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Abstract 
Removing dissolved organic matter (DOM) from the source water is critical for the drinking 

water treatment process. The low molecular weight hydrophilic fraction of DOM is generally 

recalcitrant to removal by coagulation, and the DOM bypassing the coagulation/filtration stages 

of treatment will likely react with the disinfecting agent at the end of the treatment process, 

leading to the formation of potentially carcinogenic disinfection by products (DBPs) such as 

trihalomethanes (THMs). Each specific fraction of DOM reacts with a particular disinfecting 

agent to form different DBPs; some with higher toxicity and carcinogenicity than others. 

Understanding the DBPs formation pathways, however, is a difficult task since DOM present in 

the source water are likely to be highly degraded compounds that differ from each other, 

forming a mixture of diverse molecules which are extremely challenging to individually 

characterise. Hence, there is a need for monitoring certain fractions of DOM, such as humic 

acids, by tracking down DOM characteristics and concentration levels in source waters. 

DOM characterisation techniques can be divided into three groups. The first group investigates 

the abundance and nature of structural units, providing detailed structural information. The 

second group looks into the chemical behaviour of DOM, its molecular weight, molecular size, 

distribution, and hydrophobicity-hydrophilicity. It also focuses on its polymeric nature and 

ability to provide good molecular separation. The third group measures the fluorescence signal 

of DOM in situ, without directly scrutinising chemical identities of functional groups or 

molecules. However, the methods used in the first two groups are complicated and time-

intensive, making them unsuitable for remote online monitoring of DOM characteristics. In 

contrast, the currently available fluorescence probes provide a simple, sensitive, rapid, non-

invasive way of in-situ estimation of the fluorescent DOM (fDOM). Despite the potential 

beneficial applications of this relatively new technology, field fDOM measurements are subject 

to interferences caused by changes in temperature, turbidity, pH, salinity and inner filter effect 

(IFE). This often makes probe readings unreliable; as a result, they are rarely used by water 

treatment plant operators. Thus, accurate and reliable compensation models should be 

designed and applied to raw fDOM readings collected by fluorescence probes, in order to make 

them a useful decision support tool for water treatment plant operators. 

This study introduces a comprehensive, transferable methodological framework for scientists 

and water professionals to model fluorescence site-specific quenching on fDOM probe readings 

caused by temperature, suspended particles and the IFE. The compensation model was 

developed and validated for an Australian subtropical reservoir. Three other Australian 

reservoirs were also investigated to investigate the role that particle size distribution plays on 
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light scattering, and molecular weight links to fDOM signal intensity. Findings revealed that 

quenching due to turbidity and IFE effects was best predicted by threshold autoregressive 

models. Raw fDOM probe measurements were validated as being more reliable if they were 

systematically compensated using the proposed procedure. The developed fDOM compensation 

procedure must consider the instrument features (i.e. wavelength broadband and 

responsiveness) and site-specific conditions (i.e. DOM characteristics and suspended particles). 

A finding of particular interest was that the compensated fDOM readings had a high correlation 

with the low (< 500Da) molecular weight fraction of the DOM, which is more recalcitrant to 

removal by coagulation. As a consequence there is potential to use fDOM probes to provide real-

time, in-situ information on DOM properties in freshwater systems, which will enable water 

treatment plants operators to optimise the coagulation process. 
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1 INTRODUCTION 

 Overview 

Removing specific fractions of dissolved organic matter (DOM) from the source water plays a 

critical role for drinking water treatment efficiency; low molecular weight (LMW) hydrophilic 

compounds that are recalcitrant to removal are more likely to bypass the coagulation and 

flocculation stages of the treatment to react with disinfecting agents, eventually leading to the 

formation of potentially carcinogenic disinfection by products (DBPs) (Zhao et al. 2009). 

Although high molecular weight (HMW) hydrophobic compounds are the major precursors of 

DBPs formation (Kim et al. 2017), they have higher specific colloidal charge properties that make 

them easily removable during coagulation (Sharp et al. 2006).  

Characterizing DOM is of high importance to Water Authorities seeking to minimize the 

potential for DBP formation. Fluorescence probes can measure fluorescent dissolved organic 

matter (fDOM) amounts through a non-invasive, online approach (Henderson et al. 2009). Such 

probes are typically installed  in multi-parameter sondes such as vertical profiling systems (VPS), 

which are useful for real-time in-situ water quality monitoring, as well as an input for prediction 

of other critical water quality parameters (Bertone et al. 2015). These fDOM probes emit a beam 

of UV light at a certain wavelength to excite determined organic molecules in a given sample 

matrix, and detect the UV signal at a longer wavelength emitted by the excited molecules. Field 

fDOM measurements, however, are subject to quenching caused by changes in temperature, 

turbidity, pH, salinity, metal ions and inner filter effect (IFE), and for this reason they should be 

compensated (Carstea 2012). 

Metal ions can cause fluorescence enhancement or quenching in certain regions of the 

spectrum. Their effect though seems to be pH-dependent, with higher quenching effects for pH 

values uncommon for natural water systems (e.g. 4) (Piana and Zahir 2000). Following their 

extensive review, Hudson et al. (2007) concluded that there is not enough evidence to suggest 

extensive quenching effects by metals in aquatic systems commonly occurs, and it is outweighed 

by more important environmental factors controlling DOM fluorescence. Similarly, in spite of pH 

affecting fluorescence intensity to some extent, the typical pH range in natural waters, between 

pH 5-9, seems to have minor impact on fluorescence analysis (Spencer et al. 2007).  

On the other hand, the probability of an excited electron to go back to its ground state by 

radiationless decay is increased with higher temperatures, which reduces fluorescence intensity. 

Therefore, temperature is expected to have an inverse relationship with fDOM of roughly 1% 

per °C (Henderson et al. 2009). Optical measurements are also affected by the presence of 
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suspended particles in the sample, which causes light scattering and light absorption. The 

assessment of fDOM-turbidity relationships should be site-specific, because changes in the 

particle size distribution (PSD) of suspended sediments, chemical composition, shape and its 

concentration determine the degree of fDOM signal bias, and these vary locally, over time 

(Saraceno et al. 2017). As turbidity increases in the water, an increased amount of the excitation 

light emitted by the fDOM sensor scatters, thus reducing the light available in the sampling 

volume to excite fDOM; this eventually results in nonlinear fDOM signal beyond a certain 

turbidity level (Downing et al. 2012). Finally, there is also a self-quenching phenomenon of 

distortion of band shape and/or a decrease in emission quantum yield, also known as IFE, 

potentially due to the reabsorption of emitted radiation by the sample matrix when the 

fluorophore concentration is high (Downing et al. 2012, Wang et al. 2017b).  

fDOM probes have been installed and deployed in several water reservoirs and drinking water 

treatment plants (DWTP) around Australia and internationally. However, it is our contention 

that the lack of a systematic approach in previous works to account for such quenching effects 

has resulted in their readings being difficult to interpret in terms of a strong correlation to DOM 

that can be used for operational decision-making. This has resulted in operators lacking 

confidence in fDOM readings and the underutilisation of this valuable in-situ instrumentation (J. 

Van Leeuwen, personal communication, October 23, 2017). Therefore, the aim of this study was 

to provide a novel procedure, and quantify the environmental effects on a fDOM probe’s 

readings for a subtropical Australian reservoir. This procedure would accurately compensate 

probe measurements and subsequently link it to the predominance of specific fractions of DOM. 

A better understanding of the fractions of DOM measured by the real-time fDOM probe could 

lead to the development of enhanced coagulant dosing models, as well as trihalomethanes 

(THMs) formation potential prediction models. This outcome provides for proactive water 

treatment management. 

Previous work has been undertaken to account for one or a few of these fDOM probe 

measurement interferences. For instance, several authors have investigated thermal quenching 

in fluorescence intensity (Baker 2005, Carstea et al. 2014, Coble et al. 2014, Khamis et al. 2017, 

Khamis et al. 2015, Shutova et al. 2016), however these previous studies were not immediately 

transferable to this study due to a range of factors (e.g. used different types of equipment, 

alternative methods, etc). For example, Baker (2005) and Carstea et al. (2014) made use of a 

fluorescence spectrophotometer to measure DOM fluorescence, rather than an in-situ probe 

measuring only a specific excitation/emission wavelength pair, while Khamis et al. (2017), 

Khamis et al. (2015) used fluorometers working at different wavelengths than those typically 

used for fDOM estimation. Finally, some of these studies (Shutova et al. 2016) worked with 
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limited temperature ranges. Nevertheless, all of these studies highlighted that site- and 

instrument-specific correction algorithms should be developed pre/post deployment. 

Obviously, the development of such correction algorithms incur in a deep understanding of the 

use of these sensors and their limitations, as well as scientific knowledge of fluorescence and 

water chemistry, which when combined may be a challenge for many water agencies.  

A few previous research studies (e.g. Downing et al. (2012); Shutova et al. (2016)) have also tried 

to simultaneously account for multiple interferences. Downing et al. (2012) developed 

compensation models for different probes, however the turbidity and inner filtering effects 

were analysed using standard material rather than site-specific concentrated turbidity or DOM, 

with laboratory-based corrections unlikely to account, for example, to different particle size 

distribution of the site-specific turbidity (Saraceno et al. 2017). While Shutova et al. (2016) 

considers site-specific  compensation as in this study, a turbidity compensation model was not 

considered due to the low historical turbidity values recorded, thus effectively meaning that 

potential future extreme events could not be compensated with their model.  

To date, to the authors’ knowledge, no comprehensive compensation modelling framework has 

been developed which can accurately compensate the fDOM readings for all such quenching 

effects at the same time, based on the site-specific features (e.g. DOM, turbidity type) of the 

fDOM sensor deployment location. Moreover, this study provides a comparison of quenching 

magnitude for different locations having contrasting turbidity and DOM properties. In addition, 

although previous studies have tried to develop correlations between certain fluorescence 

regions or wavelength pairs with general DOM properties, such as aromaticity (Cory et al. 2010, 

McKnight et al. 2001), degree of humification (Ohno 2002, Zsolnay et al. 1999), algal DOM 

(Hansen et al. 2016), or DOM treatability (Shutova et al. 2014), no previous research has been 

conducted to analyse how fully compensated fDOM readings of a commercially available fDOM 

probe relate to such properties and also molecular weight features of the DOM. If significant 

relationships can be found, this would open up new opportunities for such compensated fDOM 

probe readings to provide real-time decision support to water treatment operators for an 

optimised, effective DOM removal.  

 Research background 

1.2.1 SEQWATER 

Seqwater delivers a safe, secure and reliable water supply to South East Queensland, as well as 

providing essential flood mitigation services and managing catchment health. The company also 

provides water for irrigation to about 1,200 farmers and offer community recreation facilities 
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enjoyed by more than 2.5 million people each year. Seqwater is one of Australia’s largest water 

businesses with the most geographically spread and diverse asset base of any capital city water 

authority. Its operations extend from the New South Wales border to the base of the 

Toowoomba ranges and north to Gympie. 

Seqwater manages up to $12 billion of water supply assets - including the SEQ Water Grid - and 

the natural catchments of the region’s major water supply sources. This includes dams, weirs, 

conventional water treatment plants and climate resilient sources of water through the Gold 

Coast Desalination Plant and the Western Corridor Recycled Water Scheme. A 600 kilometre 

reverse flow pipeline network enables drinking water to be transported to where it is needed 

most, from the Sunshine Coast to Greater Brisbane, to Redlands and south to the Gold Coast. 

Seqwater also manages recreation facilities at our dams, lakes and parks that provide more than 

50% of the green space in SEQ outside of national parks. Seqwater was formed on 1 January 

2013 through a merger of three State-owned water businesses, the SEQ Water Grid Manager, 

LinkWater and the former Seqwater. Seqwater is also responsible for the long term planning of 

the region’s future water needs, a function that was formerly undertaken by the Queensland 

Water Commission. 

Recently, Seqwater has purchased a number of VPS and deployed them in its main reservoirs. 

This enabled a real-time data collection of many water parameters, such as fDOM, water 

temperature, dissolved oxygen, pH and conductivity. 

Tingalpa Creek, Leslie Harrison Dam and Capalaba DWTP 

Leslie Harrison Dam, located on Tingalpa Creek, was completed in 1967 and upgraded in 1984 

to increase its storage capacity. Its water reservoir, also known as Tingalpa Reservoir is part of 

South East Queensland’s drinking water supply. Leslie Harrison Dam is being operated as an 

ungated dam. There are no recreation activities permitted on Tingalpa Reservoir. Table 1 

describes key facts related to Leslie Harrison Dam, Figure 1 is a map of Lake Tingalpa, and Figure 

2 shows the Lake Tingalpa and Leslie Harrison Dam from upstream. 

Table 1 Leslie Harrison Dam key facts 

Name: Leslie Harrison Dam / Tingalpa Reservoir 

Watercourse and location: Tingalpa Creek, Near Capalaba 

Catchment area: 87.0 km2 

Length of dam wall: 535.0 m 

Year completed: 1984 

Type of construction: Zoned earthfill embankment 
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Current capacity: 11,764 (89% full) at 11/12/2018 02:22PM 

Source: http://www.seqwater.com.au/ 

 

Figure 1 Tingalpa Reservoir, Queensland, Australia 

 

Figure 2 Tingalpa reservoir and Leslie Harrison Dam (http://www.redlandcitybulletin.com.au/) 

http://www.seqwater.com.au/
http://www.redlandcitybulletin.com.au/
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The Capalaba DWTP (Figure 3) process train is powdered activated carbon (PAC), coagulation, 

flocculation, clarification via sedimentation, sand filtration and chlorination treatment. PAC is 

used during algal blooms, which have caused the treatment plant to be taken off-line in the past. 

Capalaba DWTP has chlorine dosed prior to the sand filters in order to catalyse soluble 

manganese oxidation. The coagulation-sedimentation and coagulation-sand filtration processes 

remove the majority of NOM; DOC removal in Capalaba is around 51% ± 11%. However, sand 

filtration in Capalaba DWTP does not seem to affect NOM concentrations as determined by DOC, 

fluorescence and UV254 absorbance analysis (Shutova et al. 2014). An internal report by 

Seqwater showed that raw water for Capalaba DWTP had on average, during that sampling 

campaign from 2012 to 2013, total organic carbon (TOC) equal to 14.7 ± 2.7 mg C/L and after 

treatment it dropped to 5.5 ± 0.4 mg C/L, whereas total organic nitrogen (TON) went from 0.48 

± 0.10 mg N/L in the raw water to 0.20 ± 0.04 mg N/L. Also, measured bromide was 0.08 ± 0.01 

mg N/L; nitrate 0.03 ± 0.01 mg N/L; nitrite 0.007 ± 0.003 mg N/L; ammonia 0.02 ± 0.01 mg N/L. 

 

Figure 3 Capalaba DWTP (Google Earth) 

 Research objectives 

The aim of this MPhil candidature was to provide a comprehensive compensation method for 

fDOM probe readings, allowing Water Supply Utilities, such as Seqwater, to make use of data 

collected through VPS deployed at reservoirs and DWTPs. This was achieved through completion 

of the following objectives: 
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 Correction of turbidity, temperature and DOM concentration effects on fDOM; 

 Investigation of quenching due to particle size distribution of suspended solids; 

 Significant correlations of fDOM signal intensity and specific fractions of DOM. 

 Research hypothesis 

If the fDOM probe can be used for online estimation of specific fractions of DOM, this 

information in conjunction with other tests (e.g. UV254, DOC) will lead to an optimisation of the 

coagulation process and to a considerable reduction of DOM bypassing the treatment process 

and in turn the risk of DBP formation in the water distribution system. 

 Research scope 

The research purpose was to calibrate a fDOM probe for the effects of turbidity, temperature 

and DOM concentration change, and to associate the fDOM measurements with specific 

fractions of DOM. A site-specific calibration procedure was recommended since changes in the 

concentration of suspended sediment, on its particle size distribution, chemical composition, 

and shape, is expected to determine the degree of fDOM signal bias. However, the final results 

provide indications on how different DOM and types of turbidity can affect the degree of 

interference on the fDOM readings. Signal loss due to the effects of light absorption by dissolved 

materials in the water column varies depending on type of instrument (i.e. closed-path, open-

path, path length), thus also the need for instrument-specific correction factors. 

Similarly, despite the fact that in order to prevent the potential for microbial biofilm regrowth 

in the water distribution system, depending on the local water quality guidelines, certain 

concentrations of disinfectant residual (i.e. free chlorine or monochloramine) still needs to be 

present after UV light or ozone disinfection; meaning that this study might be more relevant for 

those DWTP whose train includes chlorination/chloramination. This is because the contact time 

with chlorine, more than anything, is deemed to exert the major influence in most DBPs 

formation. 

 Thesis outline 

The thesis consists of the following chapters: 

Chapter 1 provides an introduction and overall summary of the research project including 

background information, research objectives, research scope and report outline. 

Chapter 2 provides a literature review of the main topics related to this research, i.e. DWTP 

processes, DBP formation problems, DOM characteristics, techniques to characterise DOM, in 
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situ fDOM probes, to name a few. The conclusions and recommendations section includes a 

summary of the pros and cons of each of the various DOM characterisation techniques. 

Chapter 3 provides an overview of the research design and methodology that will be used in this 

study. It offers detailed description of the three main phases of this research project, which are 

knowledge acquisition, sampling and laboratory experiments for data collection, and analytical 

methods. 

Chapter 4 examines results of data analysis and discusses each calibration step in more detail. It 

provides equations that form the proposed sequential compensation method. The correlation 

between fDOM signal and molecular weight was also discussed in this chapter. 

Chapter 5 presents the conclusions drawn from the research in the context of the research 

objectives. This chapter also assesses the contribution of this research to new knowledge of 

environmental interferences in fDOM signal, compensation methods to account for such 

interferences and correlations between fDOM signal and molecular weight. The limitations of 

this research project and future research directions are provided in this chapter. 
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2 LITERATURE REVIEW 

 Drinking water treatment plant processes 

2.1.1 Introduction to drinking water treatment plant processes 

Drinking water treatment has the production of water free of micro-organisms as its prime 

objective (Binnie and Kimber 2013). A train of physical and chemical processes are undertaken 

in drinking water treatment plants (DWTPs) aiming to maximise pathogenic and pollutant 

removal. This train varies depending on certain design factors, as there are several technological 

options available nowadays and multiple combinations of features that may lead to a similar 

result: a high quality treated water, which parameters are lawfully accepted and within the 

guidelines. In order to select the most appropriate treatment methods, one considers key 

aspects such as raw water characteristics, local drinking water quality guidelines as treatment 

requirements, spatial area on offer to build the assets, novel techniques and apparatus, 

accessible financial resources. Thus, investigation and characterisation of raw and treated water 

parameters plays a decisive role in a DWTP layout (Zanacic et al. 2016). A conventional DWTP 

layout is typically arranged in diverse unit processes, according to the contaminants present in 

the raw water, frequently commencing with pre-treatment, then particulate separations, 

following to colloidal and microscopic particles removal and, at last, molecules and ions 

elimination (Hendricks 2006). 

2.1.2 Pre-treatment 

According to Au (2004), LeChevallier and Au (2013), as a means to remove protozoan cysts, 

viruses, high levels of turbidity and algal cells, the deployment of either microstrainers, off-

stream storage or roughing filters at the entry to, or before, the DWTP promotes efficient pre-

treatment systems. Turbidity and faecal coliform bacteria are greatly reduced by roughing 

filters, with reduction ranging from 60 to 90% for both parameters. This can be dramatically 

improved when combined with slow sand filtration, reaching up to 99.8% of turbidity and faecal 

coliform removal (Collins et al. 1994), especially when the up-flow filter column is preceded by 

a final polishing step such as bed of coarse sand (Khan and Farooqi 2011). Although 

microstrainers are inefficient eliminating viruses or bacteria, its fabric meshes woven removes 

about 40 to 70% of algal cells and large protozoa, concurrently reducing about 5 to 20% of 

turbidity (Mouchet and Bonnelye 1998). 

As summarized by Oskam (1995), off-stream reservoirs are reliant on the hydraulic residence 

time, more than anything, to enable chemical, biological and physical self-purification processes 
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to enhance raw water quality. Chemically, the effects of these processes are photolysis of 

aromatic hydrocarbons and humic substances, hydrolysis of organic esters and polyphosphates, 

and oxidation of manganese and divalent iron. Biologically, the effects are nutrients elimination 

by phytoplankton consumption, nitrification and denitrification, die off of viruses and faecal 

coliform bacteria, and biodegradation of organic compounds. Physically, the effects are settling 

of suspended solids, evaporating of volatile molecules, exchange of carbon dioxide and oxygen 

with the atmosphere, and equalization of peak concentrations. Walker (2014) described several 

approaches that could mitigate the impacts of harmful algal blooms (HAB) in lakes, for example 

the addition of an adsorbent or coagulant into the lake raw water, causing phosphorus to 

precipitate and settle until it sits on the lake bed and stops feeding the algae. 

As an essential component of any DWTP, screening is responsible for separating materials 

according to size only. In order to exclude fish, crustaceous and debris, as well as large pieces of 

wood, stringy material and rags, disk screens and wedge-wired screens have been used at the 

intake of water supply over the last decades. Small rocks, sand and grit are prevented by the use 

of travelling screens. Biological flocs and filamentous algae are retained by microscreens’ fabric 

openings, especially in eutrophic lake water sources (Hendricks 2006, Howe et al. 2012).  

2.1.3 Coagulation 

Conventionally, remaining dissolved, colloidal and suspended matter have their negative surface 

electrical charge neutralized or reduced by the addition of positively charged chemical coagulant 

agents in the raw water at pH < 6, such as cationic organic polymers, prehydrolysed metal salts 

and metal salts, causing them to stick together and form micro-flocs. At pH > 6 the same colloids 

in suspension react with amorphous aluminium hydroxide or carbonate precipitates, being 

enmeshed as into what is called sweep-floc mechanism (Hendricks 2006). In the neutral pH 

water, as the sweep-flocs are positively charged, they electrostatically attach the substantial 

negatively charged clay minerals colloids (Ghernaout and Ghernaout 2012). Adsorption and 

interparticle bridging mechanism, on the other hand, occurs when part of the high molecular 

weight (HMW) polymer chain attach to a particles surface, extending its chain, adsorbing on 

vacant surface sites of other particles and forming bridges between them (Crittenden et al. 

2012). All these mechanisms aim to separate faecal debris, rotifers, spores, algae, cysts, bacteria, 

viruses, mineral particles from the water through microflocs formation and later settleable 

clumps development for posterior removal by filtration, flotation or gravity separation (Howe et 

al. 2012). 

Cationic organic polymers are usually combined with metallic ion coagulants, thus reducing the 

metallic ion dosage by 40 to 80% and producing less sludge composed of particles from the raw 
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water and precipitate formed in coagulation reactions. Aluminium polymers, in turn, tend to 

form denser and tougher flocs, performing better than unmodified alum salts, for example, for 

having a higher hydroxide-to-aluminum ratio, which improves charge neutralisation. As the 

sequence of hydrolysis reactions occurs rather rapidly, metal salts need to be initially blended 

with the raw water preferably in less than half second (Crittenden et al. 2012). Caution should 

be taken to control mixing intensity and time, avoiding damage to HAB cells at this stage and 

preventing toxin release in the water (Walker 2014), always bearing in mind that present 

species, their agglomeration, age of cells, their shape, and other factors could influence the 

resistance of the cell to treatment processes. For instance, experiments with a pilot-scale water 

treatment system confirmed jar test results and showed no damage to Microcystis cells and no 

increase in microcystin release during treatment (Chow et al. 1999). The coagulant choice, its 

appropriate dose and the proper pH are usually evaluated empirically through bench level 

studies, like the standard “jar test” procedure, which is also recommended to asses arsenic 

removal options (AWWA 2010, 2011, Stuetz and Association 2009). Several raw water 

parameters should be considered when selecting the chemical coagulant to be used, such as 

total organic carbon concentration and characteristics, colour, turbidity, alkalinity, pH and water 

temperature (AWWA 2009). 

As discussed by Jiang and Graham (1996), Fe(III) based coagulants remove dissolved organic 

matter (DOM) more efficiently at pH 5 or lower in a model coloured water. Furthermore, even 

lower doses are required for pre-polymerised coagulants, such as polyferric sulphate (PFS) and 

polyaluminium chloride (PAC), when compared to the use of aluminium sulphate (AS) and ferric 

sulphate (FS), hence reducing up to 22.4% the volume of sludge produced, as well as reducing 

the concentration of residual Al and Fe. Table 2 shows the DOC removal efficiency variance in a 

model coloured treated water using four distinct coagulants at pH 5 and pH 6. Comparatively, 

Qin et al. (2006) selected the optimum Al dosages and pH through a set of jar tests using raw 

water from a Singaporean reservoir. In their study, the maximum DOC and TOC removal was 

attained at pH 5.2 ± 0.1 and alum dosage concentration of 5 mg l-1 as Al. Consistently, a NOM 

removal mechanism of charge neutralisation with increasing pH translated in an up-and-down 

trend was observed. 
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Table 2 DOC percentage removals of the treated water after coagulation 

Al Dose 

mM 

AS PAC Fe Dose 

mM 

FS PFS 

pH 5 pH 6 pH 5 pH 6 pH 5 pH 6 pH 5 pH 6 

0 0.0 0.0 0.0 0.0 0 0.0 0.0 0.0 0.0 

0.05 19.5 19.5 31.0 31.0 0.05 27.6 17.2 28.7 19.5 

0.1 42.5 41.4 54.0 55.2 0.1 48.3 39.1 52.9 48.3 

0.15 63.2 56.3 65.5 66.7 0.15 55.2 56.3 70.1 66.7 

0.2 65.5 64.4 74.7 75.9 0.2 65.5 65.5 75.9 74.7 

0.25 71.3 66.7 75.9 78.2 0.25 77.0 77.0 82.8 82.8 

0.3 75.9 74.7 77.0 79.3 - - - - - 

Source: Adapted from Jiang and Graham (1996) 

Alternatively, the electrolytic oxidation of a convenient anode material, for instance iron or 

aluminium, generates an active coagulant agent in situ, namely Fe3+ (or Fe2+) or Al3+, which 

produces porous microflocs faster (shorter flocculation times) than typical chemical coagulation 

and does not demand pH correction at low initial pH values (Harif et al. 2012). Also, 

electrochemical advanced oxidation processes (AOP), such as sonoelectrolysis, 

photoelectrolysis, fenon-based processes and anodic oxidation, operates the destruction of 

organic pollutants up to their mineralisation by oxidizing agents, e.g. hydroxyl radicals (Sirés et 

al. 2014). 

2.1.4 Flocculation 

Once microflocs are created during coagulation, the continuing mixing and turbulence triggers 

collisions between these particles, generating flocs that grow in size and agglomerate to some 

desired extent (Hendricks 2010). The turbulence intensity is provided by specific velocity 

gradients commonly obtained through the use of horizontal shaft with paddles, vertical shaft 

turbines or hydraulic flocculation. In conventional DWTPs that include sedimentation, the use 

of horizontal shaft paddles dominates, whereas in DWTPs that adopt direct filtration, vertical 

turbines and hydraulic flocculation are usually employed. The mechanism of particulate 

aggregation can be divided in microscale (perikinetic) flocculation, when collisions between 

small particles (< 0.1 µm) are induced by Brownian motion, as first proposed by Smoluchowski 

(1917) forming microflocs ranging from 1 to 100 µm; and macroscale (orthokinetic) flocculation, 

when the gentle mixing of water brings about collisions between larger particles (> 1 µm), in 

order to reach a steady-state floc size distribution, in other words, an equal formation and 

breakup of floc particles (Crittenden et al. 2012). Floc breakage can be linear, if catalysed by 
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turbulent shear, or nonlinear, on account of collisions between aggregates. Li et al. (2016a) have 

estimated shear breakage by developing Taylor-expansion moments technique, considering 

three-body collisions to investigate and use functions of fragment distribution. Still, according 

with a Yuan and Farnood (2010) recent study, the hydrodynamic shear stress for floc breakage 

decreases with the floc size. In order to form stronger flocs, flocculant aids, such as 

aluminosilicate and activated silica, are added when the particles are already destabilised after 

coagulation (Crittenden et al. 2012, Howe et al. 2012). 

Collision frequency functions, for calculation purposes, are branched into a long-range force 

model and a short-range force model. The first model includes collisions by Brownian motion, 

differential sedimentation and fluid shear. The second model entails electric double layer 

attraction or repulsion, van der Walls attraction and hydrodynamic effects. Classic flocculation 

models, e.g. that developed by Vold (1963), assume that flocs have a spherical shape and that 

their volumes remain the same throughout the process. However, flocs incorporate water 

between the particles, obviously increasing their volumes. These models disregard the water 

flow through the floc particles, therefore underestimating the flocculation rate. Another model 

was then invented by Jiang and Logan (1991) to overcome this simplification error, considering 

that the flocs composed of small particles change into a snowflake-like structure, or a fractal 

shape (Benjamin and Lawler 2013). Moreover, Yang et al. (2013) combined the fractal theory 

with modified Smoluchowski equations to devise a new method to study flocculation kinetics. 

Mineralization of about 80% of NOM and degradation of all humic substances enduring in the 

treated water is possible thanks to coupling supported photocatalysis processes (TiO2-P25/β-SiC 

material) with coagulation-flocculation, succeeding 220 min of UV–vis irradiation. Despite not 

removing the hydrophilic fraction of humic acids (HA), photocatalysis can substantially inactivate 

parasites, viruses and bacteria (Ayekoe et al. 2017). 

2.1.5 Sedimentation 

Since the solid fraction is separated from the liquid, drag, buoyancy and gravity interact with the 

particles eventually resulting in a terminal settling velocity (sedimentation) or a terminal rise 

velocity (flotation), both inversely proportional to the fluid viscosity, and proportional to the 

difference between liquid and solid density, as found by Stokes more than a hundred and sixty 

years ago (Benjamin and Lawler 2013). Katz et al. (1962) categorised four types of suspensions, 

in accordance with their settling behaviour. Type I suspension is discrete, its particles do not 

flocculate and do not affect one another due to low concentration. Type II particles flocculate, 

increasing their settling velocity as they aggregate and form bigger particles. In hindered settling 

(Type III), the particles concentration is high, at times presenting a well-defined interface 



25 
 

formation between a blanket of particles and a cleaner liquid above it, also known as zone 

settling. In Type IV sedimentation the same phenomenon occurs, however, water is squeezed 

out in a compression-like system, after the blanket of flocs collapses owing to water 

incorporation and weight gain. 

Even though flotation is preferable when the water supply contains natural organic matter, low 

mineral turbidity and is dominated by algal cells, presently most DWTPs use continuous flow 

sedimentation tanks as gravity separation units after flocculation (Benjamin and Lawler 2013, 

Edzwald 2010). These tanks can either have vertical flow in the upward direction, that is, from 

the bottom to the top, or horizontal flow, with rectangular or circular shape, not allowing any 

vertical mixing (Stephenson and Stuetz 2009). Nevertheless, tube settlers have been used lately 

as an alternative that has greater removal efficiency and critical settling velocity smaller than 

the overflow rate, which contrasts with vertical and horizontal reactors wherein the overflow 

rate is the critical settling velocity. The amount of the influent particle mass concentration that 

does not leave the reactor with the effluent clarified water is the measure of the reactor’s 

removal efficiency, which relies on suspension type and reactor features. Often, mixing in the 

vertical dimension and velocity variation through the tank profile leads to formation of fewer 

large aggregates, thus, affecting directly the sedimentation performance (AWWA 2009). As 

simulated by Tarpagkou and Pantokratoras (2014), cost-effectiveness and efficiency of a 

rectangular sedimentation tank are boosted by raising its operative surface area for settlement 

through the installation of lamellar settlers (a system of inclined parallel plates). 

2.1.6 Flotation 

As another option for gravity separation and solid removal, flotation turns out to be suitable 

especially when the flocs density is larger than water only to a slight extent and when high 

concentration of algae, Cryptosporidium oocysts and Giardia cysts are to be removed (AWWA 

2009, Edzwald 2010). Even though diffusers can be used to introduce air bubbles into the water, 

a much more popular process for originating such bubbles is called dissolved air flotation (DAF). 

This process consists of dissolving large amounts of air in part of the water at high pressure, thus 

supersaturating it with air, then mixing it with the other part of the flocculated water at normal 

atmospheric conditions, so inducing it to form bubbles once the solubility of the mix is reduced 

by the sudden pressure reduction in the system. These bubbles attach to the flocs, decreasing 

its density to a certain level where the flocs rise, float and can be removed on the surface 

(Benjamin and Lawler 2013, Crittenden et al. 2012). 

Lakghomi et al. (2015) suggested that DAF efficiency increases up to a certain point with flow 

stratification due to air fraction augmentation, however, it decreases beyond that point. Also, 
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bubble removal can be optimised in the separation zone by supplementing the air fraction, 

forming larger bubbles and creating horizontal flow patterns (Lakghomi et al. 2012). 

Furthermore, pH and hydraulic detention time variations may influence DAF overall efficiency 

as pointed out by Moruzzi and Reali (2010). Through floc size distribution alteration or recycle 

ratio increment, the adequate quantity of bubbles for algal biomass harvesting can be attained 

(Zhang et al. 2014). 

2.1.7 Filtration 

Traditional DWTPs utilize a filtration mode following sedimentation or flotation, obtaining, in 

effect, a lower effluent concentration of suspension as the filter media removes aggregated 

particles (Hendricks 2010). In this way, providing that the remaining effluent particles are well 

destabilized, deep bed filtration is likely to produce high volumes of exceptional clarified water 

quality for a long time before the formation of a notable cake layer and the need for filter media 

cleaning through backwashing (Benjamin and Lawler 2013, Crittenden et al. 2012). Still, particle 

removal occurs preferably through diffusion, sedimentation, interception and attachment to the 

media grains, instead of by straining, in order to retard clogging and head loss over the time, 

and enhance each filter run performance (AWWA 2009, Crittenden et al. 2012). 

Contrasting with deep-bed monomedia anthracite filters, deep-bed dual media filters may be 

suitable for variable water supplies, in other words for not quite predictable and constant raw-

water quality, and when long filter runs and robust designs are desired (Crittenden et al. 2012). 

Sabiri et al. (2016) investigated microalgae removal on a coal-sand dual-media filter for two 

filtration velocities (5 and 10 m/h), concluding that it performs better at the lowest filtration 

rate if the purpose is not to submit the final filtrate to ultrafiltration afterwards. According to 

Slavik et al. (2013), as long as there is no mud balls formation (Logsdon 2011), a backwash mode 

efficiency does not necessarily increase with the amount of resources implemented, instead, its 

productivity is almost the same in a backwash process with or without an air/water flush 

supplementing fluidisation and air scouring. 

2.1.8 Activated carbon 

As another solution for improving water quality, activated carbon provides a large surface area 

for adsorption of DOM (in special low- and medium- molecular-weight hydrophobic 

compounds), micropollutants, microcystin (MC) toxins, pharmaceutical compounds, taste-and-

odour compounds (i.e. geosmin and MIB), and pesticides (Çeçen and Aktas 2011, Chowdhury 

2013). Powdered activated carbon can be applied in the dry form or as a slurry in several points 

of the DWTP train, but is commonly dosed before the coagulation rapid-mix stage, operating a 
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steady-state process that adsorbs dissolved compounds while in suspension in the water 

(Altmann et al. 2015b) until it reaches adsorption capacity exhaustion, settles down and is 

removed with other solids during gravity separation and/or filtration. Its adsorption capacity is 

generally not exhausted before powdered activated carbon accumulates in the filter bed, thus 

contributing to organic micropollutant (OMP) compounds removal even when settled (Altmann 

et al. 2015a). 

Granular activated carbon (GAC) is usually applied as media in the filter bed, but can also be a 

post-filter contactor, removing pollutants in a nonsteady-state process up to when all 

adsorption sites become occupied and the GAC has to be replaced or reactivated (Altmann et 

al. 2015b, Chowdhury 2013). Even though similar OMP removal levels can be achieved by the 

direct addition of powdered activated carbon to deep-bed filtration and application of GAC as 

filter medium, the latter is considered a more relevant option for reducing biological OMP 

(Altmann et al. 2016). In theory GAC provides higher contact time than powdered activated 

carbon and tends to be more effective, as carbon reaches equilibrium condition at high hydraulic 

residence times (Çeçen and Aktas 2011). 

GAC filters are slowly combining the virtue of biodegradation and adsorption as biofilm bacteria 

attached to activated carbon is biodegrading organic matter, converting into biological active 

carbon (BAC) filters. BAC filters are usually preceded by ozonation in order to enable the 

biological removal of nonbiodegradable compounds through oxidation, however negatively 

affecting filter operation for reducing NOM adsorbability (Çeçen and Aktas 2011). In general, 

more complex biodegradable NOM is removed by BAC filters, thus significantly improving the 

biological stability of the water (Hijnen et al. 2014). A comparison done by Han et al. (2013) 

showed that because of its stronger biodegradation ability, up-flow BAC filters can remove 6.4% 

more DOC and 10% more NOM than down-flow BAC filters. Inorganic pollutants (i.e. 

perchlorate, nitrate and bromate) can also be eliminated in BAC filters, as long as DO 

concentration is controlled (Çeçen and Aktas 2011). 

2.1.9 Ion exchange 

Following similar principles to adsorption, ion exchange mechanisms use solid material that are 

able to treat drinking water regarding to specific inorganic compounds removal, 

demineralization and softening, providing internal charged sites that attract cations and anions 

by electrostatic forces. This solid substance that act as ion exchanger can be either spherical, 

e.g. synthetic resins; granular, e.g. greensands, synthetic zeolites, clinoptilolite, vermiculite; or 

activated alumina (Hendricks 2010). As the ion solution passes through a base anion ion 
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exchanger or an acid cation exchanger, anions and cations are adsorbed and substituted by OH- 

and H+, respectively, which forms water eventually (Benjamin and Lawler 2013). 

As discussed by Jorgensen and Weatherley (2003), ion exchange has the ability to function over 

a wide temperature range as well as to cope with loading fluctuation, being considered a good 

option for ammonium removal, which, interestingly, is enhanced by the presence of organic 

pollutants. In fact, Malekian et al. (2011) and Alshameri et al. (2014) recommend natural zeolite 

for NH4
+ ion removal. Kurama et al. (2010) was successful in removing ammonium ions by 

treating aqueous solution through DAF loaded with natural zeolite. Nitrate selective anion 

exchange resin is also effective for nitrate removal from ground water, and its efficiency seems 

to increase with resin dose (Samatya et al. 2006). Recently, Bergquist et al. (2016) evaluated a 

hybrid ion exchange-catalyst treatment system for nitrate removal, reducing up to 80% of waste 

brine volumes and salt costs, thus addressing downsides of traditional ion exchange systems. 

For NOM removal, according to Bolto et al. (2002) the most efficient resin type is the anion 

exchanger of high water content and open structure, although Apell and Boyer (2010) used a 

combined anion and cation exchange resins in a single vessel to remove 70% of DOM and >55% 

of hardness, and Comstock and Boyer (2014) achieved 83% DOC and 86% total hardness removal 

by coupling conventional cation exchange resin with magnetically enhanced anion exchange 

resin in a single reactor. Furthermore, polyacrylic MIEX resin has the potential to reduce bromide 

concentrations and, at the same time extract high quantities of DOM (Hsu and Singer 2010). 

Harmful and toxic transition metals, e.g. copper, zinc, manganese, nickel can be efficiently 

removed by chelating aminophosphonate and sodium titanate resin, whereas strong acid cation 

exchangers uptake iron, arsenic, calcium, magnesium, but release sodium in the drinking water 

(Vaaramaa and Lehto 2003). More than 98% of mercury can be removed through an ion 

exchange membrane bioreactor combining a cation exchange membrane with Hg(II) to Hg0 

bioreduction (Oehmen et al. 2014). 

2.1.10 Membrane process 

Among all drinking water treatment options available, membranes are considered the most 

adaptable and well-engineered for being able to reject pollutants of any desirable size and to 

offer a perfect blockade to contaminants (Benjamin and Lawler 2013). Microfiltration (MF) and 

ultrafiltration (UF) are characterised as porous, the first being capable of retaining particles, 

sediment, bacteria, protozoa, HAB, whereas the latter has the same ability, also blocking small 

colloids and viruses. Nanofiltration (NF) is said to be porous and dense concurrently, and resists 

the same contaminants as micro and ultrafiltration, plus DOM and divalent ions, i.e. Mg2+, Ca2+. 

Reverse osmosis (RO), in turn, is dense, nonporous, and has the capacity to set aside monovalent 
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ions, like Cl- and Na+, HAB toxins, besides what ultrafiltration does (Benjamin and Lawler 2013, 

Crittenden et al. 2012, Walker 2014). 

Dissolved organic and inorganic species are able to be removed through MF and UF only when 

in a particulate form, which is attainable with an appropriate pre-treatment method, such as 

magnetic ion exchange, GAC, powdered activated carbon, coagulation or BAF preceded by 

ozonation, however, special attention to avoid membrane fouling should be paid in this case 

(AWWA 2016, Delphos et al. 2016). Still according to AWWA (2016), Delphos et al. (2016), up to 

83% of DOC removal can be attained with the addition of ferric or alum coagulants before low 

pressure membrane filtration processes, as well as up to 80% and 75% of DOC removal due to 

powdered activated carbon and iron oxide addition, respectively. Similarly, powdered activated 

carbon dosing assists removing colour, although a high quantity of the material is required (Clair 

et al. 1997).  Also, MF and UF are quite efficient for heavy metal ions removal (Fu and Wang 

2011), and when coupled with coagulation/flocculation arsenic can be removed (AWWA 2016, 

Delphos et al. 2016, Figoli et al. 2016). Electromembrane processes, in the same way, are able 

to extract trace toxic metals from water (Figoli et al. 2016). Manganese and iron precipitate is 

retained by membrane filters as long as these species have been previously oxidised in the DWTP 

(AWWA 2016). Recently, these low pressure membrane systems are substituting traditional pre-

treatment methods in the treatment train as a means to prepare the water for NF and RO, 

enhancing its efficiency and reducing membrane fouling (Singh 2014). 

NF membranes are able to reduce dissolved fluoride and uranium from water to a concentration 

lower than that recommended in international drinking water quality guidelines (Figoli et al. 

2016), besides removing particulate pollutants, hydrophilic organic compounds and hardness 

(Alturki et al. 2010, Basile et al. 2015). Nonetheless, RO seems to be even more efficient than NF 

in obstructing arsenic, fluoride and uranium transit through the membrane (Figoli et al. 2016). 

Despite the enormous amount of work done around the world on RO technology, most of it is 

merely focused on improving efficiency of polyamide membranes, rather than developing 

research on novel cutting edge technologies (Shenvi et al. 2015). Existing membrane materials 

range from biologically inspired, e.g. block copolymer vertically aligned nanotube; 

nanocomposite membranes, chiefly mixed-matrix, which reportedly outperform the most 

advanced polymers; zeolitic ceramic membranes; and catalytic membranes (Figoli et al. 2016, 

Pendergast and Hoek 2011). 

Flux improvement is obtained when fouled polyamide thin film composite (TFC) RO membrane 

with poor performance is exposed to chlorine (Raval et al. 2010). As developed by Ni et al. 

(2014), coating TFC membranes with a hydrophilic polymeric material results in enhanced 

chlorine and fouling resistance, as well as antimicrobial properties. Similar benefits are obtained 
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with graphene oxide embedded TFC membrane, as demonstrated by Chae et al. (2015), besides 

neutral hydrophilic polymer polyvinyl alcohol on TFC membrane’s surface, as reported by Liu et 

al. (2015), polysiloxane system modified RO membrane using hydrophilic epoxy compound, as 

investigated by Jee et al. (2016), and zwitterionic polymer modified aromatic polyamide RO 

membrane as shown by Wang et al. (2015a). Coating RO membranes with quaternary 

ammonium (QA) functionalized polymer seems to form a biocidal layer that promotes an 

antimicrobial propriety and reduces biofouling (Hibbs et al. 2016). Organic fouling is also shown 

to be reduced through plasma polymerization to deposit triglyme on RO membranes’ surface 

(Zou et al. 2011). Zhang et al. (2016b) found that combining ozonation, ceramic MF membrane 

and BAC as pre-treatment prevents RO membrane from organic fouling too. 

2.1.11 Disinfection 

The final step in the DWTP system is the removal of pathogenic organisms through the use of 

oxidant and disinfectant chemicals, usually either chlorine, chloramines, chlorine dioxide or 

ozone, which efficiently inactivate viruses and bacteria, but do not work quite well with 

protozoa, namely Giardia and Cryptosporidium (Bolton and Cotton 2011). The decision on the 

most appropriate disinfection option can be made in accordance with the five steps described 

by Pizzi (2008). Chlorine, generally used as hypochlorite solution or gas, seems to make 

microorganisms’ cells lose nucleic acid and proteins, and by penetrating the DNA it causes 

damage and inactivates it, providing that turbidity is at very low levels (AWWA 2006, Bitton 

2014, Shang and Blatchley 2001).  Advanced oxidation processes (AOPs), e.g. H2O2/UV, TiO2/UV 

and N-TiO2/UV, are an alternative to chlorination for inactivating Escherichia coli (E. coli) 

bacterial indicator in surface waters, as compared by Miranda et al. (2016) in a study that has 

concluded that despite chlorination achieving total inactivation of E. coli faster than AOPs, 

H2O2/UV and TiO2/UV can have the same effect on the pathogen taking around 18 and 24 times 

longer, respectively. 

The reaction of ammonia already naturally present or added to the water with chlorine forms 

chloramines, which, in spite of not being as powerful as chlorine in disinfecting, its residual 

concentration in the reticulation system lasts longer than free chlorine. For this reason 

monochloramine (the more effective chloramine species and the one that causes less taste and 

odour in the drinking water) is preferably used as secondary disinfectant (Benjamin and Lawler 

2013, Mangione and Carlyle 2012). Moradi et al. (2017) developed a model to estimate 

chloramine demand for DWTP disinfection taking into account the impact of microbiological 

decay on monochloramine and the average DOC absorptivity at 254 nm. Chlorine dioxide, on 

the other hand, has strong oxidising properties, but is likely to generate chlorite, a compound 
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that poses risks to public health. However, chlorite is efficiently removed by GAC, in special 

activated carbons from a mineral source, e.g. anthracite, rather than deriving from a vegetal, 

e.g. coconut (Buchanan 2011). 

Ozone can also be applied in the disinfection process, modifying viral capsid proteins, disrupting 

enzymatic activity and degrading bacterial membrane, thus inactivating at a faster rate than 

other disinfecting agents (Benjamin and Lawler 2013). Several HAB toxins are also destroyed 

during ozonation, even more efficiently than through other AOPs, such as permanganate, 

chlorine and hydrogen peroxide (Walker 2014). Gümüş and Akbal (2017) compared HA removal 

efficiency of ozonation alone and of catalytic ozonation processes using GAC and iron coated 

zeolite (ICZ), coming to conclude that the latter was more efficient in removing DOC and the 

aromatic structures and double bonds of HA. Furthermore, multiple combinations of DWTP 

process trains deploying ozonation are possible, including pre-ozonation before pH adjustment 

and rapid filtration, with subsequent intermediate ozonation and BAC or GAC filtration (von 

Sonntag and von Gunten 2012).  Low doses of ozone applied into an UF membrane reactor 

preceded by coagulation seems to reduce membrane fouling and, interestingly, change the 

nature of DOM turning it into a low molecular weight (LMW), more hydrophilic fraction (Yu et 

al. 2016). 

UV light disinfects drinking water by photochemically disrupting microorganisms’ DNA and RNA, 

and stopping its reproduction. In order to ensure its high performance it is important that the 

UV reactor is fed with low turbidity water (less than 5 ntu) and that enough UV dose (fluence) is 

provided to all the microorganisms flowing through it, which can be accomplished with an ideal 

radial mixing and a narrow UV dose distribution (Bolton and Cotton 2011). Li et al. (2017) 

investigation shows that UV transmittance (UVT) and lamp power move the fluence range 

upwards, thus contributing to microbial inactivation. Even though performance of UV LEDs 

emitting UV-C irradiation is not yet sufficient for practical use, its maturation is a topic of a 

number of research projects (Beck et al. 2017, Lui et al. 2014, Lui et al. 2016, Zhou et al. 2017). 

A certain concentration of disinfectant residual (i.e. free chlorine or monochloramine) still needs 

to be present after UV light or ozone disinfection, depending on the local water guidelines, in 

order to prevent the potential for microbial biofilm regrowth in the water distribution system 

(van der Kooij and van der Wielen 2013). 

However, in certain circumstances, the combination of raw water characteristics, low treatment 

efficiency and type of chemicals used in final disinfection ends up producing drinking water 

which potentially contains carcinogenic substances known as disinfection by-products (DBPs) 

(Mohseni et al. 2017, Tubić et al. 2013). In particular, DBPs may also be formed in the water 
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distribution systems in post-treatment reactions, such as of chlorine with DOM residual (Aslam 

et al. 2013). 

 DBPs problematic 

2.2.1 Introduction 

Among over 600 different halogenated DBPs already characterized (Hrudey 2009), the ones of 

major concern are trihalomethanes (THM), haloacetic acids (HAA), chloral hydrates (CH) and 

haloketones (HK) due to their genotoxicity and carcinogenicity properties (Krasner et al. 2006, 

Richardson et al. 2007a, Woo et al. 2002). This number may be impressive, but it represents only 

about 50% of the Total Organic Halides (i.e. TOX) pool produced in chlorinated drinking water 

(Barceló 2012, Hrudey and Charrois 2012). More recently, studies have found that dissolved 

organic nitrogen (DON) present in source waters acts as a nitrogenous DBPs (N-DBPs) precursor, 

since nitrosamines (NDMA) are considered potentially even more carcinogenic and toxic than 

THMs and HAAs (Hrudey and Charrois 2012), albeit Chu et al. (2016) affirm that DON is not a 

sound surrogate for N-DBPs formation during chloramination. Interestingly, each DBP is 

potentially formed by the reaction of specific fractions of the DOM, bromide and iodide content 

present in the water with the disinfectant (chlorine, ozone, chlorine dioxide, or chloramines) 

chosen to be applied in disinfection (Marais et al. 2016, Postigo et al. 2016, Tubić et al. 2013). 

For example, it is known that LMW DOM (<1 Ka) is the main precursor for THM formation, 

providing that chlorine is used as disinfecting agent (Yang et al. 2016). It is also known that 

chlorination potentially forms more carbonaceous DBPs (C-DBPs) and N-DBPs than 

chloramination (Zhang et al. 2016a). Health risk studies have validated associations between 

chlorination disinfection by-products (CxDBPs) and urinary bladder cancer (Hrudey et al. 2015). 

Several studies have evaluated the cytotoxicity and genotoxicity of both a range of other DBPs 

and regulated THMs. It is shown that the four regulated THMs are invariably among the least 

cytotoxic/genotoxic DBPs, usually by many orders of magnitude (Huang et al. 2017). A 

comprehensive summary of research on genotoxicity and cytotoxicity of almost all DBPs studied 

to date was reported by (Richardson et al. 2007b) and expressed DBP toxicity by DBP class, 

including THMs, in decreasing order as halonitromethanes > haloacetamides > haloacetonitriles 

> haloacetic acids > halomethanes. 

Knowledge of DBPs formation pathways, however, turns out to be a difficult task since humic 

substances present in the source water are likely to be highly degraded compounds that differ 

from each other forming a soup of diverse molecules extremely hard to characterise individually 

(Hrudey and Charrois 2012). Furthermore, as previous research on DBPs formation have mainly 
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discovered volatile and semivolatile by-products, it is expected that the other half of TOX is 

composed of highly polar, HMW DBPs yet to be accounted for (Barceló 2012). Removal of certain 

fractions of DOM is thus of paramount importance and its maximum efficiency is performed at 

the optimum pH for that given coagulant in conventional DWTPs (van Leeuwen et al. 2005). 

Latterly, formation mechanisms of Br-DBPs, Cl-DBPs and I-DBPs, and concentration prediction 

of total organic bromine (TOBr), total organic iodine (TOI) and total organic chlorine (TOCl) 

during chlorination and chloramination could be revealed by Zhu and Zhang (2016) through the 

development of two kinetic models incorporating a series of chemical reactions. In this way, the 

investigation and monitoring of different fractions of DOM in the raw water allows the DWTP 

operators to decide on the ideal pH, amount and type of chemicals to be handled in order to 

minimise important precursors and avoid formation of DBPs in the final drinking water (Chow et 

al. 2009, Kastl et al. 2004). 

In drinking water distribution systems, despite the potential of residual chlorine to react with 

remaining DOM producing DBPs, the same DBPs and DOM are bound to be reduced by the 

interaction with pipe corrosion products, zero-valent iron (Fe(0)) and bacteria in biofilms, i.e. 

Methylobacterium and Afipia (Abokifa et al. 2016, Lee et al. 2007, Wang et al. 2017a). DBPs can 

also be controlled via household water treatment methods, being the bubbling effect in the 

heating process and filters with a granular activated carbon core and an outer ceramic shell the 

most effective ones (Ma et al. 2017, Stalter et al. 2016). 

2.2.2 Chlorination DBPs 

Chlorination of water containing amino acids originates stable N-DBPs, and as amino acids are 

diffuse in the drinking water there is a concern about the existence of related N-DBPs in high 

levels other than phenylacetonitrile. This was demonstrated by Ma et al. (2016) when promoting 

the reaction of chlorine and phenylalanine in the laboratory. Additionally, algal organic matter 

(AOM) from diatomaceous algae is likely to be precursor for N-DBPs when chlorination is used 

as final disinfection step in DWTPs, to the same extent that AOM from green algae and 

cyanobacterial species potentially form C-DBPs. For being naturally hydrophilic, AOM is difficult 

to remove through traditional DWTP train (AWWA 1979, Goslan et al. 2017, Jiang and Graham 

1996, Qin et al. 2006). According to Zong et al. (2015), control of microcystin-associated 

disinfection by-products (MC-DBPs) generation is practicable thanks to limiting chlorine contact 

time with the MC contaminated water. 

Similar findings were obtained by Doederer et al. (2014) when comparing the influence of pH, 

reaction time and temperature in the formation of DBPs. Excepting dibromoacetonitrile and 

bromine-containing THMs for which pH changes had stronger effect, contact time with chlorine, 
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more than anything, exerted the major influence in most DBPs generation. Nonetheless, as 

presented by Hong et al. (2016), haloacetonitriles (HANs) and THMs formation can be pondered 

quite reliably by regression models and is strongly influenced by bromide concentration and 

DOM level, as well as chlorine contact time in the case of THMs formation. Recently, the 

discovery of high levels of new phenolic structured DBPs present in East China’s drinking water, 

formed from the reaction of chlorine with gallic acid, has raised the need for further studies 

regarding its toxicity and consequences on humans’ health (Pan et al. 2017). Table 3 summarises 

the main chlorination DBPs and its molecular formula, weight and health guideline value when 

applicable. 

Table 3 Chlorination DBPs, molecular formula, molecular weight and health guideline value 

DBP Molecular formula 
Molecular 

weight 
(g/mol) 

Guideline value 
(µg/L) 

Trihalomethanes (THMs)   250b (total) 

Trichloromethane (Chloroform) CHCl3 119.38 300a 

Bromodichloromethane CHBrCl2 163.82 60a 

Chlorodibromomethane CHBr2Cl 208.28 100a 

Tribromomethane (Bromoform) CHBr3 252.73 100a 

Haloacetic acids (HAAs)    

Chloroacetic acid (MCAA) C2H3ClO2 94.49 20a – 150b 

Dichloroacetic acid (DCAA) C2H2Cl2O2 128.94 50a – 100b 

Trichloroacetic acid (TCAA) C2HCl3O2 163.38 200a – 100b 

Bromoacetic acid (MBAA) C2H3BrO2 138.95  

Dibromoacetic acid (DBAA) C2H2Br2O2 217.84  

Tribromoacetic acid (TBAA) C2HBr3O2 296.74  

Bromochloroacetic acid (BCAA) C2H2BrClO2 173.39  

Bromodichloroacetic acid (BDCAA) C2HBrCl2O2 207.84  

Chlorodibromoacetic acid (CDBAA) C2HBr2ClO2 252.29  

Haloacetonitriles (HANs)    

Chloroacetonitrile C2H2ClN 75.49  

Bromoacetonitrile C2H2BrN 119.95  

Dichloroacetonitrile C2HCl2N 109.94 20a 

Dibromoacetonitrile C2HBr2N 198.85 70a 

Bromochloroacetonitrile C2HBrClN 154.39  
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DBP Molecular formula 
Molecular 

weight 
(g/mol) 

Guideline value 
(µg/L) 

Bromodichloroacetonitrile C2BrCl2N 188.83  

Dibromochloroacetonitrile C2Br2ClN 233.29  

Tribromoacetonitrile C2Br3N 277.74  

Trichloroacetonitrile C2Cl3N 144.38  

Haloketones (HKs)    

Chloroacetone C3H5ClO 92.52  

1,1-Dichloroacetone C3H4Cl2O 126.97  

1,3-Dichloroacetone C3H4Cl2O 126.97  

1,1-Dibromoacetone C3H4Br2O 215.87  

1,1,1-Trichloroacetone C3H3Cl3O 161.41  

1,1,3-Trichloroacetone C3H3Cl3O 161.41  

1-Bromo-1,1-dichloroacetone C3H3BrCl2O 205.86  

1,1,1-Tribromoacetone C3H3Br3O 294.77  

1,1,3- Tribromoacetone C3H3Br3O 294.76  

1,1,3,3-Tetrachloroacetone C3H2Cl4O 195.85  

1,1,1,3-Tetrachloroacetone C3H2Cl4O 195.85  

1,1,3,3-Tetrabromoacetone C3H2Br4O 373.66  

Halonitromethanes (HNMs)    

Chloronitromethane CH2ClNO2 95.48  

Bromonitromethane CH2BrNO2 139.94  

Dichloronitromethane CHCl2NO2 129.92  

Dibromonitromethane CHBr2NO2 218.83  

Bromochloronitromethane CHBrClNO2 174.38  

Bromodichloronitromethane CBrCl2NO2 208.82  

Dibromochloronitromethane CBr2ClNO2 253.27  

Tribromonitromethane 
(bromopicrin) 

CBr3NO2 297.73  

Trichloronitromethane 
(chloropicrin) 

CCl3NO2 164.37  

Haloacetamides (HAMs)    

Chloroacetamide C2H4ClNO 93.51  

Bromoacetamide C2H4BrNO 137.96  
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DBP Molecular formula 
Molecular 

weight 
(g/mol) 

Guideline value 
(µg/L) 

Dichloroacetamide C2H3Cl2NO 127.95  

Dibromoacetamide C2H3Br2NO 216.86  

Bromoiodoacetamide C2H3BrINO 263.86  

Trichloroacetamide C2H2Cl3NO 162.39  

Haloacetaldehydes (HALs)    

Chloroacetaldehyde C2H3ClO 78.49  

Dichloroacetaldehyde C2H2Cl2O 112.94  

Dibromoacetaldehyde C2H2Br2O 201.84  

Bromochloroacetaldehyde C2H2BrClO 157.39  

Trichloroacetaldehyde (chloral 
hydrate) 

C2HCl3O 147.38 20b 

Bromodichloroacetaldehyde C2HBrCl2O 191.83  

Tribromoacetaldehyde C2HBr3O 280.74  

Cyanogen halides (CNX)    

Cyanogen chloride CClN 61.47 80b 

Cyanogen bromide CBrN 105.92  

N-Nitrosamines    

N-Nitrosodimethylamine (NDMA) C2H6N2O 74.08 0.1a – 0.1b 

N-Nitrosodiethylamine (NDEA) C4H10N2O 102.14  

N-Nitroso-n-propylamine (NDPA) C6H14N2O 130.19  

N-Nitrosoethylmethylamine 
(NEMA) 

C3H8N2O 88.11  

N-Nitrosodi-n-butylamine (NDBA) C8H18N2O 158.25  

N-Nitrosopiperidine (NPIP) C5H10N2O 114.15  

N-Nitrosopyrrolidine (NPYR) C4H8N2O 100.12  

N-Nitrosomorpholine (NMOR) C4H8N2O2 116.12  

N-Nitrosodiphenylamine (NDPhA) C12H10N2O 198.23  

Halogenated furanones (MX 
compounds) 

   

3-Chloro-4-(dichloromethyl)-5-
hydroxy-2(5H)-furanone (MX) 

C5H3Cl3O3 217.43  

3-Chloro-4-(dichloromethyl)-2(5H)-
furanone (Red-MX) 

C5H2Cl3O2 200.43  
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DBP Molecular formula 
Molecular 

weight 
(g/mol) 

Guideline value 
(µg/L) 

(E)-2-Chloro-3-(dichloromethyl)-
butenedioic acid (Ox-MX) 

C5H3Cl3O4 233.43  

(E)-2-Chloro-3-(dichloromethyl)-4-
oxobutenoic acid (EMX) 

C5H3Cl3O3 217.43  

2,3-Dichloro-4-oxobutenoic acid 
(mucochloric acid) 

C4H2Cl2O3 168.96  

3-Chloro-4-(bromochloromethyl)-
5-hydroxy-2(5H)-furanone (BMX-1) 

C₅H₃BrCl₂O₃ 261.87  

3-Chloro-4-(dibromomethyl)-5-
hydoxy-2(5H)-furanone (BMX-2) 

C5H3Cl3O3 217.43  

3-Bromo-4-(dibromomethyl)-5-
hydroxy-2(5H)-furanone (BMX-3) 

C5H3Br3O3 350.79  

(E)-2-Chloro-3-
(bromochloromethyl)-4-

oxobutenoic acid (BEMX-1) 
C5H3BrCl2O3 261.87  

Chloro-3-(dibromomethyl)-4- 
oxobutenoic acid (BEMX-2) 

C5H3Br2ClO3 306.34  

(E)-2-Bromo-3-(dibromomethyl)-4-
oxobutenoic acid (BEMX-3) 

C5H3Br3O3 350.79  

Halobenzoquinones    

2,6-Dichloro-1,4-benzoquinone C6H2Cl2O2 176.98  

2,6-Dichloro-3-methyl-1,4-
benzoquinone 

C7H5Cl2O2 192.02  

2,3,6-Trichloro-1,4-benzoquinone C6H2Cl3O2 212.43  

2,6-Dibromo-1,4-benzoquinone C6H2Br2O2 265.88  

Source: Adapted from Richardson and Postigo (2012), Hrudey (2009), Hrudey and Charrois 
(2012), Barceló (2012), WHO (2011)a and NHMRC (2011)b 

2.2.3 Chloramination DBPs 

Monochloramine reactivity with NOM moieties is not quite significant when compared to 

chlorine, as shown by Heeb et al. (2017) making use of quantum chemical computations, 

transformation product analysis and kinetic experiments to understand the formation and 

further reactions of halamines, particularly monochloramine and bromamines from the reaction 

of bromine and chlorine with organic amines or ammonia in the water. Although the NDMA 

yields are higher during chloramination than ozonation, possibly because dimethylamine’s low 

reactivity with hydroxylamine, the reaction of organic amines, especially those containing the 

second nitrogen donor squarely connecting or close to the dimethylamine moiety, with ozone 
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forms bromamines, which can lead to the generation of NDMA in brominated 

dimethylsulfamide (DMS)-rich water (Heeb et al. 2017, Liu and Zhong 2017). From where Park 

et al. (2015) stands, NDMA formation can be prevented by not adding free chlorine in water 

containing ammonia and not using ozone as an oxidising and disinfection agent in DWTPs when 

cationic polymers, e.g. poly(epichlorohydrin dimethylamine) (polyamine) and 

poly(diallyldimethylammonium chloride) (polyDADMAC), are used as coagulants. Nevertheless, 

Hrudey and Charrois (2012) suggest that adding free chlorine prior to ammonia may reduce 

dichloramine formation and thus minimise N-nitrosamine production. Overall, an accurate 

contact time control with monochloramine certainly decreases THM formation (Sakai et al. 

2016). 

As a means to inhibit HANs and haloacetamides (HAcAms) formation, Huang et al. (2017) 

recommend the use of preformed monochloramine instead of in situ chloramination. 

Notwithstanding, Nihemaiti et al. (2017) and Le Roux et al. (2016) alert for the formation of 

halogenated nitrogenous heterocyclic compounds during monochloramination, and that N-

DBPs can be formed through inorganic nitrogen incorporation even from aromatic compounds 

without nitrogen. Likewise, non-nitrogenous LMW organic acids have the ability to react with 

chloramine to form N-DBPs (Chu et al. 2016). Liu et al. (2017) proposed potential pathways for 

the formation of I-DBPs during chloramination, coming to conclude that pyruvic acid, citric acid 

and L-aspartic acid were most propitious to produce I-DBPs, and that the reactive iodine species 

which contributed to its formation were mainly diiodine and hypoiodous acid. Similarly, Postigo 

et al. (2016) made use of gas chromatography (GC)-mass spectrometry (MS), high resolution 

accurate mass information and fragment rationalization technology to investigate and further 

characterise I-DBPs, eventually discovering a never-reported-before by-product species, 

iodoethene. Table 4 presents important chloramination DBPs and its corresponding molecular 

formula, weight and health guideline value if existent. 

Table 4 Chloramination DBPs, molecular formula, molecular weight and health guideline value 

DBP 
Molecular 
formula 

Molecular weight 
(g/mol) 

Guideline value 
(µg/L) 

Trihalomethanes (THMs)   250b (total) 

Trichloromethane (Chloroform) CHCl3 119.38 300a 

Bromodichloromethane CHBrCl2 163.82 60a 

Chlorodibromomethane CHBr2Cl 208.28 100a 

Tribromomethane (Bromoform) CHBr3 252.73 100a 

Iodinated    
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DBP 
Molecular 
formula 

Molecular weight 
(g/mol) 

Guideline value 
(µg/L) 

trihalomethanes (I-THMs) 

Dichloroiodomethane CHCl2I 210.82  

Bromochloroiodomethane CHBrClI 255.28  

Dibromoiodomethane CHBr2I 299.73  

Chlorodiiodomethane CHClI2 302.28  

Chloroiodomethane CH2ClI 176.38  

Bromodiiodomethane CHBrI2 346.73  

Triiodomethane (Iodoform) CHI3 393.73  

Haloacetic acids (HAAs)    

Chloroacetic acid (MCAA) C2H3ClO2 94.49 20a – 150b 

Dichloroacetic acid (DCAA) C2H2Cl2O2 128.94 50a – 100b 

Trichloroacetic acid (TCAA) C2HCl3O2 163.38 200a – 100b 

Bromoacetic acid (MBAA) C2H3BrO2 138.95  

Dibromoacetic acid (DBAA) C2H2Br2O2 217.84  

Tribromoacetic acid (TBAA) C2HBr3O2 296.74  

Bromochloroacetic acid (BCAA) C2H2BrClO2 173.39  

Bromodichloroacetic acid (BDCAA) C2HBrCl2O2 207.84  

Chlorodibromoacetic acid (CDBAA) C2HBr2ClO2 252.29  

Iodoacids    

Iodoacetic acid C2H3IO2 185.95  

Bromoiodoacetic acid C2H2BrIO2 264.84  

(Z)-3-Bromo-3-iodopropenoic acid C3H2BrIO2 276.86  

(E)-3-Bromo-3-iodopropenoic acid C3H2BrIO2 276.86  

(E)-2-Iodo-3-methylbutenedioic 
acid 

C5H5IO4 255.99 
 

Iodoacetic acid, ethyl ester C4H7IO2 214.00  

Haloacetonitriles (HANs)    

Chloroacetonitrile C2H2ClN 75.49  

Bromoacetonitrile C2H2BrN 119.95  

Dichloroacetonitrile C2HCl2N 109.94 20a 

Dibromoacetonitrile C2HBr2N 198.85 70a 

Bromochloroacetonitrile C2HBrClN 154.39  
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DBP 
Molecular 
formula 

Molecular weight 
(g/mol) 

Guideline value 
(µg/L) 

Bromodichloroacetonitrile C2BrCl2N 188.83  

Dibromochloroacetonitrile C2Br2ClN 233.29  

Tribromoacetonitrile C2Br3N 277.74  

Trichloroacetonitrile C2Cl3N 144.38  

Halonitromethanes (HNMs)    

Chloronitromethane CH2ClNO2 95.48  

Bromonitromethane CH2BrNO2 139.94  

Dichloronitromethane CHCl2NO2 129.92  

Dibromonitromethane CHBr2NO2 218.83  

Bromochloronitromethane CHBrClNO2 174.38  

Bromodichloronitromethane CBrCl2NO2 208.82  

Dibromochloronitromethane CBr2ClNO2 253.27  

Tribromonitromethane 
(bromopicrin) 

CBr3NO2 297.73 
 

Trichloronitromethane 
(chloropicrin) 

CCl3NO2 164.37 
 

Haloacetamides (HAMs)    

Chloroacetamide C2H4ClNO 93.51  

Bromoacetamide C2H4BrNO 137.96  

Dichloroacetamide C2H3Cl2NO 127.95  

Dibromoacetamide C2H3Br2NO 216.86  

Bromoiodoacetamide C2H3BrINO 263.86  

Trichloroacetamide C2H2Cl3NO 162.39  

Cyanogen halides (CNX)    

Cyanogen chloride CClN 61.47 80b 

Cyanogen bromide CBrN 105.92  

N-Nitrosamines    

N-Nitrosodimethylamine (NDMA) C2H6N2O 74.08 0.1a – 0.1b 

N-Nitrosodiethylamine (NDEA) C4H10N2O 102.14  

N-Nitroso-n-propylamine (NDPA) C6H14N2O 130.19  

N-Nitrosoethylmethylamine 
(NEMA) 

C3H8N2O 88.11 
 

N-Nitrosodi-n-butylamine (NDBA) C8H18N2O 158.25  
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DBP 
Molecular 
formula 

Molecular weight 
(g/mol) 

Guideline value 
(µg/L) 

N-Nitrosopiperidine (NPIP) C5H10N2O 114.15  

N-Nitrosopyrrolidine (NPYR) C4H8N2O 100.12  

N-Nitrosomorpholine (NMOR) C4H8N2O2 116.12  

N-Nitrosodiphenylamine (NDPhA) C12H10N2O 198.23  

Halobenzoquinones    

2,6-Dichloro-1,4-benzoquinone C6H2Cl2O2 176.98  

2,6-Dichloro-3-methyl-1,4-
benzoquinone 

C7H5Cl2O2 192.02 
 

2,3,6-Trichloro-1,4-benzoquinone C6H2Cl3O2 212.43  

2,6-Dibromo-1,4-benzoquinone C6H2Br2O2 265.88  

Source: Adapted from Richardson and Postigo (2012), Hrudey (2009), Hrudey and Charrois 
(2012), Barceló (2012), Postigo et al. (2016), WHO (2011)a and NHMRC (2011)b 

2.2.4 Chlorine dioxide DBPs 

Even though chlorine dioxide is not likely to form halogenated DBPs as a result of its reaction 

with NOM in the drinking water, the oxidation by-products that chlorine dioxide is able to 

produce are known for attacking young children and infants’ nervous systems. The addition of 

ClO2 for drinking water disinfection is known to generate chlorite and chlorate, albeit the control 

of its minimum dosages can maintain an acceptable level of the aforementioned by-products in 

the final water (Veschetti et al. 2005). Table 5 shows chlorine dioxide DBPs, molecular formulas, 

molecular weights and health guideline values. 

Table 5 Chlorine dioxide DBPs, molecular formula, molecular weight and health guideline value 

DBP Molecular formula Molecular weight 
(g/mol) 

Guideline values (µg/L) 

Oxyhalides    

Bromate BrO3
- 127.90 10a – 20b 

Chlorate ClO3
- 83.45 700a 

Chlorite ClO2
- 67.45 700a – 800b 

Source: Adapted from Richardson and Postigo (2012), Hrudey (2009), Hrudey and Charrois 
(2012), Barceló (2012), WHO (2011)a and NHMRC (2011)b 

2.2.5 Ozonation DBPs 

Ozonation DBPs are usually carboxylic acids, hydrogen peroxide, aldehydes and ketones but the 

reaction of ozone with bromide ions forms bromate, an oxyhalide suspected to cause cancer in 
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humans, as well as bromopicrin and bromoform in the drinking water (Çeçen and Aktas 2011, 

Walker 2014). It is known that fulvic acids (FA) are major precursors for carbonyl compounds 

formation, however, what is not yet clear is the contribution of its intermediates, such as 

aromatic acids, short-chain acids and aldehydes to DBP formation, though Zhong et al. (2017) 

study has determined that aromatic acids play a predominant role as DBP precursors. Table 6 

summarises the basic ozonation DBPs, its correlated molecular formula, weight and health 

guideline value if applicable. 

Table 6 Ozonation DBPs, molecular formula, molecular weight and health guideline value 

DBP 
Molecular 
formula 

Molecular weight 
(g/mol) 

Guideline value 
(µg/L) 

Oxyhalides    

Bromate BrO3
- 127.90 10a – 20b 

Chlorate ClO3
- 83.45 700a 

Chlorite ClO2
- 67.45 700a – 800b 

Aldehydes    

Formaldehyde CH2O 30.03  

Acetaldehyde C2H4O 44.05  

Cyanoformaldehyde C2HNO 55.04  

Glyoxal C2H2O2 58.04  

Methylglyoxal C3H4O2 72.06  

Propanal C3H6O 58.08  

Butanal C4H8O 72.11  

Pentanal C5H10O 86.13  

5-Keto-1-hexanal C6H10O2 114.14  

trans-2-Hexenal C6H10O 98.14  

Carboxylic acids    

2-Methlypropanoic 
acid 

C4H8O2 88.11 
 

Butanoic acid C4H8O2 88.11  

3-Methylbutanoic acid C5H10O2 102.13  

Pentanoic acid C5H10O2 102.13  

Hexanoic acid C6H12O2 116.16  

Heptanoic acid C7H14O2 130.19  

Octanoic acid C8H16O2 144.21  
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DBP 
Molecular 
formula 

Molecular weight 
(g/mol) 

Guideline value 
(µg/L) 

Oxalic acid C2H2O4 90.03  

Malonic acid C3H4O4 104.06  

Succinic acid C4H6O4 118.09  

Source: Adapted from Richardson and Postigo (2012), Hrudey (2009), Hrudey and Charrois 
(2012), Barceló (2012), WHO (2011)a and NHMRC (2011)b 

 DOM characteristics 

In drinking water reservoirs, the source of DOM can be either autochthonous (aquatic), 

allochthonous (terrestrial) or synthetic (industrial or man-made), with its composition varying 

seasonally (Mostofa et al. 2012). It consists mainly of organic forms of carbon, nitrogen, sulphur 

and phosphorus, but predominantly DOC and DON. NOM is classified into groups and subgroups 

on the basis of compound classes, acidity/neutrality/alkalinity, size and polarity (Skeriotis 2011). 

Several studies have shown that the majority of DOM is composed of humic substances (Aiken 

1985, Mostofa et al. 2009, Robards et al. 1994), being most of these FA, and the remaining 

formed by HA. FA are subdivided into two categories, hydrophilic and hydrophobic acids, albeit 

the latter is a generic relative term as all DOC is dissolved in water (Aslam et al. 2013, Zhang et 

al. 2009). The other fraction of DOM is composed by non-humic substances, such as proteins 

and peptides that are usually indicated by the presence of amino acids, like phenylalanine, 

tyrosine and tryptophan. 

Whereas in highly coloured surface waters the ratio of FA to HA is approximately 4:1, in low-

coloured surface waters it can rise as high as 9:1 (Mostofa et al. 2009). Aromatic groups, such as 

phenolics and methoxyls, are considered HA of HMW (>300 kDa) and contribute largely to the 

formation of DBPs, especially THMs (Awad et al. 2016, Zhang et al. 2009). However, its higher 

specific colloidal charge property makes the hydrophobic fraction of DOM easily removable 

during coagulation (Bose and Reckhow 2007, Sharp et al. 2006). On the other hand, LMW 

substances (<1–10 kDa), i.e. aliphatic compounds such as sugars, carbohydrates, carboxylic 

acids, proteins and amino acids, are highly recalcitrant to removal regardless of coagulant dose 

and pH; therefore, they are responsible for the large part of the residual DOM after the 

coagulation/flocculation/sedimentation processes (Liu et al. 2010, Zhao et al. 2009). 

Consequently, more advanced treatment techniques can be required to ensure this fraction of 

the DOM is fully removed from the treated waters, as previously discussed in the chapter 

‘Drinking water treatment plant processes’.  
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 DOM characterisation techniques 

2.4.1 Introduction 

Investigations on the abundance and nature of structural units in the DOM molecules have been 

conducted by scientists over the last few decades through several distinct advanced 

instrumental analytical techniques, namely infrared (IR) spectroscopy, nuclear magnetic 

resonance spectroscopy (NMR), microscale sealed vessel (MSSV) pyrolysis gas chromatography 

mass spectrometry (Py-GC–MS), Fourier-transform ion cyclotron mass spectrometry (FT-ICR-

MS). Other techniques look into the chemical behaviour of DOM, its molecular weight (MW), 

molecular size, distribution, hydrophobicity-hydrophilicity, focussing on its polymeric nature, 

e.g. tangential flow ultrafiltration (TFUF) or reverse osmosis (RO) followed by high performance 

size exclusion chromatography (HPSEC). Last but not least, analyses like fluorescence excitation 

emission matrix (FEEM) spectroscopy and parallel factor analysis (PARAFAC), ultraviolet-visible 

absorbance (UV-vis absorbance) and specific UV absorbance (SUVA) comprise techniques 

measuring an optical signal of DOM in situ, not directly scrutinizing chemical identities of 

functional groups or molecules (Matilainen et al. 2011, Minor et al. 2014, Nebbioso and Piccolo 

2013, Sandron et al. 2015). Each one of these methods has its advantages and disadvantages as 

discussed next. 

2.4.2 MSSV Py-GC-MS 

While GC is the analytical tool recommended for measuring trihalomethane formation potential 

(THMFP), GC-MS is more advised as a means to characterise functional groups, e.g. nitrogen 

containing, aromatic and aliphatic. By increasing significantly the yields of GC amenable 

products, MSSV hydrous pyrolysis has overcome polar biochemicals resolution analytical 

limitations, therefore becoming a promising approach for DOM compounds structural and 

molecular properties characterisation when combined with the quick and sensitive GC-MS 

(Berwick et al. 2007, Berwick et al. 2010, Matilainen et al. 2011, Parsi et al. 2007, Templier et al. 

2005). In fact, the nature of river water was delved by Berwick et al. (2007) concerning nitrogen-

containing moieties within NOM in colloidal, transphilic and hydrophobic fractions using MSSV 

pyrolysis coupled with GC-MS. Similarly, Berwick et al. (2010) used the same techniques to 

thoroughly characterise hydrophobic (HPO) and transphilic (TPI) fractions of NOM in a water 

reservoir in Australia (Figure 4).  As explained by Allpike et al. (2010), the generation of 

secondary pyrolysis products is possibly brought down through diminution of free radical 

processes, due to the employment of lower temperatures and the presence of water vapour, 

which plays a major role in thermal degradation reactions of the NOM during hydrous pyrolysis. 
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This is considered a great advantage of hydrous pyrolysis over anhydrous flash pyrolysis, a 

technique that fragments macromolecules under higher temperatures, though large amount of 

the molecules remain highly polar (e.g. low molecular weight carboxylic acids), hence making it 

difficult to recognize and characterise the structure of the original molecules. Moreover, 

anhydrous flash pyrolysis is time consuming and requires laborious sample preparation. 

Comparatively, MSSV demands extensive desalting and sample preconcentration using 

preferentially RO for minimal modification of the sample compounds (Allpike et al. 2010). 

Advantageously, MSSV is a modality free of oxidation artefacts, highly reproducible, rapid and 

online (Horsfield et al. 2014). 

 

Figure 4 MSSV Py-GC–MS data of a) HPO fraction of NOM; b) TPI fraction of NOM; where the 
pie charts reflect relative proportions of ten major functional groups. N = nitrogen products, 

NA = naphthalenes, I = indenes, P = phenols, K = ketones, B = benzenes, F = furans, CA = 
cycloaliphatic, A = aliphatic, O = other (adapted from Berwick et al. (2010)) 

2.4.3 IR Spectroscopy 

IR spectroscopy, in particular Fourier-transform (FT) IR spectroscopy and diffuse reflectance FTIR 

(DRIFT), has been adopted for characterising amounts, types, relative distributions of functional 

groups or compounds in DOM (Hur et al. 2014, Lee et al. 2013).  The absorption of a quantum 

of electromagnetic radiation makes the molecule transit between vibrational energy levels, 

which includes bending (twisting, wagging, rocking and scissoring) and asymmetric and 
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symmetric stretching, hence increasing the vibration amplitude at certain frequencies. These 

frequencies, and their intensities, are measured by quantifying the light frequencies absorbed 

by the molecule, which usually lies on the infrared region of the electromagnetic spectrum. 

Putting it simply, every functional group on the molecules absorbs IR light at specific 

wavenumbers, thus enabling its representation on the IR spectrum at specific peaks and 

characteristic shapes. This technique is considered quite affordable and straightforward to 

perform, though results interpretation can be ambiguous because fingerprints of inorganic 

molecules functional groups can confound if detected. Abdulla et al. (2010) has demonstrated 

that the combination of FTIR and NMR is operative in investigating transformation of major 

compound classes in natural waters, especially carboxylic acid, amide and ester compositions, 

giving trace of the DOM origins and reactivity. Figure 5 illustrates a typical FTIR spectra of DOM 

in 3 distinct points in a Chilean river, which shows strong signal at specific wavenumbers giving 

a clue of the corresponding functional groups, and thus, of the possible composition and 

character of the sample. 

 

Figure 5 Typical FTIR spectra of DOM fraction size bigger than 1 kDa (Garrido Reyes et al. 
(2016)) 

2.4.4 NMR 

In spite of being often costly, inaccessible, and requiring experienced operators and data 

collection, NMR is a technique that can provide detailed information of the DOM character 
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(Settimio et al. 2015). 13C NMR absorbs and re-emits electromagnetic radiation for determining 

molecule structures with regard to 13C nuclei in a magnetic field. Lankes et al. (2008) 

characterized NOM of 3 source waters through 13C CPMAS NMR looking for correlations 

between chemical structure and molecular size (Figure 6). Solid-state NMR, especially 13C ramp 

CPMAS NMR with phase-adjusted spinning sidebands (PASS), has several advantages over liquid-

state NMR, i.e. compatible with insoluble NOM fractions, high sample stability, no concentration 

limit, no solvent effects and no interference of heterogeneous sample dissolution (Ikeya and 

Watanabe 2016, Pan et al. 2016). 

 

Figure 6 Large and small molecular size fractions 13C CPMAS NMR spectra (adapted from 
Lankes et al. (2008)) 

2.4.5 FT-ICR-MS 

Being considered the most advanced instrumentation available for detection of ionized organic 

compounds, FT-ICR-MS is one of the first choices in DOM characterization. By separating 

thousands of ions from each other, FT-ICR-MS precisely determines molecular species. This 

method is usually coupled with non-destructive ion sources, for example electrospray ionization 
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(ESI), which permits the infusion of aqueous solutions into the MS, and for its ultrahigh 

resolution (Kim et al. 2003, Matilainen et al. 2011, Nebbioso and Piccolo 2013, Reemtsma 2009). 

Reemtsma (2009) analysed the standard Suwannee River FA (SRFA) through FT-ICR-MS at 

different mass-to-charge (m/z) ratios, in order to determine NOM molecular formulas, as shown 

in Figure 7. Different fractions of DOM are gained by combining ESI-FT-ICR-MS with reversed-

phase high-performance liquid chromatography (RPHPLC) and size exclusion chromatography 

(SEC), thus revealing exact masses and the complete magnitude of DOM molecular complexity, 

though complicating data interpretation (Matilainen et al. 2011, Reemtsma 2009, Reemtsma et 

al. 2006, 2008, Stenson 2008). RPHPLC, by itself, decreases the polarity of the mobile phase using 

an organic solvent to separate hydrophobic molecules from the column (Pan et al. 2016). 

 

Figure 7 FT-ICR-MS spectrum of SRFA for m/z 367, where molecules marked with a circle have 
the sum of carbon and oxygens of 26, and where the values at the peak tops denote the 

numbers of C/H/O (adapted from Reemtsma (2009)) 

2.4.6 HPSEC 

Although HPSEC is not capable of identifying DOM with slight or non-existent UV activity (e.g. 

drinking treated water), it can be considered a convenient and illuminating technique that uses 

high performance liquid chromatography system with UV detector to separate, through a 

differential permeation process, DOM compounds depending on size and molecular weight. 

Before characterisation techniques can be successfully applied, the isolation and concentration 

of specific fractions of DOM are recommended. For being mainly based on the hydrophobic 

interaction between polymeric adsorbents and hydrophobic DOM fractions (i.e. HA), solid phase 

extraction (SPE) and Amberlite XAD-8/XAD-4 resin are not able to significantly isolate the 
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hydrophilic fraction of DOM (Williams et al. 2016). This extraction procedure requires a large 

volume of water and consumes long periods of time. Alteration of the molecular structure and 

contamination are also risks posed by XAD extraction processes (Wu et al. 2007). TFUF (or cross-

flow ultrafiltration) is quite useful for fractionating MW fractions higher than 1 kDa, but smaller 

particles might not be properly extracted (Croué 2004). Methods adopted for NOM 

concentration include electrodialysis, freeze-drying, pressure-reducing evaporation and RO. 

Although they are effective and with minor influence on NOM physical and chemical properties, 

final NOM concentration has salts, existing in the raw water, mixed with it. Among these 

methods, RO is the one that least affects chemical and physical properties of DOM (Pan et al. 

2016). Chow et al. (2008c) have applied a “peak fitting” technique to resolve the 

chromatographic peaks of HPSEC and provide quantitative information to correlate with 

operational performance. In the same study, Chow et al. (2008c) compared HPSEC NOM 

molecular weight with UV detector profiles for 5 different source waters in Australia (Figure 9), 

as an input to evaluate its treatability in DWTP. More recently, a preparative HPSEC method 

using deionised (DI) water as mobile phase was developed to effectively reduce DOM 

heterogeneity, allowing the systematic extraction of various MW fractions of HA, keeping track 

of possible changes in the molecular structure of HA through analytical HPSEC (Chon et al. 2017). 

Coupling SEC with other separation/fractionation methods indeed helps to obtain additional 

information about details of molecules architecture (Kostanski et al. 2004). 

Alternatively, LC-OCD system, a robust and sensitive method, has now been widely used to 

conduct size exclusion analysis of NOM (Huber et al. 2011). Its sensitivity is sufficient to measure 

low NOM-waters directly, such as demineralised waters or RO permeates. 

2.4.7 Fluorescence Spectroscopy 

First studies by Coble (1996) have identified four types of fluorescent components, namely 

tyrosine-like peak B (Ex/Em=275/310 nm), tryptophan-like peak T1 (275/340 nm), 

photobleached fulvic-like peak M, or T2 (312/380–420 nm) and humic-like peaks C and A 

(350/420–480 nm and 260/380–460 nm respectively). Other authors renamed the fluorophore 

signatures corresponding to the original work from Coble (1996). That was the case of Marhaba 

(2000), Marhaba et al. (2000), Parlanti et al. (2000), however, more recently Mostofa et al. 

(2009) has refined the previous fluorescent signals identification, coming with the following 

groups: peak TUV (215–260/280–380 nm), peak T (260–285/290–380 nm), peak A (220–280/380–

550 nm) and peak C (280–400/380–550 nm). According to Mostofa et al. (2012), peak TUV 

contains 4-biphenyl carboxaldehyde, 1,4-dichlorobenzene, p-hydroxy acetophenone, p-hydroxy 

benzaldehyde, p-cresol, o-cresol, naphthalene, phenol-like compounds, detergent component, 
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algae, aromatic amino acids (phenylalanine-like, tyrosine-like and tryptophan-like) and proteins. 

Peak C entails a few standard organic substances, fluorescent whitening agents (FWAs), photo-

bleached allochthonous FA, autochthonous FA of phytoplankton or algal origin, FA and HA of 

terrestrial vascular plant origin, which components can render their secondary fluorescence at 

the peak A too. Whereas, p-cresol, o-cresol, phenanthrene, perylene, p-hydroxy benzoic acid, 

benzoic acid, corals, algae, phenol-like compounds, aromatic amino acids (phenylalanine-like, 

tyrosine-like and tryptophan-like) and protein-like display their fluorescence peaks at the peak 

T-region. 

Two-dimensional fluorescence spectroscopy is not able to characterise FA and HA fluorophores, 

for the fluorescence Ex/Em peak positions need to be well comprehended. On the other hand, 

three-dimensional fluorescence spectroscopy has the ability to rapidly differentiate between a 

number of Ex/Em wavelengths and fluorescence intensity, allowing DOM categorisation through 

the plotting of an optical map, an excitation emission matrix (EEM). Hudson et al. (2007) have 

combined fluorescence EEM (FEEM) and SEC with fluorescence detection to find hydrophobicity 

and molecular weight trends, arriving at two interesting correlations. First, LMW had a higher 

fluorescence intensity per TOC, possibly due to a higher fluorophore density, whilst, the 

hydrophobic fractions had a higher fluorescence intensity per UV absorbance, second. 

Calibration of the fluorescence spectrophotometer is more reliable using the quinine sulfate unit 

(QSU) than Raman unit (RU) for the latter significantly shifts fluorescent intensities and Ex/Em 

wavelength peaks (Mostofa et al. 2012). Latterly, a statistical modelling approach called 

PARAFAC (Harshman and Lundy 1984) has been coupled with FEEM to overcome FEEM difficulty 

in identifying fluorescent component intensities and highest levels due to overlapping peaks, 

allowing the decomposition of intricate combinations of humic substances in natural waters into 

their characterful fluorescent facets. In order to minimize the inner-filter effect, samples for 

FEEM can be pre-diluted by addition of high purity Milli-Q water (MQW) followed by 

microfiltration. The optical map resulting from the combination of fluorescence spectroscopy, 

EEM and PARAFAC is illustrated in   

Figure 8. 
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Figure 8 Optical map of the fluorescence signature of peaks C and A, peak B, and peaks T1 and 
T2 (Carstea (2012)) 

Mostofa et al. (2009) have studied the chemical and optical characteristics of different molecular 

size fractions of DOM in natural waters coming to conclude that molecular size can be a reliable 

evidence of compound classes (Error! Reference source not found.). 

Table 7 Chemical and optical characteristics of different molecular size fractions of DOM 

Molecular size fractions of DOM Chemical and optical characteristics 

<1–10 kDa Fulvic acid (59–96 % on the basis of fluorescence) 

 Total hydrolyzed amino acids (51–63 %) 

 Tryptophan 

 Total dissolved carbohydrates (10–20 %) 

>1–10 kDa and 0.2–0.45 μm Fulvic acid (5–22 % on the basis of fluorescence) 

 Total dissolved carbohydrates (80–90 %) 

 Total hydrolyzed amino acids (29–42 %) 

0.45–0.7 μm Protein-like or tryptophan-like or bacterial cells or 
phytoplankton cells 

 Total hydrolyzed amino acids (7–11 %) 

 Fulvic acid (2–8 % on the basis of fluorescence) 

Source: Adapted from Mostofa et al. (2009) 

According to Mostofa et al. (2012), fluorescence properties are only seen in a small fraction of 

the DOM, the fluorescent DOM (fDOM), which is basically composed by FA and HA that when 

exposed to high-wavelength ultraviolet (UV) light (ca. 365 nm), it absorbs a higher energy photon 
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and responds emitting a lower energy photon at a longer wavelength (ca. 480 nm), also 

exhibiting particular fluorescence intensities, and thus can be characterised. In other words, 

fluorescence is the emission of a photon at a lower energy, longer wavelength, when an electron 

from an organic molecule returns to its ground state after being excited from a lower to a higher 

level upon absorption of a discrete quantum of light. The major fluorophores in natural waters 

are the functional groups containing P, S, N and O atoms, Schiff-base derivatives, quinolone, 

xanthone, chromone, hydroxycoumarin-like structures, –C=C–, carbohydrate OH, alcoholic OH, 

carboxyl, benzene-containing carboxyl, methoxylate and phenolic groups. Several of these 

functional groups compose HA and FA macromolecular structures, therefore the contribution of 

different fluorophores result in HA having highest fluorescence intensity at peak A, but also 

secondary peaks at peak C and peak M, whereas FA also have highest fluorescence intensity at 

peak A but secondary at peak C only. In contrast, tryptophan amino acid has its fluorescence 

peaks at the regions T and TUV. Beyond that, FA often show excitation–emission (Ex/Em) 

wavelength maxima at shorter wavelength than those of HA. In spite of the maxima position not 

being subject to the molecular weight, larger HA and FA molecules generally present lower 

fluorescence intensity than smaller ones (Mostofa et al. 2012). 

More recently, Old et al. (2019) have demonstrated the potential utility of fluorescence in 

indicating not only the water quality but also the catchment scale provenance of nutrients. The 

information gained by broad scale catchment wide monitoring of fluorescence could support 

catchment managers in (a) providing evidence of the effectiveness of investment in pollution 

mitigation measures; (b) prioritising sub catchments for nutrient mitigation; and (c) providing 

information on the relative nutrient source contributions. 
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Figure 9 HPSEC NOM MW profiles for 5 different source waters in Australia (Chow et al. 
(2008c)) 

2.4.8 UV/Vis and SUVA 

As explained by Pan et al. (2016), in complement to fluorescence spectroscopy, UV/Vis 

absorbance measures transitions of electrons of organic molecules from the ground state to the 

excited state after being excited by UV light. Absorbance at certain wavelengths corresponds to 

specific chromophores in the NOM, thus permitting its identification. While absorbance at 254 

nm is known to correspond to aromatic chromophores, absorbance at 220 nm indicates both 

aromatic and carboxylic groups (Helms et al. 2008). The ratio between distinct absorbance 

wavelengths also provides hints on the likely nature of NOM (Korshin et al. 2009). Having a good 

correlation with humic substances properties, i.e. THMFP, molecular weight and aromaticity, 

SUVA, the UV absorbance at 254 nm divided by the DOC concentration of a given sample is a 
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quick technique that demands relatively simple-to-operate analytical equipment and small 

volumes of sample (Rodríguez et al. 2016). SUVA has the potential to characterize DOM in a 

simple way through the determination of its hydrophilicity and hydrophobicity, being SUVA <2 

considered of hydrophilic LMW, SUVA between 2-4 a mixture of hydrophobic and hydrophilic 

LMW and HMW NOM, and SUVA >4 of hydrophobic, HMW aromatic humic substances 

(Nieuwenhuijzen and Graaf 2011). Disadvantageously, low DOC waters with high nitrate content 

may interfere with SUVA results (Pan et al. 2016). For instance, after ozonation, due to the ozone 

ability to break down aromatic structures, the SUVA value tends to be lower. 

According to Findlay and Sinsabaugh (2003), in laboratory analysis, DOC is quantified usually 

with high temperature combustion followed by the detection of carbonic dioxide, whereas DON 

is measured by deducting dissolved inorganic nitrogen (DIN) from total dissolved nitrogen (TDN). 

Measuring other individual fractions of DOM can be complex, particularly sulphur and 

phosphorus (Findlay and Sinsabaugh 2003). Nowadays, TOC analysers are often deployed in 

DWTP, being used by the plant operators as a valuable online tool for decision making 

(Matilainen et al. 2011). 

 In situ fDOM probe measurements 

Extraction and characterisation of DOM is non-trivial and time-consuming, impeding some of 

the analytical methods described above to be deployed in DWTP reservoirs for real-time water 

quality monitoring and management (Brown et al. 2016). Alternatively, the currently available 

fluorescence probes are a simple, sensitive, rapid, non-invasive methodology of demonstrated 

reliability that can provide an in situ estimation of fDOM (Yunus et al. 2012). However, field 

fDOM measurements are subject to interferences caused by changes in temperature, turbidity, 

pH, salinity and inner filtering effect (IFE), and for these it should be adjusted or corrected 

(Carstea 2012). Yet, fDOM probes on offer can estimate the quantity of fluorescent, humic-like 

DOM in the water, tracking DOM related to agricultural land use and anthropogenic activities, 

but its single Ex/Em pair may not successfully predict DOC concentration in situations where 

DOM transformations are dominated by changes in nonhumic like material such as tyrosine-like 

DOM (Coble 2007). 

Among the main sensors currently available in the market, the ones that have been studied more 

are the EXO fDOM Smart Sensor from YSI (λex/λem = 365 ± 5 nm/480 ± 40 nm) and the Cyclops 

7 from Turner Designs (λex/λem = 368 ± 17 nm/470 ± 30 nm or λex/λem = 285 nm/350 ± 27.5 

nm). While Turner’s probes measure fluorescence signal in the Peak C and Peak T regions, YSI’s 

is only able to measure it in the Peak C region. 
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Natural sunlight in estuaries, lakes and rivers can decompose fDOM components, especially 

fluorophores at the peaks A and C, to the same extent that microorganisms in deep waters can 

microbiologically decompose fluorophores at the peaks TUV and A, either developing a new π-

electron bonding system or changing current functional groups. Interestingly, even if a 

fluorophore has its optical properties modified by photolytic processes, other lowest energy 

fluorophores existing in the same molecule will generate the fluorescence peak in the identical 

region (Mostofa et al. 2012). 

Despite pH interference in fluorescence intensity to some extent, the usual pH range in natural 

waters, between pH 5-9, seems to have minor impact on fluorescence analysis, so it is not of 

major concern (Spencer et al. 2007). Similarly, metal ions can cause fluorescence quenching or 

enhancement in certain regions of the spectra, however, since it is outweighed by more 

important environmental factors controlling DOM fluorescence, quenching effects of metals do 

not cause great concern (Hudson et al. 2007). Through charge transfer and conformational 

change, salinity alters intramolecular reaction and interferes with fDOM readings. It is suggested 

that high salinity leads to changes in chromophoric DOM, and the likely trend is, at 350 nm 

excitation wavelength, there is a shift of the position of the emission maxima to shorter 

wavelengths (Del Castillo et al. 1999).  

When the fluorophore concentration is high, there seems to be a self-quenching phenomenon 

of distortion of band shape and/or a decrease in emission quantum yield, also known as IFE, 

possibly caused by the absorption of excited and emitted radiation by the sample matrix 

(Henderson et al. 2009). At laboratory analysis, IFE can be minimised by either a simple sample 

dilution, or by reducing the path length of the excitation light through the cuvette, or by using 

front-face illumination, although these approaches may not be feasible for field deployed fDOM 

sondes (Carstea 2012). As pointed out by Henderson et al. (2009), another option is to not 

correct the data and use the resulting wavelength-dependent nonlinear relationship between 

concentration and fluorescence intensity. Latterly, Cohen et al. (2016) have developed a non 

multilinear tensor decomposition method that would include IFE, instead of neglecting it, and 

could be used for analysing data from online fDOM probes. Nonetheless, Zeng et al. (2016) have 

made a new fibre-optic probe that is able to correct fluorescence IFE, consisting of two emission 

fibres and one excitation fibre, being one emission fibre with a tilted angle with the excitation 

fibre, and the other in parallel to the excitation fibre. 

Suspended particles can affect optical measurements through light scattering and light 

absorption, although corrections are possible, assessment of fDOM-turbidity relationship is site-

specific and should be done for accurate fDOM estimation (Saraceno et al. 2009). As turbidity 

increases in the water, more and more of the excitation lights emitted by the fDOM sensor 
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scatter, which means there is less light available in the sampling volume to excite fDOM. The 

result is that the fDOM signal becomes nonlinear over a certain turbidity level (Downing et al., 

2012). Thermal quenching also interferes in the fluorophores properties, but the fluorescent 

intensity variation caused by temperature should be reversible in most cases. Importantly, 

reduced fluorescence emission intensity is caused by an increase in temperature, which 

increases the probability of an excited electron to go back to its ground state by radiationless 

decay. Therefore, temperature has an inverse relationship with fDOM of roughly 1% per °C 

(Downing et al. 2012, Henderson et al. 2009, Watras et al. 2011). For these corrections to be 

feasible, the deployment of temperature and turbidity sensors concomitantly with the fDOM 

readings is recommended, as well as periodic absorbance measurements and a DOC sampling 

program (Downing et al. 2012). 

 Chapter summary 

Currently, DWTP operators often rely on TOC, UV254 and SUVA analysis for online monitoring of 

DOM aromaticity and to estimate the appropriate coagulant dose, besides the widely-used jar 

tests, in order to efficiently maximise DOM removal and avoid DBPs formation. Li et al. (2016b) 

have developed a more efficient UV280 LED that can substitute UV absorbance at 254 nm for real-

time monitoring. However, these analyses are still more time-consuming than the commercially 

available fDOM probes, especially when TOC analysers are not deployed in combination with 

UV254, what makes the DOC/TOC laboratory tests necessary for decision-making purposes. 

Another option for online DOM monitoring is the optical probe manufactured by S::CAN, but UV 

spectra demands thorough data analysis (Chow et al. 2008a). Also, the stronger correlation of 

fluorescence spectroscopy (R2=0.91) at Peak C (Ex=300–360 nm; Em=400–480 nm) with DOC 

removal, rather than UV254 (R2=0.69), makes fluorescence probes an optimal alternative for 

online monitoring of DOM reactivity and treatability (Bridgeman et al. 2011, Shutova et al. 2016). 

As mentioned by Vera et al. (2017) there is a need for further evaluation of the appropriateness 

of using fluorescence spectroscopy in real-time DWTP process control. However, up to this 

point, no study has been done on the purpose of calibrating commercially available fDOM 

probes against specific fractions of DOM, in order to find a proper correlation between the DOM 

character and the probe readings. This study is part of a larger ARC Linkage Project and will allow 

the development of a real-time coagulant dosage optimisation tool, and thus advance the 

current best practices. Table 8 presents a comparison between the main techniques for 

characterising DOM, its features, pros, cons and possible combinations: 
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Table 8 Features, pros, cons and possible combinations of main techniques for characterising DOM 

Method Features Pros Cons Combination 

Abundance and nature of structural units in the DOM 

IR spectroscopy 

(Abdulla et al. 2010, Hur et al. 
2014, Lee et al. 2013, Pan et 
al. 2016) 

Provide information on 
amounts, types, relative 
distributions of functional 
groups or compounds in DOM 

Quite affordable and 
straightforward to perform 

Results interpretation can be 
ambiguous because 
fingerprints of inorganic 
molecules functional groups 
can confound if detected 

When combined with NMR it 
gives trace of the DOM origins 
and reactivity, especially 
carboxylic acid, amide and 
ester compositions 

NMR (Ikeya and Watanabe 
2016, Lankes et al. 2008, Pan 
et al. 2016, Settimio et al. 
2015) 

Determine a molecule’s 
structure with regard to 13C 
nuclei in a magnetic field 
absorbing and re-emitting 
electromagnetic radiation 

Powerful tool that provides 
detailed structural 
information of DOM  

Costly, inaccessible, and 
requiring experienced 
operators and data collection 

When combined with IR 
spectroscopy it gives trace of 
the DOM origins and 
reactivity, especially carboxylic 
acid, amide and ester 
compositions 

MSSV Py-GC–MS (Allpike et 
al. 2010, Horsfield et al. 2014, 
Matilainen et al. 2011) 

The sample is heated to 
decomposition, producing 
smaller molecules that are 
separated and detected by 
GC-MS 

Free of oxidation artefacts, 
highly reproducible, quick, 
sensitive and online, has 
overcome polar biochemicals 
resolution analytical 
limitations  

Demands extensive desalting 
and sample preconcentration 
using preferentially RO for 
minimal modification of the 
sample compounds 

 

FT-ICR-MS (Matilainen et al. 
2011, Pan et al. 2016, 
Reemtsma 2009) 

By separating thousands of 
ions from each other, it 
precisely determines 
molecular species, exact 
masses and molecular 
formulae of compounds 

A whole picture of molecular 
complexity of NOM can be 
revealed 

Due to complexity of NOM, 
data interpretation is 
complicated 

It is usually coupled with non-
destructive ion sources, for 
ESI, which permits the infusion 
of aqueous solutions into the 
MS. Can be also combined 
with SEC or LC, thus revealing 
exact masses and the 
complete magnitude of DOM 
molecular complexity 

Chemical behaviour of DOM, MW, molecular size, distribution, hydrophobicity-hydrophilicity 

RO (Green et al. 2015, Pan et 
al. 2016, Pressman et al. 
2012) 

Removes ions, molecules, and 
larger particles from drinking 

Alteration on physical and 
chemical properties of NOM 
is minor 

Expensive, produces large 
amounts of brine 

Can be used prior to HPSEC 
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Method Features Pros Cons Combination 

water, by passing it through 
semipermeable membrane 

HPSEC 

(Chon et al. 2017, Chow et al. 
2008c, Kostanski et al. 2004, 
Williams et al. 2016) 

Liquid chromatography 
system with UV detector to 
separate, through a 
differential permeation 
process, DOM compounds 
depending on size and 
molecular weight 

Convenient and illuminating 
technique with good 
separation of large molecules 
from the small ones with a 
minimal volume of eluate, 
preserving the biological 
activity of the molecules 

Not capable to identifying 
DOM with slight or inexistent 
UV activity, and the bands of 
the eluting molecules may be 
broadened and overlapped 

 

When coupled with other 
separation/fractionation 
methods obtains additional 
information about details of 
molecules architecture. Could 
be combined with SUVA and 
fDOM probe to help 
investigate DOM recalcitrance 
to coagulation 

Fluorescence signal of DOM 

FEEM (Coble 1996, Mostofa 
et al. 2012, Pan et al. 2016, 
Xiao et al. 2016) 

Molecules of the sample are 
excited by irradiation at a 
certain wavelength and emit 
radiation at a different 
wavelength, which is 
measured by the instrument 

Rapid, specific, sensitive; all 
compounds in the sample 
that absorb light or other 
electromagnetic radiation 
and emit fluorescence are 
measured 

It is sensitive to turbidity, 
temperature, pH and colour 
in the sample water 

When coupled with PARAFAC 
its allows the decomposition 
of intricate combinations of 
humic substances 

UV-vis absorbance (Helms et 
al. 2008, Korshin et al. 2009, 
Pan et al. 2016) 

Measures the absorbance of 
the compounds in the 
ultraviolet-visible spectral 
ranges 

It is rapid and simple; gives a  
quantitative measure of all 
compounds in the sample 
that absorb UV light 

It is sensitive to turbidity, 
temperature, pH and colour 
in the sample water; not all 
compounds of NOM can be 
detected 

 

SUVA (Nieuwenhuijzen and 
Graaf 2011, Pan et al. 2016, 
Rodríguez et al. 2016) 

UV absorbance at 254 nm 
divided by DOC concentration 

Indicates THMFP and NOM 
aromaticity 

In low DOC waters high, 
nitrate content may interfere 
with analysis 

 

fDOM probe (Downing et al. 
2012, Saraceno et al. 2017, 
Shutova et al. 2016) 

Small probe that excites 
fDOM and reads the emission 
at lower energy 

Simple, sensitive, rapid, non-
invasive, reliable 

Interferences caused by 
temperature, turbidity, pH, 
salinity and IFE 

When coupled with UV254 
and DOC analyses can provide 
more information about DOM 
character 
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3 RESEARCH METHODS 

 Research design overview 

This chapter provides an overview of the research design and methodology that will be used in 

this study. It describes the three main phases of this research project, which will be followed to 

achieve the research objectives previously mentioned. Moreover, detailed description of all 

research activities and their expected outputs associated to each phase are provided in Figure 

10. The three research phases in this chapter are: knowledge acquisition, data collection and 

sampling, and data analysis. Below is a diagram of the research design structure: 

 

Figure 10 Research design structure 
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 Research questions 

Research questions provide a contextual framework for analysis and act to focus analysis in 

specific areas aimed at obtaining specific information. They are formulated to clearly identify 

the information and research outcomes necessary to achieve the research objective. The 

research objective is to provide a comprehensive compensation method for fDOM probe 

readings, allowing water supply utilities, such as Seqwater, to make use of data collected 

through VPS deployed reservoirs and DWTPs; as such, the research questions are: 

 To what extent do fDOM readings suffer interferences from other parameters, i.e. 

turbidity, temperature and IFE? 

 How to develop compensations, adjustments and/or corrections for interferences from 

other parameters in the fDOM measurements? 

 How does the fDOM correlate to specific fractions of water colour and DOM? 

 Case study location 

This research has investigated raw water characteristics and fDOM signal intensity of 4 major 

Australian reservoirs. Lake Tingalpa is the main study location, and therefore it was described in 

detail in section 1.2 of this document. The other locations are Advancetown Lake (Figure 12), 

Lake Samsonvale (Figure 11) and Myponga reservoir (Figure 13). 

Advancetown Lake and Lake Samsonvale are located in the South East Queensland region, and 

are operated by Seqwater. Current capacity of Advancetown Lake is 310,730 ML, while Lake 

Samsonvale’s capacity is 214,302 ML. Myponga reservoir has 2,800 ML of capacity, it is located 

in South Australia and operated by SAWater. 
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Figure 11 Map of Lake Samsonvale, Queensland, Australia 

 

Figure 12 Map of Advancetown Lake, Queensland, Australia 
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Figure 13 Map of Myponga Reservoir, South Australia, Australia 

 Knowledge acquisition 

The primary objective of this research phase is to gather fundamental knowledge related to 

DOM removal, DBP formation and characterisation of fDOM using probes. For this purpose, a 

critical and comprehensive literature review was undertaken of a number of books, as well as 

many national and international academic and industry research publications and reports. The 

literature of reference was accessed through research engines such as Google Scholar, Scopus 

and Griffith University Library Catalogue. Several keywords were used for this literature review, 

however the main ones were: drinking water treatment plant processes, dissolved organic 

matter removal, disinfection by-products formation, natural organic matter characteristics, 

natural organic matter characterisation techniques, fluorescent dissolved organic matter, fDOM 

probe calibration. In light of the objectives of this research study presented previously, the goal 

of this research activity is to examine and extract knowledge from material related to the 

following research fields: 

 DWTP processes; 

 DBP problematic; 

 DOM characteristics; 

 Techniques to characterise DOM; 
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 In situ fDOM probes. 

The outcomes of this research activity provided a comprehensive understanding of these fields. 

Importantly, during the review process, potential gaps in the knowledge related to 

understanding and interpreting the readings of fluorescence probes, and calibrating the probes 

according to specific fractions of DOM, were identified and discussed in the previous chapter. 

Following from this phase, the research design and data collection phase was conducted as 

described in the subsequent section. 

 Sampling and analytical methods 

A sampling program was designed and conducted in order to obtain data concerning fDOM 

probe readings, water temperature, turbidity, absorption spectrum, fluorescence spectrum, 

dissolved organic carbon (DOC) and specific UV absorbance (SUVA) from Lake Tingalpa, with 

weekly samples taken from 7 March 2017 to 22 October 2017. The sampling point was located 

next to the intake tower in the Capalaba DWTP, and laboratory experiments (where all 

measurements were taken) were performed at Xylem’s headquarters at Hemmant, which is 

approximately 20km away from the plant. Table 9 gives the number of samples for each 

analytical procedure so that the dataset is more accurately described. 

Table 9 Number of samples for analytical procedures 

Analytical 
Procedure 

Number of 
samples 

Temperature 14 

fDOM 14 

Turbidity 14 

UV254 9 

UV365 2 

UV480 4 

DOC 9 

 

Historically, DOC values range between 3.2 and 24mg/L, with an average of 10.5mg/L through 

the past few years (2010-17), as well as UV254 between 0.16 and 0.78cm-1, and 0.44cm-1 on  

average. Extra samples were collected following ex tropical cyclone Debbie, to allow load based 

estimations. The sampling followed Seqwater’s protocols, ensuring safety measures are adopted 

and sample contamination avoided. 
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Temperature was measured with an EXO Conductivity & Temperature Smart Sensor (YSI, USA), 

which uses a highly stable thermistor with extremely low-drift characteristics. According to the 

EXO User Manual, no calibration of the temperature sensor is required. Turbidity measurements 

were conducted on an EXO Turbidity Smart Sensor (YSI, USA) with output expressed in units of 

formazin nephelometric units (FNU). This turbidity sensor employs a near-infrared light source 

at 860 ± 15nm and detects scattering at 90 degrees of the incident light beam, which is 

considered to be the least sensitive to variations in particle size. Calibration of the turbidity 

probe was undertaken using two points, where ultrapure water was the 0 FNU standard and 

6073G Turbidity Standard (YSI, USA) the 124 FNU standard. The fDOM was measured using an 

EXO fDOM Smart Sensor (YSI, USA) and reported as quinine sulfate units (QSU) and relative 

fluorescence units (RFU). This fDOM probe has an excitation/emission pair of 365 ± 5nm/480 ± 

40nm. A two-point calibration was performed, where the first standard was ultrapure water 

(0QSU or 0RFU) and the second standard a 300 μg/L quinine sulfate solution (Sigma-Aldrich, 

USA), equivalent to 300QSU or 100RFU. All the probes were connected with the EXO2 Multi-

parameter Sonde (YSI, USA), and thus all the readings were taken at the same instant. All the 

fDOM, turbidity and temperature readings were taken from samples inside the EXO2 Calibration 

and Storage Cup (YSI, USA), being this a 500mL container pre-rinsed prior to each analysis. The 

fDOM and turbidity sensors’ faces were wiped prior to each measurement using EXO2 Central 

Wiper (YSI, USA) to remove any bubbles and avoid sensor fouling. In order to check for potential 

interferences from artificial light, readings were initially taken with and without a dark cover 

wrapped around the storage cup. No significant differences in readings were noticed. 

Filtration was undertaken through 33mm diameter sterile Millex-HP Syringe Filter units (Merck 

Millipore, USA) of 0.45µm pore size hydrophilic polyethersulfone membrane. In order to 

saturate any site that may adsorb DOC, filters were pre-rinsed with 25mL of sample that was 

thrown away prior to analysis, as recommended in Karanfil et al. (2003). Ultrapure water was 

produced by a Milli-Q Integral Water Purification System (Merck Millipore, USA) unit using 

Quantum cartridges to remove the remaining organic and ionic contaminants below trace levels. 

DOC was determined following filtration using a high-temperature catalytic oxidation TOC-L CPH 

Total Organic Carbon Analyser (Shimadzu Corporation, Japan) with non-dispersive infrared gas 

detector, where results were expressed in mg/L, and carrying 20% of uncertainty. The 40mL DOC 

vials were preserved with sulfuric acid for a few days before analysis. UV absorption spectra 

were measured following filtration, using a 1cm quartz cell on an UV-1800 UV-Visible 

Spectrophotometer (Shimadzu Corporation, Japan), with results given in cm-1. All cuvettes used 

for UV absorbance and fluorescence analyses were pre-rinsed with a small volume of filtered 

sample prior to analysis. 
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 Evaluation of temperature effects 

To evaluate temperature effects on fDOM readings, samples were filtered to remove suspended 

particles and attain low levels of turbidity (~0 FNU). Filtered water was initially warmed to 40°C 

and gradually cooled to 5°C with sonde readings of temperature, turbidity and fDOM taken every 

90 seconds applying the accelerated averaging data filtering mode. Approximately 120 readings 

were taken over a three-hour water-cooling period. Watras et al. (2011) applied a similar 

methodology to compensate fDOM measurements for temperature effects on two commercial 

chromophoric DOM fluorimeters.  

 Evaluation of turbidity effects 

The concentration of suspended particles was increased by addition of natural turbidity from 

Lake Tingalpa. A turbid solution was prepared by sampling over twenty litres of raw water after 

a large storm event from ex-Tropical Cyclone Debbie on 3 April 2017, waiting a few hours for the 

solids to settle down and removing the bulk water from the surface. The mixture from the 

bottom of the container was moved into a one litre flask, manually stirred and shaken vigorously 

for 30 minutes up to a point where most of the soluble NOM and damaged algal cells had 

dissolved, precluding the release of additional DOM during the experimental measurements. 

500mL of this highly turbid mixture were filtered to decrease turbidity, attaining a ~2 FNU 

solution for analysis. The sonde with the temperature, turbidity and fDOM sensors was 

immersed into this solution and the first three readings taken. DOC and UV254 analyses of this 

filtered mixture were undertaken. The turbid mixture was gradually increased from 2 to 483 

FNU with three readings taken every time the turbid mixture was added, and after the sensors 

were wiped. DOC and UV254 analyses were conducted for the filtered mixture with the highest 

turbidity (i.e. 483FNU). DOC and UV254 analyses were essential to monitor any changes in the 

concentration or character of DOM during the experiments, due to the addition of turbid 

mixture. Previous works have either used soils collected from the study watershed (i.e. 

Bukmoongol Watershed) to prepare artificial turbid stream water (Lee et al. 2015), or 

environmental standard reference soil (Elliott Soil) obtained from the International Humic 

Substances Society (IHSS) to determine scattering and absorption effects due to particulates on 

fDOM signal (Downing et al. 2012). In this study, a site-specific and instrument-specific turbidity 

compensation model was developed using natural turbidity from the study site based on data 

collected in April 2017 and tested to fDOM data collected in May 2017. Given the higher 

complexity of the collected data, several modelling linear and nonlinear options were 

considered for this specific modelling task. 
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 Evaluation of inner filter effects 

A dilution series of filtered water from Lake Tingalpa was prepared in order to check the linearity 

of fDOM signal with absorbance at specific wavelengths. The chosen wavelengths were those 

used by the fDOM sensor to excite and detect emission in the sample matrix, i.e. Ex = 365 ± 5nm 

and Em = 480 ± 40nm. As natural waters from Tingalpa reservoir showed perfect linearity up to 

its maximum DOC concentration on that day (13mg/L), such DOC concentration was increased 

to a much higher value before performing the dilution series. The purpose was to find the 

threshold DOC concentration, UV254, UV365 and UV480 from which fDOM signal becomes non-

linear, since at least over a certain threshold, the relationship between the fluorescence 

intensity and the concentration of a fluorophore  is expected to be nonlinear (Wang et al. 

2017b). This threshold represents the highest value in which IFE is still negligible, hence from 

that point on, fDOM measurements must be compensated for IFE. 300 litres of Lake Tingalpa’s 

natural waters were processed, which produced as much as five litres of concentrated DOM. 

DOM was concentrated using a modified RO machine (Compact L300; RO Water Australia) 

following the recommendations in Serkiz and Perdue (1990). DOM concentrates were firstly 

stored at 4°C in the dark, and then filtered through 0.45-micron filters to remove particles. The 

resulting DOM concentrate was then diluted and sensor readings taken and absorption 

spectrum analyses completed. Similarly to the turbidity model, due to the higher level of 

nonlinearity and complexity of the data for this particular modelling task, different modelling 

approaches were tested. Experiments were conducted to also check for effects of high salinity 

(due to its increase when concentrating DOM) on fDOM readings, but no variations in readings 

were noticed. 

 Data analysis and sequential fDOM compensation procedure  

Exported sonde data, UV absorption spectra data, and DOC test results were compiled together 

for pre-processing and statistically analysis. Based on data analysis, linear/nonlinear prediction 

models were developed to separately account for each interference effect. Sequential 

compensation of interferences on fluorescence intensity is in accordance with fundamental 

optical theory (Lakowicz 2006), however multiple regression models were developed to 

compare the accuracy. Such models were tested on an independent test set of data; given that 

the coefficient of determination is inappropriate to test nonlinear models (Spiess and Neumeyer 

2010), with each models’ performance evaluated using the root mean square error (RMSE). 

Parameters could be isolated or kept constant for investigation and modelling during our 

laboratory experiments. Figure 14 outlines the developed sequential fDOM compensation 

method.  
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Figure 14 Sequential fDOM compensation method 

 Linking fDOM with DOM properties: experiments 

Once the sequential fDOM compensation model was completed, the aim was to check whether 

the compensated readings could be linked to specific properties of the DOM. Hence, a new set 

of tests and experiments was conducted.  

fDOM readings were compared against fluorescence and absorbance characteristics, as well as 

MW distributions, of raw water samples from different sources. Four water samples were 

collected in October 2017 from three South East Queensland reservoirs, i.e. North Pine Dam, 

Hinze Dam, Tingalpa reservoir, and one South Australian reservoir, i.e. Myponga reservoir. 

Compared to Tingalpa reservoir, Hinze Dam and North Pine Dam have lower historical DOC 

values (3.9 and 5.3 mg/L respectively). This small sample set (n=4) could incur in limitations when 

conducting correlations. SUVA is typically between 2 and 3 L/(mg m) in Hinze dam, however 

after heavy rainfall events SUVA was as high as 6 L/(mg m), thus changing considerably the DOM 

background characteristics. Similarly for North Pine Dam, although being between 2 and 3 L/(mg 

m) most of the time, SUVA as low as 0.5 and as high as 7.5 were recorded. In contrast, DOC 

concentrations in Myponga reservoir reported to be similar between various seasons (typically 
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between 14 mg/L and 16 mg/L). SUVA levels in Myponga reservoir waters were reported to be 

slightly lower in the dry season [3.15 ± 0.22 L/(mg m)] compared with the wet season [3.36 ± 

0.11 L/(mg m)] (Awad et al. 2017). 

For determination of the concentration of DOM measured as DOC and UV absorbance, water 

samples were passed through 0.45 mm pre-rinsed sterile cellulose membrane filters prior to 

analyses. DOC concentration was determined using a TOC analyser (Model 900, Sievers 

Instruments). UV-Visible light absorbances were measured using a spectro-photometer (UV-

120, MIOSTECH Instruments) for wavelengths from 200 nm to 700 nm, using a quartz cuvette of 

1 cm path length. Color in Hazen Units (HU) was determined by absorbance at 456 nm using a 5 

cm path length, glass cuvette and a platinum/cobalt standard (50 HU). 

Fluorescence excitation-emission matrix (F-EEM) spectra were acquired (Model LS 55, 

PerkinElmer) to characterize DOM in terms of humic-like (V), fulvic-like (III), aromatic protein (I 

and II) and soluble microbial protein (IV)-like components. A series of emission spectra (280–

600 nm) were obtained with 0.5 nm increments over excitation wavelength (200–500 nm) with 

5 nm increments. Samples for F-EEM analysis were pre-filtered through 0.45 μm pre-rinsed 

sterile cellulose membrane filters.  

Separation of organic compounds based on apparent MW distributions was performed using 

HPSEC (AWaters 2690 Separation Module and Waters 996 photodiode array detector) with UV 

detection at 260 nm wavelength, as described by Chow et al. (2008b). Column size and type, 

flow rate and other relevant information for the HPSEC-UV detection method have been 

previously reported (Chow et al. 2008b). Water samples for HPSEC analysis were passed through 

0.22 mm sterile cellulose membrane filters prior to the analysis. Apparent MW distributions of 

humic-like compounds were measured using HPSEC with fluorescence detection, as described 

by Aslam et al. (2013). Excitation and emission wavelengths (320ex/ 430em) were used to 

investigate the MW distributions of humic-like compounds (Chen et al. 2003). 

Particle size distribution (PSD) in the range of 0.02 to 2,000 µm was determined using laser 

diffraction (Malvern Mastersizer 2000). The measurements were conducted using Hydro-G 

dispersion unit the pump and stirrer speeds set at 1200 rpm and 500 rpm, respectively. 

 Linking fDOM with DOM properties: data analysis 

All the data from the experiments described above were collected in a .csv format and analysed 

through MS Excel. A blank spectrum (High purity Milli-Q water spectrum) was subtracted from 

the spectra of samples. Raman scans were extracted from blanks and spectra of samples were 

converted to Raman Units (standard scale). The method of Chen et al. (2003) was used in this 
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study to calculate the relative abundance of each organic group (HA-, FA-, P1-, P2- and SMP-like 

components). However, it is important to bear in mind that such approach has its limitations 

and it may sum up the fluorescence of multiple fluorophores. 

It was critical to process and elaborate the available data by extracting useful summary statistics 

and indicators that can characterise the sample upon certain criteria, in order to compare fDOM 

readings with DOM character based on such indexes described in the literature. As such, a 

number of indexes were calculated as described below. Importantly, in order to extract 

meaningful correlations with regards to the fDOM ability to identify specific DOM properties, its 

compensated measurements need to be normalised to draw conclusions on compositional 

differences independently from DOM concentration. It was decided to use DOC for 

normalisation, since, despite the added uncertainty associated with DOC results, it has been 

selected for this purpose in several previous studies, as reported in Korak et al. (2014). 

Therefore, the normalised fDOM, i.e. fDOM/DOC, will be defined hereafter as nfDOM. 

The fluorescence index (FI) was the first calculated indicator, which is defined as the ratio of 

fluorescence emission intensity at wavelength 450nm to that at 500nm, at an excitation 

wavelength of 370nm (McKnight et al. 2001); this was later red-shifted to 470nm and 520nm 

(Cory et al. 2010). The lower the FI, the more aromatic the DOM is; the higher the FI, the more 

microbially dominated the DOM is. Previous studies also found a negative correlation with DOC, 

with increasing FI for lower DOC levels (Korak et al. 2014).  

Also calculated was the humification index (HIX) as in Zsolnay et al. (1999) and Ohno (2002). HIX 

is an indicator of the humic substance content or the extent of humification, with higher values 

indicating an increasing degree of humification. Another considered index was BIX, or index of 

recent autochthonous contribution (Huguet et al. 2009). It is an indicator of autotrophic 

productivity: high values (>1) correspond to recently produced DOM of autochthonous origin. 

Finally, the relative fluorescence efficiency (RFE) was calculated, indicating the amount of algal 

DOM as described in Hansen et al. (2016). 

With regards to the HPSEC results, there have been many suggestions in the literature on how 

to summarise the resulting MW distributions. Some of the most common metrics have been the 

weight-averaged MW, the number-average MW, and polydispersivity, as described in Her et al. 

(2002). As weight-average MW has been linked to aromaticity before (Chin et al. 1994, Romera-

Castillo et al. 2014), which in turn has been linked to DOC removal capacity (Shutova et al. 2014) 

and to the amount of humics (Martin-Mousset et al. 1997), for this study the focus was on this 

index. In particular, a slightly different formulation is herein proposed, using a logarithmic 

transformation in order to reduce the influence of extremely high MW compounds, and increase 
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the focus towards the lower range of MW, i.e. where most of the DOM in the analysed samples 

is located. The proposed formula is as follows: 

𝑀𝑤𝑡 = 10

∑ ℎ𝑖∙log10 𝑀𝑖
𝑛
𝑖=1

∑ ℎ𝑖
𝑛
𝑖=1     (1) 

Where 𝑀𝑤𝑡 is the modified weight-average MW, ℎ𝑖 and 𝑀𝑖 are respectively the absorbance in 

arbitrary units, and the molecular weight at fraction i.  

In addition, the relative abundance of components with specific MWs was estimated, based on 

findings from previous studies. For instance, it is known that HMW (> 50,000-90,000Da) peaks 

are usually proteins and they are generally indicative of freshly introduced organic matter with 

short residence time (Fabris et al. 2008). In the smaller range, peaks around 1800Da are usually 

associated with humics. Humics can comprise over half the mass of DOC (Swietlik and Sikorska 

2006) and potentially up to 90% of DOM in some aquatic ecosystems (Watanabe et al. 2012). 

More specifically, fulvic acids have been associated to MWs in between 1,500Da and 1,100Da 

(Aslam et al. 2013), and in between 5,000 and 1,000Da (Her et al. 2003), with humic acids being 

in smaller MW range (800Da - 600Da) (Aslam et al. 2013). Below 680Da, DOM has been 

associated with aliphatic OM or protein-like processes (Her et al. 2003). Another critical cut-off 

has been made at 1,000Da, with DOM < 1,000Da being more readily available to microorganisms 

(Covert and Moran 2001) and less bioreactive (Kaiser and Benner 2009). Finally, cut-offs can be 

made based on the ability of removing the different components through water treatment 

processes, in particular coagulation. In previous studies, DOM peaks at 50,000Da and 1,900Da 

were easily removed with one alum dose; the peaks at 800Da and 1,200Da were only partially 

removed even after several alum treatments; and the DOM fraction with MW lower than 500Da 

could not be removed (Chow et al. 2008b, Xing et al. 2012).  

As a result, for each sample the fractions of DOM with MW: (1) > 1,500Da; (2) between 500 and 

1,500Da; (3) < 500Da; (4) < 1,000Da; and (5) < 680Da were calculated, and correlations with EEM 

results and fDOM readings were explored. 

Traditional indexes such as UV absorbance at different critical wavelengths (254, 365, 456nm), 

the total UV absorbance for the full spectrum, and SUVA were also quantified. SUVA also 

provides an indication of aromaticity (Weishaar et al. 2003); previous studies have found a good 

link between SUVA and DOC treatability (Edzwald and Kaminski 2009) while others did not 

(Shutova et al. 2014). This has been explained by the fact that SUVA is an average value, and 

does not provide information on the underlying distribution; hence that same SUVA value could 

be the result of a normal distribution, or of a very asymmetric one with large standard deviation 
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and thus with a large proportion of organic matter with low SUVA (i.e. poor treatability) (Shutova 

et al. 2014). Regardless, SUVA was considered too for data analysis purposes. 
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4 RESULTS AND DISCUSSION 

 Overview 

The analysis of the environmental interferences in fDOM signal is described below, along with 

the findings. Further, the findings also identify the correlations between fDOM signal and 

molecular weight fractions. Thus, the analysis allows for the compensation of fDOM signal bias 

through a sequential model, in which quenching effects are approached separately following 

fundamental optical theory. Validation of the proposed model is also discussed in this chapter. 

 Temperature effects on fDOM measurements 

As discussed by Watras et al. (2011), a single DOC concentration should suffice for determination 

of temperature effects on fDOM measurements. Therefore, in this work the investigation of 

temperature interference on fDOM readings was performed only using natural raw water 

collected in April 2017 from Lake Tingalpa at DOC concentration of 14mg/L. The linear regression 

compensation model for temperature over the range 5 to 40°C (Figure 15) resulted in a near-

perfect fit (R2 > 0.99), meaning that the fDOM reading can be accurately adjusted to account for 

temperature values moving away from the reference value. 

 

Figure 15 Linear regression of measured fDOM readings against temperature 

Adapting from Watras et al. (2011): 𝐶𝐷𝑂𝑀𝑟 = 𝐶𝐷𝑂𝑀𝑚 [1 + 𝜌(𝑇𝑚 − 𝑇𝑟)]⁄ , where T is 

temperature (°C), ρ is the temperature coefficient (°C–1), and the subscripts r and m stand for 

the reference and measured values; ∆fDOM and ∆Temperature were normalized at the fDOM 

reading corresponding to the temperature of reference i.e. 22.5°C, as this was the temperature 

during fDOM calibration with quinine sulphate solution, resulting in the following equation (1): 

𝑓𝐷𝑂𝑀𝑇𝑤 = 𝑓𝐷𝑂𝑀𝑚 [−0.0064 (𝑇𝑚 − 𝑇𝑟) + 1.009]⁄                                         (1) 
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Where T is temperature (°C) and the subscripts Tw and m stand for the temperature-

compensated and measured values, respectively. In order to test this model, Equation 1 was 

applied to the data collected in March 2017, resulting in a low root mean square error (RMSE) 

of 0.49 RFU. 

A linear and reversible relationship for collisional quenching was expected from a physical point 

of view (Wehry 1973), since when molecules collide with each other the likelihood of 

deactivation of an excited-state fluorophore is enhanhced, as long as no thermal degradation 

occurs. Interestingly, the quenching effect seems to be  slightly weaker (0.33%/C) than that 

reported in previous studies (Henderson et al. 2009). 

 Turbidity effects on fDOM measurements 

By plotting fDOM signal against turbidity (Figure 16), it was evident that the fluorescence 

intensity behaviour was linear at the lower end of the turbidity range, and nonlinear after a 

certain threshold, i.e. 40FNU. UV254 remained relatively constant throughout the experiment, 

with absorbance values varying from 0.508 to 0.533cm-1, and DOC was held steady at 14mg/L. 

Consequently, in these experiments, after normalization of fDOM the data was fitted with a 

threshold autoregressive model (Tong 2012) containing linear and logarithmic terms, based on 

the systems of Equations 2 and 3: 

 

{
𝑓𝐷𝑂𝑀𝑇𝑏 = 𝑓𝐷𝑂𝑀𝑚 [−0.0079 𝑇𝑏 + 1.0023];   𝑇𝑏 ≤ 40  𝐹𝑁𝑈                                    (2)⁄

𝑓𝐷𝑂𝑀𝑇𝑏 = 𝑓𝐷𝑂𝑀𝑚 [−0.254 ln 𝑇𝑏 + 1.622];⁄   𝑇𝑏 > 40   𝐹𝑁𝑈                                   (3)
 

 

Where Tb is turbidity in FNU, and the subscripts Tb and m stand for the turbidity-compensated 

and measured values, respectively. Data acquired in May 2017 was used for testing, resulting in 

a low RMSE of 0.21 RFU. Future work will examine the suitability of equations for different 

seasons and extreme weather events, as characteristics of suspended solids (algae, sand, silt, 

clay etc.) may vary with time, altering the fDOM signal bias. 
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Figure 16 Behaviour of fluorescence intensity across the turbidity range 

 

In subsequent experiments with raw waters from four different sources, it was observed that 

the quenching effect by turbidity varied, expectedly, based on turbidity type. By measuring 

fDOM and turbidity before and after sample filtration, and by back-calculating the loss in fDOM 

signal per NTU of turbidity added, it was noticed that the Capalaba sample presented the highest 

loss in fDOM signal (3.43% per FNU of turbidity added), while North Pine the lowest (1.04%); 

both Hinze (2.96%) and Myponga (2.39%) had mid-range interferences. Looking at Figure 17, 

Capalaba has the highest abundance of smaller particles, while North Pine has the largest 

particles. This is important since, the way turbidity is measured, particles of different sizes 

contribute differently to turbidity (Yao et al. 2014); hence a measurement of 1 FNU in Capalaba 

is different from 1 FNU in North Pine. This can be explained by the characteristic that 1 FNU 

made of smaller particles has higher probability of fluorescence interference on fDOM. As a 

consequence, there is a clear link between particle size of the suspended sediments, turbidity, 

and fDOM signal loss, similarly to findings of recent studies (Saraceno et al. 2017); hence there 

is potential, in the future, to develop a more general model capable to automatically recalibrate 

Equations 2 and 3 based on the PSD of suspended solids in a new location.  



75 
 

 

Figure 17 PSD results for the four water samples 

 Inner filter effect on fDOM measurements 

Each water body is likely to have a specific threshold where the concentration of its particular 

DOM interferes with fDOM linearity. As UV254 is known to be a good proxy for DOC 

concentration, it was used for IFE estimation, instead of the absorbance at the 

excitation/emission wavelength 365nm/480nm. Figure 18 illustrates the UV254 threshold beyond 

which fDOM signal is underestimated due to optical density increase.  

 

Figure 18 Effects of UV absorbance on fDOM readings, Capalaba 

According to these findings, fDOM readings in this natural water only need to be compensated 

when UV254 is over 0.6 cm-1. Equation 4 provides a IFE compensation model that considers the 

behaviour of fDOM beyond this threshold by quantifying the gap between the expected fDOM 
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readings assuming no IFE (i.e. applying the linear equation at low UV254) and the actual, lower 

fDOM reading resulting from IFE (i.e. applying the nonlinear equation at high UV254). 

𝑓𝐷𝑂𝑀𝐼𝐹𝐸 = 𝑓𝐷𝑂𝑀𝑚 [1.1717 𝑒−0.315 𝑈𝑉254];   𝑈𝑉254 ≥ 0.6 𝑐𝑚−1⁄                                (4) 

 

Where UV254 is UV absorbance at 254nm in cm-1, and the subscripts IFE and m stand for the IFE-

compensated and measured values, respectively.  

In Figure 19, the IFE results are reported for three different reservoirs tested in this study, 

namely North Pine (NP), Hinze dam (HD) and Capalaba (CAP). Interestingly, IFE has a similar 

quenching magnitude for the three different reservoirs for UV254 below approximately 1.2 cm-1. 

However, for very elevated DOM concentrations, different patterns emerged, with DOM from 

Capalaba causing lower self-quenching than DOM from NP and HD. These differences can be 

due to different DOM properties such as different fluorophores and fluorescence quantum yield 

in each reservoir. In Downing et al. (2012), although two different standard DOM were tested 

for IFE, no significant differences were noticed/discussed; in addition, the absorbance range 

analysed was much narrower so potentially not including DOM concentrations high enough to 

notice remarkable discrepancies. However, for the range of DOM concentrations typically 

recorded at these three locations, DOM properties do not seem to affect IFE and thus the same 

compensation equation could be used for these three different reservoirs. 

 

Figure 19 Effects of UV absorbance on fDOM readings; Capalaba, North Pine and Hinze dam. 
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 Sequential model validation 

A training and test set of data was created by dividing the database built over time with the 

results of the experiments using a 70/30 ratio, i.e. the training set accounted for 70% of the full 

dataset and the test set for the remaining 30%. The fully compensated fDOM readings, i.e. after 

sequentially applying Equations 1 to 4, were compared against the expected fDOM readings, i.e. 

those recorded during the experiments with minimum interferences, before e.g. changing 

temperature, or increasing turbidity or DOM. For comparison purposes, a linear and a non-linear 

multivariate models were also developed, to challenge the assumption that accounting for each 

effect separately, and cumulatively, would yield better results. The performance of the models 

on the test set was found to be:  

 RMSE=3.38 RFU for the linear multivariate model,  

 RMSE=2.73 RFU for the non-linear multivariate model, and  

 RMSE=0.57 RFU for the sequential model  

The sequential fDOM compensation model had a significantly lower RMSE than the multivariate 

ones and was selected for fDOM compensation. This was expected since fundamental optical 

theory holds that quenching effects are simply additive and can be approached separately 

(Lakowicz 2006).  

 EEM vs fDOM signal 

Figure 20 presents the optical maps in which different fractions of DOM are characterised 

according to their fluorescent properties for the four different reservoirs. Myponga reservoir 

has the strongest fluorescence intensity in the regions III and V, as well as the highest DOC 

(15mg/L), however it has the weakest signal in the other regions. Capalaba has its strongest 

fluorescence signal in the region III, followed by region V, but also show some intensity in the 

region I and II. The other two waters have low florescence in the region V and III, but stronger 

signal in region I, especially Hinze. 
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Figure 20 EEM of four raw waters 

Fluorescence spectroscopy analysis helped calculate relative abundances of each of the five 

different fractions of DOM as defined by Chen et al. (2003) and compare them against the fDOM 

signal, UV254 and UV456 as to investigate direct correlations (Figure 21). 
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Table 10 also summarises the correlations among all the variables analysed (excluding MW- 

related ones, discussed later). Firstly, a main peak was observed in the FA region, around Ex 240 

nm and Em 440 nm for all the waters, with Myponga having a second peak in the HA region too. 

As a result, with the exception of Myponga, the predominant DOM fraction is FA for all the 

samples. FA has the highest specific intensities in the humic-like regions, while HA has the lowest 

(Korak et al. 2014). Also, there are negligible peaks in the protein regions (I and II). This is in line 

with previous studies for one of the same locations (i.e. Capalaba) where fluorescence in the 

humic like region were reported as being 7 times higher than in the protein region (Shutova et 

al. 2014). 

It was evident that there was a strong correlation of HA with fDOM (R2 = 0.995, p-value < 0.0001) 

and UV254 (R2 = 0.92, p-value < 0.05) values in all these four waters, which corroborates with the 

idea of fDOM being an appropriate tool to measure the fluorescence of a determined 

concentration of HA in a given sample, as the specific Ex/Em wavelength pair seems to be 

representative of the whole Region V. The fDOM readings can be considered compensated, due 

to tests conducted at ambient temperature, relatively low UV254, and filtered samples (i.e. no 

turbidity).  However, if the same correlations are analysed when using  raw readings, taken with 

a certain level (between 1 and 9 FNU) of turbidity, then these correlations slightly drop (R2 = 

0.992 for HA and 0.88 for UV254). An apparent strong correlation (R2 = 0.88) seems to be present 

between fDOM readings and FA too. However, this is a spurious correlation, given that much of 

the fluorescence picked by the fDOM can be defined as “background fluorescence” due to the 

FA peak. This can be defined as a limitation of FRI methods. For instance, fluorophores in 

different regions are related as they have a single emission wavelength but multiple excitation 

wavelengths (Li et al. 2013), thus supporting the hypothesis that a change in fluorescence 

quantum yield affects the fluorescence simultaneously across different regions (Korak et al. 

2014). In addition, Korak et al. (2014) noticed how the maximum fluorescence intensities of user-

defined non-dominant regions lie along the boundary with the dominant region; thus proving a 

heavy influence from that dominant region. Therefore in general, with FRI, user-defined regions 

are heavily influenced by the presence of dominant neighbouring fluorophores (Korak et al. 

2014); as a consequence, the fluorescence picked by the fDOM probe at a specific point in the 

HA region, would be due to e.g. FA or other peaks in neighbouring regions, if a peak in HA region 

is not present; as such, a good correlation could be found between fDOM and FA only by 

excluding Myponga, which has a peak in the HA too. That said, if the DOM matrix for a certain 

reservoir (e.g. prevalence of FA, limited HA) is known and constant over seasons, it would be 

possible to build a model correlating fDOM readings and the abundance of the predominant 

fraction.  
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The strong correlation between fDOM and DOC, as well as with UV254, serves as a support of the 

hypothesis that fDOM alone does not provide great insight on the DOM properties, since it is 

also linked to the total amount of DOM, which affects its readings even if the peaks are located 

in other regions. As a consequence, it is more appropriate, as previously mentioned, to 

normalise fDOM and consider correlations against fDOM divided by DOC. It can be noticed how 

the correlation with FA drops to R2 = 0.58. The correlations with other indexes reflecting the 

overall amount of DOM also decrease, since nfDOM provides more specific information about 

the DOM character, in particular the HA region. Interestingly, although SUVA also relates to 

aromaticity and humics, it was found to be poorly correlated (R2 = 0.38) to nfDOM. No significant 

correlations were found between nfDOM and the proposed FI, HIX and BIX.  
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Figure 21 Comparison between a) Relative abundances of DOM fractions, b) fDOM signal and 
c) UV254 and UV456 
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Table 10 Coefficients of determination for analysed variables - EEM. 

 P1 P2 SMP FA HA DOC UV254 fDOM 

tot 

spectrum 

abs 

SUVA fDOM/DOC 

P1  0.2344 0.9386 0.7747 0.9803 0.8617 0.8238 0.9768 0.8351 0.5958 0.9374 

P2 0.2344  0.4188 0.7036 0.3511 0.5968 0.6127 0.363 0.6083 0.7388 0.0802 

SMP 0.9386 0.4188  0.8858 0.9563 0.9395 0.88 0.9572 0.8947 0.5693 0.7674 

FA 0.7747 0.7036 0.8858  0.8749 0.9872 0.9839 0.8831 0.9861 0.8541 0.5765 

HA 0.9803 0.3511 0.9563 0.8749  0.9389 0.9168 0.9998 0.9246 0.6417 0.8805 

DOC 0.8617 0.5968 0.9395 0.9872 0.9389  0.9867 0.9447 0.9916 0.7966 0.681 

UV254 0.8238 0.6127 0.88 0.9839 0.9168 0.9867  0.9235 0.9994 0.872 0.6648 

fDOM 0.9768 0.363 0.9572 0.8831 0.9998 0.9447 0.9235  0.9311 0.6527 0.8728 

tot spectrum 

abs 
0.8351 0.6083 0.8947 0.9861 0.9246 0.9916 0.9994 0.9311  0.094 0.7646 

SUVA 0.5958 0.7388 0.5693 0.8541 0.6417 0.7966 0.872 0.6527 0.094  0.3779 

fDOM/DOC 0.9374 0.0802 0.7674 0.5765 0.8805 0.681 0.6648 0.8728 0.7646 0.3779  
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 Molecular weight vs fDOM signal 

Table 11 provides the strength of the relationship between nfDOM, fDOM, DOC, UV254 and 

different fractions of DOM based on MW for the four samples. Figure 22 and Figure 23 also show 

the absorbance at different MWs for the 4 samples as well as the humics’ fluorescence for the 

four samples, respectively. The fluorescence of humics is highest at high (>1 KDa) MW, which is 

in line with the findings of Cuss and Guéguen (2015). The results for fluorescence-protein 

compounds were below the detection limit of 1 fluorescence unit/cm.  

The bulk of the DOM had a MW between 500Da and 1500Da, thus overall indexes such as DOC, 

UV254 and to some extent (for the reasons explained above) fDOM showed a good correlation 

(R2>0.9, p-value<0.05) with this MW fraction. A quite strong (0.8 < R2 < 0.9) correlation was also 

found between those indexes, including SUVA, and the overall 𝑀𝑤𝑡. This is because indexes such 

as SUVA are linked to the abundance of the aromatic fraction, which typically has a larger MW 

(Romera-Castillo et al. 2014). A strong negative correlation between the indexes,  fDOM and 

𝑀𝑤𝑡 of the humics fraction, was noticed; this is in line with previous research (Wang et al. 2015b) 

noticing higher fluorescence intensities with decreasing MW. What can be noticed though, is 

the strong, negative, correlation between nfDOM and LMW fractions of the DOM. In particular, 

there was almost a perfect fit (R2=0.99, p value ≅ 0.001) between nfDOM and DOM with MW 

lower than 500 Da, i.e. the fraction extremely recalcitrant to coagulation (Chow et al. 2008b) 

and thus of more interest to DWTP operators. In contrast, SUVA, which has been used in the 

past as a way to also quantify the treatability of the water, does not show any significant 

correlation with any of the MW fractions.  

Table 11 Coefficients of determination between proposed indices and MW fractions 

 > 1500 Da [500 Da -1500 Da] < 500 Da < 1000 Da < 680 Da Mwt-UV 

DOC 0.857 0.9142 0.7223 0.8266 0.8167 0.8057 

UV254 0.8694 0.9531 0.71 0.8342 0.8219 0.874 

fDOM 0.9588 0.9263 0.9001 0.9498 0.9468 0.8305 

tot spectrum abs 0.584 0.4052 0.7344 0.6292 0.6427 0.4501 

SUVA 0.6463 0.8343 0.4271 0.5946 0.5757 0.8309 

fDOM/DOC 0.9279 0.7789 0.9975 0.9529 0.9607 0.7334 

Greener = higher correlation; red = lower correlation 
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Figure 22 MW distributions by HPSEC – combined chromatographs 

 

Figure 23 MW distribution by HPSEC – Humics fluorescence; combined chromatographs 

 Chapter summary 

Results from laboratory experiments were discussed in this chapter, especially in regards to 

temperature, suspended solids and concentration of DOM effects on fDOM signal intensity. 

Appendix A contain a table of all laboratory experiment results for record. Temperature was 

shown to have a linear and reversible relationship with fDOM readings, although the quenching 

effect was slightly weaker (0.33%/C) than previously reported studies. When analysing turbidity 

effects on fDOM signal loss, the data was best fitted with a threshold autoregressive model 
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containing linear and logarithmic terms. It was observed that the quenching effect by turbidity 

varied based on turbidity type, which can be explained by the characteristic that 1 FNU made of 

smaller particles has higher probability of fluorescence interference on fDOM. 

Increases in optical density tended to cause an underestimation of fDOM readings beyond UV254 

0.6cm-1. When testing water from three different reservoirs, IFE had a similar quenching 

magnitude for UV254 below approximately 1.2cm-1, but showed different patterns for very 

elevated DOM concentrations. Three compensation models were developed, tested and 

evaluated – one sequential and two multivariate models (linear and non-linear version). The 

sequential fDOM compensation model had a significantly lower RMSE than the multivariate 

ones and was selected for fDOM compensation. 

Fluorescence spectroscopy analysis and optical maps were used to compare characteristics of 

four waters and find correlations among several variables. The strong correlation between 

fDOM and DOC supports the hypothesis that fDOM alone does not provide great insight on the 

DOM properties, and that it is more appropriate to normalise fDOM and consider correlations 

against fDOM divided by DOC. HPSEC MW distribution results from these four water samples 

were correlated to several variables. The strong, negative, correlation between nfDOM and 

LMW fractions of the DO (< 500 Da) is of particular interest, as this is the fraction extremely 

recalcitrant to coagulation. 
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5 CONCLUSIONS, CONTRIBUTIONS AND IMPLICATIONS 

 Overview 

This chapter summarises the key research findings, provides a discussion on the research 

contributions to existing knowledge related to fDOM sensor calibration, explains the limitations 

of the proposed sequential compensation model, and describes some future research 

directions. 

 Research objectives and outcomes 

The current study has successfully achieved its two research objectives, namely, to identify:  

1. A compensation method to account for turbidity, temperature and DOM 
concentration effects on fDOM; 

2. Significant correlations between compensated fDOM readings and specific fractions of 
DOM. 

5.2.1 Temperature, turbidity and inner filter effects on fDOM signal 

A sequential compensation method to account for in-situ interferences (i.e. temperature, 

turbidity, IFE) on measurements of a fDOM probe has been developed, based on raw water 

sampled from a South-East Queensland reservoir and data collected during laboratory 

experiments. Temperature had a linear, inverse relationship with fDOM, whereas the turbidity 

effect on fDOM was best described by a threshold autoregressive model. IFE played a role in 

self-quenching fDOM at UV254 levels above 0.6cm-1. The sequential model yielded a higher 

accuracy than other developed multivariate regression models. The current version of the 

compensation framework relies on some site-specific water quality information to be collected 

before fDOM probe data can be accurately compensated for a particular reservoir. However, 

the procedure is transferable to other sites, and with minimal selective data collection, it can be 

applied to accurately compensate fDOM measurements at those locations. 

5.2.2 fDOM signal correlation with molecular weight fractions 

The compensated fDOM readings were used to determine correlations between fDOM and DOM 

properties. Although working at a specific wavelength contained in the HA region, it was found 

that fDOM does not directly provide any specific insights on the DOM character as it is affected 

by peaks in neighbouring domain regions of the EEMs, and it is thus related to the total amount 

of DOM present. However, a strong correlation was found between a normalised fDOM index 
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(i.e. fDOM/DOC) and the LMW fraction (< 500 Da) of DOM, which is typically regarded as 

recalcitrant to removal with conventional coagulation processes. The correlation coefficient 

reduced by more than 10% (i.e. from 0.9975 to 0.9001), if raw instead of compensated fDOM 

readings were used. 

The findings demonstrate the potential to use compensated and normalised fDOM values in 

place of SUVA in order to more effectively inform the DWTP on DOM-related incoming raw 

water quality risks associated with the LMW fraction. This information can assist DWTP 

operators to optimise the coagulation process and DOM removal, which would reduce health 

risks associated with excessive THMs formation in the water distribution system. 

 Research contributions 

5.3.1 Research benefits 

Although further validation is needed to confirm the aforementioned correlations, it is argued 

that there is potential to use nfDOM as a substitute for SUVA, which can provide more useful 

insights on DOM character and treatability. Given that online DOC sensors have recently been 

developed, such indices could be estimated continuously, in near real-time, either at the DWTP 

or for a vertical profile at a reservoir. Additionally, since when these same correlations were 

estimated using raw fDOM readings, their prediction accuracy dropped slightly from R2=0.99 to 

R2=0.90, which although is still a very good correlation, it demonstrates a reliability gain and thus 

a benefit in compensating fDOM readings using the method proposed herein. 

As mentioned previously, several studies have been conducted to analyse fluorescence 

quenching effects; also, studies exist that explored the correlation between a specific 

wavelength pair of the excitation emission spectrum and DOM treatability (e.g. Shutova et al. 

(2014)). However, to the authors’ knowledge, this is the first study providing a comprehensive 

methodological framework to fully, and accurately, compensate the readings of an existing, 

commercially available fDOM probe, based on universal as well as site-specific parameters, and 

to use such readings to provide information on the abundance of critical MW fractions of DOM. 

As such, future work will seek to further validate such findings, and make a case for moving away 

from time-consuming SUVA estimations in favour of a real-time monitoring of DOM properties 

through compensated fDOM probes’ readings. 

5.3.2 Industry benefits 

This work is of substantial benefit for the water industry since it provides a methodology to 

compensate fDOM readings for environmental interferences. If water authorities apply the 
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proposed methodology and obtain reliable, accurate fDOM readings, they can finally make use 

of the data collected from their fleet of installed fDOM sensors for enhanced WTP decision 

making. The compensated fDOM data are of great value to characterise raw water quality in 

reservoirs, track and possibly predict changes in the concentration and type of DOM. In a 

drinking WTP, compensated and normalised fDOM readings can be used, instead of SUVA, to 

optimise treatment processes, such as coagulation and flocculation, as it provides insight into 

DOM MW and treatability. 

A compensation methodology is also of great interest for sonde manufacturers, to the extent 

that their equipment becomes more reliable and useful, which should increase their sales and 

revenue. It is important to highlight that this current version compensation framework is site 

specific and requires some experiments and data analyses to be completed for each particular 

natural water system being measured by the fDOM probe.  

 Research limitations 

This research developed and tested a methodology that can be applied to make the fDOM signal 

more reliable in any given site. However, in sites where pH, salinity and concentration of metals 

differ from values typically found in freshwater systems, quenching due to these parameters 

should be also accounted for. Potentially, the number of samples could be increased to 

overcome possible limitations that a small sample number could imply.  

Besides that, the assessment of effects of suspended particles on fDOM measurements should 

be site-specific, because changes in shape, chemical composition, concentration and size of 

suspended sediments determine the degree of fDOM signal bias. As shown in this work, the 

characteristics of suspended particles contribute differently to turbidity; 1 FNU made of smaller 

particles has higher probability of fluorescence interference on fDOM. Even though the 

algorithm we proposed to compensate for turbidity is only applicable for Lake Tingalpa, our 

methods and overall procedure is applicable to any raw water. In reservoirs where UV254 is high 

(> 0.6cm-1), special attention must be paid when compensating for IFE. These identified 

limitations provide direction for future research. 

 Directions for future research 

Three directions for future research have been identified which would help validate and extend 

the conclusions presented in this study, to generalise the findings to other raw waters, and to 

incorporate the sequential compensation model into an algorithm to predict WTP coagulant 

dose rates. 
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Firstly, as characteristics of suspended solids (algae, sand, silt, clay etc.) may vary with time, 

thereby altering the fDOM signal bias, future work should examine the suitability of the 

proposed compensation model for different seasons and extreme weather events. Moreover, 

the fDOM compensation model can be adapted for various reservoirs. The collection of results 

for different reservoirs will lead to the formulation of a generalised compensation model that 

could be used for most drinking water reservoirs. In this study, a strong correlation was found 

between fDOM/DOC and LMW fraction (< 500 Da) of DOM. This relationship needs to be further 

investigated as does not completely align with previous findings reported in the literature.  

Secondly, a generalised model could be developed to compensate fDOM readings in any given 

lake. Again, the most critical parameter for fluorescence quenching, and therefore the biggest 

challenge for creating a general model, is turbidity. Other authors have investigated the use of 

a generic turbidity-based correction equation (Saraceno et al. 2017); however, they also 

concluded that  despite being an acceptable preliminary methodological step, a localised 

equation should ideally be developed. Other parameters such as temperature and UV254 have a 

clear quenching effect on fDOM signal and thus are easier to generalise. Quenching due to IFE 

is site-specific and will vary depending on DOM characteristics, thus requiring an extensive 

dataset to be created before a general model can be created for this interference factor.  

Thirdly, future research should apply the sequential compensation model to calibrate fDOM 

readings and set the foundations for an algorithm that programmable logic controllers should 

use to set coagulant dose rates in WTPs. This extensive research project would require several 

jar tests covering various water quality scenarios as a means to analyse correlation between 

coagulant dose, fDOM reading and other parameters such as pH, temperature, colour, etc. 

 Closure 

A comprehensive, transferable methodological framework to model fluorescence site-specific 

quenching on fDOM probe readings caused by temperature, suspended particles and IFE was 

introduced and applied on an Australian subtropical reservoir. 

The developed fDOM compensation procedure must consider characteristics of suspended 

particles and DOM, besides wavelength broadband and responsiveness of the instrument. 

Quenching due to turbidity and IFE effects was best predicted by threshold autoregressive 

models. Raw fDOM probe measurements were validated as being more reliable if they were 

systematically compensated using the proposed procedure. Corrected fDOM readings had a high 

correlation with the more recalcitrant fraction of the DOM, i.e. lower than 500 Da in molecular 
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weight, thus enabling fDOM probes to provide further insights on DOM properties of freshwater 

systems, and to set the foundations for WTP operators to optimise the coagulation process. 
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7 APPENDIX A – EXPERIMENTAL RESULTS, TINGALPA 

Source Day Temp °C fDOM RFU fDOM QSU Turbidity FNU UV254 UV365 UV480 DOC 

Tingalpa March_07 24.69 12.21 36.62 34.98 0.186 - - - 

Tingalpa March_14_S1 23.72 13.20 44.32 32.24 0.182 - - - 

Tingalpa March_14_S2 24.82 5.55 20.71 150.17 0.199 - - - 

Tingalpa April_03 23.753 14.53 41.38 340.87 - - - 15 

Tingalpa April_03 23.619 13.9 39.6 351.1 - - - 15 

Tingalpa April_03 23.587 13.09 37.29 363.68 - - - 15 

Tingalpa April_03 23.196 15.72 44.78 296.74 - - - 14 

Tingalpa April_03 23.186 15.51 44.17 298.48 - - - 14 

Tingalpa April_03 23.196 15.47 44.07 295.5 - - - 14 

Tingalpa April_03 23.166 24.38 69.44 159.56 - - - 14 

Tingalpa April_03 23.115 24.07 68.57 176.83 - - - 14 

Tingalpa April_03 23.092 24.01 68.39 172.74 - - - 14 

Tingalpa April_03 18.568 30.48 86.82 93.41 - - - 14 

Tingalpa April_03 22.755 29.86 85.07 92.2 - - - 14 

Tingalpa April_03 23.285 29.47 83.94 93.49 - - - 14 

Tingalpa April_03 23.336 50.88 150.39 2.83 - - - 14 

Tingalpa April_03 23.113 51 150.74 2.82 - - - 14 

Tingalpa April_03 22.605 51.15 151.2 2.83 - - - 14 

Tingalpa April_03 6.673 56.84 168 3.48 - - - - 

Tingalpa April_03 6.712 56.79 167.84 3.49 - - - - 

Tingalpa April_03 6.807 57.12 168.84 3.47 - - - - 

Tingalpa April_03 6.87 56.74 167.72 3.49 - - - - 

Tingalpa April_03 6.952 57.15 168.91 3.45 - - - - 

Tingalpa April_03 7.04 56.69 167.57 3.46 - - - - 

Tingalpa April_03 7.043 57.14 168.89 3.43 - - - - 

Tingalpa April_03 7.119 57.09 168.73 3.43 - - - - 
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Source Day Temp °C fDOM RFU fDOM QSU Turbidity FNU UV254 UV365 UV480 DOC 

Tingalpa April_03 7.181 57.05 168.63 3.46 - - - - 

Tingalpa April_03 7.218 57.04 168.6 3.49 - - - - 

Tingalpa April_03 7.296 57.05 168.61 3.42 - - - - 

Tingalpa April_03 7.346 57 168.48 3.44 - - - - 

Tingalpa April_03 7.452 56.96 168.35 3.47 - - - - 

Tingalpa April_03 7.504 57.03 168.57 3.47 - - - - 

Tingalpa April_03 7.542 56.93 168.26 3.41 - - - - 

Tingalpa April_03 7.643 56.9 168.18 3.44 - - - - 

Tingalpa April_03 7.689 56.94 168.29 3.47 - - - - 

Tingalpa April_03 7.733 56.86 168.05 3.43 - - - - 

Tingalpa April_03 7.828 56.82 167.95 3.45 - - - - 

Tingalpa April_03 7.913 56.77 167.78 3.39 - - - - 

Tingalpa April_03 7.917 56.82 167.95 3.43 - - - - 

Tingalpa April_03 8.043 56.71 167.62 3.43 - - - - 

Tingalpa April_03 8.152 56.7 167.58 3.47 - - - - 

Tingalpa April_03 8.176 56.67 167.49 3.37 - - - - 

Tingalpa April_03 8.313 56.62 167.37 3.39 - - - - 

Tingalpa April_03 8.344 56.57 167.21 3.44 - - - - 

Tingalpa April_03 8.461 56.58 167.25 3.4 - - - - 

Tingalpa April_03 8.533 56.49 166.97 3.46 - - - - 

Tingalpa April_03 8.599 56.54 167.1 3.37 - - - - 

Tingalpa April_03 8.725 56.46 166.87 3.37 - - - - 

Tingalpa April_03 8.805 56.4 166.71 3.43 - - - - 

Tingalpa April_03 8.898 56.43 166.78 3.39 - - - - 

Tingalpa April_03 9.079 56.3 166.41 3.45 - - - - 

Tingalpa April_03 9.093 56.38 166.64 3.39 - - - - 

Tingalpa April_03 9.185 56.31 166.44 3.36 - - - - 

Tingalpa April_03 9.274 56.19 166.09 3.43 - - - - 

Tingalpa April_03 9.384 56.25 166.24 3.37 - - - - 
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Tingalpa April_03 9.504 56.15 165.95 3.33 - - - - 

Tingalpa April_03 9.585 56.1 165.81 3.39 - - - - 

Tingalpa April_03 9.705 56 165.52 3.39 - - - - 

Tingalpa April_03 9.773 56.07 165.74 3.35 - - - - 

Tingalpa April_03 9.947 55.93 165.31 3.4 - - - - 

Tingalpa April_03 9.996 55.71 164.66 3.39 - - - - 

Tingalpa April_03 10.002 56.03 165.61 3.36 - - - - 

Tingalpa April_03 10.165 55.94 165.33 3.33 - - - - 

Tingalpa April_03 10.178 55.36 163.64 3.38 - - - - 

Tingalpa April_03 10.309 55.82 164.97 3.33 - - - - 

Tingalpa April_03 10.361 55.22 163.22 3.42 - - - - 

Tingalpa April_03 10.558 55.15 163.01 3.37 - - - - 

Tingalpa April_03 10.654 55.74 164.76 3.28 - - - - 

Tingalpa April_03 10.72 55.05 162.72 3.46 - - - - 

Tingalpa April_03 10.801 55.64 164.46 3.35 - - - - 

Tingalpa April_03 10.976 54.98 162.5 3.37 - - - - 

Tingalpa April_03 11.092 55.57 164.25 3.3 - - - - 

Tingalpa April_03 11.143 54.87 162.18 3.33 - - - - 

Tingalpa April_03 11.326 54.81 162 3.37 - - - - 

Tingalpa April_03 11.426 55.47 163.95 3.28 - - - - 

Tingalpa April_03 11.523 54.74 161.79 3.32 - - - - 

Tingalpa April_03 11.714 55.37 163.66 3.25 - - - - 

Tingalpa April_03 11.758 54.67 161.58 3.33 - - - - 

Tingalpa April_03 11.919 54.58 161.33 3.38 - - - - 

Tingalpa April_03 11.958 55.27 163.36 3.25 - - - - 

Tingalpa April_03 12.11 54.48 161.03 3.36 - - - - 

Tingalpa April_03 12.299 54.43 160.88 3.29 - - - - 

Tingalpa April_03 12.333 55.16 163.03 3.21 - - - - 

Tingalpa April_03 12.468 54.39 160.75 3.32 - - - - 
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Tingalpa April_03 12.573 55.05 162.72 3.24 - - - - 

Tingalpa April_03 12.662 54.71 161.69 3.33 - - - - 

Tingalpa April_03 12.805 54.69 161.65 3.31 - - - - 

Tingalpa April_03 12.935 54.63 161.47 3.25 - - - - 

Tingalpa April_03 12.95 54.93 162.36 3.2 - - - - 

Tingalpa April_03 13.074 54.44 160.92 3.27 - - - - 

Tingalpa April_03 13.233 54.06 159.78 3.23 - - - - 

Tingalpa April_03 13.303 53.98 159.55 3.29 - - - - 

Tingalpa April_03 13.342 54.83 162.08 3.18 - - - - 

Tingalpa April_03 13.352 53.93 159.39 3.25 - - - - 

Tingalpa April_03 13.442 53.84 159.14 3.28 - - - - 

Tingalpa April_03 13.595 53.85 159.18 3.24 - - - - 

Tingalpa April_03 13.705 54.73 161.76 3.18 - - - - 

Tingalpa April_03 13.725 53.76 158.9 3.26 - - - - 

Tingalpa April_03 13.806 53.76 158.91 3.27 - - - - 

Tingalpa April_03 13.858 53.69 158.68 3.21 - - - - 

Tingalpa April_03 14.038 53.65 158.58 3.26 - - - - 

Tingalpa April_03 14.061 54.51 161.12 3.14 - - - - 

Tingalpa April_03 14.087 54.02 159.66 3.23 - - - - 

Tingalpa April_03 14.253 54.04 159.73 3.21 - - - - 

Tingalpa April_03 14.34 53.99 159.57 3.23 - - - - 

Tingalpa April_03 14.35 53.92 159.38 3.15 - - - - 

Tingalpa April_03 14.432 53.95 159.45 3.21 - - - - 

Tingalpa April_03 14.555 53.91 159.36 3.22 - - - - 

Tingalpa April_03 14.635 53.85 159.16 3.24 - - - - 

Tingalpa April_03 14.74 53.81 159.05 3.23 - - - - 

Tingalpa April_03 14.824 53.81 159.04 3.11 - - - - 

Tingalpa April_03 14.843 53.74 158.83 3.21 - - - - 

Tingalpa April_03 14.949 53.7 158.73 3.23 - - - - 
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Tingalpa April_03 15.095 53.65 158.58 3.22 - - - - 

Tingalpa April_03 15.186 53.64 158.54 3.2 - - - - 

Tingalpa April_03 15.276 53.66 158.6 3.1 - - - - 

Tingalpa April_03 15.288 53.56 158.32 3.19 - - - - 

Tingalpa April_03 15.351 53.52 158.2 3.18 - - - - 

Tingalpa April_03 15.475 53.47 158.05 3.18 - - - - 

Tingalpa April_03 15.563 53.43 157.93 3.18 - - - - 

Tingalpa April_03 15.612 53.5 158.14 3.09 - - - - 

Tingalpa April_03 15.648 53.4 157.83 3.17 - - - - 

Tingalpa April_03 15.748 53.36 157.73 3.18 - - - - 

Tingalpa April_03 15.788 53.33 157.62 3.2 - - - - 

Tingalpa April_03 15.837 53.28 157.49 3.18 - - - - 

Tingalpa April_03 15.922 53.27 157.45 3.16 - - - - 

Tingalpa April_03 15.963 53.22 157.3 3.19 - - - - 

Tingalpa April_03 16.026 53.21 157.27 3.15 - - - - 

Tingalpa April_03 16.091 53.16 157.13 3.19 - - - - 

Tingalpa April_03 16.095 53.36 157.72 3.06 - - - - 

Tingalpa April_03 16.197 53.14 157.06 3.21 - - - - 

Tingalpa April_03 16.233 53.11 156.99 3.21 - - - - 

Tingalpa April_03 16.325 53.09 156.92 3.15 - - - - 

Tingalpa April_03 16.378 53.06 156.82 3.13 - - - - 

Tingalpa April_03 16.4 53.06 156.84 3.2 - - - - 

Tingalpa April_03 16.416 53.03 156.75 3.15 - - - - 

Tingalpa April_03 16.62 53.2 157.25 3.08 - - - - 

Tingalpa April_03 16.831 52.9 156.37 3.15 - - - - 

Tingalpa April_03 16.853 52.62 155.54 3.15 - - - - 

Tingalpa April_03 17.12 53 156.65 3.07 - - - - 

Tingalpa April_03 17.385 52.42 154.93 3.12 - - - - 

Tingalpa April_03 17.649 52.78 156.02 3.04 - - - - 
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Tingalpa April_03 17.937 52.19 154.27 3.12 - - - - 

Tingalpa April_03 18.245 52.61 155.5 2.98 - - - - 

Tingalpa April_03 18.613 52.01 153.73 3.05 - - - - 

Tingalpa April_03 18.785 52.44 154.99 3.01 - - - - 

Tingalpa April_03 19.226 51.77 153.02 3.06 - - - - 

Tingalpa April_03 19.259 52.19 154.26 3.08 - - - - 

Tingalpa April_03 19.426 52.22 154.36 2.96 - - - - 

Tingalpa April_03 19.938 51.6 152.52 3 - - - - 

Tingalpa April_03 20.111 51.99 153.67 2.93 - - - - 

Tingalpa April_03 20.558 51.3 151.64 2.99 - - - - 

Tingalpa April_03 20.753 51.82 153.18 2.91 - - - - 

Tingalpa April_03 21.313 51.1 151.03 2.97 - - - - 

Tingalpa April_03 21.439 51.52 152.28 2.88 - - - - 

Tingalpa April_03 21.686 51.71 152.83 2.98 - - - - 

Tingalpa April_03 22.06 51.34 151.76 2.89 - - - - 

Tingalpa April_03 22.113 50.82 150.23 2.93 - - - - 

Tingalpa April_03 22.605 51.15 151.2 2.83 - - - - 

Tingalpa April_03 23.113 51 150.74 2.82 - - - - 

Tingalpa April_03 23.336 50.88 150.39 2.83 - - - - 

Tingalpa April_03 23.538 50.44 149.1 2.87 - - - - 

Tingalpa April_03 23.629 50.95 150.59 2.89 - - - - 

Tingalpa April_03 24.586 50.12 148.16 2.84 - - - - 

Tingalpa April_03 25.318 50.37 148.9 2.85 - - - - 

Tingalpa April_03 25.829 49.79 147.18 2.81 - - - - 

Tingalpa April_03 26.821 49.54 146.42 2.75 - - - - 

Tingalpa April_03 26.868 49.46 146.19 2.75 - - - - 

Tingalpa April_03 27.614 49.07 145.06 2.68 - - - - 

Tingalpa April_03 28.149 49.03 144.93 2.72 - - - - 

Tingalpa April_03 28.783 48.74 144.06 2.68 - - - - 
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Tingalpa April_03 29.368 48.6 143.66 2.67 - - - - 

Tingalpa April_03 30.129 48.42 143.12 2.58 - - - - 

Tingalpa April_03 30.401 48.41 143.1 2.58 - - - - 

Tingalpa April_03 31.415 48.35 142.91 2.59 - - - - 

Tingalpa April_03 31.513 47.92 141.66 2.54 - - - - 

Tingalpa April_03 32.65 48.05 142.04 2.53 - - - - 

Tingalpa April_03 32.957 47.51 140.44 2.48 - - - - 

Tingalpa April_03 32.993 47.61 140.73 2.49 - - - - 

Tingalpa April_03 33.554 47.3 139.82 2.57 - - - - 

Tingalpa April_03 34.144 47.12 139.27 2.44 - - - - 

Tingalpa April_03 34.221 47.18 139.46 2.44 - - - - 

Tingalpa April_03 34.779 46.97 138.85 2.42 - - - - 

Tingalpa April_03 34.969 46.97 138.83 2.41 - - - - 

Tingalpa April_13 40.769 47.73 141.09 -0.37 - - - - 

Tingalpa April_13 40.515 47.76 141.19 -0.36 - - - - 

Tingalpa April_13 40.249 47.82 141.34 -0.33 - - - - 

Tingalpa April_13 39.997 47.88 141.54 -0.27 - - - - 

Tingalpa April_13 39.748 47.97 141.79 -0.29 - - - - 

Tingalpa April_13 39.484 48.03 141.97 -0.27 - - - - 

Tingalpa April_13 39.223 48.1 142.17 -0.29 - - - - 

Tingalpa April_13 39.004 48.17 142.38 -0.27 - - - - 

Tingalpa April_13 38.732 48.22 142.54 -0.24 - - - - 

Tingalpa April_13 38.477 48.28 142.71 -0.26 - - - - 

Tingalpa April_13 38.264 48.34 142.87 -0.22 - - - - 

Tingalpa April_13 38.023 48.4 143.05 -0.23 - - - - 

Tingalpa April_13 37.798 48.45 143.22 -0.22 - - - - 

Tingalpa April_13 37.559 48.51 143.38 -0.13 - - - - 

Tingalpa April_13 37.345 48.57 143.56 -0.21 - - - - 

Tingalpa April_13 37.123 48.61 143.69 -0.16 - - - - 
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Tingalpa April_13 36.922 48.68 143.89 -0.14 - - - - 

Tingalpa April_13 36.692 48.73 144.04 -0.11 - - - - 

Tingalpa April_13 36.477 48.78 144.18 -0.15 - - - - 

Tingalpa April_13 36.267 48.83 144.34 -0.11 - - - - 

Tingalpa April_13 36.07 48.87 144.44 -0.08 - - - - 

Tingalpa April_13 35.865 48.93 144.63 -0.13 - - - - 

Tingalpa April_13 35.715 48.98 144.79 -0.09 - - - - 

Tingalpa April_13 35.496 49.03 144.91 -0.06 - - - - 

Tingalpa April_13 35.308 49.05 145 -0.08 - - - - 

Tingalpa April_13 35.134 49.11 145.17 -0.05 - - - - 

Tingalpa April_13 34.925 49.13 145.23 -0.04 - - - - 

Tingalpa April_13 34.746 49.19 145.4 -0.04 - - - - 

Tingalpa April_13 34.626 49.23 145.51 -0.07 - - - - 

Tingalpa April_13 34.436 49.25 145.56 -0.05 - - - - 

Tingalpa April_13 34.245 49.3 145.74 -0.03 - - - - 

Tingalpa April_13 34.113 49.35 145.86 -0.06 - - - - 

Tingalpa April_13 33.92 49.39 145.99 0.01 - - - - 

Tingalpa April_13 33.754 49.43 146.11 -0.04 - - - - 

Tingalpa April_13 33.578 49.52 146.38 0 - - - - 

Tingalpa April_13 32.729 49.92 147.56 0.01 - - - - 

Tingalpa April_13 31.395 50.3 148.68 0.07 - - - - 

Tingalpa April_13 30.138 50.72 149.91 0.13 - - - - 

Tingalpa April_13 28.876 51.1 151.03 0.13 - - - - 

Tingalpa April_13 27.657 51.44 152.04 0.21 - - - - 

Tingalpa April_13 26.469 51.8 153.11 0.26 - - - - 

Tingalpa April_13 25.367 52.15 154.15 0.34 - - - - 

Tingalpa April_13 24.347 52.48 155.11 0.37 - - - - 

Tingalpa April_13 23.386 52.68 155.72 0.41 - - - - 

Tingalpa April_13 22.473 52.96 156.55 0.45 - - - - 
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Tingalpa April_13 21.67 53.24 157.37 0.46 - - - - 

Tingalpa April_13 20.927 53.51 158.17 0.47 - - - - 

Tingalpa April_13 20.125 53.8 159.01 0.51 - - - - 

Tingalpa April_13 19.366 54.05 159.75 0.58 - - - - 

Tingalpa April_13 18.625 54.33 160.58 0.61 - - - - 

Tingalpa April_13 17.905 54.55 161.24 0.65 - - - - 

Tingalpa April_13 17.296 54.79 161.96 0.64 - - - - 

Tingalpa April_13 16.689 55 162.57 0.67 - - - - 

Tingalpa April_13 16.158 55.26 163.34 0.72 - - - - 

Tingalpa April_13 15.611 55.4 163.75 0.73 - - - - 

Tingalpa April_13 15.18 55.58 164.28 0.73 - - - - 

Tingalpa April_13 14.618 55.75 164.78 0.76 - - - - 

Tingalpa April_13 14.284 55.97 165.43 0.79 - - - - 

Tingalpa April_13 13.768 56.11 165.84 0.79 - - - - 

Tingalpa April_13 13.461 56.29 166.36 0.79 - - - - 

Tingalpa April_13 12.943 56.39 166.68 0.85 - - - - 

Tingalpa April_13 12.546 56.53 167.08 0.84 - - - - 

Tingalpa April_13 12.271 56.66 167.47 0.86 - - - - 

Tingalpa April_13 11.968 56.78 167.84 0.87 - - - - 

Tingalpa April_13 11.673 56.93 168.26 0.89 - - - - 

Tingalpa April_13 11.342 57.04 168.6 0.91 - - - - 

Tingalpa April_13 11.06 57.13 168.86 0.95 - - - - 

Tingalpa April_13 10.824 57.24 169.18 0.92 - - - - 

Tingalpa April_13 10.62 57.34 169.48 0.96 - - - - 

Tingalpa April_13 10.284 57.47 169.87 0.96 - - - - 

Tingalpa April_13 10.029 57.56 170.12 0.96 - - - - 

Tingalpa April_13 9.828 57.64 170.37 0.99 - - - - 

Tingalpa April_13 9.574 57.76 170.71 0.98 - - - - 

Tingalpa April_13 9.4 57.82 170.91 1 - - - - 
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Tingalpa April_13 9.151 57.97 171.33 1.01 - - - - 

Tingalpa April_13 8.933 58.01 171.47 1.02 - - - - 

Tingalpa April_13 8.697 58.11 171.76 1.02 - - - - 

Tingalpa April_13 8.457 58.18 171.97 1.02 - - - - 

Tingalpa April_13 8.307 58.27 172.22 1.03 - - - - 

Tingalpa April_13 8.097 58.32 172.36 1.03 - - - - 

Tingalpa April_13 7.939 58.4 172.6 1.06 - - - - 

Tingalpa April_13 7.785 58.44 172.73 1.06 - - - - 

Tingalpa April_13 7.576 58.53 172.99 1.09 - - - - 

Tingalpa April_13 7.49 58.59 173.17 1.05 - - - - 

Tingalpa April_13 7.308 58.64 173.31 1.09 - - - - 

Tingalpa April_13 7.198 58.72 173.55 1.07 - - - - 

Tingalpa April_13 7.103 58.73 173.59 1.11 - - - - 

Tingalpa April_13 6.998 58.8 173.79 1.1 - - - - 

Tingalpa April_13 6.914 58.83 173.87 1.13 - - - - 

Tingalpa April_13 6.867 58.91 174.12 1.08 - - - - 

Tingalpa April_13 6.665 58.92 174.14 1.12 - - - - 

Tingalpa April_13 6.557 58.95 174.23 1.11 - - - - 

Tingalpa April_13 6.485 59.01 174.41 1.13 - - - - 

Tingalpa April_13 6.396 59.05 174.52 1.11 - - - - 

Tingalpa April_13 6.198 59.07 174.58 1.15 - - - - 

Tingalpa April_13 6.161 59.11 174.72 1.12 - - - - 

Tingalpa April_13 6.023 59.13 174.78 1.11 - - - - 

Tingalpa April_13 5.976 59.19 174.94 1.1 - - - - 

Tingalpa April_13 5.928 59.25 175.12 1.12 - - - - 

Tingalpa April_13 5.813 59.25 175.11 1.14 - - - - 

Tingalpa April_13 5.766 59.27 175.19 1.14 - - - - 

Tingalpa April_13 5.717 59.32 175.32 1.12 - - - - 

Tingalpa April_13 5.647 59.31 175.31 1.16 - - - - 
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Tingalpa April_13 5.602 59.3 175.26 1.15 - - - - 

Tingalpa April_13 5.554 59.35 175.42 1.16 - - - - 

Tingalpa April_13 5.513 59.34 175.38 1.15 - - - - 

Tingalpa April_13 5.435 59.38 175.49 1.14 - - - - 

Tingalpa April_13 5.358 59.41 175.59 1.17 - - - - 

Tingalpa April_13 5.381 59.43 175.66 1.15 - - - - 

Tingalpa April_13 5.307 59.41 175.6 1.2 - - - - 

Tingalpa April_13 5.277 59.44 175.68 1.17 - - - - 

Tingalpa April_13 5.23 59.45 175.72 1.17 - - - - 

Tingalpa April_13 5.199 59.49 175.83 1.14 - - - - 

Tingalpa April_13 5.264 59.48 175.8 1.16 - - - - 

Tingalpa April_13 5.207 59.49 175.82 1.2 - - - - 

Tingalpa April_13 5.157 59.49 175.83 1.18 - - - - 

Tingalpa April_13 5.099 59.5 175.87 1.16 - - - - 

Tingalpa April_13 4.995 59.55 176.02 1.22 - - - - 

Tingalpa April_13 5.042 59.57 176.06 1.19 - - - - 

SRHA April_13 21.629 0 0 0.1 0 - - 0 

SRHA April_13 21.797 1.38 3.92 0.11 0.018 - - <1 

SRHA April_13 21.765 3.97 11.29 0.25 0.042 - - <1 

SRHA April_13 21.912 5.1 14.53 0.11 0.056 - - <1 

SRHA April_13 21.95 6.6 18.8 0.27 0.071 - - 1 

SRHA April_13 21.822 8.23 23.45 0.2 0.091 - - 1 

SRHA April_13 22.04 9.54 27.16 0.18 0.106 - - 1 

SRHA April_13 22.079 11.6 33.04 0.17 0.135 - - 2 

SRHA April_13 21.945 12.94 36.86 0.33 0.15 - - 2 

SRHA April_13 21.994 18.2 51.84 0.34 0.233 - - 2 

SRHA April_13 21.798 28.26 80.49 0.86 0.472 - - 5 

SRHA April_13 21.802 37.56 106.99 2.89 0.995 - - 6 

Tingalpa April_27 21.406 51.28 151.57 0.89 0.53 - - 14 
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Tingalpa April_27 21.346 50.2 148.37 3.05 0.529 - - - 

Tingalpa April_27 21.314 48.06 142.05 11.58 0.533 - - - 

Tingalpa April_27 21.287 45.04 133.15 21.58 0.538 - - - 

Tingalpa April_27 21.234 40.19 118.81 43.21 0.544 - - - 

Tingalpa April_27 21.273 36.02 106.5 66.16 0.551 - - - 

Tingalpa April_27 21.314 33.09 97.83 93.48 0.552 - - - 

Tingalpa April_27 21.297 29.42 86.97 120.82 0.558 - - - 

Tingalpa April_27 21.293 25.85 76.45 156.68 0.565 - - - 

Tingalpa April_27 21.271 23.63 69.88 184.78 0.579 - - - 

Tingalpa April_27 21.295 21.51 63.61 208.2 0.578 - - - 

Tingalpa April_27 21.283 19.2 56.8 241.28 0.592 - - - 

Tingalpa April_27 21.288 18.81 55.64 262.45 0.585 - - - 

Tingalpa April_27 21.225 16.93 50.07 309.26 0.595 - - - 

Tingalpa April_27 21.238 14.89 44.05 341.69 0.6 - - - 

Tingalpa April_27 21.237 13.87 41.05 384.16 0.608 - - - 

Tingalpa April_27 21.19 12.32 36.48 426.91 0.62 - - - 

Tingalpa April_27 21.165 10.94 32.39 465.97 0.634 - - - 

Tingalpa April_27 21.142 9.73 28.82 517.39 0.638 - - - 

Tingalpa April_27 21.152 8.51 25.21 587.46 0.634 - - - 

Tingalpa April_27 21.151 7.1 21.05 650.73 0.65 - - - 

Tingalpa April_27 21.2 6.27 18.6 745.39 0.688 - - - 

Tingalpa April_27 21.183 5.01 14.86 785.7 0.692 - - - 

Tingalpa April_27 21.21 4.93 14.63 863.93 0.712 - - - 

Tingalpa April_27 21.179 4.26 12.65 895.83 0.74 - - - 

Tingalpa April_27 21.23 3.76 11.18 993.47 0.748 - - - 

Tingalpa April_27 21.274 3.47 10.31 1027.24 0.798 - - 24 

Tingalpa April_27 21.406 51.28 151.57 0.89 0.53 - - 14 

Tingalpa April_27 22.277 38.63 114.21 38.16 - - - 14 

Tingalpa May_17 22.58 46.34 136.99 1.72 - - - 13 
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Source Day Temp °C fDOM RFU fDOM QSU Turbidity FNU UV254 UV365 UV480 DOC 

Tingalpa May_17 22.39 44.34 131.05 2.62 - - - 13 

Tingalpa May_17 22.31 41.48 122.62 3.18 - - - 12 

Tingalpa May_17 22.23 38.67 114.33 4.69 - - - 11 

Tingalpa May_17 22.18 35.58 105.18 6.44 - - - 11 

Tingalpa May_17 22.24 33.88 100.15 6.52 - - - 10 

Tingalpa May_17 22.11 30.85 91.21 6.83 - - - 9 

Tingalpa May_17 22.03 27.82 82.25 6.66 - - - 9 

Tingalpa May_17 21.98 25.02 73.99 6.75 - - - 8 

Tingalpa May_17 21.95 21.34 63.11 5.93 - - - 7 

Tingalpa May_17 21.94 18.29 54.10 5.61 - - - 6 

Tingalpa May_17 21.86 15.57 46.05 5.44 - - - 5 

Tingalpa May_17 21.98 12.54 37.12 4.20 - - - 4 

Tingalpa May_17 21.97 9.72 28.79 4.10 - - - 4 

Tingalpa May_17 22.00 6.71 19.89 3.46 - - - 3 

Tingalpa May_17 22.08 3.03 9.03 2.00 - - - 2 

Tingalpa May_17 22.58 46.34 136.99 1.72 - - - 13 

Tingalpa May_17 22.68 37.26 110.14 25.95 - - - 13 

Tingalpa May_17 22.58 32.78 96.92 43.84 - - - 13 

Tingalpa May_23 23.38 44.35 131.10 1.95 - - - 13 

Tingalpa May_23 22.64 68.80 196.00 1.95 - - - 27 

Tingalpa May_23 22.72 65.92 187.78 3.89 - - - 26 

Tingalpa May_23 22.67 63.09 179.73 3.54 - - - 25 

Tingalpa May_23 22.64 60.40 172.07 4.45 - - - 24 

Tingalpa May_23 22.61 57.48 163.76 4.56 - - - 22 

Tingalpa May_23 22.60 54.50 155.25 4.51 - - - 21 

Tingalpa May_23 22.59 51.34 146.24 4.45 - - - 19 

Tingalpa May_23 22.59 47.87 136.38 4.97 - - - 18 

Tingalpa May_23 22.58 44.92 127.95 4.49 - - - 17 

Tingalpa May_23 22.58 41.47 118.15 4.46 - - - 15 
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Source Day Temp °C fDOM RFU fDOM QSU Turbidity FNU UV254 UV365 UV480 DOC 

Tingalpa May_23 22.51 37.72 107.46 4.74 - - - 14 

Tingalpa May_23 22.46 33.61 95.73 6.43 - - - 12 

Tingalpa May_23 22.43 29.59 84.29 4.97 - - - 11 

Tingalpa May_23 22.41 25.19 71.75 4.17 - - - 9 

Tingalpa May_23 22.25 20.62 58.73 5.37 - - - 8 

Tingalpa May_23 22.21 15.55 44.30 3.03 - - - 6 

Tingalpa May_23 22.26 10.38 29.57 2.28 - - - 5 

Tingalpa May_23 22.38 5.04 14.35 1.37 - - - 3 

Tingalpa May_25 21.85 33.53 99.14 32.37 0.496 - 0.13 12 

Tingalpa May_25 22.53 44.49 131.50 1.28 0.496 - 0.13 12 

Tingalpa May_30 21.10 30.11 89.02 46.82 0.502 - 0.141 12 

Tingalpa May_30 22.04 44.66 132.01 1.42 0.502 - 0.141 12 

Tingalpa May_30 20.78 47.86 141.47 1.86 0.581 - 0.152 14 

Tingalpa May_30 21.01 46.52 137.50 4.38 - - 0.133 - 

Tingalpa May_30 21.04 45.19 133.56 6.62 0.5 - 0.128 - 

Tingalpa May_30 21.43 45.14 133.42 7.97 0.508 - 0.135 - 

Tingalpa May_30 21.37 42.89 126.77 12.86 0.507 - 0.135 - 

Tingalpa May_30 21.26 41.15 121.64 17.11 0.508 - 0.135 - 

Tingalpa May_30 21.15 39.74 117.48 20.51 - - - - 

Tingalpa May_30 21.10 38.31 113.24 24.48 - - - - 

Tingalpa May_30 21.03 36.36 107.49 30.52 - - - - 

Tingalpa May_30 21.00 34.74 102.73 34.88 - - - - 

Tingalpa May_30 20.97 33.03 97.65 40.78 - - - - 

Tingalpa May_30 20.94 31.72 93.79 45.60 - - - - 

Tingalpa May_30 20.95 30.62 90.54 49.38 - - - - 

Tingalpa May_30 20.96 29.71 87.83 53.33 - - - - 

Tingalpa May_30 20.97 28.78 85.11 56.87 - - - - 

Tingalpa May_30 20.97 27.88 82.44 61.73 - - - - 

Tingalpa May_30 20.95 27.11 80.17 64.71 - - - - 
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Source Day Temp °C fDOM RFU fDOM QSU Turbidity FNU UV254 UV365 UV480 DOC 

Tingalpa May_30 20.92 26.34 77.88 68.83 - - - - 

Tingalpa May_30 20.90 25.68 75.95 72.67 - - - - 

Tingalpa May_30 20.93 24.84 73.45 76.33 - - - - 

Tingalpa May_30 20.94 22.95 67.87 86.25 - - - - 

Tingalpa May_30 20.93 19.77 58.48 109.74 - - - - 

Tingalpa May_30 20.94 17.72 52.40 125.93 - - - - 

Tingalpa May_30 20.92 14.79 43.77 161.89 - - - - 

Tingalpa May_30 20.87 13.27 39.27 182.02 - - - - 

Tingalpa May_30 20.84 10.97 32.48 218.19 - - - - 

Tingalpa May_30 20.79 9.50 28.12 251.00 - - - - 

Tingalpa May_30 20.78 8.51 25.21 281.73 - - - - 

Tingalpa May_30 20.87 7.77 23.02 292.79 - - - - 

Tingalpa May_30 20.82 7.13 21.12 332.52 - - - - 

Tingalpa May_30 20.80 5.85 17.35 415.62 0.524 - 0.146 - 

Tingalpa May_30 19.78 5.01 14.86 482.99 0.533 - 0.151 14.00 

Tingalpa August_24 21.39 32.35 95.14 0.93 0.335 0.086 0.010 13.00 

Tingalpa August_24 21.59 24.19 71.20 0.67 0.217 0.061 0.007 9.10 

Tingalpa August_24 21.66 17.72 52.19 0.49 0.125 0.039 0.001 6.37 

Tingalpa August_24 21.76 13.90 40.97 0.41 0.08 0.029 0.001 4.46 

Tingalpa August_24 21.84 7.18 21.26 0.23 0.002 0.011 0.001 2.23 

SRHA August_24 21.62 19.13 56.35 22.09 3.956 1.588 0.545391304 11.00 

SRHA August_24 21.60 29.61 87.10 10.38 2.103 0.794 0.271503106 5.50 

SRHA August_24 21.55 31.49 92.63 5.27 1.012 0.394 0.132757764 2.75 

SRHA August_24 21.62 25.76 75.80 2.91 0.464 0.193 0.063322981 1.38 

SRHA August_24 21.54 17.10 50.38 1.54 0.196 0.097 0.03142236 0.69 

SRHA August_24 21.52 11.62 34.28 1.02 0.087 0.055 0.015571429 0.41 

SRHA August_24 21.56 8.65 25.57 0.79 0.038 0.036 0.00889441 0.29 

SRHA August_24 21.52 6.32 18.73 0.58 0.003 0.023 0.004173913 0.20 

SRHA August_24 21.58 4.57 13.59 0.44 0.001 0.015 0.001 0.14 
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Source Day Temp °C fDOM RFU fDOM QSU Turbidity FNU UV254 UV365 UV480 DOC 

SRHA August_24 21.63 2.34 7.07 0.25 0.001 0.004 0.001 0.07 

Tingalpa September_19 20.299 7.91 23.41 324.97 - - - 10 

Tingalpa September_19 20.297 8.73 25.81 268.54 - - - 10 

Tingalpa September_19 20.293 9.45 27.93 254.54 - - - 10 

Tingalpa September_19 20.295 10.32 30.47 217.28 - - - 10 

Tingalpa September_19 20.298 10.83 31.97 214.76 - - - 10 

Tingalpa September_19 20.297 11.1 32.78 199.95 - - - 10 

Tingalpa September_19 20.294 11.41 33.67 187.29 - - - 10 

Tingalpa September_19 20.295 11.56 34.11 170.56 - - - 10 

Tingalpa September_19 20.298 12.29 36.27 155.05 - - - 10 

Tingalpa September_19 20.303 12.55 37.02 155.4 - - - 10 

Tingalpa September_19 20.306 12.95 38.2 145.43 - - - 10 

Tingalpa September_19 20.31 13.21 38.96 136.8 - - - 10 

Tingalpa September_19 20.313 13.26 39.12 133.74 - - - 10 

Tingalpa September_19 20.315 13.33 39.31 130.79 - - - 10 

Tingalpa September_19 20.314 13.54 39.92 128.49 - - - 10 

Tingalpa September_19 20.315 13.82 40.75 121.9 - - - 10 

Tingalpa September_19 20.318 13.81 40.72 118.97 - - - 10 

Tingalpa September_19 20.318 14 41.29 112.54 - - - 10 

Tingalpa September_19 20.324 14.26 42.05 107.7 - - - 10 

Tingalpa September_19 20.326 14.37 42.37 106.89 - - - 10 

Tingalpa September_19 20.328 14.58 42.99 101.36 - - - 10 

Tingalpa September_19 20.334 14.7 43.33 97.92 - - - 10 

Tingalpa September_19 20.336 14.91 43.96 94.23 - - - 10 

Tingalpa September_19 20.34 15.2 44.81 92.15 - - - 10 

Tingalpa September_19 20.345 15.44 45.52 90.55 - - - 10 

Tingalpa September_19 20.35 15.59 45.95 86.48 - - - 10 

Tingalpa September_19 20.357 15.85 46.71 82.31 - - - 10 

Tingalpa September_19 20.375 16.19 47.71 76.32 - - - 10 
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Source Day Temp °C fDOM RFU fDOM QSU Turbidity FNU UV254 UV365 UV480 DOC 

Tingalpa September_19 20.408 16.61 48.94 71.89 - - - 10 

Tingalpa September_19 20.45 17.01 50.13 67.35 - - - 10 

Tingalpa September_19 20.468 17.05 50.25 64.09 - - - 10 

Tingalpa September_19 20.481 16.48 48.56 62.52 - - - 10 

Tingalpa September_19 20.264 26.59 78.25 12.27 - - - 10 

Tingalpa September_19 20.287 26.59 78.23 12.16 - - - 10 

Tingalpa September_19 20.308 26.63 78.37 11.91 - - - 10 

Tingalpa September_19 20.339 26.68 78.5 11.76 - - - 10 

Tingalpa September_19 20.348 26.71 78.61 11.98 - - - 10 

Tingalpa September_19 20.44 26.74 78.69 11.78 - - - 10 

Tingalpa September_19 20.3428 30.51 89.75 1.194 - - - 10 

Tingalpa September_25 22.468 20.19 59.46 58.28 0.372 0.082 0.006 11 

Tingalpa September_25 22.462 21.55 63.43 50.85 0.372 0.082 0.006 11 

Tingalpa September_25 22.46 21.69 63.86 47.07 0.372 0.082 0.006 11 

Tingalpa September_25 22.461 21.97 64.68 40.96 0.372 0.082 0.006 11 

Tingalpa September_25 22.464 22.3 65.64 41.36 0.372 0.082 0.006 11 

Tingalpa September_25 22.466 22.49 66.22 42.83 0.372 0.082 0.006 11 

Tingalpa September_25 22.466 22.48 66.19 40.88 0.372 0.082 0.006 11 

Tingalpa September_25 22.466 22.54 66.34 39.75 0.372 0.082 0.006 11 

Tingalpa September_25 22.467 22.61 66.55 37.9 0.372 0.082 0.006 11 

Tingalpa September_25 22.468 22.59 66.5 35.59 0.372 0.082 0.006 11 

Tingalpa September_25 22.469 22.62 66.59 37.16 0.372 0.082 0.006 11 

Tingalpa September_25 22.471 22.83 67.21 39.18 0.372 0.082 0.006 11 

Tingalpa September_25 22.473 22.79 67.08 34.99 0.372 0.082 0.006 11 

Tingalpa September_25 22.477 22.98 67.66 32.14 0.372 0.082 0.006 11 

Tingalpa September_25 22.481 23.2 68.29 33.22 0.372 0.082 0.006 11 

Tingalpa September_25 22.483 23.29 68.56 35.39 0.372 0.082 0.006 11 

Tingalpa September_25 22.485 23.43 68.96 33.07 0.372 0.082 0.006 11 

Tingalpa September_25 22.485 23.46 69.07 31.19 0.372 0.082 0.006 11 
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Source Day Temp °C fDOM RFU fDOM QSU Turbidity FNU UV254 UV365 UV480 DOC 

Tingalpa September_25 22.485 23.44 69 30.67 0.372 0.082 0.006 11 

Tingalpa September_25 22.485 23.66 69.63 27.38 0.372 0.082 0.006 11 

Tingalpa September_25 22.485 23.66 69.63 27.03 0.372 0.082 0.006 11 

Tingalpa September_25 22.485 23.76 69.95 26.82 0.372 0.082 0.006 11 

Tingalpa September_25 22.486 23.7 69.75 27.12 0.372 0.082 0.006 11 

Tingalpa September_25 22.489 23.82 70.12 25.96 0.372 0.082 0.006 11 

Tingalpa September_25 22.49 23.93 70.43 25.57 0.372 0.082 0.006 11 

Tingalpa September_25 22.493 23.97 70.56 25.25 0.372 0.082 0.006 11 

Tingalpa September_25 22.496 23.99 70.6 23.24 0.372 0.082 0.006 11 

Tingalpa September_25 22.5 24.07 70.83 24.26 0.372 0.082 0.006 11 

Tingalpa September_25 22.513 24.35 71.65 23.31 0.372 0.082 0.006 11 

Tingalpa September_25 22.513 24.34 71.63 22.76 0.372 0.082 0.006 11 

Tingalpa September_25 22.514 24.35 71.67 22.08 0.372 0.082 0.006 11 

Tingalpa September_25 22.514 24.4 71.81 22.81 0.372 0.082 0.006 11 

Tingalpa September_25 22.514 24.39 71.77 22.49 0.372 0.082 0.006 11 

Tingalpa September_25 22.515 24.45 71.95 22.11 0.372 0.082 0.006 11 

Tingalpa September_25 22.518 24.58 72.35 21.87 0.372 0.082 0.006 11 

Tingalpa September_25 22.532 24.81 73.01 19.7 0.372 0.082 0.006 11 

Tingalpa September_25 22.569 24.96 73.47 18.63 0.372 0.082 0.006 11 

Tingalpa September_25 22.603 25.14 73.98 17.73 0.372 0.082 0.006 11 

Tingalpa September_25 22.607 25.17 74.07 17.86 0.372 0.082 0.006 11 

Tingalpa September_25 22.693 25.33 74.53 16.37 0.372 0.082 0.006 11 

Tingalpa September_25 22.693 25.33 74.54 16.51 0.372 0.082 0.006 11 

Tingalpa September_25 22.489 29.77 87.58 1.19 0.372 0.082 0.006 11 

Tingalpa December_01 17.401 118.51 348.07 4.65 3.387       

 


