Environmental Science: Processes & Impacts

2)

Limitations of conventional approaches to identify
photochemically produced reactive intermediates involved

Environmental

Science
Processes & Impacts

in contaminant indirect photodegradation

Journal:

Environmental Science: Processes & Impacts

Manuscript ID

EM-ART-07-2023-000304.R1

Article Type:

Paper

SCHOLARONE™
Manuscripts




Page 1 of 35 Environmental Science: Processes & Impacts

Environmental Significance Statement

Indirect photodegradation is an important pathway for the degradation of many aquatic

oNOYTULT D WN =

contaminants. Quenching experiments are often used to evaluate the importance of
photochemically produced reactive intermediates (PPRI) in the degradation of contaminants. By
13 performing quenching experiments on four contaminants in a wide range of waters, we highlight
15 the potential problems inherent in quenching experiments due to the lack of selectivity of
17 quenching compounds and the complex interrelated nature of different PPRI. We also perform
regression analysis to relate PPRI formation with the degradation of aquatic contaminants as an

22 alternative to quenching experiments.
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Abstract

Dissolved organic matter (DOM) mediated indirect photodegradation can play an
important role in the degradation of aquatic contaminants. Predicting the rate of this process
requires knowledge of the photochemically produced reactive intermediates (PPRI) that react with
the compound of interest, as well as the ability of individual DOM samples to produce PPRI. Key
PPRI are typically identified using quencher studies, yet this approach often leads to results that
are difficult to interpret. In this work, we analyze the indirect photodegradation of atorvastatin,
carbamazepine, sulfadiazine, and benzotriazole using a diverse set of 48 waters from natural and
engineered aquatic systems. We use this large data set to evaluate relationships between PPRI
formation and indirect photodegradation rate constants, which are directly compared to results
using standard quenching experiments. These data demonstrate that triplet state DOM (*DOM)
and singlet oxygen ('0) are critical PPRI for atorvastatin, carbamazepine, and sulfadiazine, while
hydroxyl radical ("OH) contributes to the indirect photodegradation of benzotriazole. We caution
against relying on quenching studies because quenching of 3DOM limits the formation of 'O and
all studied quenchers react with *OH. Furthermore, we show that DOM composition directly
influences indirect photodegradation and that low molecular weight, microbial-like DOM is
positively correlated with the indirect photodegradation rates of carbamazepine, sulfadiazine, and

benzotriazole.
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Introduction

Photodegradation can play a major role in the fate of polar organic compounds, including
pesticides and pharmaceuticals, in surface waters. Some compounds primarily degrade through
direct absorption of light via direct photodegradation.'= The presence of dissolved organic matter
(DOM) can lead to enhanced photodegradation of other compounds, particularly those that are not

effective at absorbing the wavelengths associated with natural sunlight.!'-3:6-12

During indirect
photodegradation, DOM, rather than the contaminant, absorbs light and is promoted to an excited
state that can lead to the production of photochemically produced reactive intermediates (PPRIs),
including triplet state DOM (?DOM), singlet oxygen ('0.), hydroxyl radical ("OH), and other

radical species.!>7

These reactive species may then react with the target compound.
Photodegradation, whether direct or indirect, can be more efficient than other natural loss
processes (e.g., biodegradation and sorption) for many classes of pesticides and
pharmaceuticals.”'®

DOM is a highly diverse, heterogenous mixture of organic compounds derived from plant
and microbial residues that is found in all waters. The concentration and composition of DOM
varies widely in the environment. For example, concentrations range from 1 — 3 mg-C L' in
oligotrophic systems to 10 —>35 mg-C L' in rivers and wetlands.!*?° The composition of DOM
is determined by its source (e.g., terrestrial and/or microbial) and its extent of biological and
photochemical processing. Importantly, the composition of DOM plays a major role in the
formation of PPRI. For example, microbial-like DOM, which is often lower in molecular weight

and more aliphatic in nature, is often more efficient at producing *DOM and '0,.2°% In contrast,

*OH production is more strongly associated with aromatic DOM.2437
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Understanding the persistence of pharmaceuticals, pesticides, and other trace contaminants
commonly found in water systems is important because many of these compounds can have
adverse impacts on human and ecosystem health. For example, the pharmaceuticals atorvastatin,
carbamazepine, and sulfadiazine are biologically active at low concentrations,*® making
environmentally relevant concentrations a potential concern. Similarly, benzotriazole is used in
industrial processes as a corrosion inhibitor* and is difficult to remove during wastewater
treatment.*® While the mode of benzotriazole toxicity is less well understood, it can have negative
impacts on aquatic organisms and plants at environmentally relevant concentrations.*!#?

It is challenging to predict indirect photodegradation rates because compounds react
differently with individual PPRI and because PPRI formation efficiencies vary widely among
DOM samples. Therefore, identifying the PPRI responsible for contaminant indirect
photodegradation is a major focus in better understanding contaminant fate. PPRI identification is
most commonly achieved through quencher experiments in which a “PPRI-specific” quencher is
added to solution and a change in reaction rate is interpreted as evidence of PPRI involvement.!?
This simple approach can be used on small sample sets, but is prone to biases because quenchers
can impact non-target PPRI formation (e.g., ’DOM quenchers react with *OH). In larger data sets,
correlations between PPRI formation and indirect photodegradation rates can serve as an alternate
approach for identifying key PPRI. However, this approach has not yet been tested in a wide range
of DOM sources or compared directly with the results of more standard quencher experiments.

In this study, we explore the indirect photodegradation of four aquatic contaminants (i.e.,
atorvastatin, benzotriazole, carbamazepine, and sulfadiazine) to identify the PPRI involved in their
degradation and to establish relationships between DOM composition, contaminant degradation,

and PPRI formation. To do this, we use DOM samples from both natural and engineered systems,
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including 13 lake waters, 20 river waters, two agricultural ditches, and 13 wastewater samples,
that range widely in DOM concentration and DOM composition as determined using bulk scale
analyses and high-resolution mass spectrometry. We use this large data set to evaluate relationships
between PPRI formation and indirect photodegradation rate constants, which are directly
compared to results using standard quenching experiments. Finally, we evaluate the roles of DOM
concentration and composition in indirect photodegradation. In addition to providing a better
understanding of the indirect photodegradation of the four target compounds, the results have

broader implications for the design and interpretation of contaminant quencher studies.

Materials and Methods

Materials. All chemicals were used as received. Additional details are provided in
Electronic Supplementary Information Section S1.

Sample collection. Water samples (n = 48) were collected from five different geographical
regions in Wisconsin and Minnesota, USA between August 2018 and September 2020. Samples
include 13 lakes of differing trophic status, two agricultural ditches, and 20 river waters.
Additionally, 13 wastewater samples were collected from four water treatment facilities (Table
S1). More information about sample locations and collection can be found Section S2.%’

Bulk water chemistry. The pH of all water samples was measured using a Mettler Toledo
EL20 meter (Table S2), which was calibrated with standards obtained from Aqua Solutions
(precision: +0.1). Dissolved organic carbon (DOC) concentrations were quantified using a
Shimadzu total organic carbon (TOC) analyzer (Table S2), which was calibrated using standards
made from potassium hydrogen phthalate. Nitrate and nitrite were quantified using anion exchange

chromatography (IC) using a Dionex ICS-2100 ion chromatography system with a Dionex lonPac
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AS11-HC RFIC column (4 x 250 mm). Dissolved iron was quantified with inductively coupled
plasma-optical emission spectroscopy (ICP-OES) using an Agilent 5110 VDV instrument (Table
S2).

UV-visible (UV-vis) and fluorescence spectra of DOM were collected with a Horiba
Aqualog Fluorimeter, which was capable of measuring both absorbance and fluorescence. Specific
absorbance at 254 nm (SUVA»s4) and E:E3 (i.e., the ratio of absorbance at 250 nm to 365 nm)
were used as proxies for average aromaticity and average molecular weight, respectively, as
described previously (Table S3).27434* These values were corrected for nitrate absorbance, which
resulted in changes of ~2%.?” Fluorescence data were corrected for inner filter effects and Rayleigh
scattering. The fluorescence index (FI) was calculated as the ratio of emission intensities at 470
nm and 520 nm upon excitation at 370 nm.*> The humification index (HIX) was calculated as the
sum of emissions from 435 — 480 nm divided by the sums of emission from 300 — 345 and 435 —
480 nm upon excitation at 254 nm.*¢ Electron donating capacity was quantified using the 2,2’-
azino-bis(3-ehtylbenzothiazoline-6-sulfonate) radical cation (ABTS™") as described previously
(Table S3).374

High-resolution mass spectrometry. DOM from each water sample was extracted via
solid-phase extraction and eluted in methanol as described previously.?>3748 Extracts were diluted
in 50:50 acetonitrile:water and directly injected into a Bruker FT-ICR MS (Solarix XR 12T) using
negative mode electrospray ionization. Signals were exported, linearly calibrated, and compared
with potential chemical formulas containing combinations of '*Co.1'2Cs.s0Ho-12000-80N0o-3S0-1.
Matches were required to meet a mass error cutoff threshold of <0.2 ppm and be part of a

homologous series (+ CH, or CHs versus 0).24* Average weighted hydrogen to carbon ratios
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(H:Cy), oxygen to carbon ratios (O:Cy), and double bond equivalents (DBEy) were calculated for
each sample based on formula matches (Table S4).

PPRI quantification. Samples were irradiated in a Rayonet photoreactor using sixteen 365
nm bulbs (full width half max = +10 nm) to quantify PPRI formation. This wavelength range is
within the solar spectrum®® and allowed us to isolate DOM photolysis by minimizing nitrate
absorbance.?” Quantum yields and steady-state concentrations of 'O, and *OH were quantified in
undiluted samples using 10 uM furfuryl alcohol (FFA) and 10 uM terephthalic acid (TPA) as probe
compounds, respectively (Table S5), as described previously.?*>'=33 TPA captures free "OH and
other hydroxylating species;>* we refer to the combination as *OH for simplicity. Quantum yield
coefficients (frmp) for >DOM were quantified with 10 pM 2,4,6-trimethylphenol (TMP) as a probe
compound using samples that were diluted to <5 mg-C L' due to the potential quenching effect of
DOM on the radical cation intermediate of TMP as described previously.?®> Steady-state
concentrations of 3DOM were determined by dividing ks for the degradation of TMP by the
second order rate constant for the reaction between TMP and *DOM (Table S6).>5-¢ All samples
were run in triplicate alongside a p-nitroanisole/pyridine actinometer to quantify light intensity.>’
The probes and actinometer were quantified by high performance liquid chromatography (HPLC).
Details on calculations and quantification methods are provided in Section SS.

Contaminant degradation Kinetics and quenching experiments. Atorvastatin,
benzotriazole, carbamazepine, and sulfadiazine were separately added to filtered whole water
samples to achieve concentrations of 10 uM and irradiated at 365 nm. Samples were collected at
four time points and analyzed via HPLC to quantify degradation of each analyte (Table S7). Direct
photodegradation controls were conducted by irradiating each analyte (10 uM) in buffered

ultrapure water (30 mM borate; pH = 7.7 + 0.1) and fit to first-order kinetics to calculate the direct
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rate constant (kuirecr). Borate was used as a buffer because precipitation was noted in some samples
in the presence of phosphate. Observed rate constants (ko»s) were calculated in samples with DOM
assuming pseudo-first-order kinetics. The kuiree: and kops values were corrected for the impact of
light screening.®® Indirect photodegradation rate constants (kingirecr) Were calculated as the
difference between kops and kuirecr. In the 15 out of the 192 possible contaminant/DOM pairs where
kobs was less than Kkdirecr, kindirecr 18 denoted as zero (Table S8). Carbon-normalized rate constants
(kc) were calculated by dividing kindiree: by the dissolved organic carbon concentration of each
sample (Table S9). More information on kinetics experiments and HPLC methods is provided in
Section S6.

Additional contaminant photodegradation experiments were conducted using quenchers to
indirectly investigate the role of PPRI in indirect photodegradation in select samples. Potassium
sorbate was used to quench *DOM. Either histidine (atorvastatin) or DABCO (carbamazepine,
sulfadiazine, benzotriazole) was used to quench 'Os; the quencher was selected to avoid coelution
with the target compound and/or transformation products. Isopropanol was used to quench radical
species including "OH. Quenchers were added to water samples to achieve a concentration of 3
mM, which is similar to quencher concentrations used in past studies.!***% Additional
experiments were conducted under anoxic conditions to further evaluate *DOM reactivity because
removing oxygen increases the lifetime of this PPRI.!®*! Samples were sparged with nitrogen gas
for >8 minutes and irradiated in sacrificial capped vials with no headspace. Samples with
quenchers and sparged samples were irradiated as described for the kinetics experiments (Section
S7).

Statistical analysis. All PPRI and contaminant experiments were conducted in triplicate

and error bars represent the standard deviation of these measurements. Linear regression analysis
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was performed to relate rate constants of contaminant degradation to water chemistry, DOM
composition, and PPRI formation. Indirect rate constants were correlated with [DOC], ['Oz]ss,
[*'OH]ss, and [’ DOM]ss. Carbon-normalized indirect rate constants were correlated with SUVAsa,
E2:E3, HIX, FI, EDC, frmp, H:Cyw, O:Cyw, DBEw, ®102, and ®on because these values are also

independent of [DOC] (Section S8).

Results and Discussion

DOM composition and photoreactivity. The photodegradation of the four target
contaminants is quantified in 48 samples from natural and engineered systems to investigate how
DOM composition impacts indirect photodegradation. Water types, DOM composition, and PPRI
formation for these samples are summarized briefly here and are described in more detail in our
previous work.?” The natural waters used in this study vary widely in terms of water type, size, and
location. We include 13 lakes of varying trophic statuses (i.e., oligotrophic, eutrophic, dystrophic,
and mesotrophic), 20 river waters, and two agricultural ditches. For data visualization and
discussion, the natural water samples are grouped according to geographical regions: St. Louis
River (SLR), Northern Lakes, Yahara, Mankato, and Twin Cities (Table S1). Wastewater samples
(n=13) are grouped separately.

The concentration and composition of DOM varies widely in the water samples. [DOC]
ranges from 1.8 to 69 mg-C L', with high values observed in terrestrially impacted waters and
lower values observed in oligotrophic lakes (Table S2). Optical properties derived from UV-vis
and fluorescence spectroscopy, as well as data collected by high-resolution mass spectrometry,
demonstrate that the composition of DOM is highly variable. For example, SUVA2s4, which is

related to measurements of aromaticity,?”%? ranges from 0.2 to 4.79 L mg-C! m™' (Table S3).
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Similarly, E»:E3 is inversely related to direct measurements of molecular weight**»%? and ranges
from 4.93 to 13.03 (Table S3). Fluorescence indices such as FI and HIX range from 0.21 to 3.18
and 1.43 to 2.09, respectively (Table S3). Electron donating capacity (EDC), which is correlated

with the concentration of redox active groups such as phenols,*7-63.64

ranges from 0.24 to 5.38
mmol e mg-C-' L' (Table S3). An average of 4,026 + 793 formulas are determined by FT-ICR
MS. H:Cy ranges from 1.09 to 1.60 and is higher in wastewater and urban samples compared to
rural or agricultural samples, which corresponds to more aliphatic DOM (Table S4). O:C,, ranges
from 0.20 to 0.55 and is lower in urban samples than in other groups, which corresponds to more
reduced DOM. Note that DOM composition can vary temporally and spatially within individual
water bodies;?!22:93:¢ therefore, these samples represent DOM composition at the time of sample
collection. Collectively, the bulk and molecular measurements demonstrate that the DOM
composition in these samples spans the range expected in natural and engineered systems, making
the results of this study applicable to many water systems.?’

The photochemical production of SDOM, '0O», and "OH also ranges widely in these diverse
samples, which 1is expected because the composition of DOM influences its
photoreactivity.?!?42337 The quantum yield coefficient of SDOM (frmp) ranges from 11.6 — 87.1
M- (average = 36.1 = 17.9 M"") and the quantum yield of 'O> ranges from (0.6 — 8.27) x 1072
(average = (3.4 £ 1.9) x 10°2; Table S6). These parameters are highly correlated with each other’’
and the highest values are observed in urban and wastewater-impacted samples. The quantum yield
of "OH ranges from (0.34 — 105) x 10~ (average = 15+ 23 x 107; Table S6) and is not significantly
correlated with frmp or ®102.>7 Measured steady-state concentrations range (5.8 — 122) x 1005 M
for *DOM, (0.4 — 12.6) x 101* M for 0>, and (0.57 — 32.5) x 10"'® M for "OH. ['O2]ss is positively

correlated with ['OH]ss, but neither are significantly correlated with [P’DOM]ss (Figure S1). Note

10
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that the reported [’DOM]ss values are an approximation because they assume a single, constant
bimolecular reaction rate between *DOM and TMP; they are included here to facilitate linear
regression analysis with indirect photodegradation rates. Also note that the production of "OH is
primarily attributable to DOM photolysis. [ron and nitrite concentrations are low (Table S2) and
the photolysis of nitrate is negligible under this irradiation source.’” The wide range of PPRI
production quantum yields and steady-state concentrations are ideal for investigating the role of

PPRI in the indirect photodegradation of the target compounds.
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Figure 1. Observed rate constants (koss) for (a) atorvastatin, (b) carbamazepine, (c) sulfadiazine,
and (d) benzotriazole in the 48 water samples collected from Mankato (n = 5), Northern Lakes (N.
Lakes; n=7), St. Louis River (SLR; n=7), Twin Cities (n = 8), wastewater (n = 13) and the Yahara
watershed (n = 8). Lines in the box-and-whisker plots represent the first and third quartiles. The
line within each box represents the median. Whiskers represent minimum and maximum
concentrations. Solid points represent outliers (i.e., any point less than the lower quartile or greater
than the upper quartile by more than 1.5 times the interquartile range). The direct photodegradation
rate constant (kairec:) 18 indicated with the solid black line.
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Susceptibility of target compounds to direct and indirect photodegradation. The four
target compounds (Figure S2) are separately irradiated in buffered ultrapure water and in the
presence of DOM to investigate the importance of indirect photodegradation. All four compounds
undergo direct photodegradation with first-order photodegradation rate constants (kdirecr) Of (5.1 =
2.1) x 10* hr'!, (2.0 £ 0.9) x 10 hr'!, (5.0 £ 0.3) x 102 hr'!, and (4.3 £ 2.1) x 10 hr! for
carbamazepine, benzotriazole, sulfadiazine, and atorvastatin, respectively. In nearly all cases, the
observed degradation rates are faster in the presence of DOM, demonstrating that the four
compounds are susceptible to DOM-mediated indirect photodegradation (Figure 1). The kops
values are 15.1 £ 11.5,2.5+2.9,2.3 £ 1.1, and 14.7 + 9.9 times faster on average in the presence
of DOM for carbamazepine, benzotriazole, sulfadiazine, and atorvastatin, respectively (Table S8).
Note that these reported rate constants are measured under laboratory conditions with a
narrowband light source. Slower photodegradation is expected in the field due solar light intensity,
light attenuation within the water column, and other environmental factors as described
previously.+67-6?

The extent of indirect photodegradation varies widely depending on the target compound
and the source of DOM. When considering natural water samples, the highest ko»s values of
atorvastatin and benzotriazole are observed in samples from the St. Louis River watershed (Figure
1). In contrast, the highest observed photodegradation rate constants of carbamazepine and
sulfadiazine are quantified in samples from Mankato. In general, DOM from the Northern
Highlands of Wisconsin results in lower k.»s values for all compounds, which is interesting given
that there is a wide range of DOM composition and concentration in these seven lakes (Tables S1
— S3). A wide range of ko5 values is observed when the target compounds are irradiated in the

presence of DOM from the 13 wastewater effluent samples. For example, ko»s varies by a factor of

12
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>15 for sulfadiazine and atorvastatin and >30 for carbamazepine and benzotriazole (Figure 1).
The high variability in ks values for each compound indicates that DOM concentration and/or
composition influences their indirect photodegradation rates.

While the photodegradation of atorvastatin and carbamazepine is faster in the presence of
DOM in all 48 samples, there are exceptions for benzotriazole and sulfadiazine. The observed
degradation rate is slower than kuirec; in €leven cases for benzotriazole (Allequash Lake (N3), Big
Muskellunge Lake (N4), Crystal Lake (N5), Sparkling Lake (N6), Trout Lake (N7), Wammer
Ditch (M3), Lake Mendota (Y2), Confluence (Y8), Wisconsin Point (S7), Lake of the Isles (T6),
and Lake Phalen (T8)) and in four cases for sulfadiazine (WLSSD Influent (W6) and Effluent
(W7), Eagles Point Pre-UV (W12) and Post-UV (W13); Table S8). Over half of the waters where
this occurred for benzotriazole are oligotrophic lakes which are similar in DOM concentration and
composition, with low [DOC] (<5 mg-C L), low SUVA2s4 (<1.3 L mg-C' m™), high E»:E3 (>8.6),
and low EDC (<0.76 mmol.” mg-C! L'!; Tables S1 — S3) and the only cases for sulfadiazine are
wastewaters. Thus, DOM composition likely plays a role in the decreases seen in kops for this small
number of contaminant/DOM pairs (i.e., 15 out of 192 experiments).

The role of DOM concentration compared to DOM composition is first assessed by
calculating carbon-normalized rate constants (kc; Figure S3). The kc values range over
approximately two orders of magnitude for atorvastatin ((0.5 to 12.2) x 102 hr!' mg-C?),
carbamazepine ((0.4 to 17.9) x 10* hr'! mg-C"), sulfadiazine ((0.2 to 50.4) x 10-3 hr! mg-C™!) and
benzotriazole ((0.1 to 37.7) x 10 hr'! mg-C™!; Table S9). There are consistent trends across several
of the water types. With the exception of benzotriazole, the fastest kc values are observed in
samples from Mankato (rural/agricultural). Samples from the Yahara watershed

(agricultural/urban) and the Twin Cities (urban) result in high k¢ values, while samples from the

13
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Saint Louis River tend to have lower kc values, but all three groupings are highly varied. High
variability is also observed in the seven Northern Highlands lake samples for atorvastatin and to a
lesser extent sulfadiazine, which is consistent with the widely variable DOM composition in these
lakes.?'37 Similarly, a wide range of k¢ values are observed for all compounds in the wastewater
samples (Figure S3). The variability in carbon-normalized rate constants demonstrates that factors
other than [DOC] play important roles in the degradation of all four contaminants.

The observation that carbamazepine, benzotriazole, sulfadiazine, and atorvastatin undergo
indirect photodegradation is generally consistent with prior work using smaller numbers of DOM
samples. The presence of DOM is consistently reported to increase the photodegradation rates of

8.11.12.24 and atorvastatin.®?*7% Similarly, most studies indicate that DOM increases

carbamazepine
the photodegradation rate of benzotriazole’”"”> and sulfadiazine.”’>7* Additionally, decreases in
kobs in the presence of DOM have been observed for benzotriazole” and sulfadiazine®’® in certain
cases, matching the observations found here.

Identification of key PPRI through quenching experiments. Identifying the PPRI
involved in indirect photodegradation is important for ultimately making predictions about
contaminant photodegradation rates in different waters. The most common approach to identify
the contribution of individual PPRIs is to irradiate target compounds in the presence of DOM and
a quencher that is specific to each PPRI of interest. If the observed rate constant decreases in the
presence of the quencher (e.g., sorbate as a *DOM quencher), that is interpreted as indirect
evidence that the selected PPRI is involved in the transformation of the target compound. Quencher
experiments are relatively simple to conduct, do not require the development of additional

analytical methods, and avoid the need to quantify PPRI steady-state concentrations. However,

these experiments can also be difficult to interpret because even the “selective” quenchers interact
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with other PPRI either directly or indirectly. For example, the 3DOM and 'O, quenchers react with
‘OH, a highly non-selective oxidant, with similar bimolecular reaction rate constants (i.e., (1.3 —
5.8) x 10° M! s°!; Table S10).77-3° Similarly, quenching *DOM limits the formation of 'O, because
3DOM is the direct precursor to '0».!3 The precursors for "OH are not well understood, but *DOM
may be involved in the production of "OH.!>8! Therefore, we use a holistic approach to compare
quencher experiment results using a subset of DOM samples with regression analysis with PPRI
production to identify the PPRI involved in the indirect photodegradation of atorvastatin,
benzotriazole, carbamazepine, and sulfadiazine.

The involvement of DOM is first investigated using sorbate as a quencher. With the
exception of atorvastatin in Trout Bog (N2), the addition of sorbate decreases the ko»s values for
all compounds (Figure 2). Quenched rate constants vary widely for atorvastatin (average: 56.1 +
23.3% of kops), carbamazepine (10.3 = 12.7% of ko), sulfadiazine (26.5 = 19.0% of kops), and
benzotriazole (36.4 £ 31.0% of ko) in the presence of the *DOM quencher compared to
unquenched samples. The decreases in kops as a result of SDOM quenching indicate that SDOM,
either directly or indirectly, plays a role in the degradation of all four compounds. The potential
involvement of *DOM agrees with past studies suggesting a similar mechanism for three of the

8,9,11,12,24,70

compounds, with the exception of benzotriazole.
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Figure 2. The relative change in observed rate constants in the presence of sorbate (i.e., the *DOM
quencher) compared to unquenched samples for (a) atorvastatin, (b) carbamazepine, (c)
sulfadiazine, and (d) benzotriazole. All rate constants are expressed as a percent of unquenched
rate constants. The solid horizontal line represents the unquenched rate (i.e., 100%). Error bars
correspond to the standard deviation of triplicate measurements.

Quenching of 'O, with histidine or DABCO also results in decreases in koss for all four
compounds, indicating that 'O, also participates in the indirect photodegradation. The observed
rate constant of atorvastatin decreases in all but three samples in the presence of histidine, with an
average loss of 78.8 +22.0% compared to k.»s in the absence of the quencher (Figure 3). Compared
to atorvastatin, much larger decreases due to 'Oz quenching are observed for carbamazepine (31.1

+ 31.9% of ko»s) and sulfadiazine (19.8 = 19.9% of ko). The impact of DABCO on benzotriazole

photodegradation is highly variable (45.6 + 31.8% of koss). The 'O> quenching data indicates that
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this PPRI is very important for carbamazepine and sulfadiazine, moderately important for
benzotriazole, and less important for atorvastatin. Previous studies highlight the potential
importance of 'O, for atorvastatin, sulfadiazine, and carbamazepine, but argue that it is

unimportant for benzotriazole,”? which is contradictory to the quencher experiment data in this

study.
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Figure 3. The relative change in observed rate constants in the presence of a '0O» quencher
compared to unquenched samples for (a) atorvastatin, (b) carbamazepine, (c) sulfadiazine, and (d)
benzotriazole. All rate constants are expressed as a percent of unquenched rate constants. The solid
horizontal line represents the unquenched rate (i.e., 100%). Error bars correspond to the standard
deviation of triplicate measurements.

While the quenching data indicate that both *DOM and 'O, are potentially involved in the
indirect photodegradation of the four target compounds, it is not possible to use this data to

quantify the role of each PPRI using these experiments as done previously for other compounds
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(e.g., pesticides).'® In many cases, the *DOM and 'O2 quenchers each decrease kops to similar
extents. For example, the sorbate data suggests *DOM is responsible for 89.7% of carbamazepine
photodegradation on average, while the DABCO data suggests 'O is responsible for 68.9% of loss
on average (Figures 2 and 3). In other words, this data suggests *DOM and 'O; are responsible for
>150% of indirect photolysis, which is not physically possible. Therefore, the quencher
experiments either overestimate or double count the importance of each PPRI.

Additional experiments are conducted in nitrogen-sparged solutions to validate the
importance of 3DOM in selected samples. Because *DOM is predominantly quenched by O, this
PPRI has a longer lifetime in the absence of oxygen.!3 Therefore, increased reaction rates provide
evidence of the importance of 3DOM, while decreased reaction rates provide evidence of the
importance of reactive oxygen species, such as 'O,. Carbamazepine photodegradation rate
constants increase dramatically in all nitrogen-sparged solutions, with rate constants >3,500% of
kobs 1n air-saturated solutions (average: 9,050 + 8,060%; Figure S4b). The rate constants of
sulfadiazine increase in four samples and decrease in one sample (average: 255 = 147%; Figure
S4c). Similarly, the benzotriazole rate constant increases in seven samples and decreases in one
sample (average: 176 £ 124%; Figure S4d). Atorvastatin photodegradation rates increase in two
samples and decrease in two samples (average: 158 + 198%; Figure S4a). These changes in rate
constants under nitrogen sparging demonstrate that SDOM plays a major role in carbamazepine
degradation, while contributing to the degradation of atorvastatin, benzotriazole, and sulfadiazine
in some cases. The decreases in the degradation of these three compounds under some conditions
further indicates that other PPRI (e.g., 'O or ‘OH) are important. Previous studies on
carbamazepine®® and atorvastatin’® demonstrate that oxygen removal leads to increased rate

constants. This variability in the importance of *DOM is likely due to the complex nature of SDOM,
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which exists at varying energy states and oxidation potentials. The sorbate quencher used in this
study primarily quenches high energy *DOM,?? but different populations of *DOM could impact
its perceived importance from quenching experiments.

Quenching experiments with isopropanol clearly show the role of *OH in the indirect
photodegradation of only one of the four compounds. The *OH quencher results in large decreases
in the observed benzotriazole photodegradation rate constant in all tested waters (average: 34.8 +
24.0% of kops; Figure 4d), which demonstrates that this PPRI is instrumental in the degradation of
benzotriazole and is in agreement with a previous study.”? In contrast, minimal changes are
observed for atorvastatin (98.2 = 21.8%) and carbamazepine (96.0 = 18.9%), with small decreases
compared to ks observed in a small number of oligotrophic lake or wastewater-impacted samples
(Figure 4). Previous studies are contradictory in terms of the role of *OH in atorvastatin and

8,11,12,24 and

carbamazepine degradation. Some studies indicate “OH is important in some waters
others suggest that it is unimportant compared to 'O2 and *DOM."%#3 Finally, small changes are

also observed for sulfadiazine (113.2 £ 24.3%), with modest increases in kops in several water

samples.
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34 394  Figure 4. The relative change in observed rate constants in the presence of isopropanol (i.e., the
35 395 °OH quencher) compared to unquenched samples for (a) atorvastatin, (b) carbamazepine, (c)
36 396  sulfadiazine, and (d) benzotriazole. All rate constants are expressed as a percent of unquenched
37 397 rate constants. The solid horizontal line represents the unquenched rate (i.e., 100%). Error bars
38 398  correspond to the standard deviation of triplicate measurements.

39

399
2? 400 The quencher experiments yield mixed results concerning the importance of each studied
42

43 401  PPRI (Table S11). In the case of benzotriazole, the isopropanol experiments strongly indicate that
45 402 °OH is a major contributor to the indirect photodegradation of this compound. It is therefore likely
47403  that some of the inhibition observed in the presence of the 3DOM and 'O quenchers is attributable
5o 404  toscavenging of ‘OH given the similarity in rate constants between all studied quenchers and *OH
52 405 (Table S10). However, the nitrogen-sparging data indicates that *DOM can play a minor role in

>4 406  benzotriazole degradation in some cases. Both DOM and 'O, appear to play a role in the
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degradation of carbamazepine, atorvastatin, and sulfadiazine, with *DOM being most important
for carbamazepine based on nitrogen-sparging data (Figures 2, 3, and S4). Furthermore, it is likely
that some of the “*“DOM” quenching when sorbate is used is attributable to decreased 'O,
production. While quenching experiments are a simple way to assess the potential for PPRI
reactivity with target compounds, this data must be interpreted carefully because the quenchers are
not truly selective for individual PPRI and because their presence can alter the formation of other
PPRI.

Relationships between DOM composition, PPRI formation, and contaminant
degradation. As an alternate approach to identifying the PPRI responsible for the indirect
photodegradation of the four target compounds, we conduct simple linear regressions analysis
between indirect photodegradation rate constants and measures of DOM composition and
photoreactivity. We use two different data sets for this analysis. First, we relate indirect rate
constants (Kindireer) With measurements of dissolved organic carbon concentration ([DOC]) and
steady-state concentrations of each PPRI. Second, we relate carbon-normalized indirect rate
constants (kc) with carbon-normalized parameters related to DOM composition (i.e., SUVA2sa,
E»:E3, HIX, FI, H:Cy, O:Cy, and DBEy) and quantum yields or quantum yield coefficients. All
data is transformed to achieve a normal distribution if necessary (Section S8). Compared to
quencher experiments, the quantification of individual PPRI is more selective!® and it is therefore
possible to relate the production of each PPRI with trends observed in kingirec. This approach also
facilitates the analysis of the roles of both DOM concentration and composition through
correlations with [DOC] and carbon-normalized DOM composition parameters. However, this
approach is more labor-intensive because it requires the quantification of PPRI individually.

Furthermore, *DOM and 'O are often highly correlated,'**” so it can be challenging to distinguish
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between the two PPRI. For this reason, we did not conduct multiple linear regression analysis
because of collinearity in key parameters of interest, such as quantum yields.

Significant positive correlations are observed between kingirec: and measured PPRI steady-
state concentrations for each of the four compounds, suggesting that the formation of individual
PPRI contribute to the degradation of each contaminant. The indirect rate constants of atorvastatin
and carbamazepine are positively correlated with ['O2]ss with p-values of 3.4 x 10"'? and 4.6 x
106 respectively (Figures 5a and 5b). Indirect rate constants of atorvastatin, carbamazepine, and
sulfadiazine are positively correlated with [P DOM]ss (p-values = 1.1 x 103, 2.8 x 107, and 7.1 x
104, respectively; Figures S5b, S6b, and 5¢), while the indirect rate of benzotriazole is negatively
correlated with [’ DOM]ss (p-value = 4.7 x 107; Figure S7b). Finally, kingirec: of benzotriazole (p-
value = 3.1 x 104, Figure 5d), carbamazepine (p-value = 2.2 x 10"*; Figure S6a), and atorvastatin
(p-value = 1.1 x 107?; Figure S5¢) are positively correlated with [[OH]ss. Based on the strength of
the correlations, ['O2]ss is most important for atorvastatin and carbamazepine, [’ DOM]s is most

important for sulfadiazine, and ['OH]ss is most important for benzotriazole.
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Figure 5. Linear regression analysis for (a) ['O]ss and Kindirecratorvastatin, (b) ['O2]ss and
kindirect,carbamazepine, (C) [3DOM]SS and kindirect,sulﬁzdiazine, and (d) [.OH]SS and kindirect,benzotriazole- All
correlations are statistically significant (p < 0.05). The strongest correlation for each compound is
presented here; additional correlations with kingirec: values are presented in Figure S5 — S7.
Parameters were transformed as listed in axes labels to achieve a normal distribution if necessary.

Similar correlations are also observed between carbon-normalized indirect rate constants
(kc) and PPRI quantum yields and/or quantum yield coefficients. The k¢ values for atorvastatin (p-
value = 3.5 x 10"*; Figure 6a, carbamazepine (p-value = 1.5 x 10°%; Figure S9¢), and sulfadiazine
(p-value = 6.8 x 107; Figure S10c¢) are positively correlated with frvp. Consistent positive trends
are also observed for all four compounds with @102, with carbamazepine and sulfadiazine showing

the strongest relationships (p-values = 7.8 x 10 and 9.9 x 1077, respectively; Figures 6b and 6c).

Significant trends are observed with ®.on for benzotriazole (positive; p-value = 2.9 x 10%; Figure
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1
2
2 458  6d) and sulfadiazine (negative; p-value = 3.1 x 10%; Figure S10d). These regression analyses
5
6 459  suggest that both 3DOM and !O; are important for carbamazepine, atorvastatin, and sulfadiazine,
7
8 460  while sulfadiazine has a weak negative correlation with ‘OH. Benzotriazole has only weak
9

10 461  correlations with 'O, and "OH, which is surprising given the results of the quenching experiments

12 ) .
13 462 and the Kingirecr regression analysis.
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4> 464  Figure 6. Linear regression analysis for (a) frmp and kcaworastatin, (b) @102 and k¢ carbamazepine, (€)
4 465 @02 and kcsulfadiazine, and (d) F1 and k¢ penzorriazote. All correlations are statistically significant (p <
466  0.05). The strongest correlation for each compound with PPRI quantum yields and/or quantum
49 467  yield coefficients is presented here; additional correlations with k¢ values with other PPRIs and
50 468 with DOM composition parameters are presented in Figures S8 — S11. Parameters were
51 469 transformed as listed in axes labels to achieve a normal distribution if necessary.
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This analysis is also used to assess whether DOM concentration or composition is the key
driver of indirect photodegradation. Simple linear regression analysis demonstrates that [DOC] is
not the sole parameter responsible for the indirect photodegradation trends observed in the 48
samples. The indirect rate constants of atorvastatin and benzotriazole are positively correlated with
[DOC] (p-values = 4.1 x 107 and 3.7 x 1072, respectively; Figure S5a and S7a), while kingirec: for
sulfadiazine and carbamazepine are not significantly correlated with [DOC].

The linear regressions between carbon-normalized rate constants and DOM composition
parameters indicate that DOM composition plays a key role in indirect photodegradation. For
example, both carbamazepine and benzotriazole k¢ values are positively correlated with FI (Figure
S9b and 11d), while carbamazepine kc values are negatively correlated with HIX (Figure S9a).
Furthermore, sulfadiazine kc values are positively correlated with E»:E; (Figure S10a) and
negatively correlated with EDC (Figure S10b). Collectively, higher carbon-normalized indirect
photodegradation rates are observed in waters that have DOM that is less aromatic, lower in
molecular weight, and microbial in nature. Previous studies have demonstrated that this type of
DOM (e.g., in wastewater effluent or in eutrophic lakes) is more efficient at generating PPRI such
as ’DOM and '0,.21:243537 n contrast, carbon-normalized rate constants for atorvastatin have weak
negative correlations with H:Cy (Figure S8a) and weak positive correlations with DBEy, (Figure

S8c), suggesting that atorvastatin degradation is associated with more aromatic DOM.

Conclusions and Recommendations for Indirect Photolysis Studies
Using a sample set of 48 waters that range widely in DOM composition, we show that
atorvastatin, carbamazepine, sulfadiazine, and benzotriazole undergo indirect photodegradation in

all but 15 of 192 contaminant/DOM pairs. Thus, indirect photodegradation is likely to be more
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important than direct photodegradation in the majority of surface waters and wastewater-impacted
sites for these target compounds. Furthermore, this work highlights that water type and DOM
composition are important factors in indirect photodegradation of contaminants.

Identification of the PPRI involved in indirect photodegradation is important for predicting
the rate of this process in sunlit waters. Quencher studies designed to inhibit certain PPRI indicate
that ’DOM, and to a lesser extent 'O, play important roles in the degradation of all four
contaminants. *DOM is more important for atorvastatin, carbamazepine, and benzotriazole, while
10, is more important for sulfadiazine. Nitrogen sparging, which increases the lifetime of SDOM,
has the greatest increase in carbamazepine rate constants. In comparison, ‘OH is identified as a key
PPRI only for benzotriazole. However, the 3DOM and 'O: quenchers also quench *OH; thus, data
generated using these quenchers should be interpreted cautiously for compounds that also react
with *OH. Similar to the quenching studies, linear regression analysis demonstrates that *DOM
plays an important role in the degradation of all compounds but benzotriazole and 'O plays a role
in the degradation of all compounds. *OH is identified as important for benzotriazole, but also for
carbamazepine and atorvastatin, which is dissimilar to the results of quenching experiments.

Overall, both quencher studies and regression analysis provide useful but imperfect
information regarding the importance of individual PPRI. Linear regression analysis is able to
identify trends across a large number of samples, but it does not address the variability seen in
individual samples. The requirement of having a large sample set of natural waters in which to
quantify steady-state concentrations and quantum yields also limits its application. In contrast,
quencher studies can be performed with a small sample set, but double count or overcount the

contribution of PPRIs, particularly 'O> and *DOM. While we anticipate that quencher experiments
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will remain the standard approach for identifying PPRI due to their ease of use and smaller data
requirement, we offer the following suggestions for improved data interpretation:

(1) For a given compound, it is important to analyze all three key PPRI (i.e., °DOM, '0,,
and "OH) and not rely on a single quencher. For example, decreased observed rate
constants in the presence of sorbate could be due to direct reaction of the quencher with
3DOM, prevention of 'O, formation by quenching *DOM, or simply scavenging of
‘OH.

(2) When possible, supplemental experiments can provide more mechanistic evidence.
Removal of oxygen (e.g., via nitrogen sparging) can either provide or rule out direct
3DOM reactivity with the target compound. Furthermore, while only possible in studies
using DOM isolates, the use of deuterated solvents (e.g., D>,O) can provide evidence of
102.13,84

(3) Trends in DOM-mediated indirect photodegradation can vary widely with the type of
DOM used. We used a large data set to draw general conclusions, but note that there
are individual samples with different trends in several cases. Thus, caution should be
used when interpretating data generated from a small number of samples or from
samples with highly similar DOM composition.

Finally, conducting linear regression analysis with a large number of highly variable
samples enabled us to test the roles of DOM concentration and composition in indirect
photodegradation. The correlations with [DOC] were inconsistent; we observed positive trends for
atorvastatin and benzotriazole and no trend for carbamazepine and sulfadiazine. In contrast, there
were clear correlations between indirect rate constants for atorvastatin, carbamazepine,

sulfadiazine, and benzotriazole with DOM composition parameters. We observed that DOM that
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is lower in apparent molecular weight (high E2:E3), more electron poor (low EDC), and more
microbial-like (high FI, low HIX) was strongly associated with the carbon-normalized indirect
photodegradation rates for benzotriazole, carbamazepine, and sulfadiazine, with weak correlations
observed for atorvastatin. Therefore, we conclude that DOM composition influences the indirect
photodegradation of target compounds, as observed previously in smaller sets of samples?* and as

observed for the formation of PPRI in general.?!28:37:51
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