A

;aiﬁ‘éf‘ﬁ- . UNIVERSITA
| ” S AI-,,:{]_‘O %1 ) &l DEGLI STUDI
%" DITORINO

T

i

'y

i

AperTO - Archivio Istituzionale Open Access dell'Universita di Torino

Effects of the antioxidant moieties of dissolved organic matter on triplet-sensitized
phototransformation processes: Implications for the photochemical modeling of sulfadiazine

This is the author's manuscript

Original Citation:

Availability:
This version is available http://hdl.handle.net/2318/1687055 since 2019-01-17T12:06:17Z

Published version:
DOI:10.1016/j.watres.2017.10.020
Terms of use:

Open Access

Anyone can freely access the full text of works made available as "Open Access". Works made available
under a Creative Commons license can be used according to the terms and conditions of said license. Use
of all other works requires consent of the right holder (author or publisher) if not exempted from copyright
protection by the applicable law.

(Article begins on next page)

05 November 2024



Effects of the antioxidant moieties of dissolved organic
matter on triplet-sensitized phototransformation processes:

Implications for the photochemical modeling of sulfadiazine

Davide Vione,™* Debora Fabbri,> Marco Minella,” Silvio Canonica “*

“ Dipartimento di Chimica, Universita degli Studi di Torino, Via P. Giuria 5, I-10125 Turin, Italy.

Y Universita di Torino, Centro Interdipartimentale NatRisk, Largo Paolo Braccini 2, 1-10095
Grugliasco (TO), Italy.

¢ Eawag, Swiss Federal Institute of Aquatic Science and Technology, Ueberlandstrasse 133, CH-

8600 Diibendorf, Switzerland.

* Address correspondence to either author. davide.vione @unito.it; silvio.canonica@eawag.ch

Abstract

Previous studies have shown that the photodegradation of some pollutants, induced by the excited
triplet states of chromophoric dissolved organic matter (CDOM*), can be inhibited by back-
reduction processes carried out by phenolic antioxidants occurring in dissolved organic matter
(DOM). Here, for the first time to our knowledge, we included such an inhibition effect into a
photochemical model and applied the model predictions to sulfadiazine (SDZ), a sulfonamide
antibiotic that occurs in surface waters in two forms, neutral HSDZ and anionic SDZ™ (pK, = 6.5).
The input parameters of the photochemical model were obtained by means of dedicated
experiments, which showed that the inhibition effect was more marked for SDZ" than for HSDZ.

Compared to the behavior of 2,4,6-trimethylphenol, which does not undergo antioxidant inhibition



when irradiated in natural water samples, the back-reduction effect on the degradation of SDZ was
proportional to the electron-donating capacity of the DOM. According to the model results, direct
photolysis and "OH reaction would account for the majority of both HSDZ and SDZ~
photodegradation in waters having low dissolved organic carbon (DOC < 1 mgC L™"). With higher
DOC values (> 3-4 mgC L") and despite the back-reduction processes, the *°CDOM* reactions are
expected to account for the majority of HSDZ phototransformation. In the case of SDZ™ at high
DOC, most of the photodegradation would be accounted for by direct photolysis. The relative
importance of the triplet-sensitized phototransformation of both SDZ~ and (most importantly)
HSDZ is expected to increase with increasing DOC, even in the presence of back reduction. An
increase in water pH, favoring the occurrence of SDZ™ with respect to HSDZ, would enhance direct
photolysis at the expense of triplet sensitization. SDZ should be fairly photolabile under
summertime sunlight, with predicted half-lives ranging from a few days to a couple of months

depending on water conditions.

Keywords: Antioxidants; Sulfadiazine; Electron Donating Capacity; Dissolved Organic Matter;

Environmental Photochemistry.

1. Introduction

Sulfadiazine (SDZ) is a sulfonamide antibiotic inhibiting the bacterial enzyme dihydropteroate
synthase, involved in the synthesis of folate that is an important growth factor for the bacterial cells
(Madigan et al., 2012). SDZ is included in the World Health Organization (WHO) list of essential

medicines (WHO, 2017), namely the most important medications needed in a basic health system. It



is used in the treatment of urinary tract infections, toxoplasmosis, malaria, and against bacterial
infections that may arise in the HIV disease (NIH, 2017).

SDZ is metabolized in the human body with urinary excretion of the parent compound, together
with its hydroxylated, sulfated and glucuronised derivatives (Vree et al., 1995). SDZ is partially
removed but not completely eliminated from wastewater in wastewater treatment plants (WWTPs)
(Li and Zhang, 2011; Huang et al., 2016). The occurrence of SDZ in wastewater treatment basins
and wastewater effluents at ug L™ levels (Gao et al., 2012; Vosough et al., 2015) has the potential
to induce SDZ resistance in bacteria (Yuan et al., 2014). In addition to WWTP effluents, also the
use of SDZ in aquaculture and livestock breeding is an important SDZ source to surface waters (Li
et al., 2016a; Sun et al., 2016).

Due to the aforementioned sources, SDZ has been detected in surface waters at ng L' to sub-ug
L' levels (Chen et al., 2013; Giang et al., 2015; Li et al., 2016b; Sakai et al., 2016). Although not
among the most persistent sulfonamide antibiotics, SDZ has a biodegradation half-life in river water
of about 20-30 days (Adamek et al., 2016). This compound can also undergo photodegradation by
direct and indirect photochemistry (Diaz et al., 2004; Boreen et al., 2005; Bahnmiiller et al., 2014),
and photodegradation has been shown to affect significantly its overall fate (Giang et al., 2015).
Moreover, it has been shown that SDZ biodegradation can be accelerated by SDZ photolysis
intermediates (Pan et al, 2014). The direct photodegradation of SDZ has been found to be faster at
higher pH (Bian and Zhang, 2016) and to be affected by the formation of complexes with dissolved
Fe(Ill), although the importance of the latter pathway at the Fe(Ill) levels that naturally occur in
surface waters is still uncertain (Zhang and Ma, 2013; Batista et al., 2014). The pH effect on
photolysis is likely accounted for by the fact that SDZ is a weak acid with pK, = 6.5 (Lin et al.,
1997; Sanli et al., 2010). Therefore, the occurrence of both the undissociated form and the anionic
one (hereafter HSDZ and SDZ", respectively) should be taken into account when modeling the

environmental fate of SDZ (vide infra).



Direct photolysis and indirect photoreactions with “OH and the triplet states of chromophoric
dissolved organic matter (*CDOM*) account for the majority of SDZ phototransformation in most
surface-water conditions (Boreen et al., 2005; Bahnmiiller et al., 2014). Among these photoreaction
pathways, the direct photolysis occurs when a pollutant absorbs sunlight (Boreen et al., 2003). In
the case of indirect photochemistry, the irradiation of chromophoric dissolved organic matter
(CDOM) mainly yields 3CDOM*, '0, and *OH. The radical *OH is also produced by irradiation of
nitrate and nitrite. The radical *OH occurs at a higher extent in shallow and low-DOC waters, while
the *CDOM* and 'O, reactions tend to prevail in high-DOC and deep environments (Vione et al.,
2014; Cory et al.,, 2009; Wenk et al., 2013). The photochemical modeling of SDZ
phototransformation, which is one of the goals of the present work, is enabled by the literature
availability of the direct photolysis quantum yields and of the reaction rate constants with *OH and
102 (Boreen et al., 2005). Moreover, the second-order rate constants for the quenching of the triplet
state of 4-carboxybenzophenone (CCBBP*) by HSDZ and SDZ~ have been measured recently by Li
et al. (2015). CBBP is a suitable proxy for CDOM, as there is evidence that the SCBBP* reactivity
is quite close to that of 3CDOM* (Avetta et al., 2016). The triplet quenching rate constants are here
assumed to be close to the rate constants of HSDZ/SDZ" transformation induced by *CBBP* and,
therefore, to the rate constants of transformation by 3CDOM*,

The reaction between SDZ and *CDOM?* is not a straightforward process, however, because of
the occurrence of back-reduction phenomena (Wenk and Canonica, 2012; Wenk et al., 2015).
Indeed, the dissolved organic matter (DOM) that occurs in natural waters comprises both
photoactive moieties (CDOM) and antioxidant groups, e.g., phenolic moieties. The *CDOM*
species are oxidants usually involved in one-electron or H-atom abstraction from dissolved
substrates (including the xenobiotics), producing oxidized transformation intermediates. The
oxidized intermediates can undergo further reactions finally resulting in xenobiotic transformation.

In alternative, they could also interact with easily oxidizable DOM moieties to undergo back-



reduction and produce again the original xenobiotic. SDZ is among the xenobiotics that undergo the
back-reduction phenomenon, which causes an inhibition of triplet-sensitized degradation (Canonica
and Laubscher, 2008; Wenk and Canonica, 2012). Back-reduction processes have been described in
the laboratory, and they have the potential to inhibit the phototransformation of compounds such as
SDZ in deep and DOM-rich waters.

Deep water columns are out of reach for laboratory experiments, but they are accessible to
photochemical modeling (Bodrato and Vione, 2014). To this purpose, this paper has the goal of
assessing the impact of back reduction under conditions that are representative of surface waters.
For instance, high-DOC conditions would increase both the steady-state [?[CDOM?*] and the back-
reduction effect (McNeill and Canonica, 2016), with an overall outcome on the importance of
triplet-sensitized phototransformation that is still to be assessed. To do so, however, one needs
additional experimental data. The effect of antioxidants on the triplet-sensitized degradation of SDZ
is presently available for a single pH value, and with a model sensitizer that is different from 4-
carboxybenzophenone. In this paper, we: (i) study the back-reduction process for both HSDZ and
SDZ™ in synthetic solutions; (ii) irradiate SDZ in natural water samples to get insight into the
antioxidant effect in shallow water; (iii) verify that the observed trends can be reproduced by
photochemical modeling, and (iv) extrapolate the model predictions to deeper water columns. We
compare the SDZ results with those obtained with 2,4,6-trimethylphenol (TMP) under similar
conditions. TMP is a compound for which photodegradation in natural water is mainly triggered by
’*CDOM* (the TMP direct photolysis and reactions with *OH and 'O, are only minor processes) (Al
Housari et al., 2010; De Laurentiis et al., 2012). Moreover, differently from SDZ, TMP does not
undergo back-reduction in the presence of DOM antioxidants (Canonica and Laubsher, 2008; Wenk

et al., 2015).



2. Experimental section

2.1. Reagents and materials

Sulfadiazine (SDZ, purity grade 99%) and 2,2'-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid)
diammonium salt (ABTS, 98.0%) were purchased from Sigma, 4-carboxybenzophenone (CBBP,
99%), 4-nitroanisole (97%), pyridine (99%) and NaNOs (99%) from Aldrich, phenol (99.5%) and
H3PO4 (85%) from Fluka, NaH,PO4sxH,0 (99%) and Na,HPO4x2 H,0 (99.5%) from Merck, 2.,4,6-
trimethylphenol (TMP, 99%) from EGA-Chemie, and acetonitrile (gradient grade) from Acros
Organics. Ultra-pure water (resistivity > 18 MQ cm, organic carbon < 2 ppb) was provided by a
Barnstead Nanopure system.

The surface water samples were collected in the Piedmont region (NW Italy). Grab sampling
was carried out with 1 L Pyrex glass bottles, from the shore of four lakes (Avigliana, Maggiore,
Candia and Viverone) and two paddy fields (Santhia and San Germano Vercellese). The water
samples were transported under refrigeration to the laboratory, vacuum filtered using cellulose
acetate filter membranes (Sartorius, 47 mm diameter, 0.45 um pore size), and stored under

refrigeration till use or analysis.

2.2. Irradiation experiments

The solutions to be irradiated (20 mL total volume) were introduced in quartz tubes that were then
closed with glass stoppers. When required, the pH of the irradiated solutions was adjusted by
addition of a phosphate buffer solution (final concentration of phosphate 5 mM). The tubes were
placed in a DEMA (Hans Mangels GmbH, Bornhein-Roisdorf, Germany) model 125 merry-go-

round photoreactor, equipped with a Heraeus Noblelight TQ718 medium-pressure mercury lamp



operated at 500 W and a borosilicate glass cooling jacket. The used apparatus can irradiate up to
nine tubes at the same time. A 0.15 M NaNOj solution, passed through a Lauda RK 20 cooling
thermostat, was used as a water bath to keep the irradiated tubes at a temperature of 25.0 + 0.5 °C
and to remove lamp radiation of wavelength < 320 nm. The latter condition was employed to
minimize the direct photolysis of SDZ. The photolysis of nitrate yields nitrite that absorbs radiation
at longer wavelengths (Mack and Bolton, 1999) and might modify the filter transmittance.
Therefore, the stability over time of the filter solution was monitored by measuring its transmittance
at 360 nm and by checking that it was above 85% for the effective optical path length of =3 cm. The
irradiation intensity in the quartz tubes was checked by chemical actinometry using an aqueous
solution of 4-nitroanisole (5 uM) and pyridine (10 mM) (Dulin and Mill, 1982), and it was
estimated to vary by < +7% over the whole series of irradiation experiments. At scheduled
irradiation times, 0.5 mL sample aliquots were withdrawn from each tube, placed in HPLC vials

and kept refrigerated until analysis.

2.3. Analytical determinations

The time trends of SDZ and TMP were monitored by high-performance liquid chromatography with
diode-array detection (HPLC-DAD). The used instrument was an Agilent 1100 chromatograph, PC-
controlled with a Chromeleon 7 Chromatography Data System software. The column used was a
reverse-phase Cosmosil 5 C18-MS-II (100 mm X 3 mm X 5 pm), kept at 25°C in the column oven.
SDZ was eluted at 0.7 mL min~! flow rate, with a 90% A / 10% B mixture of A = aqueous H3POy at

pH 2.1 and B = acetonitrile, with retention time (#g) of 2.7 min and detection at 267 nm. TMP was
eluted with 50% A / 50% B, with tg = 3.0 min and detection at 210 nm.

In most experiments, the time trend of TMP and of SDZ was fitted with an exponential function

of the form C,=C, e, where C, is the substrate concentration at the time #, C, the initial



concentration, and k the pseudo-first order degradation rate constant. The initial transformation rate

is R=kC,. In some experiments, i.e., in the case of SDZ irradiated in natural water, the time trend
was observed to deviate from a pure pseudo-first order kinetics. In these cases, data fitting was

performed using an exponential trend with a residual, C,=ae™ +b, where a and b are free-

floating fit parameters and the initial transformation rate is given by R=kC,a(a+b)"'. Such a

deviation from pseudo-first order is expected to arise from aging of the irradiated solutions,
possibly due to CDOM photobleaching, reversible formation of photolysis products, as well as
changes in the antioxidant capacity of the solutions.

The natural water samples were characterized for the absorption spectra and the content of
dissolved organic and inorganic carbon (DOC and DIC, respectively). The DOC and DIC values
were measured by catalytic wet oxidation and by acidification plus gas stripping, respectively,
followed by non-dispersive IR detection. The used instrument was a Shimadzu TOC-VCSH
analyzer, equipped with an ASI-V autosampler. Further details concerning the analytical procedures
are reported elsewhere (Carena et al., 2017). The results of these determinations are reported in
Table SM1 in the Supplementary Material (hereafter SM). The DOC of our lake water samples,
taken near the shore and potentially affected by terrestrial organic matter, was often higher than
typical values obtained in the center of the lake, especially in the case of Lago Maggiore (Bertoni et
al., 2010). Absorption spectra were taken with an Agilent Technologies Cary 100 double-beam UV-
visible spectrophotometer, using 1-cm quartz cuvettes (and 5-cm ones in the case of lake and paddy
water). The absorption spectra of HSDZ and SDZ" are reported in Figure SM1(SM), those of the
studied natural water samples in Figure 1. The pH of the studied solutions was measured with a
Thermo Scientific Orion® model 8115SC Ross™ combination semi-micro pH electrode, connected
to a Metrohm model 632 pH meter.

The electron donating capacity (EDC) of the lake and paddy waters, expressed in molar

concentration units, was determined employing the recently developed size exclusion



chromatographic (SEC) method which uses a post-column reaction with the stable radical anion of
2,2’-azino-bis(3-ethylbenzothiazoline-6-sulfonate), ABTS™ (Chon et al., 2015). Briefly, samples of
the waters (2.5 mL) were injected in a Dionex Ultimate 3000 HPLC system (ThermoScientific,
Sunnyvale, CA, USA) equipped with a quaternary pump (low-pressure mixing), an autosampler, a
thermostated column compartment, a photodiode array UV-vis absorbance detector (PAD) and a
variable wavelength UV-vis absorbance detector (VWD). Chromatography was performed on a
Toyopearl HW-50S column (8 x 300 mm, 30 um) (Grace Davison product from BGB, Boeckten,
Switzerland), using a 50 mM borate buffer as the eluent at a flow rate of 0.2 mL min!. After the
PAD, which recorded the absorbance signal at 254 nm after the exit of the column, the outflow was
mixed with the reagent, an ABTS'™ solution that was delivered at a flow rate of 0.04 mL min™" using
a Dionex PC 10 system. The mixture then passed a 750 uL knitted reaction coil (Dionex) and the
VWD set to record absorbance at 405 nm. Quantification of the EDC was performed by integrating

the (negative) peak of decreased ABTS™ absorbance, as detailed elsewhere (Chon et al., 2015).

2.4. Photochemical modelling

The model assessment of SDZ photodegradation was carried out with the APEX software (Aqueous
Photochemistry of Environmentally-occurring Xenobiotics), available for free as Electronic
Supplementary Information of Bodrato and Vione (2014). APEX predicts photochemical reaction
kinetics from photoreactivity parameters (absorption spectra, direct photolysis quantum yields and
second-order reaction rate constants with transient species) and from data of water chemistry and
depth (Bodrato and Vione, 2014; Vione, 2014). APEX predictions have been validated by
comparison with field data of pollutant phototransformation kinetics in surface freshwaters (see for
instance Maddigapu et al., 2011; Marchetti et al., 2013; Bodrato and Vione, 2014).

APEX uses a fair-weather summertime solar spectrum at mid latitude (see Figure SM1 in the

SM) (Frank and Klopffer, 1988). Sunlight irradiance is not constant in the natural environment due

9



to fluctuations in meteorological conditions (not included in APEX) and of diurnal and seasonal
cycles. To allow easier comparison between model results and environmental conditions, APEX
uses as time unit a 24-h summer sunny day (SSD), equivalent to fair-weather 15 July at 45° N
latitude, which takes the day-night cycle into account. The absorption of radiation by the
photosensitizers (CDOM, nitrate and nitrite) and the target substrate is calculated based on
competition for sunlight irradiance in a Lambert-Beer approach (Bodrato and Vione, 2014;
Braslavsky, 2007). APEX applies to well-mixed waters and gives average values over the water
column, which includes the contributions of the well-illuminated surface layer and of darker water
in the lower depths, where irradiance is very low (Loiselle et al., 2008).

In the case of SDZ, literature data were used for the direct photolysis quantum yields and the
second-order reaction rate constants with *OH and 102 (see Table 1; Boreen et al., 2005). While
separate photolysis quantum yields are reported for the two forms HSDZ and SDZ", no separate
*OH and 102 rate constant values are available. In the case of 102, this is a minor problem because
the reaction plays a negligible role in SDZ phototransformation (vide infra). Similar reaction rate
constants between SDZ and ‘OH have been measured at presumably acidic pH (Fenton reaction)
and at pH around 8 (H,O; photolysis), where there is prevalence of HSDZ and SDZ", respectively
(Boreen et al., 2005; Baeza and Knappe, 2011). Moreover, successful modeling of SDZ
phototransformation by “OH in the H,O»/UV process has been carried out with a single reaction rate
constant, in the pH range from 6.5 (comparable values of HSDZ and SDZ") to 8.4 (strong
prevalence of SDZ") (Wols et al., 2014).

As far as the triplet-sensitized transformation is concerned, the reported second-order quenching
constants of HSDZ and SDZ~ with the triplet state of 4-carboxybenzophenone (‘\CBBP*) (Li et al.,
2015) were taken as representative of the corresponding *CDOM* rate constants. This procedure

has been recently shown to be appropriate in the cases of diclofenac, naproxen and clofibric acid

(Avetta et al., 2016).
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Triplet-sensitized degradation is triggered by reaction between SDZ and *CDOM* (Boreen et
al., 2005), and it is inhibited by DOM antioxidant moieties (Canonica and Launscher, 2008; Wenk
and Canonica, 2012; Bahnmiiller et al., 2014; Wenk et al., 2015). This effect is not due to a
decrease of the rate of the primary reaction, but rather to the back-reduction of partially oxidized

SDZ to the parent compound. Such an observation can be summarized by the following equation:

kspza0) =¥ kspz (1)

where kgpzao) 18 the pseudo-first order rate constant of SDZ transformation (either HSDZ or

SDZ") triggered by *CDOM#* (or a surrogate of it, e.g., *CBBP¥) in the presence of phenolic

antioxidants (AO), kqpy 1s the pseudo-first order rate constant without antioxidants, and y <1 is the

ratio of the two rate constants. Because the triplet-sensitization process is a bimolecular reaction
between SDZ and 3CDOM*, and because *CDOM* is in steady-state conditions (Canonica et al.,
is the

2005; Boreen et al., 2005), one has kqp; = [3CDOM*], where k

kSDZ,3CDOM* SDZ,?CDOM*
second-order reaction rate constant between SDZ and *CDOMH*. In the presence of antioxidant
molecules, the back-reduction processes decrease the apparent degradation rate of SDZ. To enable
this antioxidant effect to be taken into account within APEX, the second-order reaction rate

)

constant for SDZ transformation was modified into an apparent rate constant (k___ 5
SDZ,> CDOM*(AO)

that is lower than the actual one, measured in the absence of antioxidants. One has:

3 3
kspza0) =V kspz = y/kSDZ,3CDOM* ["CDOM*] = kSDZ,3CDOM*( AO) ["CDOM*] )

from which one gets that k . In this way, the antioxidant effect on

SDZ.3CDOM*(AO) l//kSDZ 3cpom
the degradation kinetics is seen as an apparent decrease of the second-order reaction rate constant at

11



equal [*CDOM?*]. This is reasonable because, under conditions that are significant for surface water
bodies, dissolved organic compounds including DOM antioxidants are usually unable to quench a
significant fraction of the photogenerated triplet states. Therefore, DOM does not affect the steady-
state ["CDOM?*] significantly (Wenk et al., 2013). Finally, the APEX modeling returns also the
steady-state ['CDOM?*] for given water conditions and water depth, referred to a standard sunlight

spectrum that corresponds to 22 W m ™ UV irradiance (Bodrato and Vione, 2014).

3. Results and Discussion

3.1. Triplet-sensitized SDZ photodegradation: Effect of phenol as model antioxidant

Our first goal was the quantification of the antioxidant effect on the triplet-sensitized degradation of
SDZ. The two SDZ forms (acidic HSDZ and basic SDZ") are known to react with *CBBP* to
produce oxidation intermediates that may further react to yield transformation products. To assess
the possible effect of back reduction on this reaction we chose phenol as model antioxidant, based
on the fact that phenol is degraded by direct reaction with >*CBBP* at a lesser extent than other
model antioxidants including 4-methylphenol (Canonica and Laubscher, 2008). Because both
SCBBP* quenching and the back-reduction of partially oxidized SDZ are able to inhibit SDZ
photodegradation, the use of phenol minimizes the quenching process and should allow the back
reduction to be highlighted. The possible consumption of *CBBP* by phenol was assessed by

considering the >*CBBP* decay kinetics (k3CBBP* = 6x10° s in aerated solution; De Laurentiis et

al., 2013) and an upper limit for the rate constant of *CBBP* quenching by phenol (k' = 5x10° M

s™"), which is a typical upper limit for most triplet-sensitized reactions (McNeill and Canonica,

2016).
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Considering that HSDZ has pK, ~ 6.5 (Lin et al., 1997; Sanli et al., 2010) and the carboxylic
group of CBBP has pK, ~ 4.5 (NIST, 2004), the HSDZ experiments were carried out at pH 5.5 to
have most SDZ in the protonated form and most CBBP in the deprotonated one. In contrast, the
SDZ~ experiments were carried out at pH 8.5 where CBBP is deprotonated as well (pH was
adjusted with a phosphate buffer in both cases). Figure 2a reports the time trend of 5 uM SDZ in
the presence of 40 uM CBBP at pH 5.5, with different concentration values of phenol (< 10 uM to
minimize *CBBP* quenching). The time trend of HSDZ direct photolysis is also reported on the
graph, showing that the direct photolysis process was practically negligible. No reliable direct
photolysis quantum yield could be inferred from these data. The insert in the figure shows the
measured first-order rate constants of HSDZ degradation (kygpz) as a function of phenol
concentration, together with the expected effect of phenol if it only acted as SCBBP* quencher,
which appears to be a minor process. The observed experimental trend of kygp; could be fitted
well with equation (3). This equation is analogous to the equations derived in previous studies of

the inhibitory effect of DOM and model antioxidants on the excited triplet-induced transformation

of organic contaminants (Canonica and Laubscher, 2008; Wenk et al., 2011; Wenk and Canonica,

2012).
" 1
kHSDZ = Kyspz m (3)
[Phenol],,,

where kj,, is the pseudo-first order rate constant in the absence of phenol, and [Phenol], =

19.5+2.5 uM is the phenol concentration that halves the observed degradation rate constant

(hereafter, error bounds represent standard errors). Note that y =1/(1+[Phenol]/[Phenol];,,) (see

the definition of ¥ in equation 1). The underling concept of equation (3) is explained in the

Introduction.
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Figure 2b reports the time trend of 5 uM SDZ in the presence of 40 uM CBBP at pH 8.5, with
different phenol concentrations. The direct photolysis of SDZ", also reported in the diagram, was
slow but its rate constants could be quantified. By applying previously described actinometric
methods (Canonica et al., 2008) and using the spectral data of the filtered TQ718 lamp (Leresche et

al., 2016), a direct photolysis quantum yield of (1.0£0.1)x10 was determined, which is close to

that known from literature (see Boreen et al., 2005, and Table 1). The figure insert reports kSDZ
vs. [Phenol], as well as the expected effect of SCBBP* quenching by phenol itself. A comparison

between Figure 2b and Figure 2a suggests that the inhibitory effect of phenol was more marked in

the case of SDZ" compared to HSDZ. The numerical fit of the kSDZ_ vs. [Phenol] data with the

equivalent of equation (3), obtained by replacing HSDZ with SDZ", yielded [Phenol];,, = 0.861£0.10
uM. The different effects of phenol at the two investigated pH values might be accounted for by
two phenomena: (i) phenol has pK, ~ 10 (Martell et al., 1997), and the fraction of phenolate at pH
8.5 is 10° times higher than at pH 5.5. Phenolate is a stronger reducing agent compared to phenol
(Wardman, 1989), thus it can be reasonable that its antioxidant action is more effective.
Interestingly, humic substances have been shown to have an increasing antioxidant action
(expressed as EDC) with increasing pH (Aeschbacher et al., 2012), which might be accounted for
by the occurrence of phenolate anions at the higher pH values; (ii) the radical species derived from
the triplet-sensitized oxidation of HSDZ and SDZ™ are probably different, but they can undergo an

acid-base equilibrium in a similar way as the parent compounds (Tentscher et al., 2013):

HSDZ S SDZ™ + H* 4)
*CBBP* + HSDZ S CBBP"™ + HSDZ™ (5)
’CBBP* + SDZ™ & CBBP" + SDZ’ (6)
HSDZ™ S SDZ® + H* (7)

14



However, it is not known whether these acid-base reactions occur on a similar time scale as other
transformation/recombination processes relevant for the degradation of SDZ. The very different
effects of phenol at pH 5.5 and 8.5 would suggest that the radical species of SDZ do not

interconvert quickly.

3.2. Photodegradation of SDZ in natural water samples

SDZ was spiked to the six studied natural water samples to reach an initial concentration of 5 uM,
and these systems were then irradiated for up to 4.5 hours. Two blank runs (direct photolysis) were
also carried out, at pH 5.5 (HSDZ) and 8.5 (SDZ"). The pH values of natural water were included in
the 7-8 range, thereby ensuring a prevalence of SDZ . Fully comparable irradiation experiments
were carried out with 5 uM TMP, which undergoes triplet-sensitized oxidation with similar rate
constant as SDZ, but does not undergo back-reduction upon reaction with antioxidants (Canonica
and Laubscher, 2008; Wenk et al., 2015). In the case of TMP, 3 h irradiation was enough to attain
complete photodegradation in all the natural waters, except for Lago Maggiore (M). Figure 3a
reports the initial degradation rates of TMP and SDZ (Rtyp and Rgpy, respectively) observed in
the different cases. The lake water samples are shown in order of increasing DOC. Note that S
(Santhia) and SG (S. Germano Vercellese) represent paddy-water samples, the DOC values of
which were intermediate between those of Candia (C) and Viverone (V). The direct photolysis of
TMP and SDZ was practically negligible, except for SDZ at pH 8.5 (SDZ"). The faster direct
photolysis of SDZ~ compared to HSDZ is consistent with previous reports (Bian and Zhang, 2016),
but the rate of SDZ™ direct photolysis was much lower than the photodegradation rate we observed
in natural water samples. Therefore, the photodegradation of SDZ in our natural water samples,
under our irradiation conditions, should mainly take place by indirect photochemistry. The

photodegradation of TMP was particularly effective in paddy water. In the case of lake water the
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TMP transformation rate increased with increasing DOC, as can be expected for a process that
involves *CDOM* but is not affected by back-reduction (Canonica and Laubsher, 2008;
Bodhipaksha et al., 2015). Compared to TMP, the phototransformation kinetics of SDZ showed a
much less marked dependence on the DOC of either lake- or paddy-water. Similar results have
already been reported in the case of SDZ irradiated in river water (Bahnmiiller et al., 2014).

Paddy water had no peculiarly high DOC when compared to the investigated lake water, but it
had higher absorbance (see Figure 1). Interestingly, the plot of Rpyp vs. the 300-nm absorbance of
natural water (A;(300nm), see Figure 3b) yielded a reasonably straight line. It is suggested that the
kinetics of TMP photodegradation with respect to the amount of absorbed radiation were very
similar in all the studied natural water samples. In contrast, Rgp, reached a plateau already at
relatively low values of A;(300nm). The rationale for taking the water absorbance into account is
that CDOM is both the *CDOM#* source and the main light-absorbing species in natural waters
between 300 and 500 nm (Loiselle et al., 2008). The present finding concerning Ryyp Vs.
A;(300nm) is consistent with a previous report that the quantum yield of *CDOM* photogeneration
was comparable in paddy- and lake-water (Carena et al., 2017). TMP at the used initial

concentration (5 uM) would carry out a minor quenching of *°CDOM* (Canonica et al., 2001). This

issue allows for the use of the relationship Rpyp =k [TMP][3CDOM*] to derive a

TMP,? CDOM*
[SCDOM*] value that would be valid in the absence of TMP as well. Thus, by assuming

_ 9 -1 -1 . 3 * .
kTMP; —— 3x10" M™ s (Al Housari et al., 2010), the [[CDOM?*] values that are reported in

the right Y-axis of Figure 3b were obtained as [?'CDOM*] = R, /([TMP]x(3x10° M~ s7").
Differently from TMP, SDZ could undergo different transformation processes including the

direct photolysis and the reactions with *OH and *CDOM*. However, the 0.15 M nitrate solution

used to filter lamp radiation would largely reduce the photon flux absorbed by both SDZ and nitrate

in the samples, thereby minimizing both direct photolysis and *OH reactions. As a consequence, the
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primary reaction between SDZ and *CDOM?* is potentially important in SDZ degradation, but the
overall process would be inhibited by the back reactions between oxidized SDZ and DOM
antioxidants (Canonica and Laubscher, 2008; Wenk et al., 2015).

It is possible to assess the importance of the SDZ back reactions in the irradiated samples by
comparing the ratio of the degradation rates of TMP and SDZ ( Ryyp (RSDZ)_I) with the electron-

donating capacity of the samples (EDC, units of umol e” L', see Table SM1). The EDC parameter
measures the molar concentration of DOM antioxidants. Considering that SDZ undergoes back-

reactions with DOM antioxidants while TMP does not (Wenk et al., 2015), the higher is the EDC,

the higher is expected to be the Ryyp (RSDZ)_l ratio if TMP and SDZ mostly react with *CDOM?*.

Figure 3c reports the correlation plot between Ryyp (RSDZ)_1 and the measured EDC, which

suggests a very good linear trend. Interestingly, the paddy fields showed higher values of EDC per
unit DOC compared to lake water. The reason is possibly linked to the fact that the biological
processing of DOM in paddy water is so high that the organic matter is renewed very quickly and

has little time to undergo photochemical oxidation (Carena et al., 2017).

3.3. Modeling of SDZ phototransformation

3.3.1. Model validation
As already mentioned, to model the effect of DOM antioxidant moieties on the triplet-sensitized
degradation of SDZ (either HSDZ or SDZ"), it was assumed a decrease of the relevant second-order

reaction rate constants. We used k with

=k
SDZ,>CDOM*(A0) 4 SDZ,3CDOM*’

¥ = (1+[Phenol] ([Phenol]; ,2)_1)_1 as per equation (3). The main difficulty with this approach is

that the natural DOM contains phenolic compounds, among other functionalities, but it is not only

made up of phenols. The phenolic content of specific DOM samples is known (Ritchie and Perdue,
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2003), but one should make the additional hypothesis that natural DOM phenols have the same or
similar antioxidant effect as the phenol molecule. Fortunately, the antioxidant effect of phenol has
been compared with that of Suwannee River Fulvic Acids (SRFA) and of Pony Lake Fulvic Acids
(PLFA) in the case of the triplet-sensitized transformation of N,N-dimethyl-4-cyanoaniline
(Leresche et al., 2016). The substrate degradation rate was halved in the presence of [Phenol];, =
3.7 umol L', of [DOM];, = 3.2 mgC L™ (PLFA), or of [DOM];» = 1.5 mgC L™' (SRFA). These
concentration values allow for the determination of the phenol antioxidant equivalents of PLFA and
SRFA. Therefore, the value of [Phenol];;, ~ 19 umol L we obtained for HSDZ would correspond
to [DOM];; ~17 mgC Lt PLFA, or to ~8 mgC L' SRFA. Similarly, the value of [Phenol];;, ~ 0.9
pumol L' we obtained for SDZ~ would correspond to [DOM];, ~ 0.7 mgC Lt PLFA, or to ~0.3
mgC L' SRFA. We used these [DOM],; values for the modeling of HSDZ and SDZ~

phototransformation, assuming ¥ = (1+ DOC ([DOM],,,)™")™".

It should be noted here that humic substances such as PLFA and SRFA are not the only DOM
components with phenolic moieties or antioxidant behavior. Other examples include for instance
the tyrosine groups of peptides (Coble, 1996), thus the degree by which PLFA or SRFA are
representative of the antioxidant DOM moieties has to be assessed. Anyway, in addition to being
the only substances with available [DOM];,, data, these humic compounds make a reasonable
choice because SRFA is routinely used in the quality control of EDC measurements (Chon et al.,
2015). Moreover, the fluorescence spectra of the paddy water samples used in our irradiation
experiments have shown a strong prevalence of humic substances compared to proteins (Carena et
al., 2017).

The APEX software uses a standard sunlight spectrum for modeling, under which conditions it
is well known that SDZ undergoes significant direct photolysis (Bahnmiiller et al., 2014). In
contrast, we chose the irradiation set-up to highlight only the triplet-sensitized phototransformation

of SDZ. Therefore, the validation of model predictions with the experimental data was carried out
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by considering the predicted SDZ phototransformation kinetics accounted for by *CDOM* alone.
To avoid problems linked with the different irradiation sources, we used the steady-state [?'CDOM?*]
to achieve a normalization between experimental data and model predictions. The experimental
[’CDOM?*] values are those obtained from the TMP phototransformation kinetics, and they are
reported in Figure 3b. The corresponding predicted values of ['CDOM?*] were obtained by
adjusting the model parameters and by varying the input DOC, so that the modeled [?°CDOM*]
values matched the experimental ones. Note that, for short optical path lengths (in the model it was
used a water depth d = 1 cm that is close to the optical path length of the experiments) there is a
direct proportionality between [?CDOM*] and DOC. The match was carried out so that the model
predicted [’'CDOM*] = 5x10™"* M for DOC = 10 mgC L'. This value is not far from the DOC
values of the paddy water samples that yielded the highest experimental [*CDOM*]. Finally,
because APEX returns first-order rate constants and not initial transformation rates, the predicted
rate constants were transformed into [s”'] units and multiplied by [SDZ], = 5 uM to get the
predicted initial rates Rspy.

The experimental Rgspz data reported in Figure 4a/b are the same as those of Figure 3b,
including the same meaning for open and solid symbols in repeated experiments, but they are
plotted as a function of the experimental [?'CDOM?*]. Because two TMP degradation replicas were
carried out for each condition, the used [3CDOM*] is the average of the values obtained in both sets
of experiments. In Figure 4a, the experimental data are compared with the model predictions in the
PLFA-like scenario for HSDZ ([DOM],; = 17 mgC L_l), for SDZ™ ([DOM];; = 0.7 mgC L_l), and
for a mixture containing 30% HSDZ + 70% SDZ . Such a mixture would be observed at pH ~ 7. In
the case of the mixture, one finds a reasonable agreement between model predictions and
experimental data. In Figure 4b, the same comparison is made in the SRFA-like scenario

([DOM];/2 ~8 mgC L' for HSDZ and 0.3 mgC L! for SDZ"), where the impact of back reduction

is considerably higher than for PLFA. The mixture of 30% HSDZ + 70% SDZ did not match the
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experimental data as well as in the previous case; a better match with the experiments would be
obtained with 50% HSDZ + 50% SDZ", but that would imply pH 6.5 that is not really compatible
with the pH values of the studied water samples (see SM). In summary, the PLFA-like scenario

gave a somewhat better match with the experimental data than the SRFA-like scenario.

3.3.2. Modeling of SDZ photodegradation under conditions representative of natural waters

Thus far, only the reaction between SDZ and *CDOM#* was modeled to allow for a comparison with
the irradiation experiments. By taking into account all the main phototransformation processes (see
Table 1 for the relevant kinetic parameters), one obtains the results reported in Figure 5. These
results should give insight into the actual behavior of SDZ in natural waters. Figure Sa reports the
modeled fractions of SDZ transformation accounted for by the different photoreactions as a
function of pH, for d = 5 m and DOC = 3 mgC L. When pH increases one has an increasing
percentage of SDZ~ with respect to HSDZ (pK, = 6.5). Moreover, HSDZ and SDZ™ have similar
phototransformation rate constants for DOC = 3 mgC L™ (vide infra). The plot shows that the
3CDOM* process would prevail in the case of HSDZ, and that it would be gradually replaced by the
direct photolysis as the SDZ~ fraction gets higher. In either case, the “OH reaction would only play
a secondary role. Note that these conclusions are obtained for the PLFA-like scenario, but very
similar results apply to the SRFA-like case as well.

Figure 5b reports the predicted half-lives of HSDZ and SDZ™ in the PLFA-like and SRFA-like
scenarios, as a function of the DOC for d = 5 m. The predicted half-lives increase with increasing
DOC and, depending on the SDZ form and the modeled scenario, they vary from some days to
several weeks. Similar transformation kinetics are predicted for HSDZ and SDZ™ at DOC = 2-3
mgC L', with very few differences between the SRFA-like and the PLFA-like scenarios. At lower
DOC one expects the phototransformation of SDZ™ to be slightly faster than that of HSDZ, while

the reverse happens at higher DOC. In particular, for DOC = 10 mgC L' the phototransformation
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of HSDZ would be considerably faster than that of SDZ . In these DOC conditions, the predicted
half-lives are expected to significantly increase (and the relevant rate constants to correspondingly
decrease) with increasing pH.

The steady-state [’CDOM#*] increases with increasing DOC, while other processes such as
direct photolysis and “OH reactions are inhibited in high-DOC waters (Vione et al., 2014).
Increasing DOC would on the one side enhance the primary reaction of SDZ with *CDOM* but, on
the other hand, it would also enhance back reduction. It is interesting to see the expected impact of
these two contrasting effects on the importance of *CDOM?* in the photodegradation of HSDZ and
SDZ", as the DOC increases. The plots shown in Figures Sc-f report, as a function of the DOC and
for d = 5 m, the modeled fractions of HSDZ or SDZ" that undergo transformation via the different
photoreaction pathways, in the SRFA-like and PLFA-like scenarios. The “OH process undergoes
the highest inhibition with increasing DOC, due to the scavenging of “OH by DOM (Vione et al.,
2014). The direct photolysis is also inhibited with increasing DOC, due to competition between
HSDZ/SDZ" and CDOM for sunlight irradiance. However, the direct photolysis undergoes lesser
inhibition compared to the “OH reaction, which accounts for the trend with a maximum of the direct
photolysis fraction as a function of the DOC. Very interestingly, the relative importance of the
3CDOM* process is predicted to increase with the DOC in all the investigated scenarios, including
the SRFA-like case with SDZ . This is the scenario where the impact of back reduction is expected
to be the highest.

To explain the above finding, one should consider that the kinetics of all the processes are
slowed down when the DOC is high. The "OH reaction is inhibited by DOM scavenging, while
CDOM inhibits the direct photolysis by competition for irradiance. The combination of CDOM
absorption saturation and back reduction slows down the degradation induced by >*CDOM*, but to a

lesser extent compared to the other two pathways. As a result, even in the presence of the
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antioxidant-induced reduction process, the relative importance of triplet-sensitized degradation is

predicted to increase with increasing DOC.

4. Conclusions

Phenolic antioxidants are able to inhibit the triplet-sensitized degradation of SDZ. The
inhibition effect can be assessed in the laboratory by using model phenolic compounds (phenol
in the present case), provided that they do not significantly quench the photogenerated triplet
states. The use of the equivalent anti-oxidant behavior of SRFA or PLFA was here shown to be
appropriate to extrapolate the laboratory results to the behavior of DOM in natural water
samples. The PLFA-like case allowed for a better agreement with the experimental data.

The inhibition effect of phenol was more marked with the anionic form (SDZ") than with the
neutral one (HSDZ). The extent of the inhibition was directly proportional to the electron-
donating capacity of the water sample. Therefore, at least for short optical path lengths that are
typical of laboratory irradiation set-ups, the kinetics of SDZ phototransformation was poorly
dependent on the amount of (C)DOM in the studied water samples.

In sunlit surface waters, direct photolysis and ‘OH reaction are expected to account for the
majority of the photodegradation of both HSDZ and SDZ if the DOC is low (< 1 mgC L™).
With higher DOC (> 3-4 mgC L") and despite the back-reduction processes, the *CDOM*
reactions would account for the majority of HSDZ phototransformation. In the case of SDZ ™ at
high DOC, the direct photolysis would be the main phototransformation process.

Interestingly, although the *CDOM#* reactions are secondary processes for SDZ™ in natural-
water settings, their relative importance is expected to increase with increasing DOC despite the
considerable back-reduction phenomenon. Back-reduction is observed with several compounds,

and particularly with those having amine or sulfonamide groups (Canonica and Laubscher,
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2008; Davis et al., 2017). Our findings suggest that, for many xenobiotics undergoing back
reduction, the process inhibition by DOM would not prevent triplet sensitization from gaining
importance with increasing DOC. In several cases, the *CDOM* reaction could still become the
main photoprocesses in DOM-rich (i.e., high-DOC) waters.

® An increase in water pH shifts the prevailing SDZ form from HSDZ to SDZ", and it would
enhance the direct photolysis at the expense of triplet sensitization. When taking into account
the possible variations of surface-water conditions, SDZ is expected to be fairly photolabile
under summertime sunlight: the photochemical half-lives would range from a few days to a
couple of months, which in many cases would successfully compete with the biodegradation
kinetics.

e To extend this study to other compounds, it is necessary to know or measure their reaction rate
constants with a reactive triplet state (e.g., 3CBBP*), and to assess the values of [Phenol];, or

[DOM]; /2 under conditions of triplet sensitization and back-reduction.
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Table 1. Photoreactivity parameters of the acidic/neutral and basic/anionic forms of SDZ (HSDZ
and SDZ, respectively) (Boreen et al., 2005; Li et al., 2015). Note that 3CBBP* is the

excited triplet state of 4-carboxybenzophenone, used as CDOM proxy. The reaction rate
was set equal to the second-order rate constant for SCBBP*

constant k
SDZ,3 CBBP*

quenching by SDZ, available from the literature.

HSDZ SDZ"~

H2N4®—sozi—<:> H2N4©7 sozg—\<:_>/

®gpy , unitless (0.4+0.2)x10™ (1.240.2)x107
kSDZ,'OH M (3.7+0.5)x10°
kSDZ,IOZ M s 8.9x10°
kg cmper M ST 4.9%10° 2.9%10°




0.04 4 \\SG

0.03

0.02

A,(\), AU

0.01

Wavelength, nm

Figure 1. Absorption spectra of the irradiated natural water samples. Note that the reported data are
referred to an optical path length b = 1 cm, although the actual spectra were measured with
a cuvette having b = 5 cm. The meaning of the acronyms, here and in the following
figures, is as follows: M = Lago Maggiore (lake), V = Lago di Viverone (lake), C = Lago
di Candia (lake), A = Lago di Avigliana (lake), S = Santhia (paddy field), SG = San
Germano Vercellese (paddy field).
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Figure 2. (A) Time trend of 5 uM SDZ at pH 5.5 (HSDZ) in the presence of 40 uM CBBP and
different concentration values of phenol, with 5 mM phosphate buffer. The data labeled
as D.P. are referred to a direct photolysis experiment (5 uM SDZ alone, without CBBP
or phenol). The mono-exponential decay fit is given by the dashed curves. The insert in
the figure represents the pseudo-first order rate constant of SDZ photodegradation, as a
function of phenol concentration, as well as the expected trend if phenol only acted as a
quencher of *CBBP*. The dashed curve is the fit of the rate constant data with equation
(3), the dotted curves are the 95% confidence bands of the fit. The error bars represent
the reproducibility (standard errors) of different injections (concentration values), or the
goodness of the fit with a first order kinetics (rate constant data).

(B) Same as before, but at pH 8.5 (SDZ").
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Figure 3. (A) Initial degradation rates of 5 uM TMP and 5 uM SDZ, spiked separately to the
studied natural water samples (see the caption of Figure 1 for sample acronyms), and
added to ultra-pure water at pH 5.5 (prevalence of HSDZ) and 8.5 (prevalence of SDZ").
Undissociated TMP prevails at both pH values. The error bars (standard errors) represent
the quality of the fit of the experimental concentration data. D.P. = direct photolysis.
(B) Same rates as before (solid symbols), as a function of the 300-nm sample absorbance
(b = 1 cm; squares = TMP; circles = SDZ). The results of a second set of experiments
are reported as open symbols. Because the TMP rates are directly proportional to
[3CDOM*], calculated values for [3CDOM*] are reported in the right Y-axis.

(C) Correlation plot between the TMP/SDZ rate ratio ( Rpyp (RSDZ)_I, as average values

of the two sets of experimental data reported in panel (B)), and the electron-donating
capacity (EDC) of the natural water samples.
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Figure 4. (A) Experimental data of Rspy, plotted as a function of [[CDOM*]. They are the same

Rspz values of Figure 3b, with the same meaning of the open and solid symbols
(experimental replicas). The values of [?[CDOM?*] for the experimental points were
obtained from Ryvp (Figure 3b), as averages of experimental replicas, with the equation
[’CDOM*] = Ryp /(ITMP]X(3x10° M ™' s™'). The model predictions for the
phototransformation kinetics of HSDZ, SDZ", and a mixture of HSDZ + SDZ" (pH~7)
are also reported for the PLFA-like scenario. The sunlight irradiance of the model was
varied, to obtain [3CDOM*] = 5x107" M for DOC = 10 mgC L and d = 0.01 m.
Because of low water depth, it was [3CDOM*] o< DOC.

(B) Same as before, but the model predictions are referred to the SRFA-like scenario.
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Figure 5. (A) Modeled fractions of SDZ transformation via different photoreaction pathways, as a
function of pH in the PLFA-like scenario (the SRFA-like scenario was almost identical).
DOC=3mgCL", d=5m.

(B) Modeled half-lives of HSDZ and SDZ" as a function of the DOC, in the SRFA-like
and PLFA-like scenarios, for d =5 m.

The other plots report the modeled fractions of SDZ transformation via different
photoreaction pathways, as a function of the DOC, for d = 5 m. (C) HSDZ, SRFA-like
scenario; (D) HSDZ, PLFA-like scenario; (E) SDZ, SRFA-like scenario; (F) SDZ,
PLFA-like scenario

Other water conditions in all the cases were 0.1 mM nitrate, 1 uM nitrite, and 1 mM
inorganic carbon.
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