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Abstract 

Diffuse pollution represents a critical challenge for the sustainable management of aquatic 

environments, with a clear need for novel methods that improve analytical capacity of local, regional and 

international stakeholders. Typically arising from nonpoint sources across a wide geographical area, 

diffuse pollution is complex environmental issue to address and necessitates an integrated approach that 

includes improved monitoring capacity and participative community engagement. Urbanization 

aggravates diffuse pollution through land-use change, increased runoff events and the introduction of 

persistent organic and inorganic pollutants to the aquatic environment, with negative effect on water 

quality and consequent risks to human health. With the objective to support Agenda 2030 and develop 

new tools for indicator 6.3.2 and the EUõs Water Framework Directive, I explored different approaches 

to evaluate water quality. 

The first section of the thesis reports the application of optical methods to assess organic matter 

dynamics in surface waters (fluorescent and chromophoric organic matter fractions) and nutrients 

(phosphates and nitrates) concentrations. Fluorescent results were analysed using PARAFAC modelling 

to explore changes in organic matter content and coupled with UV-Vis spectrophotometry to investigate 

inorganic compounds concentrations and microbial activities across river path, exploring longitudinal 

dynamics of river as it moved closer to developed areas. 

The second section of the thesis focuses on combining spectroscopic and chromatographic methods 

to identify the release of six endocrine disruptor compounds (phthalic acid esters) from biodegradable 

plastic bags in aquatic environment. Degradation experiments were conducted in two different settings: 

direct solar radiation exposure and shielded conditions. 1H-NMR analysis confirmed the release of 

phthalates, with higher concentrations observed in the samples exposed to sunlight. The leaching rate 

ranged from 264ð342 microgram/g plastic under light exposure to 20ð167 microgram/g in dark 

conditions. These results indicate that the accumulation of compostable plastic wastes lead to the release 

of phthalic acid esters, which are further transported across aquatic environments (by tributaries and 

emissaries to lake, marine and oceanic waterbodies) with potential implications for ecosystem health and 

human exposure to these emerging contaminants. 

The third section of the thesis describes the development of a low-cost optical sensor for water 

monitoring. The sensor was an open-source prototype, offering an affordable and accessible solution for 

the analysis of optically active species in the visible region of the electromagnetic spectrum. In particular, 

the end use focused on combined application with visual colorimetric test kits employed in various citizen 
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science campaigns promoted by FreshWater Watch. To achieve this goal, following an initial phase of 

setup optimization, the prototype's analytical performances in terms of reliability and sensitivity were 

evaluated with inter and intra-day trials. All the recorded calibration curves exhibited similar correlation 

coefficients, with a relative standard deviation (RSD) of 7.60%. To assess sensor consistency, ten replicate 

measurements of a standard solution were recorded, resulting in an RSD equal to 2.73%. Collectively, all 

these tests confirmed the reliability and effectiveness of this novel new sensor. 
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Introduction 

For millennia, humans have relied on freshwater ecosystems to provide a wide range of services, including 

drinking water, irrigation, transportation and fishing. The importance of freshwater resources  is clearly 

outlined in the United Nations Agenda, where water plays a key role in nearly all of the Sustainable 

Development Goals (SDGs) and explicitly referenced in SDG 6 òEnsure availability and sustainable 

management of water and sanitation for alló [1]. 

Waterbodies represented a fundamental element for the development of civilization. Many urban areas 

grew close to rivers, suggesting a connection between the freshwater ecosystem, landscape and city 

development. Despite this positive interaction for the progress of humanity, continuous industrial and 

urban expansion, together with intensive agricultural production, have led to the overexploitation of 

water resources [2, 3]; resulting in significant environmental degradation and pollution, putting at severe 

risk the resources that are essential for life [4]. According to the European Environment Agency (EEA), 

22% of surface water bodies and 28% of the groundwater area in Europe are significantly polluted [5]. 

Preservation and safeguarding of freshwater environments are essential for maintaining biodiversity and 

public use. It was estimated that global water demand will increase by 20% to 30% by 2050, while the 

population may reach 9.7 billion [6]. Also, it is expected that water supply may decrease due to climate 

change.  

Organic and inorganic pollution is a major contributor to global water challenge, amplified by changes 

in land use, river morphology and inappropriate wastewater treatment. The resulting effects are known 

as the urban stream syndrome [7], one of the most severe being the increased frequency of harmful algal 

blooms (HABs), eutrophication and alterations of aquatic food webs [8, 9]. 

Regulatory agencies define two main type of pollution sources: point and diffuse. Point pollution includes 

any single and identifiable source from which pollutants are discharged, common examples are 

discharging pipes, agricultural ditches and treatment effluents. Direct sources make a geographically 

identifiable impact on the receiving environment and are the simplest case in terms of monitoring and 

mitigation. Once the source is identified, a direct analysis of the discharge composition can inform direct 

action to reverse potential negative effect. Diffuse pollution represents a more complex challenge, as the 

impact is due to widespread activities, with no geographically discrete source. Particularly, the presence 

of pollutants in a waterbody cannot be correlated directly with a single source located in proximity of the 

site. Diffuse pollution events are often related to dry or wet transport: pollutants are transported via wind 

(dry transport) or during rainy events (wet transport). The latter can be particularly important due to their 
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capability of deposition of substances from atmosphere, as well as transport in case of flood, urban and 

agricultural fields run-off. 

A generic way to further classify diffuse pollution sources is according to the activity types, as rural or 

urban. Rural diffuse pollution arises mainly from land use activities on large scale, some examples are the 

wide use of fertilizers and pesticide in agriculture, livestock farms with not correct storage and disposal 

of slurry, uncontrolled forestry operations. Related impacts are an increase in the concentrations of 

nutrients (nitrate and phosphate mainly derived from fertilized) and organic matter, biodegradable 

substances that affect micro biota community entering in their food chain, and micro-organisms, such as 

faecal coliforms from sewage sludge disposal (spread of the sludge in arable lands as fertilizer) [10]. 

Urbans sources can be both industrial and municipal. Urbanization has led to change of natural pattern 

of superficial waterbodies and groundwater, exposing them to run-off events from built areas, roads, car 

parks, urban park, as well as contamination from leaking sewers. Particles and mixture of polluting 

substances (heavy metals, oils, surfactants from soaps) can directly end up in waterbodies or penetrate in 

the soil, trough infiltration, reaching groundwater reservoirs. 

A novel class of risk is represented by emerging contaminants, which refers to a widespread group of 

chemicals that are not currently regulated and could be environmental or human health concern, such as 

pesticide breakdown products, pharmaceuticals and personal care products, food additives, per- and poly-

fluoroalkyl substances (PFAS). These substance can also have a biological origin, such as emerging 

pathogens, cyanotoxins and  antibiotic resistance genes [11].  

Due to their easy traceability, point source pollution stressors have been widely investigated [12, 13] while 

studies on diffuse sources are limited [10]. There is a need to increase efforts to understand and obtain a 

better knowledge of diffuse pollution stressors and effects on aquatic ecosystems, from macro to micro 

scale. 

Freshwater monitoring activities at global level are fundamental to assess water quality and manage 

and preserve reservoirs from stressors driven by anthropological activities. A key recommendation for 

safeguarding freshwaters for the future is to find and implement standardized monitoring strategies and 

guidelines [3]. Robust, open and comparable monitoring and evidence gathering methods and instrument 

are also necessary [14]. The Water Framework Directive (WFD) requires all EU member states to monitor 

the òecological statusó of surface waters in a consistent and strategic manner [15]. However, national 

monitoring networks in many regions are either inadequately resourced, poorly coordinated or non-

existent [16]. The directive guidelines and analytical methods for the evaluation of water quality include 

both real-time and periodic monitoring for a wide range of substances, physical-chemical and biological 



Introduction 

3 

 

properties. The WFD was adopted by the state members of the European Union in 2000, and it applies 

to inland, transitional, coastal surface waters and groundwaters. 

Excluding some physical-chemical parameters, governmental monitoring often involves monthly, 

quarterly, or annual sampling for several analytes [17]. Although monthly measurements are useful for 

establishing seasonal variations, environmental processes can be characterized by fast dynamics, 

especially in aquatic ecosystems. Indeed, there is a growing need to obtain environmental data with 

increased spatial and temporal resolution: allowing a better identification of both point-source and diffuse 

pollution [18, 19]. An increased amount of data results in a more accurate time series analysis, helping to 

better forecast and support agencies responsible for environmental monitoring and policy-making [20, 

21]. 

In the present thesis, I explore different approaches to monitor water quality and diffuse pollution in 

urban waterbodies, combining citizen science methodologies, chemometrics, laboratory instruments and 

optical sensors. Spectrophotometry and fluorimetry have often been used to assess water quality from an 

organic point of view. Organic matter is a complex pool of different compounds that mainly absorbs in 

the ultraviolet region. Fluorimetry is a less common phenomena but useful to study the presence of 

specific compounds classes, such as humic or protein-like substances. This instrument, despite the high 

sensitivity, is often limited to the low signal intensities of compounds, resulting in a difficult interpretation 

of the spectra. The combination with chemometrics enhances the amount of information that can be 

obtained. PARAFAC (Parallel Factor Analysis) is a mathematical decomposition method used to explore 

complex spectroscopic data, in particular fluorescence spectroscopy, where it allows the resolution of 

overlapping signals and the identification of different chemical components without requiring prior 

separation techniques.  

PARAFAC extends traditional methods like PCA (Principal Component Analysis) to higher-order 

arrays (e.g., 3D or higher), decomposing multi-way dataset into a sum of component matrices and vectors, 

enabling the identification of underlying patterns and interactions across multiple dimensions (e.g., 

samples, wavelengths, and time). 

Chromatographic techniques, when coupled with complementary equipment such as mass 

spectrometry (MS), photodiode array detector (PDA) or nuclear magnetic resonance (NMR), significantly 

enhance the capacity for water quality assessment, particularly in detecting and quantifying analytically 

emerging contaminants like PFAS (per- and polyfluoroalkyl substances), PFOS (perfluorooctane 

sulfonate) and phthalates as leaching molecules from everyday life products. The combination of 

chromatography with mass spectrometry provides unparalleled sensitivity and specificity, enabling the 

separation of complex mixtures and the precise identification of trace-level contaminants based on their 
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molecular weight and fragmentation patterns. Similarly, coupling chromatography with NMR 

spectroscopy provide information on molecular structure. This is especially useful for analysing non-

targeted substances or distinguishing between structurally similar compounds. 

All these instruments are expensive and require highly specialized operators. They are limited to 

laboratory settings, and do not permit in situ measurements, needing a correct sample collection and 

conservation prior analysis. 

In addition to classical monitoring techniques, citizen science-based approach has become very 

popular and has already proven to be effective against the lack of information in the water quality 

monitoring field [22]. Citizen Science is defined as the collaborative process where volunteers are actively 

engaged in scientific research. Community-based monitoring improves data resolution and has a 

significant impact on society by raising awareness of the surrounding environment. To ensure data 

reliability and volunteer safety, citizen scientists must be trained with appropriate theoretical and on-field 

sessions. Once this stage is finished, citizens are equipped and can carry out activities independently, 

including both sampling, data collection and processing, supporting the work of the scientific community.  

It is important to recognize that not all research projects can be addressed to citizen science and that data 

produced by volunteers should be validated by researchers. Activities are performed by non-professional 

scientists; the use of not-toxic reagents is mandatory as to not put in danger the volunteers. Another key 

feature for the feasibility of this approach is the use of relatively inexpensive equipment. 

Although professional instrumentation is the only possibility for monitoring certain contaminants 

such as trace elements, citizen science projects still play an important role in controlling a number of 

chemical species in waterbodies, especially nutrients (nitrates and phosphates) and metals. For instance, 

using colorimetric test kits, volunteers can easily determine concentrations of different compounds 

present in freshwater directly in situ. These tests rely on the principle that specific reagents combine with 

target ions to produce a colour change of the solution, then the resulting colour is compared to a 

reference colorimetric chart. 

Colorimetric pack tests for the determination of metal ions (e.g. Ni, Cd, Zn, Fe) both as single element 

and as mixture or other inorganic compounds (sulphates, ammonia, nitrate, phosphate, nitrite) have been 

developed [23]. Despite these kits representing a low-cost alternative for rapid water quality assessment, 

rather than using expensive and time-consuming techniques, in some cases cannot substitute traditional 

instruments and their high sensitivity. In addition, provided data are expressed as concentration intervals 

and are affected by subjective interpretation of the developed colour. 

In this context, the development of low-cost optical sensors could be helpful to provide more efficient 

tools for community-based environmental monitoring. The advantages of these systems rely on their 
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portability, rapid response, ease of use and affordability, as suggested by the ASSURED criteria 

introduced by the WHO (Figure 1). Those criteria are designed to ensure that novel tools are not only 

scientifically valid but also practical and accessible for use in real-world conditions, particularly in low- 

and middle-income countries where resources may be limited.  

 

Figure 1: Graphical representation of ASSURED criteria. 
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I.1 INTRODUCTION 

I.1.1 Dissolved Organic Matter 

Dissolved organic matter (DOM) refers to the complex mixture of carbon-based compounds with a 

size limit around 0.45 Õm, higher size OM is defined as particulate organic matter (POM) [24]. This large 

pool of dissolved organic compounds plays a crucial role in aquatic environments by regulating dissolved 

oxygen levels, acidity, and the availability of both nutrients and pollutants, representing the main source 

of nutrient for aquatic organisms and the basis of aquatic food webs.  It represents one of the largest 

reservoir of biologically available organic carbon (662 Pg) and plays a key role in the microbial loop as a 

food source for heterotrophic prokaryotes [25]. It is primarily produced in the surface layers of the water 

column, with its concentration decreasing in deeper layers. Moreover, it significantly affects light 

penetration on water surface, influencing the overall transparency and ecological dynamics of aquatic 

systems. 

DOM in natural waters is composed of a heterogeneous mixture of numerous allochthonous and 

autochthonous organic compounds containing low molecular weight substances (e.g. organic acids) and 

macromolecules such as fulvic and humic acids, with molecular weights ranging from less than 100 to 

over 300,000 Daltons [26]. DOM composition can be very different not only between sites with the same 

water type (e.g. river water), but also between two different locations in the same area or even at different 

depths. Total concentrations depend on the nature of the watershed, seasonal variations and organic 

matter inputs, such as runoff or algae blooms [27]. Natural dissolved organic matter can be divided into 

three major categories according to the origin: 

- Allochthonous origins: DOM from terrestrial soils which originates from the decomposition of 

vascular plant material and soil organic matter, root exudates and animal residues. Also, emissions 

of plant materials to the atmosphere can be deposited during atmospheric events (e.g. wind, rain) 

in aquatic environments. 

- Autochthonous origins: DOM derived from in situ production in natural surface waters.  

- Anthropogenic origins: DOM derived from human activities. 

Allochthonous DOM concentrations in natural waters can vary significantly depending on climatic 

region (tropical, temperate and boreal), chemical-physical parameters as temperature, nutrient availability, 

amount of available free oxygen and redox activity, and microbial processes that include microflora 

succession patterns and availability of microorganisms (aerobic or anaerobic) [28, 29]. 
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In particular, microbial activity has a large impact over DOM composition since microorganisms alter 

molecular composition during their metabolic processes, thanks to the presence of sugars, starch, 

proteins, cellulose and other compounds bound to organic matter of plant or animal origin. In 2011, 

Spence et al. [30] monitored microbial degradation over time, finding a rapid loss of carbohydrate 

structures (suggesting that many of them are highly susceptible to mineralization and rapid conversion to 

CO2), while macromolecular carbohydrates are more resistant to degradation and are found in the 

leachate; aromatic compounds were not degraded and were identified as dissolved species in the leachate, 

while aliphatic components persist in both the biomass and leachate. Same for lipoproteins, dissolved 

proteins and peptidoglycan (the key structural component in all microbial cell walls) accumulate in the 

leachate, while specific peptides are either selectively preserved or used for the synthesis of unknown 

structures. 

Also, Simpson et al. [31] investigated the contribution of microbial biomass to soil organic matter, 

finding that it is much higher than the 1ð5% reported by other researchers. In some soils, microbial 

biomass was found to contribute more than 50% of the extractable soil organic matter fractions and 45% 

of the humic fraction and accounted for >80% of the soil nitrogen, showing that microbial activity has 

an underestimated role in several soil processes. Transforming the aromatic and lipid plant components 

into amphiphilic molecules including humic substances, or humic acids. 

Both degraded and not degraded matter is subject to percolation, frequently with a slow but 

continuous flow. A constant flux of DOM from soil into surface waters often takes place [32], and it is, 

then, partly discharged through hydrological processes directly into streams or surrounding water bodies, 

which ultimately contributes to lake or oceanic environments. 

Autochthonous DOM includes all the organic matter derived from aquatic living organisms. Major 

contributors are phytoplankton or algal biomass, bacteria, coral reef, submerged aquatic vegetation, 

seagrass, marsh and mangrove forest. Production of autochthonous DOM is generally observed at the 

epilimnion (upper water layers) compared to the hypolimnion (deeper layers) during the summer 

stratification period, particularly in lakes and oceans. The two most important phenomena that contribute 

to autochthonous organic matter production and release are photosynthesis and exudation. Through 

photosynthesis, aquatic organisms synthetize a wide range of fundamental molecules for their life cycle, 

representing an important source for the carbon pool. Once they are ultimately released into the water 

ecosystem, undergo photoinduced and microbial degradation. It is estimated that aquatic organisms can 

produce more than 50% of the total biomass on the Earth: therefore, aquatic environments can 

incorporate at least the same amount of atmospheric carbon dioxide as terrestrial ecosystems, 

demonstrating their fundamental role in the sequestration of CO2 from the atmosphere [33]. 
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Exudation, instead, is the process through which living organisms release different substances, 

produced by internal processes (such as photosynthesis), in the surrounding environment. An example 

is the execration during photosynthetic processes, where phytoplankton synthesis of cellular components 

does not show 100% efficiency, since there is a constant release of different organic molecules (proteins, 

polysaccharides, nucleic acids, lipids) from these algal cells during all phases of growth. This is a normal 

process of healthy phytoplankton and not represent a consequence or symptom of cell death or 

environmental stress. Also, the process of exudation can be conditioned by several factors, resulting in a 

non-homogeneous emission rate among different years and species. Studies about effects of temperature 

on macroalgae DOM exudation reported a consistent difference in the exudation rates between many 

species of intertidal algae (the part of the littoral zone within the tidal range), with an increase of exudates 

rates in zones with higher exposure to light, suggesting that sunlight can have an important impact over 

DOM release in waters [34]. 

The last category is anthropogenic DOM, which includes all the organic matter that derives from 

human activities, such as sewage, industrial and agricultural wastewater. Anthropogenic DOM 

composition is extremely important, since large quantities of pollutants can be discharged into natural 

waters, significantly affecting natural cycles of C, S and N in watersheds, as well as interfering in a 

consistent manner with the local ecosystems, leading to a loss of biodiversity. Main components of 

anthropogenic DOM derived from common product: fluorescent whitening agents (FWAs) or 

components of detergents (diaminostilbene, DAS1 and distyryl biphenyl, DSBP), persistent organic 

pollutants including biphenyl, pesticides, herbicides, polycyclic aromatic hydrocarbons (PAHs), organo- 

chlorinated compounds and polychlorinated biphenyls, and tryptophan [35]. In recent years, many studies 

have shown the increasing presence of emerging organic contaminants such as pharmaceuticals and 

personal care products (PPCPs) [36], that have been found to be a ubiquitous class of organic chemicals 

of considerable concern for natural waters, because they can constitute not only a direct hazard to the 

health of living beings (e.g. carbamazepine, an anticonvulsant, considered a hazardous compound in the 

aquatic environment based on evaluation of the toxic effects on algae, invertebrates, fish, and bacteria) 

but also an indirect danger, since the presence of these substances in natural waters can contribute to the 

development of antibiotic resistance by bacteria. 

Lastly, particular attention should be paid to persistent organic pesticides (POPs), a class of highly 

stable organic compounds, widely used in the past directly in agriculture and industry, or unintentionally 

generated as by-product of combustion processes. Due to their stability and capacity to accumulate in 

adipose tissue, residues of dichlorodiphenyltrichloroethane (DDT), probably the best known and most 

useful insecticide in the world, have been found in many species of birds and fishes, even in those living 

in desert areas or in the depths of the oceans. It seems that no single living organism on the planet that 
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does not contain it; its use has been banned in many countries of the world at the end 1980 of its 

deleterious effects on human health and the environment [37]. Despite these actions, even today there 

are studies that reported the presence directly or its metabolites in soil or water, demonstrating its 

remarkable ubiquity and persistence [38]. 

I.1.1.1 DOM composition 

DOM composition is extremely variable, due to the various potential organic matter sources and 

factors that can affect it (including degradation processes). Main molecules present are humic and fulvic 

acids (hydrophobic acids), amino acids, proteins, carbohydrates and free sugars (hydrophilic acids). 

Hydrophobic acids are a huge pool of different chemical species where the main elements are carbon, 

hydrogen, oxygen, nitrogen and sulphur. The most important functional groups in humic substances 

include carboxylic (responsible for acidic properties), phenolic, alcoholic, carbonyl, amino, and sulfhydryl 

(SH) groups [39]. In addition to these functional groups, humic substances incorporate various 

biomolecules such as sugars, fatty acids, polypeptides, and amino acids, with carbohydrates making up 

about 1% of the carbon content in dissolved humic substances. Amino acids are present in smaller 

amounts, with glycine, aspartic acid, glutamic acid, and alanine being the most abundant. In Figure I-1 is 

shown the hypothetical structures of humic and fulvic acids [40]. 

 

Figure I -1: Hypothetical structures of humic acid (left) and fulvic acid (right). 

The differences in elemental composition and molecular weight between fulvic acids (FA) and humic 

acids (HA) are quite notable. FA tends to be more soluble in acidic conditions, which implies that it 

contains a higher proportion of carboxyl and hydroxyl functional groups compared to HA. Despite the 

DOM composition is affected by several factors, there are affinities in dissolved organic matter coming 

from the same type of natural water, allowing a generic classification and distinction. 

In lotic ecosystems (streams and rivers) the main fraction of DOM is represented by humic and fulvic 

acids, with percentage variable from 20% up to 85% [41]. Generally, the ratio of fulvic acid to humic acid 

is 9:1 for lower stream dissolved organic carbon (DOC), while it decreases to 4:1 or less for higher stream 
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DOC. The rest is represented by carbohydrates (10ð30%), dissolved amino acids (2ð48%), organic acids 

or hydrophilic acids (9ð25%), autochthonous fulvic acids of phytoplankton or algal origin (or marine 

humic-like), organic peroxides (ROOHs), sterols, organic contaminants from anthropogenic activities. 

For groundwaters, humic substances are present with percentage of 12ð98%, the rest is made of 

hydrophilic compounds. Many studies found a variation in the contribution of humic substances from 

stream source to the end of river mouths. The cause seems to be related to the mixing up of various 

waterbodies in the downstream locations, as well as the chemical reactions of substances due to 

photoinduced and microbial changes during transportation [42]. 

In lakes the contribution of fulvic and humic acids falls within the range of 14ð90% of total DOM; 

within the fulvic pool the 12ð60% is made of autochthonous fulvic acids, coming from algae or 

phytoplankton. Carbohydrates range from 1 up to 65%; amino acids, proteins and organic acids together 

account for 10ð33% [43]. Allochthonous fulvic acids concentration in lakes is strongly affected by 

seasonality, with the highest amount recorded in winter and the lowest in summer [42]. 

Coastal areas and open ocean DOM composition is mainly formed by allochthonous fulvic acids of 

terrestrial origin (1ð75%) and autochthonous fulvic acids (or marine humic-like) from algal or 

phytoplankton sources (5ð10%). Carbohydrates amount is variable, ranging from 10% up 80%, with an 

increase in deeper layers. Amino acids, proteins and lipids together reach 10ð28% (amino acids alone 

constitute the 7%). Carbohydrates, proteins and lipids are vital biochemical organic groups for aquatic 

living organisms. The high variability of their amount is linked to the release, assimilation and 

modification by photoinduced reactions and microbial respiration. 

Clearly, the above percentages highlight the high variability of total DOM composition among various 

water sources. The contribution of allochthonous fulvic and humic acids is significantly higher in source 

waters (streams and rivers), and it gradually decreases during the flow into the downward water ecosystem 

(lakes, estuaries and oceans) because of degradation reactions, the dilution of the source waters with other 

water bodies, and, last, the increasing content of autochthonous DOM, which replace the allochthonous 

fraction in stagnant waters, particularly in lakes, estuaries and oceans. 

I.1.1.2 Physical and chemical properties of DOM 

DOM exhibits different chemical and physical properties, due to the large variety of different 

molecules and their functional groups, reflecting in a wide functional reactivity and intermolecular 

association and conformation modification in response to changes in pH, pE, ionic force, trace metal 

alloy. The most peculiar properties of the DOM are the possibility to interact with light thanks to optically 

active molecules. These compounds are also responsible of water colour and the attenuation of ultraviolet 
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(UV) radiations. This mitigation of solar light affects the surrounding aquatic environment, being able to 

significantly influence photosynthesis but also protect aquatic organisms from dangerous radiation, since 

UV rays have a large and significant impact on their growth and survival [44]. 

I.1.2 CDOM 

CDOM refers to chromophoric dissolved organic matter that absorbs light in the ultraviolet (200-400 

nm) and visible region (400-700 nm) of the electromagnetic spectrum. This is possible thanks to the 

presence of chromophoric (or coloured) substances - chromophores - able to interact with solar radiation, 

absorbing specific wavelengths. In the past, these compounds have been defined òGelbstoffó (a German 

word meaning òyellow substancesó) because in high amount the water acquires a yellow-brown 

colouration. CDOM is defined as: 

π Coloured/chromophoric: this term is related to optical properties, as it gives to water the specific 

òbrownishó colour and it contains chromophores, molecules that react with UV-Visible light. 

π Dissolved: this indicates that substances are dissolved in water. Operationally, this means that the 

mechanical separation of compounds of different size requires filtration, centrifugation and similar 

techniques. 

π Organic matter: this indicates that the material is made mostly of carbon and hydrogen. 

Due to its absorption properties, CDOM, affects remote sensing of surface waters, water column light 

penetration, and photochemical processes. Therefore, CDOM plays a key role in a broad range of 

processes and climate-related biogeochemical cycles in aquatic ecosystems, affecting carbon dynamics, 

nutrient availability, phytoplankton activity, microbial growth, and ecosystem productivity. 

I.1.2.1  CDOM origin  

The origin of the chromophoric dissolved organic matter can widely influence its spectral absorption 

and resistance to photochemical and biological degradation. Therefore, the quantity and spectral quality 

of CDOM reflects the balance between its sources and sinks and will be sensitive to changes in 

hydrodynamics, catchment runoff, solar irradiance conditions, and the relative productivity of micro- and 

macrophyte compartments [45]. 

In the case of inland waters, a large fraction of CDOM derived from degradation and/or partially 

oxidations of lignin from vascular plants. Opposite, nonvascular plant produces humic and 

chromophoric substances that usually exhibit much lower aromatic content, with low or absent 

absorption in the visible region. Partially oxidized hydroxy-aromatics compounds, such as tannins, could 
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also produce optically active species, but their contribution appears to be nominal at least in most aquatic 

environments [46]. 

For lake and coastal environments, the major source of CDOM is assumed to be river inputs and 

rainwater events. In these ecosystems, transportation is the main route for CDOM accumulation. Some 

studies have highlighted a consistent contribution of allochthonous species to CDOM, especially in 

eutrophic shallow lake. Zhang et al. [47] reported that phytoplankton degradation plays an important role 

on CDOM concentration in eutrophic lakes, affecting nutrient cycling and the optical properties of the 

lake water column; in particular, they found a significant correlation between CDOM and Chlorophyll-a 

during phytoplankton bloom season, also registered that the release of nutrients from degrading 

phytoplankton happens quickly, causing an accumulation of nutrients in water. 

For marine environments, the source of CDOM in open sea (away from river-dominated coasts) 

remains controversial. Some studies suggest an in-situ production of the humic fraction of CDOM by 

marine source materials, however the process is still poorly understood. Other studies suggest that a 

marine CDOM is a remnant of the terrestrial material that has been diluted and modified during extended 

residence times in the ocean [48]. 

Heterotrophic and autotrophic organisms produce CDOM through both primary and secondary 

production or can have a terrestrial origin from river discharges and coastal inputs. In the euphotic zone 

CDOM is produced and released by marine phytoplankton via excretion and cell lysis, and it is further 

transformed by heterotrophic bacteria. In coastal environments, microbial activity transform terrestrial 

DOM transported by rivers [49]. CDOM can also be produced by heterotrophic bacteria in the deep 

ocean, but processes regulating this production are not well known, and possibly involve the activity of 

microbial extracellular enzymes on DOM substrates [50]. 

CDOM labile fraction represents the majority of fresh (i.e. recently produced) CDOM, as for DOM, 

is rapidly consumed and modified by microbes and photolysis (photodegradative processes), and. 

However, a certain amount is more refractory and resistant to biological degradation. Without being 

further processed, it can aggregate with other marine organic and mineral compounds and sink to deeper 

zones making it bioavailable in the lower levels. 

I.1.2.2 CDOM optical properties in natural waters 

To study the unknown fraction of DOM (about 80%) UV-Visible spectrophotometry is a very useful 

and widely applied technique. CDOM represents a great fraction of the DOM pool, but the high 

variability of its composition complicates its analysis. The UV-visible absorption spectrum of CDOM 

samples generally exhibits a smooth curve that decreases exponentially with increasing wavelength. 
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From the absorbance it is possible to estimate the relative concentration of chromophoric species, 

which is linked to different seawater properties and components. Firstly, CDOM concentration can affect 

light penetration and therefore photosynthesis [51], by absorbing blue wavelengths where also 

chlorophylls have absorption peaks; therefore its presence can hinder primary production. At the same 

time the absorption of harmful UVA and UVB radiation protect aquatic organisms. High amounts of 

CDOM in surface waters may also promote the photochemical remineralization of organic carbon [52] 

and the production of bioavailable dissolved organic matter from more complex and less labile substrates 

[53]. 

The effect of UV attenuation depends not only on CDOM concentrations, but also on the molecular 

weight and photochemical alterations due to solar light itself. In a study over the absorption properties 

of CDOM [54], it was found that high molecular weight molecules of CDOM can be photodegraded 

resulting in a significant portion of the CDOM shifting to the low molecular weight (LMW) pool (e.g., 

due to bond cleavage or disaggregation, or both); this is reflected in a shift of the absorption spectrum, 

since LMW CDOM have an higher absorption at shorter wavelengths (275-295 nm) in respect to HMW 

DOM (350-400 nm). 

The process of photodegradation can significantly modify the molecular structure of CDOM 

components, to form either a new stable product or a suite of reactive species (inorganic and organic 

radicals), which subsequently initiate secondary reactions [55]: while primary reactions only influence 

CDOM composition, the secondary ones are driven by reactive photoproducts and affect all compounds 

(coloured and noncolored) and microorganisms that are present in the water environment, with an impact 

that is both biogeochemical (via direct mineralization of carbon and nitrogen) and ecological, through 

the resulting increased light penetration in surface waters and the production of bio-labile substrates for 

microbes). 

The interaction of CDOM and aquatic organisms was highlighted by Steinberg et al. [56] in a study 

over CDOM production in open ocean by zooplankton and colonial cyanobacteria: the changing from a 

generally homogenous distribution of CDOM throughout the well-mixed water column in the winter, to 

a distinct surface-minimum, subsurface-maximum pattern in the stratified summer water column, is a 

consequence of production and removal processes, reflecting the combined effects of CDOM 

degradation near the surface, and subsurface production. In particular, the study demonstrated the direct 

release of CDOM by a broad range of oceanic plankton taxa, and a low signal absorption peaks in field 

CDOM spectra, other than perhaps in bloom conditions, suggesting that CDOM produced by plankton 

is labile and consumed rapidly via microbial consumption (becoming refractory CDOM), as well as 

photodegradation (getting bleached or remineralized). 
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I.1.2.3 CDOM as a proxy indicator for pollution 

CDOM plays a crucial role in nutrient availability and regeneration, supporting the growth of bacteria 

and phytoplankton in aquatic ecosystems. Also affect the carbon cycle and budget through its source, 

composition, degradation, and mineralization. These processes can lead to greenhouse gas emissions and 

impact global climate change. Over the past 40 years, global climate change, eutrophication and increased 

human activities have heightened the export of terrestrial and anthropogenic CDOM to downstream 

aquatic systems, affecting them directly and indirectly [57]. CDOM serves as a robust and cost-effective 

proxy for evaluating water pollution, especially in environments influenced by organic and nutrient 

contaminants discharge. The use of optical measurements, both in situ and via remote sensing, allows for 

the rapid and non-invasive monitoring of water quality. Despite its limitations, the integration of CDOM 

analysis with other chemical and biological indicators helps on understanding aquatic ecosystem health 

and the impacts of human activities on water resources. 

I.1.3 FDOM 

Similar to CDOM, the FDOM acronym refers to the fluorescent fraction of dissolved organic matter. 

It is characterized by molecules with specific moieties, called fluorophores, that exhibit fluorescence at 

specific wavelengths. The major fluorescent organic molecules in natural waters are made of Schiff-base 

derivatives (ðN=CðC=CðNð), carbonyl (ðC=O) and carboxyl groups (ðCOOH), ammine (ðNH2), 

aromatic rings and heterocyclic aromatic groups [58]. FDOM fluorescence analysis, particularly using the 

excitation-emission matrix (EEM) technique, provides valuable information on DOM composition, 

origin (e.g. allochthonous or autochthonous) and changes over time (especially microbial and 

photochemical degradation). The strength of this technique is its high sensitivity, rich information 

content and non-destructive approach. 

I.1.3.1 FDOM composition and properties 

There are several FDOM species that have been detected in natural waters, and the most common 

and important are humic and fulvic acids. In addition, there are aromatic amino acids (tryptophan, 

tyrosine and phenylalanine), proteins, diaminostilbene-type (DAS1) and distyryl biphenyl (DSBP), 

fluorescent whitening agents (FWAs), other minor components of household detergents, and 

chlorophyll.  

Within the diverse and complex mixture of DOM, fluorescence studies primarily focus on two 

components: proteins-like and humic-like substances (Figure I-2). This terminology was adopted to 

classify different molecules that exhibit similar fluorescence properties in terms of excitation and mission 
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wavelengths of humic acids or amino acids such as tryptophan, tyrosine and phenylalanine. Protein 

fluorescence is associated with bacterial activity, while fluorescence of humic substances reflects the 

decomposition of plant material through biological and chemical processes in both terrestrial and aquatic 

environments. 

 

Figure I -2: Fluorescent DOM fractions and relative excitation-emission pairs. 

I.1.3.2 Factors affecting FDOM occurrence in natural waters 

As for the general case of DOM and CDOM, FDOM concentrations in natural waters are affected 

by the natural processes, especially microbial and photoinduced degradation. Both processes lead to 

reduction or shifting of some fluorescence signals of FDOM components. Other factors that may alter 

the fluorescence signals include trace elements in water, pH and salinity. A study over estuarine DOM 

[59] found that long-term sunlight exposure significant decrease humic substances signal, while bacterial 

degradation removed 17% of the FDOM pool that remained after the light exposure. In the same study, 

a relationship between photoinduced and microbial degradation was found, with the latter that was largely 

enhanced by the photobleaching of DOM (bacterial degradation of non-bleached FDOM was lower and 

around 4%). 

A study over organic matter released by coastal sediments reported that microbial activities can induce 

a red shift (emission at longer wavelengths) of the fluorescence signals of humic substances, probably 

due to an increased conjugation and condensation [60]. In a study on photodegradation over organic 

matter it was found that tyrosine-like compounds showed a better resistance to photodegradation respect 

to tryptophan and humic-like substances, which resulted in the highest degradation ratio [61].  

Trace metals can interact and form complexes with the fluorophores or functional groups in 

fluorescent dissolved organic matter. The relevant trace elements are transition metals such as Fe, V, Ce, 

Th, U, Mo, Cu, Mn, Ni, Co, Cr, Zn, Pb, Cd and Hg, metal/metalloid such as Sb(III) and Al, and also the 
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alkaline earth elements [58]. Metal binding can induce conformational changes in FDOM components, 

resulting in a possible alteration of the fluorescence signal. 

Changes in pH and salinity affect the fluorescence intensities causing a decrease of the signal when 

these parameters increase, promoting a blue shift (emission at lower wavelengths). 

I.1.3.3 FDOM in environmental pollution studies 

Thanks to the large amount of information that can be obtained through the analysis of fluorescent 

DOM via excitation-emission matrices (EEMs), fluorimetry represent a valid technique to monitor and 

control water quality, helping in understanding the mechanisms of ecosystem processes, from a local to 

a global scale. In recent years there was an increase in the use of fluorimetry analysis of FDOM in natural 

water pollution assessments, thanks to the possibility of being able to recognize the type and source of 

organic matter (for example if the origin is natural or anthropogenic). A study conducted over Nanming 

River (China) used fluorescence EEMs analysis to assess and characterize the sewerage impact and 

pollution in water [35]. They found a predominant presence, in the sewerage drainage samples, of peaks 

belong to the region of protein or tryptophan-like and detergent-like components; they also stated that 

the consistent presence of these peaks can be useful as an indicator of anthropogenic activities in 

freshwater.  
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I.2 STUDY OBJECTIVE 

The aim of this study was to evaluate the water quality of Foci river by analysing the dissolved organic 

matter composition. Also, an assessment on changes along waterbody shape and presence of potential 

pollution sources, as well as anthropogenic contaminants or activities have been performed. For the 

DOM analysis, optical active compounds were used as proxy indicators and studied with UV-Vis 

spectrophotometer (CDOM) and spectrofluorometer (FDOM). To identify the presence of protein or 

humic-like substances and their abundance along the sampling sites, fluorescent data were collected as 

excitation-emission spectra and further processed using chemometrics method PARAFAC with RStudio. 

I.3 STUDY AREA 

The study was conducted along the course of river Foci, located in the province of Siena. The river 

path extends for about 24 km between the towns of Campiglia dei Foci, Colle di Val dõElsa and San 

Gimignano, passing from rural to urban and industrialized areas, ending into the Elsa river near 

Poggibonsi (Figure I-3), a tributary of Arno river.  

From the regulatory reports about the state of surface waters, written by Regional Agency for the 

Environmental Protection of Tuscany (ARPAT), the ecological status of the river was "Sufficient" in 

2019-2021, while the chemical status was "Not Good" (the worst degree on the scale), due to the presence 

of tributyltin compounds (TBT), which have been certified as biocides. 

8 sampling points were selected along the river, the first three in the municipality of Colle Val dõElsa and 

the remaining in Poggibonsi. For each sampling point a brief description was provided and latitude and 

longitude were reported as cartesian coordinates (latitude, longitude). 
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Figure I -3: Geographic map of sampling sites. 

I.3.1 Site 1 (43.399, 11.069) 

The first sampling site was near Campiglia dei Foci, coincident with the point where the river 

originates. The place corresponds to a pool, with a diameter of a few meters, where water tends to 

accumulate with an almost stationary flow (Figure I-4). The site is surrounded by vegetation, near to an 

asphalted road and cultivated fields. The water surface was characterized by yellow-brown colour, with 

floating algae and an oily trail. 

 

Figure I -4: Site 1. 
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I.3.2 Site 2 (43.416, 11.069) and site 3 (43.418, 11.069) 

Sites 2 and 3 (Figure I-5) were respectively one before and the other after a small discharge canal in 

the river of a disused water treatment plant (Figure I-6), that was active on the day of sampling. In the 

two sites, surrounded by vegetation and near cultivated fields, the water colour was brownish-green, with 

some foam on the surface. Also, there was a sulphur-like smell near the discharge canal. 

 

Figure I -5: Site 2 and 3. 

 

Figure I -6: Water treatment plant between sites 2-3. 
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I.3.3 Site 4 (43.458, 11.107) 

Site 4 was under an asphalted bridge of a busy road (Figure I-7), a few tens meters away from a waste-

to-energy plant (Figure I-8). The sampling site was surrounded by vegetation and some industries. Water 

was colourless, while the bottom was covered by a muddy brown layer, without underwater vegetation. 

 

Figure I -7: Site 4. 

 

Figure I -8: Waste-to-energy plant near site 4. 
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I.3.4 Site 5 (43.461, 11.106) 

Site 5 was located near vast cultivated fields and surrounded by vegetation. The water was clear, with 

many submerged algae and a fast flow rate (Figure I-9). 

 

Figure I -9: Site 5. 

I.3.5 Site 6 (43.463, 11.114) and site 7 (43.464, 11.117) 

The two sites were situated respectively upstream and downstream of an active discharge canal, 

probably coming from the nearby industrial area. Both sites were surrounded by vegetation, with a 

relatively slow flow and a yellow water colour (Figure I-10). There were also submerged plants, fish and 

frogs in the river water. 

 

Figure I -10: Site 6 and 7.  
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I.3.6 Site 8 (43.468, 11.120) 

Site 8 was surrounded by vegetation, and near a trailer park, small farmlands and industrial area. In 

the proximity, there were also vegetable gardens and animal enclosures. On the water surface there were 

floating algae, while the stream bed was covered by submerged vegetation. The flowrate was slow, and 

the water colour was brownish-green (Figure I-11). 

 

Figure I -11: Site 8. 
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I.4 MATERIAL AND METHODS 

I.4.1 Reagents and Standards 

For dilution and blank, ultrapure (UP) water (18.2 MÝ cm, Direct-Pure, RephiLe Bioscience, Boston, 

MA, USA, filtered with a 0.2 Õm PES filter) was used. 

L-tryptofan and L-tyrosine (purity Ó98.0%), potassium nitrate (KNO3; ACS reagent, Ó99.0%), sodium 

phosphate monobasic (NaH2PO4; purum p.a., anhydrous, Ó99.0%) were purchased from Sigma Aldritch, 

Milan, Italy. 

Nitrate and phosphate spectrophotometric kits and deuterium oxide (D2O; 99.9% atom D, contains 

0.05 wt. % TSP-d4, 3-(trimethylsilyl) propionic-2,2,3,3-d4 sodium salt) were purchased from Merck 

KGaA, Milan, Italy. 

I.4.2 Sample collection and analysis 

For each site, three samples of river water (50 ml each) were collected and stored in plastic falcon 

tubes. In situ filtration was performed with 0.22 Õm pore size syringe filter (PES, LLG-Syringe filters 

SPHEROS) to remove particulate and bacteria. All samples were collected on the same day, stored in 

dark conditions and under refrigeration in cool bags. At the end of the day, all samples were stored in a 

refrigerator in dark condition. All these operations avoid degradation of organic matter from 

microorganisms, temperature and exposure to solar radiation. 

All samples were labelled with two number, the first referring to the sampling site, the second to the 

replicate (e.g.: the three samples collected from site 1 were labelled as 1.1, 1.2, 1.3). 

The samples analysis started with pH and conductivity measurements, followed by fluorescence, UV-

Vis and, last, 1H-NMR. 

I.4.3 Ionic properties 

pH and conductivity were measured with a multiparameter portable tester model XS PC 5 (Giorgio 

Bormac), with three-point standard calibration and temperature compensation. Calibration was 

performed prior analysis; all samples pH and conductivity were recorded the same day. 
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I.4.4 Fluorescence analysis 

Fluorescence analysis was performed with a Cary Eclipse (Agilent) spectrofluorometer, using a 10 mm 

quartz cuvette (QS-Suprasil). For the record of EEMõs spectra, excitation wavelengths range from 200 

to 350, with an increment of 5 nm and a scan rate of 300 nm/min. Excitation and emission slit were 

fixed to 10 nm.  Emission wavelengths range from 300 to 500 nm. 

I.4.4.1 PARAFAC 

Parallel Factor Analysis (PARAFAC) is a dimension reduction method originating from 

psychometrics, which is getting increasing attentions also in chemometrics and its associated areas. Multi-

way data are characterized by several sets of variables that are measured in a crossed fashion. Determining 

such variables will give rise to three-way data, allowing to arrange them in a cube instead of a matrix (as 

in standard multivariate data sets). 

PARAFAC is one of the methods that are used in the decomposition of multi-way data, like Tucker3 

algorithm or the Principal Component Analysis (PCA), which decompose the array into sets of scores 

and loadings, to describe the data in a more condensed way respect to the original array. PARAFAC, 

Tucker3 and PCA are very similar one to each other: in fact, PARAFAC can be considered a constrained 

version of Tucker3, that, in turn, can be considered as a constrained version of two-way PCA [62]. 

According to this, any dataset that can be modelled adequately with PARAFAC can thus also be modelled 

by Tucker3 or PCA, but in the case of PARAFAC a minor degrees of freedom are used. In the end, 

PARAFAC can be considered as the most restricted model for the multi-way decomposition; respect to 

the other two it represents a useful tool to interpret a dataset with the simplest and the easiest possible 

model. 

A PARAFAC model of a three-way array is given by three loading matrices, A, B, and C with elements 

aif, bjf, and ckf. The trilinear model is found to minimize the sum of the residuals squares (eijk) in the model, 

for each fTH column of the loading matrices (that is a component of the PARAFAC model). The equation 

of the model can be written as follows (Eq. (1)): 

xijk = aifbifckf+ eijk

F

f=1

 (1) 

The model can also be written in matrix notation, with af, bf and cf that are the f
TH columns of the 

loading matrices A, B and C respectively: 
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X= af ἆ bf ἆ cf

F

f=1

 (2) 

The main advantage of the PARAFAC model is the uniqueness of the solution: in bilinear methods, 

there is a known problem of rotational freedom, which does not allow, without external information, to 

find pure spectra, complicating the interpretation of the results. This has prompted many different 

methods to obtain more interpretable models of PCA and similar models, or to rotate the PCA solution 

towards more appropriate solutions. However, most of these methods are arbitrary or have poorly 

defined properties. For PARAFAC, data are trilinear, which is enough to choose the right number of 

components and the right signal-to-noise ratio. 

The fluorescent EEMs were analysed with PARAFAC using the package "staRdom" for R, developed 

by Pucher et al. [63]. All the used programs were open source. 

I.4.4.2 Calibration curves 

L-tryptofan and L-tyrosine standard solutions were used to build a seven-point calibration curve 

ranging from 0.1 to 2 mg/L (ppm). Reference wavelengths for tryptophane-like compounds were 

Ex/Em 225/350 nm, while for tyrosine-like compounds 225/305 nm. For humic-like fraction, 

quantification was not possible, normalized Fluorescence Intensity (FI) at Ex/Em 325/420 nm were 

used as indices for studying the trend. 

I.4.5 Spectrophotometry UV-Vis 

UV-Vis spectra were registered using a Cary 60 (Agilent) spectrophotometer, recording a set of three 

scans for each sample. CDOM analysis was performed in a 10 mm quartz cuvette (QS-Suprasil) while 

nitrates and phosphates in a 10 mm poly methyl methacrylate (PMMA) cuvette. Scan wavelength range 

was 900-200 nm with a scan rate of 600 nm/min. 

For CDOM also specific wavelength were used to study the organic matter dynamics. In case of low 

absorbance spectra, with no discernible peaks; the use of specific wavelengths (as 254 nm) as proxy for 

organic matter absorptions provides additional information regarding dynamics along waterbody. This 

wavelength is related to the presence of aromatic rings [54], mainly belonging to humic acids, and can be 

used as an indicator of CDOM concentration in the samples. 

Nitrate and phosphate concentrations were evaluated using a colorimetric kit for spectrophotometer 

analysis. Each kit contains specific regents that combine with targeted species, resulting in coloured 

solutions. In presence of nitrate, a pink-red colour will appear, with reference wavelength of absorption 
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at 334 nm. For phosphate, the coloured resulting solution was violet-blue, with reference wavelength of 

absorption at 890 nm. In both cases, Lambert-Beerõs law is respected. 

For nitrate, six standard solutions of potassium nitrate were used to build the calibration curve ranging 

0.5-10 mg/L. For phosphate, NaH2PO4 was used to build a seven-point calibration curve in the interval 

0.1-2 mg/L. 

I.4.5.1 Slope ratio, slope 302-322 and E2:E3 

The slope ratio (SR), spectral slope (S302-322) and the absorption ratio E2:E3 were used to examine 

CDOM degradation and/or alteration. 

SR is defined as the ratio between the slope between 275 and 295 nm (S275-295) and the slope between 

350 and 400 nm (S350-400) (Eq. (3)) [54]: 

SR = 
S275-295

S350-400
 (3) 

The SR depends on the molecular weight of CDOM (CDOM MW), a higher value means a higher 

presence of low weight CDOM in respect to high weight CDOM. The value of SR is usually <1 in 

the case of freshwater, while it is >1 in the case of marine or estuarine water. Also, any alteration 

in the CDOM MW due to photo or biodegradation reflects in changes in the SR value [54]. 

The slope S302Ĭ322 is the spectral slope calculated between 302 and 322 nm and it is used to examine 

CDOM degradation: lower S302-322 is related to the presence of higher molecular weight organic matter, 

comparatively indicating a CDOM with lower degree of degradation, while a higher S302-322 indicates lower 

molecular weight CDOM, typically with higher degree of photochemical or microbial alteration [64]. 

The E2:E3 is the ratio between absorption at 250 and 365 nm. It has been found to change inversely 

with average molecular weight of CDOM [54]: organic matter at high molecular weight absorbs at longer 

wavelengths, a decrease in E2:E3 means a lower degree of degradation from microbial activity or light 

sources. 

Calculation of these parameters was performed using the package "cdom" for R, developed by 

Massicotte P. [65]. All the used programs were open source. 
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I.4.6 1H-NMR 

1H-NMR spectra were registered using a Bruker 600 MHz spectrometer of the Department of 

Biotechnology, Chemistry and Pharmacy (University of Siena). Spectra were acquired at 298 Ñ 0.1 K, by 

using the software TopSpin v3.6.5 (É Bruker BioSpin). Data processing and graphic representation were 

accomplished by using the software TopSpin v3.6.5 (É Bruker BioSpin). One dimension 1H-NMR 

spectra were acquired by a common pulse sequence with solvent suppression, with a FID of 32768 points, 

256 scans, a spectral window of 10 ppm, a 90Á pulse of 8.1 Õs and a relaxation delay of 2.0 s. 

Samples for NMR analysis were prepared by mixing 900 ÕL of each river water sample with 100 ÕL 

of deuterated water containing 0.05% wt of TSP-d4 (3-(trimethylsilyl)-2,2,3,3-tetradeuteropropionic acid) 

in a 5 mm NMR tube. 

Two 1H-NMR spectra of humic acid molecules were simulated using the online simulator tool 

"nmrdb.org", in order to identify the different spectral peaks of the samples. 

 



Chapter I  Results 

29 
 

I.5 RESULTS 

I.5.1 pH and conductivity 

Table I-1 reports pH and conductivity as average of the three values for each site. Most of the 

sites exhibited a pH value above 8, with the only exception of site 1 (7.69) and site 3 (7.89) which 

are still close. Regarding conductivity, values showed a growing trend from site 1 to site 8. 

Site 1 2 3 4 5 6 7 8 

pH  7.69 ±  0.26 8.15 ±  0.02 7.89 ±  0.02 8.10 ±  0.02 8.06 ±  0.02 8.04 ±  0.02 8.03 ±  0.05 8.07 ±  0.01 

Cond. 

(µS/cm)  
732 ± 30 882 ±  14 935 ±  6 1016 ±  1 1027 ±  3 1049 ±  6 1042 ±  18 1055 ±  4 

Table I -1: Average pH and conductivity for each site. 

I.5.2 Fluorescence analysis 

I.5.2.1 PARAFAC model 

The EEMs of the samples obtained with the fluorescence analysis were corrected with the blank 

subtraction, Raman normalization (normalizing to a standard scale of Raman Units by dividing all 

intensities by the area of the Raman peak of ultrapure water sample), scatter areas removal and 

consecutive interpolation. 

The excitation-emission spectra for each sample showed four peaks, particularly distinguishable in 

the matrix of the site 1.2 (Figure I-12). In general, signal intensities gradually increased from site 2 

to site 8. 
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Figure I -12: EEMs of the site 1 and 2 samples. 

 

Figure I -13: EEMs of the site 3 and 4 samples. 
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Figure I -14: EEMs of the site 5 and 6 samples. 

 

Figure I -15: EEMs of the site 7 and 8 samples. 
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The PARAFAC model required for EEMs decomposition was calculated with three components 

(Figure I-16), also the correlation between them was determined to evaluate overfitting (a model with 

highly correlated components can indicate overfitting). The three components were detected in a range 

of Ex/Em  ͯ230-250/400-450 nm and  ͯ320-330/400-450 nm for component 1, identified as humic 

acids,  ͯ225-230/325-350 nm and 275-290/325-350 nm for component 2, corresponding to the 

tryptophan-like fraction,  ͯ205-220/300-320 nm and 2ͯ05-220/420-450 nm for component 3, 

associated to tyrosine-like compounds. None of the components showed a high correlation (>0.8) with 

the others (Figure I-17). Humic and tryptophan-like fractions resulted in moderate positive correlation 

(Pearson r = 0.648, p < 0.001) while component 1 and component 3 exhibited weak negative correlation. 

 

Figure I -16: Components of the PARAFAC model. Comp. 1: humic-like fraction, Comp. 2: tryptophan-like fraction and 
Comp. 3: tyrosine-like compounds. 
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Figure I -17: Pairwise scatterplot matrix showing the relationships between the three principal components identified from 
river water samples. Diagonal panels show density distribution between the three components. Upper panels show Pearson 
correlations, while lower charts report scatter plots with regression lines. 

PARAFAC was applied to decompose all the samples EEMs; results are reported in Figure I-18 a-e, 

with the relative residuals. 
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a)

b)
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c)

d)
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e) 

Figure I -18: Decomposed emission-excitation spectra of each sample according to PARAFAC model. 

Relative amount of each component, detected on fluorescence EEMs of samples, is summarized in 

Figure I-19 and Table I-2 as percentage. The dominant fraction for all samples was represented by 

component 1 (humic-like compounds). A net variation was observable, with an increasing trend from 

site 1 to site 8, with the only exception of tyrosine-like compounds (consistent concentration detected 

only in site 1). 
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Figure I -19: Relative amounts of the three components in each sample. 

 

 Sampling site 

Component 1.1 1.2 1.3 2.1 2.2 2.3 3.1 3.2 3.3 4.1 4.2 4.3 

C.1 % 38.5 33.0 40.9 69.5 65.8 67.5 64.9 68.0 70.1 70.7 60.6 57.9 

C.2 % 18.7 25.0 16.1 22.1 26.7 23.8 27.4 23.8 21.3 21.3 29.2 33.3 

C.3 % 42.8 42.0 43.0 8.5 7.5 8.7 7.6 8.2 8.6 8.0 10.2 8.8 

             

 5.1 5.2 5.3 6.1 6.2 6.3 7.1 7.2 7.3 8.1 8.2 8.3 

C.1 % 68.3 68.0 70.4 61.0 64.7 65.3 56.1 64.4 64.1 59.3 56.2 59.5 

C.2 % 23.2 23.5 22.0 27.9 25.2 23.9 31.6 25.7 26.3 29.0 31.2 28.8 

C.3 % 8.5 8.5 7.6 11.0 10.1 10.7 12.3 10.0 9.7 11.7 12.7 11.7 

Table I -2: Relative amounts of each component present in samples expressed as percentage. 

Figure I-20 shows FDOM composition changes along the river. The initial decrease (-34%) of 

tyrosine-like compounds (component 3), from site 1 to site 2, was followed by an almost stationary trend. 

The exact opposite happened in the case of humic-like fraction (component 1), with an increase of 30% 

passing from site 1 to site 2, with a subsequent decreasing general trend moving to site 8. Tryptophan-

like amount (component 2) presented slightly variations, its relative abundance resulted in a slight growing 

trend along the course of the river. 
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Figure I -20: Longitudinal trend of each component expressed as percentage. 

I.5.2.2 FDOM component trend and quantification 

For each component, relative trend across sampling sites is reported in Figure I-21. Both calibration 

curves for tyrosine and tryptophan results in good linearity (R2 > 0.99) and were applied for quantification. 
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Figure I -21: FDOM components trends and quantification. 

Starting from humic acid, where fluorescence intensities are expressed as normalized values, there was 

an evident increasing trend from site 1 to site 8, with the only exception of a decrease across site 2 and 

3. The normalized fluorescence intensities ranged from a minimum of 0.64 in site 1, to a maximum of 

0.96 in site 7. At the beginning, the water course values remained close each other, while after site 3 there 

was a constant increase. T-test highlighted a not a significant difference (p > 0.05) of humic acids amounts 

only between site 1 and sites 2 and 3, site 4-5, site 6-7-8, and, lastly, site 7 and 8. 
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In the case of tryptophane-like compounds, the trend was more heterogeneous, concentrations range 

from 0.07 ppm up to 0.17 ppm. It is observable a rapid decrease in the second and third site, followed 

by an up and down behaviour from site 4 to 5, then concentration increases trough the waterbody. A t-

test showed significant difference in the concentration of tryptophane-like compounds between site 1-3, 

site 2 and sites 6-8, site 3 and sites 6-8, and, lastly, site 5 and sites 6-8. 

For tyrosine-like compounds, concentration amounts were of the same order of magnitude as 

tryptophan-like fraction, ranging from 0.09 (site 2) ppm to 0.26 ppm (site 1). An initial rapid decrease 

from site 1 to site 2 was followed by a constant increase until site 8. T-test showed a significant difference 

in the concentration of tryptophane-like compounds between site 1 and sites 2-8, site 2 and sites 6-8, site 

3 and sites 6-8, site 5 and sites 6 and 8, and, lastly, between site 6 and site 8. 

I.5.3 UV-Vis analysis 

The complete CDOM spectra (900-200 nm) of the samples are not reported as they did not provide 

any useful additional information for the analysis due for low response of chromophoric molecules in 

the river water. 

The concentration and trends of nutrients (phosphate and nitrates) are reported in Figure I-22 and 

Figure I-23. 

I.5.3.1 Phosphate and nitrate trends 

In the case of phosphates (Figure I-22), the maximum concentration was observed in site 6, while the 

minimum in site 5, with a concentration of 0.11 ppm and 0.02 ppm respectively. There was a clear 

downward trend from site 1 to site 5, followed by an alternation of increasing and decreasing 

concentrations, in a non-linear pattern. T-test highlighted a significant difference in the concentration of 

phosphates only between site 6 and sites 5 and 7. 
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Figure I -22: Phosphates longitudinal trend of Foci river. Concentrations are expressed as mg/L. 

In the case of nitrates, the concentrations were in a range of 4.3 ppm (site 4) and 0.1 ppm (site 1). 

From Figure I-23 can be seen a rapid increase in concentration from site 1 to site 2, where the nitrate 

amount quadrupled, followed by a decreasing trend. T-test resulted in a significant difference in the 

concentration of phosphates between site 1 and sites 2-6, site 2 and sites 6-8, site 3 and sites 6-8, and, 

lastly, site 6 and sites 5 and 7. 

 

Figure I -23: Nitrate longitudinal trend of Foci river. Concentrations are expressed as mg/L. 
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I.5.3.2 CDOM dynamics, slope ratio, slope 302-322 and E2:E3 

Absorption at 254 nm exhibited an increasing trend, with a maximum reached in the last site (Figure 

I-24). Across the study site there was a general increasing trend with the only exception found from site 

4 to 5, where the absorbance decreased. 

 

Figure I -24: 254 nm absorbance trend across river sites. 

Slope ratio dynamics (Figure I-25) was variable, characterized by a rapid reduction from site 1 to site 

2, with a subsequent equally rose from site 2 to site 3: then, after a slow decrease until site 5, there was 

an increase in the last three sites. Generally, despite a high variability for the first five sites, the last three 

presented similar values, suggesting the presence of LMW CDOM. 
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Figure I -25: Slope ratio trend across river sites. 

Both S302Ĭ322 and E2:E3 (Figure I-26, Figure I-27) exhibited the same behaviour, a constant increase 

across sample sites; with the first three lower than the others five. For the slope, the lowest value was 

measured in site 1, while for E2:E3 ratio in site 2, in proximity of river source. Both indexes were in 

accordance with slope ratio, suggesting the presence of HMW CDOM in the initial course of the river. 

 

Figure I -26: Slope 302-322 nm trend across river sites. 


































































































































































































































