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Oxidation of Aquatic Organic
Contaminants Induced by Excited
Triplet States

Silvio Canonica*

Abstract: The developments of the last fifteen years in the field of triplet-induced degradation of aquatic organic
contaminants are reviewed. There is increasing evidence that the elusive excited triplet states of colored dissolved
natural organic matter (CDOM) initiate the oxidative degradation of various contaminants. To date, phenols, phenyl-
urea herbicides, and sulfonamide antibiotics have been shown to be affected by such an oxidation. The parallel study
of aqueous oxidation of target contaminants induced by excited triplet states of aromatic ketones, taken as model
systems, has been useful in understanding the action of triplet CDOM and in developing predictive tools to assess
aquatic oxidation rates of such contaminants.
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Introduction

Excited triplet states of polyatomic organic
molecules have now been studied for several
decades. In this article, attention is focused
on their role as oxidants in aerated aqueous
solution and in the aquatic environment.
Along with triplet—triplet energy transfer,
hydrogen atom abstraction and electron
transfer (to or from a reactant) are among the
well-known bimolecular reactions involving
excited triplet states. In general, because of
the presence of unpaired electrons, an ex-
cited triplet state is a much better electron
donor and electron acceptor than its parent
molecule in the ground state. This property
makes many organic chromophores attrac-
tive as light-activated reductants or oxidants.
Before the start of our studies in this area
in the early 1990s, hydrogen and electron
abstraction reactions by excited triplet states
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had been already extensively studied under
the name of ‘photoreduction’,l!-3] and the
great majority of investigations had been
conducted in organic solvents. Photooxida-
tion of substrates by excited triplet benzo-
phenones in aqueous media was investigated
to model oxidative damage in molecules of
biological interest.[*6 The question arises
whether similar processes can be relevant in
environmental chemistry.

One of the important topics in aquatic
photochemistry, which is the discipline that
deals with photochemical reactions occur-
ring in natural waters, is the study of the deg-
radation of contaminants induced by light
(terrestrial sunlight or ultraviolet and visible
light from man-made sources used in engi-
neered water treatment systems). In addition
to the degradation following absorption of
a photon by a target chemical contaminant
and often referred to as ‘direct photolysis’
(or, more generally, ‘direct phototransforma-
tion’), there exist a variety of photochemical
reactions involving chromophores already
present in natural waters and producing re-
active species that initiate the degradation of
the target contaminant (‘indirect photolysis’
or ‘indirect phototransformation’).l’! Since
the main absorber of light in natural waters
is colored dissolved natural organic matter
(CDOM),891 a variable mixture of organic
compounds and macromolecules derived
from the metabolism and decomposition of
living organisms, the possible involvement
of excited triplet states of CDOM in indirect
phototransformation of contaminants is ob-
vious.[0.11]

The present paper is intended as a per-
spective article on the studies performed in
the last one and a half decades to character-
ize the role of excited triplet states, in par-
ticular those of the CDOM, in the photooxi-
dation of organic chemical contaminants in
natural waters. The following questions are
of central relevance: Are triplet-induced
oxidations important for the fate of organic
contaminants in the aquatic environment
(environmental relevance)? Which classes
of organic contaminants, or individual con-
taminants within a given chemical class,
are more readily oxidized by excited trip-
let states? Is it possible to predict triplet-
induced aquatic oxidation rates of organic
contaminants?

Excited Triplet States in Natural
Waters

Absorption of light by any organic
chemical component of natural waters is
likely to produce excited triplet states. Or-
ganic micropollutants themselves can form
excited triplet states, but the reactivity of
such triplets is not treated here because our
interest is focused on the characterization
of naturally occurring triplets. Moreover, in
the great majority of natural waters, organic
contaminants are present at much lower con-
centration than organic compounds of natu-
ral origin, and their role in defining the re-
activity of natural waters may be neglected.
CDOM of natural waters may be considered
the main precursor of excited triplet states,
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whose basic chemistry is described in the
following reaction scheme:

CDOM + hv = CDOM* (1)
lcpom* - 3CcDoMm* )
ScpoMm* - CDOM 3)
SCDoM* + 0, = CDOM + O, (4)
ScDoM* + 0, = CDOM + '0, (5)
ScDoM* + P~ — CDOM™ + P* (6)
CDOM™~ + O, = CDOM + 0, (7)
'o, - 0, ®)
'0, + P = P ©)

Briefly, following absorption of a pho-
ton, CDOM chromophores reach their ex-
cited singlet manifold, /CDOM* (Eqn. (1)),
and subsequently, by intersystem crossing,
their excited triplet state, *CDOM* (Eqn.
(2)). Intramolecular (Eqn. (3)) or oxygen-
induced intermolecular deactivation of the
triplet states (Eqns. (4),(5)) limits the life-
time of *CDOM* to at most =2 s in aerated
water at temperatures of =20 °C. A fraction
of CDOM triplet states is still available to
oxidize target contaminants (Eqn. (6)), and
the reduced radicals of CDOM, CDOM"",
may be oxidized by oxygen forming the
superoxide radical anion and regenerating
CDOM (Eqn. (7)). As a result of triplet—
triplet energy transfer to ground state oxy-
gen (Eqn. (5)), singlet oxygen is generated,
which is deactivated by water (lifetime of
=~3-4 us,[121 Eqn. (8)), but can also induce
oxidation of the target contaminant (Eqn.
).

Singlet (molecular) oxygen (lAg) is,
together with hydroxyl radical, one of the
best characterized photooxidants occur-
ring in natural waters. Its significance for
the degradation of contaminants was al-
ready recognized in the 1980sl!3-161 and
its aquatic chemistry has been subject of
various review articles.l!’-20 Owing to its
high selectivity, singlet oxygen is prob-
ably decisive for the degradation of only a
very restricted number of aquatic organic
contaminants.'%211 However, since singlet
oxygen and 3CDOM* are present in sunlit
natural waters at comparable steady-state
concentrations,!?21 when investigating trip-
let-induced transformations of contami-
nants one has always to consider a possible
competitive oxidation by singlet oxygen.

The characterization of 3CDOM* ap-
pears to be a very difficult task owing to
the great variety of chromophores (largely
unidentified) present in CDOM. Direct ob-
servations of JCDOM?* are scarce and were
obtained by nanosecond laser flash pho-
tolysis of aqueous humic substances.[!7:23]
Singlet oxygen formation has to be consid-
ered an important indirect evidence for the
existence of excited triplet state precursors.
Moreover, 3CDOM* were probed by trip-
let—triplet energy transfer using (E)- and
(2)-1,3-cyclopentadiene,??] which allowed
the conclusion that up to half of such trip-

lets had an energy of at least 250 kJ mol-!
and that typical steady-state concentrations
of 3CDOM* near the surface of sunlit natu-
ral waters should lie in the range of 10-15—
10-13 M. These are very low concentrations,
but still sufficient to produce contaminant
half-lives of about one hour in the case of
diffusion-controlled reactions. Investiga-
tions using time-resolved photoacoustic
spectroscopy and magnetic circular dichro-
ism spectroscopy revealed, for two aqueous
fulvic acids, an average ’CDOM* energy of
170-180 kJ mol-! and intersystem crossing
quantum yields (measured in the pH span
of 2.5-9) in the 0.3-0.8 range.[?*] What
about the oxidizing capacity of *CDOM*?
Although the possibility of such oxida-
tions was well-known and a corresponding
mechanism had been postulated to be op-
erative in the aquatic photodegradation of
aniline, ] at the beginning of the 1990s no
systematic experimental investigation had
been conducted in this area.

Photosensitized Oxidation of
Phenols

A series of substituted phenols bear-
ing electron-donating substituents, includ-
ing the environmental endocrine disruptor
4-nonylphenol, were shown to be photooxi-
dized in natural waters by not yet known re-
active species derived from CDOM.[20] Oxi-
dation by organic peroxyl radicals derived
from CDOM was postulated, following the
suggestion that these radicals were respon-
sible, along with hydroxyl radical, for the
photooxidation of organic contaminants in
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natural waters.[?71 A re-investigation of the
topic with the aim of clarifying the nature
of such unknown photooxidants by using
chemically well-defined model systems led
us to conclude that phenols were probably
oxidized by excited triplet states and not by
the formerly proposed peroxyl radicals.[28]
In an independent investigation, the reac-
tion of excited triplet carbonyl compounds
with phenols was proposed as a relevant
source of hydrogen peroxide in atmospher-
ic waters and aerosols.?l One of the main
pieces of evidence in favor of the CDOM
triplet hypothesis(28] was that the selectivity
of the photooxidation induced by CDOM
(measured comparing pseudo-first-order
depletion rate constants of the considered
series of phenols under steady-state irra-
diation) fell in the range of selectivities ob-
tained using three different aromatic ketone
photosensitizers, namely benzophenone,
3’-methoxyacetophenone and 2-aceto-
naphthone (see structural formulae in Fig.
1). The study also revealed that, to improve
the understanding of CDOM-induced pho-
tooxidations, a better characterization of
the model systems was needed. This trig-
gered the investigation of triplet quenching
in aqueous solution for the three model aro-
matic ketones,3% which led to the following
results:

1) Quenching rate constants and their
trends (in terms of Hammett relation-
ships) were markedly different in water
from those previously obtained by others
in organic solvents and aqueous solvent
mixtures,31-321 benzophenone triplet be-
ing most effective and least selective in
water.

Aromatic ketones
(triplet state precursors)

}

Benzophenone

\O

3'-Methoxyacetophenone

2-Acetonaphthone

Series of contaminants
(general formulas)

AN OH

L

R1-Rs
Phenols (multisubstituted)

Hoo |
Ry NTN\RB
I ] o}
R
Phenylurea herbicides
O,

S R
\N/
H
NH

2

Sulfonamide antibiotics

Fig. 1. Structural formulas of model excited triplet precursors and classes
of contaminants discussed in this paper
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ii) Overall, the data (from 27 ketone—phenol
pairs) could be well fitted to Rehm-
Weller and Marcus relationships, indicat-
ing consistency with an electron transfer
mechanism.

iii) There was good agreement in second-
order rate constants for quenching and
phenol oxidation for the more electron-
rich phenols, while for phenols without
electron-donating substituents oxidation
rate constants were lower than the cor-
responding quenching rate constants.
An important conclusion was that aque-

ous photooxidation of phenols could only be

most effective (i.e. occur at nearly diffusion-
controlled rate) when the standard one-elec-
tron reduction potential of the triplet ketone
was higher than the corresponding potential
for the couple (P*+/P), where P and P*+ stand
for the target phenol and its radical cation,
respectively. Is this principle valid for any
excited triplet state, in particular those de-
rived from CDOM, and any target organic
compound? If it was, it would represent an
important predictive tool to assess the trip-
let-induced photosensitized oxidation of

organic contaminants in natural waters — a

significant component in environmental risk

analysis.[33!

Photosensitized Oxidation of
Pesticides and Pharmaceuticals

Phenylurea herbicides (PUHs) are pres-
ent in surface waters as a consequence of
extensive use in agriculture and urban areas
(see ref. [34] and references therein), and
interest arose about the assessment of their
fate and impact in rivers and lakes. Photo-
chemical studies on aqueous fenuron, mon-
uron and diuron, three representative PUHs,
in the presence and absence of dissolved
humic substances confirmed that CDOM-
photosensitized transformation was taking
place35-371 and 3CDOM* was proposed as
one of the active oxidant species initiating
the transformation. An investigation com-
bining photochemical experiments, analyti-
cal monitoring and mathematical modeling
of transport and chemical transformation in
the Swiss lake Greifensee could show that,
for isoproturon and diuron, CDOM-photo-
sensitized transformation was probably the
major process leading to their elimination
from the aquatic environment.38! Kinetics
tests led us to exclude the participation of
singlet oxygen and postulate involvement
of 3CDOM* in the degradation of isopro-
turon.B38 Moreover, the reactivity of a se-
ries of eleven PUHs using Suwannee River
fulvic acid, a well-characterized reference
humic substance, as CDOM photosensi-
tizer presented a strikingly similar trend
and extent to the reactivity previously ob-
served with phenols. A comparison of such
reactivities based on Hammett 6* constants

(determined for phenols and PUHs taking
as reference compound phenol and fenu-
ron, respectively) is shown in Fig. 2a. In
the same manner as undertaken with the
phenols, the reaction of PUHs with the ex-
cited triplet states of the model aromatic ke-
tones was investigated by measuring triplet
quenching and PUHs depletion rate con-
stants.[3 Triplet 2-acetonaphthone turned
out to have no detectable reactivity, while
interaction with triplet benzophenone was
almost diffusion-controlled for all PUHs.
Triplet 3’-methoxyacetophenone displayed
an intermediate behavior, which is shown
in Fig. 2b. PUHs exhibit, as found for the
fulvic acid, a reactivity which is slightly
lower than that of the phenols, probably in-
dicating that the phenyl substituent group
-N-C(O)-N(CHy;), is a weaker electron
donor than the group —OH. Unfortunately,
a quantitative analysis in terms of electron
transfer theory could not be performed for
the PUHs owing to complete lack of data
on aqueous standard reduction potentials.
However, if one assumes the same oxida-
tion mechanism to hold for the model aro-
matic ketones and for CDOM, from the
phenols and PUHs reactivities it is possible
to estimate the standard one-electron re-
duction potential of SCDOM?*. This should
be higher than that of triplet 2-acetonaph-
thone, i.e. 1.34 V vs. NHE (normal hydro-
gen electrode), but lower than that of triplet
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benzophenone, i.e. 1.79 V vs. NHE (values
calculated from literature values[*l), and
close to that of 3’-methoxyacetophenone,
which is not known in pure water but should
be =1.7 V vs. NHE (itis 1.64 V vs. NHE in
a water/ethanol mixturel4!).

Sulfonamides, used as antibiotics in hu-
man and veterinary medicine, constitute a
further series of homologous compounds
subject to CDOM-photoinduced transfor-
mation, most probably by excited triplet
states.[421 Four out of five sulfonamide de-
rivatives (see the general structural formula
in Fig. 1) bearing a six-membered hetero-
cyclic group reacted with photoexcited
CDOM and all of them with photoexcited
3’-methoxyacetophenone, giving rise to an
SO, extrusion photoproduct. Such sulfon-
amides can be viewed as anilines bearing
a sulfonamide substituent in para posi-
tion. The sulfonamide group (-SO,NH,) is
slightly less electron-withdrawing than the
cyano group (Hammett 6_ constants of 0.60
and 0.66, respectively[‘mg, which leads, by
applying a known Hammett relationship for
the redox potential of anilines,*4 to an es-
timated reduction potential for the couple
(P*/P) of 1.22 V vs. NHE. This is much less
than the reduction potential of =1.7 V vs.
NHE for *CDOM* (see the estimation per-
formed above), which let us conclude that
electron transfer from the sulfonamides to
3CDOM* should be very effective.

a— CDOM (Fulvic acid)

0.1

Fig. 2. a) Pseudo-first-
order rate constants,
relative to 2,4,6-
trimethylphenol, for the
depletion of phenols
and phenylureas

0.01 -

Relative first-order rate constant

photosensitized by 0.001
Suwannee River fulvic -1.5
acid, and b) second-
order rate constants
for triplet quenching
1.0E+10

b — 3'-Methoxyacetophenone

A
A
A
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" = Phenylureas
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A

"1
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methoxyacetophenone.
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refs. [28, 30, 38, 39].
The sum of Hammett

1.0E+08

o' constants was
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to the basic structures
displayed in Fig. 1
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Mefenamic acid, adiphenylamine deriva-
tive used as an analgesic and anti-inflamma-
tory drug, also exhibited a CDOM-induced
phototransformation amenable to oxidation
by excited triplet states.[*5] The list of envi-
ronmentally relevant compounds degradable
by oxidative excited triplet states of CDOM
is steadily increasing and includes estrogen-
disrupting compounds such as bisphenol
A,1#647] 3 high production volume chemical
used in the synthesis of polycarbonates, and
possibly the contraceptive 17a-ethinylestra-
diol (work in progress).

Assessment of Aquatic Degradation
Rates

The Marcus and Rehm-Weller equations,
as applied to the triplet-induced oxidation of
phenols,3% are promising tools to assess elec-
tron transfer rates from, and finally oxidation
rates of organic contaminants in aquatic sys-
tems. Owing to the ubiquity of the hydroxyl
radical in sunlit and UV-irradiated waters, a
relevant contribution of excited triplet state
oxidants to contaminant degradation is lim-
ited to those reactions occurring at relatively
high rates®3! (second-order rate constants
higher than =107 M~! s-1). Once a compound
has been identified as potentially highly re-
active to SCDOM*, the effectiveness of its
oxidation should be checked. There are in-
deed many different factors that could ham-
per oxidation even if the first oxidative step
is energetically allowed. Competitive reac-
tions between the excited triplet state and the
target contaminant, P, such as photophysical
triplet deactivation and triplet—triplet energy
transfer, might significantly lower the for-
mation yield of the oxidized primary radi-
cal, P+, and thus the rate of oxidation of P. In
addition, even in the presence of a high yield
of P+, the latter might undergo reduction to
its parent compound thus lowering the net
oxidation rate. Such reduction processes are
possible in natural waters owing to the pres-
ence of natural organic matter, which also
includes components acting as antioxidants.
For instance, reduction of oxidation interme-
diates were proposed to play an important
role in the carbonate-radical induced oxida-
tion of anilines.[8] Therefore, in the case of
predicted high reactivity with 3CDOM?*, oxi-
dation rates of contaminants of environmen-
tal concern should be carefully measured
under appropriate conditions.

Conclusions

Excited triplet states of colored dissolved
natural organic matter CCDOM*) appear to
play a crucial role in the oxidation of organic
contaminants in surface waters and UV-irra-
diated natural waters. Phenols, phenylureas
and 4-amino-benzenesulfonamides have

been identified so far as important classes of
compounds particularly subject to such an
oxidation. The use of model photosensitiz-
ers, specifically aromatic ketones, provides
insight into the aqueous oxidation of organic
contaminants by excited triplet states and in-
to the reactivity of CDOM triplet states.
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