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Improved characterization of dissolved organic matter (DOM) in source waters used for drinking water
treatment is necessary to optimize treatment processes and obtain high drinking water quality. In this study,
seasonal differences in freshwater DOM composition and associated treatment-induced changes, were
investigated at four drinking water treatment plants (DWTPs) in Sweden, during all seasons and a full-year.
The objective was to understand how effectively DWTPs can adapt to seasonal changes and compare how
optical and mass spectrometry methods detected these changes. In addition to bulk DOM analysis, this
work focused on excitation-emission matrix (EEM) fluorescence including parallel factor (PARAFAC)
analysis, and molecular level non-target analysis by Fourier transform ion cyclotron resonance mass
spectrometry (FT-ICR MS). Overall, seasonal variability of raw water DOM composition was small and
explained primarily by changes in the contributions of DOM with aromatic and phenolic moieties, which
were more prevalent during spring in two surface water sources as indicated by absorbance measurements
at 254 nm, computed specific ultraviolet absorbance (SUVA) and phenol concentrations. These changes
could be balanced by coagulation, resulting in seasonally stable DOM characteristics of treated water.
While EEM fluorescence and PARAFAC modelling effectively revealed DOM fingerprints of the different
water sources, FT-ICR MS provided new insights into treatment selectivity on DOM composition at the
molecular level. Future DOM monitoring of surface waters should target more specific seasonal DOM
changes, such as features with a known impact on certain treatment processes or target certain events, like
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rsc.li/es-water algal or cyanobacterial blooms.

Water impact

Increased variability in source water dissolved organic matter (DOM) composition might challenge drinking water quality through impaired treatment
performance. Optical and non-target analysis demonstrate an intrinsic resilience of conventional treatments, including coagulation and sand filtration,
against measurable seasonal changes in DOM composition, but that part of the seasonal DOM variation is still unaccounted for by typical monitoring
methods.
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Production of high-quality drinking water is essential for
society and water treatment procedures must be adapted to
the composition of water sources. Changes in the levels and
characteristics of dissolved organic matter (DOM) can impact
water treatment performance and thereby the final drinking
water quality, including the formation of specific disinfection
by-products (DBPs). In Northern European surface waters,
DOM levels are rising," and this browning leads to technical
and economic challenges for drinking water producers,
including premature saturation of carbon filters, impaired
UV disinfection performance, higher consumption of
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chemicals for coagulation and disinfection, and increased
risk for microbial regrowth in distribution systems.>™*

Rising levels of DOM in surface waters can be explained
by either increased DOC production in terrestrial ecosystems
(allochthonous DOM), or increased leaching of DOM from
these systems, or a combination of both.” Increasing
concentrations of iron (note that iron may also coagulate
DOM) and organic compounds that absorb light in the visible
range, increase water browning and lead to changes in the
composition of DOM.* This has implications for drinking
water producers. In Sweden, e.g., 75% of the drinking water
supply can be influenced by browning,* and if the trend of
water browning continues, better removal of color-associated
DOM during drinking water treatment might be required.

In addition to multi-year trends, there are also seasonal
dependencies on DOM characteristics, as increased
precipitation can lead to increased terrestrial export of DOM®
and increased temperatures can enhance mobilization and
primary production of DOM in surface waters.”” The
importance of in-lake produced, autochthonous DOM, has
increased in recent years® which might lead to larger
seasonal differences in DOM composition and expected
fundamental differences in required seasonal treatments.
Studying seasonal differences in DOM composition and its
effect on drinking water treatment requires sophisticated
methods. Fluorescence spectroscopy specifically targets the
subset colored or chromophoric DOM (CDOM) and
specifically the fluorescent DOM (FDOM). These fluorophores
are precursors of potentially toxic DBPs due to their aromatic
and conjugated m-electron systems that are susceptible to
electrophilic substitution. Three-dimensional, or excitation-
emission matrix fluorescence spectroscopy (EEMs), is easy to
operate and provides a contour plot of excitation versus
emissions wavelengths versus fluorescence intensity, which is
useful for discrimination of CDOM,’ and for on-line, near
real-time DOM monitoring during drinking water
treatment."’

By applying statistical analysis, such as parallel factor
analysis (PARAFAC), underlying components in the EEM
spectra can be used to describe quantitative changes in the
composition of FDOM.’ Various fluorescence features can be
linked to the source of origin''™"* or specific traits of DOM
composition, e.g., the aromatic-rich lignin- and tannin-
derived allochthonous DOM or autochthonous DOM
associated with algal blooms'* or microbial contamination."®
Microbial contamination cannot be simply identified by
FDOM measurements, due to complicated charge-transfer
and unpredictable quenching effects in complex mixtures
and specifically in the fluorescence of proteins and the
specific interactions (e.g., quenching) the fluorescent amino
acids have within these large molecules. FDOM
classifications are not always clear, and similar fluorescence
features may arise from different source materials. While
autochthonous and allochthonous CDOM are expected to
have different fluorescence features, recent studies have
provided evidence that they can have similar fluorescence
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properties.’®!” Lysate from marine picocyanobacteria'® and
peroxidase-mediated dimerization of tyrosine'” exhibited
fluorescence with similarities to the humic-like fluorescence
(i.e., absorbs in the ultraviolet to visible region and fluoresces
in the visible region) of terrestrial DOM. Despite these
caveats, fluorescence spectroscopy is extremely useful in
monitoring fine-scale DOM changes, and has been used to
study treatment-induced DOM changes,'®'*'2% and may
also be informative regarding the seasonal influence on DOM
removal during water treatment.

To characterize specific DOM changes at a molecular level,
non-target approaches using ultra-high resolution mass
spectrometry offers insight in molecular level seasonal
changes within DOM. Fourier transform ion cyclotron
resonance mass spectrometry (FT-ICR MS) has successfully
been used to characterize individual elemental compositions
of DOM in boreal lakes®" and to connect DOM composition
to precipitation, water residence time, temperature and
degradation processes.>*>* This technique enables the
detection of several thousands of distinct molecular formulae
in complex environmental mixtures and represents a highly
suitable analysis to track DOM compositional changes over
time in detail.

Seasonal changes of source water DOM are challenging to
predict and cannot be readily overcome but drinking water
production can be better optimized with a detailed
understanding of seasonal impacts on DOM and its effects
on water quality due to, e.g., DOM interactions in treatments
or with various chemical pollutants or the formation of by-
products. To investigate the magnitude and characteristics of
current seasonal DOM changes in source waters and its
impact on conventional drinking water treatment, this study
examines DOM composition of three surface water sources
and one groundwater source in Sweden and how the DOM
composition changes after individual treatment stages
throughout a one-year sampling campaign by using bulk
DOM measurements, EEM fluorescence spectroscopy and FT-
ICR MS.

2. Methods

2.1 Description of raw waters and treatment processes

Four Swedish drinking water treatment plants (DWTPs) were
investigated: Berggarden, in Linkoéping (LIN), Borg, in
Norrkoping (NOR), Gorvilnverket, in Stockholm (STO), and
Bulltofta, in Malmé (MAL) (Fig. S17). At LIN, a surface water
source (Motala Strom River) was used, with water originating
from Lake Vittern, a 128 m deep clearwater lake. NOR also
took water from Motala Strom, but about 50 km downstream
compared to LIN, having passed two large lakes surrounded
by agricultural areas and forests, that adds organic matter to
the water. STO took water from Lake Milaren, a water source
utilized by multiple DWTPs in the Stockholm area,
characterized by rather high organic carbon levels. MAL used
a groundwater source in a region with old marine sediments
located in southern Sweden.
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Table 1 Raw water types and treatments at the four DWTPs. GAC = granular activated carbon

LIN NOR STO MAL
Water source River River Lake Groundwater
Treatment stages Rapid sand filtration Coagulation (Al(SO,)3) Coagulation (Al,(SO,);) Aeration
Slow sand filtration GAC Rapid sand filtration Softening

UV disinfection
Chemical disinfection

(hypochlorite) (chloramine)

The various treatment processes applied are summarized
in Table 1. Coagulation was performed using aluminum
sulphate (Al,(SO,);) in both NOR and STO. The granular
activated carbon (GAC) filters in NOR and STO reduced taste
and odor and were regenerated with intervals to operate
primarily as a biological filter (BAC). At MAL, that used
groundwater, aeration and softening removed iron, calcium,
and magnesium ions. Because UV treatment at MAL was
installed after rapid sand filtration halfway into the sampling
campaign, this treatment was studied at fewer (two)
occasions. Additional information on the four DWTPs are
available in a separate study.>*

2.2 Sample collection

Water samples were collected at five sampling occasions, in
March, May, August, and November 2016 and in January
2017. At every sampling, raw water, as well as water after each
treatment step, water leaving the DWTP, and water from a
tap in the distribution system were collected. To avoid
interferences upon FT-ICR MS analysis, no chemicals were
added to quench residual chlorine. In STO, coagulation and
rapid sand filtration were considered as one combined
treatment, because large amounts of flocs were still present
at the point directly after coagulation. Therefore, for STO, the
results reported as effects of coagulation include both
coagulation and rapid sand filtration. Water from MAL was
mixed with water from other DWTPs in the distribution
system. Therefore, there was no sampling point in the
distribution system that represented water from the MAL
DWTP only. Hence, the tap water at MAL is a mix from three
DWTPs. Duplicate samples were collected in pre-washed
(Methanol, LICHROSOLV®, three times, followed by Milli-Q,
three times) amber 5 L glass bottles.

2.3 Water characteristics

Temperature was measured during sample collection, while
pH and conductivity were measured at room temperature
using a HACH HQ 40 (Hach, Stockholm) less than six hours
after sample collection. Total nitrogen (TN) was measured on
filtered water (Whatman GF/F, 0.7 pum porosity) using a
Shimadzu TOC-Vgsy TOC analyzer. TN is the sum of nitrate,
nitrite, organic nitrogen, and ammonia. Filtered water
(Whatman GF/F, 0.7 pm porosity) was used to analyze

1966 | Environ. Sci: Water Res. Technol., 2024, 10, 1964-1981

Slow sand filtration
Chemical disinfection

GAC

UV disinfection
Chemical disinfection
(chloramine)

Rapid sand filtration
UV disinfection
Chemical disinfection
(chloramine)

dissolved organic carbon (DOC), absorbance at 254 nm
(UVA,5,), absorbance at 420 nm (A4,,) and the level of
polyphenols. DOC was measured with the non-purgeable
organic carbon (nPOC) method at the accredited lab of each
DWTP. Absorbance was determined on an Ultrospec 2100 pro
spectrophotometer (Biochrom, Cambridge) using a 5 cm
quartz cuvette (raw water samples were diluted by factor 2 for
all DWTPs except LIN). UVA,;, was calculated as the
absorbance per centimeter (cm™') by normalizing the
absorbance at 254 nm to the cell pathlength. SUVA (specific
ultraviolet absorbance) (L mg™ m™) was computed by
dividing UVA,s, by the DOC concentration (mg L™'). SUVA
has been used as a proxy for aromaticity and the overall
aromatic content, based on correlations between percent
aromaticity and SUVA values for reference DOM samples.>
Importantly, SUVA can be influenced by factors other than
chromophoric DOM, such as cations of iron (Fe) that can
enhance absorbance. 4,,, is used as a proxy for watercolor
and was reported as original absorbance (not normalized to
cuvette length).

Polyphenol content was determined according to an
established protocol.*® Sodium carbonate solution (1.5 mL,
200 g L") and Folin-Ciocalteu phenol reagent (0.5 mL)
were added to each sample (10 mL, in 20 mL glass
tubes). The tubes were left for at least 60 minutes at 20
°C for the color to develop and pH was controlled at
between 9 and 10. The absorbance of the formed complex
was measured at 750 nm in a glass cuvette (5 cm). A
phenol reference standard was used to create calibration
curves (total phenolics, calibration standard in water,
Sigma-Aldrich). The reference standard was run every 20
samples for quality and matrix effect control. Thus,
polyphenol content 1is reported here as equivalent
concentrations of phenol (ug L™).

2.4 Sample preparation for FT-ICR MS and fluorescence
spectroscopy

Water samples were filtered through pre-combusted (5 hours
at 450 °C) glass fibre filters (Whatman GF/F, pore size 0.7
pum, Whatman) and DOM was extracted using Bond Elut PPL
cartridges (1 g, 6 mL, Agilent Technologies), which is a
modified styrene and divinylbenzene co-polymer adsorbent.>”
Using a single sorbent for DOM extraction does not capture
all DOM present in the water, but the sorbent was chosen to

This journal is © The Royal Society of Chemistry 2024
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extract as wide range of molecules as possible in a highly
reproducible manner.”” Methanol (10 mL, LC-MS ultra
CHROMASOLV®) and acidified ultrapure water (10 mL, pH
2.5, spectrophotometric grade, acidified with 32% HCI, P.A.)
were used to condition the cartridges. Filtered water (2 L for
NOR and STO raw waters and 4 L for the other sampling
points due to differences in DOC content), adjusted to pH
~2.5 (using 3 M HCI) flowed through the SPE cartridges at
rates below 20 mL min~". A vacuum manifold (Standard 24-
port, 57250-U, Sigma-Aldrich) and a peristaltic pump
(Vantage 3000 C S10, Svenska pump AB) were used to run the
extraction. After sample extraction, cartridges were washed
with 0.1% formic acid water (10 mL, LC-MS ultra
CHROMASOLV®). This washing stage was performed to
remove ions (e.g., chloride) that might interfere during FT-
ICR MS analysis.”® After washing, the cartridges were dried
(~15 seconds) using nitrogen gas (except for STO where air
and a connected hydrocarbon trap were used instead), and
methanol (10 mL) was used to elute DOM. Until analysis, the
extracts were stored at —20 °C.>°

2.5 Fluorescence analysis

Fluorescence was wused for the analysis of optical
characteristics of DOM. To allow direct comparison
between fluorescence and FT-ICR MS, the extracted DOM
samples were analyzed. DOC extraction efficiencies of
~60% have been reported,”” but even higher recovery of
DOM fluorescence properties is expected, especially for
molecules with absorption at longer wavelengths into the
visible region®** and FDOM has been shown to be
extracted almost quantitatively using the described
extraction procedure above. Prior to fluorescence analysis,
100 pL of the methanolic extracts were dried under N,
and re-diluted in 10 mL of ultrapure water. Absorbance
spectra (A(1)) and EEM fluorescence spectra were recorded
simultaneously using a Horiba Aqualog spectrofluorometer.
Excitation or (A(%)) spectra were collected at 3 nm intervals
between 230 and 600 nm and emission spectra were
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collected at fixed ~3 nm intervals between 235 and 600
nm. Ultrapure water served as the absorbance and
fluorescence blank, and the water Raman peak was
measured daily. All EEM spectra were corrected by
removing  Raleigh scattering following a method
established previously’® and potential inner filtering effects
were corrected using the Aqualog software. EEM spectra

were normalized to the area of the Raman peak
(excitation = 350 nm), expressing the fluorescence
intensities in Raman units (RU). The amount of

redissolved DOM always produced FDOM concentrations
that were not too high for the inner filtering correction
threshold.

To examine underlying components in the EEM dataset,
corrected EEM spectra were modeled using parallel factor
analysis (PARAFAC) using the Matlab toolbox DrEEM.**?
The resulting PARAFAC components were validated®® and
compared to those reported in published datasets using a

95% threshold in OpenFluor, an online database for
PARAFAC components.>® For data analysis, maximum
fluorescence intensities (Fiax) of individual PARAFAC

components in a sample were used, including corrections
for different extraction volumes. An overview of the
different components is presented in Table 2 and further
information on the PARAFAC model (Fig. S2f), and the
different components is found in the ESIf online material.
During PARAFAC analysis, the fluorescence signature of
DOM was decomposed into separate components along
with estimates of the relative contribution of each
component to DOM fluorescence.” All PARAFAC
components are statistically derived and cannot be used
to directly reflect fluorophores, but quantitative changes in
the overall FDOM composition can be addressed using the
depicted PARAFAC components. Historically, these
components were classified and named as described in
Table 2, but these classifications are misleading as
statistically-derived parallel factor analysis components
have no direct chemical meaning, even though they may
represent specific regions within a measured EEM, hence

Table 2 Descriptions of the PARAFAC components based on matches with previous model components in the openFluor database (similarity score

0.95)
Assignment according to previous studies
No. of matching (underlined references represent precise matching
components in in OpenFluor). Note that different molecules may
Component Aex (NM) Jem (nm) previous models Peak name share optical properties
C1 <250 440 14 A+C Terrestrial humic acid like, found in
agricultural influenced waters.*® A mixture
of humic peak A and C*'**”
C2 <250 510 15 A Terrestrial fulvic-like®
C3 270, 390 470 1 A+C Humic-like®®
C4 <250, 310 380 4 M Low molecular weight compounds associated
with marine environments, biological activity’
and in situ production.* Also described as marine
humic-like (peak M) and compounds altered by
microbial reprocessing®’
C5 270 340 1 T Protein-like or tryptophan-like®'**¢

This journal is © The Royal Society of Chemistry 2024
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they could represent fluorophores, but are not guaranteed
to do so. However, as large amounts of literature use
these classifications, we use them to put our data into
perspective.

Because MAL showed high fluorescence despite rather low
DOC, the potential influence of iron on fluorescence
measurements in MAL was considered. Because fluorescence
measurements were performed on DOM extracts, acquired
from water samples adjusted to pH 2.5, facilitating
protonation of DOM functional groups otherwise capable of
forming complexes with iron, the effect of iron(u) and iron(m)
on the fluorescence measurements are deemed minor.
Importantly, the smaller effect of iron on fluorescence
measurements, compared to UVA,s, and SUVA, has been
highlighted as an important advantage of fluorescence in
DOM water quality monitoring as some weather events, like
heavy rain falls, can alter iron concentrations of raw water.*’
Because UVA,5, and SUVA were determined on filtered water
samples, and because Fe interferes with UVA,s4, SUVA and
polyphenol measurements, these parameters are not reported
for the raw water in MAL.

2.6 FT-ICR MS analysis

A Bruker Solarix 12 T FT-ICR MS operating with electrospray
ionization in negative mode, ESI(-), was used and FT-ICR MS
measurements and data processing, including formula
assignments and filtration, followed a protocol described
previously.”* Two replicate samples were analyzed and for
data analysis the replicate with highest overall amplitude of
mass peaks was chosen, representing the highest level of
molecular information. Various indices and elemental ratios
were computed from the assigned molecular formulae,
including double bond equivalences (DBE), DBE/C ratios, a
modified aromaticity index (Al.q), the average carbon
oxidation state (Cos) and modified Kendrick mass defects
(-KMD/z*).>*%3841 By computing the ratio of individual
mass peak amplitudes by the consolidated intensities of all
m/z ions in a spectrum, average weighted values were
acquired.

To analyze the selectivity of individual water treatment
processes on DOM composition, difference plots were
created, highlighting formulae for which the relative
abundance had been changed by more than 50%. This
level was based on a test of relative peak intensity
reproducibility which showed that 99% of the mass peaks
detected by FT-ICR MS, had relative intensities with a
relative standard deviation below 25%.*> Treatments in
which more than 20 formulae changed in relative
abundance by more than 50% are presented in van
Krevelen diagrams (H/C ratios versus O/C ratios) and plots
showing mass edited H/C ratios and the average oxidation
state of carbon.*” Smaller changes than defined above, or
changes other than DOM removal, may be relevant but
would require additional method evaluation that is beyond
the scope of this study.

1968 | Environ. Sci.: Water Res. Technol.,, 2024, 10, 1964-1981
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3. Results and discussion

3.1 Source water seasonal changes

3.1.1 Bulk characteristics. Water temperatures were very
stable in MAL (groundwater) while ranging from 1.2 °C to
23.2 °C in LIN, 1.8 °C to 17.1 °C in NOR, and 1.8 °C to 11.1
°C in STO (Table 3), highlighting larger potential for
temperature-associated seasonal effects on raw water DOM
(connected to, e.g., lake stratification or in situ DOM
production) and its removal (connected to, e.g., biological
activity and chemical solubility) at these DWTPs. Seasonal
variability of pH and conductivity were small.

DOC concentrations peaked in the fall in the groundwater
source (MAL) and its high A,,, was explained by high raw
water Fe-levels (~5 mg L™'). DOC in the surface waters
peaked during summer whereas UVA,s4, SUVA and A4,, were
higher in March and May (most clearly seen for NOR and
STO), indicating that DOM had higher proportions of
aromatic and chromophoric molecules during these months.
This observation is likely explained by increased input of
allochthonous DOM through run-off from snowmelt or heavy
rainfalls,”> which is supported by the higher levels of
polyphenols in NOR and STO (Table 3). According to
Weishaar et al. (2003),> the iron level in NOR (<190 ug L)
had minor impact on UVA,s,, further suggesting that
observed changes in UVA,s, and SUVA were attributed to
DOM composition. Computed UVA,s, (cm™') based on
absorbance measurements of extracted DOM corresponded
well with whole water UVA,s,, demonstrating that the
extraction procedure successfully captured CDOM and that
observed absorbance differences were connected to DOM.

3.1.2 Fluorescence. Fluorescence signals of extracted DOM
varied between the DWTPs (Fig. 1, S3 and S47). Fiax in LIN
was a tenth compared to the other water sources; hence, this
water source contained low levels of organic material with
fluorescent properties. PARAFAC component 1 (C1), typically
associated with terrestrial humic-like material,” represented
the highest fluorescent signal in all waters (Fig. 1).
Component 4 (C4), commonly connected to marine
environments and associated biological activity, constituted a
larger portion of total fluorescence in the groundwater source
(MAL), whereas component 5 (C5) (with similarities to the
fluorescence of protein-like compounds, tyrosine and
tryptophan) and component 2 (C2), typically associated with
fulvic-like compounds, constituted a smaller proportion of
the fluorescence compared to the surface waters (Fig. 1).
Intriguingly, the relative abundance of individual
components was rather similar across the seasons (Fig. 1),
which indicates that signature fluorescence characteristics of
raw water DOM remained despite seasonal changes in
fluorescence intensities or Fi,x (Fig. S47).

3.1.3 FT-ICR MS. Like fluorescence data, FT-ICR MS
revealed seasonal raw water DOM composition consistency
for most parameters (Tables S1-S41) and through
comparisons of individual formulae, it was found that 68-
85% of the formulae were detected at more than one month

This journal is © The Royal Society of Chemistry 2024
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Table 3 Seasonal changes in raw water characteristics in LIN, NOR, STO, and MAL. Yellow shade indicates low values and green shade indicates high
values, comparisons comprise parameters for each DWTP and individual sampling time to highlight seasonal patterns. The high absorbance at 420 nm
in MAL was due to high Fe-levels (~5 mg L™), why UVA,s4, SUVA and phenol concentrations are not reported for MAL. The average concentration of
two replicates is reported for total nitrogen (TN), with standard deviation <0.01 mg L™ (LIN, NOR, STO) and <0.03 mg L™ (MAL). The average
concentration of two replicates is reported for phenol concentrations with standard deviation <4 ug L™ (LIN, STO) and <6 ug L™ (NOR). RSD = relative
standard deviation, was computed by dividing the sample standard deviation with the sample mean, reported as %. NA = not applicable

DWTP Moth Temp Cond. ™N DOC UVAjs, Ao SUVA Phenol conc.
°C pS cm™! mgL?' mgL™ cm™! 5cmcuvette Lmg'm?' pgL!
LIN Mar 5.0 7 0.043 0.007 -817
May 12.4 m 2.8 0.043 0.012 1.6 _
Aug 0.40 1.5 88
Nov 3.3 7.6 149 0.47 1.4 89
Jan 1.2 7.6 150 0.59 24 0.037 0.005 1.3 76
RSD 100% 2% 2% 12% 28% 9% 44% 15% 10%
NOR Mar 1.8 /6] 176
May 10.9 7.6 178
Aug
Nov
Jan
RSD 87% 1% 6% 8% 23% 19% 33% 23% 34%
STO Mar : 7.8
May
Aug
Nov
Jan 1.8
RSD 53% 3% 5% 5% 8% 7% 9% 6% 10%
MAL Mar 719 1.30 2.6 NA NA NA
May 720 1.43 2.7 NA NA NA
Aug 718 1.39 2.6 NA NA NA
Nov 9.3 7.3 1.46 - NA 0.581 NA NA
Jan 8.8 U2 24 NA NA NA NA
RSD 7% 1% 2% 7% 8% NA 52% NA NA

and that 40-53% were detected at all seasons. This indicates
that the reservoir size of DOM in these waters is large
compared with the extent of DOM transformations
detectable, ie., that there is a rather robust steady-state
multiyear DOM composition, caused by the large pool of
terrestrially derived polyphenols that are resistant to
microbial processing.

The most prominent seasonal changes observed through
comparisons of weighted average elemental ratios and
indices regarded the average oxidation state of carbon (Cgs)
and sulfur (S) content (Tables S1-S4t). Cog was typically lower
in May (NOR, STO, MAL) and August (NOR, MAL),
accompanied by lower sulfur content (NOR + STO). The
seasonal changes in Cos might be explained by variations in
DOM oxidation reactions, which depend on, e.g,
temperature, photochemical reactions, and biological activity.
The overall seasonal consistency in DOM molecular
composition of each water source is surprising, especially for

This journal is © The Royal Society of Chemistry 2024

the sources with short water residence time (NOR and LIN).
However, it is possible that other DOM material, such as
hydrophilic compounds, e.g., carbohydrates, varied more
between seasons than the extractable mostly hydrophobic
DOM studied here.

3.2 Seasonal DOM changes in DWTPs

3.2.1 Coagulation. Table 4 presents a summary of DOM
removal caused by coagulation (reported as % removal) for a
range of parameters throughout the different seasons. DOC
were removed by 42-58% but of the measured bulk
parameters, coagulation affected UVA,s4, A4z and phenol
concentrations most (Fig. S6 and S7t). Coagulation efficiently
removed fluorescent material, including both humic-like
DOM (C1, C2, C3, C4) and protein-like DOM (C5) (NOR and
STO, Fig. S10 and S11,f standard deviations are reported in
Table S51). The highest attenuation was observed for the
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Fig. 1 Relative abundance of the five PARAFAC components, C1-C5 (Fig. S27) in raw waters for the DWTPs LIN, NOR, STO and MAL over five
months. Average values of two replicates are presented. Data for NOR in November is missing.

components previously related to terrestrial derived DOM (C1
and C2), with removal efficiencies of 55-63% (C1) and 70-
79% (C2) in NOR and 52-61% (C1) and 67-74% (C2) in STO,
in agreement with prior work.' The PARAFAC component
C2, previously associated to fulvic acids, appeared specifically
affected, likely because of a larger oxygen content, enabling
multiple negatively charged moieties for removal by the
positively charged coagulant, among DOM associated with
C2.

FT-ICR MS revealed coagulation selectivity for
unsaturated, oxygenated compounds with Cos > 0 detected
in the mass range 200 to 600 m/z (Fig. 2 and 3) resulting in
decreased weighted averages of double bond equivalences
and O/C among NOM compositions detected after
coagulation (Tables S7 and S8t). These results are consistent
with previous findings** but present a wider range of
formulae (O/C: 0.1-0.85; H/C: 0.5-1.5), suggested being

1970 | Environ. Sci.: Water Res. Technol., 2024, 10, 1964-1981

polyphenolic acids,> supported by the 48-72% reduction in
phenol concentrations (Table 4). The larger chemical diversity
of molecules removed by coagulation is partly explained by
the differences in the coagulation process in different
months.

In NOR, a seasonal trend emerged where humic-like
DOM, especially, C1-C3, removal efficiency by coagulation
decreased in the order March > May > August > January
(Table 4, Fig. S107). This is likely linked to the variations in
raw water DOM concentrations of UV absorbing molecules,
showing higher contributions of aromatic compounds, e.g.,
higher phenol concentrations and the highest C1-C3
fluorescence intensities in March and May (Table 3, Fig. S4t)
and a peak in coagulant dose in March (Table 4). The lower
variation in C1-C3 fluorescence after coagulation (Fig. S107)
highlights that coagulation can balance seasonal quantitative
differences in humic-like DOM properties. Thus, the DOM

This journal is © The Royal Society of Chemistry 2024
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Table 4 Coagulant dose (g m™) and percentage DOM removal by the coagulation treatment assessed by a range of bulk DOM characteristics and
statistical components (PARAFAC, C1-C5), derived from EEM fluorescence spectroscopy. Yellow shade indicates low values and green shade indicates

high values

Month Dose %DOC %UVA254 %A42()
NOR

Nov 50 50.0 70.2 85.7

Jan 45 46.7 67.3 84.6
STO Mar

May

Aug

Nov 42 43.6 60.5 23

Jan 44 41.7 58.8 2T

%SUVA

40.3
38.6

29.9
29.4

%Phenol conc. %C1 %C2 %C3 %C4 %C5

59.3 NA NA NA NA NA
573 54.7 70.3 473 8223 44.0

543
3.4

66.6
66.8

46.5
47.3

35.0
352

48.6
471

components that varied seasonally were also those most
effectively removed by coagulation, demonstrating a capacity
of this treatment to manage seasonal differences. This has
previously been observed when DOM characteristics of
different source waters were compared before and after
coagulation.”® Despite quite different original waters from
Australia and Norway, coagulation made treated waters more
similar, containing DOM escaping coagulation, e.g., the
hydrophilic portion of DOM and uncharged DOM at pH
~6.5.

For drinking water treatment, hydrophobic acids and
phenols are important fractions of DOM to monitor
because these are the primary DOM components
quantitatively removed during treatment by coagulation.
Charge density of raw water DOM has been identified as
an important feature to optimize coagulation performance,
e.g., through dose adjustments, and the largest proportion
of total charge is found in the fulvic acid fraction.*® This is
explained by the higher carboxyl content of fulvic acids and
is consistent with the findings of this study where a
PARAFAC component associated with fulvic-acid like DOM
were most effectively removed during coagulation (Table 4).

Of individual CHO, CHNO and CHOS formulae that
decreased in relative abundance by more than 50% after
coagulation, 15% (NOR) and 8% (STO) were removed at all
seasons, highlighting the extent of variation in removal at the
molecular level. The variation can be observed as different
curvature of molecular compositions in the van Krevelen
diagrams (Fig. 2 and 3). For example, at NOR, a larger
diversity of DOM molecules was affected by coagulation in
March and August, where more saturated compounds were
removed compared to other months (Fig. 2). In May,
formulae with lower O/C ratios (<0.4), characterized by m/z <
400 and H/C < 1, were removed by coagulation in both NOR
(Fig. 2 and S13f) and STO (Fig. 3 and S14f), indicating
removal of additional aromatic DOM of low molecular weight

This journal is © The Royal Society of Chemistry 2024

this month, coinciding with an overall lower O/C ratio, mass
weighted average and higher Al,,,q of source water DOM in
May (Tables S2 and S3f). Hence, it seems that these
molecular level changes in coagulation removal partly reflects
the molecular level differences in the raw water. Yet, the
modified Kendrick mass defect plots for NOR and STO
presented for each season (Fig. S157), indicates overall
similarity in polarity of the removed formulae."®

3.2.2 Sand filtration. Rapid and slow sand filtration at LIN
influenced DOC, UVA,s4, A4y and phenol concentrations,
especially during summer (Fig. S5t). Protein-like fluorescence
(C5) signals were removed in the rapid sand filters and
further in the slow sand filters (Fig. S9f), which may be
connected to the biodegradability or sorption of the
compounds contributing to this fluorescence signal. The
decrease of C5, DOC, UVA,s, and 4,5, was most prominent in
August (when raw water temperature was as highest, 23.2 °C,
Table 3) and previous studies have shown that a general
increase in DOM removal during summer can be connected
to higher temperatures and increased activity in the
biological active filters, e.g., sand filters or activated carbon
filters.*”*®  Controlled experiments, singling out the
temperature factor, have shown that temperature affects
DOM removal during biofilter treatment through its impact
on substrate metabolism and due to changes in the microbial
community structure.”® Furthermore, the so-called freshness
index or biological index (BIX), (computed as the ratio of
emission intensity at 380 nm divided by the emission
intensity maximum between 420 and 435 nm for excitation at
310 nm), an indicator for the contribution of recently
produced DOM,° decreased after slow sand filtration in LIN
(also the most significant change in August), connecting
DOM removal upon sand filtration to source of origin.

No or few formulae decreased in relative abundance by
more than 50% after rapid sand filtration, while ~350-450
formulae (at all five months combined for LIN and NOR

Environ. Sci.; Water Res. Technol., 2024, 10, 1964-1981 | 1971
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Fig. 2 Molecular compositions that decreased in relative abundance by more than 50% after coagulation at NOR, presented with van Krevelen
(left panel), mass-edited H/C ratios (middle panel) and the average oxidation state of carbon (Cos) (right panel). DOM changes for five months
shown separately. Point size reflect relative mass peak intensity in a sample.
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Fig. 3 Molecular compositions that decreased in relative abundance by more than 50% after coagulation at STO, presented with van Krevelen (left
panel), mass-edited H/C ratios (middle panel) and the average oxidation state of carbon (Cos) (right panel). DOM changes for five months shown
separately. Point size reflect relative mass peak intensity in a sample.
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Fig. 4 Molecular compositions that decreased in relative abundance by more than 50% after slow sand filtration (comparison made with water
collected before slow sand filtration) at LIN (March and August) and NOR (August), presented with van Krevelen (left panel), mass-edited H/C ratios
(middle panel) and the average oxidation state of carbon (Cos) (right panel). Point size reflect relative mass peak intensity in a sample.

respectively) decreased in relative abundance after slow sand
filtration, highlighting that the different operational time
scales of rapid and slow sand filtration influence DOM
removal.

FT-ICR MS revealed a different discrimination of slow sand
filtration (Fig. 4 and S167), compared to coagulation (Fig. 2 and
3), selectively removing certain CHO and CHNO based DOM
molecular compositions, with moderate to high saturation (H/C
ratios ranging from 0.8 to 1.6), low oxygenation (O/C ratios <
~0.4), lower mass and Cpg primarily < 0. These changes were
also observed through increased weighted average of O/C among
NOM compositions after slow sand filtration (Tables S6 and
S7t). These DOM changes were primarily observed in August
(LIN and NOR) and March (LIN) and correspond to previous
observations,'®*® showing that aliphatic, less oxygenated
molecules were more responsive to biodegradation. Apart from
removal, previous studies have indicated increases in high-
molecular weight molecules, released by microorganisms, post
sand filtration."*

3.2.3 Aeration, softening, GAC and UV. In general,
aeration, softening, GAC and UV showed limited effects on

1974 | Environ. Sci.: Water Res. Technol., 2024, 10, 1964-1981

DOM optical properties, DOC, and phenol concentrations
(Fig. S5-S8f). At MAL, optical properties changed upon
aeration and softening, but some of the responses, e.g., in
Ay (Fig. S8T) were explained by iron, rather than DOM. The
increase in fluorescence upon aeration (Fig. S12t1) could
potentially be linked to the oxidation processes affecting
DOM. At the molecular level, softening decreased the relative
abundance of DOM at m/z 300-400 and O/C ~0.2 by more
than 50%, but only in May (Fig. S17, Table S97). The GAC
filters at both NOR and STO were saturated and hence had
limited adsorptive capacities. A certain biological activity was
expected, but the selective DOM removal detected by FT-ICR
MS was not as distinct for GAC as for the slow sand filters.
However, a few formulae (<20) decreased in relative
abundance by more than 50% after GAC at NOR in May.
These were characterized by O/C (0-0.4), H/C > 1.5 and m/z
250-350, indicating removal of low molecular mass saturated
compounds by GAC. Fluorescence signals associated with
low molecular mass compounds related to biological activity
(C4) and protein-like properties (C5) decreased slightly after
GAC at NOR, especially in May and August (Fig. S107),

This journal is © The Royal Society of Chemistry 2024
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further demonstrating a season dependent impact on DOM
by GAC.

UV had limited effect overall, in LIN the abundance of UV-
absorbing DOM was low at the point of UV treatment and at
STO, coagulation had efficiently removed most of such
susceptible compounds. However, in March at STO formulae
with saturated H/C ratios (1.2-1.4), moderately oxygenated O/C
ratios (0.4-0.55), with m/z > 600, decreased in relative
abundance by more than 50% after UV (Fig. 5), indicating that
the effect of UV on DOM were partly related to molecular mass,
primarily affecting molecules with m/z > 580. Season-associated
effects of UV treatment have been observed previously,” and
might be linked to a higher abundance of larger mass
compounds in the raw water in March (Table S37).

3.2.4 Chemical disinfection. Among the bulk parameters,
chlorination affected phenol concentrations and Ay
(primarily in August) in LIN (Fig. S51). The effect by chemical
disinfection on phenol concentrations could also be observed
in NOR where the average phenol concentration (considering
all months, the greatest impact was observed in May)
decreased by 21 pg L™ after chloramination. The otherwise
limited DOM changes observed by bulk parameters (Fig. S6-
S81) and fluorescence spectra (Fig. S9-S121) are likely
explained by the low chlorine/chloramine doses applied.
However, in August specifically, decreases in all fluorescence
active components (STO and MAL) and C2 and C3 (LIN) were
observed upon chloramination and chlorination, respectively,
suggesting that chemical disinfection had an overall larger
effect on DOM in August compared to other months. In the
case of LIN, this was likely linked to the higher chlorine
doses used in August (0.44 mg L™ compared to 0.22-0.27 mg
L™ the other months) causing changes in the region of EEM
described by C2 (fulvic-acid like) DOM. This is likely due to a
combination of bond breaking and ring opening through
oxidation of fulvic acid-like DOM, and because the chlorine
substitution reaction itself, i.e., the disinfection by-product
formation reaction, can change the optical properties of
organic molecules.’® In the case of STO and MAL where
chloramine doses were not higher in August, compared to
other months,** something else caused this effect.

BN cHo [T CHNO [ CHOS

View Article Online

Paper

FT-ICR MS revealed DOM that changed in relative
abundance by more than 50%, observed in STO in March,
characterized by H/C ratios of 1-1.5, O/C ratios of 0.2-0.35
and Cos < —0.5 (Fig. 6). This region of formulae affected by
chloramine is well defined, comprising CHO molecules with
aliphatic side chains and low oxygenation and is similar to
the reactive DOM regions observed in previous studies using
both chlorine and chloramine,'®**°* and similar to DOM
constituents released by algae or microorganisms forming
DBPs through substitution reactions.** DBPs formed at the
four DWTPs were studied in two separate papers, focused on
how DBP formation varied between the four DWTPs** and
how the mixture of DBPs changed between DWTPs and
consumer taps.”®

3.2.5 Distribution. A general increase in phenol
concentrations upon distribution was observed in LIN (Fig.
S51) and in STO, greater seasonal variability in phenol levels
were observed in tap water, with higher levels in August (Fig.
S7%). In LIN, a greater variability in C1-C3 fluorescence was
observed in tap water, compared to in water leaving the
DWTP (Fig. S9t). These observations demonstrate some level
of DOM characteristic changes occurring in the distribution
network. However, no congruent changes were observed in
all DWTPs. While comparing with the treatment stages, the
effects of distribution on DOM composition seem less
significant. However, a detailed investigation of how DBP
mixtures changes in the distribution system showed that the
DBP composition in the tap water is quite different from the
DBP composition in water leaving the DWTP.*® To investigate
in more detail what happens to DOM and related DBPs in
distribution systems more points in the distribution systems
at different distance from the DWTPs need to be evaluated.

3.3 Overall findings

The most apparent seasonal variability in source water DOM
characteristics were detected as changes in UV absorbance at
254 nm, SUVA and phenol concentration, indicating higher
contribution of aromatic molecules with phenolic groups in
the surface water sources in March and May. Fluorescence
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Fig. 5 van Krevelen diagrams (left panel), mass edited H/C ratios (middle panel) and average oxidation state of carbon plots (right panel) of the
molecular compositions that decreased in relative abundance by more than 50% after UV treatment in STO in March. Point size reflect relative

mass peak intensity in a sample.
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contributed by revealing source specific DOM fingerprints,
e.g., different proportions in terrestrial and biologically
derived DOM, highlighting intrinsic features of different
sources.” FT-ICR MS provided detailed information on the
temporal evolution of individual DOM formulae. Weighted
averages of total formulae varied little between seasons in
the source waters. However, the overlap of individual
compositions between seasons for each DWTP (40-53%)
was comparable to the overlap of raw water CHO
compositions  between the four DWTPs (44-57%),**
demonstrating similar degree of specific compositional
differences between investigated raw waters as between
seasons for each The overlap of DOM
compositions removed by coagulation at NOR and STO for
the different seasons was lower (8-15%), indicating that
the seasonal effect was more pronounced on actual
treatment and that coagulation removed different DOM
formulae at the different seasons.

Methods ranging from bulk analyses to ultra-high-
resolution mass spectrometry, and comparing a range of raw
waters and DWTPs, provided the following findings:

1. Different methods detect distinct types of seasonal
variabilities. Bulk DOC and optical analyses were often
corresponding and could detect changes in coarse
compositional features of raw water DOM and changes
induced by sand filtration and coagulation. Signature
fluorescence characteristics of raw water DOM remained
despite seasonal changes in fluorescence intensities or Fiax,
suggesting that seasonal differences induce quantitative
changes of multiple groups of fluorescent molecules. FT-ICR
MS could detect differences in treatment selectivity at the
molecular level, e.g., showing opposite DOM selectivity of
coagulation and sand filtration.

2. Bond Elut PPL captures a fraction of mesophilic and
hydrophobic DOM that are not changing considerably
between seasons.

3. Seasonal variability differed among the surface waters,
and although main detected variability was related with
summer months, less predictable raw water variability during
other times of the year was observed.

raw water.

1976 | Environ. Sci.. Water Res. Technol., 2024, 10, 1964-1981

4. Seasonal variability in raw water F,,, and effects upon
treatment was observed also in the DWTP using ground water
which seems related to variability in oxidation processes in
the water throughout the treatments.

5. Coagulation attenuates but does not completely remove
all fluorescent components in conventional drinking water
treatments and could balance seasonal raw water variability
in UV absorbing, chromophoric and phenol containing DOM.
Both FT-ICR MS and PARAFAC demonstrated that
coagulation removed highly oxygenated reduced DOM, i.e.,
polyphenols. Seasonal molecular level changes in coagulation
removal partly reflected molecular level differences in the
raw water.

6. Sand filtration removed protein-like fluorescence and
DOM of low oxygen content, high saturation and low mass
and the removal capacity was dependent on temperature,
demonstrating  potential for increased removal of
autochthonous DOM during summer months.

3.4 Future DOM monitoring

Improving DOM monitoring approaches will be important to
maintain drinking water quality where increased levels or
higher fluctuations in raw water DOM is anticipated in the
future. Also, the limited predictability in raw water variability
observed through this work indicates that continuous
monitoring of DOM characteristics would be superior to, e.g.,
modeling of variability based on autochthonous primary
productivity.

Techniques that provide simultaneous monitoring for
multiple purposes are attractive and a growing concern
regards the release of toxins during algal or cyanobacterial
blooms. This is an area for which high-resolution mass
spectrometry approaches present valuable tools for
identification, e.g., through screening of cyanotoxins,’® while
fluorescence spectroscopy can provide early-warning signals
of cyanobacterial bloom initiation.””®* The potential for
multiparameter monitoring, e.g., microcystin-LR
monitoring® along with DBP formation prediction and
monitoring of municipal wastewater intrusion,’® offered by

This journal is © The Royal Society of Chemistry 2024
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both techniques is intriguing. For example, by using
fluorescence spectroscopy, a humic-like component was
found to correlate with the formation potential of
trihalomethanes (THMs), while N-nitrosodimethylamine
(NDMA) formation potential correlated to a protein-like
component,®®>  demonstrating  connections  between
fluorescent properties and the formation of DBPs of different
health concern. Also, the long history of research comparing
fluorescent signals from drinking water and wastewater could
potentially enable discrimination of wastewater fluorescence
to detect its intrusion in drinking water treatment,®® which is
one of the most common reasons for waterborne outbreaks.
Furthermore, impacts from human activities and release of
anthropogenic compounds, such as synthetic surfactants,
characterized by its substantial sulfur content,’® can be
detected through the formula level assessments and
heteroatom discrimination provided by mass spectrometry.
Consequently, these analytical tools have the potential for
improved DOM monitoring in relation to multiple emerging
environmental challenges simultaneously.

Previous research has investigated relationships between
the optical properties of DOM and individual DOM molecular
formulae detected by FT-ICR MS in lake water,”® finding
multiple associations between individual components derived
from PARAFAC analysis and the compositional space of
molecular formulae detected by FT-ICR MS, e.g., indicative of
aquatic and terrestrial DOM. However, chemodiversity could
not be adequately described by optical properties,
highlighting one aspect in which these techniques
complement each other. One question we put forward was:
could other seasonal differences be observed if other
fractions were separated through extraction, e.g., connected
to biological activity? For example, to capture seasonal
changes of algal- or microbially derived hydrophilic DOM
that may drive microbial metabolism, optimized extraction is
likely needed. Bond Elut PPL has demonstrated limited
capacity to extract algae DOM®* and due to the hydrophilic
nature, low SUVA and negative charge (at pH 2-10), of DOM
derived from many algal and cyanobacterial species, e.g.,
Chlorella vulgaris, Microcystis aeruginosa, Asterionella formosa
and Melosira,®® other sorbents or extraction approaches are
required to capture this fraction of DOM. Even though
tryptophan-like fluorescence has been associated with various
algal and cyanobacterial species, the fluorescence signatures
vary dramatically between different taxa, generally providing
low fluorescent signals.®® Moreover, polysaccharides, one of
the most abundant constituents of cyanobacterial- and algal
DOM,*® cannot be detected by fluorescence. Therefore, to
efficiently capture the autochthonous DOM that is expected
to change seasonally, other analyses might be needed.®”
Hence, future work focused on seasonal changes to
hydrophilic DOM and its impact on drinking water treatment
using other methods would complement the current
understanding on seasonal changes of DOM. For example,
other ionization techniques, such as atmospheric pressure
photoionization (APPI) or ESI with positive ionization (ESI')
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will extend the window of DOM compositions detected by FT-
ICR MS.®® For example, ESI' could improve detection of
aliphatic DOM®® and nitrogen-containing compounds, such
as proteins, originating from in-lake production and algal- or
microbially derived DOM.

Fluorescence spectroscopy presents an option for DOM
charge monitoring, with a potential to detect DOM
compositional changes linked to charge density that can be
used to optimize coagulation performance and are missed
with bulk analysis. Furthermore, the application of
fluorescence ratios to assess DOM composition, has
demonstrated potential to optimize multiple water
treatments, including coagulation, powdered activated
carbon, ion exchange, ozonation and chlorination. For
instance, different fluorescence ratios were used to explain
DOM treatability by these different water treatments for a
broad range of surface waters in Europe, USA, Asia and
Africa.”® By focusing on specific excitation and emission
wavelengths, the application of in situ measurements, ie.,
continuous measurements online, becomes possible and
such fluorimeters are commercially available.®”

The sampling occasions in this study didn't coincide with
any extreme weather events. Hence, the capacities of DWTPs
to handle dramatic variations in raw water DOM, caused by
heavy rainfall or high water levels in the surface water
sources, were not addressed. However, UVA,s, could detect
seasonal variations in coarse DOM characteristics and could
likely detect such changes caused by extreme weather events
as well, guiding adaptive actions e.g, adjustment of
coagulant dose, to maintain quality of treated water. If
needed, UVA,s, monitoring might be expanded by
discriminating between phenols and acids through pH
adjustments prior UV measurements. To recognize algal-
derived DOM from the diatom Aulacoseira granulate, spectral
slopes at 275 and 295 nm can be used,” and a similar
approach might be useful to monitor DOM from other algae
or microbes as well. Furthermore, monitoring of C/N ratios
through elemental analysis, provides information on relative
contribution of polysaccharides and proteins from algal- or
cyanobacterial derived DOM, which ratios will be different
from DOM from terrestrial sources.®®

Conclusions

Conventional drinking water treatment demonstrated
resilience towards seasonal changes in DOM composition;
coagulation could effectively remove the aromatic fraction of
DOM that varied more between seasons, and sand filtration
showed increased capacity to remove autochthonous DOM
during summer months. It is possible that DOM other than
those captured by reversed phase extraction or detected by
optical measurements may vary more with season or that
other ionization techniques, such as positive mode ESI, could
better capture the seasonally varying fraction of DOM. Future
increases in DOM composition variability due to season, as
well as climate or other factors, require improved methods to
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target the DOM fraction changing the most. Such targeted
DOM monitoring approaches could guide potential
adjustment actions at DWTPs to avoid non-optimal treatment
or process failures, to maintain consistent drinking water

quality.
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