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Water impact statement

Water treatment tends towards increasingly numerous treatment steps. A better understanding
of the effects of ozonation on the optical and photochemical properties of dissolved organic
matter is necessary to optimize treatment processes. Ozonation induces a decrease in light
absorbance and can help downstream UV-based treatment steps or for wastewater leads to
improvements of the aesthetics of the water.
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Abstract

This study focuses on the effects of ozonation on the optical and photochemical
properties of dissolved organic matter (DOM). Upon ozonation, a decrease in light absorption
properties of DOM was observed concomitantly with a large increase in singlet oxygen ('O,) and
hydroxyl radical ("OH) quantum yields (@0, and @ .oy, respectively). The decrease in
absorbance was linked to the reaction of DOM chromophores with ozone and *OH, formed as a
secondary oxidant, while the increase in @0, and @ .oy are linked to the formation of quinone-
like moieties from the reaction of ozone with phenolic DOM moieties. Investigations using
benzoic acid as a “OH probe and methanol as a *OH scavenger indicated that not only is “OH
formed, but that other hydroxylating species ("OH-like) are also produced upon DOM photo-

irradiation.
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Introduction

Ozonation is a process widely applied in drinking water treatment and more recently also
as a polishing step in secondary effluents of municipal wastewater treatment plants.(1, 2) In
addition to its use as a disinfectant and for the oxidation of micropollutants, ozone reacts with the
dissolved organic matter (DOM) present in the water, leading to changes in its physico-chemical
properties.(3-5) Because wastewater is usually discharged to a receiving water body (e.g., river,
lake, sea) and can represent an important fraction of the receiving water, ozone-induced

transformations of DOM are of interest.(6, 7)

DOM plays an important role in the photo-transformation of contaminants in surface
waters by absorbing a portion of sunlight, thereby decreasing the direct photo-transformation of
contaminants (equation 1), and by producing reactive intermediates (RI). These RI include
excited triplet state of the DOM (*DOM?*, equation 2), singlet oxygen ('O,, equation 3) and
hydroxyl radical ("OH, equation 4, where DOM’ represents a transformed chromophore of
DOM). The RI can react with contaminants leading to transformation products (equation 5).(8-
12) Ozonation of DOM will affect this photochemistry by changing the light absorption

properties of DOM and potentially affecting the yields of the RI.(3)

Contaminant + #v — Products (1)
DOM + hv — 'DOM* — 3DOM* ()
S DOM*+ O, — DOM + 'O, 3)
DOM + hv — DOM’ + *OH 4)
(O, or *DOM* or *OH) + Contaminant — Products (5)
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Studies have shown that ozonation of DOM leads to changes in its physicochemical
properties, including decreases in light absorption, fluorescence intensity, chemical oxygen
demand, and electron donating capacity, as well as the formation of low molecular weight
compounds such as carboxylic acids and aldehydes.(1, 3, 4, 13, 14) DOM moieties have a large
range of reactivity towards ozone. DOM moieties with high ozone reactivities are believed to be
mostly phenolic compounds that react to quinones, ketones, catechol, and ring opening
products.(15, 16) Ozone reactions with DOM were covered in recent publications and we refer
the reader to those for more information.(3, 4) Reaction of ozone with DOM forms *OH as a side
product that can further react with the DOM.(17-19) “OH reacts with aromatic or conjugated
DOM moieties by *OH addition or with unsaturated moieties by H* abstraction.(1) Typical
second order rate constants for ‘OH addition reactions are between 1-10x10° M-! s'! and are
relatively faster than H® abstraction reactions, with typical second order rate constants in the

range of 0.1-1x10° M-! s1.(20)

In a previous publication, we discussed the effects of ozone on the optical properties of
DOM and its effect on the photochemical generation of '0,.(3) Specifically, it was shown that
during ozonation in the presence of #-butanol to quench ‘OH (formed via ozone decomposition),
both the fluorescence and 'O, quantum yield (®,0,) increased concomitantly. The fluorescence
quantum yield increased by 92-111% for increasing specific ozone doses from 0 to 1 mmolp;
mmolc!. Similarly, the @0, increased by 273-844%. In this previous publication it was
hypothesized that this was due to the preferential reactions of ozone with phenolic DOM
moieties and low fluorescence chromophores. This hypothesis is based on the following
observations: (1) Ozone reacts towards DOM faster at high pH than at low pH.(4) This can be

explained by the reaction of ozone towards phenolate being several orders of magnitude faster
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than towards phenols (e.g. ko3, phenolate = 1.4%10° M1 871 VS ko3 phenol = 1.3%x103 M1 571 (1)). (2)
The aforementioned formation of quinones from ozonation of phenols. (3) The fact that phenols
have low @, (1-6%) (21) while quinones have generally higher @0, (20-98%).(22-25) (4)
Low ozone doses can induce an increase in 'O, production rate. (3) It should be noted that ref.
(3) attributes the observed increase in fluorescence quantum yield upon DOM ozonation to a
preferential ozone reaction towards chromophores absorbing at long wavelengths that have low
fluorescence quantum yields. Such preferential reactions of ozone with chromophores absorbing
at long wavelengths may also explain part of the observed increase in @,0,. However, given the

magnitude of the effect, it cannot be the sole explanation for the observed increase in @q,.

The goal of this study is to expand on our earlier work and investigate the impact of
ozone on the photochemical formation of *OH from DOM. Specifically, this paper focuses on the
effects of ozonation on (1) the optical properties of DOM, such as the absorbance spectra and of
parameters that can be derived from the absorbance, and (2) the potential of DOM to generate
singlet oxygen (!0,) and hydroxyl radical ("OH) under simulated sunlight irradiation. In this
study, we evaluated the impact of ozone without a ‘OH quencher, therefore, providing a realistic
depiction of the expected effects during the application of ozone in engineered systems. In
addition to these effects of ozone, this paper also provides new insights on the molecular

composition of DOM.
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Materials and Methods

Analytical instrumentation

UV-Vis spectra and absorbance were measured on a Cary 100 Bio UV-Visible
spectrophotometer using 0.2, 1, or 5 cm pathlength quartz cuvettes. The pH was measured using
a calibrated Orion Star A211 pH-meter using a Thermo Scientific Orion pH electrode model
8157BNUMD.

Following the photo-irradiation experiments, concentrations of the probe compounds and
of the actinometer were measured in duplicate using an Agilent 1200 high-performance liquid
chromatography (HPLC) system equipped with a UV-Vis detector, a fluorescence detector and
an Agilent Eclipse Plus C-18 Sum particle size reverse phase column. Details of the applied
isocratic method are provided in Table S1 of the electronic supplementary information (ESI).

Chemicals and solutions

Chemicals were used as received except for p-nitroanisole (PNA), which was recrystallized
in hexane, and benzoic acid (BA), which was recrystallized in water to remove some salicylic
acid (SA) impurities from the commercially available product. For a complete list of chemicals,
refer to Text S1 (ESI). All solutions were prepared in ultrapure water (resistivity 18.2 MQ cm)
obtained from a Sartorios Stedim or equivalent dispenser. A 100 mM buffer stock solution was
prepared by adding the appropriate amount of sodium phosphate salts. Diluted 1/10 v/v with
water, it resulted in a 10 mM pH 7 phosphate buffer used for the experiments.

Two DOM isolates were selected from the International Humic Substance Society (IHSS,
St-Paul, MN, USA) as representative of autochthonous (Pony Lake fulvic acid (PLFA), 1R109F)

and allochthonous (Suwannee River fulvic acid (SRFA), 1S101F) DOM. The carbon content of
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the DOM solutions was measured spectrophotometrically using the specific ultraviolet
absorbance value at the wavelength =254 nm (SUVA,s4) of 4.2 and 2.5 L mgc! m™! for SRFA
and PLFA, respectively.(5) Stock solutions of the two DOM types were prepared at
concentrations of =50mgc L' in pH 7 buffer. After stirring for 3-4 hours, the stock solutions
were filtered by ultrapure water prewashed 0.45um pore size polyethersulfone filters (Whatman)
and the carbon content was then measured spectrophotometrically.
Ozonation experiments

An ozone/oxygen gas mixture was obtained from an Ozone Solutions ozone generator
model TG-40 and bubbled in a cooled (2°C) 2 L cylindrical vessel filled with ultrapure water. An
aqueous ozone stock solution with an ozone concentration of <1 mM was obtained and was
measured using a 0.2 cm path length quartz cuvette on the aforementioned spectrophotometer
and a molar absorption coefficient value of 3200 M! cm! at A=260nm.(1) The ozone solution
was then added to buffered (pH 7, using the aforementioned phosphate buffer) DOM solutions
(final concentration 5 mgc L!) at various specific ozone doses (<1 mmolp; mmolc!) and the
solutions were kept for a minimum of 2 days at 4°C to allow ozone to react to completion. The
specific ozone doses were chosen to be similar to those used in drinking water or wastewater
facilities.(26-29) It should be noted that for the specific ozone doses of 0.75 and 1 mmolp;
mmolc! only the UV-vis absorbance spectra are presented. These two doses have low
absorbance values (< 0.01 at A=350nm) that could suffer from systematic errors on the
absorbance measurements and we decided not to use them for further calculations.
Irradiation experiments

The methods to determine 'O, steady-state concentration ([!O,]s) and quantum yield

(®10,) are described elsewhere.(3) Briefly, ['O,]s during photoirradiation of the ozonated DOM
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solutions was measured by spiking the solution with 22.5 uM of furfuryl alcohol (FFA) and 0.1
M of methanol (to quench *OH). At this FFA concentration, !0, is mostly (<99%) deactivated by
collision with water and the presence of FFA does not affect but allows to determine the
['0,]s.(30) The solutions were then irradiated in 5 mL glass vials in a Rayonet photo-reactor
model RPR-100 equipped with 16 RPR-3500A lamps that had an emission spectrum centered
around 366 nm (see Figure S1 (ESI) for an emission spectrum of the lamps). 100 pL aliquots
were taken at regular time intervals (total irradiation time =1 hour), diluted 1/1 (v/v) with
ultrapure water and subsequently the FFA concentration was analyzed by HPLC. The abatement
of FFA was fitted to a first-order kinetic model using the software Origin 2018. The steady-state
concentration of 10, ([!0,],) during the experiments was determined using the second-order rate
constant kgpa 102 of (1.00£0.04)x10% M- s1.(31) @0, was then determined by dividing ['O,]s by
the rate of light absorption.

The experiments to determine the production rate of *OH and the @®.oy where conducted
similarly as for the determination of 'O, and are described in Text S2 (ESI). Briefly, we spiked
the samples with 1 mM of BA and the "OH production was determined by following the zero-
order production of SA from the reaction of BA with *OH using the yield of the reaction of BA +
‘OH = SA of 15.5%.(32) For the experiments that used both BA and methanol as *OH probes,
the experiment’s irradiation time was relatively longer due to the overall lower rate of SA
production and we observed a small (=<10% in control experiments containing the ozonated
DOMs, 100 nM SA and 0.01 M methanol, irradiated for 225 minutes) degradation of SA during
the experiments. The rate of SA production was calculated in these experiments by fitting the SA

concentration to a zero-order production rate followed by a first-order degradation rate for SA.
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The corresponding equation is derived in Text S3 (ESI) and an example of fitting is provided in
Figure S8 (ESI).

Concomitantly to the FFA or BA irradiation experiments, we ran chemical actinometry
daily to determine the irradiance of the lamps in the reactor. We used the PNA + pyridine
actinometer at a concentration of 10 uM of PNA and of 5 mM of pyridine.(33) At this pyridine
concentration, the quantum yield for the phototransformation of PNA (which depends on the
pyridine concentration) is 1.74x10-3.(34) All results were normalized by using the daily
measured PNA phototransformation rate to the average PNA phototransformation value of
8.68x10* s'I. The photon fluence rate in the interval A= 340-410nm was calculated to be of
1.40%1073 einstein m2 s,

Calculation of optical parameters

Optical parameters calculated from the UV-Vis absorption spectra are often used because
absorption spectra are easy to measure and the optical parameters correlate with DOM properties
that are harder to measure such as @0, and ®@.oy. Several optical parameters were calculated
using the measured UV-Vis absorbance spectra of the solutions. The specific UV absorbance
SUVA»s4 (unit L mgc! m!) was calculated by dividing the absorbance at the wavelength
J/=254nm by the carbon concentration (Smgc L-'). Fitting a single-parameter exponential
regression to the absorbance spectra in the wavelength range 300-600nm, the spectral slope (S,
unit nm') was calculated as the coefficient of the exponential fit (according to equation 6) using
Absy—350nm as a constant. The E2/E3 ratio was calculated as the ratio of the absorbance values at
the wavelengths 4=250 over A=365nm. Both the spectral slope and the E2/E3 ratio inversely
correlate with the molecular weight of the DOM and positively correlate with @0, and @.oy.(35-

37) The wavelength averaged specific absorption coefficient (SUVA,yg, unit L mge! m!), which

Page 10 of 36
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is a proxy for the amount of light absorbed by the solutions, was calculated in the wavelength
interval 340-410 nm according to equation 7, where SUV A4, is the specific absorption coefficient

at a wavelength A (unit L mge! m™") and 7, is the normalized photon irradiance of the Rayonet

reactor.
Abs) = AbS) = 350nm € —S(A—350mm) (6)
FanmmSUV AyrdA
SUVAavg = [Homy (7)

340nm
Standard deviation

The standard deviations were calculated for the first-order degradation curves of FFA and
PNA and for the zero-order production lines for SA and propagated from there. The error on the
rate constants from the literature used in the calculations were also incorporated in the error
calculation. The standard errors calculated for FFA degradation and SA production were used in
addition to the standard errors for SUVA,,, in the calculation of @0, and ®.on. The standard
errors for SUVA,,, were calculated as the standard deviation of triplicate UV-Vis absorbance
measurements of the DOM solutions and propagated from there. Examples of calculations are

shown in Text S4 (ESI).

10
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Results and discussion

Effects of ozonation on the optical properties of DOM

Absorption properties

As shown previously, ozonation induces a large decrease in the UV-Vis absorption of the
two DOM isolates tested in this study (Figure 1). The allochthonous SRFA absorbs more light
because it has a higher content of aromatic moieties than PLFA. While the absolute difference
(A03 dose=0-A03.dose) Of the absorbance is more important at shorter wavelengths (Figures 1C and
D), the relative decrease (Aps/Aops-o) in absorbance is smaller at shorter wavelengths (Figures 1E
and D). Upon ozonation, the relative decrease in absorbance (Aops/Aps—o) differs for the two
DOM types (Figures 1E and D). For PLFA, the relative decrease is more significant at longer
wavelengths, whereas for SRFA the wavelength dependence is relatively small (see Figure S2,
ESI). Typically, small ozone doses induce a large decrease in absorbance (Figures 1 and S2). For
SRFA at A=254 nm, the absorbance decreases by 52% for a specific ozone dose of 0.2 mmolo;

mmolc! while for PLFA the decrease is 63%.

11
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PLFA A SRFA B [Specie

ozone dose
mmolg mmol.”
—0
——0.025
44 ——0.055
—0.1
0.15
0.2
0.25
0.35
0.5
——0.75
—1

Mass absorptivity / L mg, "' m™!

Specific
ozone dose

-1
mmol, mmol

1
—0.75
05
035
025
02
0.15
0.1
—0.055
—0.025

A Absorptivity (Aj,se=0"Pdose)
/Lmg. " m™

Specific
ozone dose
mmolg, mmolc™”
——0.025
——0.055
—i):7
i 0.15
0.2
0.25
0.35
——0.5
=75

—1

=0

Al Adose

300 400 300 400
Wavelength / nm Wavelength / nm

Figure 1. Effects of the specific ozone doses on the absorbance spectra of the two DOM samples
Pony Lake and Suwannee River fulvic acid (PLFA and SRFA respectively). (A) and (B): Mass
absorptivity as a function of the specific ozone dose for (A) PLFA, and (B) SRFA. (C) and (D):
variation of the mass absorptivity (A3 dose=0-A03.dose) @S a function of the specific ozone dose for
(C) PLFA and (D) SRFA. (E) and (F): Ratio of the absorptivity (Ao3.dose/A03.dose=0) as a function
of the specific ozone dose for (E) PLFA and (F) SRFA. The samples were buffered at pH 7 using
10 mM phosphate buffer, with a DOM concentration of 5mgc L.

The observed effects of ozone on the absorption properties of DOM for specific ozone

doses of up to 0.2 mmolp; mmolc! are similar to a previous study conducted with the same

12
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DOM types in presence of a *OH scavenger (as seen by similar reduction in SUVAj3s4, SUVAyg
and SUVA;s, values, see Figure S3, ESI)(3) and are similar to what was observed for three
specific ozone doses for the same DOM types in the absence and presence of a ‘OH
scavenger.(5) These observations can be mainly rationalized by the reaction of ozone with highly
reactive activated aromatic compounds such as phenols. For specific ozone doses > 0.2 mmolp;
mmolc!, the extent of SUVA,s, decrease was higher in the current study compared to our
previous investigation.(3) This can be attributed to a depletion of the pool of highly ozone-
reactive chromophores for specific ozone doses > 0.2 mmolp; mmolc! and the reactions of *OH
with these chromophores, which is possible due to the absence of a ‘OH scavenger. Such
chromophores can be non-activated aromatic moieties such as benzene or methylated benzenes,
which have low second order rate constants for the reactions with ozone but are highly reactive
towards "OH (K.ompenzene = 3-3%x10° M1 s71).(38) The reaction of benzene with *OH produces

phenol, which then reacts quickly with ozone.

Optical parameters

Optical parameters such as SUVA;s4, the ratio E2/E3, and the spectral slope are often
calculated from the UV-Vis absorbance spectra for the characterization of waters.(35) In turn,
these parameters are used to develop correlations with other reactivity measures of DOM,
including the photochemical formation of 'O, or "OH as well as other properties such as
aromaticity and molecular weight. (37, 39-41) Changes in these parameters are presented in
Figure S4 (ESI) as a function of the specific ozone dose. A marked decrease in SUVA,s4 with
increasing specific ozone dose can be observed for both SRFA and PLFA (Figure S4A, ESI). In

contrast, an increase in both the ratio £2/E3 and the spectral slope can be observed for increasing

13
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specific ozone doses (Figures S4B and C, ESI), respectively), being more pronounced for PLFA
than for SRFA.

The results for ozonation in the presence and absence of an *OH scavenger (#-butanol)
also show that the decrease in SUVA,s4 and the increases in E2/E3 and the spectral slope are
more important for PLFA in absence of an *OH scavenger (Figure S4, ESI). For SRFA, SUVAs4
behaves similarly, however, for E2/E3 and the spectral slope the observed increases are more
pronounced in presence of the ‘OH scavenger. The spectral slope PLFA results are in
contradiction with the results presented in ref. (5) where the absence of the *OH scavenger
produced the opposite effect. The observed difference could be attributed to differences in the
experimental conditions, with different DOM concentrations (10 mgc L' in ref. (5) vs 5 mgc L!
in the current study) and a difference in the way the ozonation experiments was conducted (in
ref. (5) the residual ozone was quenched after 2 hours vs 2 days in the present experiments).

As aforementioned, the SUVA,s4, the ratio E2/E3, and the spectral slope correlate with
@.oy and @ ;. These correlations are presented in Figure S5 and Table S2 (ESI). The slopes of
the @, regressions (Figures S5A-C) are comparable (factor 2) to our previous study with the
same isolates in the presence of a *OH scavenger and to Everglades DOM (Table S2, ESI).(3, 37)
The slopes of the @.qoy regressions in this study are significantly larger (by a factor of 2-6) than
that of the Everglades DOM.(37) This observed difference in slope for the @.qoy regressions
makes the direct use of any of the parameters (SUVA,s4, the ratio E2/E3, and the spectral slope)
as predictors of @.oy questionable The difference in slope may reflect a change in DOM
chemical composition due to ozonation, as opposed to DOM composition of the Everglades

DOM.

14
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Effects of ozonation on the photochemical generation of 10, from DOM

The extent of light absorbed in the wavelength interval 340-410 nm by the two DOM
isolates can be characterized by SUVA,,, as a proxy, which decreases in an exponential-like
fashion upon ozonation (Figure 2A). The steady-state concentration of 'O, produced upon UV
irradiation (centered at /=366 nm, see Figure S1, ESI) increases slightly for low specific ozone
doses (0 to 0.1 mmolp; mmolc") and then decreases sharply (by a factor of 3) for PLFA and
moderately for SRFA (Figure 2B). Because ['O,] is decreasing relatively less compared to
SUV A,y (Figure 2A) it can be concluded that @, (i.e., the ratio of the production of 'O, over
the extent of light absorption) should increase with increasing specific ozone doses. This is
illustrated in Figure 2C, where @,¢, increases close to linearly with increasing specific ozone
doses. The increase in @p; is more significant for PLFA, with an increase from 1.9% (non-
ozonated) to 13.1% (0.5 mmolp; mmolc!), than for SRFA for which an increase from 1.0 to

8.5% for the same specific ozone doses was observed.
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—@— SRFA
—m— PLFA

o

SUVA, /L mg"' m™
& - &
L | L | L | L
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\r 9 ff

N
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N
1

['0,]ss / 1073 M

0 1 * 1 ’ I
0 0.2 0.4

Specific ozone dose / mmoly, mmol.™’

Figure 2. Effects of specific ozone doses on (A) the light absorption, (B) the generation of
singlet oxygen (10,) and (C) the 'O, quantum yields (®0,) for Pony Lake and Suwannee River
fulvic acids (PLFA and SRFA, respectively). (A) Specific UV-Vis absorption (SUVA,) in the
wavelengths range 340-410 nm. (B) Measured steady-state 'O, concentration (['O;]s) as a
function of the specific ozone doses. (C) 'O, quantum yield (@,0;) as a function of the specific
ozone dose. Red squares/lines: PLFA; black circles/lines: SRFA, at a concentration of 5mgc L-!.
Solutions were buffered with 10 mM phosphate at pH 7, without hydroxyl radical scavenger.
Error bars represents standard errors in (B) and (C) were obtained from pseudo-first order fittings
(FFA experiments in duplicate). Lines are shown to guide the eye.
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Increases in @, were similar in a previous study on wastewater ozonation (13) and in a
study with the same DOM isolates but in the presence of a *OH scavenger (3) (see Figure S7,
ESI) for a comparison with the data from ref. (3)). The @,0, values were 3.2 = 0.4 % for the non-
ozonated wastewater and increased to 9.3 +1.8 % for a specific ozone dose of 0.25 mmolp;
mmolc',(13) which is similar to the observations for PLFA. For ozonation of the same DOM
isolates in presence of an “OH scavenger, @, also increased close to linearly for low specific
ozone doses (< 0.35 mmolp; mmolc!) but leveled off for higher specific ozone doses.(3) This
increase in @,p, was attributed to the formation of quinones from the reaction of ozone with
phenolic DOM moieties and the observed increase of @, in Figure 2 can most likely also be
attributed to a formation of quinones.

The normalized (to the non-ozonated experiment) @, in this study was compared to the
data from ref. (3), where the ozonation was carried out in the presence of an “OH scavenger (see
Figure S7, ESI). The ratio of @0, from this study and the data from ref. (3) for PLFA is close to
1 for specific ozone doses up to 0.35 mmolp; mmolc! and increases to 1.5 for a specific ozone
dose of 0.5 mmolp; mmolc! (see Figure S7, ESI). To determine if this specific ozone dose was
anomalous, ®;p, was examined in detail by compiling the corresponding extent of 'O,
production and extent of light absorption as a function of the ozone dose (see Table S3, ESI).
The increase to a value of 1.5 for a specific ozone dose of 0.5 mmolg; mmolc! can be attributed
to a decrease in the extent of 'O, production.(3) Ref. (3) presents additional specific ozone doses,
which confirm that this observation is reproducible. Therefore, the observed value of a ratio of
1.5 observed in Figure S7 (ESI) is not an outlier. For SRFA, the ratio decreases to a value of 0.7
for specific ozone doses up to 0.15 mmolp; mmolc! and then increases to 1.5 for specific ozone

doses between 0.15 and to 0.5 mmolg; mmolc.
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The increase in the normalized quantum yield ratio to 1.5 for higher specific ozone doses
can likely be attributed to the reaction of *‘OH with non-activated aromatics, which are less
reactive to ozone. For the experiments in presence of a ‘OH scavenger, the pool of chromophores
that are non-reactive towards ozone are maintained and should overall have a lower @,o, than
the pool of ozonated chromophores. Alternatively, in the present study in absence of a “OH
scavenger, the pool of ozone-resistant chromophores should react with "“OH to produce phenols

and then quinones upon reaction with ozone,(15) which have a higher @(;.
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Effects of ozonation on the *OH generation potential of DOM during UV irradiation

An approach similar to the @,o, experiments was chosen to elucidate the factors
influencing @.oy upon ozonation. The light absorbed by the two DOM types (quantified by
SUVA,ye) decreases dramatically as a function of the specific ozone dose (Figure 2A). Figure 3A
shows that the rate of *OH production upon irradiation, .oy, is fairly constant with increasing
specific ozone doses for PLFA, while for SRFA it first increases for specific ozone doses <
0.2mmolp; mmolc! and then decreases for higher specific ozone doses. Because SUVA,, is
decreasing while .oy remains fairly constant with increasing specific ozone doses, it can be
concluded that @.oy is increasing, similarly to @0,. This is confirmed in Figure 3B, with a
significant increase in @.qy for PLFA (by a factor of 28) and for SRFA (by a factor of 8.6) when

the specific ozone dose increases from 0-0.5 mmolp; mmolc'.
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Figure 3. UV irradiation of DOM: Effects of the specific ozone dose on (A) the hydroxyl radical
(*OH) production rate (r.oy) and (B) the *OH quantum yield (®.oy) for Pony Lake and Suwannee
River fulvic acid (PLFA and SRFA, respectively). Red squares/lines: PLFA; black circles/lines:
SRFA at a concentration of 5Smgc L-!. Solutions were buffered with 10 mM phosphate at pH 7,
without hydroxyl radical scavenger. Error bars represent standard errors obtained from pseudo-
first order fittings (BA experiments in duplicate). Lines are shown to guide the eye.

The formation pathway of *OH upon DOM irradiation is not entirely elucidated and many
pathways have been proposed, which are summarized in a recent review.(11) Two main

mechanisms are usually considered, H,O,-dependent and H,O,-independent pathways. The

H,0,-dependent pathways involve Fenton and photo-Fenton chemistry and account for up to

20



343

344

345

346

347

348

349

350

351

352

353

354

355

356

357

358

359

360

361

362

363

364

365

Environmental Science: Water Research & Technology

50% of the "OH production in some samples.(42, 43) A variety of possibilities have been
proposed for the H,O,-independent pathways. They include the photolysis of hydroxy substituted
benzoic acids and phenols(44) and the oxidation of water or hydroxide ions by 3DOM*, a
mechanism that was seen to take place for a few photosensitizers such as 1-nitronaphthalene or
anthraquinone-2,6-disulfonate.(45-47) If the production of “OH was due only to the photolysis of
hydroxy substituted benzoic acids and phenols, one would expect ®.oy to decrease upon
ozonation due to the reaction and decomposition of the phenolic DOM moieties with ozone.(4,
15, 16, 48) The observed increase in @.oy indicates that the source of “OH is probably the
oxidation of water or hydroxide ions by DOM?*, or the formation of H,O, during ozonation,
which could induce the H,O,-dependent pathway.

The one-electron oxidation potentials of water and hydroxide are -2.73 V and -1.90 V
respectively.(49) Quinones are known to have a high intersystem crossing yield and under
photoirradiation form triplets that have a one-electron reduction potential in the range of 2.2-2.4
V (9) which is high enough to react with hydroxide and potentially with water. Therefore, it is
hypothesized that the observed increase in @.qy could be attributed to the formation of quinones,
which are common products from the reactions of ozone with hydroxylated aromatic compounds
(e.g., phenols). (4, 15, 16, 48) It should be noted that for non-ozonated DOM, the photolysis of
hydroxy substituted benzoic acids and phenols should not be excluded as a “OH source. A
scenario for which ozonation increases the ‘OH production from DOM quinone moieties and
decreases the production of “OH from the photolysis of substituted benzoic acid and phenols is
also possible.

In studies on the oxidation of water or hydroxide ions by 3DOM*, it has been shown that

some other hydroxylating species (‘OH-like) are also generated, that have similar hydroxylating
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properties as ‘OH but lower reactivity.(42) Experiments involving photosensitizers indicate that
some of them produce ‘OH(45, 50), but that for some photosensitizers, irradiation yielded
species that were assigned to sensitizer-water exciplexes that could potentially be *OH-like
species.(46, 51-53)

It should be noted that the probe used to quantify *OH in our experiments, BA, could potentially
also react with "OH-like species (42, 52) and that part of the *OH measured in the experiments

presented in Figure 3 could be caused by “OH-like species.

Qualitative assessment of the production of *OH and of other hydroxylating species ( *OH-like)

To qualitatively assess the potential formation of *OH-like species upon DOM ozonation,
we designed the following competition kinetic experiment using BA as a probe and methanol as
an "OH scavenger (it should be noted that it is also possible to quantify the formation of “OH

using methanol but we only used it as a scavenger here). The assumption of these experiments is

kga, - on

that the ratio (where kpa.on =5.9x10° M s! or kyeon.on = 9.7%x108 M- s are the

kmeoH, - on

second-order rate constants for the reactions between BA or methanol and *OH, respectively)(20)

KBA,+0H — like

will be different than the ratio . (where kga .onlike and kveon -om-like are the second-order

€OH,#0H — like
rate constants for the reactions between BA or methanol and *OH-like species, respectively). The
methanol quenching experiments were modeled using equation 8, where f'is the fraction of "OH
reacting with BA, kpowm.on is the second-order constant between DOM and "OH (4.6x10% and
1.9x10% Mc! s7! for PLFA and SRFA respectively (54)) and knoa-.on is the second-order rate

constant for the reaction between nitrite and *OH (1x10'° M-! -1 (20)).

f kBA,'OH[BA] (8)
" kgaon[BA] + kyeop on[MeOH] + kp oy +n[DOM] + kNOZ—‘.OH[NOZ_]
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388  Note that the reactions of *‘OH with the phosphate buffer and carbonate/bicarbonate from
389  atmospheric CO, were neglected, as the fractional consumption of *OH by these components was
390  small (f value <0.0001 for the phosphate buffer and <0.01 for the carbonate/bicarbonate,
391  considering saturation conditions at 20°C for the carbonate/bicarbonate concentration).

392 A control experiment was performed where nitrite was used as an alternative source of *OH to
393  confirm the validity of equation 8 and to verify that methanol acts as an ideal quencher (a
394  potential drawback of the use of methanol is that its reaction with ‘OH produces O,™
395  quantitatively,(1) and O,™ disproportionation forms H,O, that is potentially an additional source

396  of "OH in the system).
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397

398  Figure 4. Normalized salicylic acid (SA) production rate as a function of the methanol
399  concentration. (A) Control nitrite experiment (violet, 6uM NaNQO,). (B) Pony Lake Fulvic Acid
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(PLFA) treated with specific ozone doses of 0, 0.2 and 0.5 mmolp; mmolc!. (C) Suwannee
River Fulvic Acid (SRFA) treated with specific ozone doses of 0, 0.2 and 0.5 mmolp; mmolc.
The black lines represent the fraction of *OH reacting with BA according to Eq. 8. Benzoic acid
concentration 1mM, carbon concentration Smgc L-!. Solutions were buffered with 10 mM
phosphate at pH 7. Lines are shown to guide the eye.

Figure 4 presents the normalized (to [methanol]=0) rate of SA production. Figure 4A
shows that equation 8 accurately describes the experiments performed with the photolysis of
nitrite as a source of "OH. In Figures 4B and 4C, a deviation from equation 8 is observed,
indicating that BA is not only reacting with *OH in the system. In contrast, ‘OH-like species
might also be produced and involved in BA abatement. The ratio of the calculated value from
equation 8 over the experimental value is 1 for the nitrite control experiment. For PLFA the ratio
is fairly constant for all specific ozone doses with a mean value of 0.47 for the non-ozonated
samples and 0.46 and 0.55 for specific ozone doses of 0.2 and 0.5 mmolp; mmolc!, respectively.
For SRFA the ratio is 0.66 for the non-ozonated samples and 0.48 and 0.92 for specific ozone

doses of 0.2 and 0.5 mmolp; mmolc!, respectively.

The results for non-ozonated PLFA and SRFA can be compared to studies in which
methane was used as a probe that is specific for ‘OH and non-reactive towards ‘OH-like
species.(42) Methane quenching experiments indicate that for PLFA both ‘OH and *OH-like
species are produced, while for SRFA "OH is produced.(42) One reason for this discrepancy
might be the unknown sensitivity of terephthalic acid used in ref. (42) towards *OH-like species.
This might not capture the full extent of *OH-like species produced in the SRFA experiments in

ref. (42).
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Comparison between the effects of ozonation on the generation potential of 'O, and "OH

during UV irradiation.

The measured @,p, values were approximatively two orders of magnitude higher than
®.on. This reflects the fact that 'O, is formed by oxygen reacting with SDOM* (eq. 3) with an
efficiency that was evaluated to be approximately 30% (55), while *OH can be formed through
several pathways that are relatively inefficient (vide supra).

A comparison of @,p; and @.oy (Figure 5) shows that the two quantum yields increase

significantly with increasing specific ozone doses. Figure 5A shows that @.oy and @, increase
®.0H,04
. ¢’OH'O3 =0 . . . .
more for PLFA than for SRFA. Plotting o1y 4 (i.e., the relative ratio of increases
203
?10,,053=0
of the two quantum yields; Figure 5B) indicates that for PLFA, the increase in ®.oy is more
important than for @,p,, while for SRFA the ratio of increase of the two quantum yields is near

unity for most specific ozone doses except for 0.2 and 0.25 mmolp; mmolc!, where higher ratios

were observed.

—&— PLFA A
—@— SRFA

—m PLFA B T
—®— SRFA = |

IS

0.04 H

o) ! (‘1’102,03[ ¢1o,,03=0)
F
B

Gy 1%

T T T T T T
0 0.1 0.2 0.3 0.4 0.5

(?-0n,0,! P-on,0,

Specific ozone dose / mmol, mmol;™”

Figure 5. Comparison between the effects of ozonation on the hydroxyl radical quantum yield
(@D+on) and the singlet oxygen quantum yield (@;0;) for Pony Lake and Suwannee River fulvic
acids (PLFA and SRFA, respectively). (A) %®P+oy vs %D ;. (B) Ratio of the normalized (to a
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specific ozone dose of 0 mmolg; mmolc!) @eqy over the normalized (to a specific ozone dose of
0 mmolp; mmolc!) @, as a function of the specific ozone dose. Red squares/lines: PLFA;
black circles/lines: SRFA. DOM at concentrations of 5mgc L-!. Solutions were buffered with 10
mM phosphate at pH 7, without hydroxyl radical scavenger. Error bars represent standards errors
obtained from the pseudo-first order fittings (FFA or BA experiments in duplicate). Lines are
shown to guide the eye.

The observed increase in @, was attributed to the formation of quinones from the
ozonation of phenolic DOM moieties. Only a relatively small subset of DOM chromophores
produces *OH. The relative increase in @.qy is related to either a selective destruction of DOM
chromophores that do not produce *OH or the formation of new DOM moieties that can produce
*OH. An example of such new DOM moieties is quinones that are formed during ozonation and
that under photoirradiation form triplets that have potentially high enough triplet one-electron
oxidation potential to form ‘OH from water or hydroxide ions (see above).

Based on the current understanding of DOM photochemistry, it is difficult to develop an
overarching model that explains the results observed in this study, as well as in other
investigations by the authors. It is possible that the results observed in this study are explained by
the recalcitrance of quinone-derivatives to transformation by ozone and *OH. However, it is not
clear if the photochemistry of quinones results in direct “OH formation or the formation of “OH-
like species and the relative efficiency of these two processes. It is also not clear how
hydroxylation of quinones would affect 'O, formation.

In a previous study, we had also observed a positive correlation between the fluorescence
quantum yield and the yield for the formation of 'O, during pre-ozonation in the presence of an

*OH scavenger.(3) Although we did not measure the fluorescence quantum yield in the current

study, we expect that the same positive relationship would apply. Given that quinones are not
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465  fluorescent, it is unclear whether these observed correlations have any causational basis. More

466  work is needed to ascertain these intercorrelations.
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Conclusion

This study focused on the effects of ozonation on the optical and photochemical properties of
two DOM types. Ozonation induced a significant decrease in DOM light absorbance properties
and significant increases in the quantum yields of singlet oxygen (@;0,) and hydroxyl radical
(@.on). For SRFA, the @.oy was observed to increase similarly to @,0,, while for PLFA the
increase in .oy was approximately a factor four larger than the observed increase in @;p,. The
increases in @, and P.oy were linked to the reactions of phenolic DOM moieties with ozone,
which lead to the formation of quinones. The simultaneous use of a “OH probe and a *‘OH
scavenger allowed for the distinction between the formation of *OH and of other hydroxylating

species ("OH-like species).

Overall, ozonation leads to an important decrease in the light absorption properties of

DOM, which makes it a useful pre-treatment for UV-based treatment since the

transparency of the water increases. For municipal wastewaters, where ozonation is

used as a polishing step before discharge, the results of this study indicate that

ozonation improves the visual aesthetics of the treated wastewater and also increases the

potential for '0,- and *OH-induced reactions.
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