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Abstract

Oxidation processes are impacted by the type, cdrat@n and reactivity of the
dissolved organic matter (DOM). In this study, teactions between various types of
DOM (Suwannee River fulvic acid, Nordic ReservoldM and Pony Lake fulvic acid)
and two oxidants (ozone and chlorine) were studiethe pH range 2-9 by using a

combination of optical measurements and electroratiog capacities.

The relationships between residual electron dogatapacity (EDC) and
residual absorbance showed a strong pH dependentieefozone-DOM reactions with
phenolic functional groups being the main reactmgieties. Relative EDC and
absorbance abatements (4d)or UV,g) were similar at pH 2. At pH 7 or 9, the relative
abatement of EDC was more pronounced than for ehsoe, which could be explained
by the formation of UV-absorbing products such asnzZmquinone from the
transformation of phenolic moieties. An increase flmorescence abatement with
increasing pH was also observed during ozonatidme increase in fluorescence
quantum yields could not be attributed to formatidrbenzoquinone, but related to a

faster abatement of phenolic moieties relativduorbphores with low ozone reactivity.

The overall OH vyields as a result of DOM-induced ozone consionpt

increased significantly with increasing pH, whicbutd be related to the higher

reactivity of phenolic moieties at higher pH. Tk yields for SRFA and PLFA were

proportional to the phenolic contents, whereasNbIOM, the OH yield was about
30% higher.

During chlorination of DOM at pH 7 an efficient atlve EDC abatement was

observed whereas the relative absorbance abatemasmuch less pronounced. This is

2



43

44

45

46

47

48

49

50

51

52

due to the formation of chlorophenolic moieties,ichhexert a significant absorbance,

and partly lose their electron donating capacity.

Pre-ozonation of SRFA leads to a decrease of doormand haloacetic acid
formation, however, only after an threshold of %babatement of the EDC and under
conditions which are not precursor limited. Therdase in chloroform and haloacetic
acid formation after the threshold EDC abtement \wasportional to the relative

residual EDC.

Keywords: Dissolved organic matter, electron donating caga@kidant reactivity,

ozone, chlorine, disinfection by-products
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53 1.1 Role and properties of DOM in natural and engineered aquatic systems
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Dissolved organic matter (DOM) plays an importamierin numerous natural
and engineered aquatic processes. DOM consists dfixéure of heterogenous
compounds with a continuum of functional groups ammlecular sizes (Leenheer and
Croue 2003). DOM contains organic molecular stmgctwith a wide size range,
including humic substances, biopolymers, buildingcks and low molecular weight

organic acids (Huber et al. 2011, Leenheer and €2003).

In water treatment, DOM is typically characterizby measurements of
concentration (dissolved organic carbon, DOC) andptical properties (absorbance or
fluorescence). Absorbance has been used as a atafog DOM concentration and as a
process control parameter for the oxidation of prgacontaminants in water and
wastewater treatment (Gerrity et al. 2012, Wittngtr al. 2015). DOM is often
characterized by the specific ultraviolet absorlearat 254 nm (SUV4ss, UV

absorbance divided by the DOC), a surrogate for D&bmaticity (Weishaar et al.
3
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2003). Over the last years, the use of DOM fluease measurements has become
more common. These measurements were used to fguboth DOM concentration
and character in natural and engineered systensitfGet al. 2012, Osburn et al. 2012,

Stedmon et al. 2003).

71 1.2. Role and change of the DOM in oxidative water treatment processes
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During oxidative processes (e.g., application afrezor chlorine), DOM is the
main sink for the added oxidants. Specific funaiogroups within the DOM (e.g.
poly(phenols), amines, olefins, anilines, etc.) susceptible to chemical modifications
during exposure of the DOM to oxidants (Lee and Gmten 2010). The reactivities
and concentrations of such moieties in the DOM rd@tee the extent of the DOM-
oxidant interactions and their effects on the tergeoxidation/disinfection processes

(Lee and von Gunten 2010).

Some understanding of the interactions betweeroxiants and DOM can be
gained by considering reaction rate constants legtwee specific oxidant and known
DOM moieties. For example, the apparent secondraete constant for the reaction
between ozone and phenol is on the order 8fM®s™ at pH 7, whereas for chlorine
(HOCI) it is 20 M's™* (Deborde and von Gunten 2008, Gallard and von GuaE9?2).
Given that the aromaticity (i.e., average propaortiof aromatic moieties including
phenolic moieties to the total carbon) varies betwé&2-22 % for DOM isolates, a
phenol concentration of approximately 2 X°1M can be estimated for for a 1 mg C/L
solution of SRFA. This suggests that an equimolamcentration of ozone will be

consumed within seconds, whereas the HOCI consaomptill take five hours.

Changes in selected physicochemical properties ©MDduring its reaction

between ozone or HOCI are well-characterized. kample, the overall absorbance
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and fluorescence intensities decrease with inanrgasxtent of chemical oxidation
(Gerrity et al. 2012). Concomitantly, the reactiminthe oxidants with DOM result in
the formation of disinfection by-products (DBPsk€é et al. 2007, Mitch and Sedlak
2002, von Gunten 2003), and also changes in thexnebperties of the DOM (Wenk et
al. 2013). Depending on the oxidant applied, défertypes of DBPs can be formed.
Primary products from the attack of phenolic byrzare benzoquinones, catchechols,
muconic acids, etc. (Mvula and von Sonntag 2003n$tger and von Gunten 2009,
Tentscher 2018), which can be further oxidized lteelaydes, ketones and carboxylic
acids (Hammes et al. 2006). For chlorination, pryr@oducts from phenolic moieties
are chlorophenols, which are then further transémnto trihalomethanes (e.qg.,
chloroform) or haloacetic acids (Gallard and vonn@a 2002, Ge et al. 2014). In
addition, both ozone and chlorine can react withnas) forming e.g., nitroso- and
nitro-compounds oN-oxides or organic and inorganic halamines, respelgt(de Vera

et al. 2017b, Heeb et al. 2017, McCurry et al. 2008 Sonntag and von Gunten 2012).

105 1.3 Characterizing the redox properties of the DOM and assessing DBPs formation
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Recently, there has been a growing interest ireteetrochemical properties of
DOM in water treatment applications. A method basadmediated electrochemical
oxidation employing ABTS - the one-electron oxidation product of ABTS (2ino-
bis(3-ethylbenzothiazoline-6-sulphonicacid) — as electron transfer mediator to
facilitate electron transfer from oxidizable mosstiin the DOM to the working
electronde of the electrochemical cell (Aeschbadteal. 2010). The outcome of this
measurement is the so-called electron donatingotgp@&DC). A further development
of this method involved automation by implementftayv-injection analysis in which
electron donation from the DOM to ABTunder formation of ABTS was quantified

chronoamperometrically in an electrochemical floell qWalpen et al. 2016). In
5
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another study, EDC was measured employing sizaisixei chromatography for DOM
size separation, followed by the same approach Ningg ABTS™ for EDC
quantification by a post-column reaction and spmgdiotometric analysis of the

decolourization of ABTS to ABTS (Chon et al. 2015, Onnby et al. 2018).

EDC measurements allow for an assessment of thex rpcoperties or the
antioxidant capacity of the DOM (Aeschbacher et28l10). Known electron-donating
moieties of the DOM include phenols such as momat oly-hydroxylated benzene
rings, amines, aniline, sulfur or olefinic moietidarevious work has shown that the
EDC values of ten DOM isolates were positively etated with their titrated phenol
contents, strongly suggesting that phenolic maetiethe DOM are major contributors

to the EDC of DOM samples (Aeschbacher et al. 2012

Taken together, the extent of the oxidant conswnpénd the formation of
DBPs from the oxidant-DOM reactions depend on thiecentrations and types of the
reactive moieties in DOM. Combined EDC and absatbameasurements have
advanced the understanding of the DOM-ozone an@@ig-chlorine reactions (Wenk
et al. 2013), including the effects on micropolhttabatement (Chon et al. 2015, de

Vera et al. 2017a).

The main objective of this paper is to advanceuwngterstanding of the reactions
between oxidants (ozone and chlorine) and DOM.riMestigate changes in the DOM
during oxidation, changes in EDC and optical prapsr(absorbance and fluorescence)
were assessed at various pH values for dosage inatickexperiments. Furthermore,
the formation of hydroxyl radicals@H) was investigated during ozonation of DOM.
Finally, the formation of chloroform and chloroacetacids without or with pre-

ozonation followed by chlorination was measured ezldted to the abatement of the
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EDC.

2. Material and methods

142 2.1. Chemicals, natural organic matter isolates, preparation of solutions
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A list of the chemicals and standards used in ghigly is provided in Text S1, in

the supplementary data.

Model DOM isolates including Suwanee River fulvicida (SRFA), Nordic
Reservoir NOM (NNOM) and Pony Lake fulvic acid (PAJFwere obtained from the
International Humic Substances Society (IHSS) (et&e given in Table S1). The
type and composition of all solutions used in #tisdy, including preparation details,

are provided in Text S2 and Table S2.

150 2.2 Oxidation experiments

151

152

153

154

155

156

157

158

159

160

161

162

Ozonation was performed as dosage experiments [B@nkinetic experiments
(5 to 250 mL), in absence or in presence of 100 tvBUIOH as a hydroxyl radical
(‘OH) scavenger (Staehelin and Hoigné 1985). Comxpleriments showed that the
addedt-BuOH did not interfere with absorbance measuremah®54 nm nor with the

quantification of the EDC (Table S3).

For ozone dosage experiments, samples that haddzeeated were stored at
room temperature overnight to ensure complete ozdepletion. For Kkinetic
experiments, 5 mL samples were collected usingpetiser system (Hoigné and Bader
1994) and immediately quenched by various quencfses below) at pre-determined
reaction times up to 3000s. Samples correspondiing 10 and 15s were obtained from
separate experiments performed in 15 mL glass wdlsa 5 mL reaction volume and

direct quenching (see below).
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Chlorine dosage experiments were performed withndl0 samples. After
chlorine addition, the samples were stored for dBlhoom temperature for complete
depletion of chlorine. The samples were stored le dark to avoid photo-

decomposition of chlorine (Nowell and Hoigné 1992).

In dosage experiments, specific ozone doses o0% -mmol Q/mmol C or
specific chlorine doses of 0 - 0.2 mmol HOCI/mmolwere applied. The specific
oxidant doses lie within the typical range appliedvater and wastewater treatment of
(Bourgin et al. 2018, Garcia-Villanova et al. 199fnmermann et al. 2011). For some
selected experiments, SRFA was pre-ozonated wghehispecific ozone doses than
above (0 - 2.0 mmol £mmol C) to obtain an EDC abatementd®5%. Thereafter, the
samples were treated with the above specific aidodioses, to follow the conventional
treatment step undertaken at water treatment plasits pre-ozonation and post-

chlorination.

Kinetic ozone experiments were performed with acéjgeozone dose of 0.25
mmol Os/mmol C. Depending on the subsequent measuremse¢ssections 2.4.1 -
2.4.4), ozone in the kinetic experiments was queddby either (i) indigo to quantify
residual ozone, (ii) maleic acid to quantify the &Dor (iii) sulfite to quench ozone to
quantify ‘OH formation and to measure solution absorbancectigpe(control

measurements are shown in Table S3).

2.2.1 Quantification of the formation of *OH during ozone depletion

‘OH is formed by various pathways during ozone demusition in water (von
Sonntag and von Gunten 2012). The use-BfiOH as’OH gquencher results in the
formation of formaldehyde (Flyunt et al. 2003). Twoles of formaldehyde are formed

from the reaction of one mole @H with t-BuOH (Flyunt et al. 2003).
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2.2.2 Optical measurements

Absorbance spectra (200 to 600 nm) were measurddvikon 940 (Kontron
Instruments) or Varian Cary 100 (Agilent Technoésjiinstruments in quartz cuvettes
(1 and 5 cm path lengths). The spectra were cellieat least two hours after addition of
the oxidant (kinetic experiments) or after restovgrnight (ozone) or 48h (chlorine), to
ensure that the oxidants were completely consurR@gbrescence absorbance was
collected in duplicate with a Fluoromax-4 spectrofometer (Horiba, USA) for
ozonated or non-ozonated samples. Fluorescencsiemisas collected between 300-
700 nm at excitation wavelengths between 240-550uaimg a 0.25s integration time
and a 5 nm bandpass. Spectra were corrected fer filter effects and normalized to
Raman area (at Ex=350 nm) in Matlab. Fluorescen@amtgm yields were calculated
using quinine sulfate (in 0.05 M,BQO,) as a reference based on a previously reported
method (Cawley et al. 2014). To confirm that measwents from ozone-dosed samples
prepared in the two involved laboratories resuiteientical conditions, the respective
absorbance spectra were compared. This compandarated good agreement between
the experimental protocols of the two laborato(legure S1) allowing for comparison
of EDC and fluorescence spectra collected in thet fand second laboratory,

respectively.

2.2.3 Quantification of the EDC by SEC-EDC

EDC was quantified following the method describedietail elsewhere (Chon
et al. 2015, Onnby et al. 2018). In brief, the roethconsists of size exclusion

chromatography (SEC) followed by a post-column tieac(PCR) of DOM with the
radical cation of ABTS (ABTS) as a chemical oxidant, which was pre-formed by

oxidation of ABTS with chlorine (Pinkernell 2000)he SEC-EDC system leads to a
9
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molecular size fractionation of DOM prior to itsidation of electron-donating moieties
in the DOM by ABTS'. The resulting reductive decolorization of ABT$absorbance
maximum at 405 nm) to ABTS (no absorbance at 405 msmthen quantified by
monitoring absorbance at this wavelength using ectspphotometric flow-through
detector. A more detailed description of the metisogiven in Text S3 and in (Onnby

et al. 2018).

2.2.4 Analytical methods

The concentration of formaldehyde was determinddricoetrically using the
Hantzsch reaction (Nash 1953). The quantified saswlere in the concentration range
of 5-200 uM, with a quantification limit of 0.5 pktrmaldehyde. The obtained molar
absorption coefficient at 412 nm of formaldehydeswa&207 Mcm™. Reported
concentrations were average values from triplicateasurements with a residual
standard deviation (RSD) < 5%. The exact conceatratf a commercial formaldehyde
solution used as a calibration standard for th@roetric method was determined by
volumetric titration with sulfuric acid in a solon containing formaldehyde and sodium

sulfite (Walker 1944).

Ozone depletion was followed by measuring the tedidzone concentration
using the indigo method (Bader and Hoigné 1981igfBr a 2 mM indigo solution and
a 0.02 M phosphate buffer reagent was added aaotkdiprior to use by ensuring that
indigo was present in a stoichiometric excessgastl twofold) to ozone and measured

at 600 nm in quartz cuvettes (1 and 5 cm path ke)gt

Chloroform formed during reaction of DOM with HO@hls quantified by gas
chromatography-mass spectrometry (GC-MS, GC-800§iois) with head-space

injection (Combi-PAL). Samples (5 mL) were filled 10 mL head space vials, which

10



235

236

237

238

239

240

241

242

were pre-equilibrated at 80°C for 30 min prior tgection, following a previous
protocol (Shah et al. 2015). Haloacetic acids (HA¥Wsre measured using a capillary
ion chromatography (Thermo Dionex ICS-4000) couptetandem mass spectrometry
(Thermo TSQ-Vantage) with an injection volume oD10L (Shah et al. 2015). More
details about the two anlytical methods for chlorof and HAAs quantification,
including method detection limits, measuring ranged RSD values (%) are given in

Text S4.

3. Results and discussion

243 3.1. Estimation of phenol concentrations
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The aromaticity for the chosen DOM isolates wasaimield from the IHSS (cf.
Table S1) and a certain fraction of the aromatidsuare phenolic moieties. In this
study, we quantified the EDC abatement for DOMa&ses treated with specific ozone
doses between 0.05 and 0.15 mmein@nol C. A linear response in EDC abatement
(EDC/EDG) as a function of the specific ozone dose was robge(Figure S2). The
calculated EDC abatement was then correlated \wigthptevious relationship between

EDC and phenol (Aeschbacher et al. 2012) accontdifigext S5.

Table 1 summarizes the phenol content determinea £DC measurements,
the aromaticity obtained from the IHSS, respectiveind the nitrogen content for
SRFA, NNOM and PLFA. The quantified phenol contdrdased on EDC measurements
show a similar trend as the aromaticity from th&8d The quantified phenolic content
for SRFA and PLFA were well correlated with theues for phenolic content given by
IHSS (IHSS 2017). It is observed that the phenalteat decreased in the order SRFA >
NNOM > PLFA. Table 1 shows that the absolute ED®DbFA is lower (2.43 mmol'e

/g C) compared to the EDC of SRFA or NNOM, respetyi (5.98 and 4.16 mmol/g

11



259 C) (Aeschbacher et al. 2012).
260 (Table 1)

261 3.2 pH dependence of the 0zone consumption kinetics upon reaction with the three model

262 DOM isolates

263 Figure 1 shows the kinetics of the ozone depletiosolutions containing either
264 SRFA, NNOM or PLFA as a function of pH in preserdet-BuOH to quenchOH.

265 Generally, the rates of the ozone depletion deerkasth decreasing pH, which is a
266 consequence of the lower reactivity of protonateganic moiteies with ozone (von
267 Sonntag and von Gunten 2012). At pH 2, ozone wihsistectable after 3000s (roughly
268 ~10% for SRFA, ~20% for NNOM and PLFA (overlappidgta points) of the initially
269 added ozone). For pH 3, less than 5% of the ihitedilded ozone was detectable after
270 3000s of reaction with SRFA and NNOM, whereas thene residual was still about
271 20% of the initially added ozone for PLFA. At pH of 9, ozone depletion was
272 significantly faster. At pH 9, ozone was completebnsumed within 60s of its addition
273 to SRFA and NNOM solutions, respectively, and atdo residual ozone was detected
274 for PLFA. The pronounced decrease in ozone re&gtivith increasing pH can be
275 rationalized by DOM moieties that undergo acid-bggeciation (e.g., phenols and/or
276 amines). These are typically less or non-reactiveheir neutral/protonated forms,
277 which is the case at pH 2 (Lee and von Gunten 2(A&) example, apparent second
278 order rate constants for the reaction between oandephenol increases from®t6 1¢
279 M’s' when the pH is increased from pH 2 to 9 (Lee and Gunten 2010). For
280 amines, the apparent second order rate constantegr low for the protonated species,
281 whereas they are much higher (betweehabd 16 M~s™) for neutral amines (Lee and

282 von Gunten 2016, von Sonntag and von Gunten 2012).

12
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Based on the higher phenolic/aromatic and the lowgogen proportion of
SRFA and NNOM compared to PLFA (Table 1), we hypsibe that the observed
increase in ozone depletion rate with increasing &t due to the reaction with
deprotonated phenolic moieties. In contrast, PLR& lower phenol contents and more
nitrogen-containing moieties such as amines, whieh present in higher proportions
(6.51 %N, Table 1) and might play a certain roletfee pH-dependence of the slower
observed ozone depletion kinetics in the PLFA expents. To this end, it was
demonstrated in a recent study that the nitratedtion from amine moieties in PLFA
increased relative to the absorbance abatemenh@pbenoieties) with increasing pH
(Song et al. 2017). This finding indicated thatréhevas a higher contribution of
nitrogen-containing moiteies to the ozone consuompith PLFA as compared to SRFA.
Regardless of similar concentrations between phandl amine moieties, phenolic
moieties will always outcompete amines in the DO:bite interactions. However, due
to the high amine reactivity at higher pH, it wble difficult to resolve the two

individual effects kinetically in batch-type expments with ozone.

(Figure 1)

3.3 Kinetics of EDC/EDC, abatement during oxidation

Figure S3 shows the kinetics of the relative EDOQEEDG,) abatement during
ozonation of SRFA, NNOM and PLFA in the pH range- . The decrease in
EDC/EDG during ozonation increased with increasing pH.sEheesults suggest that
EDC-active sites react more efficiently at a higpkl, which is in accordance with the
faster ozone depletion discussed in section 3.8e@@&n the correlation of EDC with
DOM phenolic content, this result provides additibevidence for the importance of

phenolic moieties in DOM in the consumption of ogdoy DOM.
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3.4. Kinetics of absorbance abatement during oxidation

Changes in absorbance spectra during ozonatiorREASNNOM and PLFA
are shown in Figures S4 — S7 for experiments alpH, 7 and 9, respectively. The
largest absorbance changes were observed over dkielemgth range 220-280 nm.
Although experiments at all pHs showed a fastahigibatement in DOM absorbance,
the abatement was strongly pH dependent. At pH® 3nthe absorbance decreases
occured over the entire reaction time of 3000s (g S4 and S5). At pH 7, the
absorbance abatement is significant for the initi@0s, followed by a slower and
gradual decrease until 1000s (Figure S6). For pth@®absorbance abatement occurred
very rapidly after ozone addition, with no furthéecrease in absorbance at longer

reaction times (Figure S7).

14
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3.5 Relationships between changes in EDC and absorbance

Previous studies investigated the relationshipsiéen the relative abatements
of EDC and absorbance during DOM chemical oxidatoty at circumneutral pH
(Chon et al. 2015, Onnby et al. 2018, Wenk et @1.3}. Figures 2a-d show the relative
abatement in both EDC and absorbances during aponait SRFA in the pH range 2-9.
Figures S8 and S9 show the analogous relationstighe same pH range for NNOM
and PLFA (absorbance at 254 nm) and for SRFA, NN&i PLFA (absorbance at
280 nm), respectively. At low pH, ozonation restilte comparable relative decreases
of EDC and absorbance (i.e., data close to théifelin Figures 2a-b). By comparison,
at high pH the relative EDC abatement increasespeoed to the relative absorbance

abatement (data to the left of the 1:1 line in Fegu2c-d).
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The decerase in EDC/ERQCompared to the relative absorbance abatement with
increasing pH may have resulted from a higher éxdébenzoquinone formation from
phenolic moieties at higher than lower pH (Mvula aon Sonntag 2003, Ramseier and
von Gunten 2009, Tentscher and von Gunten 2017iséleer et al. 2018). These
benzoquinone moieties in the DOM also absorb leghe54 nm and would therefore
have led to a smaller decrease in the absorbar®iaim at high pH. The formation of
benzoquinones would thus be consistent with theerobsg shifts in the correlations
(EDC/EDCO vs A/A ) towards smaller decerases in absorbance vatutdsese plots.
At lower pH, the yield of benzoquinones from theepbl-ozone reaction is smaller with
a higher yield of ring-opening products such agiec®rmic and maleic acids with low
UV absorbance (Ramseier and von Gunten 2009). Hezoaation of DOM at the low
pH resulted in limited formation of UV-absorbing miles and thus a comparable
relative decrease of the absorbance (total arog)aimd EDC (phenols, a subset of the
aromatic moieties). Consistent with this explamatithe data collected for SRFA,
NNOM and PLFA at low pH fell close to the 1:1 linesFigures 2, S8 and S9.

(Figure 2)
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To further elucidate the reasons for the observedelations between the
relative abatements of EDC and absorbance, chaimgesbsorbance spectra were
investigated with phenol as a surrogate for phenwmloieties in the DOM. For these
experiments, we did not quantify EDC for phenol thss low-molecular weight
compound will not be detectable in the SEC-EDCugettue to its small molecular size.
Figures 3a-c show the changes in absorbance sgectthe reactions between ozone
(52 uM) and phenol (344M) yielding a similar molar ozone:carbon ratio ag-igure 2
(0.25:1.0). Absorbance spectra for reaction tinfeés and 60s are shown (completion of
the reaction) in Figure 3 for pH 2, 3 and 7. Figu8® and 3c also include the spectra of
1,4-benzoquinone at pH 3 and pH 7 for comparisdme @dded 1,4-benzoquinone
concentrations in Figures 3b and 3c are 10 uM fdr3and 21 pM for pH 7,

respectively.

Figures 3a-c show that, as the pH increased, oaidaf phenol via ozone led to
an enhanced formation of an absorbance peak cdraeeemaximum of about 252 nm.
The good agreement with lambda max at 252 nm studlyes 1,4-benzoquinone was
formed in these experiments, both at pH 3 and pFhi& conclusion is supported by an
earlier study which used HPLC analyses to demaentheat the ozonation of phenols
results in 1,4-benzoquinone formation (RamseienamdGunten 2009, Tentscher et al.
2018). Based on the above-mentioned concentrambr®rmed benzoquinone, the
calculated yields relative to the initial phenohcentration were 17% at pH 3 and 40%
at pH 7, which is comparable to previous findingdvgla and von Sonntag 2003,

Ramseier and von Gunten 2009, Tentscher et al.)2018
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In parallel with the development of an absorbanemkpat 252 nm, the
absorbance at 272 nm increased at pH 7, whilecitedsed at pH 3 during ozonation of
phenol (compare Figures 3b-c). These results sughas phenolic polimerization
products are possibly formed during ozonation oénuh at pH 7 giving rise to the

absorbance increase at 272 nm.

Overall, the absorbance at 254 nm increases dwangation of phenol at all
pH values and under the experimental conditionsl lrein. However, the increase
was smaller at lower pH values. Because phenolsrayea subset of chromophores in
DOM, the results obtained from phenol ozonation @aly be applied to the ozonation
of DOM in a qualitative manner. Despite this liniba, the overall trend of the DOM
experiments above, where an increased absorbaakenzes formed at 254 nm at high
pH due to formation of 1,4-benzoquinone from phenwmioieties in DOM, can partially
be explained by the smaller formation of UV-absogamnoieties at lower pH. Overall, a
deviation from the 1:1 correlation (Figures 2c-slpartially caused by the formation of
benzoquinone-type compounds, which still absorht ligut are more electron defficient

and hence, lead to an enhanced relative EDC abatemenpared to the absorbance.

(Figure 3)

386 3.6 Changes of fluorescence of DOM during DOM ozonation

387
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392

3.6.1 Changes in fluorescence intensity as a function of ozone dose and

experimental pH

In addition to evaluating the absorbance, the chamg fluorescence were also
considered. Fluorescence offers an additionaltmalssess the contribution of different
moieties of the DOM towards the observed reactiwith ozone. The fluorescence

intensity of DOM has previously been shown to daseewith increased ozone dose
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(Gerrity et al. 2012). As an example, oxidation plienols and formation of
benzoquinone should result in a decrease in floerese intensity due to the very weak
fluorescence of benzoquinones (Ma et al. 2010). @eerease is explained by
destruction of chromophoric (aromatic) moieties &lk and Sikorska 2004). Figure
S10 shows that both the relative fluorescence sittgand the relative absorbances for
SRFA and PLFA decreased with an increasing spec#ane dose at pH 3, 7 and 9,
respectively. Overall, the decrease in fluoresceve® less pronounced compared to the
loss in absorbance, indicating that light-absorbingieties were more sensitive to

ozone oxidation than fluorescent moieties (seevielo

3.6.2 Changes in fluorescence quantum yields of DOM with increasing

ozonation

The de-coupling of the absorbance and fluoresceesgonses to oxidation by
ozone was further studied by measuring the flu@mse quantum yieldsb¢). Thed;
describes the probability of the excited singlettestwithin DOM to be deactivated
through flourescence, relative to non-radiativehpatys (Lakowicz 2006)®; was
calculated as the integrated emission spectrundelivby the absorbance at a particular
excitation wavelength (Cawley et al. 2014). Tde were investigated for ozonated
SRFA and PLFA in the pH range 3 - 9. Figure S1bwshhow®; generally increase
continuously with specific ozone doses for SRFA &1id-A at all pH values. The
extent of the observedi; increase depends on both the type of DOM as gdtha pH.
In contrast to PLFA, an induction period was appafer SRFA at pH 7 and 9 (but not
at pH 3). The values fo®; did not significantly change compared to non-ozeda
DOM up to a specific ozone dose of 0.05 mmgh@nol C.

Figures 4a and 4b show the relative changes inrla@sce andps (at Agx = 350
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nm, relative to samples without ozonation) for PLRAd SRFA as a function of the
specific ozone dose or the residual EDC, respdygtivor PLFA, absorbance ars;
respond immediately to changes in specific ozorseslg¢Figure 4a). For SRFA, theg
increases more steadily as a function of the spec#one dose or the relative EDC

abatement (Figures 4a and b).
(Figure 4)

The increase ib; with increasing ozone exposure seemingly conttadice
prediction based on current models of DOM photopsyéSharpless and Blough 2014).
Benzoquinones are known not to fluoresce, andutdcbe expected that a conversion
of phenolic moieties to benzoquinones as a resurone-DOM reactions as discussed
above, would lead to lowed:. Additionally, considering the charge transfer JCT
model for fluorescence, the overall quantum yielould decrease due to the loss of
electron donors (i.e., phenols), thereby redudregabundance of CT bands. However,
a recent study suggests that CT intereactionsarthe main photophysical mechanism
within DOM, and therefore the observed results fhbe considered in the context of
individual compounds (McKay et al. 2018).

The effect of ozone on both absorbance and flueresc (i.e., decrease in
intensity while observeing an increase dq) can be explained as follows. Ozone
treatment of the DOM resulted in the loss of bathtl absorbing and fluorescent
moieties, including phenols. In the case of absonpthe abatement of these moieties
still leaves residual absorbance from the transétion products, and the EDC is
reduced more efficiently due to the conversion loémmls into non-electron donating
moieties (see discussion above). The overall femerce intensity decreased as

fluorescent moieties are removed by reaction with The increase i can be
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explained by a model where absorbing moieties dhatnot fluoresceing are degraded
faster than fluorescing moieties, therefore theralv&@; values increase. For example,
electron-poor aromatic moieties (e.g., but not teaito, hydroxy aromatic ketones,
aldehydes, or acids) may not be abated efficiebtyy ozone under the chosen
experimental conditions due to their low seconceongte constants in comparison to
phenol (von Sonntag and von Gunten 2012). Fluoresceby these refractory
components would be less “diluted” from absorbamg@on-fluorescing chromophores
that have reacted with ozone. Overall, this resolen increased, for higher specific
ozone doses. These data indicate that a fractidtu@fophores within DOM are not
very reactive to ozone, and the overall fractioflwérescent moieties in DOM is lower

than for absorbance.

3.7 OH radical formation from ozone-DOM interaction

Upon reaction of ozone with electron rich moiet@sDOM (e.g., phenolic
moieties, amines, etc.JOH can be formed by direct or indirect electronnsfar
reactions to ozone (von Sonntag and von Gunten)2Uable S4 summarizes published
"OH yields for a range of compounds: flH yield (amount ofOH formed relative to
consumed ozone) for e.g., both phenol and cateshsl| found to be 24% at pH 7

(N6the et al. 2009).

The cumulative OH concentration was measured by formaldehyde fooma
during ozonation of SRFA, NNOM and PLFA in presemafet-BuOH as a"OH
scavenger. Under these conditions, the stabilitpziine is enhanced because chain
reactions are suppressed (Staehelin and Hoigné).19Bérefore, these measurements

correspond to the primar@H formation only and do not include chain reaction

Figure 5 shows the cumulativ®H concentration as a function of time for
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SRFA, NNOM, PLFA and phenol in the pH-range of Pdata is shown for an ozone
residual > 10% of initial ozone addition). In FigurS12, the cumulativeOH
concentration is shown for longer reaction timeen&ally, the cumulativéOH
concentration increased during the first phasénefreaction, whereatfter, it leveled off
due to the depletion of the reactive moieties that directly to'OH formation. In
absence ot-BuOH, re-formation of phenolic-type and oth€H-forming moieties
could be expected by the reaction ‘6H with aromatic sites (N&éthe et al. 2009).

However, these reactions were suppressed undapfied experimental conditions.

Because the ozone depletion was slow both at prd23athe consumption of the
sites leading t6OH formation was slower and started to level oféafl20s. Phenol was
consumed in a relatively similair reaction timestéa at pH 3 than at pH 2. For pH 3,
this leads to an earlier termination of the phendliced OH formation (Figures 5a and
b). At pH 7, the cumulativéOH concentration increased intially very sharplijeTate
of depletion of the sites responsible ¥@H formation decreased in the order phenol >
SRFA > NNOM > PLFA (Figure 5c). At pH 9 the maximuoumulative "OH
concentration was observed at 15s for both SRFANNOM, whereas for PLFA it

gradually increased until 90s (Figure 5d).
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The cumulative’'OH formation can be compared with the ozone depieti
Kinetics in Figure 1: an initial drop in ozone dein shown at 120s (pH 2 and 3) and
at 90 and 15s (pH 7 and 9, respectively), corrededro time points in Figure 5 where
the cumulativeOH formation leveled off. These observations carexglained by the
reactions between ozone and phenolic moieties coinguozone instantly (Figure 1)

and yielding’OH radicals (Figure 5).

(Figure 5)

Table 2 shows theOH yields (maximum'OH concentration observed
normalized to the ozone dose) as a function ofptHefor SRFA, NNOM, PLFA and
phenol, respectively and for a complete depletibozone. At pH 2, théOH vyields are
6.7%, 12.4% and 13.6% for SRFA, NNOM or PLFA, regpely. The yields observed
at pH 3 (7.3%, 14.2%, 9.6% for SRFA, NNOM or PLFR&spectively) were all in
reasonable agreement with the obtained yields lienpl at pH 2 and 3. At pH 7, the
‘OH yields were 27%, 30.5% or 21% for SRFA, NNOMRAFA, respectively and at
pH 9, they were about 33.7 and 38.6% for SRFA aN®MI, whereas for PLFA it was
28.5%. Hence, overall th®H yields increase with increasing pH. This is gnement
with the highefOH vyields for phenol at pH 7 (37.5%) than at thedo pHs. Compared
to a previous study the yields in this study weighér (compare 24% obained before

with 28% obtained in this study, Table S4) (Flyahal. 2003).
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At pH 7 and 9, the observé@H yields for NNOM, SRFA and PLFA were quite
similar. The trend for these yields are similartihe estimated phenol content of the
respective DOM isolate (Table 1). However, it cobl expected that NNOM, which
only has about 70% of the phenol content of SRFnfzare 2.05 (NNOM) with 2.86
mmol phenol/g C (SRFA), respectively, Table 1),iddchave a smalleilOH vyield for
the same ozonation conditions. In the case of P(IA7 mmol phenol/g C), th©H
yield corresponded to about 80% of ttdd yield of SRFA. The relatively higrOH
yield for PLFA could be due to the higher contehaimine-containing moieties, which
may also be important sources for an indif€@itl formation via a superoxide radical-
induced pathway (Buffle and von Gunten 2006).

(Table 2)

Figure S13 shows a correlation between the rel&M€ abatement and the
cumulative’OH vyields for SRFA, NNOM and PLFA in the pH rang®.2t is shown
that the’'OH vyields are within certain limits proportionalttre relative EDC abatement

for all DOM types.

In summary, the results show that t# yields from ozone-DOM interactions
significantly increase with increasing pH. Since tBH yields do not vary significantly

with varying pH amines may partly explain this tlgiMivula and von Sonntag 2003).

521 3.8 Effect of chlorination on EDC abatement
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523

524
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526

3.8.1 Changesin EDC as a function of the specific chlorine doses

We determined the changes in EDC and absorbandeafb280 nm) of SRFA,
NNOM and PLFA as a function of an increasing clmerdose at pH 7 (Figure S14).
For all DOM isolates, the relative abatement of EBGignificantly more enhanced

compared to the loss in the relative absorbanceamparison to the ozonation
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experiments (compare Figure S14 with Figure 2 agdrEs S8-S9). This is consistent
with previous findings (Wenk et al. 2013) and hagrbexplained by the formation of
chlorinated phenolic moieties, which still haveigndficant UV absorbance while being
less redox active (Criquet et al. 2015, Deborde ama Gunten 2008, Wenk et al.
2013). To this end, Table S5 shows the molar alisorpoefficients §) of the expected
chloriated reaction products (Gallard and von Gur28602, Lee and Morris 1962) at
254 or 280 nm, respectively, which were determifrech the UV/Vis spectra in this
study (Figure S15). Despite the unknown productribistion during chlorination, a
strong absorbance can be expected, because mast absbrption coefficientg g4 0r
€280nn) are >2000 Mcm™ (Table S5). Compared to phenols, chlorophenolst remre
slowly with chlorine to form non-absorbing produé®eborde and von Gunten 2008)
and because chlorophenols have significant UV &lasmes, the slopes in plots of the

relative abatements of EDC versus UV absorbance ate
3.8.2 EDC abatement and correlaton with chloroform formation

During chlorination, phenols and other activas@matic moieties, such as
resorcinol (Norwood et al. 1980, Rebenne et al.61%®o0k 1977, Theruvathu et al.
2001), but als@-diketo acid type moieties arfiddiketones (Dickenson et al. 2008) can
serve as precursor for trihalomethanes (THMs, echlproform) formation. As
discussed above, the same activated aromatic cardpauwch as hydoxybenzenes react
readily with ozone (Hoigné and Bader 1983, von $agrand von Gunten 2012). As
hydroxybenzenes (including phenol/resorcinol memtialso play an important role for
the EDC, the effect of EDC abatement on THM formrativas assessed. To change the
EDC, pre-ozonation experiments were performed tatealEDC < 95% in SRFA.

Chloroform and HAAs were then measured after pbkirmation of these samples.
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551 Figure 6 shows the chloroform formation duringtpaddorination as a function
552 of the relative EDC abatement. In most experimésept 4QuM HOCI, Figure 6a), a
553 pronounced decrease in chloroform formation, wasenked only for the pre-ozonated
554 samples with a realtive EDC of 50%. Similar obstBores were also apparent for the
555 formation of the haloacetic acids monochloroacati (MCAA), dichloroacetic acid
556 (DCAA) or trichloroacetic acid (TCAA) (Figure S16pnce an abatement of EDC of
557 about 50% was reached, the CEl@rmation decreased. This threshold was reached
558 earlier for a higher chlorine dose (4®1) because under these conditions chloroform
559 formation was precursor-limited and small changepgrecursor concentrations led to a
560 decrease. In contrast, for smaller chlorine dose25uM) this effect was no longer
561 visible until a threshold EDC abatement was reachHestause of the excess of
562 precursors relative to chlorine. In agreement ® d¢hrrent observations, no effect on
563 DBP formation (chloroform, TCAA and adsorbable arigachlorine) could be observed
564 from a DBP formation potential test during chlotina, after 10-40% EDC abatement
565 by ozone in a previous study (de Vera et al. 2Q1Thgrefore, the above-mentioned
566 results might be explained by a low extent of preguabatement during pre-ozonation

567 for low relative EDC abatements.

568 The presence oft-BUuOH during pre-ozonation blocks hydroxyl radical
569 oxidation, but also leads to higher ozone exposemapared to the absence of a
570 scavenger. The higher exposure may affect the aloion formation during post-
571 chlorination, as demonstrated in a previous stadyhich an identical ozone dose was
572 applied with and without-BuOH (De Vera et al. 2015). In contrast to thesevipus
573 results, the results obtained in presence and ebs#it-BuOH are very similar in the
574 current study (Figures 6a and b). Based on thesgtsewe conclude th&bH only has

575 a limited effect on chloroform formation during pa$lorination. Similar conclusions
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can be drawn from the formation of HAAs in preseand absence ¢fBuOH (Figure

(Figure 6)

4. Conclusions

Based on results from ozone-DOM interactions in fgi¢-range 2-9 and

chlorine-DOM interactions at pH 7, it can be cowled that phenolic moiteies play a

dominant role for the DOM reactivity.

The ozone depletion kinetics during ozonation ofN\D@as greatly affected by
changes in degree of protonation: The ozone depléinetics increased in the
pH-range 2-9, which could be explained by an inmgodrtcontribution of
phenolic moieties in the DOM.

The pH-dependence of EDC-absorbance correlatiomggdui) ozonation
indicate a higher benzoquinone yield from the DOxdation at higher pH,
which is in agreement with results from ozone-phemactions. (i) For
chlorine, a more efficient EDC abatement as contpdoce absorbance was
observed and could be explained by formation obngjty UV-absorbing
mono-, di- and/or trichlorophenols, which are noidzed by the ABTS
radical cation.

The fluorescence intensity decreased during ozematvhile an increase in
fluorescence quantum yield{) was observed. The increaseincould not be
explained by benzoquinone formation, it is suggestetake place due to the
fast abatement of phenolic moieties relative t@riyphores with low ozone
reactivity.

During ozonation, increasin@H yields were observed with increasing pH (2-
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9), as a result of the higher amine reactivityighér pH.

The relative abatement of EDC by pre-ozonation dat influence the
chloroform/chloroacetic acids formation during pobtorination for relative
EDC abatements< ~50% as long as the chloroform/chloroacetic acids
formation is not precursor limited. For EDC abatatse> 50%, the
chloroform/chloroacetic acids (from post-chlorioay decrease was strongly

correlated with the ozone-induced EDC abatement.
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Figure captions

Figure 1. Ozone depletion kinetics at an ozoneararholar ratio of 0.25:1 for SRFA,
NNOM and PLFA at (a) pH 2, (b) pH 3, (c) pH 7, af@ pH 9. Experimental
conditions: 208 pM initial carbon concentration nfrahe different model DOM
isolates, 52 UM ozone, 100 miBuOH and pH-adjusted 430, (pH 2), 10 mM
phosphate (pH 3, 7), 10 mM borate (pH 9). Sample®wuenched with indigo at the
specified reaction times to quantify the remainingcentration of ozone.

Figure 2. Relationship between the relative abatesnef EDC and absorbance at 254
nm during the reaction of ozone with SRFA for a ana@zone:carbon ratio of 0.25:1
at (a) pH 2, (b) pH 3, (c) pH 7, and (d) pH 9. Seamwere quenched with 0.1 mM
sulfite (to measure changes in absorbance) or MOmaleic acid (to quantify EDC).
Initial concentrations were 52 uM for ozone, 208 pfidd carbon and 100 mM-
BuOH, respectively in pH-adjusted solutions witbSI, (pH 2), 10 mM phosphate
(pH 3, 7), 10 mM borate (pH 9).

Figure 3. Absorbance spectra for phenol (34 uMpiee(0 s) and after (60 s) reaction
with ozone (52 uM) for an ozone:carbon molar rafi®.25:1 for (a) pH 2, (b) pH 3
and (c) pH 7 and with 100 mMBuUOH. In (b) and (c) the spectra for 1,4-
benzoquinone are also shown (with concentratiorfp)afO puM, (c) 21 uM). The
samples were quenched with 0.1 mM sulfite and &ejufor pH with HSO, (pH 2)

or 10 mM phosphate (pH 3, 7). The absorbance ahgb& marked in the plots by a
vertical line.

Figure 4. Relative changes in absorbance at 35Qvales < 1) and the fluorescence
guantum yieldds/®dg (values >1), as a function of (a) the specific adose, and (b)
the relative residual EDC. The experimental dapgasent the average of duplicates
and error bars represent propagated standard egaExperimental conditions: 100
mM t-BuOH, 10 mM phosphate buffer (pH 7), initial canbmoncentration 208 pM.

Figure 5. Evolution of the cumulative hydroxyl reali (OH) concentrations (uM) for
SRFA, NNOM, PLFA and phenol at an ozone:carbon m@lto of 0.25:1. (a) pH 2,
(b) pH 3, (c) pH 7 and (d) pH 9. Samples were ghedavith 0.1 mM sulfite (1 mM
sulfite for phenol). Experimental conditions: 208 jinitial carbon concentration, 100
mM t-BuOH, ozone dose = 52 uM, initial phenol concermdraB4 uM, pH-adjusted
with H,SOy (pH 2), 10 mM phosphate (pH 3, 7) or 10 mM bokaté 9).

Figure 6. Relative EDC abatements during pre-ozonaand the corresponding
chloroform formation during post-chlorination of BR Post-chlorination doses: 8,
16, 25 and 40uM HOCI. (a) Presence ofBuOH during pre-ozonation (closed
circles), (b) absence of-BuOH (open circles). Experimental conditions: DOC
concentration = 208 uM, 10 mM phosphate buffer (p51200 mMt-BuOH. Data on
EDC abatement are presented in Table S6.



Tables

Table 1. Phenol or aromaticity content (weight ¥9nf EDC measuremefitaind
IHSS, respectively. The ratio between phenol and tbenaticity, the absolute EDC
(mmol €/g C) and the nitrogen and carbon corftéweight %) are also shown.

SRFA NNOM PLFA
Phenol, %" 26.9+6.72 19.3+3.57 16.7+2.29
Phenol, mmol phenolig € 2.86+0.71 2.050.38 1.7720.24
Aromaticity, % ° 22.0 19.0 12.0
(Phenol/aromaticity) 1.22 1.01 1.39
EDC, mmol e-/g C 5.98 4.16 2.43

C, %° 52.3 53.2 52.5

N, %° 1.17 1.10 6.51

*Phenol content from EDC measurements was calculatassing the approach from
(Aeschbacher et al. 2012), details on calculatiares found in Text S5)°Phenol

content from the phenol estimates from the EDC mnesmsents in this study,
°determined byC-NMR estimates of carbon distribution and obtaifiedn IHSS:

www.humicsubstances.ofEDC values recalculated from (Aeschbacher et @220
fcarbon and nitrogen content from elemental comjposin % (w/w) of a dry, ash-
free sample, elemental composition obtained fro3Hwww.humicsubstances.org.

Table 2."0OH yields from the reactions of SRFA, NNOM, PLFAmrenol with ozone

in the pH range 2-9 at an ozone:carbon molar rafid.25:1.0. Initial carbon
concentration 208M, ozone dose 58M, and in presence of 100 mivBuOH. The
presented values are averaged for triplicate measents and the standard deviations
are rounded off to one significant digit.

"OH yield, (%)?

pH 2 pH 3 pH 7 pH 9

SRFA 6.7¢t0.8  7.3t0.4  27.0¢1.2 33.7x15
NNOM  12.4+1.4 142+15 305209 38.6+0.7
PLEA 13.6£0.4  9.6#1.1  21.0+0.1 28.5+0.3
Phenol  6.6#0.0  6.680.0  37.5:0.1 ha

%0H radical yield normalized to the ozone ddse; not applicable.
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Highlights

* Ozone (O3)- and chlorine-DOM reactions were assessed in the pH range 2-9

» For Og, the relationship between EDC and absorbance is pH dependent

» For Oz, benzoquinone formation explained low absorbance/high EDC loss at
pH>7

» For chlorine, UV-absorbing chlorophenols were formed while EDC decreased

* CHCI;3 formation during chlorination of DOM decreased for > ~50% EDC
abatement



