 

expected for activated double bonds and methyl groups, and results in a slow, long-term chlorine 

consumption (Gang, Thomas E. Clevenger, et al. 2003). 

NOM reactivity to disinfectants is directly linked to its physical and chemical properties such as 

molecular weight (Cabaniss et al. 2000), aromaticity (Westerhoff et al. 1999), elemental composition 

and functional groups content (Perdue et al. 2003). According to Deborde et al. (2008), chlorine 

reactivity usually decreases in the following order: reduced sulfur components  > primary and secondary 

amines > phenols and tertiary amines > double bonds, other aromatic components, carbonyls, amides. 

Nevertheless, (Korshin et al. 2007) refer to polyhydroxyaromatic (PHA) moieties as being the major 

chlorination sites in NOM, followed by esters and ketones. 

Chlorine added to water disappears by four reaction types: oxidation, addition, substitution and 

catalyzed or light decomposition (Gang et al. 2003). According to (Kastl et al. 1999), most of the chlorine 

reacting in water is consumed by partial oxidation of NOM, while a small fraction of chlorine is 

consumed by the chlorination of organic compounds. 

(Beggs et al. 2009) defined chlorine reactivity as chlorine demand divided by DOC. The authors also 

referred that chlorine demand, which is defined as the difference between the applied chlorine dose 

and the measured chlorine residual, increases over time, as chlorine reacts with oxidizable constituents 

in the water. This poses a major problem for chlorine demand definition, since it depends on the time at 

which chlorine residual was measured. Chlorine demand after 8 days, as tested by (Beggs et al. 2009) 

will not be a good indicator for chlorine reactivity as it only measures the amount of chlorine that was 

consumed over that time period but it does not differentiate between samples that consumed the same 

amount of chlorine in a faster or slower way. For example, two samples with the same DOC content but 

from different reservoirs will have different types of NOM and hence different reactivity to chlorine, but 

the defined chlorine reactivity parameter will probably be equal for both samples if the total amount of 

consumed chlorine is equal for both samples, no matter if it had been consumed over one hour of 

contact time or 8 days. Gang, Thomas E Clevenger, et al. (2003) have previously defined specific chlorine 

demand in a similar way, being chlorine analyzed after 24h of reaction. 

Chlorination causes the break-up of large NOM molecules and alters molecular weight distribution 

towards smaller molecules (Liu et al. 2011). Specific chlorine demands decreases as NOM molecular 

weight decreases, which may indicate that a larger number of conjugate bounds in the higher molecular 

weight fraction of NOM leads to high chlorine demand (Gang, Thomas E Clevenger, et al. 2003). 

Studies on chlorination of NOM fractions obtained through resin fractionation procedures, indicate 

that both hydrophobic acid (HPOA) and transphilic acid fractions are transformed into hydrophilic acid 

(HPIA) compounds during contact time with chlorine (Liu et al. 2011). According to the authors, this is 

due to chlorine attack of aromatic sites that are found abundantly in both hydrophobic and transphilic 

acid fractions. Since HPIA is highly reactive to form THMs but its carbon concentration increases during 

contact time with chlorine, HPIA reaction rate with chlorine is possibly very slow (Liu et al. 2011).  Being 

HPOA the main HAA precursor, chlorine effect on NOM character leads to a decrease of HAAs 

precursors and an increase in THMs precursors. The same study reported that organic compounds with 

high molecular weight are more reactive with chlorine while low molecular weight fractions are inactive 

with chlorine.  

UV254 value may be indicative of the reactivity of NOM towards chlorine, since this value is a 

measure of the unsaturated compounds. Gang et al. (2003) found a relationship between chlorine 
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addition and UV254, since the value decreased over time, possible because unsaturated bounds became 

saturated. These results were consistent with a study conducted by Li et. al (1997) , who concluded that 

chlorination of potable water altered or destroyed chromophores in DOM, causing a decreased on 

UV254. The author argued that it was more likely that chlorination had promoted the alteration or 

removal of the function groups of aromatic compounds than the cleavage of the rings. These 

alternations may alter the electron distribution around the various aromatic rings constituting the NOM 

high molecular weight, which affects UV254. Most of NOM with absorbance at 254 nm was not degraded, 

since benzyl and phenyl rings provide stability. Therefore, only a small modification in UVUV254 was seen 

with extensive chlorination (Gang, Thomas E. Clevenger, et al. 2003). 

According to (Luilo et al. 2010), structural features of individual NOM molecules may better indicate 

its reactivity toward the disinfectant than bulk water quality parameters. Therefore, the authors 

developed a Quantitative Structure-Property Relationship modeling approach to predict chlorine 

demand due to dissolved organic matter. The model relies on 8 descriptors such as number of phenol 

groups, number of aliphatic C-bonded NH2, ratio of oxygen to carbon atoms, number of sulfur atoms in 

the carbon chain, number of alkoxy groups attached to the aromatic ring withand without both NH2 and 

OH, as well as two developed indexes that account for the ratio of OH and NH2 to the number of rings 

and for the contributions from C atoms around carbonyl groups to keto-enol tautomerization. 

Application of their model to source water DOM requires plausible structure(s) of the DOM present in 

the water. 

  

Mechanisms of NOM compounds reactions with chlorine have not been ascertained due to high 

complex and variable nature of NOM. Rook (1977) reported metadihydroxybenzene structures as main 

reactive sites of fulvic acid molecules. For organic model compounds such as phenol, the incorporation 

of chlorine involves multistep branching reactions (Rios et al. 2000). 

The following equations were summarized by (Gang, Thomas E. Clevenger, et al. 2003) and 

represent reactions between HOCl and NOM molecules in the water. Equations 1 and 2 are oxidation 

reactions that do not produce chlorinated DBPs. Equation 3 illustrates addition and substitution 

reactions where chlorine is added into the NOM molecular structure resulting on the formation of 

chlorinated DBPs. In particular, equation 3 shows double bonds being activated by substituent groups 

R1, R2, R3 and R4. Equation 4 refers to electrophilic substitution reactions.  

 

𝑅 − 𝐶𝐻𝑂 + 𝐻𝑂𝐶𝑙 → 𝑅 − 𝐶𝑂𝑂𝐻 +  𝐶𝑙− +  𝐻+    (1) 
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For the last 40 years, more than six hundred individual halogen-containing DBPs species where 

identified in chlorinated water, being the most predominant trihalomethanes and haloacetic acids 

(Roccaro et al. 2009). THMs and five HAAs are toxic and carcinogenic, and, due to these harmful 

characteristics, their concentration is regulated in many countries and the water quality guidelines 

recommend specific limits. In Portugal, the total concentration of THMs cannot exceed 100 µg/L. 

Trihalomethanes species include bromodichlorometahne, bromoform, dibromochloromethane and 

chloroform, while haloacetics acids include dichloroacetic acid, trichloroacetic acid, chloroacetic acid, 

bromoacetic acid and dibromoacetic acid. Hence, predicting and monitoring the formation of DBPs is 

vital in water treatment industry. 

1.5 Use of spectroscopic techniques to study chlorination reactions 

1.5.1 UV/Vis Spectroscopy 

UV/Vis spectroscopy was used by (Korshin et al. 2007) to study chlorination reactions. The authors 

reported experimental studies with water from Lake Washington in Seattle in order to study the effect 

of different chlorine dosages and various reaction times. The initial DOC of this water was 3.0 mg/L and 

chlorination was carried out at 20°C. The water was chlorinated with a ratio Cl/DOC of 1.5 and the 

contact time between chlorine and NOM varied from 5 minutes to 168 hours. The authors were able to 

relate differential absorbance spectra features with the reaction time because, although all the spectra 

have a well-defined band with a maximum near 272 nm, the differential absorbance increased with the 

increase of reaction time, as can be seen on Figure 6. 

(2) 

(3) 

(4) 
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Figure 6-Differential absorbance spectra of chlorinated Lake Washington water at Cl/DOC=1.5, pH=7.0, T=20°C 
(Korshin et al. 2007)  

 The authors also found a relationship between the intensity of the differential absorbance at 

λ>250 nm and the Cl/DOC ratio, as Figure 7 shows. A study performed with water samples with Cl/DOC 

ratios between 0.1 and 1.5 allowed to conclude that differential absorbance at 272 nm increases with 

increasing Cl/DOC ratio.  

 

Figure 7- Changes of the intensity of differential absorbance at 272 nm at varying reaction times and Cl/DOC 
ratios. Chlorinated Lake Washington water, pH 7.0, 20 °C. DOC concentration 3,0 mg/L, range of initial chlorine 

concentrations 0,3-4,5 mg/L (Korshin et al. 2007) 
 

Although the general shape of the differential spectra is similar for all chlorinated samples, they 

undergo modifications, in response to variations in reaction time and initial chlorine dose. Figure 8 

represents the differential absorbance spectra of Figure 7 divided by –ΔA272, and it is evident that the 

normalized spectrum enlarges as the reaction time extends, for the same Cl/DOC relation. 

 



16 
 

 
 

Figure 8- Differential absorbance spectra of chlorinated Lake Washington water, normalized to the maximum 
value of -ΔA in each spectrum. Cl/DOC=1.5, pH 7.0 and 20 °C (Korshin et al. 2007) 

 

Korshin et al. (2007) identified two kinetically and spectroscopically distinct NOM components 

through differential absorbance spectroscopy, one of them being attributable to functional groups that 

react rapidly with chlorine and containing the well-defined band centered near 272 nm and the other 

associated to slowly reacting chromophores that arise following the depletion of the fast chromophores 

and is characterized by a gradual decrease in absorbance at wavelengths above 272 nm. 

Chlorination effect on NOM UV spectrum is sometimes difficult to assess for many reasons. One is 

that, for many natural waters, UV absorbance is very low and therefore, the difference between 

chlorinated and non-chlorinated spectra is also very small (Korshin et al. 1997). It is usually necessary to 

use a 5 cm or longer path length cell. 

Ates et al. (2007) studied THM and HAA formation after chlorination of low SUVA surface waters 

and found no correlation between THMs/HAAs formation and differential UV spectroscopy, indicating 

the formation of DBPs was independent of destruction in UV-absorbing sites. The authors concluded 

that SUVA does not capture the reactivity sites of DBP precursors and that low or non UV absorbing 

NOM moieties play important roles in the formation of DBPs in the studied waters. Korshin et al. 

(1997b) suggested that all reactions that destroy UV absorbance involve simultaneous incorporation of 

Cl into the organic molecules. 

1.5.2 Fluorescence EEM’s 

Korshin et al. (1999) investigated the chlorination effect on NOM fluorescence characteristics and 

the study allowed the identification of three fluorophore groups with different levels of reactivity with 

chlorine, fast, medium and slow decaying fluorophores. The hydrophobic acids fraction from Suwannee 

river´s natural organic matter was used in all experiments. (Korshin et al. 1999) stated that, after 

chlorination, fast-decaying sites were eliminated in a selective way, whereas the contribution of 

medium and slow decaying fluorophores enhanced as chlorine concentration was higher. A trend in the 

position of emission bands was observed: emission bands were contracted and after chlorination they 

shifted towards lower wavelengths; this phenomenon can be due to the breakdown of high molecular 

weight aromatic compound into smaller fragments. Structural changes in NOM composition also 

reflected in higher fluorescence intensities in samples with the ratio Cl/DOC lower than 2. 

Beggs & Summers (2011), conducted a batch of experiments in order to study the effect of NOM 

oxidation by chlorine. The authors found a relation between chlorine effect and fluorescence intensity 
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of peaks B and T and A and C. Chlorination caused a 67% decrease in the intensity of peaks B and T , 

whereas the intensity of peaks A and C decreased 30%. This accentuated decrease suggests that peaks B 

and T, which represent non-humic material, are more easily oxidized than the other components. Figure 

9 shows the comparison between the fluorescence spectra before and after chlorination, the difference 

between polyphenolic/protein-like peaks (B and T) and humic peaks (A and C) intensities is clearly 

evident in both spectra.  

 

Figure 9-Excitation and emission matrices for pre-chlorination and post-chlorination samples from a forest 
stand near the West Portal of the Adams Tunnel in Grand Lake, CO, collected in August 2009. Adapted from (Beggs 

et al. 2011) 
 

Bieroza et al. (2010) discerned both increases and decreases in waters fluorescence intensity during 

the chlorination and assigned those variations to the selective transformation of different functional 

groups and to the type and amount of intermediate chlorination species generated, depending on 

reaction pathway (substitution or oxidation).  

1.5 Quantitative analysis of EEM-Parallel Factor Analysis 

Analysis of EEMs often requires the use of advanced statistical methods, being Parallel Factor 

Analysis (PARAFAC) the most used (Bro 1997). PARAFAC belongs to a family of multi-way methods used 

to explore data arranged in the form of a three-or higher-order array, which is the case of EEMs. 

PARAFAC of a three-way dataset decomposes the data signal into a set of trilinear terms and a residual 

array. 

PARAFAC is a multi-way method that provides both quantitative and qualitative information and 

facilitates the identification and quantification of independent underlying signals, the components. 

Concerning the aim of this thesis, a three way array can be a matrix of sample x excitation x emission 

and, by using PARAFAC the three way dataset is splited in more specific three way arrays and a residual 

array. The following expression explains in a mathematical perspective PARAFAC inputs and outputs. 

𝑥𝑖𝑗𝑘 = ∑ 𝑎𝑖𝑓𝑏𝑗𝑓𝑐𝑘𝑓 + 𝑒𝑖𝑗𝑘
𝐹
𝑓=1        𝑊ℎ𝑒𝑟𝑒 𝑖 = 1, … , 𝐼; 𝑗 = 1, … , 𝐽; 𝑘 = 1, … , 𝐾     (5) 

In the case of EEMs, xijk symbolizes the fluorescence intensity of sample I, measured at the emission 

wavelength j and excitation wavelength k. The final term, eijk represents the unexplained signal, i.e., 

residuals that contain noise and other unmodeled variation. The model returns the parameters a, b and 

c, which, ideally, represent the concentration, emission and excitation spectra of the fluorophores. The 

equation above assumes that the fluorophores behave according the Lambert-Beer law and do not 
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interact with each other. The measured signal is thus the sum of the contribution of each fluorophore 

(f). 

 
Figure 10-EEMs of several samples splited into five components (Murphy et al. 2013) 

 

Each f corresponds to a PARAFAC component and every component as I a-values (scores), one for 

each sample. Each component also has J b-values, one for each emission wavelength as well as K c-

values, one for each excitation wavelength. 

 

Only one fluorescence feature of the fluorophores varies and it is fluorescence intensity, which 

depends on its concentration in the respective sample. This means that the wavelength position of the 

fluorescence peaks of each fluorophore do not “shift,” however, the fluorescence maximum of the 

mixture will shift depending on the relative contribution (concentration) of each fluorophores (Stedmon 

et al. 2008).   
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2. Aim of Studies 

The complex nature of the natural organic matter (NOM) in water sharpens the need to use 

sophisticated techniques that capture the whole information that NOM fractions enclose.  With the 

recent advances in spectroscopy techniques, fluorescence spectroscopy has received increased 

attention in drinking water treatment industry. This simple but reliable technique has been used for 

tracking NOM transformations during treatment. However, its use regarding the NOM characterization 

of treated waters, and particularly its reactivity towards chlorine, has not been reported yet. 

Hence, the general aim of this research was to characterize NOM in drinking water samples through 

fluorescence spectroscopy. In particular, it intended to understand whether fluorescence spectroscopy 

can be used to assess NOM's reactivity towards chlorine and to identify water samples from different 

origins based on their fluorescence profile. 
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3. Methodology  

3.1 General approach 

The general approach used for this work consisted on EEMs acquisition, lab-scale chlorination 

experiments with several water samples provided by two water utilities and EEMs analysis. 

It started with the development of a standardized procedure for EEM acquisition and correction 

with the existing spectrofluorometer. Then, several EEMs of waters samples from different sources and 

treatments were acquired and analyzed in order to identify the main fluorophores in each water and to 

test the ability of this technique to assess the water’s NOM reactivity towards chlorine.  Finally, a multi-

way decomposition method (PARAFAC) was tested for quantitative analysis of the obtained EEMs and 

identification of NOM components that contribute to differences in fluorescence intensity.   

3.2 Preliminary fluorescence studies 

For the experiments described in this work, excitation-emission fluorescence matrices were 

recorded in a spectrofluorometer, AquaLog® from HORIBA Jobin Yvon, showed by Figure 11. Aqualog® 

simultaneously measures absorbance and fluorescence spectra of water samples. Aqualog® measures 

the fluorescence intensity at a specific excitation/emission pair and the information is rearranged in a 

three-dimensional matrix, where the x axis represents the excitation wavelength, emission wavelength 

is represented by the y axis and z axis relates with the absolute intensity values. 

Preliminary studies were performed in order to optimize the integration time and to evaluate the 

need for post-acquisition spectral correction. 

 

Figure 11-Exterior appearance of the spectrofluorometer used to acquire excitation-emission matrices 

3.2.1 Fluorescence spectra acquisition 

In order to guarantee satisfactory outputs, a series of good laboratory practices have been 

established. All water samples were filtered in order to remove suspended particles, because particles 

can interfere with the measurements and can also contain live organisms which produce or metabolize 

CDOM. Waters were filtered with hydrophilic polypropylene membrane filters with a pore size of 0.45 

µm (PALL Corporation). Samples were stored refrigerated in the dark. Sample storage was made in 

suitable cleaned containers and samples were analyzed as soon as possible after sampling. Before every 

fluorescence reading in AquaLog®, the cuvette was washed once with a solution of 0,5M of nitric acid 

(Merck, 65%) and three times with Milli-Q water. Gloves were used during samples handling. EEMs were 

obtained for an excitation range 240-450 nm and an emission range of 240-450 nm, with a bandpass of 

3nm.  
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3.2.2 Determining the optimum integration time 

The length of time during which photons are counted and averaged for each excitation-emission 

wavelength pair is known as integration time. The longer the integration time, the higher is the intensity 

of the signal. Using the appropriate integration time is fundamental to ensure that highest signal to 

noise ratio is achieved. Integration time may be adjusted in order to maximize the signal without 

reaching detector saturation. AquaLog® detector is saturated when signal intensity reaches 65535 

counts per second. 

To determine the optimum integration time, the procedure suggested by HORIBA was taken into 

account. The manufacturer recommends finding the maximum fluorescence intensity by acquiring a 

preliminary scan, using an integration time of 0.1 seconds and a 5 nm bandpass. Bandpass can be 

defined as the wavelength range of light passing through the excitation and emission spectrometers, 

which in the case of AquaLog® is fixed at 5nm. Posteriorly to the preliminary scan, the appropriate 

integration time was chosen according to the maximum intensity and selected from Table 3. 

Table 3-Guiding table to select the appropriate integration time 

Signal intensity (counts per second) Estimated integration time (seconds) 

100 to 1000 4.0 
1001 to 5000 2.0 

5001 to 50000 1.0 
50001 to 65535 0.1 

 

Water samples from different origins and with different NOM concentrations may show different 

fluorescence characteristics, hence a suitable determination of the optimum integration time was made 

before every batch of new experiments, to guarantee clear and accurate EEMs. 

3.2.3 EEM post-acquisition spectral correction procedures 

Excitation-emission matrix is a powerful tool for the identification of fluorescence characteristics of 

natural organic matter in water samples, because an EEM strongly increases selectivity and potentially 

facilitates not only qualitative but quantitative analysis of all samples´ components. However, this 

technique has a major drawback, the existence of significant overlapping features.  

One of the biggest problems associated with fluorescence measurements is the inner-filter effect 

(IFE) and interference due to Rayleigh and Raman scatter.  

The AquaLog® software package can remove both artifacts. Subtraction of the blank EEM from the 

sample EEM effectively removes the Raman scatter line. Applying a Rayleigh-masking algorithm based 

on the excitation and emission spectral bandwidth nullifies the signal intensities for both the first- and 

second-order Rayleigh lines. The IFE algorithms used in AquaLog® involve measuring the absorbance 

spectrum of the sample for the overlapping range of both the excitation and emission spectra to correct 

for both the primary and secondary IFEs. The basic IFE algorithm employed in the AquaLog® software 

requires use of conventional 1 × 1 cm path-length cuvettes. The equation below is applied to each 

excitation-emission wavelength coordinate of the EEM: 

 

𝐹𝑖𝑑𝑒𝑎𝑙 = 𝐹𝑜𝑏𝑠
10

𝐴𝑏𝑠𝐸𝑥+𝐴𝑏𝑠𝐸𝑚
2  (6) 
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Where Fideal is the ideal fluorescence-signal spectrum expected in the absence of IFE, Fobs is the 

observed fluorescence signal, and AbsEx and AbsEm are the measured absorbance values at the 

respective excitation and emission wavelength-coordinates. 

 

3.2.4 pH effect on fluorescence intensity 

To evaluate the pH effect in fluorescence intensity, water samples buffered for pH values from 6.0 

to 8.5 were analyzed in Aqualog®.  

In order to examine pH influence was prepared 1 liter of solution, containing 183 mL of Asseiceira´s 

NOM diluted to 1.0 mg C/L, 1.8 mL of CaCl2, 0.1 M and 0.3 mL of MgCl2, 0.1 M. The remaining volume 

was filled with milli-Q water. The solution was divided in six flasks and the pH was adjusted with HCl 0.1 

M or NaOH 6M, depending on the pH value desired.  

EEMs of the sample at each pH were acquired and the fluorescence intensity of peaks A, B, C and T 

was compared. 

3.3 Interpretation of EEMs 

The EEMs were analyzed regarding the existence of peaks C, A, B and T. Figure 12 was used as a 

model to evaluate the EEMs acquired. 

 

Figure 12- EEM and corresponding legend used in the interpretation of EEMs obtained in this work section 
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Table 4 shows the excitation and emission wavelength ranges for each peak. 

Table 4-Excitation and emission wavelength ranges for the peaks under analysis (Coble, 1996) 

Excitation Wavelength (nm) Emission Wavelength (nm) Peak 

330-350 420-480 C 
250-260 380-420 A 
270-280 300-320 B 
270-280 320-350 T 

 

3.4 Water samples 

Chlorination effect on NOM fluorescence was studied on three sets of experiments. For the first two 

chlorination studies, water samples were collected from different sources. Prior to all laboratory 

analyses, samples were membrane filtered (0.45 µm) and stored in the dark at 4°C. For the third 

chlorination study, water samples with NOM previously concentrated by nanofiltration and stored in the 

laboratory were diluted to the desired DOC concentration and used. 

Water samples used were kindly provided by EPAL, S.A. and Águas do Algarve, S.A.. EPAL provided 

raw water samples from Tagus River-Valada, Castelo do Bode dam, Ota and Lezíria wells and treated 

waters from Asseiceira treatment plant. Águas do Algarve provided raw water samples from Odelouca 

dam and treated waters from Alcantarilha treatment plant. Tagus River-Valada, Castelo do Bode dam 

and Odelouca dam are surface water origins for drinking water while Lezíria and Ota are groundwater 

sources. 

In Asseiceira treatment plant, water from Castelo do Bode dam is treated according to the following 

treatment steps: pre-chlorination, remineralization, coagulation-flocculation-dissolved air flotation, 

ozonation, rapid sand filtration, pH adjustment and disinfection (chlorine). The water collected in Ota 

and Lezíria wells is only disinfected with gaseous chlorine prior to entering the transmission system.   

Alcantarilha treatment plant receives water from Odelouca dam and the water treatment consists 

on pre-oxidation with ozone, coagulation-adsorption/flocculation/sedimentation, filtration and 

disinfection (chlorination).  

The third experiment used concentrated NOM that was obtained from Tagus River-Valada, 

Asseiceira and Vale da Pedra treatment plants. In Vale da Pedra treatment plant, water from Tagus 

River-Valada is subjected to pre-chlorination, remineralization, coagulation-flocculation-sedimentation, 

rapid sand filtration, pH adjustment and disinfection (chlorine). 

All treated water samples were collected before final disinfection. 

All samples were analyzed for pH, conductivity, alkalinity, total hardness, calcium and magnesium 

concentration, dissolved organic carbon and total organic carbon. pH and conductivity were measured 

with a pH meter (Consort, C863). The electrodes were placed inside a glass beaker containing the 

sample (approximately 40 mL). The stirring was turned on to ensure that the mixture was uniform and 

the pH value was read, after a period of stabilization. TOC was determined in a TOC analyzer (Fusion 

TOC Analyzer, Teledyne Tekmar), using the UV persulfate oxidation technique. Containers used to store 

samples for TOC and DOC analysis were previously washed with a 0.8% (v/v) HNO3 (Merck, 65%) 

solution for 8 hours and then washed five times with Milli-Q water. Alkalinity was measured according 
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to a potentiometric titration method (Method 2320 B of APHA et. al (1995)). Using EDTA titrimetric 

method (Method 2340 C of of APHA et. al (1995)) it was possible to determine total hardness.  

3.5 Chlorination effect on NOM fluorescence 

Chlorination effect on NOM fluorescence was studied on three sets of experiments: the first set of 

experiments was conducted with real waters and an initial chlorine concentration of 1 mg/L, the second 

batch was also conducted with real waters but with an initial Cl/ DOC ratio of 3 and the third group of 

experiments was performed with the synthetic water samples diluted to 1mg C/L and an initial Cl/DOC 

ratio of 3.  

In the first two experiments, the goal was to compare the EEM before chlorination with the EEM 

after chlorination. The third experiments aimed the evaluation of the fast and slow phase decay of 

chlorine. 

During the experiments, samples were stored at 20 °C in an incubator (Leec, P3C). 

3.5.1 Chlorination of water samples 

This study included three sets of experiments, which used raw and treated water. The first 

experiment aimed to study the changes in chlorinated natural water with an initial concentration of 

chlorine near 1 mg/L, the second experiment examined the effect of chlorine in natural waters with 

Cl/DOC ratio near 3 and the last set of tests aimed the study of chlorine concentration decay over time 

in artificial water wit DOC near 1 mg C/L and initial concentration of chlorine of 3 mg /L. 

Samples were chlorinated with a NaClO stock solution (Panreac, 5% w/v QP). To determine chlorine 

concentration, 100 mL of Milli-Q water were chlorinated with a specific volume and the achieved 

concentration was measured according the DPD colorimetric method, described in 3.5.2. 

For each sample, several 100 mL flaks were chlorinated with an appropriate volume and the reaction 

was followed through time. Flasks were stored in an incubator at 20°C. 

 

Figure 13-Flasks containing water samples 

For the first experiment, with an initial concentration of 1 mg/L, free chlorine concentration was 

measured at different reaction times, always aiming 0.1 mg/L difference between samplings. The 

reaction was followed until the chlorine concentration was below 0.1 mg/L or when the reaction period 

reached 1 week. 
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In the second experiment, water samples were chlorinated with a chlorine concentration that 

allowed the ratio Cl/DOC of 3 to be respected. The experiment was conducted until the chlorine 

concentration was near zero or until one week of reaction was reached. 

The third batch of experiments aimed the comprehension of chlorine fast and slow decay phases. 

Water samples were prepared in order to have a DOC value near 1 ppm and a Cl/DOC ratio of 3. The 

assay lasted until the chlorine concentration reached approximately zero or until one week of reaction 

was reached. The reaction was stopped by adding 750 µL of sodium sulphate to the 100 mL flasks 

containing the sample 

3.5.2 DPD colorimetric method 

Free chlorine was analyzed by the DPD (N, N-diethyl-p-phenylenediamine) colorimetric method 

(Method 4500-Cl G of APHA (1995)). A spectrophotometer (CADAS 50, Dr. Lange) was calibrated with 

potassium permanganate solutions in the range of 0.05 to 4 mg/L.   

DPD solution was prepared with 0.55 g of N,N-diethyl-p-phenylene-diamine-sulfate (Fluck 

Analytical, 99%)  dissolved for 500 mL milli-Q water, 1 mL of H2SO4 (Merck, 95-99%) and 0.1 g of 

disodium EDTA (Panreac, >99%). DPD solution was stored in an amber bottle and discarded when 

absorbance at 515 nm exceeded 0.002/cm or after one month.  

For chlorine analysis, 10 mL of sample were added to 0.5 mL of DPD solution and 0.5 mL of 

phosphate buffer (pH) and the color was read immediately. The mixture was placed in a photometer cell 

with a light path of 1 cm and the photometric equipment was used at a wavelength of 515 nm. 

Duplicates of the same sample were analyzed at the same time, in order to guarantee consistent 

readings.  

Every time total chlorine concentration was higher than 4 mg/L, samples were diluted with chlorine-

demand-free (milli-Q) water. 

3.6 Quantitative analysis of EEM 

In order to extract more information from the EEMs, a multi-way decomposition method was used. 

The chosen method was the parallel factor analysis (PARAFAC). PARAFAC was used to study the chlorine 

fast and slow decay phase of three water samples prepared in the laboratory with a DOC value of 1 ppm 

and an initial chlorine concentration of approximately 3mg/L. 

To obtain a valid PARAFAC model, the fluorescence intensity of the 8875 excitation/emission pairs 

obtained for each EEM was processed according to 3.2.1. 

First, raw data files were imported to MATLAB (Mathworks, Inc.), a software supporting PARAFAC 

analysis. To execute PARAFAC analysis of fluorescence excitation emission matrices a free toolbox, 

drEEM (Murphy et al. 2013), was used. This recent toolbox allows data manipulation to improve the 

dataset and supports hypothesis-testing during model validation. The files were exported in *.xlsx type 

and they were assembled into three way data structures.  

 

The second stage involved the correction of the datasets. Although the correction of IFE effect, 

Raman and Rayleigh scatter is possible with this toolbox, AquaLog® software also supports this 

correction steps and, therefore, there was no need to use this option in the toolbox. To improve the 

overall quality of the dataset, fluorescence intensity above 580 nm of emission and below 250 nm of 

excitation were removed because these ranges are associated with noisy data. 
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Then, unrepresentative and poor quality data, termed ‘outliers’, were removed. For outlier’s 

detection, the residuals map, which is the difference between the data transferred to the software and 

the returned model, were analyzed. Also, leverage plots, which express the deviation from the average 

data distribution, were also analyzed for the identification of possible outliers. 

To start modelling the data sets with PARAFAC, two components were always chosen and the 

resulting model was evaluated. When all the requirements to consider the model valid were fulfilled, 

the number of components was then increased. Validation of a specific model resulted from the synergy 

between several factors, such as randomness of the residuals, spectral loadings and core consistency. 

Regarding spectral loadings evaluation, some criteria were set, according to (Murphy et al. 2013): 

 The excitation and emission spectra should not overlap more than 50 nm; 

 The excitation spectra may have various peaks but the emission spectra should only have one 

peak; 

 Excitation and emission spectra should not exhibit sudden changes at very close wavelengths. 

The core consistency test, which evaluates the appropriateness of the model, was used as tie-

breaking factor. When more than one model matched the criteria described above, it was chosen the 

model with the highest core consistency percentage. 

 

To sum up, PARAFAC models were generated using drEEM Toolbox for MATLAB. Fluorescence 

intensities below 240 nm and above 580 nm were excluded from all EEMs. Negative values were 

substituted for zeros. Non-negativity constraints were applied in all models. Outliers were excluded 

from the original dataset, as identified using outlier tests and leverage plots.  
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4. Results and Discussion 

4.1 Integration time optimization 

In order to obtain an EEM with all the necessary information and to do an accurate characterization of 

NOM, EEMs were obtained for several integration times and the one that returned the best results was chosen. 

Figure 14 exemplifies the EEMs obtained for a sample of Asseiceira Synthetic, with a DOC of 2.5 mgC/L. EEMs 

were acquired for 0.1, 1, 2 and 4 seconds. 

 

Figure 14- EEMs of Asseiceira Synthetic 2.5 mg C/L. EEM A, EEM B, EEM C and EEM D were obtained with an 
integration time of 0.1, 1, 2 and 4 seconds, respectively. 

 

Integration time of 4 seconds returned an EEM with a well-defined contour plot with clear regions to 

examine. The optimization of the integration time was made for all the samples in this work, using several 

integration times until the appropriate one was found. An integration time of 4 seconds resulted in the best 

fluorescent signal without saturating the detector. 

 

4.2 EEM post-acquisition spectral correction 

In order to overcome the interferences induced by the inner-filter effect, Raman and Rayleigh scattering, 

some corrections were implemented, as Figure 15 shows. 
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Figure 15-Various EEMs of Castelo do Bode Dam water with different corrections. EEM A corresponds to the original 
data. In EEM B the primary and secondary inner-effect was corrected and in as Rayleigh effect in EEM C.EEM D corresponds 

to normalized data 

In order to obtain readable EEMs, every data was corrected for IFE, Raman and Rayleigh scattering. If only 

these three corrections were employed, each EEM would have a different scale and the comparison between 

each sample prior and after contact with chlorine would be an arduous task. Therefore, EEMs were normalized, 

i.e., the fluorescence intensity was divided by the maximum fluorescence intensity in each matrix. 

4.3 pH effect on fluorescence intensity 

Asseiceira´s NOM diluted to 1.0 mg C/L was adjusted for several pH values and the average fluorescence 
intensity was calculated for each peak. Table 5 shows the obtained results and figure 17 the obtained EEMs. 

Table 5-Average fluorescence intensities of water sample with 1.0 mg C/L at different pH 

 
Average Fluorescence Intensity 

pH Peak C Peak A Peak B Peak T 

6 1459 2731 824 1531 

6.5 1401 2839 964 1600 

7 1416 2618 968 1610 

7.5 1409 2626 561 1327 

8 1469 2822 659 1445 

8.5 1602 3203 535 1541 

 

 

Figure 16-EMMs of water from Asseiceira diluted to 1.0 mg C/L, with a pH range from 6.0 to 8.5 

According to Figure 16, one obvious intense peak can be observed in the EEM spectra at any pH value, 

peak A was always the more intense region. The shape of the contour plot was always similar and, analyzing 
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Figure 17, it is possibly to conclude that despite different pH values, the same tendency was observed: peak A 

was the more intense peak, fluorescence intensities of peak C and T are identical and peak B showed the lower 

intensities. 

 

Figure 17-Average Fluorescence intensity values for peaks C, A, B and T at each pH  

Peak A seems more sensitive to pH variation because its fluorescence intensity variation was higher than 

the other peaks. Average fluorescence intensity at pH 7.0 and 7.5 are lower than the other ones, which may be 

due to an experimental error. Henderson et al. (2009) verified peak A fluorescence intensity increased between 

pH 2 and 10 and decreases between 10 and 11. Results obtained in this experiment are supported by this 

investigation. 

As table 5 and figure 16 show, peak C and peak T are not sensitive to pH variations, as average 

fluorescence intensity remains similar despite pH variations. Patel-Sorrentino (2002) initiated efforts to study 

the effect of pH on fluorescence intensity of peak C and the results reveled that peak C fluorescence intensity 

increased at pH 2-4 and decreased between pH 10-11 but remained unchanged between pH 4-10, which meets 

the results obtained with water from Asseiceira´s NOM diluted to 1.0 mg C/L. 

 Peak T fluorescence intensity did not change significantly, as foreseen by (Henderson et al. 2009). 

Fluorescence intensity associated with peak B did not follow a pattern, although some variations were 

registered. Literature research did not identify an explanation for the variation of peak B. 
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4.4 Characterization of water samples 

4.4.1 Physicochemical Characterization 

All samples were analyzed for pH, conductivity, alkalinity, total hardness, calcium and magnesium 

concentration.   

Table 6-Physicochemical characterization of water samples, regarding pH, conductivity, alkalinity, total hardness and 
calcium and magnesium concentration. Samples 1, 2, 3, 4, 5, 6, 7, 8 and 9 correspond to Lezíria-7, Lezíria-15, Lezíria 

Treated, Ota, Castelo do Bode dam, Asseiceira, Odelouca, Alcantarilha and Tagus River 

Sample 1 2 3 4 5 6 7 8 9 

pH 7.6 7.7 7.6 7.6 6.7 7.3 7.6 7.2 7.3 
Conductivity (uS/cm) at 25°C 404 570 661 537 62,8 113,2 301 288 221 

Alkalinity  (mg/L CaCO3) 131 153 158 237 83 36 52 84 72 
Total hardness (mg CaCO3/L) 112 76 70 248 14 48 90 160 116 

Ca (mg/L) 34 19 17 75 21 16 16 30 32 
Mg (mg/L) 6 7 7 15 4 2 12 21 9 

 

4.4.2 NOM Characterization 

One goal of this study was to use fluorescence spectroscopy as a tool to differentiate water samples 

regarding their provenience (surface or groundwater) and the treatment steps that they have undergone (raw 

or treated waters). To understand if fluorescence spectroscopy can be useful to discriminate between surface 

and groundwater samples, eight different samples were analyzed. The first four samples correspond to 

groundwater and the last four represent surface water.  
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Figure 18-EEMs of the samples from Lezíria-7 well (A), Lezíria-15 well (B), Lezíria Treated (C), Ota (D), Castelo do Bode 
dam (E), Asseiceira (F), Odelouca (G) and Alcantarilha (H)
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The visual appearance of the EEMs is an indicator of the water origin. EEMs of surface waters are 

well defined, the shape of the plot is easy to distinguish and several areas can be identified, whereas 

EEMs of groundwater are unclear, faded and it is difficult to isolate a specific area from another.  

Groundwater is the water placed beneath the earth’s surface in soil pore spaces and in the fractures 

of rock formations. Groundwater crosses several layers and during this process a natural filtration 

occurs: soil acts as a natural filter that retains many materials that are mixed with groundwater. These 

waters are from different collection points. However, they share a common characteristic: low values of 

DOC. Regarding DOC values, Lezíria-7, Lezíria-15, Lezíria Treated and Ota have 0.36, 0.37, 0.53 and 0.48 

ppm, respectively.  Values are very close and cannot be used to explain differences in the EEMs because 

the DOC analyzer is not very sensible below 1 ppm. The third EEM, that represents the sample from 

Lezíria Treated, stands out of the other data, because only a small amount of information is 

represented. The water in Lezíria wells is disinfected with gaseous chlorine prior to entering the 

transmission system, so the EEM of Lezíria Treated represents a sample that already had contact with a 

disinfectant agent, so there was not sufficient organic material to be detected trough fluorescence 

spectroscopy.   

Surface water usually shows a higher DOC than groundwater, due to its exposure to many external 

factors. Water from Castelo do Bode and Asseiceira had a DOC of 2.1 and 1.28 ppm, respectively. In 

Asseiceira treatment plant, water from Castelo do Bode dam is treated according to the following 

treatment steps: pre-chlorination, remineralization, coagulation-flocculation-dissolved air flotation, 

ozonation, rapid sand filtration, pH adjustment and disinfection (chlorine). Since part of the DOC was 

removed, EEM from Asseiceira encloses less chemical information. EEM from Castelo do Bode dam is 

more pronounced than the EEM from Asseiceira. 

EEMs of surface waters generally have a more intense zone in the area related with the existence of 

humic substances, whereas groundwater´ EEMs have the highest intensity values in the peaks related 

with the presence of aminoacids. 

Regarding the treatments applied to the waters, the EEMs of treated waters are less nitid that the 

EEMs of the correspondent raw waters. 

Therefore, two clusters can be formed: one corresponding to raw waters (Lezíria-7, Lezíria-15, Ota 

and Castelo do Bode dam) and the second one to treated waters (Lezíria Treated and Asseiceira). 

Regarding the origin, it is possible to classify water samples in groundwater (Lezíria-7, Lezíria-15, Lezíria 

Treated and Ota) and surface water (Castelo do Bode dam, Asseiceira, Odelouca and Alcantarilha). 

Table 7 and Table 8 display the average fluorescence intensity for all peaks of the analyzed water 

samples. 
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Table 7- Average Fluorescence intensity of each peak for groundwaters 

 Lezíria-7 Lezíria-15 Lezíria Treated Ota 

Peak C 463 681 57 546 
Peak A 915 1285 98 950 
Peak B 2172 2082 217 776 
Peak T 779 2472 381 485 

 

Table 8- Average Fluorescence intensity of each peak for surface waters 

 Castelo Bode Asseiceira Odelouca Alcantarilha 

Peak C 5672 2519 4618 1115 
Peak A 9695 4706 9304 2025 
Peak B 1213 1950 1888 920 
Peak T 3240 2563 2749 838 

 

Table 7 shows average fluorescence intensities of all peaks for groundwater and a certain tendency 

can be seen, since three of the four samples have the highest fluorescence intensity associated with the 

existence of aminoacids and proteins. Analyzing Table 8, it was possible to realize that there was a 

predisposition in surface waters, since fluorescence intensity of peak A was the highest in all peaks, 

followed by peak C.  

4.5 Chlorination effect on NOM fluorescence 

Evaluation of chlorine decay in water samples is crucial to analyze the difference between pre-

chlorination sample and post-chlorination sample. In this work section, two different kinds of assays 

were performed: the first experiment was conducted with water samples chlorinated with 1 mg Cl2/L 

and the second batch of experiments took in consideration the DOC of the sample, estimating the 

chlorine initial concentration regarding the ratio Cl/DOC.  

4.5.1 Initial chlorine concentration of 1.0 mg/L 

In order to study and identify NOM fractions that show potential to react with chlorine, a chlorine 

decay experiment was conducted. The aim of the experience was to follow the chlorine decay in several 

waters over time and compare the EEM of the chlorinated sample with the EEM of a non-chlorinated 

sample.  

All of the samples were chlorinated with a chlorine solution prepared in the laboratory as described 

in 3.5.1. The study was conducted with raw and treated waters from different origins. In Table 9 and 

Table 10, a comparison between the eight water samples analyzed is made, concerning initial chlorine 

concentration, final chlorine concentration, chlorine consumption and reaction time.  
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Table 9- Comparison between the tested groundwater samples, regarding initial chlorine concentration, final 
chlorine concentration, chlorine consumption and period of the reaction.  

 Groundwater 

# Sample Lezíria-7 Lezíria-15 Lezíria Treated Ota 
DOC (ppm) 0.36 0.37 0.53 0.48 

[Cl2]initial (mg/L) 1.04 1.04 1.48 1.02 
[Cl2]final (mg/L) 0.14 0.02 1.09 0.04 

Chlorine demand 
(mg/L) 

0.90 1.02 0.39 0.98 

Time (h) 96 50 188 146 

 

Table 10- Comparison between the tested surface water samples, regarding initial chlorine concentration, final 
chlorine concentration, chlorine consumption and period of the reaction.  

 Surface Water 

# Sample Castelo do Bode dam Asseiceira Odelouca Alcantarilha 
DOC (ppm) 2.1 1.28 2.39 1.52 

[Cl2]initial (mg/L) 1.09 1.09 1.02 1.02 
[Cl2]final (mg/L) 0.01 0.03 0.1 0.09 

Chlorine demand (mg/L) 1.09 1.06 1.01 0.93 
Time (h) 18 120 8 47 

 

Figure 19 to Figure 22 represent the chlorine decay profile of the studied groundwaters. 

 

Figure 19-Chlorine decay profile of Lezíria-7 water through 96 hours 

 

Figure 20-Chlorine decay profile of Lezíria-15 water through 50 hours 
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Figure 21-Chlorine decay profile of Lezíria Treated water through 188 hours 

 

Figure 22-Chlorine decay profile of Ota water through 146 hours 

These waters are from different collection points however, they share a common characteristic: low 

values of DOC. Groundwater is protected from external factors: earth layers act as an armor that inhibits 

the contact of water with oxidation agents, such as solar light, so when a chlorine solution is added, the 

species react very quickly with chlorine. The common denominator between Lezíria-7, Lezíria-15, Lezíria 

Treated and Ota is the limiting reagent, NOM, which can be explained by low DOC values. 
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inorganic compounds. 
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The third analyzed sample was Lezíria Treated, a groundwater with 0.53 ppm of DOC. However, the 

dissemblance between this sample and Lezíria samples collected in wells is the addition of gaseous 

chlorine, which does not affect the DOC and should be similar prior and after disinfection. Since the TOC 

analyzer has an appreciable inaccuracy for DOC values below 1.0 mg C/L, it is possible that DOC values 

for Lezíria-7, Lezíria-15 and Lezíria Treated are near 0.50 ppm. 

 The initial chlorine concentration of this water was higher than the other ones, 1.48 mg/L, so in the 

beginning of the assay the sample was chlorine saturated, explaining the consumption of only 0.38 mg 

Cl2/L in 188 hours.  

Despite the low TOC value (0.48 ppm) Ota’s sample did not show a distinctive chlorine decay 

profile. In 146 hours of reaction, 0.98 mg Cl2/L were consumed. These features are not identical to 

Lezíria-7 and Lezíria-15. Possibly, water sample from Ota was not as rich in inorganic compounds as 

Lezíria’s samples and the majority of the reaction occurred between chlorine and organic compounds, 

which explains the higher reaction time. 

Figure 23 to Figure 26 correspond to the chlorine decay profile obtained for the surface water 

samples. 

 

Figure 23-Chlorine decay profile of Castelo do Bode dam water through 18 hours 
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Figure 24-Chlorine decay profile of Asseiceira water through 120 hours 

 

Figure 25-Chlorine decay profile of Odelouca water through 8 hours 

 

Figure 26-Chlorine decay profile of water from Alcantarilha through 47 hours 
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concentration of zero in 18 hours though, the reaction between NOM in Asseiceira´s sample took 120 

hours to achieve the same chlorine concentration.  

These results were expected, due to the differences in dissolved organic matter content. In 

Asseiceira treatment plant, water from Castelo do Bode dam enters in a cascade of treatment steps in 

order to remove a considerable part of the DOC, and the final phase is the addition of the disinfection 

agent. The water that left the treatment plant has lower content of DOC and the DOC that was not 

removed, has experienced contact with oxidizing agents. Since the remaining DOC has experienced 

contact with chlorine, it is less reactive than DOC from raw waters. 

  The same phenomenon occurred in samples from Alcantarilha. The raw sample achieved a 

concentration of chlorine near zero after 8 hours and the reaction between the sample after the 

multiple treatment steps and chlorine extended for 47 hours. 

The first obvious difference between the chlorine decay profile of surface and groundwater is the 

period of reaction. Tests conducted with surface waters have finished first than tests performed with 

groundwaters. Surface waters have a higher DOC content, therefore, chlorine consumption is higher in 

this type of waters regarding the same reaction period. Though, this can be explained with the 

stoichiometry of the reaction: chlorine is the limiting reagent and it is rapidly consumed by NOM 

however, in surface waters there is still high content of organic matter when chlorine concentration 

becomes null and probably a re-chlorination of this water samples would extend the reaction. 

To better understand the differences between a water sample before chlorination and after 

chlorination, the next set of figures are the best way to analyze the dissimilarities. The figure on the left 

corresponds to the non-chlorinated sample and the figure on the right relates to the post-chlorinated 

sample.  The interpretation was made according to the methodology described in 0.  
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Figure 27-EEM before and after chlorination, respectively, of water sample from Lezíria-7 

As already described previously, Lezíria-7 is a groundwater, collected in a well near an agricultural 

field. As we can see by looking to the first EEM, there is a little red point surrounded by a yellow blur in 

the region associated with peak B, with average fluorescence intensity of 2172. Peak A shows an 

average fluorescence intensity of 915. Regarding peak T, is also an area of some fluorescence, with an 

average fluorescence intensity of 915. Fluorescence intensity of humic substances is the lowest, with an 

average of 463. However, maximum fluorescence intensity was not located in none of the analyzed 

peaks, but below 300 nm of excitation and around 300 nm of emission. 

Visual comparison between EEM corresponding to pre-chlorination and to post-chlorination 

suggests a massive decrease of fluorescence intensity in all peaks. After 50 hours the reaction reached a 

chlorine concentration close to zero because all NOM has been converted and the second plot 



40 
 

corroborates the previous sentence. Table 11 indicates average intensity in peak C, A, B and T before 

and after reaction with chlorine and an intensity average variation, calculated according 

to
𝐹𝐼𝐴𝑓𝑡𝑒𝑟−𝐹𝐼𝐵𝑒𝑓𝑜𝑟𝑒

𝐹𝐼𝐵𝑒𝑓𝑜𝑟𝑒
. 

Table 11-Average fluorescence intensity before and after chlorination and intensity average variation of 
Lezíria-7 

 
Average intensity 

before chlorination 
Average intensity 

after chlorination 
Intensity average 
variation (%) 

Peak C 463 25 95 ↓ 
Peak A 915 18 98 ↓ 
Peak B 2172 220 90 ↓ 
Peak T 779 0 100 ↓ 
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Figure 28 shows the EEM before chlorine addition and after 50 hours of reaction of water sample 

from Lezíria-15 well.  

 

 

 

Figure 28- EEM before and after chlorination, respectively, of water sample from Lezíria-15 

Regarding Lezíria-15 and the EEM before chlorine addition, it is difficult to distinguish between peak 

B and peak T because the average fluorescence intensity in both peaks is very similar, 2082 and 2472, 

respectively. Concerning peak A and C, the intensity is higher in peak A, with an average fluorescence 

intensity of 1295, whereas peak C shows an average fluorescence intensity of 681. The results are 

similar to Lezíria-7, which was expected because the collection points were near each other. As with the 

sample from Lezíria-7, there is an area where the fluorescence intensity was higher than the registered 

for these four peaks. In this case, the red blur is larger, which indicates that the concentration of the 

compounds which fluoresce in this range is higher in this water sample.  
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In the first EEM it is evident the presence of an intense red mark between 260-300 nm of excitation 

and 300-350 nm of emission. In the first EEM of water sample from Lezíria-7, the most intense region is 

situated in this range as well, so the results are consistent.  

 The difference between the two EEMs is evident: the blur in the first plot no longer exists in the 

second plot. Chlorination caused a fluorescence intensity decrease in all peaks, because all NOM was 

converted due to reaction with chlorine. Table 12 exhibits the fluorescence intensity average values of 

all peaks and a fluorescence intensity average variation.  

Table 12- Average fluorescence intensity before and after chlorination and intensity average variation of 
Lezíria-15 

 
Average intensity 

before chlorination 
Average intensity 

after chlorination 
Intensity average 
variation (%) 

Peak C 681 46 93 ↓ 
Peak A 1295 67 95 ↓ 
Peak B 2082 318 85 ↓ 
Peak T 2472 1 100 ↓ 

 

As seen on Lezíria-7, average fluorescence intensity of all peaks has suffered a massive decrease. 

Average fluorescence intensity of peak T dropped near 100%, followed by peak A and C. Fluorophores 

present in peak B were more resistant to chlorination and the average fluorescence dropped 85%. The 

decrease of the average fluorescence intensity in water from Lezíria-15 followed the same profile of 

water from Lezíria-7, which was expected since the collection points were near. Compounds of the 

family of tyrosine seem to be the most easily oxidized, followed by humic substances. Those with more 

resistance to the action of chlorine, are aminoacids of the family of tyrosine. The action of chlorine is 

effective in the destruction/conversion of organic matter and other compounds that may also be 

present in water samples. 

The sample analyzed in the third place was Lezíria Treated, as Figure 29 shows. 
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Figure 29- EEM before and after chlorination, respectively, of water sample from Lezíria Treated 

Lezíria Treated shows a non-typical pre-chlorination EEM and the results obtained cannot be 

compared with Lezíria-7 and Lezíria-15 (raw Lezíria water). Visual interpretation of plots referring to 

Lezíria Treated before and after chlorine reaction is not sufficient to infer about NOM reactivity with 

chlorine. This sample was collected after the injection of an aqueous chlorine solution, which explains 

the absence of noteworthy variations in fluorescence intensity values. It is possible that the first 

chlorination has oxidized the majority of natural organic matter, which is confirmed by the low reactivity 

noticed on chlorination experiment. The EEM confirmed the absence of reactive NOM in this sample. 

Table 13 sums up the information collected for this water sample. Contrarily to previous samples, 

the average fluorescence intensity of some peaks did not decrease after chlorination. However, in the 

case of peak C, the initial intensity is so low that it is possibly close to detection limit and the intensity 

variation is probably not significant. For peak B, the final intensity value differs from the initial by only 

54 units, which is probably also not significant. For the other two peaks, the decrease in fluorescence 
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intensity is also very small and, therefore, the overall interpretation of these results is that there was 

not a significant change in the EEM caused by chlorination.  

Table 13- Average fluorescence intensity before and after chlorination and intensity average variation of Lezíria 
Treated 

 
Average intensity 

before chlorination 
Average intensity 

after chlorination 
Intensity average 
variation (%) 

Peak C 57 109 91 ↑ 
Peak A 98 93 5 ↓ 
Peak B 217 272 25 ↑ 
Peak T 381 316 7 ↓ 

 

Since this water was chlorine saturated, the changes in the average fluorescence intensity do not 

follow a specific profile. Peak C and Peak B average fluorescence intensity have increased, which does 

not make sense, since there is no formation of new organic material but conversion of organic matter in 

other compounds. Only peak A and peak T have suffered a decreased in the average fluorescence 

intensity, however, the drop was insignificant. The results obtained cannot be considered valid or a 

reference for future studies because this sample represents an atypical case. 

The last groundwater under analysis was from Ota, as Figure 30 shows. 
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Figure 30- EEM before and after chlorination, respectively, of water sample from Ota 

These sample reefers to groundwater from Ota. Dissolved organic matter content is a result of 

interactions of hydrological cycles with the biosphere and geosphere (Strossmayer 2013). However, soil 

acts as a natural filter and retains a significant amount of dissolved components, which explains the low 

value of DOC and, consequently, low values of fluorescence intensity. The EEM corresponding to the 

sample without contact with chlorine does not have a region that stands out, regions that comprehend 

peak A and B show the highest fluorescence intensities. 

Visual interpretation of the EEM that corresponds to the pre-chlorination sample and to the post-

chlorination sample allow us to understand that the fluorescence intensities of all peaks has undergone 

an abrupt drop in fluorescence intensity, especially peak T with an average decrease of 95%. After 146 

hours of reaction all chlorine was consumed and practically all NOM was converted, which explains the 

appearance of the second plot. 
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Values regarding fluorescence intensities before and after reaction with chlorine and intensity drops 

in percentage are present in Table 14.  

Table 14- Average fluorescence intensity before and after chlorination and intensity average variation of Ota 

 
Maximum intensity 

before chlorination 
Maximum intensity 

after chlorination 
Intensity average 
variation (%) 

Peak C 546 132 76 ↓ 
Peak A 950 243 74 ↓ 
Peak B 776 445 42 ↓ 
Peak T 485 33 93 ↓ 

 

The biggest decrease occurred in peak T, with 93% reduction on the average fluorescence intensity. 

Peak C and A average fluorescence intensity reduced in 76 and 74%. The lowest decrease occurred in 

peak B, 42%.  Once more, fluorescence intensity decrease of peak T was higher than peak B, probably 

because the resonance of the phenol group is more prevalent than the stereochemical impediment 

caused by the aromatic where -NH group which is associated. 

Results obtained with water sample from Ota are consistent with the ones obtained for water 

samples from Lezíria wells, since peak T was the one with the biggest decrease, peak C and A showed 

similar intensity variations and peak B was the one with the lowest decrease. Peak B showed more 

resistance to oxidizing action of chlorine, but if the amount of chlorine had increased during the 

reaction, possibly the variation of fluorescence intensity was higher. 

Water samples from Lezíria-7, Lezíria-5 and Ota have common features: fluorescence intensity of 

peak T suffered the biggest decrease in all samples and fluorescence intensity of peak B was the one 

with the lowest variation. Korshin et al. (1999) determined that for Cl/DOC ratios higher than 2 – which 

is the case of these samples – fluorescence intensity of fulvic substances decreased, which was observed 

in the three water samples. (Beggs et al. 2006)  also determined that NOM reacted with chlorine over 

time causing a decrease in fluorescence intensity, which was also observed in these samples. 

 

Water from Castelo do Bode dam was also analyzed and Figure 31 shows the EEM of the water 

sample before chlorine addition and the EEM 18 hours later. 
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Figure 31- EEM before and after chlorination, respectively, of water sample from Castelo do Bode dam 

The first contour plot shows a wide variety of fluorescence intensity values, being the most intense 

region between 250-260 nm in the excitation range and 380-480 nm in the emission range, with an 

average fluorescence intensity of 9695. Peak A is followed by peak C, T and B. 

The differences between the two EEM are not evident enough to draw expedite conclusions about 

the reaction between NOM and chlorine. A closer look to the absolute intensity values of pre-

chlorination and post-chlorination sample allows to understand which peak has suffered the biggest 

decrease in fluorescence intensity. Peak T has undergone the biggest and only decrease. Possibly, 

polyphenols and aminoacids are more prone to oxidation and react quickly with the available chlorine. 

Noticing the reaction stoichiometry, chlorine is the limiting reagent, and if a re-chlorination has been 

done, the reaction between NOM and chlorine would have proceeded.  



48 
 

Table 15 sums up the relevant information about the assay performed with water from Castelo do 

Bode dam. 

Table 15- Average fluorescence intensity before and after chlorination and intensity average variation of 
Castelo do Bode dam 

 
Maximum intensity 

before chlorination 
Maximum intensity 

after chlorination 
Intensity average 
variation (%) 

Peak C 5672 5716 1 ↑ 
Peak A 9695 10369 7 ↑ 
Peak B 1213 1375 13 ↑ 
Peak T 3240 2378 27 ↓ 

 

Only one peak registered a reduction on the average fluorescence intensity: peak T with 27% of 

decrease. Water from Castelo do Bode has a DOC of 2.1 ppm and a high content of humic substances. 

Peak C and fluorescence intensity did not suffer a variation, which may indicate that there was no 

reaction between them and chlorine. Regarding the fluorescence intensity of the aminoacids, peak B 

fluorescence intensity increased, whereas fluorescence intensity of peak T decreased. Peak T is 

associated with the presence of tryptophan, and peak B related with the existence of tyrosine.  

Tryptophan and tyrosine have similar chemical structures, however tryptophan contains a R1NHR2 group 

and tyrosine as a phenol group attached. The R1NHR2 group is more reactive with chlorine than the 

phenol group, which may explain the fluorescence intensity decrease of peak T (Deborde et al. 2008). 

Water collected from Asseiceira´s treatment plant was analyzed as well, as Figure 32 shows.
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Figure 32- EEM before and after chlorination, respectively, of water sample from Asseiceira 

Asseiceira is surface water that has been treated and, the first contour plot demonstrates that the 

highest fluorescence intensity is due to fulvic acids. Peak C fluorescence intensity is lower than 

fluorescence intensity of peak A but higher than fluorescence intensities of polyphenols, proteins and 

aminoacids. No substantial changes exist between first and second plot, possibly due to the 

stoichiometry of the reaction: chlorine was the limiting reagent, and when chlorine ended there was still 

NOM available for further reaction. Analyzing Table 16, all peaks recorded a reduction in the average 

fluorescence intensity: peak T suffered the biggest decrease, with 90%, followed by peak A and B, with 

78 and 75%, respectively. Peak suffered a minimum decrease. 
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Table 16- Average fluorescence intensity before and after chlorination and intensity average variation of 
Asseiceira 

 
Average fluorescence 
intensity before 

chlorination 

Average fluorescence 
intensity after 
chlorination 

Intensity average 
variation (%) 

Peak C 2519 2185 13 ↓ 
Peak A 4706 1041 78 ↓ 
Peak B 1950 496 75 ↓ 
Peak T 2563 261 90 ↓ 

 

Average fluorescence intensity of peaks C, A and T of water sample from Asseiceira are lower than 

the ones of water from Castelo do Bode dam. In Asseiceira treatment plant there was a pre-oxidation 

step and this contact with chlorine appears to have caused the oxidation of humic substances and 

tryptophans, but little effect was noticed in tyrosines. After the chlorination with 1.0 mg/L, fluorescence 

intensity of substances associated with peak C had a slightly decrease, possible because the majority of 

them were already oxidized or possibly because chlorine has reacted with the substituents of the 

aromatic rings and not with aromatic rings. As the core of the compound remained unchanged, the 

change of fluorescence intensity was small. In the other peaks, there was a significant difference before 

and after chlorination.  

Samples provided by Águas do Algarve S.A. were analyzed and the EEMs obtained for water from 

Odelouca are shown in Figure 33. 
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Figure 33- EEM before and after chlorination, respectively, of water sample from Odelouca 

The differences between the two EEMs are not evident. The initial DOC of this sample was 2.39 ppm 

and possibly, a chlorine concentration near 1 mg/L was not sufficient to promote the conversion of most 

of NOM. The most intense region belongs to peak A, followed by peak C, T and B. 

Table 17- Average fluorescence intensity before and after chlorination and intensity average variation of 

Odelouca 

 
Average intensity 

before chlorination 
Average intensity 

after chlorination 
Intensity average 
variation (%) 

Peak C 4618 4061 12 ↓ 
Peak A 9304 8264 11 ↓ 
Peak B 1888 1774 6 ↓ 
Peak T 2749 2763 0.5 ↑ 
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There are no significant differences in the average fluorescence intensity before and after 

chlorination. The average fluorescence intensity of peaks C, A and B fell 12%, 11% and 6% and an 

increase of 0.5% was seen in peak T. The most notorious, yet small, variation occurred in the intensity of 

humic substances. In this sample, I attribute the slight variation of fluorescence intensity to the limited 

amount of initial chlorine. 

Sample from Alcantarilha also entered in this study, as Figure 34 presents.  

 

 

Figure 34- EEM before and after chlorination, respectively, of water sample from Alcantarilha 

Alcantarilha treatment plant receives water from Odelouca dam and the water treatment consists 

on pre-oxidation with ozone, coagulation-adsorption/flocculation/sedimentation, filtration and 

disinfection (chlorination). The first array of Alcantarilha is similar to Odelouca, EEMs have the same 

spectral feature, although EEM of Alcantarilha is more diffuse. As water from Odelouca is subjected to a 

pre-oxidation step, DOC of Alcantarilha is lower than Odelouca. By comparing the fluorescence intensity 

of Odelouca and Alcantarilha, it becomes obvious that chlorine has oxidized all of the analyzed groups. 
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In terms of EEM differences before and after chlorination, the overall appearance of the matrix has 

changed, since some areas were more blurred and less intense after chlorination. Table 18 indicates 

fluorescence intensity before and after chlorination and variation associated. 

Table 18- Average fluorescence intensity before and after chlorination and intensity average variation of 
Alcantarilha  

 Average intensity 
before chlorination 

Average intensity 
after chlorination 

Intensity average 
variation (%) 

Peak C 1115 810 27 ↓ 
Peak A 2025 1698 16 ↓ 
Peak B 920 932 1 ↑ 
Peak T 838 834 0,5 ↑ 

 

In terms of the variation of fluorescence intensity of Alcantarilha water, it followed the same 

pattern as Odelouca water. Peak C and A fluorescence intensity decreased 27% and 16%, respectively. 

Concerning peak B and T, the variation was residual. 

The reaction was limited by the initial amount of chlorine, since fluorescence intensity decrease of 

peak A and C was not significant. Chlorine was consumed by very reactive humic substances and there 

was not enough chlorine to react with the aminoacids. 

Comparing the water supplied by EPAL S.A. with the waters supplied by Águas do Algarve S.A, I´ve 

noticed that although the values of DOC are similar for both raw and treated waters, its behavior in 

presence of chlorine is different.  

Comparing the two raw waters, Castelo do Bode and Odelouca, no resemblance was registered. In 

water from Castelo do Bode dam, the addition of chlorine caused a decrease of fluorescence intensity of 

peak T, while the other peaks were unaffected. In Odelouca water, the peaks A and C decreased, unlike 

the peaks that denote the presence of aminoacids. However, this indicates that although they have 

similar DOC values and approximate intensity values, reaction with chlorine occurred in a different way 

in each water. The compounds responsible for the fluorescence of the peaks A and C may be different in 

the two samples or the reaction between chlorine and NOM may have occurred differently: in the case 

of water from Castelo do Bode dam, may have only occurred electrophilic substitution of a functional 

group, causing a small variation of the molecule before and after chlorination, because the 

aromatic ring remained intact and it still provides stability to the molecule, causing no significant 

changes in the ability to fluoresce. 

Regarding water samples from Asseiceira and Alcantarilha treatment plant, only the decrease in the 

fluorescence of peaks A and C is common to both samples. Probably, chlorine was quickly consumed by 

humic substances in water from Alcantarilha and no chlorine was left to continue the reaction with the 

compounds of the same family and with aminoacids and polyphenols. Possibly the reaction would have 

continued if more chlorine was added to the reaction medium. 

In groundwaters, fluorescence intensity of every peaks was always lower after chlorination, with a 

more notable effect on peak T. Nevertheless, regarding surface waters, there is not a common rule that 

is applicable to all samples. Although all samples have a rich content in humic substances, not all react in 

the same way. The family of humic substances consists in a wide range of compounds, since the 

structural composition NOM is highly variable and depends mainly on the origin of the precursor 

material and the degree of modification it has undergone (Lankes et al. 2008). Compounds responsible 
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for the fluorescence of the peaks A and C are not always the same, only belong to the same vast family. 

Therefore the profile observed may vary from water to water. 

 

4.5.2 Chlorination at Cl/DOC=3 

In the previous section of this work the effect of chlorination in water samples, with an initial 

chlorine concentration of 1 mg Cl2/L was studied. However, in some samples, the tested chlorine 

concentration may have not been sufficient to allow the reaction of all NOM. In order to guarantee that 

all NOM reacts with chlorine and to maximize the differences between pre-chlorination EEM and post-

chlorination EEM, a Cl/DOC ratio of 3 was used in the following experiments. 

Table 19 gives a comparison between the reaction times and chlorine consumption obtained for 

waters from Tagus River-Valada and Castelo do Bode dam, chlorinated with a Cl over DOC ratio of 3.  

Table 19- Comparison between water from Tagus River-Valada and Asseiceira, with Cl/DOC=3, regarding initial 
chlorine concentration, final chlorine concentration, chlorine consumption and period of the reaction 

Water Sample Tagus River-Valada Castelo do Bode dam 

DOC (ppm) 4.0 2.1 
[Cl2]initial (mg/L) 12.0 5.91 
[Cl2]final (mg/L) 0.56 0.35 

Chlorine Demand (mg/L) 11.4 5.56 
Time (h) 210 188 

  

As expected, the organic matter content in these water samples was sufficient to consume 

practically all the chlorine. Since the initial chlorine concentration was very high, the reaction time has 

extended more than the assays performed with an initial chlorine concentration of 1.0 mg/L. For 

example, when the water sample from Castelo do Bode dam was chlorinated with 1.0 mg/L, it  took 18 

hours to consume 100% of the added chlorine. In this case, 5.56 mg/L of chlorine were consumed in 188 

hours. 

Figures 35 and 36 represent the chlorine decay profile registered for water from Tagus River-Valada 

and Castelo do Bode dam. 

 

Figure 35-Chlorine decay profile of a water sample from Tagus River-Valada 
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Figure 36- Chlorine decay profile of a water sample from Castelo do Bode dam 

Water sample from Tagus River-Valada is a surface water and in 210 hours 11.4 mg Cl2/L were 

consumed. Regarding water from Castelo do Bode dam, 5.56 mg Cl2/L have reacted with NOM in 188 

hours. From the chlorine decay profiles it is possible to identify a rapid phase of decay in both water 

samples. Regarding water from Tagus River-Valada, after 1 hour of reaction, the chlorine concentration 

was approximately 7.42 mg/L. One hour before the beginning of Castelo do Bode dam water´s assay, the 

chlorine concentration was around 5.38 mg/L. 
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Figure 37-EEM before and after chlorination, respectively, of water sample from Tagus River-Valada 

Regarding the EEM of Tagus River-Valada sample before and after chlorination, it is noticed that the 

region where fluorescence intensity reaches the highest values is the area designated as peak A (fulvic 

acids). In the first plot, peaks B and T reveal low fluorescence intensity values. With an initial chlorine 

concentration of 12.0 mg/L and a contact time between NOM and chlorine of 210 hours, it was 

expected that the second plot was a dark blue stain, corresponding to the absence of fluorescence 

NOM, with small marks spread through the EEM. However, examination of the post-chlorination EEM 

leads us to the conclusion that there was still a considerable content of organic matter after a 

consumption of 11.44 mg/L of chlorine. Possibly, if the sample was re-chlorinated, the EEM would show 

a different contour plot. However, NOM that is still present after 210 hours of reaction is not very 

reactive because if it was, the chlorine concentration had reached a concentration near zero. Hence, the 

EEMs after the reaction with chlorine show the existence of NOM that may not react further with 

chlorine. Nevertheless, the final EEM shows a well-defined contour plot, with some similarities with the 

initial plot: peak A still was the peak with the highest fluorescence intensity, followed by peak C, T and B.  
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Table 20 shows the average intensity before and after chlorination for the four peaks and the 

average intensity variation. 

Table 20-Average intensity before and after chlorination and correspondent variation for Tagus River-Valada 

 
Average intensity 

before chlorination 
Average intensity 

after chlorination 
Intensity average 
variation (%) 

Peak C 10678 2729 74 ↓ 
Peak A 19004 7175 62 ↓ 
Peak B 3721 1333 64 ↓ 
Peak T 6853 2697 61 ↓ 

 

Figure 38 represents the two EEMs obtained for the water sample collected in Castelo do Bode dam. 

 

 

Figure 38-EEM before and after chlorination, respectively, of water sample from Castelo do Bode dam 
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Regarding EEMs of Castelo do Bode dam, there is an evident difference between sample before and 
after chlorination. Apparently, chlorine has provoked the diminishment of fluorescence intensities in all 
peaks, but analyzing the absolute values, peak B and peak T did not change in a substantial way. The 
highest fluorescence intensity decrease occurred in peak C.  

NOM present in water from Castelo do Bode must be slightly reactive, because the chlorine 

concentration did not reached zero after 188 hours of reaction.  

Table 21-Average intensity before and after chlorination and correspondent variation for Castelo do Bode dam 

 
Average intensity 

before chlorination 
Average intensity 

after chlorination 
Intensity average 
variation (%) 

Peak C 3444 1787 48↓ 
Peak A 5753 4180 27↓ 
Peak B 1036 1199 16↑ 
Peak T 1534 1411 8↓ 

 

 Korshin et al. (1999) studied the effect of chlorination in humic substances and found out that 

when Cl/DOC ration was higher than 2, fulvic acids fluorescence intensity decreased. The same 

phenomenon was observed with water from Castelo do Bode dam with Cl/DOC ratio of 3. Peak A 

fluorescence intensity decreased 27% during all the reaction time. This result is congruous with the 

results obtained with the same water but with an initial chlorine concentration near 1 mg/L and a 

Cl/DOC around 0.52. The same author claimed that with Cl/DOC lower than 2, fluorescence intensity of 

fulvic acids increased, which was observed in the first experiment. 

This water sample was collected from Castelo do Bode dam, and although the collection date was 

different from the sample used in the experiments with an initial chlorine concentration of 1.0 mg/L, 

several conclusions could be drawn. In the first experiment, chlorine concentration may have not been 

sufficient to promote the oxidation of humic substances. The increase of initial chlorine concentration to 

5.91 mg/L was sufficient to endorse oxidation of humic and fulvic acids. Peak B intensity did not suffer a 

decrease, as had already happened in the first experiment. Peak T intensity decrease was higher when 

the initial chlorine dosage was lower. These results are related with chlorine demand of each group of 

substances. Humic substances reacted earlier with chlorine and left no available chlorine for the 

reaction with the aminoacids to occur. 

Comparing the results obtained with the two water samples: the highest fluorescence intensities 

refer to the water sample from Tagus River and the biggest decreases in fluorescence intensity 

correspond to this sample as well. In both water samples, peak C has suffered the biggest reduction in 

fluorescence intensity.  

To sum up, the difference between the EEM recorded before the reaction with chlorine and the 

EEM after the reaction with chlorine is substantial and further information can be drawn if we have 

methods of statistical analysis instead of analyzing only the wavelength ranges described in the 

literature. It is possible that the fluorescence intensity increases in some peaks through the reaction 

with chlorine or remains similar in both EEMs, possible due to the formation of DBPs that may have 

fluorescence and be detected.  

4.6 Evaluation of chlorine fast and slow decay phases 

The evaluation of the fast and slow chlorine decay phases was performed with three synthetic 

water samples from Asseiceira, Tagus River and Vale da Pedra. Chlorine concentration was followed 

until the experiment reached 168 hours of reaction. The next set of figures indicates the chlorine decay 

profile through time of water samples from Asseiceira, Tagus River and Vale da Pedra.  
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Figure 39-Chlorine decay profile of a sample with a DOC of 1 ppm from Asseiceira 

The sample from Asseiceira was chlorinated with a concentration of 3.33 mg/L. Thirty minutes after 

the concentration was about 3.07 mg/L. The concentration registered 1 hour and 5 hours after the 

beginning of the reaction was identical, 2.99 mg/L. When the reaction completed 24 hours, the chlorine 

concentration was near 2.63 mg/L, a value that was very close to the 2.60 mg/L registered 48 hours 

after the initial chlorination. Concentration reached 2.32 mg/L when four days had passed. The last 

measurement showed 1.96 mg/L and was done after one week of reaction.  The measurements done 

until the fifth hour of reaction were all very similar and between the fifth hour and the twenty fourth 

hours, chlorine concentration suffered a reduction of 0.36 mg/L. Analyzing the chlorine concentration 

decay in ranges of 24 hours, in the first 24 hours, the decay was about 0,70 mg/L. Between the first and 

second day, only 0.03 mg/L of chlorine were consumed, a value that increased to 0.31 mg/L between 

the second and third day of reaction. However, it took another 48 hours to decrease 0.31 mg/L. A 

concentration of 0.36 mg/L was consumed between 96 hours and 168 hours of reaction. So, it is possible 

to say that the decay was faster in the first 24 hours of reaction and gradually decreased from that point 

on. 
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  Figure 40- Chlorine decay profile of a sample with a DOC of 1 ppm from Tagus River-Valada 

Water from Tagus River was chlorinated with 2.95 mg/L at the beginning of the reaction. The first 

four points correspond to measurement at 0 minutes, 2 minutes, 5 minutes and 10 minutes. The four 

points are overlapped because the chlorine concentration remained identical. The biggest difference 

was recorded after 1 hour of reaction, with a chlorine concentration near 2.87 mg/L. After 24 hours, the 

chlorine concentration was about 2.39 mg/L. The value dropped to 2.27 mg/L 48 hours after the 

beginning of the reaction. In the fourth day of the experiment, free chlorine concentration reached 2.08 

mg/L. The last point of the chlorine decay profile was registered when the reaction completed one week 

and 1.78 mg/L of free chlorine was measured. During the first hour of reaction, the chlorine 

concentration was very similar between samples. Nevertheless, the measurement done 24 hours after 

the chlorination returned a value that was 0.56 mg/L less than the initial concentration. From that 

moment, the decay slowed down and in the next 24 hours a decrease of 0.12 mg/L was recorded. 

Between the second and fourth day of reaction, only 0.19 mg/L were consumed, a value that dropped to 

0.32 mg/L in the last three days  of the assay. The first day of reaction recorded the steepest decline and 

from that moment the variation in 24-hour intervals was practically the same. 

 

Figure 41-Chlorine decay profile of Vale da Pedra 
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The reaction with this water sample began with an initial chlorine concentration of 2.95 mg/L. 

Measurements done after 10 and 30 minutes recorded a free chlorine concentration of 2.98 mg/L and 

2.91 mg/L, respectively. Measurement done at 10 minutes revealed a higher value than the one 

registered at the beginning of the reaction, probably due to an experimental error. After 1 hour, the 

chlorine concentration was near 2.80 mg/L. During the first day of the assay, 2.41 mg/L of free chlorine 

were reached. One day later, 2.18 mg/L was the concentration of free chlorine, a value that dropped to 

1.91 mg/L on the fourth day. The experimented ended in 168 hours, with a concentration near 1.55 

mg/L. In the first 24 hours, 0.57 mg/L of chlorine were consumed, a value that was reduced to almost 

half between day one and day two, with a decrease of 0.23 mg/L. It took two days for a decrease of 0.27 

mg/L. Between the fourth and seventh day of reaction, 0.36 mg/L of chlorine have reacted with NOM.  

EEMs were obtained when the chlorine concentration was sufficiently different from the previous 

measurement to guarantee that the alterations in the water sample were visible in the EEMs. Figure 42 

shows the several EEMs acquired for Asseiceira, Tagus River and Valada. 

 

 

Figure 42- EEMs from Asseiceira Synthetic measured at 0 minutes, 10 minutes, 1hour, 24 hours, 96 hours and 
168 hours 

Regarding Asseiceira (Figure 42) EEMs correspond to the samples without chlorine and with 

chlorine concentrations at 10 minutes, 1 hour, 24 hours, 96 hours and 168 hours. After 1 hour of 

reaction, residual chlorine was about 92% of the initial chlorine; 24 hours later, 80% of the initial 

chlorine concentration was still available. After 96 hours of reaction, 71% of the initial chlorine 

concentration did not react with NOM and seven days after the beginning of the reaction, only 40% of 

the initial chlorine concentration reacted.  It is possible to see that as the time passed by, the EEMS 

became more blurred and without a specific shape. The red stain associated with the presence of fulvic 

acids tend to disappear, and the same can be applied to the other areas related with the existence of a 

certain type of components. Figure 43 shows the fluorescence intensity profile for all peaks.  
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Figure 43-Evaluation of fluorescence intensities through time regarding peak A, C, B and T of water sample 
from Asseiceira, with a DOC of 1 ppm
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Fluorescence intensity associated with peak A has decreased through time and it was always the 

peak associated with the highest fluorescence intensity. A rapid phase of fluorescence intensity decay 

was seen until the first hour of reaction. Since no EEMs were obtained between the first hour and the 

end of the first day, an abrupt decrease was registered. The variation between 24 and 96 hours the 

variation was remarkable but an half of the one occurred in the first 24 hours.  This happened possible 

because at the beginning of the reaction there was a larger content of NOM available to react with 

chlorine and at this point of the experiment, the most reactive organic matter had been almost 

consumed. Fluorescence intensity between 96 and 168 hours of the experiment remained basically the 

same, which indicates that the existent organic matter was not available to react with chlorine.  

As Figure 43 shows peak C fluorescence intensity has decreased until the experimented was 

considered finished. Until the first hour, fluorescence intensities were very similar but the biggest 

variation was registered between 1 and 24 hours of assay. The decay slowed down from there and 

stagnated after 96 hours of reaction, and no alteration until the last measurement 

As it is possible to infer from Figure 43, peak B and T exhibit a similar fluorescence intensity decay 

profile, as the fluorescence intensity decreased until the fourth day of reaction (96 hours). However, the  

fluorescence intensity increased between the penultimate and ultimate measurement, possible due to 

an experimental error.  

At the beginning of the reaction, fluorescence intensity of peaks B and T decreased more than 

fluorescence intensity of the other peaks. One hour after the chlorination, 38% of the initial 

fluorescence intensities of peaks B and T have disappeared but only 15% of the fluorescence signal of 

humic and fulvic acids have vanished. However, during the time period between the first hour and the 

first day of reaction, loss of fluorescence intensity of peak A and C increased and at the end of the first 

24 hours, the variation from the initial value was practically the same between peak A, B and T- 56%, 

48% and 57%, respectively- and peak C has suffered the biggest decrease, 67%. At the end of the fourth 

day of reaction, fluorescence intensity dropped for all peaks and the biggest fall occurred with 

fluorescence intensity of peak B – a reduction of 40% in comparison with the previous measurement – 

regarding the other peaks, peak T suffered the biggest decrease, with 25% of loss when comparing with 

the measurement done 72 hours before, while peak A and C decrease approximately 20%. The reaction 

proceeded during more three days but no significant changes occurred.  

After the first 24 hours 20% of the initial chlorine had been consumed. This value increased to 29% 

after 4 days and when the reaction was considered finished, there was still 60% of the initial chlorine.  

Therefore, a rapid decay phase (for chlorine and fluorescence intensity) occurred during the first 24 

hours and was observed for all peaks, however, compounds related with the existence of peaks B and T 

reacted more in the first hour than the other components, whose fluorescence intensity decrease 

became more clear after that. 
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Figure 44- EEMs from Tagus River measured at 0 minutes, 2 minutes, 1 hour, 24 hours, 48 hours, 96 hours and 
168 hours 

Comparing the seven images that compose Figure 44, the contour plots became less clear and 

defined as the reaction time progressed. All peaks have changed and became more faded. It is notorious 

that the organic matter content disappeared through time and when the experiment was considered 

finished (168 hours later) the organic matter content was low, judging by the unrepresentative EEM.   

Fluorescence intensity decay over time for the four peaks allows a better comprehension of the 

variations in fluorescence intensity.  
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Figure 45- Evaluation of fluorescence intensities through time regarding peak A, C, B and T of Tagus River 
Synthetic water sample 

As Figure 45 shows, fluorescence intensity of peak A decreased in a rapid way during the first hour 

of reaction. The difference between fluorescence intensity at 1 hour of reaction and 24 hours of 

reaction was large, but the measurements realized at the end of the first day and the end of the second 

day were very similar, which may be due to the fact that at this point of the experiment, a considerable 

part of NOM was already consumed. A sudden decrease was registered between the measurement at 

48h and 96 hours, however fluorescence intensity measured at 168 hours was higher than the previous 

one. It is difficult to determine the cause of this occurrence but possibly the measurement done at 96 

hours is too low due to experimental error. 

As Figure 45 demonstrates, fluorescence intensity decay curves of peak C and peak T are practically 

overlapped, which indicates that although peak C and peak T stand for different groups of substances, 

they behave in an identical way in the presence of chlorine. Fluorescence intensity has decreased 

through time and in a more pronounced way in the first hour of reaction. Once more, fluorescence 

intensity measured at 168 hours does not follow the previous standard, since the registered value is a 

little higher than the one recorded at 96 hours. 

Regarding fluorescence intensity profile of peak B, figure 7 reveals that peak B was always the peak 

with the lowest fluorescence intensity. The measured parameter decreased through the time, with a 

rapid decay phase until the first hour and a deceleration after the first 24 hours, since between 24 and 

48 hours the decrease was a third of the decrease in the first day of reaction. Fluorescence intensity did 

not vary between 96 and 168 hours.  

All peaks have their own decay curve, although they have two characteristics in common: 

fluorescence intensity was always faster until the first hour of reaction - possible because NOM was very 

reactive - and fluorescence intensity registered at 96 and 168 hours were very close, probably because 

there was no sufficient NOM to react or the remaining NOM was chlorine saturated.  

A more detailed interpretation of fluorescence intensity decay, led me to the conclusion that 1 hour 

before the beginning of the reaction, peak B and T suffered a fluorescence intensity decrease of 

approximately 20%, whereas peak A and C fluorescence decrease decreased 12%. At the end of the first 

day, fluorescence intensity loss was similar for every peaks, being near 50%. After another day, 

fluorescence intensity decrease have proceeded, and peak B and T have suffered a reduction of 18% and 

15% (when comparing with the previous value) respectively, against a loss of 6% and 5% of peak A and 
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C. Between the second and the fourth day of the experiment, peak A and C suffered an enormous 

decrease - 35% less than the fluorescence intensity measured at the end of day one - and although 

fluorescence associated with peak B and T decreased, the loss was lower, 17% and 24%. This occurred 

possibly because since aminoacids and proteins have reacted in the first place, there was no sufficient 

organic content of this nature to react with chlorine. No noteworthy alterations occurred until the 

experiment was considered conclude.   

Regarding the chlorine decay profile, 19% of the initial chlorine was consumed during the first 24 

hours of assay and at the end of the week only 40% of the chlorine was consumed, which corroborates 

the tendency observed in fluorescence intensity decay: there was a rapid phase of decay during the first 

day and then the decay slowed down. 

 

 

 

 

Figure 46-EEMs from Vale da Pedra water measured at 0 minutes, 10 minutes, 1 hour, 24 hours, 48 hours, 96 
hours and 168 hours 

As Figure 46 shows, the first two EEMS are very similar, because the chlorine concentration did not 

vary in 10 minutes. It is possible to identify two areas with high fluorescence intensity, one near the 

zone correspondent to peak A and the other below peak C. As the time passed by, EEM becomes 

vanished and faded and the outer contour plots had disappear. The areas identified at the beginning of 

the reaction continued to be the most intense, until the reaction was considered complete. It was 

possible to identify in all EEMs two intense peaks, however those peaks were not described in the 

literature as common peaks. It seems that the leftmost peak is below peak A and the rightmost peak is 

below peak C. Henderson et al. (2009) found that chlorination caused a shift to shorter emission 

wavelengths, which increased with higher chlorine doses and reaction times. In Vale da Pedra treatment 

plant, water from Tagus River-Valada is subjected to pre-chlorination, and possibly the pre-oxidation 

step was responsible for the shift of the peaks to shorter emission wavelengths. Even though this water 

was concentrated, its background reflects on EEM appearance. The peaks’ displacement has been 
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explained by the fragmentation of humic substances, since previous research has shown that 

fluorescence enhancement can be associated with a decrease in average molecular weight (Peuravuori 

et al. 2002; J. Chen et al. 2003). 

 

 

  Figure 47-Fluorescence intensity decay of water from Vale da Pedra 

As Figure 47 illustrates, the fluorescence intensity decay did not follow a regular pattern. A closer 

look to fluorescence intensities of peak T permitted to find that fluorescence intensity registered at the 

beginning of the reaction is practically equal to the one registered 10 minutes later, possible because 

contact time of 10 minutes was not sufficient to promote NOM oxidation. An abrupt fall occurred during 

the first hour of reaction, since fluorescence intensity decreased 8%. However, fluorescence intensity 

increased during the gap time between the first hour and the end of the first day. This phenomenon is 

not very usual and it possibly occurred due to an experimental error. Fluorescence intensity decreased 

again, as the value at the end of the second and fourth day revealed. Though, the last measurement-

performed at 168 hours-was higher than the previous, which is an uncommon occurrence. 

Peak A fluorescence intensity decreased through all reaction time, as the decay curve indicates. The 

two first measurements (t0 and 10 minutes) are very near each other, as happened with peak T. Peak C 

fluorescence decay pattern is similar with the one of peak A: the first two measurements were difficult 

to distinguish and after that, the decay continued until the end of the assay. 

Peak B fluorescence intensity decay was a particular case, since there was fluorescence intensity 

increases during the reaction period, which is not normal in an experiment where the aim is to study 

NOM oxidation. 

At the end of the week, fluorescence intensities of all peaks were lower than the ones at the 

beginning of this study, however fluorescence intensity values noted during the experiment were 

peculiar and cannot be used to draw accurate conclusions. When eliminating peak B from the analysis, it 

was possible to deduce several assumptions: one hour after the beginning of the reaction 5% of the 

initial chlorine was already consumed, and possibly the major part was consumed by the components 

associated with the existence of peak T, since fluorescence signal of this peak at this point was 82% of 

the initial intensity whereas fluorescence intensity of peak A and C had fallen 8% and 9%, respectively. 

Although, a twist occurred and at the end of day one, fluorescence intensity of peak A and C were 73% 

and 66% of the initial value, while fluorescence signal of peak T remained unchanged. At the end of the 

first 24 hours, 18% of the initial chlorine was already consumed, possible by fulvic and humic acids. 
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Between day one and day two, fluorescence intensity decreased 13% regarding the previous value, and 

26% of the initial chlorine was consumed until that point. During the third and fourth day, fluorescence 

intensity of peak A, C and T decreased 30%, 26% and 27%, respectively. 35% of the initial chlorine 

concentration was already been consumed. The variation until the end of week was practically null, 

however there was chlorine consumption. Based on these data, it was possible to conclude that 

although during the first hour peak T more rapidly that the others, peaks A and C presented a higher 

variation after the first hour.  

4.7 Quantitative analysis of EEM 

This work section was very exploratory and did not have the intention to draw specific conclusions 

about NOM reactivity towards chlorine. The purpose of this section was to analyze samples from the 

same water sample with different reaction times and find a suitable model that describes the 

components present in all samples. Data of the artificial waters from Asseiceira, Valada and Vale da 

Pedra was used. 

In this sub-chapter, the detailed procedure for Asseiceira Synthetic samples PARAFAC model 

development is presented but only the final obtained model for Tagus River-Valada and Vale da Pedra 

samples is shown. Line codes written in MATLAB are presented in blue with Courier New Font. 

4.7.1 PARAFAC model for Asseiceira Synthetic 

The first step was to transfer the files to MATLAB workspace and transform multiple 3D matrix into 

one consistent matrix with all samples and variables. The function readineems reads flies of a specific 

format, ‘xlsx in this case’, and converts them to a 3D matrix of EEMs. The function assembledataset  

assembles the multiple 3D matrices into a single dataset structure for processing with the drEEM 

toolbox. Since the EEMs are imported in alphabetic order, Table 22 shows the correspondence between 

sample number and reaction time. 

Table 22-Correspondence of the sample number and respective reaction time for water sample from 
Asseicieira with 1 ppm of DOC 

# Sample Reaction Time 

1 168 hours 
2 1 hour 
3 24 hours 
4 48 hours 
5 0 hours 

 

Appropriate preprocessing is crucial to obtain reliable models, so the dataset was resized in order to 

eliminate potentially harmful data. Noisy and contaminated data are believed to be above 580 nm of 

excitation and 250 nm of emission. The function subdataset eliminates specific wavelengths and 

creates a backup of the new data to continue the analysis. 

The next step was to identify data with an unusually high impact on the models and realize if it was 
necessary to exclude samples.  

The function outliertest was used to generate preliminary models, with 2 to 5 components 
and was created a test that constraints the returned scores and spectra to have positive values.  
 

In models with more than four components, the scores of some components are very strongly 

correlated. 

When the scores of two PARAFAC components are highly correlated, it is very demanding for 

PARAFAC to accurately resolve their spectra and to overcome this situation and give an opportunity to 
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samples with lower concentrations to be part of the model, the dataset has to be normalized. EEMs are 

normalized to unit norm and after that, a new outlier test is performed on the new data.  

 

The option loadingsandleverages shows the impact of each sample and wavelength on the 

model. High leverages can distort the model and sometimes samples or variables have to be excluded. 

The next set of figures corresponds to loadings and leverages of the samples and variables for the 4 

preliminary models. 

 

 
Figure 48-Loadings and leverages for samples and variables for the 2 components model of Asseiceira 

Synthetic 

Regarding Figure 48, it was necessary to interpret the sample vs leverage graphic. The 

appropriateness of a model can be measured by the leverages of the samples and in the model of 2 

components, the leverages go from 0.2 to 0.5. Sample 2 has a leverage of 0.2, followed by sample 5 with 

0.35. Samples 3 and 4 have a similar leverage of 0,48 and sample 1 shows the higher leverage, 0.5. The 

leverages are all very close, which indicates that the samples have several features in common and the 

probability to fit a model to all samples is high. A closer look to the leverages of the wavelengths shows 

that the maximum leverage is similar for both wavelengths.  Emission wavelengths near 350 nm have a 

high impact and excitation wavelengths near 250 and 310 nm have high influence either.  The loadings 

graphics have a truthful spectral shape. Analyzing these factors, model 2 appears to do an accurate 

representation of the information that the samples enclose. 
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Figure 49-Loadings and leverages for samples and variables for the 3 components model of Asseiceira 
Synthetic 

Following the same analysis criteria, for this new model the samples vs leverages graphic indicates a 

potential outlier, sample 2. The leverage of this sample is near 1, which suggests that the sample does 

not relate very well with the remaining data. Sample 1 is also distant from the others, with a leverage 

near 0.8. Emission wavelengths near 300 and 500 nm have a high influence. Regarding excitation 

wavelengths, there is no significant influence. The spectral loadings of the emission are not very precise 

for component 3, because the spectrum exhibits two peaks. For the reasons mentioned above, this 

model is not trustworthy and should be abandoned. 

The leverages and loadings of models 4 and 5 were also analyzed and, for the same causes 

described above, they were discarded. Figure 50 and Figure 51 show the leadings and loadings for the 4 

and 5 components model, respectively.  
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Figure 50- Loadings and leverages for samples and variables for the 4 components model of Asseiceira 
Synthetic 
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Figure 51-Loadings and leverages for samples and variables for the 5 components model of Asseiceira 
Synthetic 

Model 2 meets the PARAFAC criteria and appears to be the best alternative to describe the set of 
samples. Since the leverages of the samples were highly related, none sample was excluded. 

A good indicator of the consistency of the model is the residual map. The five residual maps were 
examined and figure 34 shows the residual map for the sample 5. 

 

 
Figure 52-The first sample represents the EEM of the original data, the second EEM is the EEMs returned by 

the model and the last representation is the residual array of the model of 2 components for Asseiceira Synthetic 
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The following step was to run the model again and do the core consistency test, that should ideally 

match 100%, if significantly below the model is not valid. The figures above display the tests for the 
model 2 and 3, respectively.  

 

 

Figure 53-Core consistency test for the model of 2 components of Asseiceira Synthetic 

 

Figure 54-Core consistency test for the model of 3 components of Asseiceira Synthetic 

Model 2 has a core consistency test near 100%, which indicates that the model is valid. Although, 

the core consistency test for model 3 is very low, so the model with 3 components is not a trustworthy 

representation of our samples and should be ignored.  
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The last step was to obtain the excitation and emission spectra and the EEMs for the two 

components. 

 

Figure 55-Emission and excitation loads for the components of the model of two components of Asseiceira 
Synthetic 

 

Figure 56-Representative EEMs of the two components returned for the model of Asseiceira Synthetic 

The model returned the EEMs of the two components that are believed to be in the samples. The 

left-hand graphic corresponds to Component 1 and the right-hand graphic links to Component 2.  
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Table 23-EEM location and traditional classification of the components of Asseiceira Synthetic 

 EEM Location Traditional Classification 

Component 1 
EX: <280 nm + (300-355 nm) 

EM: 360-500 nm 
Peak A + Peak C 

Component 2 
EX: 260-320 nm 
EM: 320-360 nm 

Peak B + Peak T 

 

It is possible to identify two distinctive peaks in Component 1 EEM. The first excitation peak occurs 

below 280 nm and the second excitation peak appears around 300-355 nm. The emission band occurs 

between 360 and 500 nm for both components. Comparing the EEM location with the traditional 

classification, Component 1 consists of a combination between peak A and peak C, so it is related with 

the existence of humic fractions. 

Component 2 has an excitation peak around 250-320 nm and emission peak near 320-360 nm, 

which means that Component 2 is a composite of peak B and T, revealing the presence of tyrosine, 

tryptophan and phenol. 

A review conducted by (Ishii et al. 2012) showed the existence of three components that occur often 

in PARAFAC models. One component that appears frequently in EEMs is Component 1 (A+C) and the 

location of the primary and secondary excitation peaks suggests that this component absorb UVA and 

UVC radiation. Since there is a lack of UVC radiation in terrestrial sunlight, because UVA represents 94% 

of the radiation that reaches the earth surface, this component can be easily photodegraded by UVA 

light. The secondary excitation peak is a long peak, which indicates that the peak is related with the 

existence of hydrophobic compounds with high molecular weight.  

4.7.2 PARAFAC model for Valada Synthetic 

The same procedure was used to unveil how many components describe the samples from Tagus 

River-Valada collected at different reaction times. Since the EEMs are loaded in alphabetic order, Table 

24shows the correspondence between the sample number and the reaction period. 

Table 24-Correspondence of the sample number and respective reaction time for water sample from 
Valada with 1 ppm of DOC 

# Sample Reaction Time 

1 1 hour 
2 24 hour 
3 48 hours 
4 2 minutes 
5 0 hours 

 

The procedure followed to obtain a valid model was the same described for Asseiceira Syntenthic. 

However, in this case it was necessary to exclude the sample with 168 hours of reaction, because it was 

an evident outlier, with an extreme leverage far from the other samples.  

After running the models for 2, 3, 4 and 5 components, the model for two components was the one 

that satisfied the requirements to be considered in the final model. Figure 57 shows the leverages and 

loadings returned by the model with two components. 
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Figure 57- Loadings and leverages for samples and variables for the three components model of Valada 
Synthetic 

The leverages of the samples are very similar, samples 2 and 3 are highly correlated, since they have 

identical leverages near 0.2, sample number 4 has a leverage of 0.4, followed by sample 1 with 

approximately 0.5 and sample 5 exhibits a leverage around 0.6. The leverages do not cover a wide range 

of values, which guarantees the similarity between samples. It is also important to examine the shape of 

the variables leverages and the maximum leverages. The maximum leverages are close (0.06 for 

emission leverage and 0.08 for excitation leverage) and emission wavelengths near 350 nm have a high 

impact and excitation wavelengths around 250, 290 and 350 nm influence the leverages as well. The 

spectral shape of the emission and excitation wavelength is correct, the emission spectra exhibits only 

one well defined peak for both components and the conformation of excitation curves is also correct. 

The core consistency test was used to support the decision and a percentage of 75,9% was obtained. 

After the refinement and validation of the model, the spectral loadings and representative EEMs for 

the two components were returned, as Figure 58 and Figure 59 show, respectively.  
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Figure 58- Emission and excitation loads for the components of the model of 2 components of Valada Synthetic 

 

Figure 59-Representative EEMs for the model of two components of Tagus River-Valada Synthetic 
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Table 25 evidences the excitation and emission wavelengths that describe peaks. 

Table 25- EEM location and traditional classification of the components of Valada Synthetic 

 EEM Location Traditional Classification 

Component 1 
EX: <290 nm (300-400 nm) 

EM: 400-500 nm 
Peak A + Peak C 

Component 2 
EX: <280 nm (280-330 nm) 

EM: 320-480 nm 
Peak B + Peak T 

 

In the representative EEM of Component 1 is possible to identify an excitation peak below 290 nm 

and between 300 and 400 nm. The emission band is centered around 400-500 nm. Comparing these 

results with the traditional classification, the Component 1 is a combination between peak A and peak C, 

so Component 1 can be associated with humic-like compounds. 

The representative EEM of Component 2 has two distinct peaks. The first peak has an excitation 

peak below 280 nm and the secondary peak appears at 280-330 nm. The emission band is shared by the 

two peaks and is situated around 320-480 nm. By analogy with the traditional classification, Component 

2 is a composite of peak B and T, which suggests that the samples have tyrosine, tryptophan, phenol and 

other proteins in their composition.  

4.7.3 PARAFAC model for Vale da Pedra Synthetic 

To obtain a valid model of the dataset containing samples from Vale da Pedra Synthetic, since the 

samples are uploaded in alphabetic order, the following table does the correspondence between the 

sample number and the reaction time. 

Table 26-Correspondence of the sample number and respective reaction time of water sample from 
Vale da Pedra with 1 ppm of DOC 

# Sample Reaction Time 

1 10 minutes 
2 168 hours 
3 1 hour 
4 48 hours 
5 96 hours 
6 24 hours 

 

The same steps were followed in order to obtain valid EEM locations. Figure 60 indicates the 

leverages and loadings for samples and variables obtained for the model of two components. 
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Figure 60- Loadings and leverages for samples and variables for the 3 components model of Vale da Pedra 
Synthetic 

As Figure 60 indicates, the leverages of the 6 samples go from approximately 0.2 to 0.4, which 

implies that the samples are very well related and the model developed fits for all samples. Regarding 

the influence of the emission wavelengths, near 350 nm a high influence was detected. The excitation 

wavelength around 310 nm has a high impact. 

The spectral silhouette of the loadings confirmed the expectations, with the existence of an unique 

peak in the emission spectra of the two peaks. The excitation spectra exhibits a smooth appearance.  

The core consistency test retuned a high percentage (96.8%) which suggests that the model is 

appropriate to represent these samples. 
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Figure 61-Leverages and Loadings for the model of two components 

Figure 62 shows the representative EEMs of the two components that describe water samples from 

Vale da Pedra Synthetic. 

 

Figure 62-Representative EEMs for the two components of Vale da Pedra Synthetic 
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Table 27 evidencies the location of the components found on Vale da Pedra Synthetic samples. 

Table 27- EEM location and traditional classification of the components of Vale da Pedra Synthetic 

 EEM Location Traditional Classification 

Component 1 
EX: 280-330 nm 
EM: 320-380 nm 

No correspondence 

Component 2 
EX: <290 nm (300-390 nm) 

EM: 350-480 nm 
Peak C 

 

Apparently, representative EEM for Component 1 has the necessary attributes to illustrate a 

common peak. However, the excitation and emission peaks detected do not have a correspondence 

with the traditional classification. This result is consistent with the data provided in the EEM of this 

water sample, obtained in 4.6.  

Component 2 is related with the existence of humic-like compounds, due to a excitation peak near 

300-390 nm and an emission peak around 350-480 nm, which refers to peak C. 

PARAFAC was a good complement to the traditional analysis of EEMS and is certainly a valuable 

tool.



82 
 

5. Conclusions 

Ended this research work, it was possible to make some considerations on the use of fluorescence 

spectroscopy, and in particular the EEMs, in the characterization of different water samples. EEMs are 

an attractive candidate for routine and intensive monitoring of water samples, since this technique 

requires small sample volumes, few sample preparation and it is relatively fast. 

The EEMs are useful and accurate tools to distinguish surface water from groundwater and treated 

water from raw water, since they return a truthful profile of the organic content of the sample in 

analysis. Simple observation of EEMs allows to distinguish different water samples. Information 

extracted from EEMs allows to understand which groups of components remain in the water when 

subjected to the action of external factors, such as disinfecting agents. 

It was not possible to draw a specific conclusion about which groups of substances react first and 

apply it to all of the studied samples, since there are numerous factors that can affect NOM reactivity. 

The simultaneous use of EEMs and PARAFAC method enhances the results obtained, since PARAFAC 

corroborates the conclusions acquired from the visual interpretation of EEMs. 
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6. Future perspectives 

In my point of view, this investigation work can act as the driving force to implement fluorescence 

spectroscopy and PARAFAC as an online monitoring tool. However further work is required to assess the 

precise impact of oxidants on drinking water. 

  Fluorescence probes could be used to identify NOM character, concentration and treatability at 

specific excitation and emission wavelengths (Peak A, C, B and T) and this technique would provide a 

continuous monitoring of the water system and a way to act quickly and accurately every time the NOM 

profile deviates from the normal standard. 

Because the integration time was high (4s), by the end of every measurement done in Aqualog® the 

cuvette was hot and it was possible to see small bubbles in the sample, that may or may not influenced 

the passage of light beam through the sample. In future assays, the incorporation of a Peltier 

temperature controller, that inhibits the sample from reaching high temperatures, is suggested. 

It would be very interesting to explore another excitation and emission wavelength ranges in EEMs 

and infer about its behavior during chlorination. 

Regarding PARAFAC models, a high number of samples increases the similarity between the model 

and the original data, and it would be recommend to generate a model with the largest possible number 

of samples. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



84 
 

7. References 

APHA. 1995. Standard Methods for the Examination of Water and Wastewater. American Public 

Health Association. 19th Edition. American Public Health Association. Washington, D.C. 

Ates, N., Kitis, M., & Yetis, U. 2007. Formation of chlorination by-products in waters with low 

SUVA--correlations with SUVA and differential UV spectroscopy. Water Research 41(18): p.4139–

4148. 

Baghoth, S.A. 2012. Characterizing natural organic matter in drinking water treatment processes 

and trains. UNESCO-IHE Institute for Water Education. 

Beggs, K.M.H., & Summers, R.S. 2011. Character and chlorine reactivity of dissolved organic matter 

from a mountain pine beetle impacted watershed. Environmental science & technology 45(13): 

p.5717–24.  

Beggs, K.M.H., Summers, R.S., & McKnight, D.M. 2009. Characterizing chlorine oxidation of 

dissolved organic matter and disinfection by-product formation with fluorescence spectroscopy 

and parallel factor analysis. Journal of Geophysical Research 114(G4): p.G04001. 

 Bieroza, M.Z., Bridgeman, J., & Baker, a. 2010. Fluorescence spectroscopy as a tool for 

determination of organic matter removal efficiency at water treatment works. Drinking Water 

Engineering and Science 3(1): p.63–70.  

Bridgeman, J., Bieroza, M., & Baker, A. 2011. The application of fluorescence spectroscopy to 

organic matter characterisation in drinking water treatment. Reviews in Environmental Science 

and Bio/Technology 10(3): p.277–290.  

Bro, R. 1997. PARAFAC . Tutorial and applications. 38: p.149–171. 

Cabaniss, S.E., Zhou, Q., Maurice, P.A., Chin, Y.-P., & Aiken, G.R. 2000. A Log-Normal Distribution 

Model for the Molecular Weight of Aquatic Fulvic Acids. Environmental Science & Technology 

34(6): p.1103–1109. 

Cai, Y. 1999. TECHNICAL NOTE SIZE DISTRIBUTION MEASUREMENTS OF DISSOLVED ORGANIC 

CARBON IN NATURAL WATERS USING ULTRAFILTRATION TECHNIQUE. 33(13): p.3056–3060. 

Carstea, E.M., Baker, A., Bieroza, M., & Reynolds, D. 2010. Continuous fluorescence excitation-

emission matrix monitoring of river organic matter. Water research 44(18): p.5356–66.  

Carter, H.T. et al. 2012. Freshwater DOM quantity and quality from a two-component model of UV 

absorbance. Water research 46(14): p.4532–42.  

Chen, J., LeBoeuf, E.J., Dai, S., & Gu, B. 2003. Fluorescence spectroscopic studies of natural organic 

matter fractions. Chemosphere 50(5): p.639–47.  

Chen, W., Westerhoff, P., Leenheer, J.A., & Booksh, K. 2003. Fluorescence Excitation−Emission 

Matrix Regional Integration to Quantify Spectra for Dissolved Organic Matter. Environ. Sci. 

Technol. 37(24): p.5701–5710. 

http://www.standardmethods.org/
http://www.standardmethods.org/


 

85 
 
 

CHOW, C. et al. 1999. The impact of the character of natural organic matter in conventional 

treatment with alum. Water Science and Technology 40(9): p.97–104.  

Coble, P.G. 1996. Characterization of marine and terrestrial DOM in seawater using excitation-

emission matrix spectroscopy. Marine Chemistry 51(4): p.325–346. 

Deborde, M., & von Gunten, U. 2008. Reactions of chlorine with inorganic and organic compounds 

during water treatment--Kinetics and mechanisms: A critical review. Water Research 42(1-2): 

p.13–51. 

Fabris, R., Chow, C.W.K., Drikas, M., & Eikebrokk, B. 2008. Comparison of NOM character in 

selected Australian and Norwegian drinking waters. Water research 42(15): p.4188–96.  

Gang, D., Clevenger, T.E., & Banerji, S.K. 2003. Modeling Chlorine Decay in Surface Water. Journal 

of Environmental Informatics 1(1): p.21–27. 

Gang, D., Clevenger, T.E., & Banerji, S.K. 2003. Relationship of chlorine decay and THMs formation 

to NOM size. Journal of hazardous materials 96(1): p.1–12.  

Gooddy, D.C., & Hinsby, K. 2005. Organic Quality of Groundwaters. 

Goslan, E.H. 2003. Natural Organic Matter Character and Reactivity: Assessing Seasonal Variation 

in a Moorland Water. Cranfield: Cranfield University. 

Hambly, A.C. et al. 2010. Fluorescence monitoring at a recycled water treatment plant and 

associated dual distribution system - Implications for cross-connection detection. Water Research 

44(18): p.5323–5333. 

Helms, J.R. et al. 2008. Absorption spectral slopes and slope ratios as indicators of molecular 

weight, source, and photobleaching of chromophoric dissolved organic matter. Limnology and 

Oceanography 53(3): p.955–969. 

Henderson, R.K. et al. 2009. Fluorescence as a potential monitoring tool for recycled water 

systems: a review. Water research 43(4): p.863–81.  

Her, N., Amy, G., McKnight, D., Sohn, J., & Yoon, Y. 2003. Characterization of DOM as a function of 

MW by fluorescence EEM and HPLC-SEC using UVA, DOC, and fluorescence detection. Water 

research 37(17): p.4295–303.  

Hua, B., Veum, K., Yang, J., Jones, J., & Deng, B. 2010. Parallel factor analysis of fluorescence EEM 

spectra to identify THM precursors in lake waters. Environmental monitoring and assessment 

161(1-4): p.71–81.  

Huber, S.A., Balz, A., Abert, M., & Pronk, W. 2011. Characterisation of aquatic humic and non-

humic matter with size-exclusion chromatography – organic carbon detection – organic nitrogen 

detection (LC-OCD-OND). Water Research 45(2): p.879–885. 



86 
 

Hudson, N., Baker, A., & Reynolds, D. 2007. Fluorescence analysis of dissolved organic matter in 

natural, waste and polluted waters—a review. River Research and Applications 23(6): p.631–649. 

Hur, J., Williams, M.A., & Schlautman, M.A. 2006. Evaluating spectroscopic and chromatographic 

techniques to resolve dissolved organic matter via end member mixing analysis. Chemosphere 

63(3): p.387–402.  

Ishii, S.K.L., & Boyer, T.H. 2012. Critical Review. 

Kastl, G.J., Fisher, I.H., & Jegatheesan, V. 1999. Evaluation of chlorine decay kinetics expressions 

for drinking water distribution systems modelling. Journal of Water Supply: Research and 

Technology - Aqua 48(6): p.219–226. 

Kennedy, M.D., Kamanyi, J., Heijman, B.G.J., & Amy, G. 2008. Colloidal organic matter fouling of UF 

membranes: role of NOM composition & size. European Desalination Society and Center for 

Research and Technology Hellas (CERTH), Sani Resort 22 –25 April 2007, Halkidiki, Greece 

European Desalination Society and Center for Research and Technology Hellas (CERTH), Sani Resort 

220(1–3): p.200–213. 

Korshin, G. V., Benjamin, M.M., Chang, H.-S., & Gallard, H. 2007. Examination of NOM Chlorination 

Reactions by Conventional and Stop-Flow Differential Absorbance Spectroscopy. Environmental 

Science & Technology 41(8): p.2776–2781. 

Korshin, G. V., Kumke, M.U., Li, C.-W., & Frimmel, F.H. 1999. Influence of Chlorination on 

Chromophores and Fluorophores in Humic Substances. Environmental Science & Technology 33(8): 

p.1207–1212.  

Korshin, G. V., Li, C.-W., & Benjamin, M.M. 1997. The decrease of UV absorbance as an indicator of 

TOX formation. Water Research 31(4): p.946–949.  

Lankes, U., Lüdemann, H.-D., & Frimmel, F.H. 2008. Search for basic relationships between 

“molecular size” and “chemical structure” of aquatic natural organic matter--answers from 13C 

and 15N CPMAS NMR spectroscopy. Water research 42(4-5): p.1051–60.  

Leenheer, J.A., & Croué, J.-P. 2003. Characterizing Aquatic Dissolved Organic Matter. 

Environmental Science & Technology 37(1): p.18A–26A. 

Li, Chi-Wang, Korshin, Gregory V, Benjamin, M.M. 1997. Monitoring the properties of natural 

organic matter through UV spectroscopy: A consistent theory. Water Research 31(7): p.1787–

1795. 

Liu, Y., Wang, Q., Zhang, S., Lu, J., & Yue, S. 2011. NOM reactivity with chlorine in low SUVA water. 

Journal of Water Supply: Research and Technology - Aqua 60(4): p.231–239. 

Luilo, G.B., & Cabaniss, S.E. 2010. Quantitative Structure−Property Relationship for Predicting 

Chlorine Demand by Organic Molecules. Environ. Sci. Technol. 44(7): p.2503–2508. 

Marhaba, T.F., Pu, Y., & Bengraine, K. 2003. Modified dissolved organic matter fractionation 

technique for natural water. Journal of Hazardous Materials 101(1): p.43–53.  



 

87 
 
 

Marhaba, T.F., Van, D., & Lippincott, R.L. 2000. Rapid identification of dissolved organic matter 

fractions in water by spectral fluorescent signatures. Water Research 34(14): p.3543–3550. 

Matilainen, A. et al. 2011. An overview of the methods used in the characterisation of natural 

organic matter (NOM) in relation to drinking water treatment. Chemosphere 83(11): p.1431–42. 

 Murphy, K.R., Stedmon, C. a., Graeber, D., & Bro, R. 2013. Fluorescence spectroscopy and multi-

way techniques. PARAFAC. Analytical Methods 5(23): p.6557.  

Ohno, T. 2002. Fluorescence Inner-Filtering Correction for Determining the Humification Index of 

Dissolved Organic Matter. 36(4): p.742–746. 

Patel-Sorrentino, N. 2002. Excitation–emission fluorescence matrix to study pH influence on 

organic matter fluorescence in the Amazon basin rivers. Water Research 36(10): p.2571–2581. 

 Pelekani, C. et al. 1999. Characterization of Natural Organic Matter Using High Performance Size 

Exclusion Chromatography. Environmental Science & Technology 33(16): p.2807–2813.  

Perdue, E.M., & Ritchie, J.D. 2003. Dissolved Organic Matter in Freshwaters. In Treatise on 

Geochemistry, 273–318. Oxford: Pergamon 

Peuravuori, J., Koivikko, R., & Pihlaja, K. 2002. Characterization, differentiation and classification of 

aquatic humic matter separated with different sorbents: synchronous scanning fluorescence 

spectroscopy. Water Research 36(18): p.4552–4562. 

Peuravuori, J., & Pihlaja, K. 1997. Molecular size distribution and spectroscopic properties of 

aquatic humic substances. Analytica Chimica Acta 337(2): p.133–149. 

Rios, R.V.R.A., da Rocha, L.L., Vieira, T.G., Lago, R.M., & Augusti, R. 2000. On-line monitoring by 

membrane introduction mass spectrometry of chlorination of organics in water. Mechanistic and 

kinetic aspects of chloroform formation. Journal of Mass Spectrometry 35(5): p.618–624. 

Roccaro, P., Vagliasindi, F.G. a, & Korshin, G. V. 2009. Changes in NOM fluorescence caused by 

chlorination and their associations with disinfection by-products formation. Environmental science 

& technology 43(3): p.724–9.  

Rook, J.J. 1977. Chlorination reactions of fulvic acids in natural waters. Environmental Science & 

Technology 11(5): p.478–482. 

Rosario-Ortiz, F.L., Snyder, S.A., & Suffet, I.H. (Mel). 2007. Characterization of dissolved organic 

matter in drinking water sources impacted by multiple tributaries. Water Research 41(18): 

p.4115–4128. 

Santos, P.S.M., Otero, M., Duarte, R.M.B.O., & Duarte, A.C. 2009. Spectroscopic characterization of 

dissolved organic matter isolated from rainwater. Chemosphere 74(8): p.1053–1061. 



88 
 

Seredynska-Sobecka, B., Stedmon, C.A., Boe-Hansen, R., Waul, C.K., & Arvin, E. 2011. Monitoring 

organic loading to swimming pools by fluorescence excitation-emission matrix with parallel factor 

analysis (PARAFAC). Water Research 45(6): p.2306–2314. 

Sharp, E.L., Jarvis, P., Parsons, S.A., & Jefferson, B. 2006. Impact of fractional character on the 

coagulation of NOM. Colloids and Surfaces A: Physicochemical and Engineering Aspects 286(1-3): 

p.104–111.  

Sharp, J. 1993. The Dissolved Organic Carbon Controversy: An Update. Oceanography 6(2): p.45–

50.  

So, P., & Dong, C. 2002. Fluorescence Spectrophotometry. : p.1–4. 

Stedmon, C.A., & Bro, R. 2008. Characterizing dissolved organic matter fluorescence with paral- lel 

factor analysis : a tutorial. : p.572–579. 

Stedmon, C.A., Markager, S., & Bro, R. 2003. Tracing dissolved organic matter in aquatic 

environments using a new approach to fluorescence spectroscopy. Marine Chemistry 82(3-4): 

p.239–254. 

Strossmayer, J.J. 2013. Removalof natural organic matter from groundwater using fenton ’ s 

process. 15(1): p.13–20. 

Thurman, E.M. 1985. Organic Geochemistry of Natural Waters. Valeur, B. 2001. Molecular 

Fluorescence: Principles and Applications,. Publisher Wiley, Weinheim. 

Wei, Q. et al. 2008. Seasonal variations of chemical and physical characteristics of dissolved 

organic matter and trihalomethane precursors in a reservoir: a case study. Journal of hazardous 

materials 150(2): p.257–64.  

Westerhoff, P., Aiken, G., Amy, G., & Debroux, J. 1999. Relationships between the structure of 

natural organic matter and its reactivity towards molecular ozone and hydroxyl radicals. Water 

Research 33(10): p.2265–2276. 

Woods, G.C., Simpson, M.J., & Simpson, A.J. 2012. Oxidized sterols as a significant component of 

dissolved organic matter: Evidence from 2D HPLC in combination with 2D and 3D NMR 

spectroscopy. Water Research 46(10): p.3398–3408. 

Xu-jing, G., Bei-dou, X., Hui-bin, Y., Wen-chao, M., & Xiao-song, H. 2011. The structure and origin 

of dissolved organic matter studied by UV-vis spectroscopy and fluorescence in lake in arid and 

semi-arid region. Water Science and Technology 63(5): p.1011–1018. 

Zepp, R.G., Sheldon, W.M., & Moran, M.A. 2004. Dissolved organic fluorophores in southeastern 

US coastal waters: correction method for eliminating Rayleigh and Raman scattering peaks in 

excitation–emission matrices. Marine Chemistry 89(1-4): p.15–36.  

 


