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ABSTRACT

Dissolved organic matter (DOM) can act as a photosensitizer and an inhibitor in the
phototransformation of several nitrogen-containing organic contaminants in surface waters. The
present study was performed to select a probe molecule that is suitable to measure these
antagonistic properties of DOM. Out of nine studied nitrogen-containing aromatic compounds,
4-cyanoaniline, N,N-dimethyl-4-cyanoaniline (DMABN), sotalol (a B-blocker) and sulfadiazine
(a sulfonamide antibiotic) exhibited a marked photosensitized transformation that could be
substantially inhibited by addition of phenol as a model antioxidant. The photosensitized
transformation of DMABN, the selected probe compound, was characterized in detail under
UV-A and visible irradiation (A > 320 nm) to avoid direct phototransformation. Low reactivity of
DMABN with singlet oxygen was found (second-order rate constant <2x10” M-1s). Typically at
least 85% of the reactivity of DMABN could be inhibited by DOM or the model antioxidant
phenol. The photosensitized transformation of DMABN mainly proceeded (>72%) through
demethylation yielding N-methyl-4-cyanoaniline and formaldehyde as primary products. In
solutions of standard DOM extracts and their mixtures the phototransformation rate constant of
DMABN was shown to vary non-linearly with DOM concentration. Model equations describing
the dependence of such rate constants on DOM and model antioxidant concentrations were

successfully used to fit experimental data.
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INTRODUCTION

Contaminants with electron-rich moieties in their molecular structure are susceptible to light-
induced oxidation reactions in the aquatic environment. Experimental evidence accumulated
during the last two decades points at excited triplet states of the dissolved organic matter (DOM)
as key photooxidants responsible for these reactions. The contaminants that have been shown so
far to react with excited triplet DOM ((DOM®) and presumably undergo oxidative transformation
comprise many compounds with phenolic or aniline moieties. They include phenols with simple
electron-donating substituents, bisphenol A,? phenolic phytoestrogens,® # ring- or N-substituted
anilines,> ® sulfonamide antibiotics,®® aminopyrimidine antibiotics,® ° phenylurea herbicides,*
and further pesticides.?> Model photosensitizers were used to mimick DOM chromophores that
can generate oxidizing ®DOM™ upon photoexcitation, and laser flash photolysis studies with such
photosensitizers were performed to further clarify the nature of the reaction between oxidizing
3DOM" and various substrates in aqueous solution.®*> Second-order rate constants for the
quenching of the excited triplet state of selected aromatic ketones by a series of substituted
phenols were rationalized in terms of a one-electron transfer.’®> An analogous conclusion was
drawn for the quenching of excited triplet methylene blue by substituted anilines.'> However, the
latter triplet state appeared to react through a proton-coupled electron transfer with substituted

phenols.t®

The radicals formed after the initial oxidation step, such as aniline radical cations, are relatively
strong one-electron oxidants (standard reduction potentials of =<1.0+0.2 V vs. NHE for a series of
para-substituted aniline radical cations®). Nevertheless they may lose a proton, which leads to a

significant loss in oxidative strength. The radical cations or their deprotonated counterparts can
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further react to yield stable transformation products, as can be deduced from the observed
depletion of parent compound in photoirradiated samples (see the aforementioned examples of
contaminants). It has been postulated that oxidation intermediates of the substrate, but primarily
the radical cations, may react with electron-rich moieties in the DOM, leading to reformation of
the substrate.® This hypothesis was put forward to explain the decrease in depletion rate
constants observed for several aromatic contaminants and model compounds, particularly those
containing aromatic amino groups, in steady-state irradiation experiments.® 17 This effect has
been referred to as “inhibition of triplet-induced oxidation (or transformation)” and shown to
also occur in model systems in which DOM had been replaced by phenols, either unsubstituted
or bearing electron-donating substituents.*® Recently, for partially oxidized humic substances a
good correlation was found between the electron donating capacity (EDC) and the inhibitory
effect on triplet-induced oxidation,*® which corroborates the idea that antioxidant moieties of the
DOM, in particular phenolic components, are responsible for the inhibition of triplet-induced

oxidation.

The concept of inhibition of transformation as described above has been used to date to
understand and describe the rates of direct and indirect phototransformations in surface waters-
like conditions.?® 2! The present study was conceived to further develop the application of this
concept to DOM-induced indirect phototransformations in surface waters. We primarily aimed at
selecting a model compound that may be employed as a probe to assess the inhibition of triplet-
induced oxidation in natural waters. In the first part of the study, several organic compounds
were photoirradiated in agueous solutions containing DOM, with or without the addition of
phenol as an antioxidant, to evaluate their suitability as model compounds. One of these

compounds, namely N,N-dimethyl-4-cyanoaniline (abbreviated as DMABN from the alternative
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name 4-dimethylaminobenzonitrile) was selected and further investigated to characterize its
direct and indirect phototransformation pathways. These investigations included the assessment
of the role of singlet oxygen in the indirect phototransformation, the identification of the main
reaction products as well as the measurements of the phototransformation rate constants of

DMABN in aqueous solutions of DOM mixtures and surface water mixtures.

MATERIALS AND METHODS

Chemicals and Solutions. All chemicals were commercially available and used as received. A
complete list of chemicals is given in the Supporting Information (SI), Text S1. All solutions
were made in ultrapure water (resistivity 18.2 MQ cm) obtained from a Barnstead Nanopure®
purification system. Stock solutions of target compounds (~500 uM) were kept in the dark at 4
°C. Suwannee River fulvic acid (SRFA, catalogue number 1S101F) and Pony Lake fulvic acid
(PLFA, 1R109F) were purchased from the International Humic Substances Society (IHSS, St.
Paul, Minnesota). Stock solutions of the fulvic acids were prepared at a concentration of ~50
mgc L. The concentration of the first stock solutions of PLFA and SRFA was quantified by
total organic carbon (TOC) analysis, while the concentration of subsequent stock solutions was
determined spectrophotometrically using the first two stock solutions as references. Full

characteristics of the fulvic acids are given in the Sl, Table S1 and Figure S1.

Natural Waters. Natural water samples were taken on November 18", 2014 from the outlet of
Lake Greifensee (GW) (47.3727 N, 8.6557 E), a small eutrophic lake in northern Switzerland
described in detail elsewhere,? and on November 14" 2014 near the outlet of Etang de la

Gruéere (EG) (47.2376 N, 7.0494 E), a small pond surrounded by timbers and boggy wetland
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(surface area ~30°000 m?). Waters were filtered on pre-washed 0.45 um pore size cellulose
nitrate filters and stored in the dark at 4 °C. GW had a rather low DOM concentration
(3.3 mgc L) and pH 8.3, while EG was high in DOM concentration (22.8 mgc L) with a pH of

7.7 (see Sl, Table S2 and Figure S2 for more physicochemical parameters).

Irradiation Experiments. Irradiations were performed using either a solar simulator (Heraeus
model Suntest CPS*) or a merry-go-round photoreactor (DEMA model 125, Hans Mangels,
Bornheim-Roisdorf, Germany) equipped with a medium-pressure mercury lamp and a
borosilicate glass cooling jacket. A detailed description of the irradiation equipment is available
elsewhere.l 2> 2 The merry-go-round photoreactor (see sketch in the SI, Figure S3) was operated
using two different setups. For irradiations of solutions containing DOM as a photosensitizer, a
Heraeus Noblelight medium-pressure Hg lamp, model TQ 718, operated at 500 W, and a 0.15 M
sodium nitrate filter solution were used, whereby irradiation wavelengths <320 nm were cut-off.
Experiments with rose Bengal (RB) as a photosensitizer were done using a Heraeus Noblelight
medium pressure Hg lamp, model TQ 150, operated at 150 W and a filter solution containing
0.25 M sodium nitrate and 0.05 M sodium nitrite, whereby irradiation wavelengths <370 nm
were cut-off. In addition, for the latter experiments the cooling jacket was wrapped with two
stainless steel wire cloths to reduce irradiance by a factor of ~6. The spectral distributions of the
light sources in the wavelength range of 250—-450 nm (see Sl, Figure S4) were measured using a
calibrated spectroradiometer system model ILT950-UV (International Light Technologies,
Peabody, MA, U.S.A.). The photon fluence rate, measured by chemical actinometry using an
aqueous solution of p-nitroanisole (10 uM) and pyridine (600 uM) according to a well-
established procedure® (see SI, Text S2 and Table S3), was determined to be 165 (+15%) UE m™

st for the solar simulator in the 290-400 nm range. This value is representative for conditions
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found at the surface of a natural water at midday of a clear-sky day between summer and autumn

at 40° N latitude.?

Agueous samples containing 5 uM of a single target compound, variable concentrations of DOM
and, except for natural waters, 5 mM phosphate buffer (final solution pH 8.0) were irradiated at
25x1 °C in glass-stoppered quartz tubes (internal diameter 15 mm, external diameter 18 mm).
The presence and concentration of additional components, such as phenol and individual
photosensitizers or scavengers, is specified when discussing the results of the corresponding
experiments. In the experiments using a mixture of GW and EG waters, the pH of GW was
adjusted to the pH of EG using small amounts of hydrochloric acid (0.03M). Aliquot samples of

400 pL were taken at regular time intervals during the irradiation experiments.

Analytical Instrumentation. Total organic carbon analyses of solutions and water samples were
done using a Shimadzu TOC-L CSH total organic carbon (TOC) analyzer. The concentration of
target compounds (including furfuryl alcohol), phenol and the reaction product
N-methyl-4-cyanoaniline were determined using high-performance liquid chromatography
(HPLC). A complete description of the HPLC system and methods is given in the SI, Text S3
and Table S4. Electronic absorption spectra were recorded using an Agilent Cary 100 UV-Vis
spectrophotometer. A Metronm model 632 pH meter equipped with a Thermo scientific pH
electrode (model Orion 8115SC) and a Metrohm model 712 conductometer were employed to
measure pH and conductivity, respectively. Formaldehyde was quantified using the Hantzsch

colorimetric titration method?® 27 following the experimental details given in the SI, Text S4.

Determination of Rate Constants and Model Parameters. Pseudo-first-order

obs

phototransformation rate constants, ko (s), for a given target compound (TC) were obtained
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by linear regression of its natural logarithmic relative residual concentration over irradiation time

t, according to the following relationship:

In( TC], j: kst (1)
[TClo

For merry-go-round irradiation experiments these rate constants were corrected for light
screening caused by DOM, as described in the SI, Text S5. In the case of experiments performed
in the presence of high phenol concentration, excited triplet quenching by phenol was included in
the correction as described in the SI, Text S6. Rate constants for experiments conducted using
RB as a photosensitizer were calculated according to the special procedure described in the Sl,

Text S7, which takes partial degradation of RB during irradiation into account. All corrected rate

obs,c

constants are termed as k.. All data fits to non-linear model equations were performed using

the software Origin, version 8.0 (Origin Lab) by applying the Levenberg-Marquardt

minimization algorithm.

RESULTS AND DISCUSSION

Screening Study on Selected Compounds Using Simulated Sunlight.

Selection of Compounds. Nine compounds (for chemical structures see Sl, Figure S6) were
selected to perform the first, exploratory part of the study. The compounds were chosen among
possible candidates satisfying the following conditions: (1) Triplet-induced oxidation was known
or expected to play a substantial role in their transformation under sunlight in surface waters; (2)

Inhibition of triplet-induced oxidation by DOM or model antioxidants was known or expected.
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The first criterion applies to many actual organic contaminants and model compounds that are
prone to oxidation (e.g., phenol and aniline derivatives, see Introduction section for a more
detailed list) and for which the direct phototransformation is of minor relevance. The second
criterion mainly applies to aromatic amines. Five of the selected compounds were substituted
anilines:  4-Cyanoaniline, 4-N,N-dimethylcyanoaniline (both model compounds) and
4-aminobenzoic acid (a sunscreen agent), and in addition the two sulfonamide antibiotics
sulfadiazine and sulfadimethoxine. Two aminopyrimidine derivatives used as antibiotics, namely
trimethoprim and ormethoprim were also selected as representatives of heteroaromatic amines.
Finally, the two B-blockers propranolol (a 2-naphthol derivative) and sotalol (a sulfonamide
derivative) were selected to check if naphthol and sulfonamide functionalities also undergo

inhibition of triplet-induced oxidation by DOM.

Phototransformation Experiments. The phototransformation kinetics of each selected compound
dissolved in buffered ultrapure water, in slightly diluted natural water (GW 90%/ultrapure water
10% (vol/vol)), and in PLFA or SRFA solutions (5 mgc L, pH8) was studied under simulated
sunlight. For each compound, four additional samples of the same composition as
aforementioned but amended with phenol (10 uM final concentration) were also investigated to
assess a possible inhibition of transformation caused by this model antioxidant. Pseudo-first-
order phototransformation rate constants for all compounds and solution compositions are
represented in Figure 1. Rate constants for phototransformation in ultrapure water solution,
which was assumed to represent direct phototransformation, were lower than overall
phototransformation rate constants in the presence of DOM for many of the studied compounds.
The electronic absorption spectra of the compounds (see SI, Figure S6) significantly overlap with

the emission spectrum of the solar simulator (see Sl, Figure S4). Values of the direct
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phototransformation quantum yields, determined as described elsewhere,?® are displayed in
Figure 1 and collected together with the phototransformation rate constants in Table S6 of the SI.
They are generally on the order of 10 mol einstein™ except for sotalol, which has by far the
highest value of about 0.2 mol einstein™®. This explains why, although the absorption spectrum of
sotalol has a very small overlap with the spectrum of the solar simulator, its direct

phototransformation rate constant was rather high.
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Figure 1. Phototransformation rate constants of the investigated compounds under simulated
sunlight (A > 290 nm). Bar colors designation (from left to right): Red for ultrapure water (UW,
the quantum yield for direct phototransformation is given above the bar), green for Pony Lake
fulvic acid (PLFA, 5.0 mgc L), magenta for Suwannee River fulvic acid (SRFA, 5.0 mgc L™),
and blue for 90% (vol) lake Greifensee water (GW, 3.0 mgc L™Y). Fully colored and hatched bars
represent data from experiments conducted in the absence and presence of 10 uM phenol

(PhOH), respectively. Error bars represent standard errors obtained from linear regression. Note
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the scale magnification on the right y-axis of the diagram for the compounds with lower

photoreactivity.

The presence of DOM affected in most cases the phototransformation rate constants in
comparison to buffered pure water solutions, except for 4-aminobenzoic acid, for which no
significant effect was observed. However, the effect depended strongly on the type of DOM. In
PLFA solutions and lake water (GW), a substantial increase in phototransformation rate
constants with respect to ultrapure water was often observed. For SRFA such an increase was
less prominent, and in some cases (sotalol, DMABN) even a decrease of the rate constant was

observed.

Addition of phenol caused a marked reduction in phototransformation rate constants in PLFA
and GW solution for the following compounds: sotalol, DMABN, sulfadiazine, 4-cyanoaniline
and trimethoprim. In SRFA solution, addition of phenol caused a less important reduction in the
photodegradation rate constants of these four compounds. A clear reduction of direct
phototransformation rate constants (UW results) was observed only for sotalol and DMABN. A

compound-specific discussion of the results from Figure 1 is given in the following.

Propranolol. This readily photoreactive B-blocker undergoes both direct?® 2° and indirect
phototransformation,®® the latter probably due to 3DOM*3° The rather small reduction of
photoreactivity observed upon phenol addition makes it a weak indicator of the inhibitory effect.
Moreover, the positive charge present on the protonated amino group at circumneutral pH (pKa =
9.5%Y) favors the association of propranolol with DOM due to electrostatic attraction, and this

could complicate its use as a model compound.

12
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Sotalol. The photoreactivity pattern of sotalol is peculiar, because almost no photosensitization
by PLFA could be observed, while SRFA strongly reduced the phototransformation rate constant
with respect to UW. In contrast, an important enhancement of the rate constant was observed for
GW, but the reason of this effect is unclear. This complex behavior hinders the use of sotalol as a
model compound. The strong reduction of the phototransformation rate constants observed upon
phenol addition indicates a possible role of DOM as an inhibitor, which should be considered in

future studies on the phototransformation of sotalol.

DMABN. This compound exhibits the highest phototransformation rate constants among the
investigated compounds in UW and PLFA solutions. The addition of phenol causes an important
inhibitory effect, which is more pronounced in PLFA and GW solution than in SRFA solution.
This behavior is similar to the one already observed for sulfadiazine and for sulfamethoxazole
(for the latter compound regarding irradiation performed under UV-A) and extensively discussed
in terms of the differential photosensitizing and inhibitory properties of the various DOMs.?°

Thus, DMABN appears to be a favorable model compound.

Sulfadiazine. The present results on this sulfonamide antibiotic are in agreement with data from
previous studies,® 20 which show the potential of this compound as a probe for the

photosensitizing and inhibitory effects of DOM.

4-Cyanoaniline. The photoreactivity pattern of 4-cyanoaniline, including the effect of phenol
addition, is similar to DMABN, its N,N-dimethylated derivative, but the absolute
phototransformation rate constants are smaller by a factor of ~4. Because of a less efficient

phototransformation, it is less adequate than DMABN as a model compound.
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Sulfadimethoxine. The phototransformation of sulfadimethoxine is enhanced at variable extents
by the presence of DOM, in agreement with a previous study.® However, addition of phenol
leads to a small reduction in phototransformation in the presence of DOM, while a small increase
is observed for UW solution. This small and ambiguous effect of phenol as well as the relatively

slow phototransformation hinder the use of sulfadimethoxine as a convenient model compound.

4-Aminobenzoic acid. The direct phototransformation of this aniline appears to be the dominant
mechanism. The absence of significant inhibition upon phenol addition makes this compound

inadequate for the sake of the present study.

Ormetoprim. Indirect phototransformation appeared to be dominant in PLFA and SRFA
solutions, but no inhibition effect upon phenol addition could be observed for this antibiotic, Due
to the high structural similarity to trimethoprim, we refer to the following discussion regarding

the possible phototransformation mechanisms.

Trimethoprim. The photoreactivity of trimethoprim, which is very low in UW, is highly
enhanced by DOM, and the inhibitory effect of phenol is important. However, the rate constants
are quite low. Previous experiments performed using the model photosensitizers 4-
carboxybenzophenone (CBBP) and 2-acetonaphthone (2AN)® 7 showed that trimethoprim was
highly reactive with triplet CBBP, which has a high one-electron reduction potential (1.83 V vs.
NHE, calculated from data given elsewhere®?) but reacted very slowly in the presence of 2AN,
for which the reduction potential was calculated to be much lower (1.34 V vs. NHE). The low
photoreactivity of trimethoprim, which is the main drawback against its use as a model
compound, may thus be rationalized considering that 3DOM” has an intermediate reduction

potential compared to the excited triplet states of the model ketones.
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Final Selection. Based on the aforementioned considerations we selected DMABN as the best-
suited probe compound to be employed to explore the dual role of DOM as a photosensitizer and
inhibitor of triplet-induced phototransformations. The main advantages of DMABN with respect
to the other studied compounds are related to (a) a fast phototransformation and (b) an important
inhibitory effect of phenol on the phototransformation. All potential probe compounds except
trimethoprim (which was considered to be unsuited as a probe compound) exhibited a relatively
important direct phototransformation under simulated sunlight. This drawback may be
eliminated by using alternative UV irradiation conditions (A>320 nm) which reduce the
absorption rates by the probe compound itself. As will be shown in the following sub-sections,
merry-go-round irradiation conditions with A>320 nm turned out to be very appropriate for
investigating DMABN. A further advantage of DMABN s its relatively simple molecular
structure with absence of electric charge at circumneutral pH, and existing information about

transient excited and radical species,®® which are expected to facilitate mechanistic studies.

Characterization of the Indirect Phototransformation of DMABN in the Presence of DOM.
Photoirradiation of sample solutions was performed in this part of the study using the merry-go-
round photoreactor setup with emission wavelength > 320 nm, a setup that has proven valuable

in a number of previous studies.™ * %

Estimation of the contribution of singlet oxygen and hydroxyl radical to the photosensitized
transformation of DMABN. A high selectivity for a direct oxidation reaction by 3DOM” is a basic
condition that a model compound should fulfill within the objective of the present study.
Therefore, it is central to characterize and quantify possible photoinduced side reactions of

DMABN in the presence of DOM. An important photooxidant that is always present during

15
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DOM photosensitization is singlet (molecular) oxygen (*Aq), a reactive oxygen species that gives
rise to photooxidations and photooxygenations of organic compounds in a highly selective
manner.* The contribution of singlet oxygen to the phototransformation of DMABN was
estimated by performing various irradiation experiments (see Table 1) comprising the addition of
a selective singlet oxygen quencher (sodium azide, NaNs3), the use of heavy water as a solvent to
increase the steady-state concentration of singlet oxygen by an order of magnitude,® the
application of RB as a selective photosensitizer for the production of singlet oxygen,*® and the
use of furfuryl alcohol as a selective singlet oxygen probe compound.®” For a detailed discussion
of the rate constants given in Table 1 we refer to the SI, Text S10. Overall, the rate constants for
the phototransformation of DMABN are only marginally affected by the presence of singlet
oxygen quenchers or enhancers, even in the presence of RB as the photosensitizer. The
maximum second-order rate constant for the reaction of DMABN with singlet oxygen was
estimated to be 1.9x10" M? st (from H,O experiments) or 1.3x10® M? s! (from D,O
experiments). Also, the fractional contribution of singlet oxygen to the transformation of
DMABN photosensitized by PLFA (5 mgc L) was estimated to be lower than 5%. Additional
experiments using 2-propanol (10 mM) as a hydroxyl radical scavenger confirmed that this
reactive species had a negligible contribution to the transformation of DMABN in PLFA

solutions.
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316  Table 1. Phototransformation rate constants of DMABN and furfuryl alcohol (FFA) relevant to the characterization of the impact of

317  singlet oxygen on the photosensitized transformation of DMABN.

Solution components 2 Kowaen (10°457)° Keea® (10s1) P ['02]ss (1042 M) ©
H2.0 D20 H20 DO H20 DO

none ¢ 0.14+0.03 n.d.® <0.05 n.d. <0.04 n.d.
NaNs ¢ f 0.99+0.08 n.d. n.d. n.d. n.d. n.d.
PLFAd 5.9+0.6 6.3+0.6 1.9+0.2 18.8+1.2 1.6+0.2 22.7+x15
PLFA, NaNs ¢ 4 .5+0.7 5.1+0.9 1.1+0.4 1.1+0.4 0.9+0.4 1.4+0.5
Rose Bengal (RB) ¢ h 1.80+0.11 1.92+0.17 11.6+0.4 125+30 9.7+0.3 150+36
RB, NaN39%h 2.08+0.18 1.30+0.17 0.95+0.19 0.96%0.2 0.79+0.16 1.2+0.3

318

319 Notes:

320  ?Inaddition to DMABN ([DMABN]o=5.0 uM), FFA ([FFA]0o=5.0 uM) and phosphate (5.0 mM, pH 8.0). Initial concentrations of
321 further components: [PLFA]0=5.0 mgc L%; [RB]o=2.0 uM; [NaN3]o=10.0 mM.
322 P No correction performed for the constants given in the first two rows.

323  ©Steady-state concentration of singlet oxygen determined as k22° IK g

324 Y Irradiation setup with 500 W MP Hg lamp and filter solution for >320 nm.

325  °n.d.: not determined.

326  "Solution did not contain FFA.

327  Y9lrradiation setup with 150 W MP Hg lamp, filter solution for A>380 nm and steel wire cloth filter.
328 M All rate constants corrected for the photodegradation RB during irradiation (see Sl, Text S7).

329

(see text for details).
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Photosensitization and inhibition by fulvic acids, and DOM concentration dependence. Figure 2
shows the dependence of the phototransformation rate constant of DMABN on DOM
concentration. Direct phototransformation was drastically reduced with respect to the solar
simulator setup, and photosensitization by DOM was dominant for [DOM]>~0.2 mgc L™
Overall a steady, non-linear increase in rate constant with increasing DOM concentration for
both fulvic acids is apparent, while at low DOM concentration (<1.0 mgc L) a linear
relationship is observed (see inset in Figure 2). The dependence of the rate constants on DOM
concentration is similar to that of sulfadiazine in PLFA solutions?® and of tryptophan in solutions
of various humic substances.?* This behavior was interpreted in terms of the antagonistic

photosensitizing and inhibitory effects of DOM on 3DOM-induced transformation of the target

compounds.
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Figure 2. Effect of DOM concentration (Pony Lake fulvic acid (PLFA, black squares);
Suwannee River fulvic acid (SRFA, black triangles)) on the corrected pseudo-first-order
phototransformation rate constant of DMABN (5 UM initial concentration). Results obtained
from merry-go-round photoreactor experiments (A>320 nm). Lines are non-linear fits to equation
2. Error bars represent 95% confidence intervals obtained from linear regression. Inset: enlarged

view for low DOM concentrations (<1.0 mgc L) with linear regression lines.

To analyze the rate constant data from Figure 2, a two-channel reaction model for inhibition of
triplet-induced oxidation!” was extended to include photosensitization by DOM. The derivation

of the kinetic equations for such an extended model is given in detail the SI, Text S8. The

sens

resulting pseudo-first-order rate constant for the photosensitized transformation, k2", is
described by equation 2, where the first term on the right-hand side, S[DOM], accounts for a
photosensitization directly proportional to the DOM concentration, and the fractional term
accounts for inhibition.

11+[DomM}[DoM],, (1- )

ks (DOM) = A[DOM] 1+ [DOM][DOM] )

In equation 2, S is a proportionality factor that accounts for photoinduced formation of *DOM",
deactivation of *DOM” and its reaction with the target compound, f is the fraction of
photosensitized reaction intermediates susceptible to inhibition by DOM,!” and [DOM], is the

concentration of DOM required to achieve half of the maximum rate constant reduction

obtainable by inhibition. According to equation 2, two limiting cases for k.2 are possible: (a)
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At low DOM concentration ([DOM]<<[DOM]u2), the fraction in equation 2 becomes unity and
the rate constant reduces the mere photosensitization term, as given by equation 3. (b) At high

DOM concentration (([DOM]>>[DOM]1,2), equation 4 is obtained.

kie® = p[DOM] (3)
ks* = s[DOM],,, + B[DOM]1- f) (4)

Interestingly, for 100% formation of intermediates susceptible to inhibition (i.e., f=1) equation 4
reduces to the constant term S[DOM]12, whereas in all other cases an asymptotic linear increase

with increasing DOM concentrations is predicted with S(1-f) as slope.

To fit the data in Figure 2, the corrected phototransformation rate constant was assumed to
consist of the contributions from direct (k& ) and indirect (k™) phototransformation, as given

by equation 5.

e =kt ki ©)

Equations 2 and 3, with the addition of a constant offset accounting for k' , were used to fit the
whole rate constant data and the data for [DOM]<1.0 mgc L, respectively. The assumption of a
constant k& is not strictly valid, because ki is probably also affected by DOM inhibition (see
the effect of phenol shown in Figure 1), but is an acceptable approximation considering the very
small value of ki . As demonstrated by the trend lines in Figure 2 and the numerical results

collected in Table 2, both equations provided good fits.
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Table 2. Parameters for the photosensitizing and inhibitory effects of PLFA and SRFA on the phototransformation of DMABN

obtained from data fitting. 2

Data series AP @A04L | [DOMi]12¢ | P (10%L [DOM2]12 ¢ | [PhOH]12 fd Adjusted
mgctst) | (mgcL™) mgc™ st (mgc L) (uM) R?
(DOM1=PLFA) (DOM2=SRFA)

PLFA only data (Figure 2) 2.14 +0.19 3.2+1.2 n.a.*® n.a. n.a. 0.86+0.06 0.999

SRFA only data (Figure 2) n.a. n.a. 1.21 1.5+0.4 n.a. 0.963 0.998
+0.15 +0.015

PLFA (5 mgc L'Y) and SRFA 2.14 4.8+0.2 1.21 1.48+0.15 n.a. 0.967 0.994

data (Figure 3) (fixed) (fixed) +0.008

PLFA (5 mgc L) and PhOH 2.14 3.3x1.0 n.a. n.a. 3.7x1.2 0.85 0.961

data (Figure 4) (fixed) (fixed)

PLFA (5 mgc L) and PhOD © 2.14 3.4+0.3 n.a. n.a. 4.4+0.6 0.85 0.989

data (Figure 4) (fixed) (fixed)

PLFA (5 mgc LY and SRFA 2.14 4.5+0.3 n.a. 1.5+0.3 n.a. 0.93+0.02 0.998

difference data (Figure 4) (fixed)
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Notes:

2 Errors indicate 95% confidence intervals obtained from the non-linear regressions using equation 2 (data from Figure 2), equation 6
(data from Figure 3), or equation 7 (data from Figure 4).

b Proportionality factor accounting for the photosensitizing effect of DOM (see equation 2): 5 for PLFA and S, for SRFA.

¢ Concentration of DOM (PLFA or SRFA) required to achieve half of the maximum rate constant reduction obtainable by inhibition
(see equation 2).

d Fraction of photosensitized reaction intermediates susceptible to inhibition by DOM (see equation 2).

¢ n.a.: not applicable.

" Mono deuterated PhOH, resulting from proton exchange in the solvent D2O.
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Photosensitization and inhibition in solutions with mixed DOMs and in natural water mixtures.
In surface freshwaters the composition of DOM is often the result of mixing of waters containing
DOM from differing sources. To show exemplarily how such mixing processes may affect the
inhibitory properties of DOM, irradiation experiments were performed utilizing a fixed
concentration of primarily photosensitizing and weakly inhibitory DOM, and variable
concentrations of weakly photosensitizing and strongly inhibitory DOM. PLFA and the DOM in
GW were employed as the mainly photosensitizing (and poorly inhibitory) DOMs, according to
the results of previous studies.'’'® To be noted is the mainly autochtonous origin of these
materials, which correlates with their relatively low specific absorption coefficient (SUVA2sa,
measured at the wavelength of 254 nm, see Sl, Tables S1 and S2). SRFA and the DOM in EG
were selected as strongly inhibitory DOM due to their primarily allochtonous origin. Both

exhibit higher specific absorption coefficient than PLFA and the DOM in GW, indicating higher

aromaticity.
[DOM (EG)] (mg, L)
6 0 : ! :
a : I l :
(a) : PLFA +SRFA (b) ® mixture EG +GW
| SRFA alone E * EG alone
—_— g_ %
= "
: S 2 t ¢
o — @ o ® ¢ ¢
= Tz
43 ¥° r ¥
3 *
* = *
1 *
0 T T T T T 0
0 5 10 15 20 0 10 20 30
SRFA (mgC L") Fraction of EG (%)

Figure 3. Pseudo-first-order phototransformation rate constants of DMABN in (a) solutions
containing 0 mgc L (black triangles, same data as in Figure 2) or 5 mgc L™ (red circles) of Pony
Lake fulvic acid (PLFA) and varying concentrations of Suwannee River fulvic acid (SRFA), and

(b) solutions containing a constant volumetric fraction of GW (0% (black stars) or 68.5% (red
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circles), the latter corresponding to 2.26 mgc L™), varying volumetric fractions of EG and
ultrapure water (the remaining volumetric fraction to give 100%). Results obtained from merry-
go-round photoreactor experiments (A>320 nm). Lines are non-linear fits to equation 2 (black)
and equation 6 (red). Error bars represent 95% confidence intervals from linear regressions

(equation 1).

Figure 3 shows that an increase in concentration of strongly inhibiting DOM leads to a decrease
in the rate constant for the phototransformation of DMABN. The complete rate constant equation
describing photosensitizing and inhibitory effects in a mixture of two different DOMs (derived in

analogy to equation 2, see Sl, Text S9) can be formulated as:

k™ (DOM,,DOM,) =

1+ {[DOMl]/[DOMl]lIZ + [DOMZ]/[DOMZ]UZ}(]'_ f)
1+[DOM, |/[DOM, |,,, + [DOM, |/[DOM, |

(5,[DOM, ]+ B,[DOM, )) (6)

1/2 1/2

Analogous equations can be derived for a higher number of differing DOMs (see SI, Text S9,
equation S20). Rate constant data for solutions containing PLFA (EDOM}1) and SRFA (=EDOMy)
(Figure 3a, red circles) were fit to equation 6 with the fixed parameters [PLFA]=5 mgc L2, s
and S (from the fittings to equation 2, see Table 2), the three fitting parameters [PLFA]1x,
[SRFA]w2 and f, and [SRFA] as the independent variable. The fit was excellent and the obtained
values of the fitting parameters (See Table 2) were in good agreement with those obtained from
single DOM series (Figure 2). Attempts to extract reasonably accurate fitting parameters from
the data of the natural water mixtures failed, probably due to the restricted range of studied DOM
concentrations and the low rate constants. However, qualitative trends are similar as observed for

the PLFA/SRFA mixtures. Note that in the absence of a mutual inhibitory effect, the
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phototransformation rate constants would be additive, and a steady increase would be expected.
Such a scenario (with no inhibition) was tested for mixtures of GW and EG by using furfuryl
alcohol (FFA) as a target compound. FFA is known to undergo photosensitized oxygenation by
singlet molecular oxygen, and its phototransformation should only reflect the photosensitizing
properties of DOM, while inhibitory effects should be absent. The observed linear and identical
increases (with the same slope) of the phototransformation rate constant of FFA in the presence
and absence of GW fully confirmed the expectations (see Sl, Figure S7).

Inhibitory effect of phenol as a model antioxidant. Phenolic compounds have been shown to
cause inhibition of triplet-induced oxidations analogously to DOM and have therefore been used
as model inhibitors.!®® 2° To further characterize the inhibitory process in the indirect
phototransformation of DMABN, phenol was employed at variable concentrations to inhibit

transformation of DMABN photosensitized by 5.0 mgc L™ of PLFA (see Figure 4).

A SRFA
PhOH
<& PhOD

4

0 T T T T T T T T T T T
0 20 40 60 80 100

[PhOH], [PhOD] or [SRFAJXEDC, _, (M)

Figure 4. Corrected and normalized pseudo-first-order rate constants for the transformation of

DMABN photosensitized by Pony Lake fulvic acid (PLFA, 5.0 mgc L) and their dependence on
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the concentration of added phenol (PhOH, green diamonds) and mono-deuterated phenol (PhOD,
open red diamonds). PhOD experiments were performed in D20 solutions (D atom fraction of
~94%). Results obtained from merry-go-round photoreactor experiments (A>320 nm). The rate
constants were corrected for quenching of 3PLFA” by phenol (see S, Text S6). For comparison,
the net inhibitory effect of Suwannee River fulvic acid (SRFA) in terms of concentration of
available electrons (see text for calculations) is also shown. Lines are non-linear fits to equation
7 (phenol data) or equation 6 modified by subtracting term 8 (SRFA data, see text). Error bars

represents 95% confidence interval from linear regressions (equation 1).

The rate constants for DMABN phototransformation decreased nonlinearly with increasing
phenol concentration, approaching a reduction of about 60% at 100 uM phenol. Note that the
rate constants displayed in Figure 4 were corrected for quenching of *PLFA” by phenol, which
was measured using furfuryl alcohol as a probe compound and the methods described in the SI,
Text S6. The effect of adding deuterated phenol (experiments performed in D2O) was the same
as for phenol. This constitutes an important piece of evidence that the reduction of the oxidation
intermediate of DMABN, probably the DMABN™* radical cation, does not involve a hydrogen
atom abstraction from the phenolic functional group in the rate-determining reaction step. The
data of the phenol series (with phenol (PhOH) or its mono-deuterated form (PhOD)) from Figure
4 fitted well to equation 7, which was derived from equation 6 by setting PLFA=DOM; and

substituting DOM> with PhOH (or PhOD). Since phenol has no photosensitizing effect, £=0.

1+ {[PLFA]/[PLFA],,, + [PhOH]/[PhOH],,, }(1- f)
1+ [PLFAJ/[PLFA],,, + [PhOH]/[PhOH],,,

k32 (PLFA,PhOH) = 4, [PFLA] (7)
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Among the obtained fitting parameters, collected in Table 2, [PLFA]12 values were very similar
to the fitting of PLFA only data (Figure 2, equation 2). To compare quantitatively the inhibitory
effect of phenol and antioxidant moieties in SRFA, the concentration of the latter antioxidant
moieties was calculated by multiplying the electron donating capacity (EDC) of SRFA with its
concentration. The published EDC value for pH 7 and an oxidizing potential of Ex=+0.73 V,®
i.e., 2.848 mmole. gsrra™ (corresponding to 5.47 umole- mgc?, considering the carbon content of
SRFA given in the same reference) was used for this purpose. The obtained average
[SRFA]12xEDC value (8.2 umole- L) is about twice as large as [PhOH]uz, indicating an
overall lower reactivity of the phenolic moieties of SRFA compared to phenol. Figure 4 also
shows, for comparison with the phenol data, the rate constants from Figure 3 corrected by
subtracting the following term, which quantifies the contribution of SRFA to the photosensitized

transformation of DMABN:

1+{DOM, }[DOM,],,, +[DOM, | [DOM, },,, {1 - )

5,[DOM, | 1+[DO|\/I1]/[DO|V|1]1,2 +[DOM2]/[DOM2]

(8)

1/2

These corrected rate constants, represented by the blue triangles in Figure 4, show a similar trend
as the lines describing the inhibitory effect of phenol. At low concentrations, the inhibitory effect
of SRFA appears to be less important than for PhOH/PhOD, which is reflected in the higher
[SRFA]12xEDC value than [PhOH]12 as discussed above. At higher concentrations, SRFA
seems to be at least as an efficient inhibitor as phenol, which may be related to the higher value
of f obtained for the fittings regarding SRFA. An accurate quantitative comparison appears to be
difficult due to the uncertainty of the various parameters used in the model. Overall, one can
affirm that [SRFA]12xEDC is of the same order of magnitude as [PhOH]y2. This confirms the

conclusions of a similar comparison performed using sulfonamide data!® and concurs with the
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antioxidant hypothesis as the cause of inhibition for the photosensitized transformation of

DMABN.

Characterization of product formation. The main peak appearing in the HPLC chromatograms
(see SI, Figure S8) during the phototransformation of DMABN was identified as its mono-
demethylated derivative, 4-methylaminobenzonitrile (MABN), by comparison of its HPLC
retention time and UV absorption spectra with those of commercially available MABN. The
kinetics of DMABN depletion and MABN formation during irradiation in the presence of PLFA
or RB as photosensitizers are shown in Figure 5. The efficiency of formation of MABN from
DMABN transformation (moles of MABN formed per mole of DMABN consumed), expressed
as the selectivity factor y, can be estimated by assuming the following system of reactions (see
also Sl, Scheme S3), which considers the transformation of DMABN to either MABN (equation
9) or other products (equation 10) in a first step, and transformation of MABN to further

products (equation 11).

DMABN —«* > MABN (9)
DMABN —%7)_; products, (10)
MABN —— products, (11)

As shown in the SI, Text S13, the kinetics of MABN in a solution initially containing DMABN

as the only target compound can be described by the following equation:

[MABN]=[DMABN],» ” k_lk () (12)

2 1

28



525

526

527

528

529

530

531

532

533

534

535

536

537

538

539

540

541

542

543

544

The pseudo-first-order rate constants ki and k. for the phototransformation of DMABN and
MABN, respectively, were determined in two separate experiments initially containing 5.0 uM
of DMABN (see data in Figure 5) or MABN (see SI, Figure S9). The selectivity factor y was
obtained by fitting the [MABN] data (Figure 5) to equation 12 (»was the only fitting parameter).
For the kinetic experiments illustrated in Figure 5, y values of 72+4% and 81+2% were obtained

for the PLFA and RB systems, respectively.

(a) PLFA (b) RB
—_ 4 44
= =
= 2
S 3 S 3
= = B DMABN
£ ] ® MABN o
8 2- g 5 DMABN +MABN
5 o 5 Formaldehyde o
© o © P e &
1 — e
o m DMABN -
e ® MABN _
Dig/ DMABN +MABN 0de—
0 600 1200 1800 0 60 120 180 240 300
Time (s) Corrected Time (s)

Figure 5. Phototransformation kinetics of DMABN (5.0 uM initial concentration) and
concomitant N-methyl-4-cyanoaniline (MABN) formation in the presence of (a) 5mgc L PLFA
and (b) 5 uM RB (time axis scale corrected to account for RB photobleaching, see SlI, Text S7).
Results obtained from merry-go-round photoreactor experiments with (a) A>320 nm, and (b)
A>370 nm. Green triangles represent the sum of DMABN and MABN. Black lines represent
non-linear fits to a first-order rate law. Red lines represent non-linear fits to equation 12. In (b)

blue triangles represent formaldehyde concentration.

The loss of the methyl group upon photosensitized transformation can be rationalized in terms of

the reaction mechanisms presented in Scheme 1. Derivatives of the N,N-dimethylaniline radical
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cation, such as DMABN™, are known to tautomerize to yield a carbon-centered radical,*® which
can then deprotonate and react with oxygen to form a peroxyl radical.*> The latter releases
superoxide and the so formed imine is hydrolyzed vyielding the demethylated aniline and
formaldehyde. The formation of formaldehyde was confirmed in the present irradiation
experiments using RB as a photosensitizer (Figure 5b). Though the mechanism predicts 1:1
formation of MABN and formaldehyde, the concentration of the latter after 30% and 50%
transformation of DMABN was higher than the concentration of MABN. This is probably due to

the transformation of MABN yielding 4-cyanoaniline and formaldehyde.

‘1_—
e
DOM* DO

OH

|-|2 .
\/\/

CHz +/CH2

lI ,CO

Scheme 1. Proposed main reaction pathway for the transformation of DMABN photosensitized

by DOM.
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Because y values are lower than unity (by 10-30%), a fraction of DMABN is expected to react
through another, still unknown reaction pathway compared to Scheme 1. It has to be noted that y
has a different meaning from f, which is the fraction of DMABN molecules that can be inhibited
in their transformation by the presence of antioxidants. The fact that y and f values are similar
does not imply that the non-inhibiting reaction channel corresponds to the process yielding
reaction products other than MABN. Supplementary experiments performed with PLFA as the
photosensitizer (conditions as for the data in Figure 5) with the addition of phenol as an
antioxidant revealed that the selectivity factor y remained constant in the phenol concentration
range of 0-50 uM (see Sl, Table S7). This result concurs with the assumption that antioxidants
are exclusively involved in the reduction of DMABN™ to the parent compound and do not affect

the subsequent reactions.

ENVIRONMENTAL IMPLICATIONS

The previously developed two-channel model accounting for partial inhibition of triplet-induced
oxidation!” was employed successfully in this study to describe the photosensitized
transformation kinetics of DMABN in aqueous solutions containing binary mixtures of DOM.
Equation 6 could be useful in the prediction of rate constants for the photosensitized
transformation of aromatic amine contaminants in surface waters that are affected by organic
matter input from various origins. Taking the binary mixture of PLFA and SRFA as
characterized in this study as an example, one can construct surface plots as shown in Figure 6a.
In addition to the features already discussed for two-dimensional plots (Figures 2 and 3), Figure

6a also comprises contour lines, which indicate that a given value of the rate constant
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corresponds to a set of different concentrations of both DOMs. It can be seen that, moving on a
contour line from left to right, the concentration of PLFA is only slightly reduced, while there is
a big change in SRFA concentration. A situation corresponding to such a scenario was possibly
observed for the phototransformation rate constant of sulfadiazine in water samples taken along
the course of a river.2% In that study, only a little increase in the sulfadiazine phototransformation
rate constant was observed in going from a low DOC pristine water near the source of the river
to an increasingly wastewater-impacted river water with higher DOC. An alternative graphical
representation of the same function displayed in Figure 6a is shown in Figure 6b, in which the
fraction X:=[DOM1]/([DOM1]+[DOMz:]) of a the first DOM in the mixture (0<X1<1) and the

total DOM concentration DOC=[DOM ]+[DOMz] were chosen as the independent variables (see
Sl, Text S14). For a given constant fraction X1, dependencies of k;&® vs. DOC have a similar

curved shape as and are between the two lines shown in Figure 2. Moreover, for a constant DOC
and varying Xi, convex lines connecting the two extremes in reactivity are observed. We
envisage the application of the present concept and graphs to estimate the variability in
photoreactivity of compounds such as DMABN (i.e., those affected by DOM-induced
photosensitization and inhibition) in surface waters strongly impacted by wastewater effluents
from varying degrees of wastewater treatment. However, we would like to point out that the
considerations made in this section are restricted to DOM-photosensitized transformations
following the sensitization and inhibition models applied in this study. In case of important direct
phototransformation or other photosensitized reaction channels, as recently addressed by

McNeill and coworkers,?! a more comprehensive approach has to be adopted.
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Figure 6. Surface plots representing the DOM-concentration dependence of the rate constant (
k:2") for the transformation of a target contaminant photosensitized and inhibited by a binary

mixture of DOM (PLFA and SRFA). Parameter values for PLFA and SRFA determined in this

study for DMABN (see Table 2, third line) were applied. (a) Representation of equation 6, where
contour lines (for fixed k=" values) are given on the surface plot and shown as projections on

the x-y plane; (b) Representation of equation S34 (see text and SI, Text S14).
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