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Tracking Changes in Dissolved Natural Organic Matter
Composition — Evaluating Drinking Water Production using
Optical and Molecular Level Tools

Abstract

During the last decades, the abundance of dissolved organic matter (DOM), a complex
heterogeneous mixture of organic compounds, has increased in many surface waters in
Northern Europe and North America. Surface waters are widely used as raw water
sources for drinking water production. Increasing DOM is problematic for water
treatment plants (WTPs) due to e.g. increased coagulant demand and because its
constituents act as precursors for potentially harmful disinfection by-products. Many
WTPs employing conventional treatment are currently struggling to maintain sufficient
DOM removal, and are considering additional novel techniques.

In this thesis, changes in the DOM composition were investigated during i)
conventional water treatment and disinfection practices, ii) pilot scale studies of novel
processes (nanofiltration and ion exchange), and iii) transport in a large Swedish boreal
lake. Analytical techniques used include common spectroscopic methods (absorbance
and fluorescence), and more advanced molecular level techniques (ultra-high resolution
mass spectrometry). Results show that coagulation was highly selective towards
oxidized DOM components, and that the removed fraction resembled terrestrial
endmembers. Meanwhile, DOM with microbial endmember characteristics, which
correlated with chemically reduced DOM components, was especially reactive during
slow sand filtration. After disinfection, 499 different chlorine-containing by-products
were identified, of which many had not been reported in the literature earlier. Both
nanofiltration and ion exchange removed more DOM than coagulation, and
components with a wider range of chemical properties. Both techniques were, however,
most efficiently removing terrestrial DOM.

In the studied large boreal lake, terrestrial, aromatic compounds were lost over time,
while no significant net in-lake production occurred. Decreasing components
overlapped largely with those removed during coagulation treatment at WTPs,
indicating that coagulation had contributed significantly to DOM removal within the
lake, especially considering a concurrent loss of dissolved iron.
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1 Introduction

Carbon is the 4" most abundant element in the universe and is formed in stars
through helium fusion (Killops & Killops, 2009). On Earth, carbon is present
in all life forms as organic compounds as well as in the lithosphere and
atmosphere as e.g. carbonates, fossilized organisms, soil organic matter,
methane and carbon dioxide. In the hydrosphere, carbon occurs in its inorganic
form, carbonate - the main contributor to alkalinity, and as particulate and
dissolved organic carbon (POC and DOC). Inland waters have traditionally
not been attributed any particular role in the global carbon cycle, but has rather
been viewed as inactive transporters of carbon from terrestrial sources to the
oceans (Meybeck, 1982; Schlesinger & Melack, 1981), probably due to their
small contribution to Earth’s surface area. More recent studies have, however,
estimated that out of the approximately 1.9-2.9 Pg C inland waters annually
receive on a global scale, only about 0.9 Pg C y™ reach the oceans while
roughly 0.2-0.6 Pg C y™* are buried in sediments, and 0.8-1.4 Pg C y™ is lost to
the atmosphere through outgassing (Tranvik et al., 2009; Cole et al., 2007).
During transport in freshwater systems, the composition of organic matter can
be affected by photoreactions, flocculation, microbial degradation and in-lake
production of new organic matter. This demonstrates that inland waters
actively participate in the global carbon cycle and, in relation to their size, have
a major impact on the amount and composition of organic matter reaching the
ocean.

1.1 What is dissolved organic matter (DOM)?

The term *“dissolved”, when it comes to natural organic matter, is an
operational definition where material not retained by a 0.45 pm filter is
considered to be in solution, as opposed to in the particulate phase. In spite of
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this, much of the DOM is not truly dissolved but is rather present as smaller
colloids in suspension.

DOM in freshwater systems is a complex heterogeneous mixture of organic
compounds with both terrestrial and aquatic origins, so called allochthonous
and autochthonous organic material respectively. The material is usually
divided into humic and non-humic substances where the former represent
residual degradation products, largely from decomposition and solubilisation of
soil organic matter and the latter more well-known biomolecular classes such
as lipids, carbohydrates and amino acids.

1.1.1 Formation of DOM from soil organic matter

Organic matter in soil pore water consist of soluble compounds, such as low
molecular weight organic acids, proteins and carbohydrates (mainly cellulose),
as well as solubilisation products of more hydrophobic molecules from
structural plant and animal residues (Kleber & Johnson, 2010; Killops &
Killops, 2009). The latter originate from decomposition of soil organic matter,
during which hydrophobic organic material is oxidized and acquire oxygen
functional groups (e.g. hydroxyl (-OH) and carboxyl (-COOH) groups),
resulting in more polar and consequently, more soluble compounds (Kleber &
Johnson, 2010). Once the terrestrial organic matter is dissolved, it can be
transported from soils to inland water bodies. However, further degradation
and consumption by microorganisms occur prior in the soil, leading to shifts in
the chemical composition of soil-derived DOM. An aqueous environment is a
prerequisite for microbial uptake and studies have shown that CO, production
from soil samples coincides with a decrease in the water-extractable fraction of
organic carbon (Marschner & Bredow, 2002; Marschner & Noble, 2000).
Carbohydrates is seemingly the preferred substrate for microorganisms leading
to enrichment of lignin-derived aromatic compounds in the aqueous phase
(Kalbitz et al., 2003). Additional abiotic processes also regulate the
composition and concentration of soil DOM including i) adsorption/desorption,
ii) precipitation/dissolution, iii) diffusion, iv) complexation/decomplexation,
and v) protonation/deprotonation. These processes are in turn controlled by e.g.
soil quality (presence of iron and aluminium oxides or hydroxides and clay
minerals as well as their surface area), conductivity (competition for ion
exchange or adsorption) and pH (protonation/deprotonation) (Kalbitz et al.,
2000).
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1.1.2 DOM in lakes

Solubilized soil organic matter is transported to inland water bodies with
runoff. Humic substances typically constitute half of the DOM in an average
river (Thurman, 1985). However, the variation may be large and depends on
climate variables and the catchment characteristics. Terrestrially derived
organic matter has a relatively high abundance of aromatic carbon as well as
phenolic and carboxyl acid moieties (Kleber & Johnson, 2010; Fabris et al.,
2008). The aromaticity of DOM is commonly measured with specific (DOC
normalized) UV absorbance at 254 nm (SUVA), which strongly correlates with
the aromatic carbon content measured by *C-NMR (Weishaar et al., 2003).
Humic components are further attributed the majority of DOM absorbance of
visible light, as well as the fluorescence of lake and river samples (Leenheer &
Croué, 2003). Absorption of visible light by DOM is of ecological importance
because it can restrict phytoplankton primary production (Karlsson et al.,
2009), but also protect plankton and benthic organisms against harmful UV
environments (Morris et al., 1995). DOM fluorescence in the shorter emission
wavelength range has been related to protein-like and freshly produced DOM
(Parlanti et al., 2000; Coble et al., 1990), demonstrating the usefulness of
fluorescence spectroscopy to identify a wide range of DOM components.
Because fluorescence spectroscopy is at least twice as sensitive as UV
absorbance (Leenheer & Croué, 2003), it has great potential for monitoring
DOM quality, in spite of less than 1% of the aromatic moieties emitting light as
fluorophores (Lapen & Seitz, 1982). Autochthonous DOM that is produced
within lakes originates from phytoplankton and bacteria biomass (cells) or
extracellular release, has higher nitrogen content (C:N<10) than terrestrial
organic matter (C:N>20) (Leenheer, 2009) and more aliphatic carbon. This has
been demonstrated for isolates of DOM from lakes in Antarctica, where no
higher plants are present, as lower SUVA and higher hydrogen to carbon
ratios as well as larger abundance of nitrogen-containing components
compared to isolates from sources with a higher influence from vascular plants
(D’Andrilli et al., 2013; Weishaar et al., 2003; McKnight et al., 1991).

The composition of DOM in lakes change as a function of the water
residence time (Kothawala et al., 2014; Algesten et al., 2004). Reported losses
of DOC and colour as well as decreasing SUVA with increasing water
residence time are indicative of a selective removal of terrestrial DOM. Shifts
in DOM composition can be attributed to several processes, including i)
photochemical transformations (Gonsior et al., 2009; Bertilsson & Tranvik,
2000; Zhou & Mopper, 1997), ii) production of DOM by plankton (Cole et al.,
1982), iii) biodegradation and mineralization of DOM by microorganisms
(Sendergaard & Middelboe, 1995), and iv) flocculation of allochthonous DOM
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(von Wachenfeldt & Tranvik, 2008) mediated by e.g. Fe(lll) (Kohler et al.,
2013; Stumm & Morgan, 1996) or microbial activity (von Wachenfeldt et al.,
2009).

1.1.3 Traditional vs. modern view of humic substances

Traditionally, humic substances have been regarded as large, complex
macromolecules with high molecular weight, usually referred to as the polymer
model (Ghosh & Schnitzer, 1980), with an inherent recalcitrance to further
degradation. For example, (Cameron et al., 1972) reported mass-weighted
average molecular masses of 20000-50000 Dalton (Da) and e.g. (Piret et al.,
1960) suggested sizes up to several hundred thousand Da. The humic
substances supposedly consisted of isolated aromatic rings, covalently linked
by aliphatic chains (Schulten et al., 1991). More recent studies are, however,
not consistent with the polymer model and indicate that humic substances are
comprised of small primary molecules (100-2000 Da, with a majority <800
Da). The primary molecules obtain macromolecular characteristics as
aggregates formed through weak interactions (hydrogen bonds or hydrophobic
interactions), further increasing their complexity (Sutton & Sposito, 2005;
Leenheer & Croué, 2003; Piccolo, 2001; Wershaw, 1986). Aggregates have
been proposed to be able to form pseudo-micelles or micelle-like micro-
particles where hydrophobic regions are separated from the aqueous solution
by exterior hydrophilic layers (Sutton & Sposito, 2005; Kerner et al., 2003;
Piccolo, 2001; Conte & Piccolo, 1999). Biomolecular fragments derived from
e.g. proteins, lipids and carbohydrates that traditionally are classified
separately from humic substances are suggested to be associated and even
covalently bonded with humics, which may protect them from microbial
degradation (Sutton & Sposito, 2005).

1.2 DOM is increasing

DOM has been found to increase in many surface waters in northern Europe
and North America during the last decades (Ledesma et al., 2012; Roulet &
Moore, 2006; Evans et al., 2005; Skjelkvale, 2003; Freeman et al., 2001). The
increase has been particularly pronounced for the coloured fraction (Eikebrokk
et al., 2004; Hongve et al., 2004; Weyhenmeyer et al., 2004) and is therefore
called browning of inland waters.

Several theories have been brought forth to explain the increasing trend of
DOM including i) increased precipitation and run-off leading a larger export of
organic material from terrestrial systems (Hudson et al., 2003) as well as less
degradation due to decreased water retention times, ii) increased annual mean
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temperature resulting in higher rate of photosynthesis and primary production
(Forsberg, 1992), and in case of higher soil temperatures a general increase in
the rate of SOM decomposition (Chapman & Thurlow, 1998), resulting in
higher DOC concentrations in soils (Clark et al., 2005), iii) changes in land
use, e.g. increased agriculture (Chen & Driscoll, 2009; Chow et al., 2007) and
forest harvesting (Laudon et al., 2009; Nieminen, 2004), and iv) declining acid
deposition affecting the solubility of organic carbon through changes in pH and
ionic strength (Evans et al., 2006; Evans et al., 2005).

It is presently unknown whether DOM will continue to increase or if the
trend will level off in the future. It should further be noted that the increase, on
a longer time scale, has been suggested to represent a return to historical DOC
concentrations (Valinia et al., 2015; Cunningham et al., 2011).

1.3 How is DOM measured?

Because DOM is such a complex mixture of different organic components,
analysing it is a great challenge and to date there are no techniques that can
determine its complete structural molecular composition. There is a multitude
of analytical methods used to characterize DOM on different levels, of which a
selection is presented below.

DOC concentration is commonly used as a proxy for DOM, however,
giving no information regarding its composition. Optical spectroscopic
techniques, namely absorbance and fluorescence have been widely applied for
DOM characterization due to the relatively low cost of analysis, small sample
size needed and low demands on sample preparation (only filtration is needed).
Different optically active fractions have been connected to e.g. the source, age,
size, redox state, biological and photochemical reactivity, and the degree of
humification of DOM (Helms et al., 2008; Miller et al., 2006; Cory &
McKnight, 2005; McKnight et al., 2001; Parlanti et al., 2000; Zsolnay et al.,
1999; Coble et al., 1990).

DOM can be fractionated according to specific chemical properties.
Different resins, commonly including Amberlite XAD, have been applied to
divide DOM according to hydrophobic, hydrophilic and transphilic acid, base
or neutral fractions (Chow et al., 2004; Croué, 2004; Leenheer, 1981).
Limitations with the technique include the need of relatively large sample
volumes as well as uncertainties due to possible chemical alteration due to the
use of extreme pH levels, resin bleeding causing contamination, irreversible
binding of DOM components to the resins, and different operational conditions
(Song et al., 2009; Town & Powell, 1993; Malcolm, 1991).
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High-pressure liquid chromatography systems with size exclusion columns
(HPSEC) have also been widely used to separate DOM into size fractions,
especially for studies of DOM removal in drinking water treatment plants
(Matilainen et al., 2011). UV-Vis absorbance is the most common detection
method used, but systems with e.g. fluorescence as well as organic carbon,
nitrogen and multi-detectors are also applied (Wu et al., 2003; Her et al., 2002;
Huber & Frimmel, 1992). Due to lack of proper DOM standards poly-styrene
sulphonate (PSS) has been one of the most used standards for calibration of
HPSEC (Peuravuori & Pihlaja, 1997). Therefore, and because it is not known
to which degree aggregates or individual molecules are being measured, results
are approximations and reported as apparent molecular weight of DOM.
Results may be further impaired from the eluent where ionic strength and pH
can affect the configuration of DOM components (Specht & Frimmel, 2000).

Ultra-high resolution Fourier transform ion cyclotron resonance mass
spectrometry (FT-ICR-MS) has revolutionized the analysis of DOM during the
past decade. FT-ICR-MS analysis typically results in the identification of
thousands of mass peaks for one single sample of isolated DOM, usually in the
size range 200-1000 Da. This is due to a high mass accuracy (<lppm) that
allows differentiation between DOM components having small differences in
molecular mass. The ultrahigh resolution allows unambiguous assignment of
molecular formulas up to approximately 600 Da. However, structural
information cannot be obtained, due to the high number of possible isomers.
Interpreting this kind of complex data is challenging but the use of e.g. van
Krevelen diagrams (Wu et al., 2004; Kim et al., 2003) where elemental ratios
of H/C and O/C are plotted against each other allows a synoptic visualization
of FT-ICR-MS data. Recent studies have coupled components from FT-ICR-
MS analysis to optical and structural information, further evolving detailed
knowledge regarding DOM (Kellerman et al., 2014; Stubbins et al., 2014;
Gonsior et al., 2013; Herzsprung et al., 2012).

1.4 Drinking water production and the role of DOM

In this section the most common current treatment processes in drinking water
production will be described, along with effects from DOM during treatment.
The coagulation/flocculation process will then be described in more detail as it
is widely applied at WTPs and is responsible for the large majority of the DOC
removal when conventional treatment is used. | will then give a short
introduction to two more novel treatment processes, namely membrane
filtration and ion exchange, which were both investigated in pilot scale
experiments under the course of my PhD project.
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1.4.1 General water treatment scheme

Surface waters are widely used as raw water sources for drinking water
production. For example, in Sweden, 50% of all drinking water that is being
produced originates from lakes and rivers. Conventional treatment for
production of drinking water from surface waters is usually performed in three
main steps: a chemical, a mechanical and a biological. In the chemical step a
coagulant is added to the raw water which forms flocs together with small
particles and different dissolved compounds. After passing sedimentation
basins where most flocs settle and form sludge at the bottom, residual flocs are
removed in a mechanical step, most commonly rapid sand filtration. In the
following biological treatment, which takes place in large outdoor sand basins
(so called slow sand filtration) or activated carbon filters, organic compounds
causing unwanted odour and taste are removed. Activated carbon filters can
also function as a chemical barrier removing micro-pollutants. Before the
drinking water enters the distributions system it is disinfected with chlorine-
based chemicals (chlorine, hypochlorite or chlorine dioxide) or UV radiation,
so called primary disinfection. Monochloramine is commonly used as
secondary disinfectant where the purpose is to provide a longer-lasting
protection in the distribution network. In addition to removal of particles and
dissolved compounds, some of the processes also constitute microbiological
barriers. These processes include coagulation with following filtration, slow
sand filtration and primary disinfection.

1.4.2 Effects from DOM during drinking water production

The presence of DOM causes several problems for drinking water production
such as i) unwanted taste, colour and odour, ii) fouling of membranes (Kaiya et
al., 1996) and activated carbon filters (Summers et al., 1989), iii) co-
transportation of heavy metals (Frimmel & Huber, 1996) and organic
pollutants (Murphy et al., 1990), iv) formation of a variety of disinfection by-
products (DBPs) (Gonsior et al., 2014; Lavonen et al., 2013; Richardson,
2011; Rook, 1974) which may have negative health effects for humans
(Richardson et al., 2007; Dodds et al., 1999; Waller et al., 1998; Cantor, 1997;
Morris et al., 1992), and v) increased risk of biological regrowth in the
distribution network (Camper, 2004; Huck, 1990) (Figure 1). The observed
increasing DOC concentrations have further led to, e.g. a higher demand of
higher chemical doses during conventional coagulation treatment (Eikebrokk et
al., 2004).
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Figure 1. Summary of negative effects from dissolved natural organic matter during
drinking water production from surface waters.

1.4.3 Chemical coagulation

Coagulation/flocculation treatment is one of the most common processes used
in drinking water production for removal of DOM, but also to reduce turbidity.
It is an economically feasible technique and generally removes a considerable
amount of DOM (Matilainen et al., 2010). In order to remove DOM and
inorganic particles causing turbidity, aggregation and thereby particle density
needs to be enhanced in order to increase the sedimentation rate, which can be
done through coagulation. The most commonly used coagulants are metal salts
from aluminum or iron but other options such as polymers are also available
(Matilainen et al., 2010). Other products such as activated silicic acid,
produced from water glass (sodium silicate, Na,Siz) and ammonium sulphate
((NH4)2S0,), can be used to enhance the treatment. Silicic acid aids both the
coagulation and flocculation processes, the former by substituting hydroxide
ions in the formed flocs and the latter by binding flocs together, leading to the
formation of larger aggregates. The most important feature of a coagulant is
high positive charge since its primary task is to reduce the repulsive forces
between negatively charged DOM species and inorganic particulates to allow
them to aggregate. Highly charged complexes of up to thirteen aluminum ions
are formed in aqueous solution through hydrolysis of water molecules and
polymerization of complex hydrated aluminum hydroxides when the coagulant
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is added to the untreated water. The repulsive forces dominate in a stabile
suspension leading to very limited aggregation (Machenbach, 2007).
Coagulants destabilize a suspension through i) sweep coagulation — a process
in which DOM is adsorbed to the solid metal hydroxide and particulate
material is removed when it is trapped within the growing precipitation or ii)
charge neutralization, where the cationic metal adsorbs to anionic DOM,
thereby reducing the repulsive forces, which leads to the formation of insoluble
charge neutral products. Surface deposition of one particle on another may also
lead to charge neutralization, which is also called hetero-coagulation
(Machenbach, 2007; Chow et al., 2004). There is an established relationship
between DOM removal with coagulation/flocculation and SUVA where, using
aluminum sulphate, >50% of the DOC is removed from waters with SUVA >4,
and less than 25% removal when SUVA is low (<2). DOC removal is generally
somewhat higher using ferric chloride compared to aluminum sulphate
(Matilainen et al., 2010; Machenbach, 2007; Edzwald, 1993).

1.4.4 Membrane filtration

Membrane treatment is a technique of growing interest for the drinking water
industry. Through membrane filtration, particulate and dissolved organic
matter, colloids as well as bacteria and viruses can be removed with size
exclusion. Removal is dependent on the pore size, dividing membrane
treatment into three categories: microfiltration, ultrafiltration and
nanofiltration. For significant removal of DOM, nanofiltration is needed.
Ultrafiltration can, however be used as filtration after coagulation, so called
direct filtration, which can enhance the DOM removal compared to
conventional treatment. Removal with microfiltration is limited to bacteria and
larger microorganisms (Machenbach, 2007). Membranes with a pore size
below 0.1 pm (ultra- and nanofilter) are considered as microbiological barriers.

1.4.5 lon exchange

lon exchange can be used to remove charged DOM, commonly by using
conventional polymeric anion exchange resins or a magnetic ion exchange
(MIEX®) resin. Conventional resins are used in fixed-beds through which
water is filtered, and a gradual decrease in the DOC removal will occur
between regeneration cycles. MIEX® is applied in a continuous treatment
process, where the resin is kept in suspension, resulting in more stable
outgoing DOC concentrations. The MIEX® resin beads, with an average size
of 150-180 um, are smaller compared to conventional resins, which increase
the external surface area where the initial exchange occurs (Slunjski et al.,
1999). The resin has a magnetic core which aids in aggregation and separation
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of the beads from the treated water. During treatment, stirring keeps the resin
in suspension by creating hydraulic forces that exceed the magnetic attraction
between the resin beads. There are two different types of reactors used for the
continuous MIEX® process: i) “High rate configuration”, where untreated
water is pumped into the bottom of the reactor holding MIEX® resin. In order
to keep the resin suspended a continuous flow is applied. Treated water is
taken out from the top of the reactor where the flow rate is sufficiently low for
the MIEX® resin beads to aggregate and settle back to the reactor; and ii)
“Dual stage configuration”, where ion exchange and resin separation takes
place separately.

For both types of reactor systems the majority of the MIEX® resin is kept
in, or pumped back to, the ion exchange reactor, while a small amount is
continuously removed and replaced with an equal amount of regenerated resin.
The removed resin is recovered and usually regenerated off-line in batches
(Slunjski et al., 2000).
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2 Obijectives

The overall aim of this thesis was to investigate the composition of DOM in
natural and engineered systems using multiple analytical tools. The specific
objectives were to:

1.

Evaluate the removal of DOM from surface water with conventional and
novel drinking water treatment techniques using various analytical
methods (11, I11)

Investigate the formation of chlorine-containing disinfection by-products
during drinking water disinfection using non-target analysis (I)

Identify optical parameters sensitive enough to capture small shifts in
DOM composition (11-1V)

Connect optical properties of DOM to structural and molecular level
information (11, 1V)

Study in-lake processing of DOM and how it affects drinking water
production (1V)
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3 Background, Materials and Methods

3.1 Projects

The work presented in this thesis was conducted within two projects: Color of
Water (CoW) and GenoMembran.

CoW is a strong research environment funded by the Swedish research
council FORMAS. The project is a collaboration between three universities:
Uppsala University; Swedish University of Agricultural Sciences; and
Linkdping University, as well as two drinking water producers (Stockholm
Water and Norrvatten). There are five subgroups within the project, all
connected by DOC, working with i) DOC monitoring through a) fluorescence
spectroscopy and b) remote sensing, ii) DOC removal from drinking water, iii)
the role of DOC in the regional carbon cycle, and iv) modelling of DOC
quantity and quality. The project aims to provide results of importance for i)
safe drinking water production in Sweden and other boreal areas with similar
climate development, and ii) correct estimations of the role of inland waters for
the carbon cycle. In this project | have worked with DOC removal from
drinking water (subgroup ii defined above), investigating existing and novel
treatment processes with a variety of analytical tools.

GenoMembran (“through membranes”), funded by the Swedish Water &
Wastewater Association. is a collaboration between Lund University, Swedish
University of Agricultural Sciences, the Norwegian research centre SINTEF
and four drinking water producers: Norrvatten (Gorvaln WTP, Stockholm),
VIVAB (Kvarnagarden WTP, Varberg), Tekniska Verken (Raberga WTP,
Linképing) and Sydvatten (Ringsjo WTP, Skane). The project aims to
investigate ultra- and nanofiltration membranes for improved DOC removal
during drinking water production. My role in the project has been to perform
characterization of DOM before and after pilot scale membrane filtration and
compare results to the full scale treatment at the studied WTPs.
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3.2 Study sites and sampling

3.2.1 Water treatment plants with conventional processes (paper | and II)

In paper I and Il samples from four large WTPs in Sweden were used; Lovo,
Lackareback, Ringsjo and Kvarnagarden (Figure 2 and 3). Samples were
collected monthly or bi-monthly between May and December 2011 and
analysed for DOC and optical characteristics. Lovd WTP was studied most
thoroughly with samples taken between all treatment steps while raw water and
drinking water was collected from the three other WTPs. For one sampling
occasion, ultra-high resolution mass spectrometry was used to obtain DOM
molecular level information. Additional data from two other WTPs, Réaberga
and Gorvéln was used to confirm results from paper I and II.
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Figure 2. Map (Google Maps) of middle
and southern Sweden showing the location
of the six water treatment plants (WTPs)
that were sampled within this PhD project.
Note that the locations for Gérvéaln and
Lovo WTPs are not resolved at this scale.
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Lovd is one of the three WTPs
supplying drinking water to Sweden’s
capital Stockholm, which has 1.4
million inhabitants. Lake Malaren, the
third largest lake in Sweden, is used as
raw water source. The WTP was
constructed 1933 with coagulation
using aluminium sulphate as the main
treatment process, followed by rapid
sand filtration to remove flocs that have
remained after sedimentation. In 1938
slow sand filtration, in large outdoor
basins, was added in the treatment train
in order to manage problems with
unwanted taste and odour. Slow sand
filtration only has a small effect on the
DOC concentration but a minor
fraction is removed through bacterial
consumption. In 1959 an expansion of
the WTP was done to increase its
capacity, but the main treatment has
remained. Before the water enters the
distribution network it is disinfected
with UV-light and monochloramine to
avoid bacterial regrowth. The average
water production at Lovdé WTP is
150000 m* per day.

Ringsjo WTP is situated in the



south of Sweden and supplies drinking water for the Skane County. The
production averages approximately 110000 m® per day. When built, in 1963,
the lake Ringsjon was used as raw water source but after construction of an 80
km long tunnel, that was finished in 1987, the WTP started to use Lake
Bolmen instead. Ringsjé WTP also applies conventional treatment with
chemical coagulation with iron chloride followed by rapid sand filtration. The
water thereafter passes through slow sand filtration basins and is then
disinfected with sodium hypochlorite before pumped to the distribution
network.

One of the two treatment plants producing drinking water for Gothenburg,
Sweden’s second largest city, is Lackareback WTP. The raw water intake for
Lackarebéck is situated in the Delsjo lakes. These lakes work as reservoirs and
approximately 1000 L s™ is pumped into the lakes from the large river Gota
Alv through an intake at Larjeholm. When the water quality in Gota Alv is
insufficient the water intake at Larjeholm is closed, which occurs up to 100
days per year. At the treatment plant, the raw water is pre-chlorinated before
coagulation treatment with aluminium sulphate is applied. After filtration with
active carbon, the water is disinfected with chlorine dioxide and chlorine.
Lackarebdck WTP is currently being upgraded with an additional treatment
step, ultrafiltration membranes to introduce and additional microbial barrier.
The pore size of the membranes is, however, too large to remove DOM.
Together with the other Gothenburg WTP, Alelyckan, Lackarebédck produces
170000 m® drinking water per day. In addition to the new ultrafiltration step,
the active carbon filters at Lackareback are also being expanded and after
completion, the treatment plant will alone have a maximum production
capacity of 186000 m® per day.

WTP Raw water Pre- Coagulation  Filtration Biological Disinfection
chlorination treatment
Lové Lake M3l e AL(50,) Rapid sand Slow sand 1. uv
SV aeeen 23 filtration* filtration* 2. NHCI*
Ringsid Lake Bolmen + I'Wl Ra.pld 5:and - Sl_o‘"" s.and NaOCl*
1/8 groundwater* I_’I filtration filtration
- Activated
I Lackarebdck H Delsjd lakes* Aly(SOy)5 . Clo, + Cl,*
- carbon
F Lake Neden + 1/4 Rapid sand 1. NH
Kvarnagarden : = ORI
groundwater® filtration .

Figure 3. Overview of treatment processes used at the four drinking water treatment plants
studied in paper | and 11. Sampling points are marked with asterisks.
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At Kvarnagarden WTP, located in Varberg commune in western Sweden,
the raw water consists of a mixture of Lake Neden and approximately 15-20%
groundwater. This raw water contains considerable less DOC compared to the
three other studied treatment plants. Therefore, the treatment (during the
studied time period) only consisted of a rapid sand filter for removal of
particles, followed by disinfection with monochloramine and UV radiation.
Even if the DOC concentration in Lake Neden is still relatively low, the water
colour (as mg Pt L™) doubled between 1997 and 2011 and to counteract the
increasing browning and furthermore introduce another microbial barrier,
ultrafiltration with direct coagulation is currently being added as an additional
treatment step.

Raberga WTP was sampled within the GenoMembran project. The WTP
was built in 1920 but has been reconstructed and expanded continuously since
then. Today, approximately 10000 m® of drinking water is being produced each
day which will be increased to 45000 m® per day through a current
reconstruction of the treatment plant. The WTP employs coagulation treatment
with aluminium sulphate followed by rapid sand filtration, slow sand filtration
and disinfection with sodium hypochlorite. The rapid sand filters will in the
future be substituted by granular activated carbon (GAC) filters to increase the
removal of compounds causing unwanted taste and odour. Furthermore, UV
disinfection will be added after the slow sand filters as an additional microbial
barrier.

Gorvéaln WTP was built in the late 1920’s and is one of three large surface
water treatment plants in Stockholm, providing drinking water to the northern
areas of the capital. The eastern part of Lake Malaren is used as raw water
source, and the treatment processes are similar to those at Lové WTP,
however, with GAC filters instead of slow sand filters. The daily production of
drinking water at Gérvaln WTP is approximately 120000 m®.

3.2.2 Pilot study of magnetic ion exchange (MIEX®) (unpublished)

At Lovd WTP a pilot the MIEX® process was studied, using a pilot scale high
rate contactor, between October 2013 and April 2014. One of the main aims
was to lower the DOC concentration to below 2 mg C L™ in order to decrease
the formation of DBPs and the risk of biological regrowth in the distribution
system. The MIEX® pilot was fed with untreated raw water and was connected
to an existing pilot plant downstream where coagulation and slow sand
filtration was applied. From December 2013 to the end of March 2014 a
constant treatment of approximately 900 bed volumes (mL treated water/mL
settled MIEX resin) was applied in the MIEX® pilot. Meanwhile, the
coagulant dose in the pilot plant was successively lowered from equivalent to

28



the full scale dose down to 15% of the full scale dose in March. In April, a
coagulant dose equivalent to the full scale treatment was used, while the treated
bed volumes in the MIEX® pilot was gradually lowered from 900 to
approximately 720.

3.2.3 Pilot study of a novel hollow fibre nanofiltration membrane (paper I11)

In June 2012, a pilot study using a novel hollow fibre nanofiltration (NF)
membrane was initiated at Gérvaln WTP. The used membrane was HFW 1000,
a capillary, hollow-fibre nanofiltration membrane developed by Pentair X-
Flow for high removal of DOM and low retention of hardness. The membrane
fibres are permanently hydrophilic and have a molecular weight cut-off of 500-
1000 Da. The motivation behind the study at Gérvaln WTP was to i) increase
the removal of DOM (with less than 20% increase in salt removal), and ii)
investigate if the performance of downstream GAC filters could be improved.
Gorvaln WTP aims to use the GAC filters as a chemical barrier that can
remove micro-contaminants or protect the drinking water in case of oil or
diesel pollution events in the raw water source. The presence of DOM,
however, leads to the GAC filters being saturated within approximately 2
months after regeneration and thereafter only work as bio-filters. The NF
membrane pilot was fed with coagulated water from the full scale treatment
and the NF permeate was treated with a pilot scale GAC filter. As a reference
to the full scale treatment, an additional pilot scale GAC column was fed
directly with coagulated water. This experimental set-up was used until May
2014 during which samples were collected monthly. Some initial problems
with swelling of the membrane pores during chemical cleaning resulted in
three test periods with slightly different, and with time improved, membrane
elements. In this thesis the focus has been on the last, and most successful, trial
period which lasted from August 2013 to May 2014 during which no
regeneration of the GAC occurred.

3.2.4 Lake Malaren (paper IV)

Lake Malaren is Sweden’s third largest lake and is situated west of the capital
Stockholm. It has a surface area of 1140 km? and spans 120 km from west to
east. The lake is divided into 6 basins as a function of its specific shape and a
large abundance of islands (Wallin & Andersson, 2000) (Figure 4). A majority
of the water, approximately 70% enters the lake in the most western basin A,
while 11% is added in basin D, in the northeast part of the lake (Wallin &
Andersson, 2000). These two water masses meet and mix in the eastern basin E
where the average water age is 2.8 years (Liungman et al., 2010). Lake
Mélaren is widely used for recreational purposes and is also the raw water
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source for the three surface water treatment plants in Stockholm, all with raw
water intakes in the eastern part of the lake.

For paper 1V, the sampling was performed in August 2013 concurrently
with the regular monitoring of Lake Mélaren. 11 lake sites were sampled for
surface water (Figure 4) and three of them additionally for deep water. Samples
were also collected from the two rivers contributing with the largest amount of
water to basin A and D, Arboga River and Fyris River.
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Figure 4. Map of Lake Mélaren with the 11 sampling points for paper IV marked in red. The 6
basins of the lake are denoted A-F. The figure is modified from (Wallin & Andersson, 2000)

3.3 Chemical analyses and data processing

In this section a shorter summary of the analytical methods used in this thesis
is given. Detailed information can be found in the respective papers.

3.3.1 DOC and dissolved iron

Filtered (0.45 um) samples were analysed for DOC using a Shimadzu TOC-
Vcpy carbon analyser with a measurement error of £0.4 mg C L™. Dissolved
iron (Fegiss) Wwas measured using ICP-AES for the samples intended for paper
IV. Analyses were performed at the accredited laboratory at the Department for
Aguatic Sciences and Assessment, SLU, Uppsala according to SS-EN 1SO
11885:20009.
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3.3.2 Absorbance and 3D fluorescence

Three different instruments were used for the samples in this thesis. For paper |
and Il, absorbance was collected using a Perkin-Elmer Lambda 40
spectrophotometer while fluorescence was measured with a Flouromax-2
spectrofluorometer (Horiba Jobin Yvon). For the second half of this PhD
project a new instrument (Aqualog, Horiba Jobin Yvon), capable of collecting
absorbance and fluorescence simultaneously, was purchased which was used to
measure samples for paper Il and 1V. The sample fluorescence signal (S) was
corrected with a lamp reference signal (R), to obtain S/R, both for
measurements done with the Fluoromax-2 and the Aqualog. Further
corrections included: i) conversion of the S/R signal to S./R. according to
spectral biases which are instrument specific and provided from the
manufacturers, ii) removal of the water Raman peak though blank subtraction
using Milli-Q water (18.2 Q cm™) for samples measured with Fluoromax-2 and
Starna Raman Ultra-Pure Water (Certified reference material 3/Q/10/WATER,
Starna Scientific), iii) nullification of areas of Rayleigh scatter, and iv) inner
filter effects correction (primary and secondary) using measured absorbance.
The corrected fluorescence signals were converter from counts per second
(cps) to water Raman units (RU) using the area under the water Raman peak
(excitation: 350 nm, emission: 380-420 nm) which was measured in the
beginning of every day analyses were performed.

Absorbance data was used to calculate the specific UV and visual
absorbance, SUVA and SA420, by dividing the absorbance (in m™), at 254 and
420 nm respectively, with the DOC concentration. SUVA s related to carbon
aromaticity as measured with **C-NMR (Weishaar et al., 2003) while SA420
was used as a measure for water colour per DOC. When dissolved iron
concentrations were significant (paper 1V), values of SUVA and colour were
corrected (Kohler et al., 2013; Weishaar et al., 2003) because iron has been
found to significantly contribute to absorbance, especially in the visual
spectrum.

Previously established indices were calculated from the fluorescence data,
namely humification index (HIX = the ratio of areas under the emission spectra
at 435-480 nm and the sum at 300 to 345 nm and 435 to 480 nm at an
excitation wavelength of 254 nm) (Ohno, 2002; Zsolnay et al., 1999),
fluorescence index (FI = ratio of emission intensity at 470 nm and 520 nm at
370 nm excitation) (Cory & McKnight, 2005; McKnight et al., 2001) and
freshness index (B:o. = emission intensity at 380 nm divided with the maximum
intensity between 420 and 435 nm at 310 nm excitation) (Parlanti et al., 2000).
HIX has been coupled to degree of humification defined as a positive
correlation with condensation (decreased H/C) (Zsolnay et al., 1999), Fl is an
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indicator of DOM source on a range from terrestrial (FI = 1.3) to microbial (FI
~ 1.8) (Cory et al., 2007) and B:a is related to DOM age with a higher value
indicative of a larger contribution of freshly produced DOM (Parlanti et al.,
2000).

Differential fluorescence and absorbance spectra (AEEMs, AAbs) were
calculated by subtracting the measured signal intensities from a sample
downstream in a process train or natural gradient from an upstream sample
(paper 11-1V). Differential spectra were also used to plot the percent removed
FDOM and CDOM.

3.3.3 FT-ICR-MS

Solid phase extracted samples were analysed at the Helmholtz Centre for
Environmental Health in Munich, Germany, using a Bruker Solarix 12 Tesla
FT-ICR mass spectrometer with electrospray ionization (ESI). ESI-FI-ICR-MS
is considered a qualitative method because ESI is a competitive ionization
process where compounds that are more prone to ionize will suppress less
ionizable ones and ionization efficiency can also be affected by the sample
matrix. However, it can be used semi-quantitatively when comparing samples
with similar matrices to look at differences in the relative abundance of mass
peaks and their assigned formulas e.g. along a natural gradient or from
consecutive treatment processes in a WTP. Van Krevelen bubble plots (y =
H/C, x = OIC), where bubble size represents the relative abundance in a
sample, or the change in relative abundance during a treatment process or
along a natural gradient were used in all papers to illustrate shifts in DOM
composition with respect to H/C and O/C ratios. Values of H/C, O/C, double
bond equivalency per carbon (DBE/C), and the average carbon oxidation state
for components with C, H and O only ( Coscro ) (paper I-1V) were calculated
for single mass peaks and for whole samples as mean values weighted against
the relative abundance of each component.

3.3.4 'H-NMR

Proton detected NMR spectra (paper 1V) were acquired with a Bruker Avance
Il NMR spectrometer. 'H-NMR section integrals were derived from AMIX-
based bucket analysis (normalized to total *H NMR integral = 100%) in the
chemical shift range 6y = 0.4 — 10.0 ppm, with the exclusion of resonance from
methanol (8 = 3.20 — 3.40 ppm) and residual water (6 = 4.85 — 5.26 ppm).
Key structural units related to the different ranges of chemical shifts are listed
in Table 1.
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Table 1. List of chemical shift ranges and associated key structural units for proton NMR.

5(*H) Key structural units
(ppm)

10.0-7.3  N-heterocycles in 6-membered rings, polycyclic aromatics,
(poly) carboxylic acids

7.3-7.0 Single aromatic rings with neutral substituents

7.0-6.5 C4H with oxygenated substituents (OH, OR) in ortho and para positions; five
membered heterocycles (O, N, S)

6.5-6.0 Conjugated double bonds, =C-C=CH, five membered ring heterocycles
(O,N,S)

6.0-5.3 Isolated double bonds, =CH ; O,CH

5.3-5.26  Isolated double bonds, =CH ; O,CH

4.9-3.1 OCH, oxygenated aliphatics

3.1-21 OCCH, carboxylic-rich alicyclic materials (CRAM) and other functionalized
aliphatics

21-19  OCCCH

1.9-1.35 OCCCH, branched aliphatics, condensed alicyclic rings
1.35-1.25 (CHo,), polymethylene; certain branched aliphatics
1.25-0.4 CCCCH, CH; groups

3.3.5 Rank correlation

In paper Il and IV rank correlation was used, according to Herzsprung et al.
2012, in order to couple optical (absorbance and fluorescence indices) (paper Il
and V) and structural (*H-NMR) (paper V) information to chemical formulas
assigned to mass peaks from FT-ICR-MS analyses. The Spearman’s rank
correlation coefficient was calculated between each mass peak and the optical
and structural parameters. The p-value for each correlation was determined
according to commonly used critical values. All correlations with p<0.05 were
considered significant.
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4 Results and Discussion

4.1 Correlating optical and structural properties of DOM with
molecular level information (paper Il and 1V)

Ultrahigh-resolution mass spectrometry, e.g. FT-ICR-MS, provide detailed
molecular level information for DOM, and can be used to identify chemical
properties related to DOM reactivity in natural and engineered systems. FT-
ICR-MS analyses are, however, too time-consuming and expensive to be used
at WTPs. Optical analyses, namely absorbance and fluorescence techniques,
are considerably faster and cheaper and can be used to obtain real-time
monitoring of DOM quality through online sensors. By using rank correlation
to relate absorbance and fluorescence measurements with individual
components obtained from FT-ICR-MS analyses we aimed to identify how
optical properties are related to the molecular characteristics of DOM.

The optical parameters selected for the rank correlations have, by others,
previously been related to specific DOM characteristics as well as the removal
of DOC during drinking water production. In both paper Il and IV optical
indices indicative of a terrestrial (allochthonous) origin and prevalence of
aromatic carbon (HIX and SUVA (Weishaar et al., 2003; Zsolnay et al.,
1999)), together with FDOM with emission at longer wavelengths
(%FDOMysp-600) correlated positively with oxidized CHO components ( Cos
> 0) with relatively high DBE/C (Figure 5) and O/C. High SUVA and FDOM
with emission at relatively long wavelengths are related to DOM being readily
removed during chemical coagulation at WTPs (paper I1) (Shutova et al., 2014;
Sanchez et al., 2013; Baghoth et al., 2011; Edzwald, 1993), as are components
with high O/C (paper I1) (Gonsior et al., 2014; Zhang et al., 2012). Indices
connected to freshly produced DOM (B:a) of microbial origin (FT) (McKnight
et al., 2001; Parlanti et al., 2000) and FDOM with emission at shorter
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wavelengths (%FDOMzsgg.450) Were positively correlated to CHO components
with reduced carbon ( Cos < 0) and relatively low DBE/C (Figure 5).

In paper 1V, data from analyses of "H-NMR were also included in the rank
correlation where resonance related to hydrogen associated with aromatic rings
with neutral and oxygenated (-OH, -OR) substituents (64 = 7.3-7.0 and 7.0-6.5
ppm respectively), conjugated double bonds (64 = 6.5-6.0 ppm) and
oxygenated aliphatics correlated with similar components as HIX, SUVA and
%FDOMys0.600. This could be expected due to the prevalence of aromatic
moieties and methoxy functional groups in lignin-derived, terrestrial DOM
(Kleber & Johnson, 2010; Kalbitz et al., 2003; Ralph et al., 1999). NMR
resonance related to aliphatic groups (“pure” aliphatics, methyl groups (0.4-
1.25 ppm), methylene groups, branched aliphatics, alicyclic rings (1.35-1.25
ppm, 1.9-1.35 ppm), as well as functionalized aliphatics (3.1-2.1 ppm) such as
carboxyl-rich alicyclic materials (CRAM) showed similar correlations as B:a,
FI and %FDOMz3p.450. More simple aliphatic structures are connected with
algal matter (Zhang et al., 2014; Mash et al., 2004) while functionalized
aliphatics are expected to increase with in-lake bacterial processing of algal
matter leading to the formation of a more complex mixture of compounds, such
as CRAM (Hertkorn et al., 2013; Hertkorn et al., 2006).

The most important finding was that C_ogclearly divided components that
correlated with optical parameters connected to allochthonous and
autochthonous DOM along the zero line into two groups of oxidized and
reduced components respectively (Figure 5). Clearly, the average oxidation
state of carbon could be connected both to selective removal during commonly
used drinking water treatment techniques (paper Il) as well as changes
occurring with increasing residence time in a large boreal lake (paper 1V) as
will be further discussed in the following sections.

0.9

Figure 5. Double bond equivalency
per carbon and the average carbon
oxidation state for allochthonous
(black markers) and autochthonous
DOM (white markers) in paper Il
(triangles) paper IV (circles).
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4.2 Selective removal of DOM during drinking water production
with conventional and novel treatment processes (paper |-

1)

In paper (I1) the main focus was on selective removal of DOM with different
optical properties during conventional drinking water treatment and
disinfection and how these changes related to the removal of specific DOM
components detected with FT-ICR-MS analyses. In order to validate results
from paper (1), which were mainly based on data from one treatment plant, |
add here additional unpublished data from several other WTPs, together with
data from the full scale treatment measured during the course of the pilot scale
membrane experiment at Gorvaln WTP (paper I11). Two pilot scale studies of
more novel treatment techniques, i.e. magnetic ion exchange (MIEX®)
(unpublished) and hollow fibre nanofiltration (paper I11) that were conducted at
Lovd and Gorvaln WTPs respectively will thereafter be presented and
compared.

4.2.1 Coagulation

During coagulation treatment, close to 50% of the raw water DOC was
removed from Lovo and Gorvaln WTPs (Table 2). This is in line with what can
be expected from their respective raw water SUVA (Table 3) as the removal
efficiency has been reported to be 25-50% from waters with SUVA from 2 to 4
(Matilainen et al., 2010; Edzwald, 1993).

Table 2. Changes occurring during coagulation treatment using aluminium sulphate (Al2(SO4)s)
(Lovo, Gorvaln, Lackarebdck and Raberga water treatment plants (WTPs) and iron chloride
(FeCl3) (Ringsjo WTP). ADOC = % removed dissolved organic carbon, AFl, AHIX, and AB:a =
fluorescence index, humification index and freshness index from differential excitation emission
matrices, 4H=% removed humic-like fluorescence, and 4P=2% removed protein-like fluorescence.

WTP Samples ADOC  AFI AHIX AB:a AH AP Source
() (%) (%) (%)

Lovo 1 8 43+3 127+ 093+ 047+ 58+ 30+ Paperll
0.03 0.01 0.02 2 6

Lovo 2 18 49+2 134+ 093+ 048+ 63+ 37+ Unpublished
0.01 0.01 0.01 1 2

Gorvaln 22 49+4 136+ 094z 047+ 64+ 33+ Paperlll
0.02 0.01 0.01 4 11

Ringsjo 12 72+2 132+ 094+ 043+ 82+ 60+ Unpublished
0.01 0.01 0.01 2 6

Lackareback 3 47+1 122+ 090+ 049+ 62+ 40+ Unpublished
0.02 0.00 0.00 1 2

Raberga 6 47+4 134+ 094+ 048+ 65+ 39+ Unpublished

0.01 0.01 0.02 3 9
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Additional data from Lackareback and Raberga WTPs further support this
(Table 2 and 3). The significantly higher DOC reduction at Ringsjoé WTP
(Table 1) likely resulted from a combination of the use of iron chloride as
coagulant, which is more effective than aluminium sulphate and the higher raw
water SUVA (Table 3). During treatment, SUVA decreased (Table 3), as
commonly reported (Matilainen et al., 2010), indicating that aromatic,
terrestrially derived DOM (Weishaar et al., 2003) was preferentially removed.
Fluorescence indices support this as shown by decreased HIX (selective
removal of humic, terrestrial FDOM) as well as increased FI and B:a (poor
removal of microbial, freshly produced FDOM) (Table 3). The optical indices,
however, only show which type of DOM that is easiest to remove. In paper Il
we demonstrated that plotting the percentage removed FDOM gives a more
complete view of the range of removal efficiencies (Figure 6). For Lovd WTP
removal during coagulation treatment ranged from approximately 30% for
shorter emission wavelength protein-like FDOM (excitation = 276 nm,
emission = 320 nm) to almost 60% for longer emission wavelength humic
FDOM (excitation = 350 nm, emission = 550 nm) (Table 2). Still, FI calculated
from differential EEMs (AFT) was approximately 1.30-1.35 (Table 2), which is
close to reported values for terrestrial endmember samples (typically 1.3)
(Cory et al,, 2007; Cory & McKnight, 2005), demonstrating the high
selectivity towards removal of terrestrial DOM during coagulation treatment.

Measured EEM AEEM % removed

T 100%

280 360 440 280 360 440
ExA (nm)

Figure 6. Calculation scheme for differential excitation emission matrices (AEEMs) as
exemplified by coagulation (Coag) and slow sand filtration (SSF) at Lovd water treatment
plant. The differential EEMs are divided by the sample before treatment in order to calculate
the % removed fluorescing dissolved organic matter. Em A = emission wavelength, Ex A =
excitation wavelength. Signal intensities of measured and AEEMs are given in Raman units.
The figure is modified from paper II.
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This is further supported by the high HIX and low B:o for the differential
EEMs (AHIX and AP:a, Table 2) compared to values in the respective raw
waters (Table 3) showing that the removed FDOM is relatively old and
humified (Ohno, 2002; Parlanti et al., 2000; Zsolnay et al., 1999).

2 On the molecular level, we found
that for components that decreased in
relative abundance with more than 2%
during the coagulation treatment at
Lové WTP (paper Il), the majority
(58%) correlated with terrestrial optical
indicators and a smaller amount (6%)
with parameters related to in-lake
produced DOM, in line with the results
from differential EEMs. Among the
10 f decreasing components, 99% of those

) that correlated with SUVA in the rank
correlation (see section 4.1) were

0.75 1

Change in rel. ab. (%)
=

10 ! represented, demonstrating the

R usefulness of the parameter for

-20 —— : assessing the treatability of DOM
-5 -1 -0.5 0 0.5 1 1.5 . . .

rom during coagulation. The decreasing

components had, in general, high O/C
and low H/C (Figure 7), in line with

Figure 7. Change in relative abundance of
chemical formulas containing C, H and O

that was present both before and after
coagulation treatment at Lové WTP. Above
= van Krevelen diagram where the y-axis
shows the hydrogen to carbon ratio (H/C)
and the x-axis the oxygen to carbon ratio
(O/C). Bubble size represents the change in
relative abundance during coagulation (gray
bubble = increase, white bubble = decrease).

Gonsior et al., 2014 and Zhang et al.,
2012, which is indicative of a high
abundance of carbon-carbon double
bonds, likely conjugated or present in
aromatic  moieties, and  oxygen
functional groups, as can be expected

for DOM of terrestrial origin (Kleber &
Johnson, 2010). Carbon oxidation was
particularly related to DOM removal by
coagulation as every single component
with positive Cos decreased during treatment (Figure 7). The components that
decreased during coagulation with more than 2% were compared to equivalent
ones from other sampling events of Lovd and Goérvaln WTPs. Among these
components approximately 80% were reoccurring during the three sampling
events demonstrating that i) there were no large differences in the DOM
composition between the sampled years and seasons (October 2011, September
2013, and January 2014), or the different geographical locations of the two

Below = change in relative abundance of
individual components as a function of the
average carbon oxidation state ( Cos ). The
figure is modified from paper II.
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treatment plants’ raw water intakes in Lake Malaren, and ii) coagulation is a
robust process that repeatedly removes similar DOM components.

Differential absorbance curves were used to plot the % removed CDOM
which demonstrated that at most WTPs there was constant removal from 240-
275 nm, followed by a gradual increase of approximately 10% up to 340 nm
(Figure 8). At Lackareback WTP there was a small deviation from the gradual
increase, as absorbance around 260-270 nm appeared to be particularly
efficiently removed. We, and others, have found that absorbance in this range
is especially reactive during chlorination and chloramination (paper II)
(Roccaro & Vagliasindi, 2009; Korshin, 2002) (see section 4.2.4 on
disinfection practices).

95%

e Figure 8. The percent removed

50— — — —— Lackarehick absorbance during coagulat|.0n
— — Riberea treatment (average values) at five

2 e Gorviln large Swedish water treatment
é 75% T Lovel plants (WTPs). The two sampling
S o R Love? campaigns at Lovd WTP are
65% - — Ringso plotted separately (Lovd 1 =

2011, paper II, Lovo 2 = 2013-
2014, unpublished).

240 290 340
‘Wavelength (nm)

During chlorination, reduced DOM components are likely to be responsible for
the majority of the disinfectant consumption through oxidation reactions (paper
I, paper 1) (Zhang et al., 2012; Rice & Gomez-Taylor, 1986). These reactions
should therefore be connected to the removal of absorbance around 260-270
nm, which occurs simultaneously. If the deviating differential absorbance at
Lackarebdck WTP is purely an effect of CDOM reacting with chlorine or if the
coagulation treatment has been enhanced cannot be determined from our data.
But because components with positive Cos were particularly reactive during
coagulation, reduced CDOM components that were oxidized during the pre-
chlorination could have been subsequently removed during coagulation.
Previous studies of pre-oxidation with various oxidants have shown both
positive and negative effects on coagulation efficiency. Positive effects have
been proposed to be attributed to formation of smaller molecules with
increased hydrophobic affinity, a polymerization effect or formation of
oxygenated functional groups (Camel & Bermond, 1998; Moyers & Wu,
1985), while negative effects are hypothesized to arise mainly from formation
of smaller, more bioavailable compounds from humic substances (Ji et al.,
2008; Becker & O'Melia, 1996; Moyers & Wu, 1985).
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Table 3. Dissolved organic carbon concentration (DOC), specific UV absorbance (SUVA),
humification index (HIX), fluorescence index (FI) and fireshness index (B:a) for samples from full
and pilot scale treatments. Raw = raw water, RSF = rapid sand filtrate (sample taken after
coagulation treatment), SSF = slow sand filtrate, DW = drinking water (sample taken after
disinfection, MIEX = sample taken after MIEX treatment of raw water, RSF-P = pilot rapid sand
filtrate, SSF-P = pilot slow sand filtrate, GAC = granular activated carbon filtrate, NFperm =
nanofiltration permeate, GAC2 = pilot granular activated carbon filtrate (downstream from the
NF treatment), GAC4 = pilot reference granular activated carbon (fed with coagulated water, as
in the full scale treatment), DEK = decanted water, taken after coagulation treatment (when
rapid sand filtration is not applied).

DOC (mg SUVA(mg HIX Fl B:a
L-l) 1L m-l)
Lovo 1 Raw 89+0.4 27101 0.90+0.01 141+0.02 0.61+0.01
RSF 51+0.3 1.9+0.1 0.87+0.02 158+0.03 0.74+0.01
SSF 47+0.3 1.8+0.1 0.87+0.02 157+0.01 0.72+0.01
DW 44+03 1.8+0.1 0.88+0.02 156+0.01 0.72+0.01
Lovd 2 Raw 9.8+0.9 27+0.1 0.91+0.00 147+0.01 0.61+0.00
RSF 49+04 1.8+0.1 0.88+0.00 1.67+0.01 0.76+0.01
SSF 44+0.2 1.8+0.1 0.89+0.00 1.67+0.01 0.74+0.01
DW 44+£0.2 1.8+0.1 0.88+0.00 1.68+0.01 0.74+0.01
Lovd pilot MIEX 3.1+05 1.3+0.1 0.81+0.02 1.82+0.03 0.88+0.04
RSF-P 26104 13+0.1 0.82+0.01 1.84+0.03 0.92+0.03
SSF-P 25+04 1.3+0.1 0.83+0.01 1.85+0.03 0.91+0.04
Gorvéln Raw 9.4+1.0 29+0.2 0.92+0.01 1.48+0.01 0.60+0.02
RSF 48+0.3 19+0.1 0.88+0.01 1.68+0.01 0.76+0.02
GAC 47+0.3 1.9+0.1 0.88+0.01 1.68+0.03 0.75+0.01
DW 47+0.3 1.8+0.1 0.89+0.01 1.66+0.02 0.75+0.01
Gorvéln pilot  NFperm 1.0+0.3 1.2+0.2 0.83+0.01 1.84+0.03 0.95+0.04
GAC2 0.7+£0.3 09+0.3 0.83+0.01 1.74+0.04 0.80+0.02
GAC4 41+12 1.9+0.2 0.88+0.00 1.65+0.02 0.71+0.02
Ringsjo Raw 102+11 39%0.2 0.93+0.01 1.40+0.01 0.50+0.01
RSF 29+0.2 1.9+0.2 0.88+0.01 1.71+0.02 0.72+0.01
SSF 27+0.3 1.8+0.2 0.87+0.01 1.69+0.02 0.70+0.01
DW 26+0.2 16+0.2 0.89+0.01 1.73+0.02 0.71%0.01
Lackarebdck  Raw 49+0.1 25+0.1 0.86+0.01 1.42+0.01 0.64+0.00
DEK 26+0.1 15+0.2 0.81+0.02 1.69+0.01 0.81+0.01
GAC 23+0.1 14+0.2 0.80+0.03 1.61+0.03 0.75+0.00
DW 23+0.1 1.3+0.2 0.77+0.03 1.75+0.02 0.86+0.03
Raberga Raw 9.3+0.3 29101 0.92+0.01 147+0.01 0.61+0.01
RSF 50+0.3 1.8+0.1 0.88+0.01 1.67+0.01 0.76+0.01
SSF 42+03 1.8+0.1 0.90+0.03 1.67+0.03 0.73+0.00
DW 44+0.3 16+0.1 0.91+0.03 168+0.02 0.74%0.01
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4.2.2 Slow sand filtration

DOC removal in slow sand filters was small (7-15%) or insignificant (Table 4).
Using fluorescence analysis a clear pattern was revealed, where DOM emitting
fluorescence with relatively short emission wavelengths had been especially
reactive, opposite to coagulation (Figure 6). In fact, removal of protein-like
FDOM exceeded that of humic-like material in all studied WTPs (Table 4).
AFI (Table 4) show that the removed FDOM resembled that of microbial
endmember samples (paper 11), which have values of approximately 1.8 (Cory
et al., 2007; Cory & McKnight, 2005; McKnight et al., 2001). Meanwhile,
AHIX was considerably lower and A:a significantly higher (Table 3)
compared to material removed during coagulation (Table 2), demonstrating
that freshly produced, autochthonous DOM was primarily removed.
Differential absorbance data show that the shoulder at 260-270 nm was
especially susceptible to slow sand filtration (paper I, supported by
unpublished data) (Figure 9). Absorbance in this wavelength range overlaps
with that from the amino acids tyrosine, tryptophan and phenylalanine
(Lakowicz, 2007), which are also considered to be responsible for protein-like
fluorescence (Coble, 1996; Coble et al., 1990). In spite of slow sand filtration
mainly removing protein-like material, the difference in DOC removal between
the WTPs could not be unambiguously connected to any of the quality
measures. For example, none of the fluorescence indices, SUVA, or the DOC
concentration differed between the rapid sand filtrates (slow sand filtration
feed) at Lovo and Raberga WTPs (Table 3) and still, DOC removal was
approximately the double at Raberga. However, at Ringsjo, where no
significant DOC reduction occurred across the slow sand filters, DOC
concentration in the feed was significantly lower. It is therefore likely to
contribute with less carbon substrate, especially because the DOM composition
was of more humic, terrestrial character (Table 3).
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Figure 9. Average differential absorbance (AAbs) during slow sand filtration at Réberga,
Lovo, and Ringsjo water treatment plants. The figure is modified from paper II.
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Table 4. Changes in dissolved organic carbon quantity and quality during slow sand filtration.
ADOC = percent removed dissolved organic carbon, AFI, AHIX, and Af:o. = fluorescence index,
humification index and freshness index calculated from differential excitation emission matrices,
AH = percent removed humic-like fluorescence, and AP = percent removed protein-like
fluorescence.

WTP Samples ADOC AF1 AHIX AB:a AH (%) AP (%) Source

(n) (%)
Lovol 8 8+3 171+ 082+ 099+ 62 13+5  Paper ()
0.10 0.02 0.10
Lov2 7 7+3 NS? 073+ 124+ 242 11+3  Unpublished
0.05 0.21
Ringsjo 12 NS 197+ 084+ 097+ 82 11+5  Unpublished
0.11 0.03 0.09
Raberga 6 15+5 172+ 080+ 095+ 11+3 24116 Unpublished

0.08 0.04 0.09

NS = not significant, *removal at an excitation wavelength of 370 nm was not quantifiable

Clearly, removal of DOM in biological filters is more complex than that of
coagulation which can easily be related to the composition of the organic
matter. Except for DOM composition, it is likely that DOC concentration,
temperature, water chemistry, potential microbial production of DOM, and the
composition of the microbial community in the filters have affected the DOC
removal efficiency to different extents. It is also possible that the removal
efficiency differs between compounds within the protein-like, autochthonous
DOM fraction, further contributing to differences in the DOC reduction.

4.2.3 Granular activated carbon (GAC) filters

GAC may affect the DOC concentration and composition through i) adsorption
and ii) biodegradation by microorganisms attached to the filters. There was no
significant decrease in DOC at either Gorvaln (unpublished) or Lackareback
WTPs (Table 3). FDOM, however, was affected, and at Gorvéln 15 + 11 % of
protein-like material was removed compared to only 4 + 3 % of humic-like
fluorescence indicating that the GAC mainly acted as a biofilter, as protein-like
material is generally more bioavailable than humic material (Cammack et al.,
2004). At Lackareback on the other hand, there was no significant difference
between removal of humic- and protein-like FDOM (32 £ 5% and 29 + 8%
respectively), showing that the GAC had more remaining adsorptive function,
as humic substances would primarily be removed through adsorption (Velten et
al., 2011).
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4.2.4 Disinfection

Using FT-ICR-MS analyses, we found a diversity of chlorine-containing
disinfection by products (DBPs) at four studied WTPs using monochloramine
(Lovo and Kvarnagarden), sodium hypochlorite (Ringsjo), or a combination of
chlorine and chlorine dioxide (Lackarebéck) as disinfectants (paper I). In total
499 DBPs with 1 and 2 Cl where identified, of which 230 had not been
reported earlier. Chlorine chemicals can form DBPs with DOM through
oxidation, addition to unsaturated bonds or electrophilic substitution. The two
latter lead to the formation of organochlorine compounds, however, addition
reactions are proposed to proceed too slowly to be significant under the
conditions applied in drinking water disinfection. Therefore, electrophilic
substitution is the most likely reaction for formation of CI-DBPs (Deborde &
Gunten, 2008). Because O/C and DBE/C are not affected during electrophilic
substitution but were higher for the CI-DBPs compared to the bulk DOM
components, we concluded that selective chlorination of components with a
high abundance of oxygen and carbon-carbon double bonds had occurred at all
WTPs.

In paper Il we showed that CDOM with absorbance around 260-270 nm
was especially reactive during UV/monochloramine disinfection. Here, we can
further confirm this with data from four additional WTPs, using different
chlorine chemicals (Figure 10). This is in line with previous studies where
mainly absorbance at 272 nm decreased during chlorination (Roccaro &
Vagliasindi, 2009; Korshin et al., 2002). These studies focused on connecting
the loss of absorbance to the formation of different chlorinated DBPs. With
FT-ICR-MS analyses, we found that the most pronounced shift in DOM
composition was from reduced to oxidized components (paper I, paper Il), and
similarly Zhang et al., 2012 concluded that components with low O/C were
especially reactive during chlorination, as can be expected due to the larger
energy gain for oxidation of the most reduced molecules. Therefore, it is most
likely that the majority of the decrease in absorbance represents oxidation of
chemically reduced DOM components. The reduced components should be
connected to autochthonous DOM, as established with rank correlation (section
4.1, paper I, paper 1V). By measuring absorbance for a MilliQ water extract
from an algae mixture dominated by cyanobacteria (Pseudanabaena sp.) we
found a signal maximum around 260 nm (Figure 10). Hence, algae-derived
DOM was likely the most reactive material during chlorination and
chloramination, and should therefore have been responsible for the majority of
the unwanted disinfectant consumption.
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Figure 10. Differential absorbance (AAbs) during disinfection with monochloramine (Lovd,
Gorvaln and Kvarnagarden water treatment plants (WTPs)), sodium hypochlorite (Raberga and
Ringsjo WTPs) as well as chlorine and chlorine dioxide (Lackarebdack WTP). The red line
representing algal DOM shows the measured absorbance of a MilliQ water extract from an algae
mixture dominated by cyanobacteria. The figure is modified from paper Il

4.2.5 Pilot studies of nanofiltration and ion exchange

The novel nanofiltration membrane that was investigated in pilot scale at
Gorvaln WTP led to a significant reduction in DOC with an additional 79 + 7%
removal from the, in full scale, coagulated feed (Table 3) (paper I1). At Lovd
WTP, MIEX® treatment reduced the raw water DOC concentration more than
the full scale coagulation, however, applying subsequent coagulation in pilot
scale only increased removal with 0.5 + 0.1 mg C L™ (Table 3), even though
the coagulant dose was incrementally increased up to the same as used in the
full scale treatment. Differential fluorescence EEMs demonstrate a similar
pattern between coagulation, nanofiltration and MIEX® treatment with FDOM
removal increasing with emission wavelength (Figure 11, compare to Figure
6), however, the two latter were able to remove larger amounts of FDOM as
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Figure 11. Percentage of removed fluorescing dissolved organic matter during pilot scale
nanofiltration of the coagulated feed at Gorvaln water treatment plant (WTP) (left) as well as
using magnetic ion exchange (MIEX®) on untreated raw water at Lovdo WTP (right). Em A =
emission wavelength, Ex A = excitation wavelength.
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well as DOC (Table 3). Therefore, there was little gain in applying coagulation
treatment after MIEX®. One can hypothesize that the effect would have been
similar if the two treatments at Gérvaln WTP had been reversed.

FT-ICR-MS analyses of samples from Gorvaln WTP revealed that even if
there were similarities in which components that were removed during
coagulation and nanofiltration, as indicated by fluorescence analyses, there
were also pronounced differences between the treatments. The coagulation
treatment was highly selective towards oxidized components (as described in
section 4.2.1) while nanofiltration removed a wider range of both reduced and
oxidized components. Almost 90% of the components that decreased with
more than 2 % during coagulation continued to decrease with nanofiltration.
This demonstrates the higher efficiency of the membrane treatment, in line
with the fluorescence results. Furthermore, approximately 50% of the
components that decreased in relative abundance with more than 2% during
nanofiltration were not removed with coagulation, which enhances the wider
ability for DOM removal with nanofiltration. Components that were not
removed with nanofiltration all had m/z below 400 Da, which indicates that
they do not aggregate significantly and can pass through the membrane that has
a molecular weight cut-off of 500-1000 Da.

The reference GAC filter in the pilot plant at Gérvaln WTP, which was fed
with coagulated water from the full scale treatment, initially lowered the
incoming DOC concentration from the coagulated feed significantly, with
75%. The removal was, however, significantly reduced already after one
month’s use, to 11%. After two months there was practically no difference in
the performance of the pilot filter compared to the full scale GAC. The pilot
GAC filter that was fed with permeate from the nanofiltration membrane was
more challenging to evaluate due to the low DOC concentration in the feed (on
average 1.0 mg C L), and subsequently in the GAC filtrate (0.7 + 0.3 mg C L’
1) (Table 3), keeping in mind an approximate measurement error of + 0.4 mg C
L. There were however, indications of a similar behaviour as the reference
GAC with 72% DOC removal when the activated carbon was new and
significantly reduced performance the following months down to 13 + 5%
removal during the last 6 months of the trail period. Fluorescence data
confirms that the initial high removal of DOM in the reference GAC filter
rapidly decreased during the first two months of operation. Thereafter, no
significant difference in the removal of protein-like FDOM was seen compared
to the full scale treatment (Figure 11). There was, however, a slightly higher
reduction of humic-like FDOM (8 + 4% compared to 3 + 1% for full scale
GAC) that maintained during the last 7 months of the experiment, indicating
that some of the adsorptive properties of the activated carbon had not been
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exhausted. During the final 6 months, the removal efficiency of protein-like
material was significantly higher than that of humic-like FDOM across the
reference GAC filter (10 + 2% and 6 + 2% respectively), implying that the
activated carbon mainly had functioned as a biofilter during this time. The
removal of humic-like FDOM with the GAC filter fed with nanofiltration
permeate was close to 100% during the first two months (Figure 12) and only
30-40% of protein-like FDOM remained in the filtrate. It is clear that the
adsorptive function of this filter also decreased over time, as the removal of all
FDOM was successively lowered, and the difference in removal efficiencies
between humic-like and protein-like FDOM decreased (Figure 12).
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Both pilot GAC filters could only remove approximately 0.1 mg C L™ from
their respective feeds during the last 6 months of the experiment and, hence,
showed no significant improvement in DOC removal compared to the full scale
GAC. Whether the two filters had experienced an equal reduction in the
adsorptive properties or not is not entirely clear as no tests for e.g. their ability
to remove oil or diesel were performed in the end of the trial period. However,
we can conclude that in spite of the large DOC removal with nanofiltration,
fouling of downstream GAC still occurred.

The slow sand filter placed downstream from the pilot scale MIEX® and
coagulation treatment at Lové WTP did not remove additional carbon from the
feed, in spite of the DOM composition resembling a microbial endmember
with FI of approximately 1.8 (Table 3). This further confirms that other factors
than the DOC quality are of importance for the removal efficiency, as
discussed in section 4.2.2.

In summary, the combined process MIEX®/coagulation/slow sand filtration
reduced raw water DOC in the Lové pilot water treatment plant with 72 + 4%.
The highest removal of 80% was achieved when the coagulant dose in the pilot
plant was equivalent to the full scale treatment while the volume ratio of
treated water to MIEX resin was the lowest (720 bed volumes). This resulted in
a DOC concentration of 1.6 mg C L™ in the pilot slow sand filtrate.
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Meanwhile, full scale coagulation followed by membrane nanofiltration and
GAC filtration in pilot scale at Gorvaln WTP removed 93 + 2% of the raw
water DOC resulting in a treated water with DOC < 1 mg C L™. Hence, the
investigated nanofiltration membrane was more efficient to remove DOC
compared to treatment with MIEX® under all experimental conditions applied
in these two studies.

4.3 Processing of DOM within a large boreal lake (paper V)

Lake Maélaren is ideal for studies of in-lake processing of DOM as the majority
of the water mass enters in the most western basin and is transported during
approximately 2.8 years to the outlet in the eastern part of the lake (Liungman
et al., 2010) with only small contributions from other tributaries along the flow
pathway (Wallin & Andersson, 2000), allowing the substitution of space for
time. In paper IV, we studied in-lake processing of DOM with optical and
molecular level tools. We aimed to determine how changes in DOM
composition may affect the downstream positioned WTPs in Stockholm.
SUVA and the DOC-normalized water colour (specific absorbance at 420 nm,
SA420) decreased linearly from west to east. However, there was a concurrent
rapid loss of dissolved iron (Fegiss), and because iron can significantly
contribute to absorbance, especially in the visual range of the spectra, values of
SUVA and SA420 were corrected accordingly (Kéhler et al., 2013; Weishaar
et al.,, 2003). While the trend for SUVA still remained after correction,
demonstrating a loss of aromatic carbon across the lake, we could show that
iron had been mainly responsible for the loss in SA420 during this sampling
event. DOC also decreased across the lake, showing that removal exceeded in-
lake production. We estimated the autochthonous fraction of DOC with an
equation from Kohler et al 2013 and found that there was no significant change
occurring across the lake. Therefore, the net loss in DOC should mainly have
been connected to removal of allochthonous organic matter. This was
supported by shift in the distribution of NMR chemical shifts with a decreasing
contribution from protons connected to terrestrial DOM (see section 4.1) along
the west-east flow pathway. The DOM quality measure that varied the most
was the carbon oxidation state as the weighted mean value of Cos ( Cosw )
had a relative standard deviation of 72 % across the lake, which was by far
more than any of the other fluorescence, absorbance, NMR and FT-ICR-MS
parameters. Cosw Was also strongly positively correlated to DOC
concentration (r* = 0.77, p<0.0001) showing that the loss in DOC had been
more pronounced for oxidized components. We found that all components with
a positive Cos decreased from west to east, a similar pattern as occurred
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during the coagulation process at several WTPs (see section 4.2.1). In fact,
72% of the components that decreased more than 2% in relative abundance
across Lake Malaren also decreased < 2% during coagulation treatment at
Lovd WTP, which has the raw water intake in the eastern part of the lake
(paper I1). Hence, coagulation may have significantly contributed to the DOC
removal in Lake Mélaren, especially considering the concurrent loss of Fegiss.
DOM processing across the west-east flow pathway in Lake Malaren occurring
during our sampling event should have been favourable for the WTPs because
i) DOC concentration decreased, ii) DOM with a terrestrial fingerprint was
removed which should have decreased the coagulant demand and sludge
production, and iii) there was no significant net production of autochthonous
DOM which is more challenging to remove during drinking water production
with conventional treatment techniques.
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5 Summary, Conclusions and Future
Perspectives

In this thesis, common optical analytical techniques have been combined with
more advanced structural and molecular level tools to investigate selective
removal of DOM with conventional and novel drinking water treatment
processes, as well as during transport in a large Swedish boreal lake upstream
of three major water treatment plants. Figure 13 provides a visual summary of
relationships between DOM origin, chemical properties and reactivity during
drinking water production.

The results demonstrate that the average carbon oxidation state is related to
DOM source as well as to reactivity in natural and engineered systems.
Chemical components that correlated with optical indices indicative of
allochthonous DOM all had Cos >0 while those correlating with indices
connected to autochthonous DOM had Cgos <0. During drinking water
production, the coagulation process was highly selective towards oxidized,
allochthonous chemical components. Additional novel treatment techniques
(nanofiltration and ion exchange with MIEX®), that were investigated in pilot
scale experiments, improved DOM removal. Hence, although also selective
towards terrestrial DOM, they i) enhanced removal of DOM molecules that
were susceptible to coagulation, and ii) removed additional components
with Cgs <0 that were insensitive to coagulation treatment.

Differential absorbance and fluorescence spectra were useful in order to i)
capture small changes in DOM composition and ii) visualize removal over a
range of excitation and emission wavelengths, representing different
characteristics of the DOM. Fluorescence indices calculated from differential
EEMs demonstrated that coagulation treatment removed DOM with
characteristics typical of terrestrial end-member samples while material with
microbial end-member characteristics was reactive during slow sand filtration.
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By studying the large Swedish boreal lake Malaren we found that DOM
with similar optical and molecular properties as material removed during
coagulation treatment in WTPs was removed over time along the main flow
pathway of the lake. This implies that coagulation could have been responsible
for the observed loss in DOC in the lake, especially considering the concurrent
decrease in dissolved iron. We found no significant net in-lake production of
DOM. The lake may therefore be considered as a “free” WTP, reducing DOC
concentration by removal of material that is also lost during coagulation
treatment. It is worth noting that if the net in-lake production of DOM would
be significant, e.g. as could occur during an algal bloom, the sum of processing
across the lake may not be of gain for WTPs. Even if the total concentration of
DOC would decrease, the typically lower removal efficiency of autochthonous
DOM in the WTP may result in more inefficient overall removal.

In summary, | used straightforward optical methods as well as ultra-high
resolution analytical tools to demonstrate important constraints and regulating
factors for the production of safe drinking water using a range of Swedish
surface waters as raw water sources. In addition, | show that in-lake processing
upstream of a WTP can provide valuable “free” pre-treatment. These studies
gave rise to several new questions and avenues in future research towards
improved drinking water treatment. For example, we found a large number of
previously unidentified DBPs which deserve attention regarding potential
health effects as well as to identify their reaction pathways. Also, we could
establish that DOM of microbial endmember character was removed in slow
sand filters, however, because the incoming raw water quality could not be
related to the removal efficiency further studies of biological filter performance
are needed. Both investigated novel techniques, ion exchange and
nanofiltration, improved the DOM removal significantly. If these techniques
would be implemented in the full scale treatments several questions remain to
be addressed. This includes what effects a lowered DOC concentration, with a
composition differing from the present drinking water, would have on biofilms
in the distribution network, that provide protection against corrosion of the
pipes. A lowered drinking water DOC concentration also opens up possibilities
to use more potent disinfectants than monochloramine, including chorine and
hypochlorite, hopefully decreasing the DBP formation and disinfectant
consumption while increasing the disinfectant stability. In addition, we found
that the performance of WTPs is highly dependent on characteristics of the raw
water, that in turn are expected to change with climate change (e.g water
shortening water retention time in a wetter future climate). This calls for efforts
to combine studies of WTP performance and design with predictions of future
changes in climate and hydrology.
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Figure 13. Summary of relationships between dissolved organic matter origin, chemical
properties, and reactivity during conventional and novel drinking water treatment. SUVA =
specific UV absorbance at 254 nm, FDOM Em A = fluorescence emission wavelength, Cos =
average carbon oxidation state, FI = fluorescence index, B:a = freshness index, C,H = hydrogen
associated with aromatic carbon, =C-C=CH = hydrogen bound to carbon having conjugated
double bonds, HC, -OH, -OR = hydrogen associated with aromatic carbon with oxygenated
substituents, OCCCH = hydrogen in branched aliphatics and condensed alicyclic rings, and
(CH2)» = hydrogen in polymethylene and certain branched aliphatics. The colour bars indicate the
direction of change in values (thick = high values, thin = low values) as well as magnitude of
variation/sensitivity (thickness of the bars) for analytical parameters and the relative reactivity
(thickness of the bars) and approximate range (length of the bars) of reactive DOM components
during the different drinking water processes. The number-specified ranges for SUVA and FI are
based on values from Matilainen et al. 2010 and Cory et al. 2007.
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