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ABSTRACT: Singlet oxygen ('0,) is a reactive oxygen species produced in sunlit
waters via energy transfer from the triplet states of natural sensitizers. There has
been an increasing interest in measuring apparent 'O, quantum yields (®,) of
aquatic and atmospheric organic matter samples, driven in part by the fact that this
parameter can be used for environmental fate modeling of organic contaminants
and to advance our understanding of dissolved organic matter photophysics.
However, the lack of reproducibility across research groups and publications
remains a challenge that significantly limits the usability of literature data. In the
first part of this review, we critically evaluate the experimental techniques that have
been used to determine ®, values of natural organic matter, we identify and
quantify sources of errors that potentially explain the large variability in the
literature, and we provide general experimental recommendations for future
studies. In the second part, we provide a qualitative overview of known @, trends as a function of organic matter type, isolation and
extraction procedures, bulk water chemistry parameters, molecular and spectroscopic organic matter features, chemical treatments,
wavelength, season, and location. This review is supplemented with a comprehensive database of ®, values of environmental
samples.
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1. INTRODUCTION < 3l - |

Singlet oxygen ('O,) is a photochemically produced reactive @4 O

intermediate (PPRI) and an important oxidant ubiquitous in o E' O 4

sunlit aquatic environments. In natural and engineered 1 ‘ L]

systems, singlet oxygen is generated via energy transfer from 1} L 4

triplet states of chromophoric dissolved organic matter

(CDOM), the fraction of dissolved organic matter (DOM) ok ° |

able to absorb light that include aromatic ketones, coumarins, SRFA PLEA SRFA PLEA

chromones, and quinones.' ™ In atmospheric aqueous phases
such as fog, cloud, and rain droplets, '0, can be produced via
an analogous sensitization process involving atmospheric
organic matter.° "' In these diverse environments, 1O2
contributes to the transformation of pollutants and bio-
molecules,”'*™'° to the deactivation of pathogens,'” ™' to the
formation and the photochemical aging of organic aero-
sols,”??*** and to the sunlight-induced oxidation of natural
organic matter.”* >

In order to quantitatively assess the role of 'O, in these
processes, one has to quantify the ability of natural
chromophores to sensitize its formation. A useful parameter
in this respect is the apparent singlet oxygen quantum yield
(®,), which represents the moles of 'O, produced per moles
of photons absorbed by a sensitizer (eq 1). In this context, the
term “apparent” indicates that the actual sensitizer(s)
responsible for 'O, production is unknown, a consequence
of the complex molecular nature of CDOM.”~*’

mol 'O, formed

mol photons absorbed (1)
The apparent 'O, quantum yield is an intensive property of
CDOM, as it accounts for variations in sensitizers’ absorption
spectra and concentration, as well as for variations in light
intensity. This feature makes @, a useful parameter in
environmental chemistry studies, as it can be used to predict
variations in 'O, steady-state concentrations as a function of
light intensity (thus, water depth, presence of other water
constituents, DOM concentration, seasonal light intensity
fluctuations, etc.).2 Indeed, apparent quantum yields of PPRISs,
including 'O,, are needed as the input parameters in predictive
models of steady-state concentrations and micropollutants’
lifetimes.”***" Furthermore, apparent quantum yields can also
be used to study and compare the sensitizing properties of
natural chromophores based on their origin (i.e., microbially vs
terrestrially derived DOM)®**~* and to understand the effect
of environmental factors (e.g, photooxidation) on the
photoreactivity of dissolved organic matter.*’™* Finally, the
study of @, values offers the prospect of deepening our
understanding of basic photophysical properties of DOM.
Despite the importance of apparent 'O, quantum yields, the
array of techniques and large variability of experimental
conditions employed over the years strongly limits a confident
use of literature values for the above purposes. In this work, we
reviewed 59 papers published between 1977 and March 2020
(Table 1) reporting apparent 'O, quantum yields of environ-
mental samples, from natural and impacted aquatic environ-
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Figure 1. Comparison between apparent 'O, quantum yields of SREA
and PLFA across studies shown as boxplot and average (empty
circles). Data in blue are solar-integrated quantum yields, while data
in gray are all available values. In this analysis, we included only data
for untreated DOM samples (database field “Treatment” = “none
(isolate*)”). We did not consider potential variability in source
material of different IHSS stocks (see section 3.2.2.5).

ments to atmospheric aquatic phases. We collected a total
number of 857 @, values ranging from ~0% to 33% (median
= 2.29%). Even though several of these papers discuss trends
and significant variations within their data sets, their
conclusions often do not hold valid when ®, values are
compared across studies. Indeed, several independent studies
measured higher ®, for Pony Lake fulvic acid (PLFA), a
microbial DOM end-member, compared to Suwannee River
fulvic acid (SRFA), a terrestrial DOM end-member (Table 1).
On average, 3™ /@A = 1.63 + 0.63 when considering all
studies (N = 13, median of 1.58; ®XF* /O = 1.86 + 0.53
when excluding the three values <1). However, if we pool all of
the available data together, there appears to be no statistical
difference between the ®, values found for the two isolates.
For instance, for data collected with the same light source
(solar), the averages (+ standard deviation) are @, = (2.0 +
0.7)% (N = 12) and (3.0 + 1.5)% (N = 12) for SRFA and
PLFA, respectively (Figure 1). Very comparable results are
obtained from the average of all data, independent of the light
source, i.e., @, = (2.0 £ 0.9)% (N = 34) and (2.5 + 1.5)% (N
18) for SRFA and PLFA, respectively. Similarly, several
authors observed a strong positive correlation between E2:E3
(the ratio between the absorbance at 250 or 254 nm to that at
365 nm)*** and @,, but the slopes of the regression line vary
considerably from one study to another, even if referred to the
same light source (i.e, from 0.08 to 2.2 for xenon light; see
section 5.2.2). From our point of view, these observations
highlight the need of standardizing and better constraining the
way we perform 'O, quantum yield measurements in
environmental samples, in terms of general methodology,
data treatment, data reporting, and quality control.

The first objective of this review is to critically evaluate the
experimental methods that have been used to determine @, in
environmental samples, with the specific aim of identifying
potential sources of errors that might explain the large
variations in literature values. Based on this analysis, we
suggest guidelines and best practices to be considered for
future studies. A second objective is to provide a
comprehensive database of curated ®, values of environ-

https://dx.doi.org/10.1021/acs.chemrev.0c00781
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Table 1. Overview of Apparent 'O, Quantum Yield Studies Found in the Environmental Photochemistry Literature from 1977

to March 2020“

study

chemical probe, absolute, radiometry

uvC

Lester et al., 2013
UVB and UVA
Haag et al,, 1984
Frimmel et al., 1987

Dalrymple et al,, 2010”
Nkhili et al., 2014°
Sharpless et al,, 2014”
Hong et al,, 2018

Li et al, 2019

Zhao et al., 2020

Zhou et al,, 2020

solar

Glover and Rosario-Ortiz, 2013
Mostafa and Rosario-Ortiz, 2013
Cawley et al, 2014
Mostafa et al, 2014
Zhang et al., 2014

Fu et al, 2016

McKay et al, 2016
McKay et al,, 2017
Silva et al.,, 2017
Tenorio et al,, 2017
Zhou et al,, 2017
Zhou et al., 2018
Chen et al, 2019
Wang et al,, 2019
Wenk et al,, 2019

light source

mercury (255 nm)

xenon (365, 405, 545 nm)

xenon (365 nm)

mercury (365 nm)

UVA bulbs (365 nm)
mercury (365 nm)
mercury (290 — 450 nm)
UVA bulbs (380 nm)
mercury (290 — 450 nm)
mercury (290 — 450 nm)

xenon (solar)

xenon (solar)

xenon (solar)

xenon (solar)

xenon (solar)

xenon (solar)

xenon (solar)

xenon (solar)

xenon (solar), mercury (255 nm)
xenon (solar), cutoff at 310 nm
xenon (solar)

xenon (solar)

xenon (solar)

xenon (solar)

xenon (solar), cutoff at 320 nm

chemical probe, absolute, actinometry

UVB and UVA

Zepp et al,, 1977
Baxter and Carey, 1982
Zepp et al,, 1985

Faust and Allen, 1992
Aguer et al., 1997
Halladja et al., 2007
Sharpless, 2012

Janssen et al,, 2014°

Bodhipaksha et al,, 2015
Marchisio et al, 2015
Bodhipaksha et al.,, 2017

Maizel and Remucal, 2017 (ES&T)
Maizel and Remucal, 2017 (ESPI)
Maizel et al,, 2017

Berg et al, 2019

solar

De Laurentiis et al., 2013
McCabe and Arnold, 2016

Kaur and Anastasio, 2017

Du et al, 2018

Kaur et al, 2019

Leresche et al,, 2019

O’Connor et al,, 2019
Wan et al,, 2019

mercury (365 nm)

mercury (365 nm)

mercury (315, 365, 40S nm)
xenon (335 nm)

mercury (365 nm)

DY (%)

3.20 + 0.05

1.00 + 0.30 (pH 7)
1.80 + 0.54 (pH

3.5)
1.8
1.71 + 0.02

1.61 + 0.12
1.23 £ 0.05

0.37
2.11 + 0317
1.85 + 0.157

1.8 £ 0.1

3.12 + 022
2.83 £+ 0.07

22 + 0.1
1.61 + 0.127

xenon (320, 340, 375, 400, 425, 450, 500 nm)

xenon (310, 370, 415 nm)

UVB bulbs (315 nm)
mercury (365 nm)

1.8 + 0.1 (370

nm)
54

UVB bulbs (315 nm), UVA bulbs (365 nm), blue bulbs (420 nm)

Mercury (290 — 450 nm)
UVA bulbs (365 nm)
UVA bulbs (365 nm)
UVA bulbs (365 nm)
UVA bulbs (365 nm)

xenon (solar), cutoff at 310 nm
xenon (solar)
xenon (solar), cutoff at 295 nm
xenon (solar)
xenon (solar), cutoff at 295 nm

xenon (solar)

xenon (solar), cutoff at 290 nm

xenon (solar), cutoff at 300 nm

1.5 £0.1

2.14

1.33 +0.07 (pH 7)
2.08 £ 0.11 (pH 3)

RO

290 + 0.11
1.14

2.04 + 0277

1.34 + 0.097

4.55 + 0.26
4.96 + 0.11

1.55 + 0.127

1.9 £02

3.4

2.53 + 0.14 (pH 7)
327 + 0.18 (pH 3)

ref

46

47
33

48
49
42
S0
S1
52
S3

54
SS
56
57
S8
59
60
35
61
62
63
31
64
65
66

3

67
68
6

69
70
71

72
40
73
41
74
75
76
77

38
34
8
32
7
43

78
79
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Table 1. continued

study
Zhou et al, 2019

xenon (solar), cutoff at 290 nm
chemical probe, relative
Cory et al,, 2009
Peterson et al.,, 2012
Chu et al., 2015
Manfrin et al., 2019

UVA bulbs (365 nm)
UVA bulbs (365 nm)
UVA bulbs (365 nm)

!0, phosphorescence, time-resolved
Paul et al, 2004

Carlos et al., 2012

Pozdnyakov et al,, 2017

Partanen et al., 2020

Ti:sapphire laser (400 nm)
Nd:YAG laser (532 nm)

540, 560 nm)
!0, phosphorescence, steady-state
Sandvik et al., 2000
Bilski et al., 2003

mercury (280 — 380 nm)
mercury (365 nm)

light source

UVA bulbs (365 nm), UVB bulbs (310 nm)

Nd:YAG laser (350, 450, 480, 500, 550 nm)

Ti:sapphire laser (300, 320, 330, 340, 365, 380, 400, 430, 470, SO0,

DRFA (96) DA (%) ref
2.66 + 0.12 529 + 0.12 80
0.47 0.69 81
36
82

1.9 + 0.6 (UVA) 9

34 + 1.1 (UVB)

0.57 (480 nm) 83
84
85
1.4 (365 nm) 2.4 (365 nm) 39
37
86

“Studies are divided into five groups according to the classification provided in Figure 3 and are ordered chronologically within each group. For
absolute chemical probe studies, we further subdivided the papers based on the light source. When avallable, we report @, values for SRFA and

PLFA to provide a better sense of the variability observed also under comparable experimental conditions.

Some measurements were performed

via a reference chemical probe method (Table S8). “Unclear if authors used radiometry or chemical actinometry. “Exceptions of the general trend

(DSR.FA ¢PLFA

mentally relevant samples. Even within the limitations of the
current methods, we believe that this data set still represents a
valuable resource for modelers and other scientists interested
in understanding and characterizing the natural variability of
DOM photoreactivity. Finally, we provide an overview of
results accumulated over more than 40 years of @, research,
including @, trends as a function of relevant water chemistry
parameters, spectroscopic and molecular DOM features, light
sources, and irradiation wavelengths. In this final section, we
also revise available data on spatial and temporal variability in
apparent 'O, quantum yields.

2. BRIEF OVERVIEW OF SURFACE WATER 'O,
PHOTOPHYSICS

Here we provide a brief summary of basic photophysical
processes pertaining to 'O, in natural systems (Figure 2). A
more detailed discussion of its photophysical properties and of
sensitized 'O, production in biological, environmental, and
photocatalytic systems can be found elsewhere."**’~** In this
review, we use the term CDOM to indicate any complex
mixture of organic molecules present in the aquatic environ-
ment (ie., surface waters but also the atmospheric aqueous
phases) that are able to absorb sunlight. Note that the same
scheme is also valid for discrete-molecule sensitizers (Sens)
such as the ones used as ®, reference compounds (e.g.,
perinaphthenone).

Upon absorption of light (hv), CDOM is promoted to its
singlet excited state, ICDOM*. 'CDOM* is a short-lived
intermediate (estimated lifetime of 150 ps to 6 ns),”* which
either relaxes back to its ground state via internal conversion
(IC; nonradiative deactivation) or fluorescence emission (F;
radiative deactivation), or undergoes intersystem crossing
(ISC) that converts it to a triplet excited state (*CDOM?*).
The (apparent) intersystem crossing quantum yield or
3CDOM* quantum yield (@1) describes the conversion
efficiency of 'CDOM* into *CDOM*. Compared to the
singlet excited state, *°CDOM?* has a longer lifetime (10—30

4103

us)”> and can participate in bimolecular chemical reactions
before decaying back to the ground state. Depending on the
substrate, >°CDOM* can act as an oxidant (electron transfer
reactions) or undergo energy transfer reactions;’ alternatively,
3CDOM* can relax back to the ground state via radiative
(phosphorescence emission; P) or nonradiative processes (i.e.,
intersystem crossing) with a first-order rate constant kj, which
is equivalent to the inverse of the natural triplet lifetime (the
term “natural” indicates the lifetime in the absence of
quenchers). Due to its relatively high concentrations in sunlit
aquatic systems compared to other natural *CDOM*
quenchers (~260 umol L™ at 25 °C)” and its high reactivity
with excited triplet states, oxygen is the most prominent
3CDOM* quencher, and is thus the species that largely
controls its lifetime in the natural environment.” Upon energy
transfer, O, is converted to singlet oxygen ('O,), while
3CDOM* decays back to its (singlet) ground state. In
principle, energy transfer from triplet sensitizers can produce
'0, in two excited states, i.e,, O,('A,) and O,('Z}), which are
94 and 157 kJ mol ™, respectively, above O, (not indicated in
Figure 2; see Paterson et al.”’ for more information on the
symbols 1A and '2).*"® However, due to the extremely
efficient deactlvatlon of 0,('Z}) to 0,('4A,), the relevance of
the 12* state is negligible in most systerns ? Thus, in this
rev1ew, '0, indicates only the first singlet oxygen excited state,
ie, 0,('A ) Furthermore, 'O, can also be produced from the
sensitizer’s singlet excited state (ie, 'CDOM*)*”®* and
from direct excitation of O, at 765 nm'°>'°" (not indicated in
Figure 2). To the authors’ knowledge, 'O, production via these
two additional mechanisms remains untested in the context of
aquatic photochemistry. The first-order rate constant of the
triplet-sensitized production of 'O, can be obtained as
ko, [O,] fa, where kg, is the second-order rate constants for
the physical quenching of *CDOM* with O,, [O,] is the
dissolved oxygen concentration, and f, is the fraction of
physical quenching that leads to 'O, production. Note that a
fraction 1 — fu of all oxygen quenching events deactivates

https://dx.doi.org/10.1021/acs.chemrev.0c00781
Chem. Rev. 2021, 121, 4100—4146
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Figure 2. Schematic overview of the photophysical properties of
CDOM and '0O,. Panel A shows a qualitative overview of all possible
photophysical processes, while quantitative parameters relevant for
understanding 'O, photophysics are indicated in panel B. In panel A,
gray arrows indicate processes that occur but are not directly relevant
for 'O, measurements; colored arrows indicate processes that are
directly monitored in ®, measurements; straight arrows are radiative
decays or chemical reactions, while wavy arrows are nonradiative
processes. Legend for panel A: F, fluorescence; IC, internal
conversion; ISC, intersystem crossing; P, phosphorescence; QC,
chemical quencher; QF, physical quencher. Legend for panel B: Ry,
rate of light absorption; ®r, apparent *CDOM* quantum yield; k],
(natural) *CDOM?* decay rate constant; k5, (natural) 'O, decay rate
constant; kq,, second-order rate constants for the physical quenching
of *CDOM* with O,; f, fraction of physical quenching that leads to
'0, production; k%‘.j; 102, second-order rate constant for the reaction of
Q° with '0,.

*CDOM?* without resulting in the formation of singlet oxygen
(not indicated in Figure 2B). Similar to *CDOM?*, singlet
oxygen is a transient species with a natural lifetime on the
order of microseconds in distilled water (~3.5 us).'”' ™' In
the presence of a chemical quencher (Q°), 'O, can chemically
react to form endoperoxides and rin%-opened products with a
second-order rate constant erngoz-l’ * Alternatively, 'O, can
undergo energy-transfer quenching (i.e., physical quenchers,
QP such as with tertiary aliphatic amines)'*> and be converted
back to its ground state. In the absence of quenchers, 'O, can
decay back to the ground state via radiative (phosphorescence
emission at 1270 nm) and nonradiative pathways (intersystem
crossing) with a first-order rate constant kj, which represents
the inverse of the natural 'O, lifetime. Notably, k§ changes
considerably from D,0 (1/k5 = 75 & 67 ps) to H,O (1, ~ 3.5
us) due to vibrational energy differences between H—O and
D—0 bonds.*”"?>"%*'%7 This fact has been exploited in several

4104

contexts either as a diagnostic test for 'O, involvement in
chemical reactions®”””'** or as a way to overcome the low
time-resolution and sensitivity of the first singlet oxygen
phosphorescence detectors (vide infra).

From a quantitative point of view, the singlet oxygen
quantum yield of a sensitizer can be expressed as a function of
photoph)rsical and chemical properties of the system according

to eq 2. 1,89,98
3

D, = ‘I’T(
(2)

This equation shows that ®,, which is the fraction of excited
CDOM that produces 'O,, is itself a product of three fractions:
the fraction of 'CDOM?* that becomes *CDOM* (®.), the
fraction of triplets that are quenched by oxygen (ko, [0,]/
(ki+ko, [0,])), and the fraction of these quenching events
that lead to formation of 'O, (f). In theory, eq 2 should
contain an additional term that accounts for the production of
'0, from the quenching of 'CDOM*.*”**” Considering the
sizable difference in triplet and singlet excited state lifetimes
(i, 150 ps to 6 ns”* vs 10 to 30 pus™ for 'CDOM* and
*CDOM?*, respectively) and the relatively low O, concen-
trations in surface waters compared to organic solvents, this
contribution is expected to be minor. We also point out that
@, < ®p, as k] > 0, and that apparent 'O, quantum yields
depend on dissolved oxygen concentrations (see also section
s.1).

Based on the kinetic scheme in Figure 24, it is possible to
recognize the relevant photophysical processes that need to be
monitored to measure apparent 'O, quantum yields. The first
important parameter is the number of photons absorbed by the
chromophore (the denominator of eq 1, blue shaded arrow in
Figure 2A). In ®, determinations, this parameter is generally
quantified as the rate of light absorption (R, in (mol
absorbed photons) L™ s7'), which represents the number of
absorbed photons per unit of time and volume. Ry, is
proportional to the overlap between the absorption spectrum
of the sensitizer and the emission spectrum of the light source
(more details in section 3.2.1.1). A second important quantity
is the moles of 'O, produced (the numerator of eq 1), which
can be estimated in several ways (orange shaded arrows in
Figure 2A). A common technique involves the use of a probe
compound (a chemical quencher) that can trap 'O,. From the
probe depletion kinetics, it is possible to calculate the amount
of photogenerated 'O,. Alternatively, one can observe 'O,
directly by monitoring its phosphorescence emission 1270 nm.
These two approaches are the basis of the techniques that have
been used to measure @, in environmental samples and are
described more in detail in the following section.

ko,[O;]
ki + koplO,]

3. METHODS FOR ®, DETERMINATION IN
ENVIRONMENTAL SYSTEMS

There are two well-defined experimental strategies that have
been used to measure ®, in environmental samples. As
introduced in the discussion above, the first approach consists
of quantifying 'O, via reaction with a chemical probe, while
the second method is based on direct observation of 'O, via its
weak phosphorescence signal at 1270 nm (Figure 3). Within
each category, we identified further distinctions based on
minor variations in the experimental approach. Chemical probe
methods are classified as absolute or relative based on the
strategy employed to quantify the rate of light absorption
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Figure 3. Schematic of the main methods to quantify 'O, quantum
yields in environmental samples classified as chemical probe and
singlet oxygen phosphorescence methods. In parentheses we report
the number of literature studies per each subgroup (see also Table 1).
Note that different chemical probe methods are classified based on

the strategy used to measure the absolute spectral irradiance, which is
needed to calculate the rate of light absorption.

actinometry (24)

radiometry (25)

Singlet Oxygen
Phosphorescence

(Rups)- Absolute probe-based methods require the explicit
calculation of R y; in contrast, relative methods avoid this step
by using a reference 'O, sensitizer whose @, is well-known.
Absolute probe-based methods can be further divided into two
groups based on how the absolute spectral irradiance is
determined, either by chemical actinometry or radiometry. On
the other hand, phosphorescence-based methods can be
classified as steady-state or time-resolved based on the
experimental setup used to produce and detect the 'O,
phosphorescence signal. To date, there have been no time-
resolved probe-based methods, as all of the reported
experiments have determined apparent 'O, quantum yields
via steady-state irradiation. Likewise, there have been no
absolute phosphorescence-based measurements, as all those
reported so far have been relative to a reference sensitizer.

Since the first report in 1977,” probe-based methods have
been the technique of choice for measurements of apparent
'0, quantum yields of environmental samples due to the
straightforward experimental setup and protocol (53 of 59
studies; 90%), with actinometry (24 of 59; 41%) and
radiometry (25 of 59; 42%) being equally popular variants.
Despite being more robust (see discussion in section 3.3),
relative chemical probe methods have only rarely been used (4
studies over 59; 7%). A clear disadvantage of all probe-based
methods is that they detect 'O, indirectly and are thus
susceptible to interference from other photochemically
produced reactive intermediates (see section 3.2.2.4). Similarly
to the relative chemical probe method, 'O, phosphorescence
has not yet gained wide popularity among the environmental
chemistry community (6 of 59; 10%), probably because of the
more specialized and expensive equipment demands, both in
terms of light sources (e.g., Nd:YAG pulsed lasers for the time-
resolved methods) and high-sensitivity detectors (e.g,, 77 K-
cooled Ge diode), and the requisite use of highly concentrated
DOM solutions. Note also that, until the most recent
generation of thermoelectrically cooled NIR photomultiplier
tubes, these experiments had to be conducted in D,O to
overcome the low sensitivity and poor time resolution of Ge
photodiode detectors,””'%'%” which might have further
lowered the general appeal of this approach (more details in
section 3.1.2). This disadvantage is a direct consequence of the
low 'O, ghosphorescence emission quantum yield in H,O (i.e.,
<107°)."”” On the other hand, 'O, phosphorescence is a more
selective technique than probe-based methods because it
detects the near-infrared emission that is unique to this
reactive species, thus it is not prone to interferences from other
PPRIs.”
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In the following sections, we derive the general ®,
equations needed for each of the methods in Figure 3 (section
3.1), we critically discuss all of the important parameters that
are part of the equations (section 3.2), we qualitatively
summarize and estimate the magnitude of most common
errors in 'O, quantum yield determinations (section 3.3), and
we provide general guidelines for future studies (section 3.4).
Due to the ease of application and widespread use in the
literature, our discussion will be more oriented toward probe-
based methods.

3.1. Derivation of the Basic Equations

3.1.1. Chemical Probe Methods. Chemical probe
methods involve the use of a probe compound (P) that reacts
selectively with 'O, (eq 3). Furfuryl alcohol (FFA) is the most
widely used 'O, probe in environmental studies,”'*’ even if

alternative compounds have been developed and used in the
1,110,111 . 29,112-117
ast and in other fields.

1 kxl:m,lOZ
P + 'O, —— products

(3)

The rate of disappearance of P can be written according to eq
4.

_dip) _

df kP 102[ Y ]SS[P]

kg, 102[P]
abs A
de + (k;’hys,lOZ + krI:m,IOZ)[P] (4)

where R, ((mol absorbed photons) L' s7!) is the rate of
light absorption of the sensitizer, either CDOM or a single-
molecule sensitizer, ®, is the apparent 'O, quantum yield,
kb102 (L mol™" s7') is the bimolecular rate constant for the
reaction of the probe molecule with 'O, kpy 10, (L mol™' s7*)
is the bimolecular rate constant for physical quenching of the P
with '0,, and k§ (s™!) is the singlet oxygen deactivation rate
constant to ground state 0,.**""® In this equation, degradation
via direct photolysis and reaction with other PPRIs is assumed
to be negligible. In addition, this equation assumes that the
only deactivation processes for 'O, are solvent-dependent
deactivation and quenching by the probe compound, which is
usually the case.

If (kphys 02+ krxn o)[P] < k , probe molecule loss follows
pseudo-first order kinetics (eq 5), where kypop (s~ ") is defined
according to eq 6.

R, Duk.
_ d[P] — abs AArxn,IOZ [P] _ kobs,p[P]
dt kq )
Ry @ukl,
kobs,P = krI:m,IOZ[IOZ]ss = w
kq (6)

Equation 6 can be rearranged to provide an expression for the
singlet oxygen quantum yield (eq 7).

ks ki

obs,P

BET R
rxn, 102 ““abs

7)

Equation 7 represents the starting point of three probe-based
methods and is also the basic equation for absolute quantum
yields determinations. Note that this equation is valid under
the assumption that (kphys,loz + knm 102)[P] < k3, thus that [P]
is low enough to not influence the '0, steady-state
concentration. So far, most apparent 'O, quantum yields
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determinations in environmental samples have been based on
this approximation, even if this not the only possible approach
for data analysis. For example, in early ®, measurements, P
was deliberately added at high concentrations to trap all the
photogenerated '0,.***’ Alternatively, a few authors adopted
the initial rate approach based on zeroth-order ki-
netics.*®**3>%%7%73 Details on data analysis approaches can
be found in section 3.2.2.2. Note that this review focuses on
@, measurements in environmental samples; readers inter-
ested in steady-state 'O, quantum yield determinations in
other systems should refer to other reviews on the subject.”””*

Even within the steady-state approach, several variants can
be found in the literature. Indeed, authors have expressed eq 7
in terms of 'O, formation rates (R;g,; eq
8),7/8323h35A0ALABAGARSLSS,S7,59,62-6480 on o cpate  concens

42,54,56,61,66,72,78
) quantum yield

trations (['0,],, eq 9),

coefficients (fp; eq 10),” or beta factors (B, eq 11).” 3,68
RIOZ de kobs,
Dy =— R, = P
Rabs k rxn, 102 (8)
de 1 obs,P
(I)A = [102155—5 [ Ol]ss - - -
Rabs k xn, 102 (9)
de obs,P
Q) =1, ifo = :
’ krl;’m,IOZ ’ Rabs (10)
kobs P de
(I)A = ﬂ ; ﬂ P
Rabs k rxn, 102 (11)

Absolute methods based on the use of a chemical probe can be
classified into two groups, depending on how one determines
the absolute spectral irradiance at the liquid surface (I,),),
which is needed to calculate R, (various approaches described
in section 3.2.1.1). A first possibility is to measure directly I,;
by spectroradiometry. Alternatively, the absolute irradiance can
be obtained via chemical actinometry.

On the other hand, relative probe-based methods rely on the
use of a reference sensitizer, generally a single-molecule
sensitizer, to indirectly quantify I; (thus, ®,). Specifically, if
DOM and a reference sensitizer are irradiated under the same
light conditions, the variation in the pseudo-first-order
degradation rate constants of the probe with the two sensitizers
(kon?}I\f[ and kgﬁ‘;})‘ef) depends only on the differences in 'O,
quantum yields and the rates of light absorption.

DOM DOM
abs CI) ern 102

kDOM —
obs,P A
kg (12)
Sens,ref 1 Sens,ref
Sens, ref Rabs ‘I) ern 102
kobs,P = A
k4 (13)

By combining eqs 12 and 13 and solving for @3, one arrives
at the following expression, where R, can be calculated with
either the absolute or the normalized lamp irradiance.

k DOM Sens, ref
obs,P abs

CDDOM
k Sens,ref R DOM
obs,P abs

(I)Sens, ref

(14)

Note that, when using monochromatic light (i.e., with full
width at half-maximum, FWHM <5 nm; see section 3.2.1.5),
Rggns,ref/ DOM iens,ref[sens]/a}]LDOM, where Eiens,ref (11’1 L 1'1’101_1
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ecm™') is the decadic molar extinction coefficient of the
reference sensitizer, and a?°™ (in cm™) is the decadic
absorption coefficient of the DOM solution. However,
apparent quantum yield measurements are typically performed
with narrow (FWHM between S and 50 nm) and broad
(FWHM >50 nm) bandwidth light sources (section 3.2.1.5);
thus, the use of an integral form for R, remains necessary.
Furthermore, if the DOM solution contains a considerable
amount of suspended particles, eq 14, and RS™ in particular,
should be readapted to account for the effect of scattering and/
or absorption from these particles (see sections 3.2.1.1 and
3.2.1.4).

3.1.2. '0, Phosphorescence Methods. In 'O, phos-
phorescence experiments, singlet oxygen is directly observed
via its phosphorescence emission in the near-infrared (NIR;
peak at around 1270 nm).*”*"'9>!1%120 This emission can be
monitored either in a steady-state or in a time-resolved
manner. In the first case, the photogenerated signal S(1) can
be described as a function of wavelength according to eq 15.""”

(13)

where k is an instrument response factor that accounts for
optical efliciencies, detector response, alignment, etc., k2 (in
s1) is the radiative relaxation rate constant of '0,, and 7, is
the natural 'O, lifetime in the experimental media (i.e., 75 = 1/
k3). In time-resolved measurements, S will change as a
function of time as indicated by eq 16."'7"*!

S(/l) = KkrATA(DARabs

S(t) = SoriA
A= Tr

(e—t/rA _ e—t/rT)

(16)

where 7 is the lifetime of the triplet state of the sensitizer. The
parameter S, relates to the overall 'O, signal 1nten51ty and,
similar to eq 15, is proportlonal to @y, K, and k2.7

In both cases, comparing the 'O, signal (S, either its area or
its amplitude) produced from DOM to a reference sensitizer
irradiated under the same conditions yields eq 17, which is
analogous to the equation used in relative chemical probe
determinations (eq 14). Note that, as for eq 14, the presence of
particulate matter requires an appropriate treatment of RROM
to correct for light scattering and/or absorption.

Sens,ref

SDOM Rabs

DOM

M _
ORM =
SSens,ref Rabs

q)Sens, ref
(17)

There are nevertheless a few differences that are worth
highlighting. First, steady-state 'O, phosphorescence measure-
ments have typically been performed in D,O in the presence of
high DOM concentrations (>100 mge L™') in order to
overcome the problems of low 'O, phosphorescence intensity
and poor sensitivity and temporal resolution of the Ge
detectors used in early studies. Due to the ~20 times longer
lifetime in D,0 compared to H,0,*”*"'%" the use of
deuterated water increases the intensity of the 'O, phosphor-
escence signal by slowing the nonradiative decay rate to
ground state oxygen.”’ On the other hand, this strategy comes
with a side effect, as in deuterated water, physical and chemical
quenching of 'O, by DOM also becomes relevant (because of
the lower ki value in D,O compared to H,O; see the
Supporting Information, section S1 and Figure S1) and needs
to be accounted for in quantum vyield calculations. This
correction can be done by determining 7, in the two solutions
via time-resolved phos fphorescence and by 1ntroduc1ng a
multiplying term 73"/ in the apparent 'O, quantum
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yield formula.*”*®''” This same correction has to be
accounted for in time-resolved 'O, phosphorescence measure-
ments in D,O that use the area of the 'O, signal.119 Notably,
due to advances in 'O, phosphorescence detection technolo-
gies over the past 30 years, time-resolved measurements can
now be performed reliably in H,O. Additionally, eq 17 has to
be multiplied by an additional factor £l /tPOM. - that
accounts for the difference in collection times (f. pection
between the reference sensitizer and DOM.* Furthermore,
one could use optically matched solutions with constant laser
energies to further simplify eq 17, as under these conditions
RSgnoref/RROM 83785 1 46tly, one author used the slope of a
phosphorescence intensity vs power plot as the 'O, signal (S in

eq 17).84’98
3.2. Critical Discussion of the Parameters

In this section, we critically analyze and discuss the parameters
needed for apparent 'O, quantum yield calculations with the
aim of identifying possible sources of errors, and we provide
guidelines on best practices to be considered for future studies.
For the sake of simplicity, we divide the discussion into two
major topics, which represent the two key components of @,
determinations (eq 1): (1) Measuring light absorption (section
3.2.1) and (2) measuring singlet oxygen production (section
3.2.2). In the first section, we define equations for R, and we
highlight problems related to the selection of the integration
range (section 3.2.1.1). We then describe the challenges of
obtaining absolute irradiance measurements via radiometry
(section 3.2.1.2) and the working principles of chemical
actinometry (section 3.2.1.3), giving an overview of the pros
and cons of the methods that have been used in environmental
photochemistry studies. Finally, we discuss the collection and
treatment of absorption spectra (section 3.2.1.4) and the
problems related to the selection of the light source (section
3.2.1.5). In the part focusing on measuring 'O, production, we
discuss important aspects pertinent to 'O, probe compounds,
including selection of the probe (section 3.2.2.1), data analysis
protocols (section 3.2.2.2), bimolecular rate constants with
0, (kﬁmlloz; section 3.2.2.3), and accurate measurements of
unimolecular rate constants (k,p; section 3.2.2.4). We next
discuss the problem of selecting good reference sensitizers
(section 3.2.2.5) and we present updated literature values for
the !0, deactivation rate constant (k%; section 3.2.2.6).
3.2.1. Measuring Light Absorption. 3.2.1.1. Rate of
Light Absorption: Expressions, Approximations, and Inte-
gration Range. The rate of light absorption (R,) represents
the moles of photons absorbed by the chromophore of interest
per unit of time and volume [units of (mol absorbed photons)
L' s7'; in the environmental photochemistry literature, the
unit Einstein (E) is often used instead of (mol absorbed
photons), even if IUPAC discourages its use'*'?3]. Several
authors have calculated R, according to eq 18 (Table S1),
which directly derives from the physics of light absorp-

. 88,124
tion. ™’

1

Ry, = " > 5,(1 = 107%) Al
A

(18)

where I; (in (mol photons) s™ nm™ cm™) is the absolute
spectral irradiance at the liquid surface, @; (in cm™) is the
decadic absorption coefficient of the chromophore solution,
and / (in cm) is the optical path length. Equation 18 should be
used only in the presence of a single chromophore or class of
chromophores (i.e, CDOM), a typical situation when

1
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irradiating, for example, DOM isolates or whole natural waters
with negligible levels of nitrate, or solutions of single-molecule
sensitizers. If the solution contains more than one class of
chromophores (i.e, CDOM and nitrate) and one wants to
obtain R, for only one component i, eq 19 should be used
instead.

R, =2 3 Ly (1 - 10757 AL
LT e (19)
where o} is the decadic absorption coefficient of component i,
and af* = Y @) is the total decadic absorption coefficient of
the solution. Several authors have applied this equation to
assess Ry, for DOM in whole waters with relatively high levels
of nitrate,””% in the presence of halides,”* or in the presence
of other whole water matrix components.*"**** Note that for
aft = o, eq 19 simplifies to eq 18. Furthermore, both
equations take into account the self-screening caused by
chromophore itself and are therefore valid at any chromophore
concentration. This is not the case for simplified versions that
have been used in some studies (see the Supporting
Information, section S2 and Table S1). A version of eq 19
should also be employed to calculate DOM’s rate of light
absorption in the presence of light scattering particles.

Even if there appears to be an overall literature agreement on
the R, equations, there is less consensus on the wavelength
range to be used in these calculations. This detail becomes
particularly important when using polychromatic light sources,
such as xenon lamps and natural sunlight. The most common
approach is to integrate between 290 and 400 nm (Table S2)
following the rationale that solar radiation below 290 nm does
not reach the Earth surface, and that 'O, production is
“negligible” above 400 nm.’**® Despite their apparent
reasonability, these assumptions are the origin of a systematic
error in final @, values. Evidence of this error was clearly
shown in 2016 by McKay and co-workers,” who performed
their polychromatic apparent quantum yield calculations using
three integration ranges and obtained different results in each
case. For example, for SRFA, they reported @, = (19.0 +
0.5)% for AZ = 290—350 nm, (2.13 = 0.06)% for AA = 290—
400 nm, and (1.13 + 0.06)% for AA = 290—450 nm. More
recently, O’Connor et al.”® obtained ®, in the range of 0.7%
to 3.5% using an integration range of 275—600 nm (solar
lamp), and found that reducing the integration interval to
275—400 nm would cause a dramatic increase in apparent 'O,
quantum yields (2.2—15.9%). Interestingly, until 2018, the
majority of the studies (14 of 16, 88%; Table S2) were still
adopting the often-used limit of 400 nm as upper integration
wavelength (4,,). In the past two years, the tendency has
inverted, with more authors extending 4,, up to 700 nm
(Table S2). Note that this problem does not arise when using
narrow bandwidth and single wavelength sources as far as the
integration range is selected to cover the entire bandwidth.

Following on these results and motivated by the apparent
confusion in the choice of 4,, (Table S2), we performed a
more systematic analysis to find out the minimal integration
range needed to obtain reliable quantum yield values. We
performed chemical probe measurements using SRFA and a
xenon lamp, and we quantified the surface irradiance via both
absolute and relative methods. Using the experimental rate
constants, we calculated @3*™ by incrementally increasing Aup
to up to 800 nm (details in section S3). Figure 4 summarizes
the results of our analyses. In all cases, @, converged to an
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Figure 4. ®, for SRFA calculated using PNA as the actinometer
(continuous blue line) or PN as the reference sensitizer (continuous
orange line) as a function of the upper wavelength (4,,) set in the
integration range for R, The effect of 1, when performing
radiometric irradiance measurements (dashed blue line) was
estimated from the PNA data. In these calculations, the lower
wavelength was set to 280 nm. As the wavelength range used in the
calculations increased, the apparent quantum yield converged to a
value of 1.24% for all three methods. The gray dotted lines indicate a
+ 10% interval of the converged quantum yield value of 1.24% (black
diamond). Blue and orange circles indicate the ®, obtained from the
same experimental data using 4,, = 400 nm. Details of the calculations
can be found in the Supporting Information (section S3).

invariant value of 1.24% for 4, > 580 nm and was within 10%
of this converged value for A,, > 500 nm. At lower
wavelengths, ®, followed different trends depending on the
method used to quantify the incident irradiance. When using
PNA or radiometry, ®, was considerably overestimated for 4,
400 nm (+92%, blue line), while, with PN, ®, was
fortuitously within 10% of the converged value (+6%, orange
line). The considerable variability in errors between the two
approaches reflects differences in the absorption spectra of the
reference compounds, either PNA or PN. On the other hand,
the large variability as a function of 4, can only be justified by
recognizing that DOM absorption at wavelengths longer than
400 nm is more relevant than currently believed. Thus, if we
limit the integration range to 290—400 nm, R, will be
underestimated, resulting in a considerable overestimation of
@,. From our analysis, the minimum integration range when
using a xenon lamp (and SRFA) appears to be A4 = 290—600
nm, similarly to what was proposed recently by O’Connor et
al.”® However, as we discuss in section 3.3, this range is
susceptible to variations based on differences in DOM
absorption spectra and concentrations. Further discussions
on the effect of 4,, on apparent '0, quantum yields and
recommendation for future studies are provided in sections 3.3
and 3.4, respectively.

3.2.1.2. Absolute lIrradiance Measurements via Radio-
metry. Obtaining an accurate measurement of absolute
spectral irradiance at the liquid surface (Iy;) is the most
critical part of absolute @, determinations. The most popular
choice (25 of 49 studies) is to measure I,; directly at the
sample position (or at the water surface) with a calibrated
spectroradiometer (or a calibrated bolometer, used in early
studies®>*”). With a spectroradiometer, the incoming light is
captured by input optics, which directs the light toward a
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detector that converts it to an electrical signal.lzs’lz()

Spectroradiometers can detect emissions in a spectrally
resolved manner, while radiometers are used to measure total
irradiance values (i.e, not spectrally resolved) at a single
wavelength or over a wavelength range.126

However, performing an accurate irradiance measurement is
more challenging than it might appear at first glance. A critical
problem involves the conversion of the I;; value measured
with the spectroradiometer outside the liquid sample to a value
that represents the irradiance inside the solution (also called
fluence rate),'”” which is the parameter needed in photo-
chemical calculations. Bolton and Linden'*” listed all possible
corrections that one has to consider when working with a Petri
dish illuminated from the top with a collimated light beam (i.e.,
reflection due to air—water refractive index differences, spatial
variations in I, not perfectly collimated beam, etc.). Even if
some authors adopted this setup and guidelines,"**" the
majority of the studies employed a different irradiation setup
and did not provide any information on irradiance corrections
(Table S3). These corrections might not considerably impact
I, when using dark-painted beakers irradiated from the top,
but are critical when using cylindrical glassware irradiated from
the side, as the in-solution irradiance can be 1.5 to 3 times
higher than the value measured with the spectroradiometer
due to lens and internal reflection effects."'®'**

In addition, radiometers have to be recalibrated periodically
(ideally, at least once a year) to provide accurate measure-
ments.'”” The radiometer head has to be carefully oriented
toward the incident light, since small angular deviations can
lead to distorted readings. This effect can be minimized by
using a cosine corrector, an integrating sphere, or a diffuse
reflectance panel.””” Other difficulties include wavelength-
dependent sensitivities and variable power output from the
lamp, as radiometry is typically conducted at the beginning
and/or at the end of the experiment, and not for its entire
duration. Taken together, all of these minor details can
introduce biases and systematic errors that are hard to assess
and quantify a posteriori and contribute to the variability of
measured @, values.

3.2.1.3. Absolute Irradiance Measurements via Chemical
Actinometry. Absolute irradiance measurement via chemical
actinometry eliminates some of the drawbacks of radiometric
measurements, as it provides in-solution irradiance values. In
general, the absolute spectral irradiance (I;;) can be expressed
as the product of relative irradiance (I, ) and a wavelength-
independent scaling factor (y), which represent the (wave-
length-integrated) irradiance (eq 20).13°

Io, =71 (20)

where I, is calculated from eq 21 using the irradiance
spectrum measured with a spectroradiometer (either calibrated
or uncalibrated) or the spectrum provided by the lamp
manufacturer (I ). 130

I

A,m

IX el = O 5
' 2 lim (21)

The scaling factor y is then calculated from the direct
photolysis rate constant of the actinometer compound and its
direct photolysis quantum yield (see below).

Two types of chemical actinometers have been used in ®,

studies: high optical density (OD) or low OD actino-
meters."”""** High OD actinometers are highly concentrated
https://dx.doi.org/10.1021/acs.chemrev.0c00781
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solutions that absorb virtually all incident photons (solution
absorbance >2), meaning that, similarly to radiometric
measurements, they do not include increased irradiance due
to internal reflections. The most common high OD actino-
meter used in @, determinations is the ferrioxalate actino-
meter, > which was employed in seven publications before
2015 (Table S4). Low OD actinometers are dilute solutions
(typically, solution absorbance <0.02) that can directly provide
fluence rate values (i.e., incident irradiance inside the solution)
if the actinometer solution is kept in the same reaction vessel
as the experimental sample. The most widely used low OD
actinometer in environmental photochemistry studies is the p-
nitroanisole/pyridine system (PNA-py),"”*'*° which was
employed in thirteen studies. In addition, one publication
used p-nitroacetophenone/pyridine (PNAP-py), and four
authors used 2-nitrobenzaldehyde (2-NBA) (Table S4).
Faust and Allen® used also valerophenone as the chemical
actinometer in some of their @, measurements; due to its
limited application, this compound is not included in the
discussion.

In the following sections, we briefly describe the working
principles of the most commonly used actinometers used in
®RM measurements and the parameters needed for accurate
irradiance quantification.

3.2.1.3.1. p-Nitroanisole/pyridine (PNA-py) and p-Nitro-
acetophenone/pyridine (PNAP-py). The PNA and PNAP
actinometers were developed by Dulin and Mill in 1984 for the
measurement of UV sunlight irradiation,"*® and are the most
common actinometers in environmental photochemistry.lso’132
Both systems are based on a photonucleophilic aromatic
substitution reaction involving the attack of pyridine (the
nucleophile) on the aromatic ring of nitrobenzene derivatives
(i.e., p-nitroanisole or p-nitroacetophenone). This actinometer
can be used in the range 300—400 nm (UVA — UVB), where
PNA(P) absorbs light (Figure S). A clear advantage of this
actinometer over 2-NBA or ferrioxalate is that the direct
photolysis quantum yield can be customized by varying the
initial concentration of pyridine (see eqs 23 and 24), allowing
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,‘_’“‘ validity range 2-NBA QY 0.8 GCC))
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Figure S. Comparison between literature molar extinction coefficients
for PNA (dashed blue line; values from Laszakovits et al."*°) and 2-
NBA (continuous blue line; values from Galbavy et al.]34), and the
normalized solar irradiance (gray; values from Appel and McNeill*®
for 40 °N, normalized by the maximum irradiance value in the interval
300—800 nm). In the graph, we also indicate the validity range for the
quantum yields according to Laszakovits et al."** and Galbavy et al.'**
for PNA and 2-NBA, respectively.
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one to match the time scale of the actinometry experiment to
that of the 'O, probe.

At sufficiently high pyridine concentrations (ie, [py]/
[PNA(P)] from 10 to 1000), PNA(P) degrades with pseudo-
first-order kinetics, which allows one to calculate the scaling
factor y via eq 22 (derivation in section S4.1)."*°

y = kobs,PNA(P)[PNA(P)]Ol
BN B, 1 (1 — 10T IR 0

(22)

where ks pnacp) is the PNA(P) pseudo-first-order degradation
rate constant measured under the same conditions (i.e.,
reaction vessel and irradiation intensity) as the experimental
solution, [PNA(P)], (in mol L7!) is the initial PNA(P)
concentration, / is the path length, I, ., is defined according to
eq 21, eNA® (in L mol™ em™) is the molar extinction
coefficient for PNA(P), and ®NA®) is the PNA(P) direct
phc;gglysis quantum yield defined according to eqs 23 and
24,

O = 0.29[py] +2.9 x 10°* (23)
O = (7.4 x 107%)[py] + 1.1 X 1075 (24)

The direct photolysis quantum yields for PNA and PNAP are
constant in the wavelength range 300—400 nm, **"*° and have
very low temperature dependence.'”® The molar extinction
coeflicient for PNA has recently been reassessed by Laszakovits
et al,"*° and it is available in the wavelength range 250—400
nm. It is a good practice to use purified PNA (i.e., crystallized
from petroleum ether or hexane)'*° for actinometry measure-
ments, as the impurities present in the commercially available
material influence the absorption coeflicients of the actino-
metric solution (Figure SSA). If recrystallized PNA is not
available, one can use eq 25, which is a modified version of eq
22 that accounts for the additional light screening caused by
impurities that might be present in the PNA stock (derivation
in section S4.2).

y = kobs,PNA(P)
2.30343551‘(1’) >, Ix,relngA(P)’ht SfNA(P),sol AL

(23)

where SPNA(P)sol ig the screening factor of the PNA(P) solution
used in the actinometry experiment. The screening factor is

defined as SfNA(P)’S"l =(1- IO_aA'PNA(P)'m}]) /(2.303a;” NA(P)’S"II),

where aiNMP)*! js the molar absorption coefficient of the
experimental PNA(P) solution before irradiation. Thus, in this
case, one would record the actinometer solution absorbance at
the beginning of the experiment instead of quantifying the
initial PNA(P) concentration via HPLC. Due to light
screening from pyridine (Figure SSB), one should adopt eq
25 also when using an irradiation source that extends below
300 nm (e.g., xenon lamp without filters, UVB bulbs; see also
Figure 6).

Besides accounting for possible impurities in the PNA stock,
eq 25 does not require the accurate quantification of the initial
PNA(P) concentration (thus, the initial degradation rate,
which is defined as ks pnap) [PNA(P)]), a quantity that is
more subject to analytical errors than rate constants. Thus,
even if eq 22 is the preferred one in apparent 'O, quantum
yield determinations, we believe that eq 25 is more robust, and
we therefore recommend its application in future studies. In
addition, most authors (Table S5) used a simplified form of eq
22 that is valid only in low absorbance ranges. Even if they

https://dx.doi.org/10.1021/acs.chemrev.0c00781
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generally used low PNA concentrations ([PNA], < 10 gmol
L resulting in <8% error in y; see Figure S4), we do not
recommend such an approach, as it introduces unnecessary
approximation errors.

All studies published before 2017 used the direct PNA
photolysis quantum yields from Dulin and Mill (Table SS),
which is approximately 30% larger than the value from
Laszakovits and co-workers.'>*"** According to a calculation
performed by Maizel et al,’® the use of the PNA quantum
yield value from Dulin and Mill results in an apparent @,
increase of ~12% (i.e., for Crystal lake, ®,(Dulin and Mill)/
®, (Laszakovits) = 1.12), implying that apparent 'O, quantum
yield values using this actinometry system obtained before
2017 are overestimated.

3.2.1.3.2. 2-Nitrobenzaldehyde (2-NBA). Another popular
actinometer is based on the photoisomerization of 2-nitro-
benzaldehyde to 2-nitrosobenzoic acid, a reaction that was first
described more than a century ago by Ciamician."** In the
context of singlet oxygen quantum yield measurements, 2-NBA
was employed by four authors as a low OD actinometer,
mostly in atmospheric chemistry contexts (Table S4). This
actinometer follows the same working principle of PNA(P)-
py,” but it comes with a few limitations. The first is the high
direct photolysis quantum yield (@3N = 041 + 0.02 in
water),”* which typically makes 2-NBA depletion kinetics
considerably faster than the 'O, probe. Furthermore, 2-
nitrosobenzoic acid, the main 2-NBA photodegradation
product, strongly absorbs above 300 nm.'*” Thus, as the
reaction proceeds, 2-NBA degradation kinetics deviate from
first-order behavior due to increasing light screening caused by
the accumulation of 2-nitrosobenzoic acid. To minimize this
drawback, 2-NBA photodegradation is typically followed up to
only 70—75% 2-NBA conversion,** which further increases
the difference between the time of the actinometer depletion
kinetics and the 'O, probe. Lastly, 2-NBA light absorption
peaks at 256 nm and has only a small tail in the UVA (Figure
5). Therefore, it is an actinometer best suited for use with
UVC and UVB light sources rather than solar light.

3.2.1.3.3. Ferrioxalate. Ferrioxalate is a high OD actino-
meter that can be used in the UV and visible regions (250—500
nm)."*® Since its introduction by Hatchard et al."*” in 1956,
ferrioxalate has become the reference actinometer in several
fields of photochemistry,"*® and has also been preferentially
used in ®, measurements since 2014 (Table S4). This
actinometer is based on the photochemical production of
Fe(II) from Fe(III)-oxalate. The amount of Fe(II) released in
solution is quantified spectrophotometrically following com-
plexation with o-phenanthroline, and is used to calculate the
irradiance of the light source.

Despite the simple working principle, performing an
accurate measurement requires great care in handling the
reagents. For instance, a major challenge is the photochemical
instability of the ferrioxalate solution, which needs to be
prepared and handled under dark room conditions to limit
spurious Fe(II) formation."”® A second issue is related to
potential interferences of the Fe(II)-phenanthroline assay,
which might lead to up to 40% variations in reported
irradiances."” Identified interferences include o-phenanthro-
line photodegradation products formed upon exposure of the
developer solution to fluorescent room light,"””'** and
competing complexation of phenanthroline with Fe(III), a
problem that was reported mainly when using concentrated
ferrioxalate solutions (i.e., [ferrioxalate] = 0.15 mol L7')."*’
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The first interference can be limited by using freshly prepared
developer solutions, developer solutions stored in the dark, or
by using other developing agents (such as Ferrozine),'*” while
the second can be overcome by adding fluoride as a Fe(III)
complexing agent'* or by using less concentrated ferrioxalate
solutions.

Besides the technical challenges, other issues make
ferrioxalate nonideal for ®X°M studies. First, ferrioxalate is a
high OD actinometer, and therefore cannot account for
internal reflection effects, which can be large in curved
glassware (ie., test tubes)."'®'** Furthermore, the very high
quantum yield (@froxhte 5 1)13% makes the actinometry
kinetics extremely fast, which leads to the same limitations that
were already discussed for 2-NBA. In addition, ®fmioxlte g
reported to be wavelength-dependent, and has also a small
dependence on the concentration.”®'*"'** Following several
conflicting reports, Goldstein and Rabani'** recently reas-
sessed the quantum yield for ferrioxalate in the range 205—304
nm, obtaining 1.48 + 0.02 at A4 = 205—240 nm and 1.25 +
0.02 at AA = 270—340 nm, with a steep decrease between 240
and 265 nm.

3.2.1.4. Collection of Absorption Spectra and Data
Treatment. Related to the calculation of the rate of light
absorption is the measurement of the absorbance of the
experimental solution (4;), which is defined according to the
Beer-Lambert law (eq 26).""

A, = [Alg)/ (26)

where ¢, is the molar extinction coefficient (in L mol™ cm™

for discrete molecules), [A] is the molar concentration of
compound A, and / is the solution path length. The Beer-
Lambert law was originally formulated for discrete molecules,
but still holds true for mixture of chromophores such as
CDOM. In this case, €, is referred to as the specific molar
absorption coeflicient or apparent molar absorptivity and it is
reported in L mge~' m™" or L mol.~" em™', with [A] expressed
in mgc L™ or molc L1 31,52,54=56,58,60,63-66 However, it is
more common to report CDOM spectral features in terms of
decadic absorption coefficients (@, in cm™ or m™', defined
as a; = [A] &), a parameter that does not require the
measurement of carbon content. Note that o is the decadic
absorption coefficient, which is a factor 2.303 larger than the
natural log-based coefficient (a;, also called Napierian
absorption coefficient) often used in environmental studies,
particularly by oceanographers and limnologists.'** The
photochemical calculations presented in this review require
the use of decadic absorption coefficients; to use Napierian
values, all equations must be adapted accordingly (as done by
Peterson et al;*® see also Hu et al."**). We also note that, in
the past, there has been considerable ambiguity in the use of
terms related to light absorption (i.e., absorptivity vs
absorption coefficients) in the environmental photochemistry
literature. For more details, readers should refer to Hu et al.'**

The parameters «; and ¢, are obtained via spectrophoto-
metric measurements. Despite being considered a simple,
routine measurement, the accurate collection of UV—vis
spectra is a critical step toward calculating accurate apparent
'0, quantum yields (more details in section 3.3). These UV—
vis measurements can be influenced by a series of minor
experimental details that are easy to overlook and can
considerably impact the calculated 'O, quantum yields. A
critical problem, especially when measuring polychromatic @,
values, is the presence of positive or negative offsets in the

https://dx.doi.org/10.1021/acs.chemrev.0c00781
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long-wavelength tail of the DOM absorption spectrum. These
offsets can originate from light fluctuations within the
instrument, from the use of inappropriate blanks, from
(micro)bubbles that form inside a cuvette as a refrigerated
sample warms to room temperature, or from inaccurate
baseline correction. A simple way to overcome this issue is
to correct the entire UV—vis spectrum of a sample by
subtracting the average absorbance over a portion of the visible
range (i.e., average between 700—800 nm) to ensure that
DOM absorption >700 nm is zero.”**”*>’%”” One should also
screen for negative absorbance values and set them to zero, as
they will artificially decrease the value of R,,. Note that the
offset correction is appropriate only for relatively dilute DOM
solutions (i.e, < S0—100 mg- L"), as highly concentrated
samples may absorb beyond 700 nm. An alternative solution
consists of computing R, using an empirical absorbance
function (i.e., a monoexponential or a biexponential decay with
the offset set to zero) instead of the experimental spectrum, as
has been done with single-molecule chromophores.'*> DOM
absorbance in the blue and UV range can also be influenced by
similar errors, but cannot be easily corrected postprocessing. If
the solution contains large amounts of suspended particles
(ie, if studying 'O, production from humic acid-coated
nanoparticles”*), the total absorbance should be corrected for
scattering. This correction can be performed directly by
employing an integration sphere or indirectly by fitting the
visible absorbance to a 1/4, function and subtracting this
contribution from the total absorbance.®*'**'*” If using
filtered, clear solutions with TOC < 20 mgc L', we expect
this contribution to be negligible.

For these reasons, we recommend keeping the following
points in mind when collecting UV—vis spectra. First, the
spectra should be corrected for baseline absorption, which can
be caused by additional absorption from organic residues on
the cuvette walls or from the cuvette itself (when using
disposable plastic cuvettes). The baseline spectrum should be
collected in the exact same cuvette that will be used to record
the DOM spectrum and should contain the actual buffer or
reaction media, and not just nanopure water. Second, it is
advisible to perform measurements in double-beam mode,
using an appropriate blank as the reference. Third, one should
avoid collecting spectra with absorbance values above 1—1.5 in
the spectral region of interest to calculate Ry, as, above these
values, most spectrophotometers may not provide linear
responses (recall that an absorbance of 1 or 2 corresponds
to absorption of 90% or 99%, respectively, of the incoming
photons). If absorbance is greater than these values, the
solution should be diluted, and the dilution factor should be
considered in the calculations; alternatively, one can use a
cuvette with shorter path length.”® If using values above these
thresholds, one should show that the instrument’s response is
linear. Similarly, one should avoid using spectra below 0.02—
0.01 absorbance units, which are typical uncertainties of
spectroscopic measurements; ** in this case, higher path length
cuvettes (i.e, S or 10 cm instead of 1 cm) or more
concentrated solutions should be employed. Finally, it is
advisible to allow the samples to equilibrate to room
temperature before collecting UV—vis spectra,’®*’ as (micro)-
bubbles forming from dissolved gases might influence the
solution absorbance. In addition to all of these points, one can
also record spectra in duplicate or triplicate and use the
average absorbance for further data analysis.”” Averaging is
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particularly important to get accurate absorbance values in the
visible region.
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Figure 6. Example of light sources used in apparent 'O, quantum
yield measurements (single wavelength, violet; narrow-bandwidth,
orange; broad bandwidth, blue). Spectra are from Manfrin et al.” (312
and 366 nm), Janssen et al.”? (314 nm), and Partanen et al.¥ (321,
429, and 470 nm). The broadband lamp spectrum is from the xenon
lamp that we used to collect the experimental data presented in this
paper (Newport, 300 W; section $5.3). This spectrum was collected
with a spectroradiometer (Jaz, Ocean Optics), and here is not
corrected for the absorption of the borosilicate test tube. In this graph,
the normalized irradiance is defined as I,/I;_.

For discrete molecules, it is possible to use literature ¢,
values for R, calculations. For example, accurate molar
extinction coeflicients are available for PNA in the wavelength
interval 250—400 nm,"*’ which can be used directly for
actinometric calculations. Spectroscopic data for a wide range
of organic and inorganic species can also be downloaded from
online databases such as the NIST Chemistry WebBook'*’ and
the UV/vis* Photochemistry Database.'>9'°! Nevertheless,
even if literature values are available, it is advisible to still
collect a spectrum of the experimental solution to be able
account for stock-specific impurities that might cause light
screening (ie, as when using nonrecrystallized PNA; see
sections 3.2.1.3 and $4.2).

3.2.1.5. Selection of Light Sources. An important and often
overlooked property of apparent 'O, quantum yields is its
wavelength dependence. When dealing with discrete molecular
chromophores, such as the reference sensitizer perinaphthe-
none (PN), 'O, quantum yields are often constant over a
relatively wide wavelength range because they are associated
with a well-defined electronic transition. For example,
irradiation of a PN solution around 360 nm triggers only the
So = S, transition, which is followed by internal conversion to
S, and then by intersystem crossing to T, the first triplet
excited state.'>” Energy transfer from T, to ground state
oxygen results in the formation of 'O, with a uniform quantum
yield of ~1 in water."*” In the case of chromophore mixtures
like DOM, the situation is more complex, as each wavelength
excites a different subset of sensitizers (even without
considering further complications related to energy transfer
processes). As a result, @, values of chromophore mixtures are
expected to change based on the light source, both as a
function of its emission maximum and its spectral bandwidth
(quantified here as full width at half-maximum, FWHM).

https://dx.doi.org/10.1021/acs.chemrev.0c00781
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In the environmental photochemistry literature, three types
of light sources have been used for ®, measurements: single
wavelength (FWHM <S nm), narrow bandwidth (FWHM =
5—50 nm), and broad bandwidth (FWHM >50 nm) sources
(Figure 6).

Single wavelength sources include lasers (used most often in
'0, phosphorescence measurements), low-pressure Hg lamps
(UVC; Apy = 253.7 nm), and narrowband UVB lamps for
medical applications (UVB, A,,,, = 312 nm, FWHM = 2.2 nm;
Figure 6), all of which have been rarely used in DOM @,
determinations (Table 1). Note that laser emissions for “long”
pulse-length lasers (ie, > 100 ps) are essentially mono-
chromatic, but there is notable broadening for short pulse-
length lasers (i.e., 100 fs), which is further exacerbated by
nonlinear frequency adjustment techniques. For example, the
laser data shown in Figure 6 was collected with an 80 fs pulse-
width laser system modulated with an optical parametric
amplifier to produce different emission wavelengths, and shows
9.6 nm FWHM line width at 470 nm.

Narrow bandwidth sources are more common, and include
medium pressure mercury lamps (typically A, = 366 nm),
black light bulbs (UVA, A, = 365—366 or 370 nm; Figure 6),
UVB light bulbs (4,,,, = 314 nm; Figure 6), fluorescent tubes
(UVA-UVB), blue light bulbs (4,,,, = 415 nm), filtered xenon
light (various wavelengths in the UVB, UVA, and visible), and
laser light modified with an optical parametric amplifier
(various wavelengths in the UVB, UVA, and visible) (Table 1).
Among these possibilities, several authors favored the use of
black Rayonet bulbs, which emit in an environmentally
relevant spectral region and have a relatively small bandwidth
(9—18 nm).””*~7” For this reason, several papers report
“monochromatic” 'O, quantum yields at 365 nm (®,(UVA)).
Note that @, values obtained with the medium pressure
mercury lamps that emit at 366 nm are not necessarily
expected to be exactly equivalent to those obtained using the
black Rayonet bulbs due to possible variations in spectral
shape. On the other hand, filtered xenon light (for steady-state
experiments) or OPA-modified laser light (for time-resolved
'0, phosphorescence experiments) are the best choices to
measure wavelength-dependent quantum yields, as they allow
the easy manipulation of the emitted light to obtain spectral
ranges that are not accessible in other commercially available
lamps. For example, Halladja et al.”” used a xenon lamp
equipped with a Schoeffel monochromator to obtain narrow
bandwidth light at 320, 340, 375, 400, 425, 450, and 500 nm.
Likewise, Partanen and co-workers® used a Ti:sapphire laser
and an OPA to achieve high spectral resolution light (ie, A =
300, 320, 330, 340, 365, 380, 400, 430, 470, 500, 540, and 560
nm).

A common broad band light source in aquatic photo-
chemistry is the xenon lamp, which is among the most popular
irradiation sources for ®X°M quantification via steady-state
methods (Table 1, 24 publications) because it can be used to
simulate natural sunlight. When used inside solar simulators,
xenon lamps are typically equipped with additional filters to
better reproduce the solar spectrum at the Earth’s surface.
Common filters are the air mass (AM) 1.5 filter, which
simulates the total actinic flux at zenith angle of 48.2°, and
cutoff (long-pass) filters, which eliminate nonenvironmentally
relevant wavelengths (i.e., < 290 nm) present in the xenon
lamp spectrum. Note that cutoff filters can be avoided by using,
for example, borosilicate test tubes instead of quartz test tubes
(when irradiated from the side). A caveat of xenon lamps is
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that their emission, albeit similar, is not equivalent to the
natural sunlight spectrum. Furthermore, the use of different of
cutoff filters (see Table 1) in combination with a variety of
experimental geometries (e.g, a beaker or a Petri dish
irradiated from the top vs a test tube irradiated from the
side; see Table S3) can influence the amount of non-
environmentally relevant UVB wavelengths in the resulting
irradiance spectrum. Even if they comprise only a minor
portion of the integrated irradiance (Figure 6), wavelengths
below 300 nm are absorbed by DOM more effectively than
visible light, which might bias the final solar-integrated 'O,
quantum yield toward higher values.

An important point to stress is that polychromatic quantum
yields, like those measured with xenon lamps (®,(solar)), will
be quite different than those measured at specific wavelengths
(e, ®5,(UVA)). In this respect, Partanen et al.”’ used their
spectrally resolved ®, values to compute the expected
@, (solar) for SRNOM and PLFA, obtaining 1.0% and 1.9%,
respectively. In comparison, ®,(UVA) (measured with OPA-
modified Ti:sapphire laser) were 1.4% and 2.4% for SRNOM
and PLFA, respectively (+10% error), which is indeed very
close but not equivalent to the respective polychromatic
quantum yields. Instead, the calculated ®,(solar) values
matched the single-wavelength values at 430 nm for
SRNOM and at 400 nm for PLFA. It is therefore important
to recognize that narrow band ®, values can be poor
approximations of the polychromatic 'O, quantum vyields,
especially when attempting to accurately represent environ-
mental behavior (i, for environmental modeling purposes).
Even though this calculation was performed only for two
isolates, the results from Partanen et al. suggest that blue light
(i.e., blue LEDs) might be a more appropriate narrow
bandwidth light source to measure apparent polychromatic
quantum yields.

3.2.2. Measuring '0, Production. 3.2.2.1. Choice of the
'0, Probe. A critical problem when performing probe-based
measurements is the selection of the 'O, probe, which has to
fulfill many criteria in order to provide robust measurements
(see Nardello et al.'>*). In the environmental photochemistry
field, furans have historically been used as 'O, probes due to
their high reactivity toward this reactive oxygen species. The
first authors measuring 'O, quantum yields in natural waters
selected 2,5-dimethylfuran (2,5-DMF) as a probe because of its
high bimolecular rate constant with 'O, and its well
characterized 'O, degradation mechanism.”®”%® However,
already in the mid-1980s, the many limitations of 2,5-DMF
— the relatively high volatility (which required the use of
gastight reaction cells),”*® the potential interference of
hydrogen peroxide, and the relatively low water solubility—
led to the development of new probes.">* In 1984, Haag et
al.">* proposed furfuryl alcohol (FFA) as an alternative, and
since then FFA has become the compound of choice for 'O,
measurements in environmental samples, including steady-
state concentrations, bimolecular rate constants, and quantum
yields.">® To date, 49 studies (of 53, 92%) have used FFA to
quantify @, via absolute or relative methods (Table S6); three
studies used 2,5-DMF, while one group employed furoin (1,2-
di(furan-2-yl)-2-hydroxyethanone). Furoin was used during
the 1990s by a single research group focused mostly on the
photochemistry of soil-extracted humic substances,””'' and
never gained attraction within the broader aquatic photo-
chemistry community.
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3.2.2.2. Choice of Data Treatment Approach to
Determine R;p, (Absolute Chemical Probe Methods). All
absolute chemical probe methods rely on the direct or indirect
quantification of the singlet oxygen formation rate (R;p,), 2
parameter that can be obtained from experimental data by
approaches based on different approximations.

The most popular approach, with at least 35 studies of 49
total (Table S7), builds on the steady-state approximation, and
was already described in section 3.1.1. Briefly, if [P] is low
enough not to influence 'O, concentration,
(kplilyslloz-'-krgn,loz)[P]+k§zk§) resulting in eq 6.>° This
approach has different variants that were described in section
3.1.1; in all cases

A
kd kobs, P

102 —

krI:m, 102 (27)

where kyp (s7') is the pseudo-first-order degradation rate
constant of the probe, ki, 0, (L mol™" s7') is the bimolecular
rate constant for the reaction of the probe molecule with 'O,
and k§ (s7') is the aqueous singlet oxygen deactivation rate
constant to ground state oxygen. In these experiments, kp,p is
obtained from the slope of a In([P]/[P],) vs time plot, while
kf}mrloz and kf are retrieved from the literature. A major
drawback of this approach is that it assumes that P does not
influence 'O, steady-state concentrations. However, at typical
probe concentrations, the error introduced by this approx-
imation is well below 5% (see section S1 and below).

On the other hand, a few authors (at least 6 studies of 49;
Table S7) quantified R,p, from the initial degradation rate of
the probe molecule (initial rate approach). This strategy builds
on the same equations that were used for the steady-state
method, but avoid any simplification. For this reason, this
approach remains valid also for relatively high [P] (i.e., for
FFA, 0.1-1 mmol L™ or higher). Assuming that —d[P]/dt =
Rp, Ry = Ry @y, and kghys,loz = 0, eq 4 can be rewritten as
follows.

krl))m, 102[P]

RP = RIOZ—
k$ + ki 10olP]

(28)

Note that Rp, will change as a function of [P], thus as a function
of time; for this reason, we select initial concentrations and
rates as the reference condition. By rearranging eq 28, one
obtains a formula for the initial 'O, formation rate, R)y,.

okd + K 10o[Ply

Rioy = Ry P

kexn,102[Plo (29)
Compared to eq 27, this formula relies on the accurate
measurement of initial concentration and degradation rate of
the probe compound, two quantities that are intrinsically more
difficult to quantify accurately than rate constants. In addition,
literature parameters such as k3 and ko102 are still required
for data analysis. Thus, this approach does not improve some
of the limitations of the steady-state approximation.

Authors used different strategies to quantify RJ. In several
studies, R} was obtained directly from the slope of a [P]/[P],
vs time plot assuming zeroth-order kinetics.””*”? On the
other hand, Halladja et al.”® calculated R} = A[P]/At using a
single time point that was optimized to limit P degradation to
6%. For these approach to work, one has to follow the probe
depletion kinetics for a limited amount of time, typically
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[P]ena/ [Plo & 0.94—0.70."°%7%7% Alternatively, one can fit the
[P]/[P], vs time plot with a monoexponential decay function
and derive the initial degradation rate as R} = kypop[Po.”"

We also point out that studies that are based on the steady-
state approach but correct for probe quenching also indirectly
quantify initial rates. For example, Du et al.** quantified the
'0, production rate as Rjo, = ['0,] (k3 + kiAo, [FFA])
using their initial FFA concentration (100 gmol L™"). At this
probe concentration, the difference between the corrected and
the uncorrected Ry, value is 3.5% (Figure S2), and it can be
considered negligible. On the other hand, one author that
applied the initial rate method also assumed that ki +
klI')xn,IOZ[P:]O ~ ki and obtained approximate singlet oxygen
formation rates (and quantum yields) as R}y, ~ 0.048 R},
where 0.048 = kiel\0o[FFA]y/k3."

In most environmental chemistry studies, ®, was quantified
from a single experimental condition (typically in duplicate or
triplicate). An alternative method consists of repeating the
probe degradation experiment for the same sensitizer under
slightly different experimental conditions (i.e., different [P],
light intensity, sensitizer concentration, etc.) and obtaining ®
from the parameters of a regression model. As the main
drawback, this approach requires a considerably larger number
of samples than 1-point determinations and might therefore
not be always feasible. Among the studies included in this
review, there is only one explicit example of such an approach.
Specifically, Aguer et al®’ obtained apparent 'O, quantum
yields of soil isolates from (R})™" vs [P],™" plots. For each soil
sample, this plot was built by measuring initial rates at different
initial probe concentrations. A linear regression of each plot
provided slope and intercept, which were used to calculate the
apparent 'O, quantum yield. Indeed, by rearranging eq 4, one
obtains the following expression:

11
RI(’) Ra%sch

A
kg L
Raobsq)AkrI:m,lOZ [Plo

(30)

In this study, they calculated the apparent 'O, quantum yield
from the intercept of the plot and the rate of light absorption, a
convenient choice as it requires fewer parameters than
obtaining it from the slope. On the other hand, they used
the ratio slope/intercept = k3/ kll')xn,lOZ (also known as f; see eq
11) as a quality control check. Notably, among the various
approaches, this is the one that requires no reference
compound and uses the fewest parameters to determine ®,,
i.e,, only the intercept and the rate of light absorption.

In addition, Kaur et al.” proposed a different approach based
on the steady-state equations to calculate the overall apparent
'0, quantum yield of atmospheric samples. Specifically, they
plotted R, (obtained via steady-state) vs R, for all of the
samples tested and obtained the average @, directly from the
slope of the regression line (®, = (3.8 + 0.2)%, R = 0.94, N =
14). Even if this was not the strategy used in this study, this
work shows that @, can be obtained from regression analysis
of data from a dilution series of the same DOM sample or a
series obtained using different numbers of lamps.

3.2.2.3. Bimolecular Rate Constants of the Probe with '0,
(kg(n,702)' The bimolecular rate constant of the probe with 'O,

kimi02) is a parameter required in all absolute probe
compound measurements, which are the most common @,
determination techniques. In this section, we limit our
discussion to FFA, which is by far the preferred 'O, probe
in apparent 'O, quantum yield measurements.

https://dx.doi.org/10.1021/acs.chemrev.0c00781
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Three different bimolecular rate constants have been used to
describe the reactivity of FFA with 'O, in ®}°M studies. Still
today, the most used value (27 of 53, Table S6) is the one
established in 1984 by Haag et al."** (kifAo, = 1.2 X 10° L
mol™" s7"), while, in the past 15 years, a few authors (5 of 53,
Table S6) have adopted the value from Latch et al.'¢ (kfxi[,\loz
= 8.3 X 10" L mol™" s7'), which is 40% smaller. Recently,
Appiani et al.'” undertook a systematic re-evaluation of kiehon
using both steady-state methods (as in Haag et al.) and time-
resolved methods (as in Latch et al.) to provide a reference
value for this rate constant. The benchmark value is now
considered kf,fn‘ﬁoz =1.0 X 10° L mol™! s7" at 22 °C in distilled
water.'” This rate constant is not affected by pH over the pH
range of 3—12, yet it is slightly impacted by temperature
(~+2% per °C) and ionic strength (+13.4% in artificial
seawater).'”> Appiani et al.'”” also provided a rationale for the
higher 'O, reaction rate constant measured by Haag et al. and
the lower value obtained by Latch et al, further highlighting
the need to use the updated, more accurate kfxf,‘f‘loz value. At
this time, 66% of the 2018 publications, at least 36% of the
2019 publications, and 50% of the 2020 publications (as of
March) still use the historical Haag value (Table S6). Even if at
some temperatures the difference is minimal, Wenk et al ¢
conclude that the use of the updated rate constant can result in
['0,], values that are up to 24% higher compared to values
obtained with the Haag’s rate constant. Furthermore, a few
authors have used the updated value but did not account for its
temperature dependence (Table S6), which also introduces
errors.

3.2.2.4. Pseudo-First Order Rate Constant of the Probe
with "0, (Kopsp). The measurement of pseudo-first-order rate
constants of the probe with 'O, (kobs,p) is required for relative
probe compound methods and for absolute methods that rely
on the steady-state approximation. Absolute methods that
utilize the initial rate approach do not strictly require the
determination of this parameter, even if exception to this
general rule can be found in the ®R°M literature (section
3.222).

In general, k,,p is obtained empirically by irradiating a
solution containing the 'O, probe, typically FFA, and the
chromophore of interest. The loss of the probe over time is
quantified via HPLC with UV—vis detection, and the plot of
In([P]/[P],) vs time provides kg, p as the slope of the linear
regression line. It is a good practice to follow the degradation
kinetics for at least one half-life.”"">”

In these experiments, the probe concentration should be low
enough so that 'O, concentrations are not influenced by the
probe itself (ie., ki > (kghys,loz + ktl')xn,IOZ) [P]; see eq 4);
alternatively, one should treat the data to account for 'O,
losses due to reaction with P. Specifically, in order to have <5%
variation in ['O,],, due to probe quenching, [FFA], < 145
umol L™, [2,5-DMF], < 19 umol L™}, and [furoin], < 81
umol L™' (section S1 and Figure S2). Overall, FFA
concentrations fulfill this requirement, ranging from 1 to 100
umol L™" (Table S6). To the best of our knowledge, only two
studies employed [FFA], > 100 gmol L™ and did not correct
for probe quenching,Sl’59 while three other authors used
considerably higher FFA concentrations (1—50 mmol L™") but
adjusted the calculation to account for the effect of the probe
on ['0,].*”*®" On the other hand, the three early studies
that employed 2,5-DMF as the 'O, probe worked with
concentrations from 10 gmol L™ to 1 mmol L™ but did not
account for 'O, quenching by the probe.”*”*®
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There are a few possible additional corrections that need to
be considered, including direct photolysis, dark reactions, and
reactions with other PPRIs. Due to its widespread use, we will
limit here the discussion to FFA. Direct photolysis is not
expected to play a major role in FFA photodegradation
because of the negli%ible absorption of FFA at wavelengths
longer than 220 nm.”” Nonetheless, a few authors reported
measurable FFA photodegradation in their blanks, typically on
the order of a few percent, and corrected kg,,p accord-
ingly.**%*7*7¢ We should point out that freshly distilled FFA is
a colorless liquid (4., = 219 nm), but it slowly turns yellow
when exposed to air,>%"? also if stored at 4 °C. Thus, the
small direct photolysis observed by some authors might be the
result of indirect photodegradation sensitized by the yellow
impurities. Dark reactions are also r_legl_igible on the time scale
of photochemistry experiments.>***”*

Conversely, the reaction of FFA with other PPRIs needs to
be more closely examined. A few studies have reported non-
negligible reactivity of FFA with hydroxyl radicals
(*OH),»*3*4955 which could lead to an overestimation of
'0,-induced degradation. There is experimental evidence that
this behavior is wavelength dependent, with *OH contributions
being significant in the UVC (up to 50% with high pressure
mercury lamps),*® less important in the UVB (9—32% with
310 nm lamps)” and negligible in the UVA (1-2% with 365
nm lamps),” probably as a result of the different wavelength-
dependencies of 'O, and *OH.”” For xenon lamp photolysis,
the *OH contribution is estimated to be on the order of 20%
of the overall FFA reactivity.”> On the other hand, some
authors observed no changes in FFA degradation kinetics with
the addition of *OH quenchers,”°*”° while others estimated it
to be negligible based on typical PPRIs concentrations during
their e:(perirnents.3’8’62 Overall, these results suggest that the
*OH contribution to FFA loss is also DOM and sample matrix
dependent (i.e., nitrate and iron content). An easy strategy to
account for this problem is to amend the solution with a small
amount of *OH quenchers, such as methanol (100 mmol L™"),
isopropyl alcohol (10 mmol L"), or t-butyl alcohol (50—100
mmol L™'; Table S6). Alternatively, one can quantify [*OH],
with appropriate chemical probes (see Rosario-Ortiz and
Canonica'®) and correct kobs rra for the additional degradation
due to *OH. Specifically, the corrected pseudo-first order rate
constant can be obtained as kgporra = Kobspra — FEA
[*OH],, where kf}:ﬁOH = 1.5 X 10" L mol™! s71.7%° Other
PPRIs that might induce additional non-'0, degradation are
triplet excited states. To date, triplet-induced FFA degradation
has only been observed with anthraquinone-2-sulfonate,'® a
highly oxidizing triplet excited state sensitizer (Egfi; = 2.28 V,
where ESi is the excited state reduction potential vs SHE).
Triplet excited state-mediated FFA degradation was also
hypothesized to be occurring in whole water samples from
Vaccares (estuary) and Canal Fumemorte (freshwater) in
Camargue, France.'®" In this last study, sodium azide, a well-
known 'O, quencher,'”> was added to the experimental
solutions at a concentration that would remove 90% of the
photogenerated 'O,, but resulted in only 65% and 47%
reduction in FFA reactivity for the Vaccares and Canal
Fumemorte samples, respectively. Note that similar azide
quenching experiments performed by others yielded exper-
imental results in agreement with the current understanding of
FFA reactivity,%’70 suggesting that, if present, non-'O, FFA
degradation might be sample specific.

https://dx.doi.org/10.1021/acs.chemrev.0c00781
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Apparent 'O, quantum yields measurements have been
performed using a wide range of DOM concentrations (0.59—
150 mgc L', see Table S8), but this parameter should not
influence dramatically the final ®, value, considering that
internal light screening is already accounted for if using the
nonsimplified R, equation (eq 18) and that 'O, quenching by
DOM is negligible in H,O (Figure S1A).

3.2.2.5. Reference Sensitizers. Reference sensitizers are a
central part of relative probe compound calculations and 'O,
phosphorescence methods. Overall, perinaphthenone (PN)
has been the most popular reference sensitizer (8 studies out of
12); other reference sensitizers that have been used in @,
studies include rose Bengal (RB; 2 studies), meso-tetra(N-
methyl-4-pyridyl)porphyrin (TMPyP; 1 study), and Suwannee
River fulvic acid (SRFA; 2 studies; Table S8).

The widespread use of PN is not surprising, given that this
molecule is considered a universal reference compound for
determining @, in several fields of chemistry.'®>'®
purposes, a major advantage of PN is that its absorption
spectrum resembles that of DOM (Figure 7A), which
minimizes errors associated with the integration range of R,
(section 3.2.1.1 and Figure 4). In addition, its 'O, quantum
yield in water is well characterized and wavelength-
independent in the UVA range (337—436 nm).'”> An
experimental difficulty is the relatively low water solubility

For our
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Figure 7. (A) Comparison between PN molar extinction coefficients
(blue), SRFA absorption spectrum (10 mge L™"), and the normalized
solar irradiance (gray; values from Apell and McNeill'*® for 40°N,
normalized by the maximum irradiance value). In the graph, we also
indicate the validity range for the PN quantum yield value of 1.01
according to Schmidt et al.'®® (B) Comparison between RB molar
extinction coefficients (blue), SRFA absorption spectrum, and the
normalized solar irradiance (gray). In the graph, we also indicate the
approximate validity range for the RB quantum yield value of 0.76 by
Gandin et al.'"** (pH 7 in phosphate buffer).
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(~5 mg L™")."% The low solubility does not affect its use as a
reference because of its high efficiency for producing 'O, but
does make it challenging to prepare aqueous solutions. This
drawback can be overcome by mixing for extended periods of
time or using small amounts of a cosolvent such as ethanol or
acetonitrile. Remarkably, PN has @, close to 1 in a wide range
of solvents, and thus the presence of cosolvents will not alter
the value of its aqueous quantum yield.'® An alternative
approach to deal with PN’s low water solubility that has so far
not been explored in our field is to use more water-soluble
versions of PN (i.e, 1-H-phenalen-1-one-2-sulfonic acid or
trialkyl ammonium PN derivatives), which have dramatically
higher water solubility yet still retain the excellent 'O,
photosensitizing ability of PN (®,> 0.97).167:168

The majority of the authors used a PN quantum yield of
0.98 (+0.08), but one study had 0.95 + 0.05 (Table S8). Both
values were reported by Schmidt et al.'"®® in the same article,
but were obtained via different approaches: the first (0.98 +
0.08) is an average of five determinations in various methanol—
water mixtures, while the second (0.95 + 0.05) is an
extrapolated value recommended for any air-saturated organic
solvent or O,-saturated micellar systems of low viscosity. The
paper also reports a value in pure water (1.01 + 0.03), which
has never been used in relative ®Y°M studies (besides from
Sandvik and coauthors,”” who used an approximated quantum
yield of 1). One author working in D,0%* used ®, = 0.97
referring to Schmidt et al, but this value is not listed in the
original publication. It is worth noting that all of these values
are equal within their experimental error, meaning that, with
appropriate error analysis, the resulting ®3°™ values should
also be statistically equivalent. Overall, all studies used PN
within its applicability range, even though some used it for
wavelengths below 337 nm (Table S8).

Other reference sensitizers—like Rose Bengal, a halogenated
fluorescein derivative, and TMPyP, a water-soluble porphyrin—
have been used to measure apparent 'O, quantum yields in the
visible range, where PN does not absorb (Table S8 and Figure
7). Even if well suited for experiments in the visible, RB suffers
a series of limitations in polar solvents, including photo-
bleaching, aggregation, and pH-dependent 'O, generation.165

A general problem when using these reference sensitizers is
their disproportionately high 'O, quantum yield (75—100%)
compared to the value expected for DOM (~ 1—5%). Similar
to what has been discussed for chemical actinometers, this
difference makes the reference experiment considerably faster
than the DOM-sensitized kinetics, even when using low
reference sensitizer concentrations. Thus, the most optimal
condition for ®YM studies would be to use a reference
sensitizer with 'O, quantum yields on the order of 0.5—10%.
Possible candidates include coumarin (®, = (1.68 =+
0.18)%),”* 7-hydroxycoumarin (®, = (1.65 + 0.25)%),>
and 6-methylcoumarin (@, ~ 1%),'% as well as derivatives of
9-phenylphenalenones (®, ~ 0.2—8%),'”" natural products
based on the perinaphthenone skeleton.'”' However, a
systematic reassessment of their photophysical properties
(i.e., photostability, wavelength dependence, pH, and solvent
dependence) is needed before adopting them as reference
sensitizers. Another alternative would be to use DOM itself as
a reference sensitizer, as done by Sharpless et al.** and
Dalrymple et al.*® In these studies, the authors measured ®3
and used it as a reference for other DOM samples measured on
the exact same experimental setup. While this approach is well-
suited for discussing overall trends between DOM samples, it

https://dx.doi.org/10.1021/acs.chemrev.0c00781
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cannot be used to determine absolute values because of the
lack of consensus on @XM, Furthermore, Cawley et al.”® have
sounded the warning that Suwannee River stocks from
different sampling campaigns might have different photo-
sensitizing abilities, as suggested by the comparison of
apparent 'O, quantum yield values from two independent
studies that employed two different SRNOM stocks (stock
2R10IN: (2.87 + 0.29)%;’° stock 1RI10IN: (2.02 =+
0.23)%). Even if variations of this order of magnitude
between independent publications can easily results from other
factors, as we extensively discuss in section 3.3, natural
temporal fluctuations in DOM source material cannot be
excluded. In addition, these organic matter samples are isolated
in finite amounts, meaning that, when stocks are consumed,
they can no longer be purchased (as happened recently for
Pony Lake fulvic acid and other samples from the THSS'"*).
Furthermore, a good property for a reference material is that it
can be purified easily, and “purification” is not well-defined for
mixtures such as DOM.

3.2.2.6. Singlet Oxygen Deactivation Rate Constant (k3).
The 'O, deactivation rate constant in water is defined as the
inverse of the natural 'O, lifetime (i.e., k{ = 1/7,) and is an
important value needed in absolute chemical probe calcu-
lations. Several different k§ values have been used in ®RM
determinations, ranging from 2.2 to 2.81 X 10° s (Table S9).
The most commonly used value is 2.5 X 10° s™" (at least 24
papers of 48), which _generally references to the work of
Rodgers and Snowden,' " who were the first to measure 7, in
H,0. Rodgers and Snowden estimated two different 'O,
lifetimes in water using either a direct measurement (7,
44 ps) or by extrapolating 7, in pure water from measure-
ments in H,O/D,0 mixtures (4, = 3.9 us). These lifetimes
correspond to k§ = 2.27 X 10° s and 2.56 X 10° 57,
respectively, with an average value of 2.4 X 10° s™%."”* This fact
partially explains why authors have reported different ki values
even when referencing the same paper (see Table S9).
Interestingly, neither the initial work by Rodgers and
Snowden'”’ nor a subsequent paper by Rodgers'’* report
the widespread kj value of 2.5 X 10° s (i.e., 7, = 4 ps) in
their experimental results. This value was obtained in a
previous study that used an indirect photobleaching method,
and it is only briefly mentioned at the end of the Rodgers and
Snowden paper.'”> We thus believe that the 2.5 X 10° s™! value
that is most commonly used in environmental photochemistry
is the result of a rounding approximation (i.e,, 3.9 — 4.4 ~ 4 us,
thus k3 = 2.5 X 10° s™"). We also highlight that, due to the low
lifetime in H,O and the low temporal resolution and sensitivity
of the experimental devices available at that time, the accurate
determination of 7, in water was not a trivial task at the time of
the Rodgers and Snowden paper.””'*'”® For these reasons,
we do not recommend the use of 2.5 X 10° s™' in future
studies.

Instead, considering the advances over the past 50 years in
measuring '0, kinetic pathways via spectroscopy,go’108’109 we
advocate for the use of a more updated ki value. Recently,
Appiani et al.'”® measured the singlet oxygen lifetime in water
via time-resolved 'O, phosphorescence and found k§ = (2.76
+ 0.02) X 10° s™" at 20 °C, which corresponds to 7, = 3.6 s.
Similarly, Davis et al.'"> measured k3 = (2.81 + 0.05) x 10°
s™" with the same experimental setup, which also gives 7, = 3.6
us. These results are in excellent agreement with the average of
all the values reported in a comprehensive review (7, = (3.7 +
0.4) ps),”” and with recent measurements performed with a
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ultrafast laser setup (75 = 3.5 us at 20 °C'7° and (3.5 + 0.1) ps
at 25 °C'0M109), Similarly to kiioy 'O, lifetime does also
have a weak temperature dependence.'®"'%'7

3.3. Error Analysis

In the previous section, we critically analyzed all the
parameters that can be the origin of the variability of ®3°M
values. Our analysis highlights the presence of small variations
in experimental details and data analysis approaches across the
environmental photochemistry literature. Considered alone,
each of these factors is expected to introduce only small
variations in ®X°™, but, when considered cumulatively, they
are likely to result in significant relative errors across
publications. This fact also justifies the relatively good data
consistency within, but not across, studies.

In Table 2, we summarize possible sources of errors related
to each of the parameters discussed in the previous sections.
These errors can be either experimental (i.e., improper

Table 2. Summary of Possible Sources of Errors in ®5°M

Studies

parameter possible source of error effect”
measuring light absorption
Ry using too narrow of an integration range L
using simplified equation S
not accounting for additional chromophores in n/a
solution (i.e., nitrate)
Iy, (via not accounting for glassware lens and reflection n/a
radiometry) effects
improper radiometer orientation n/a
no periodic radiometer recalibration n/a
measurement not performed for the whole n/a
experiment
Iy, (via using outdated @4 value M
actinometry) (using nonpurified PNA)® n/a
using simplified equation S
too fast actinometry kinetics (2-NBA, ferrioxalate) n/a
not accounting for glassware lens and reflection n/a
effects (ferrioxalate)
&, a, A not correcting for offsets in the long-wavelength L
(visible) absorption
improper collection of absorption spectra (ie, A> L
1.5, A < 0.01, no or inappropriate baseline or
blank collection, etc.)
not accounting for presence of stock-specific n/a
impurities (PNA, FFA)
inaccurate quantification of optical path length N
measuring singlet oxygen production
K2 102 (FFA)  using outdated kfpeion M
using updated kiy)0, but not accounting for M/S
variations in T and ionic strength
kops,p (FFA)  using [FFA], > 145 pmol L™'¢ n/a
(not accounting for *OH reactivity)d n/a
el using D3 outside its applicability range n/a
too fast Sens, kinetics n/a
using incorrect Pensref n/a
K using outdated k5 M/S

“Effect evaluated as large (L, > 25% variation), medium (M, 10—25%
variation) or small (S, < 10% variation) based on calculations
reported in the main text for absolute actinometry-based quantum
yield measurements. Note that effects of some errors were not
evaluated (indicated as n/a). “Without an appropriate data analysis;
see eq 25. “When using a data analysis approach based on the steady-
state approximation. “For some DOM and light sources, this effect is

negligible.
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radiometer orientation), mathematical (i.e., using too narrow
of an integration range for R,,), or can result from the use of
outdated literature parameters (i.e., using ®5\* from Dulin and
Mill). The first type of errors can hardly be corrected a
posteriori and should be minimized as much as possible at the
time of data collection. Mathematical errors can only be
corrected if the entire raw data set, including lamp and DOM
spectra, is available, which is typically not the case. Literature
errors are the only ones that can be corrected a posteriori, but,
again, only if the values of the parameters used during data
analysis are reported in the manuscript.

In a first attempt to evaluate the effect of errors in literature
parameters, we harmonized the available 'O, quantum yield
values for Suwannee River fulvic acid with the most updated
values for kiion k3, ®%™, and ®NA (Table 3). In this

Table 3. Average ®, (+ Standard Deviation) for SRFA
before and after Harmonization”

light source N @, (orig) (%)  Dp(corr) (%)  Dp(corr)* (%)

all 2§ 1.96 + 1.07 2.14 + 1.03 1.68 + 0.89
(55%) (48%) (53%)
solar 11 2.00 + 0.76 245 + 1.00 1.39 + 0.60
(38%) (41%) (43%)
blue 1 0.57 0.57
UVA 10 144 + 0.44 1.55 + 0.53
(31%) (34%)
UVB 2 440 + 1.41 329 + 031
(32%) (9%)
uvc 1 3.20 3.99

“The value in parentheses is the relative error calculated as the
standard deviation divided by the average. @, (corr)* is the average of
the harmonized values corrected for the upper integration range
(Table S10). Note that ®,(corr)* should be considered only
indicative (see section SS.1 for details). Bold data are best values.
Data for SRNOM, SRHA, and PLFA are provided in Table S11.

analysis, we included ®, values measured via absolute
chemical probe methods (actinometry, N = 7; radiometry, N
= 13), relative chemical probe methods (N = 3), and 'O,
phosphorescence methods (N = 2; Figure 8A and Table S10).
To harmonize the literature data, we multiplied or divided the
original @, value by correction factors (one for each literature
parameter) obtained as the ratio of the updated value (ie.,

kFFA

raio2(upd)) to the value used in each publication (ie.,
kemi02(orig)). For instance, for the absolute probe compound

method based on actinometry, we used the following equation.

knnioa(orig) g (upd) k{(upd)
kamion(upd) @4 (orig) ky(orig)
(31)

where kf}sf‘loz(upd) changes as a function of temperature, and
@A (upd) varies as a function of pyridine concentration.
When the experimental temperature was not available, it was
assumed to be 25 °C. If [py], was not available and @} (orig)
was from Dulin and Mill, ®5y*(upd) /@5 (orig) ~ 0.29/0.44
= 0.66. If the parameters used in the original publication were
not available, we assigned most likely values based on the
publication year or based on values used by the same authors
in other studies (Table S10). We employed analogous
equations to harmonize the quantum yield values obtained
with other methods (section S5.1).

Figure 8A provides an overview of the effects of
harmonization. Overall, we observed the most substantial
effects for absolute probe compound methods, which is a
direct consequence of the fact that more literature parameters
are needed to calculate the quantum yield. Typically, the
correction resulted in a slight increase in @,, which directly
stems from the use of k0, from Haag et al.”* and k§ = 2.5
x 10° s7! in most publications (Table S10). Considerable is
the reduction for the Janssen et al.”> value, which dropped
from 5.4% to 3.1%, thus becoming comparable to the other
quantum yield measured with UVB lamps (3.5%).” Note also
that this correction reduced the spread of literature values for
SRFA, which now ranges from 0.46% to 4.0%. Typically,
relative methods are characterized by a smaller variability
associated with literature parameters, as they only rely on the
'0, quantum yield of the model sensitizer. This parameter is
typically well constrained (ie., for PN, ®, = 0.95-1.01;
section 3.2.2.5) and scales linearly with ®, (eqs 14 and 17),
resulting in a maximum relative variability of +6%.

Even if harmonizing apparent 'O, quantum yields values for
the variation in literature parameters does eliminate some
variability, it still does not entirely solve the problem. Indeed,
the average 'O, quantum yield for SRFA before harmonization
is equivalent to the one after correction (original: (1.96 +
1.07)%; harmonized: (2.14 + 1.03)%; Table 3), as well as the

@, (corr) = @, (orig)-

A B 3 : : : : :
O Original o X R
6 4 Harmonized | 1_0‘01 400 nm 22K
o) > £ £
5¢ 1 5l BEE |
T ale S Iy 0.005 Latch 833
< ¢ o1 & o« atcl Dulin & |
Aaqlo AN ¢ ¢ £ P 500 nm ,:,,Appiani © vl 28x10° 7‘ o
o3[ ¢ %y ¢ o 1 e e —%(noT) ————— & 25x105 ——————
¢ IS 1E 800 nm — —ec 24105 :
oL ¢ o o ® ® i &+o,oo5 Haag 4x10
g) o 0998 ® +0.01 2.2x10°%
11 8 i
® ¢ o
0 O L L 1 1 1
. . v A A FA PPNA A
radiometry  actinom. relative o SRFA up kzmnoz dir kr/

Figure 8. (A) Effect of literature parameter harmonization on @, for SRFA classified by measurement technique. Numerical values and details of
the harmonization procedure are provided in Table S10 and section SS.1, respectively. (B) Analysis of most relevant parameters responsible for
errors in @, values in absolute quantum determinations (actinometry). The continuuous gray line represents @, for SRFA obtained using the most
updated values and an upper integration range of 650 nm (®, = 1.24%). The dashed gray line indicate the range within 10% of the best value
(1.12—1.36%), while the dash-dot line is the 25% range (0.93—1.55%). SAggga indicate a variation across the entire absorbance spectrum of SRFA.
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associated relative error (original: + 55%; harmonized: +
48%). The harmonization procedure yielded comparable
results for Suwannee River NOM, humic acid, and for Pony
Lake fulvic acid (Table S11). These results suggest that other
factors are responsible for a larger fraction of variability in ®@,.

To better constrain possible sources of errors, we measured
the apparent 'O, quantum yield of SRFA using a xenon lamp
and PNA as the chemical actinometer (experimental details in
section S5.3). We first worked up the raw data using the most
updated literature parameters for ki, k4, and ®INA (Table
4), and an upper integration range of 650 nm. From this
analysis, we obtained ®, = 1.24%, in agreement with the
values reported in Table 3 (ie., (1.39 + 0.60)%). We then
repeated the calculation varying one parameter at a time to
simulate the effect of some of the errors listed in Table 2 on
the final quantum yield value. Within this list, we identified
eleven possible errors that could be reliably evaluated at the
data analysis stage with our experimental data (details in
section S5.4).

Figure 8B reports the five most relevant parameters that
influence 'O, quantum yield values ranked from the most to
the least relevant. By far, R, appears as the most sensitive
variable in apparent quantum yield determinations. In section
3.2.1.1, we have already highlighted the effect of the upper
wavelength (4,,) used in Ry, calculations, which can result in a
quantum yield overestimation of up to 92% for SRFA (4, =
400 nm; Figure 4). The exact magnitude of the error depends
on the DOM absorption spectrum (Figure S6A), and it is likely
a major cause for the overall high solar-integrated ®, values
reported in absolute probe compound determinations (see also
Table 3). Indeed, correction of literature @3 values for
differences in the upper integration wavelength resulted in a
considerable decrease in the average quantum yield (i.e., from
(2.45 + 1.00)% to (1.39 + 0.60)%; see column ®,(corr)* in
Table 3). Similar corrections (i.e., harmonization and
correction for A,,) were performed on available literature
values for PLFA, SRNOM, and SRHA, and also resulted in a
considerable decrease of solar-integrated @, (section SS5.2 and
Table S11). It is worth noting that corrected (solar-integrated)
®, values are comparable to solar-integrated 'O, quantum
yields calculated by Partanen et al.” using polychromatic
quantum yields obtained via 'O, phosphorescence measure-
ment. Specifically, for PLFA, the calculated quantum yield
from Partanen et al. was 1.9%, @ (orig) was (2.98 + 1.62)%,
and ®,(corr)* was (1.86 + 1.06)% (N = 9), while, for
SRNOM, the calculated value from Partanen et al. was 1.0%,
@, (orig) was (2.01 + 0.87)%, and @, (corr)* was (1.17 +
0.50)% (N = 14). In addition, for the four isolates, apparent
'0, quantum yields followed the order ®,(UVC) > ®,(UVB)
> ®,(UVA) > ®,(solar) ~ ®,(blue) only after harmo-
nization and correction for 4, (Table 3 and S11), which is also
expected based on known wavelength dependencies for these
two isolates (section 5.4).>””' Before correction for Aups
@, (solar) > ®,(UVA), which is not expected based on the
theoretical calculation of Partanen et al.’’ and further
strengthens our point that most of the solar-integrated values
in the literature are inflated.

Besides the upper integration wavelength, we found that
small variations in the DOM absorption spectrum also result in
significant effects on the final quantum yield. To evaluate the
effect of this parameter, we added a positive and a negative
offset (8Aggpa) of 0.01 and 0.005 absorbance units across the
entire SRFA spectrum (Figure 9A). This calculation simulates
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Figure 9. (A) Simulated variation in the absorption spectrum of
Suwannee River fulvic acid (~10 mgc L™"). (B) Resulting variation in
apparent 'O, quantum yield relative to the absorption spectra in (A)
as a function of upper integration range wavelength. The numerical
values are apparent 'O, quantum yields at 1,, = 800 nm.

common errors in the measurement of absorption spectra that
can result from inaccurate baseline correction, scratched or
contaminated cuvettes, or an inappropriate correction for long-
wavelength absorption. Note also that, for a concentration of
approximately 10 mgc L™' of SRFA, these variations are
equivalent to +2% (+0.005 absorbance unit) and +4% (+0.01
absorbance unit) of the absorbance at 300 nm and are thus
easy to overlook. The cause of the substantial effect in @, (i.e.,
from +99% to —33%; Figure 8B) stems directly from the fact
that xenon lamp (and solar) emission is large where DOM
absorption is small or zero. As a result, small variations in long-
wavelength DOM absorption get amplified in R, calculations.
Consistently with this explanation, in the presence of offsets in
the DOM absorption spectrum, errors in the final 'O,
quantum yield are proportional to 4, (Figure 9B). This fact
is particularly evident in the presence of negative offsets
(orange lines in Figure 9B), as the error increases with A,,
reaching values of +125% of the converged quantum yield (4,,
= 800 nm).

Even if not evaluated directly, the use of noncrystallized
PNA without accounting for the effect of impurities on R, is
expected to result in comparable relative errors as it also
involves the accurate quantification of the solution absorbance.
Likewise, errors in the determination of the incident irradiance

https://dx.doi.org/10.1021/acs.chemrev.0c00781
Chem. Rev. 2021, 121, 4100—4146


https://pubs.acs.org/doi/10.1021/acs.chemrev.0c00781?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.0c00781?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.0c00781?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.0c00781?fig=fig9&ref=pdf
pubs.acs.org/CR?ref=pdf
https://dx.doi.org/10.1021/acs.chemrev.0c00781?ref=pdf

Chemical Reviews

pubs.acs.org/CR

in the absolute method based on radiometry can also result in
small to large variations in the final 'O, quantum yield value
(section S5.5 and Figure S8).

Errors in literature parameters contribute to small (within
10%) or medium (within 25%) variations in apparent 'O,
quantum yields, and only in one case resulted in an
overestimation larger than 25% of the actual value (Figure
8B). Note that these errors can be both positive and negative,
meaning that a fortuitous combination of the wrong
parameters might result in an accurate result. All other
parameters analyzed resulted in small errors in the final
quantum yield value (Figure S7). In particular, the use of a
simplified equation for R, calculation resulted in negligible
variations in the final output (—2%). However, this
approximation can result in more relevant errors when
employing higher PNA concentrations (Figure S4). Empirical
parameters such as [pylo, [PNAJy, koporeas and kgpopna are
typically characterized by small relative errors (i.e., normally
<5%) and scale linearly with ®,. Relative errors to up to 20%
in the path length have negligible effects on ®, when using
actinometry because they propagate in the R, calculation for
both PNA and DOM. Interestingly, the same minimal effect is
observed also when the incident irradiance is quantified via
radiometry (Figure S8). In this case, errors in path length
cancel out as / appears both on the numerator and the
denominator of the R, expression (eq 18).

We want to stress further that our conclusions strictly apply
only to actinometry-based determinations of apparent 'O,
quantum yields of SRFA under our experimental conditions.
These conditions were selected to be representative of typical
absolute quantum yield determinations. However, experimen-
tal variables such as solution pH, lamp intensity and spectral
range, concentrations of PNA, pyridine, FFA, and DOM, and
DOM type might influence the quantitative results presented
above, resulting in slightly larger or smaller effects. Thus, these
conclusions should be considered only semiquantitative trends
valid for solar integrated quantum yield measurements.

Similar analyses conducted with the same approach for
radiometry-based and relative probe compound methods also
indicated that R, is the most sensitive parameter in these
other approaches (sections SS.5 and S5.6). This result further
strengthens the conclusion that accurate @, determination rely
on precise and accurate measurements of both absorption
spectra and absolute spectral irradiance, and justify the spread
in literature values for SRFA also after harmonization (Figure
8A) and correction for 4,, (Table 3). Overall, the relative
method appears as the most robust approach among the three
techniques investigated, both because it relies on a limited
number of parameters that are typically characterized by small
errors (ie, knaria kopmps, and @5 and because of the
fortuitous insensitivity of @, toward 4,, (section $5.6).

3.4. Experimental Recommendations and Research Gaps

In this section, we present our recommendations for
minimizing errors in ®, measurements. It is worth noting
that these recommendations, while specific to 'O, and DOM,
are also useful when considering quantum yield determinations
in other systems and for other processes, such as quantum
yields for the production of other PPRIs, for the production of
DOM photodegradation products, or for direct photochemical
transformations of micropollutants.

A first key aspect of apparent quantum yield measurements
is the selection of the light source. Being a complex mixture of
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organic molecules, apparent quantum yields depend not only
on the photophysical features of DOM, but also on the
bandwidth and spectral emission region of the lamp. Overall,
the selection of the light source should be motivated by the
general objective of the study. Broadband sources can be
appropriate to determine solar-integrated @, values for
modeling purposes (in the near-surface only; for depth-
integrated simulation, wavelength-dependent quantum yields
are needed”*). However, depending on the lamp filters and the
design of the experimental setup, the results might not
represent the “true” solar-integrated value due to spectral
differences between real sunlight and the simulator. An
alternative approach is to determine the spectral dependence
with single-wavelength or narrow band light sources and use
this data to calculate the solar-integrated quantum vyield.
Despite being more accurate, this strategy is time-consumin

and requires more material. Recent work by Partanen et al.’

showed that apparent 'O, quantum yields measured at 400—
430 nm reproduce well the calculated solar-integrated
polychromatic values, indicating that blue light LEDs or
fluorescent lamps can be valid surrogates of the xenon lamp.
However, further work needs to confirm that this trend is valid
in general and not only for SRNOM and PLFA. On the other
hand, narrow band UVA light sources appear the most
convenient choice for comparison purposes or for studies of
fundamental photophysical properties of DOM.

Going beyond the light source, our analysis leads us to
recommend the use of relative methods (i.e., those that use
reference sensitizers) for future measurements of apparent 'O,
quantum yields of DOM and atmospheric samples. Relative
methods can either be probe-based or 'O, phosphorescence-
based; however, due to the lower requirements in terms of
equipment and technical expertise, we anticipate that most
researchers will favor the use of relative probe-based methods.
In both of these cases, the amount of singlet oxygen produced
by DOM is compared to the amount produced by a calibrated,
well-defined sensitizer like PN. By comparison, absolute
methods, which rely on radiometry or actinometry, require
more parameters, and can therefore lead to larger relative
errors. Similar to the other approaches, the critical step remains
the accurate determination of the solution absorbance. The
main caveat of the relative probe compound method with PN
as the reference sensitizer is the high 'O, quantum yield of PN,
which makes the reference sensitizer kinetics considerably
faster compared to DOM. In addition, PN is a suitable
sensitizer only in the UVA and blue range. To overcome these
limitations, there is a need for single-molecule reference
sensitizers with @, on the order of 0.5—10% that can cover the
entire UVB-visible range. A well-accepted and tested list of
reference sensitizers for environmental photochemistry appli-
cations has not yet been developed. Possible candidates might
include coumarins and 9-phenylphenalenones.®>'*”"” How-
ever, a thorough and comprehensive assessment of their
properties (i.e., photochemical stability, pH dependence, water
solubility, reactivity with other PPRIs, etc.) is required before
the broad adoption of new reference sensitizers for ®X°M
measurements. This step is critical to avoid creating
reproducibility issues also in future literature.

In addition, we argue that a quality control step should be
incorporated in ®3°™ measurement protocols. A possibility is
to perform a 'O, quantum yield measurement of a single-
molecule sensitizer under the chosen experimental condition
and compare the result to the published literature. For
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Table 4. Summary of Recommended Experimental Conditions and Parameters for ®, Measurements via Steady-State

Methods

recommended
absolute method (chemical probe)
FFA
1.00 x 10* (22 °C)

probe molecule

kherios (L mol™ s7)

[FFA], < 145 pmol L™}

-1
kobs,FFA (5 ) (5_40 ol L_l)

ki (s7) 276 x 10° (20 °C)
irradiance method actinometry
actinometer PNA-py

@5 (-) 0.29[py]+2.9 x 107

MNA (L mol™ em™) Laszakovitz et al.'*
kabspra (57
oy =A/l

a; (em™ or m™)

reference method (chemical probe)

reference sensitizer PN
RN (-) 1.01 + 0.03
probe molecule FFA
korea (s71), keinih (s7) [FFA]p < 145 pmol L™
(5—40 pmol L™Y)
aPOM, gSensiel (=l or 1) % = A/l

possible limitations, remarks

use purified FFA (i.e., vacuum-distilled)

correct for temperature dependence (kfjo, [L mol™ ’1] =1.00 x 10°+2.1 x 10¢ (T[° 22), valid

for distilled water) and ionic strength dependence (KEF ﬁnlOZ [Lmol™s™!]=9.7x 10 +1 2 X 107 Cyyar
[mol L™!], valid for T = 20 °C; see Appiani et al.'®”)

test for the importance of *OH; account for additional FFA reactivity using quenchers or by quantifying
[*OH]; test for and correct for “apparent” direct photolysis (nondistilled FFA); follow kinetics for at
least 1 half-life

small temperature dependence (2.78 X 10° at 25 °C, 2.90 X 10° at 30 °C; see Appiani et al.'’?)

use recrystallized PNA; PNAP might be more appropriate for DOM with very low ®, (i.e., for long
reaction times)

value in water, valid from 300 to 400 nm (Laszakovitz et al."*°)

follow kinetics for at least 1 half-life

correct for baseline absorption and long-wavelength offsets; if a; < 0, replace with a; = 0 (more
recommendations in section 3.2.1.4)

cosolvent might be needed (i.e., acetonitrile)
value in water, valid from 337 to 436 nm (Schmidt et al.'®*)

test for the importance of *OH; account for additional FFA reactivity using quenchers or by quantifying
[*OH],; follow kinetics for at least 1 half-life

correct for baseline absorption and long-wavelength offsets; if a; < 0, replace with a; = 0; (more
recommendations in section 3.2.1.4)

example, Partanen et al.*’

as the validation compound, and obtained (38.9

used benzophenone (in acetonitrile)

control experiments to verify that “apparent” direct degrada-

+ 2.0)%, tion (especially if FFA was not freshly distilled), *OH-induced

which is in good agreement with the published value of 37%.
Absence of agreement with the literature hints to biases or
errors in both the experimental design and/or the data analysis
protocol and can be easily identified and corrected at the first
stage of data collection. Similar to PN, benzophenone might
not be the most appropriate validation compound for our
purposes, mostly because of its low solubility in water. Again,
there is a need for an optimal validation compound, which
would have a well-characterized 'O, quantum yield between
0.5% and 5%, would be soluble in water, and could be used in
the UVB, UVA, and visible range. Some authors have used
SRFA as their validation compound;“’48 however, the large
spread in @, literature values (Table 3) makes it unsuitable for
validation purposes.

In addition to a validation compound, we also propose to
always measure at least one reference DOM sample (ie.,
SRFA, SRNOM, or both; authors should also report the lot
number of the isolate used) under the specific experimental
conditions employed in each study. This value can later be
used by other authors to (semi)qualitatively compare results
across studies in a more reliable way (see section 4.2 and 4.3
for practical examples).

Our analyses also highlighted general principles and
guidelines that should be considered for any future work
based on chemical probe methods. In general, we recommend
the use of FFA as 'O, probe under pseudo-first-order
conditions, ie., [FFA], < 145 pmol L™ (Table 4). This
approach allows one to apply the steady-state approximation
and to arrive to the apparent 'O, quantum yield via eqs 7
(absolute methods) or 14 (relative method). The observed
FFA degradation rate constant (k.. pra) should be obtained
from kinetic data (i.e,, most authors obtained it from the slope
of In([P]/[P],) vs time plots). It is also advisible to perform
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degradation, or any other degradation pathway do not
introduce artifacts in kg ppa. Note that *OH-induced
degradation is wavelength- and DOM-dependent, and also
depends on the presence of other species, such as nitrate, iron,
and halides. Furthermore, one should use updated literature
parameters (summarized in Table 4) adjusted to their
experimental conditions (i.e., temperature).

Our examination of the sources of error in determining @,
values revealed that R, is the most likely source of error in all
measurement approaches, implying that extra care should be
used when measuring both absorption spectra and the absolute
incident irradiance (in absolute methods). If I, is measured
with a spectroradiometer, one should include all possible
setup-dependent correction factors to convert the radiometer
output into in-solution incident irradiance (see Bolton and
Linden'””). However, this approach is not recommended as it
might also be subject to operator errors that are impossible to
spot and correct a posteriori. Instead, we encourage the use of
the chemical actinometer PNA(P)-py as a way to quantify I ;.
In this case, it is advisible to obtain y via eq 25, which relies
only on the pseudo-first-order rate constant (and not initial
rates, as eq 22) and does not necessarily require the use of
recrystallized PNA.

To calculate R, we recommend the use of eq 18 (or one of
its nonsimplified variants; see section S2). In the presence of
additional chromophores or impurities, eq 19 should be used
instead. In all cases, we advocate for the use of nonsimplified
equations to quantify R, Another critical parameter,
particularly when measuring solar-integrated quantum yields,
is the upper integration wavelength (4,,), whose optimal value
lies in general between 600 and 750 nm. We recommend
performing a preliminary data analysis to identify the optimal
Ayp for the particular DOM type analyzed. It is worth nothing
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Figure 10. Overview of singlet oxygen quantum yields divided by environment (the database category “other DOM types” is not shown). Left:
Data shown as histograms (bin size = 0.25%). Right: Data shown as boxplots (all values, left; solar values, center; UVA values, right). In this

analysis, we included only data for untreated and extracted DOM samples (database field “Treatment” = “none”, “none (isolate *)

» o«

, “extr”).

that such an analysis can also offer insights on the presence of
offsets in the absorption spectra (Figure 8B). In relative
methods that use PN as the reference sensitizer, 4,, is a less
critical parameter, and can be generally be set to 650 nm
(when using a broad band light source).

4. SINGLET OXYGEN QUANTUM YIELDS IN
ENVIRONMENTALLY RELEVANT SAMPLES

In this section, we first present the structure of the 'O,
quantum yield database that we compiled with the available
data from the literature (section 4.1). Next, we discuss
literature findings and general trends in apparent 'O, quantum
yields as a function of DOM source environment (section 4.2,
overview in Figure 10). In particular, we focus on freshwater
DOM (section 4.2.1), wastewater DOM (section 4.2.2), soil
organic matter (section 4.2.3), marine DOM (section 4.2.4),
atmospheric organic matter (section 4.2.5), and other organic
matter samples (section 4.2.6). We further provide an overview
of isolation procedures for aquatic and soil samples (section
4.3.1) and atmospheric particulate matter (section 4.3.2), and
we highlight possible biases on apparent 'O, quantum yield
values. In section 4.4, we briefly summarize the main finding of
this section and we highlight main knowledge gaps to be
address in future work.
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The main purpose of section 4 is to provide a general
overview of environments that have received the most
attention to help identifying opportunities for future studies.
When relevant, we also discuss general trends reported within
selected studies. Semiquantitative comparisons across studies
are performed only in terms of relative quantum yields, i.e.,
apparent 'O, quantum yields referred to the same reference
material, typically one Suwannee River isolate. For consistency,
these ratios are calculated among whole waters and reverse
osmosis isolates (i.e., Y/ PIRNOM o HNOM/HSRNOM) g1y
acids (ie, ®/®FFA), or humic acids (ie., ®YA/DRHA)
measured in the same study and under the same experimental
conditions. If more than one value is available, relative
quantum yields are reported as the average of the ratio
calculated for each sample or for each study, and the error
indicates the standard deviation of the ratios. Numerical data
used in these calculations can be found in the 'O, database and
were not subjected to harmonization or any type of correction
as described in section 3.3. We want to stress that this way of
reporting results does harmonize for variations in literature
values, but might still be subjected to bias (as, for example,
correction factors for the upper integration wavelength change
based on DOM type; see section 3.3 and Figure S6A). For this
reason, these results and discussions should be considered only
semiquantitative.
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Table S. Overview of Possible Values for Relevant Fields of the Apparent 'O, Quantum Yield Database

freshwater (lake), freshwater (river), wastewater, soil, marine (estuarine), marine (coastal), marine (open ocean), marine (mariculture),

atmospheric (rain), atmospheric (fog), atmospheric (PM), atmospheric (lab SOA), other (algal), other (commercial), other (urban waste),

n, Ala FA, Ald HA, Contech FA, ESFA, ESHA, Fluka HA, Henan FA, LauFA, LauHA, LSHA, MRNOM, NLFA, NLHA, NLNOM, PLFA, PPFA,

buffer (phosphate), buffer (acetate), buffer (borate), buffer (phosphate, D20), water (DI), water (D20), water (DI) + Fe + EDTA

field name values
treatment none, none (isolate *), extr, photo, ox, red, extr-red, ads
DOM origin
other (lab NOM), other &anopartide)
reference”
PPHA, SRFA, SRHA, SRNOM, WPOM
solvent?
probe FFA, 2,5-DMF, furoin, phosphorescence
lamp blue bulbs, laser, mercury, UVA bulbs, UVB bulbs, xenon, xenon (filters)

light reference

actinometry (2NBA), actinometry (ferrioxalate), actinometry (PNA-py), actinometry (PNAP-py), radiometry (bolometer), radiometry

(spectroradiometer), relative (PN), relative (RB), relative (SRFA), relative (TMPyP)

“Acronyms and commercial sources provided in Table S12. bDI, distilled water; EDTA, ethylenediaminetetraacetic acid (complexing agent).

4.1. Structure of the Database

The database lists 857 apparent 'O, quantum yield values of
environmental samples collected from 59 studies published
between 1977 and March 2020. When available, these values
were acquired from the main text or from tables within each
publication. In most cases, apparent ‘O, quantum yield values
were presented in the main text in graphical forms, and their
numerical values were listed in tables in the Supporting
Information. When the numerical values were not present
neither in the main text nor in the supplementary files, we
contacted the corresponding authors (identified with an
asterisk in the database field “Literature reference”). If we
could not successfully get in contact with the authors, we
extracted the most relevant quantum yield values from graphs
using WebPlotDigitizer 42" (identified with double asterisk
in the database field “Literature reference” and colored in red).
This strategy was applied only in a few cases, and only when it
was possible to unambiguously identify the sample name from
the available data. With an accurate calibration of the axis
values, WebPlotDigitizer allowed us to extract data with good
accuracy and precision (a linear regression analysis of
measured vs extracted data (N = 40) provided slope
(1.0017 + 0.0013), intercept = —(0.010 + 0.005), and R* =
0.99993). In a limited number of cases, we could not contact
the author, could not attribute an accurate value to the
samples, or could not unequivocally identify the sample name
from the plot legend. Therefore, we did not include these
samples in the database (~10—20 values).

For each entry, we first provide information on the original
publication (fields “Literature reference” and “Publication
DOI”), the publication year (field “Year”), and the sample
name in the study (fields “Publication ID” and “Publication ID
explained”). We further classify each sample based on its origin
(field “DOM origin”) and relevant treatments (field “Treat-
ment”). The field “Treatment” identifies whole water samples
(“none”) from samples that were extracted (“extr”), subjected
to general oxidative treatments (“ox”), photooxidized
(“photo”), reduced with sodium borohydride (“red” or “extr-
red”), amended with halogens or other salts (“hal”), or
adsorbed onto particles (“ads”). Note that samples classified as
“none” include whole water samples that were used as received
or filtered with 0.2 ym, 0.45 pm, or 0.7 um filters. In most
cases, such samples were stored at 4 °C or frozen for a limited
period of time before analysis. Extracted samples (“extr”)
include samples subjected to solid phase extraction, size
fractionation, humic and fulvic acid extraction, reverse osmosis,
electrodialysis, and other isolation procedures. Note that
commercially available isolates that were not subjected to
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additional treatment (besides dissolution and filtration) are
identified as “none (isolate *)”. We further report geographical
coordinates expressed in decimal degrees (fields “Latitude
(deg)” and “Longitude (deg)”); the field “Exact” indicates
whether the coordinates are exact (“y”, i.e, as indicated in the
publication) or approximate (“n”). The field “Reference” tags
commercially available samples including, among others,
Suwannee River fulvic acid (SRFA), humic acid (SRHA),
and natural organic matter (SRNOM), Pony Lake fulvic acid
(PLFA), and Elliott soil humic acid (ESHA). A list of reference
DOM samples, their commercial source, and their abbreviation
is provided in Table S12. If available, we report total organic
carbon concentrations (field “TOC”), solution pH (field
“pH”), and solvent (field “solvent”) of the apparent 'O,
quantum yield experiment. TOC concentrations are normally
in mge L' concentrations in mg L' are shown in blue.
Further, we report details pertinent to ®X°™ measurements,
namely the specific 'O, probe employed (field “Probe”), the
lamp used (field “Lamp”) and its approximate wavelength
maximum (field “Wavelength”), the light reference used to
obtain the absolute irradiance (field “Light reference”), and,
when relevant, the integration range (field “Integration
range”). Note that the wavelength maximum was rounded to
either 5 or the closest decimal unit. When authors used a
mercury lamp not equipped with a monochromator to select
one of its emission lines, we indicate the emission range
instead of the maximum intensity wavelength. Last, we report
the apparent 'O, quantum yield value (field “102 QY value”)
and, if available, its error (field “102 QY error”) and the E2:E3
value (field “E2E3”; authors that used as E2 the absorbance at
250 and 254 nm are indicated in blue and black, respectively).
Table S summarizes the possible values of relevant fields
present the database.

4.2. DOM Types

4.2.1. Freshwater DOM. Overall, freshwater environments
have been the most studied in terms of ®Y°M, with 590
apparent 'O, quantum yield values available in the literature
(out of 857, 69%). These values are available for widely diverse
environments, including bogs, swamps, ponds, alpine lakes,
Arctic and Antarctic lakes, great North American lakes, rivers,
and streams, and span from negligible to 10.9% (for untreated
samples; see Figure 10). So far, the majority of the studies
focused on samples collected in temperate midlatitudes of
North America and Europe, mostly in the geographical area
between the Tropic of Cancer and the Arctic Circle. There are
a few values available for Antarctic lakes (mostly relative to
Pony Lake) and for Chinese rivers, while tropical and
equatorial areas including South America, Africa, and East
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Figure 11. Geographical distribution of available apparent 'O, quantum yield values. The right panel is a zoomed view of North America. In this

analysis, we included only data for untreated and extracted DOM samples (field “Treatment” =

MATLAB Basemap Data - grayterrain.

“none”, “none (isolate *)”, “extr”). The map is from

Asia are still largely unexplored (Figure 11). This focus is not
surprising, and it is related to proximity of research laboratories
and universities conducting the research. In addition, several
authors have used freshwater DOM samples from the
International Humic Substances Society (IHSS) only to
provide a reference value, which partially inflates the true
number of studies dealing with freshwater DOM. Among the
most popular THSS isolates for reference purposes are humic
acids, fulvic acid, and natural organic matter from the
Suwannee River, a blackwater river originating from
Okefenokee Swamp in Georgia (US),'”” and fulvic acids
isolated from Pony Lake in Antarctica. A further reason for
selecting Suwannee River and Pony Lake as references is their
well-established difference in DOM source, with the former
being a terrestrial (or allochthonous) end-member, and the
latter a microbial (or autochthonous) DOM end-mem-
ber."””~"”? An overview of aggregated and corrected literature
values for Suwannee River and Pony Lake isolates can be
found in Table 3 and Table S11, respectively (bold values).
An inspection of the available literature supports general
knowledge that PLFA (i.e., fulvic acid derived from microbially
produced DOM) has a higher apparent 'O, quantum yield
then SRFA (i.e., terrestrial fulvic acids), as @Y/ DSRFA = 1,63
+ 063 (N = 13)'11 32,39,42,43,53-55,58,63,66748081 Nevertheless,
we point out that a large scatter exists within experimental
data, with ®RFA/DFA values ranging from 0.72 to 3.07
(median of 1.58). In addition to Pony Lake, other freshwater
environments that are instead characterized by terrestrial
DOM inputs have higher photochemical reactivity compared
to Suwannee River. For example, for Upper Mississippi River
NOM, PYRNOM/QSRNOM _ 1 31 4 0,18 (N = 3),**”>® while
freshwater marshes from the Florida Everglades (US) with
DOM inputs from soil and aquatic vegetation have ®X°M/
OFNOM = 245 + 023 (N = 9).”° Organic matter from
Scandinavian lakes have variable ®YM/®SNOM ratios from
0.70 to 3.96 (median of 1.30), with a mean value of 1.79 +
1.03 (N = 15).*” The photoreactivity of Nordic Lake, another
boreal lake, seems to be more comparable to that of Suwannee
River, even if differences exist between the fulvic acid fractions
and the reverse osmosis isolates ((DNLNOM/ (I>SRNOM = 1.30
0.41, N = 6 ®N/OF™ = 072 + 0.12, N
3).%> 139,42,48,53,71,80,83 On the other hand, organic matter from
the Great Dismal Swamp (Virginia, US), which receives input

nH
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from decomposing plant material and is considered a terrestrial
end-member,'® had ®YM/PNOM - 056 Other mid-
latitude swamps, bogs, and lakes have ®NM/@FNM < 1
(Etang de la Gruere, 0.44;% Lake Bradford, 0.78;*° Mt.
Pleasant Lake, 0.8348). Thus, based on the available literature,
microbial end members have higher apparent 'O, quantum
yields compared to Suwannee River, while DOM with
terrestrial contributions appear to have more variable @,
values.

4.2.2. Wastewater DOM. Wastewater DOM (also called
effluent organic matter, EfOM) is the second preferred DOM
type in 'O, quantum yield studies, with 102 values (of 857,
12%) over 12 publications. A common motivation of these
studies is to understand the effect of EfOM on the
photochemistry of the receiving waters,*>*"> as the discharge
might impact the river’s ability to degrade micropollutants via
photochemical processes. From a molecular point of view,
EfOM shares similarities with microbially derived natural
organic matter, as it consists of a mixture of the influent NOM
remaining after the wastewater treatment, soluble microbial
products formed during the treatment process, as well as
organic contaminants and their degradation products.****7*
Consistently, several authors have reported overall higher
apparent 'O, quantum yields for EFOM compared to terrestrial
DOM,**78789 gimilar to what has been observed for PLFA. In
agreement with this view, ®5OM/OFNM = 185 + 0.34 (N =
6).>%*>*7 This result naturally leads to the idea that EfOM-
influencing receiving waters could have enhanced photo-
reactivity. However, this notion is tempered by the findings of
Bodhipaksha and coauthors,**' who observed an absence of
conservative mixing in 'O, quantum yields, and overall small
variations in ®, between samples collected upstream and
downstream of wastewater treatment plans. Based on their
calculations, the authors conclude that modest EfOM
contributions (<25%) are unlikely to impact the photo-
chemistry (only 'O,-related processes; other PPRIs behave
differently) of receiving water bodies."" The higher ®, of
EfOM compared to allochthonous DOM might be due to the
high proportion of microbially derived material, the reduced
molecular weight resulting from oxidative treatments (i.e.,
ozonation, chlorination, etc.), or a combination of these

s . e
factors.” Increased ®, values as a function of oxidation is a
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well-established trend that will be discussed in more detail
section 5.3.2.

4.2.3. Soil Organic Matter. Concerning soil organic
matter (SOM), only 14 studies included samples from this
environmental compartment, reporting a total of 62 values (of
857, 7%) ranging from 0.039% to 5.5% (Figure 10). Soil OM is
typically subjected to alkaline extraction in order to isolate
humic (HA; soluble at basic pH and insoluble at acidic pH)
and fulvic acids (FA; soluble at all pH), which are later
redissolved in water or buffer for photochemical experiments
(see also section 4.3.1). We note that, despite being a well-
established approach, the environmental significance of
alkaline extracts is the subject of lively discussions in the soil
chemistry community.'®'~'** Nkhili et al.*’ also isolated the
water-extractable (WE) fraction, the portion of SOM that can
be obtained by simple agitation of the soil in neutral water, a
procedure that is expected to better mimic leaching of organic
matter from the soil to aquatic environments. For Elliott soil, a
fertile prairie soil in Illinois, US,"”” Nkhili and co-workers
report 'O, quantum yields in the order of FA (5.4%) > HA
(2.1%) > WE (1.0—-1.4%, depending on the extraction
temperature).*’

Other authors used Elliott soil fulvic and humic acids, as
they have been isolated by the IHSS and are commercially
available. Other IHSS soil samples include Leonardite HA
(naturally oxidized lignite), and Pahokee Peat humic and fulvic
acids (agricultural soil in the Everglades, US)."”” Non-IHSS
commercial isolates such as Fluka HA and Sigma HA are also
considered soil organic matter samples, and have been typically
used for reference purposes (however, their use as reference is
arguable given the well-known uncertainties on their origin and
extraction protocols'®*). Only a handful of authors analyzed
the 'O,-sensitizing abilities of noncommercially available soil-
derived OM samples. For example, Aguer et al.”’ reported
higher @, for humic substances isolated from Ranker soil in
eastern Europe (mountain acid soils; FA: 5.5%; HA: 3.6%)
compared to Aldrich HA (2.0%) and HA isolated from
Rendzina, a forested soil on limestone (1.1%). Also Frimmel
and coauthors® isolated fulvic acids from a Rendzina soil in
Germany, while Nkhili et al.*’ used carbon-rich fertile black
soils from France and Poland to get water extractable-SOM.
Analysis of the available literature data reveals that both fulvic
and humic acids isolated from soil have overall higher
photochemical reactivity than Suwannee River organic matter
(DHA/DSRHA = 2,52 + 0.58, N = 6; DEA/DSFFA = 2,07 + 1.35,
N = 3).>*" However, we acknowledge that this trend might
be biased toward differences in isolation procedures between
aquatic and soil humic and fulvic acids (more details in section
4.3.1). Overall, there is still very limited knowledge on the
variation of @, as a function of soil type and horizon, and on
the effect of these variations on the photochemistry of the
nearby water bodies.

4.2.4. Marine DOM. Similar to soil organic matter, only a
limited number of peer-reviewed publications focused on
marine DOM. Apparent 'O, quantum yield values are available
for DOM isolates or whole water samples collected in estuarine
(16 values),* 7% coastal (g)ristine and mariculture-
impacted; 13 Values),3’31’35’37’53’64’ * and open-ocean environ-
ments (2 values).””** At the current state of knowledge, it is
difficult to say how apparent 'O, quantum yields of marine
DOM compare to freshwater samples. Sandvik et al.’’
measured ®, values of DOM isolates (obtained via ultra-
filtration) along salinity transects of Mississippi and
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Atchafalaya Rivers and observed overall constant quantum
yield values (1.4%—3.9%). On the other hand, Zhou et al.*'
reported a clear decreasing trend from freshwater to seawater
for whole water samples collected in the Bohai Bay, China
(freshwater: (7.67 + 0.25)%; estuarine water: (6.70 + 0.35)%;
seawater: (1.94 + 0.04)%), while Wang et al®® reported
slightly higher values for coastal water isolates (via reverse
osmosis) compared to terrestrially derived reference materials
(coastal DOMs: (3.36 + 0.46)% and (2.75 + 0.32)%; SRFA:
(2.20 £ 0.10)%). Other authors have also reported higher @,
values for marine isolates compared to Suwannee River
NOM.3%53

Overall, marine DOM is characterized by a lower degree of
aromaticity and lower chromophore and fluorophore con-
tent;'™ it is therefore expected to exhibit photochemical
behavior similar to that of autochthonous freshwater DOM
(i, PLFA) and effluent organic matter. The fact that this
trend is generally observed only in studies employing reverse
osmosis isolates hints that both the isolation procedure and the
presence of high halide concentrations might introduce biases
in the final quantum yield values. Indeed, Sandvik et al.*’
recognized that ultrafiltration might not be the most
appropriate isolation procedure for marine samples, as it
tends to remove low-molecular-weight material. Low-molec-
ular-weight DOM is abundant in high salinity waters and it is
typically characterized by high ®,. On the other hand, the
effect of high halide concentrations on 'O, reactivity has not
yet been thoroughly evaluated (see section S.1) and could
potentially impact FFA reactivity in high ionic strength
solutions, * affect DOM photophysics (as for triplet organic
matter),'®® or a combination of both. Furthermore, due to the
limited number of samples, it is currently unknown if and how
@, of marine samples change as a function of latitude and
other geographical parameters.

4.2.5. Atmospheric Organic Matter. Concerning atmos-
pheric samples, photosensitized singlet oxygen production has
been investigated most extensively in hydrometeors. Hydro-
meteors include all forms of liquid and solid water in air,
namely fog, cloud droplets, rain, and snow. These atmospheric
samples are collected with simple equipment that does not
introduce sampling bias, and therefore they can be considered
atmospheric whole waters. For example, fog and cloud droplets
can be collected with cloudwater collectors,®® which consist of
water-repellant strings arranged as a sieve where water droplets
can condense or adsorb on.'”” Rainwater is sampled with
simple buckets called bulk collectors,”® while snow can be
picked up from the ground."" So far, apparent singlet oxygen
quantum yields have been measured only in fog® and
rainwater,”” with values spanning the range of (0.4 + 1.3)%
to 20% (14 values). Note that the first study of 'O, quantum
yields in atmospheric samples has considerably higher values
(4.8—20%)° than other reports ((0.4 + 1.3)%—(82 =+
1.5)%),%? suggesting that the actual range might be narrower.

Apparent 'O, quantum yields have also been measured in
aerosols, both lab-generated secondary organic aerosols
(SOAs) and authentic atmospheric samples.”” Aerosols
samples were collected using PM filters (2.5 and 10 ym for
PM,; and PM,,, respectively), and the water-soluble fraction
was used for quantum yield measurements (more details on
extraction procedures in section 4.3.2). For these extracts, @,
values range from negligible to (5.9 + 0.7)% (24 values).””
Manfrin et al.” also showed that synthetic SOAs exhibit
different @, depending on the source material, with a-pinene-
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derived SOAs having a considerably weaker 'O, photosensitiz-
ing ability compared to samples generated from aromatic
precursors such as 1,8-dimethyl naphthalene. Thus, depending
on the aerosol source material, @, values might display more
significant variabilities than observed in terrestrial aquatic and
oceanic samples.

4.2.6. Other Organic Matter Samples. Apparent singlet
oxygen quantum yields have also been measured for other
environmental samples that do not belong to the groups
described above, such as dissolved black carbon (DBC),*>*’
extracellular organic matter (EOM),*” urban waste-derived
organic matter,”" synthetic organic matter samples,®”** and
humic acid-coated nanoparticles.**

Dissolved black carbon is the water-soluble fraction of black
carbon, the residue formed during the incomplete combustion
of biomass (biochar) and fossil fuels, and it is a ubiquitous
component of DOM (<2% to 19%, depending on the
environment).””'*'% DBC is one of the least studied
components of dissolved organic matter, even if previous
work showed that it might be one of the most photoreactive
ones.'%1%% 1n agreement with this view, Du et al.** measured
considerably higher ®, values for DBC obtained from
combustion of C3 and C4 plants compared to standard
humic acids (range DBC: 3.46—6.13%, average DBC: (4.52 +
0.98)%, N = 9; range HA: 1.26—3.57%, average HA: (2.51 +
0.91)%, N = 9). Fu and coauthors® obtained comparable
results with biochar from bamboo shavings.

The term extracellular OM refers to organic material exuded
by algae and mostly consists of polysaccharides, proteins,
nucleic acids and lipids.””'*"'** Tenorio and co-workers®*
investigated the photosensitizing abilities of EOM excreted by
Chlamydomonas reinhardtii during the various phases of growth
and observed @, values overall comparable to SRNOM, which
was the reference material (EOM: 1.3—2.7%; SRNOM: 1.4—
2.5%). We also note that this study was conducted in the
context of microalgae bioreactors for wastewater treatment
purposes, meaning that these results might not be directly
transferrable to EOM present in natural systems due to
possible interference from the algae growing media, which
contains EDTA, Fe**, and bicarbonate. In a similar context,
organic matter derived from home gardening and urban
biowaste was investigated as a possible photosensitizer for
wastewaters remediation.”' Preliminary results indicated that
its apparent 'O, quantum yield is smaller or comparable to
natural DOM (waste-derived OM: 1.4—2.3%; SRNOM:
2.4%),°" suggesting that amendments of biowaste-derived
OM might not improve the 'O,-induced attenuation of
micropollutants and pathogens already exerted by effluent
organic matter, which is naturally present in the wastewater
treatment plan.

A few authors measured apparent 'O, quantum yields of
synthetic organic matter samples. In the context of
atmospheric studies, Manfrin and coauthors’ generated
“synthetic” secondary aerosols in a smog chamber in the
presence of a SOA precursor, H,0,, and UVB light. Besides its
limitations,'”® this procedure is well-established in the
atmospheric chemistry field and resulted in the production
of aerosols whose ®, values were comparable to authentic
environmental samples (see section 4.2.5).” Synthetic samples
have also been produced in an attempt to mimic soil organic
matter, but their environmental relevance is debatable. For
example, Paul et al.** used a synthetic sample produced via
autoxidation of hydroquinone, which showed negligible 'O,
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production. Aguer et al.®”'** obtained comparable results

using synthetic DOM generated via photooxidation (UVC) of
a concentrated phenol solution.

Carlos and coauthors®™ investigated the singlet oxygen
sensitizing ability of soil-derived humic acids adsorbed on the
surface of magnetite nanoparticles and found that humic acids
are better 'O, sensitizers when freely dissolved in solution. For
instance, Leonardite humic acid had ®, = (0.40 + 0.02)% and
(0.066 + 0.008)% in the free and adsorbed form, respectively.
Even if they did not report apparent quantum yields, Appiani
and McNeill'”® reached the same conclusion when investigat-
ing the 'O, production ability of silica nanoparticles coated
with Aldrich HA, which were used as surrogates for particulate
organic matter (POM). Possible explanations for the lower @
of sorbed vs dissolved humic acids include increasing
quenching of triplet excited states®”'”” and selective uptake
of poor 'O, sensitizers (i.e., hydrophobic DOM components)
during particle coating.'”> Despite the modest apparent
quantum vyields, Appiani and McNeill pointed out that
particulate organic matter might still be an important
photosensitizer for molecules adsorbed on POM due to the
high 'O, levels on the particles surface.'”>'*°

4.3. Isolation and Extraction Procedures

4.3.1. Aquatic and Soil Samples. Apparent 'O, quantum
yields have been measured on both whole water samples and
organic matter isolates. Standard isolation techniques in @,
studies of aquatic and soil samples are solid-phase extraction
(SPE), reverse osmosis (RO), reverse osmosis used in
combination with electrodialysis, and (tangential flow) ultra-
filtration. Lyophilization, sonication, and freeze-drying have
also been used by some authors. Most of these techniques are
suitable both to concentrate DOM, to isolate specific fractions
based on hydrophobicity or operational definitions (i.e., humic
and fulvic acids), and to remove ionic components of the
environmental matrix that might interfere with 'O, quantum
yield determinations.

Extraction of humic and fulvic acid is the most common
isolation procedure for humic substances. For aquatic
substances, these fractions are typically isolated via solid-
phase extraction using Amberlite XAD resins (Figure 12A),
while, for soil samples, alkaline extraction is still the most
popular technique (Figure 12B), despite criticisms on the
environmental relevance of this approach."®'~'** For soil-
derived fulvic acids, the IHSS used a hybrid procedure
involving alkaline extraction followed by XAD-8 solid-phase
extraction (Figure 12B)."”” We also note that, despite the same
name, aquatic and soil humic acids are operationally different,
as the former are typically isolated from the hydrophobic acid
fraction (HPOA), while soil HA obtained via alkaline
extraction still contains both hydrophobic and hydrophilic
fractions. In addition, even if well established, the XAD-
isolation procedure selectively targets the hydrophobic acid
fraction (Figure 12), meaning that apparent 'O, quantum
yields measured for aquatic fulvic and humic acids and soil
fulvic acids from the IHSS will not necessarily represent the
value of the original natural sample.

So far, only three authors investigated the singlet oxygen
sensitizing abilities of other DOM fractions. Partanen and
coauthors™ reported higher ®, for hydrophobic organic
neutral fractions (HPON) isolated from the Everglades and
William lake as compared to hydrophobic acid and transphilic
acids (TPIA) isolates. The authors hypothesized that this
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Figure 12. (A) Schematic procedure for extraction of aquatic DOM samples based on established XAD extraction protocols.'””"*” Note that soil
HA isolated via alkaline extraction contains both hydrophobic and transphilic fractions, and is not operationally equivalent to aquatic HA."”” Zhang
et al.>® and Zhou et al.%* isolated a single hydrophobic (HPO) and transphilic (TPI) fraction eluting the resins adsorbates with methanol; thus, in
these papers, HPO ~ HPOA + HPON, while TPI ~ TPIA + TPIN. (B) Schematic procedure for extraction of soil organic matter.*”'*>'*” Note
that THSS fulvic acid extracts contain only the HPOA fraction,"”” while the regular alkaline extraction yields fulvic acids that contain all

hydrophobicity fractions.

result might explain the lower 'O, quantum yield that they
obtained for SRFA (1.4%) and SRHA (0.6%) compared to
whole water samples (1.6%) and reverse osmosis (1.8%)
Suwannee River isolates. This same picture is overall supported
by analysis of other literature values for Suwannee River
(DSRNOM/@SRFA _ .9 4 0,30, N = 9)32525H55036571L8083 4 g
Nordic Lake (®YNOM/PNLFA = 202 + 1.14, N = 2).°>*
Furthermore, two studies observed considerably higher ®,
values for hydrophilic fractions (HPI; 8.2—9.0%) as compared
to hydrophobic fractions (3.2—4.0%), transphilic fractions
(2.5-5.3%), and whole waters (2.7—6.1%) for effluent organic
matter samples collected in wastewater treatment plants in
China.**®® The authors speculated that HPI might be the
largest source of 'O, due to the high percentage of proteins
and peptides, and potentially because of lower 'O, quenching
rate constants as compared to the hydrophobic and transphilic
fractions.”® Besides these sparse reports, little is currently
known on the effect of hydrophobicity fractionation on
apparent 'O, quantum yields.

In addition, analysis of literature values indicates that both
aquatic and soil humic acids have overall lower apparent 'O,
quantum yields than fulvic acids isolated from the same source.
Indeed, for Suwannee River, ®HA/PFA = 0.63 + 0.13 (N =
10),313946:53795,98,63,8083 £ Nordic Lake, @4 /DA = 0.58 (N
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= 1),*® for Elliot soil, ®HA/®5* = 0.33 + 0.08 (N = 2),***
while for Pehokee Peat ®HA/DFA = 0.58 (N = 1).**

Besides XAD, other solid-phase extraction (SPE) resins have
been used to isolate DOM from salts or other water-soluble
components. In particular, several authors employed PPL
cartridges (a styrene-divinylbenzene polymer) to isolate
effluent organic matter from its matrix."”°*7>% Maizel and
Remucal”® quantitatively assessed the effects of SPE on optical
and photochemical parameters of freshwater and wastewater
DOM, observing no statistically significant differences in
SUVA,,, E2:E3, and rate of light absorption compared to
standardized whole water solutions (i.e., adjusted to match pH
and [DOC] of SPE isolate solutions). For quantum yields and
quantum yields coeflicients of several PPRIs, they observed
only a slight increase compared to values measured in
standardized whole water solutions. For example, for 0,
they report an average quantum yield increase of (21 +
15)%.”° In agreement with this finding, control experiments
performed by others showed no or minimal increase of @,
upon SPE extraction,*>*%%

Reverse osmosis (RO) is a high throughput technique that
allows processing large volumes of water with minimal
interferences.”’° Different from XAD-8 resin isolation, isolates
obtained via RO still contain hydrophobic and hydrophilic

https://dx.doi.org/10.1021/acs.chemrev.0c00781
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fractions, as well as other naturally occurring organic solutes,
which makes them highly representative natural organic matter
samples.'”””" The THSS provides RO isolates, including
Suwannee River NOM and other reference NOM samples that
have been used by several authors.'”” Besides these isolates,
only the work by Paul et al.** has a relatively large data set of
apparent 'O, quantum yields for non-THSS reverse osmosis
isolates, which were obtained in the context of a larger project.
Experimental results by Partanen and co-workers” confirm the
suitability of RO as an extraction technique, as evidenced that,
under the same irradiation conditions, the @, of a Suwannee
River whole water sample (collected close to the IHSS
collection site) had a comparable 'O, quantum yield to the
one measured for the THSS isolate (whole water: 1.6%; RO
isolate: 1.8%; error ~10%).

Reverse osmosis coupled to electrodialysis (RO/ED) is a
popular technique for isolating marine DOM samples for
apparent 'O, quantum yield studies.”>**°® This technique was
also employed to isolate the Mississippi River NOM IHSS
2013 sample.'”” This system simultaneously allows to isolate
NOM without losing representative organic matter fractions
and decrease its salt content, and thus combines advantages of
RO and SPE. On the negative side, typically salts are not
entirely removed, as can be achieved with SPE.*’" As we
discussed in section 4.2.4, seawater matrix effects observed for
marine samples make it hard to assess whether RO/ED
introduces biases in @, measurements. Based on the results
available for RO, we expect this technique to be similarly
robust; however, further studies are needed to confirm the
absence of artifacts.

Ultrafiltration or tangential flow ultrafiltration are other
isolation techniques that have been employed both to isolate
and to fractionate DOM (see also section 5.2.1).°7*%%
Ultrafiltration exploits the larger hydrodynamic radius of
high molecular wei§ht material compared to other dissolved
inorganic species.2 Besides removing salts, this process
inherently leads to selective isolation of high molecular weight
DOM fractions,”*” which are not necessarily representative of
the originall DOM sample. This fractionation might be a
potential problem when comparing 'O, quantum yields of
DOM samples collected in different environments, as they
might be characterized by different size distributions. For
example, Sandvik et al.”” showed that ® values of ultrafiltrate
marine DOM samples are considerably lower than the true
quantum yield, as ultrafiltration removes a significant portion
of the low-molecular-weight material responsible for the high
@, of autochthonous DOM samples. This result was also
supported by the noticeable change in spectral slope between
whole waters and the ultrafiltrates.’”

Lyophilization is a convenient technique to concentrate
DOM samples, but has only rarely been used in ®,
studies.””*® In these studies, DOM was lyophilized to prepare
more concentrated solutions in a different solvent (D,O),
which was needed to overcome the low sensitivity of the 'O,
detection method (steady-state 'O, phosphorescence).’”*’
Due to its limited application, the effect of lyophilization on
apparent singlet oxygen quantum yields is currently unknown.

Authors working with dissolved black carbon adopted a
stepwise extraction protocol involving the dissolution of solid
black carbon samples in deionized water followed by
sonication, filtration (0.45 um), and freeze-drying of the
filtrate.*>>**%* This procedure resembles the one employed to
extract organic matter from PM filters (see section 4.3.2),
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except for the sonication step. Even if sonication is featured in
standard extraction protocols (also for PM filter extracts; see
for instance Roper et al.”’*), Milijevic and coauthors”” have
warned that reactive oxygen species can also be formed during
short sonication periods (i.e., 15 min). These reactive species
react with organic matter, artifactually modifying the chemical
composition of the extract. Future research needs to establish if
sonication-induced changes have an effect on apparent 'O,
quantum yield values.

4.3.2. Atmospheric Samples. In the context of
atmospheric chemistry, the term organic matter isolate
generally indicates particulate material isolated from the air,
either the natural atmosphere or a smoke chamber. In a typical
procedure, the particulate material (PM, 5 or PM,,, depending
on the filter pore size) is first collected by passing air through
filters with the help of a vacuum pump. The filters are later
submerged in deionized water at room temperature for several
hours to extract the water-soluble PM fraction.””'” The extract
can be further filtered (i.e., with 0.22 ym filters)” to remove
insoluble particles and aggregates that might cause light
scattering during the photochemical experiment.”'’ However,
experiments performed on road dust suggested that the
particles removed during this additional filtration step are
also good 'O, sensitizers,'’ similarly to what is known for
aquatic particular organic matter.'”> Thus, atmospheric
extracts might show only a fraction of the photochemical
reactivity present in the natural environment, similar to what
discussed for aquatic extracts (section 4.3.1). Note also that
this extraction protocol is the most common in 'O,

hotochemistry studies, but it is not the only available
ne.Z()4,206

Furthermore, the use of water as extraction solvent targets
only the water-soluble sensitizers present within the particulate
matter. Work by Cote et al.'® showed that hexane-soluble
chromophores are not a significant portion of the pool of 'O,
sensitizers in road dust samples. However, more polar organic
solvents such as methanol or acetonitrile, or multisolvent
extraction techniques,””” might help extract additional pools of
'0, sensitizers from PM samples, allowing the assessment of
the true 'O, photosensitizing ability of atmospheric organic
matter. Alternatively, one could use a liquid impinger, which is
often used to sample bioaerosols,”***” to directly collect
whole aerosol samples in water.

4.4. Short Summary and Research Gaps

So far, freshwater environments in the northern boreal
latitudes have received the most attention in terms of apparent
'0, quantum yield measurements. Nevertheless, the lack of
standardization and shared protocols makes it hard to include
all of the available data in a global framework, and to use it to
advance our understanding of DOM photochemistry. For
example, we still lack convincing evidence that microbial DOM
has higher ®, than terrestriall DOM, even if this trend is
assumed valid by most researchers in our field. For this reason,
we advocate for the development of a shared and approved
protocol for apparent quantum yield measurements (see also
section 3.4). Such a protocol needs to include a validation step
and the measurement of one of two reference DOM samples
(i.e, SRFA, SRNOM, or both). The reference samples are
needed to “normalize” quantum yield values for the particular
experimental conditions and, eventually, perform meaningful
semiqualitative comparisons across studies.

https://dx.doi.org/10.1021/acs.chemrev.0c00781
Chem. Rev. 2021, 121, 4100—4146


pubs.acs.org/CR?ref=pdf
https://dx.doi.org/10.1021/acs.chemrev.0c00781?ref=pdf

Chemical Reviews

pubs.acs.org/CR

Besides boreal freshwaters, many environments have
received little attention so far in terms of photochemical
reactivity studies. Specifically, tropical and equatorial regions
appear highly understudied, and to date, there are no data for
South America, Africa, Australia, and Middle East Asia. Soil
organic matter has also received little attention, likely because
most of the studies focused on processes occurring in aqueous
phases, not on soil surfaces. Less understandably, only a few
studies investigated the 'O, sensitizing ability of marine DOM.
Besides basic knowledge, understanding DOM photoreactivity
in coastal environments might be beneficial for modeling
micropollutants degradation in areas exploited for mariculture
or other anthropogenic activities. In the past years, there has
also been an increased interest in measuring ®, of various
atmospheric samples and dissolved black carbon, which is
considered one of the most photoactive components of DOM.
For these DOM types, many open questions remain. Besides
DOM, investigations on the role of particulate organic matter
in producing 'O, and affecting the production of singlet
oxygen and other PPRIs from DOM is still in its infancy. Given
the ubiquitous presence of suspended particles in aquatic
environments, we anticipate this to be a relevant area of future
research. To this end, researchers should take inspiration from
other fields (for instance, see Bregnhoj et al.”'* and references
therein) to develop a robust protocol to correctly and
accurately quantify DOM’s and POM’s rate of light absorption
in the presence of suspended particles.

In all of these environments, the selection of isolation or
extraction technique is a critical point of apparent quantum
yield measurements, as different procedures isolate different
DOM pools that are not expected to show the same
photoreactivity. In our opinion, the selection of the isolation
or extraction procedure should be motivated by the general
aim of the study. Whole water samples or reverse osmosis
isolates are more appropriate for modeling studies, as they
provide a more complete picture of the photoreactivity in
environmentally relevant conditions. Solid-phase extraction
can be a convenient choice when one wants to or needs to
reduce salt content; however, one must be aware that both
XAD resins and other SPE techniques selectively retain specific
DOM components.'””'?®*"'=2!* The choice of whether or not
to include the environmental matrix is particularly critical in
marine DOM studies, as salt-free samples have a different
photoreactivity than whole waters. Thus, we argue that
modeling studies should include the environmental matrix,
while authors interested in understanding photoreactivity
differences between organic matter samples from different
environments might prefer to use marine DOM isolates. On
the other hand, lyophilization or/and rotary evaporation'”®
might be a convenient yet underexplored choice to concentrate
diluted freshwater samples. Furthermore, the use of apparent
'0, quantum yields of aquatic humic and fulvic acids might not
be appropriate for modeling purposes. Preliminary results from
a few research groups have hinted that fulvic and humic acids,
which are part of the hydrophobic organic acid fraction, have
overall lower @, than the remaining transphilic and hydro-
philic fractions and of whole water samples. Between the two
fractions, humic acids appear to have consistently lower ®,
than fulvic acid isolated from the same organic matter sample;
the reason for this difference is still an active area of research.
Furthermore, care must be used when comparing apparent 'O,
quantum yields of soil and aquatic humic acids, as, despite the
name, they are operationally different.'”” Similarly, atmos-
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pheric PM extracts have mostly characterized the photo-
reactivity of water-soluble sensitizers, which might not
represent the entirety of the 'O, sensitizing pool. Further
work should focus on improving the extraction efficiency (i.e.,
using different solvents or multisolvent extraction methods) to
be able to better and more fully characterize the photo-
reactivity of atmospheric samples.

5. TRENDS AND INTERPRETATION OF RESULTS

In the following sections, we describe literature findings related
to @, values of environmental samples, including trends as a
function of bulk water chemistry parameters (section 5.1);
spectroscopic, photochemical, and molecular DOM features
(section 5.2 and Table 6), and chemical modifications of DOM
(section 5.3). We further describe known wavelength trends
(section 5.4), as well as spatial and temporal variations in
apparent 'O, quantum yields (section 5.5). Due to the
challenges of comparing values obtained by different authors,
we focus on qualitative and, when possible, semiquantitative
views of the available literature. In section 5.6, we briefly
summarize the main finding of this section and we highlight
main knowledge gaps to be address in future work.

5.1. Water Chemistry

Several authors have observed a negative correlation between
®, and pH, ie, high ®, at low pH.>»****7>*> This trend
correlates to changes in DOM absorbance as a function of pH,
which results in increasing R, from acidic to basic pH.”
Sharpless and Blough interpreted the variation in ®, and
spectroscopic properties as a function of pH in terms of a
charge transfer (CT) model.”'* They suggested that
deprotonation of aromatic acids at basic pH increases the
likelihood of forming charge transfer complexes, which in turn
causes a red-shift in the absorption spectra (thus, an increase in
R,,) and a decrease in apparent *CDOM?* quantum yield. On
the other hand, the effect of pH on the reactivity of the
chemical probe is minimal or absent,””*'” in agreement with
the fact that both FFA and 2,5-DMF do not have ionizable
groups at environmentally relevant pH values.'"® In early work,
Zepp and coauthors”'® warn that, above pH 10, 'O, quenching
by OH™ should be taken into account in @, calculations.
One recent study reported a strong positive trend of @, as a
function of pH,* but this result has not been replicated by
others. A possible explanation is that apparent 'O, quantum
yields were obtained using visible light at 532 nm; thus, at
these high wavelengths, R, might display an opposite trend as
a function of pH. However, literature precedent allows us to
rule out this hypothesis (see, for instance, Schendorf et al.>'%).
Furthermore, @, in the visible range is typically 10-fold lower
than in the UVA and UVB region, which might increase the
relative error associated with the quantum yield determination.
Additionally, Leresche et al.** observed a positive correlation
between @, and pH for SRFA and PLFA samples treated with
high O; doses, which they interpreted qualitatively as due to
different products distribution as a function of ozonation pH.
Dissolved oxygen is another bulk water parameter that has
been investigated. In particular, Sharpless’' observed a
decrease of apparent 'O, quantum yields (at 370 nm) below
air saturation ([O,] = 0—0.29 mmol L™') and no changes
above air saturation ([O,] = 0.29—1.4 mmol L™'). Other
authors reported constant @, or rate constants of the 'O,
probe as a function of [O,] above air saturation.®®”” This trend
qualitatively agrees with our understanding of 'O, production
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in the natural environment, as ®, is expected to change as a
function of dissolved oxygen according to eq 2. The
relationship between ®, and [O,] has two significant
consequences. First, @, is expected to change considerably
as a function of O, in environmentally relevant ranges (Figure
13A). Even though near-surface waters are typically oxic, their
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Figure 13. (A) Changes in @, as a function of dissolved O, (eq 2)
computed for SRNOM using literature data (P = 4.1%,” ko, = 8.1
x 10° L mol™ s> kI = 7.8 x 10* s\,** fa = 0.426; fp was
obtained from the previous parameters using ®, = 1.30% at [O,]
254 pumol L7 from Partanen et al>®). Highlighted data indicate
computed diurnal changes in ®, in eutrophic (filled symbols) and
noneutrophic (empty symbols) streams with oxygen saturation at ~10
mg L™ (0.31 mmol L7, 15 °C).”¢ (B) Changes in @, as a function
of temperature (at oxygen saturation) for freshwater and saltwater.
Oxygen concentration at saturation in this temperature interval ranges
from 6.4 to 14.6 mg L™' (0.20—0.45 mmol L)%

O, concentration can vary as a function of biotic and abiotic
processes occurring within the water body.””*"” For example,
dissolved oxygen is known to have a diel cycle in streams and
rivers, which is due to a balance of photosynthetic activity and
heterotrophic consumption.”® This variation is considerably
enhanced in eutrophic streams, which, also during daylight, can
experience dissolved oxygen variations of half an order of
magnitude (Figure 13A).”>*'® In addition, water bodies with
high organic matter content are typically undersaturated due to
photochemical or biological consumption processes.””*'”*"?
Significant oxygen variations in aquatic environments are also
expected to occur as a result of climate change.””” The second
important aspect is that [O,], thus ®,, change as a function of
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temperature, salinity, and pressure.””**' We calculated that @,
should decrease almost linearly as a function of temperature in
the range 0—40 °C (Figure 13B). Even though this effect
causes minimal changes in ®, (estimated +7% variation for
AT = 15 °C), it might explain part of the variability in
literature values, as apparent 'O, quantum yields measure-
ments have been conducted between 20 and 33 °C (Table S6).
Similarly, increasing the salinity from 0 to 35 g kg™' should
decrease @, by ~5% due to changes in dissolved O, (Figure
13B).

So far, the effect of increasing salt content on ®, has only
been partially explored, one reason being the large preference
on freshwater systems in apparent 'O, quantum yield studies.
A few authors reported (weak) positive correlations between
®, and salt content. For instance, McCabe and Arnold®*
noted a significant correlation (R* = 0.51) between ®, and
conductivity (range 0—S mS cm™') in whole water samples
collected in temporary and semipermanent prairie pothole
wetlands near Jamestown, North Dakota (US). On the other
hand, McKay and coauthors™ found a weak positive trend (R>
= 0.17) between @, and salinity (range 0—40 salinity units) in
whole water samples collected in the Everglades, Florida (US).
In these studies, variations in apparent 'O, quantum yields
might be the result of several factors, including change in
DOM type. Glover and Rosario-Ortiz’* performed a more
systematic assessment of the effect of halides on apparent 'O,
quantum vyields using reference materials, and found a
systematic enhancement in ®, as a function of increasing
chloride and bromide content. For example, for SRFA, they
reported an increase in quantum yield from 0.37% (reference)
to 3.16% and 3.19% for [C1™] = 500 mmol L™! and [Br™] = 0.8
mmol L7, respectively.’”* Note that this enhancement is
considerably larger than the expected decrease in apparent 'O,
quantum yields due to change in O, content (see above).

Despite of these observations, a convincing explanation on
the photophysics of this enhancement is still lacking. Work by
Parker et al.”>* showed that halides enhance triplet steady-state
concentrations by increasing *CDOM?* lifetimes (i.e., decreas-
ing kj ), which might result in an increase in @, based on eq 2.
However, many points remain to be to clarified, including the
heavy atom effect (i.e., larger enhancement for Br~ compared
to CI~ when present at the same concentrations), which was
observed in ®, measurements but not for 3CDOM*.>#***
Further studies need to confirm the role of halides in
increasing apparent 'O, quantum yields, which would allow
better understanding the origin of the overall higher ®, in
marine environments as compared to freshwater systems
(section 4.2.4).

Concerning other ionic species, Paul et al.** noted a strong
positive correlation between @, and nitrate (r = 0.875) for ten
humic acid samples collected in Scandinavia. In this study,
apparent 'O, quantum yields were obtained via time-resolved
phosphorescence; thus, artifacts related to *OH-induced
degradation of the 'O, probe can be excluded (see also
section 3.2.2.4). On the other hand, there is evidence that
phosphate (up to 30 mmol L™") and carbonate (up to 2 mmol
L") do not affect apparent 'O, quantum yields."’ Similarly, no
effect on @, was noted upon changing the solvent from H,O
to D,O in steady-state determinations based on probe
compounds.”*

Wan and coauthors’” investigated the effect of metal ions on
apparent quantum yields of various photochemically produced
reactive intermediates, including '0,, and found a strong
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Table 6. Summary of the Most Relevant Correlations between Apparent 'O, Quantum Yields and Molecular, Optical, and

Photochemical DOM Features

parameter symbol correlation” refs
molecular features
average molecular weightb MW - - 33,37,55—-57,60,74,77
electron donating capacity EDC - 40,42
electron accepting capacity EAC - 40,42
antioxidant capacity AAq - 35
organic carbon content [DOC] n.s. 34,37,39,40,75
aromatic ketones contribution + + 63
weighted C-normalized double bond equivalents DBE/C,,, - = 76,77
weighted H:C ratio H:C,y, + + 76,77
optical features
E2:E3 E2:E3 o 32,34—36,40,43,48,53,55—57,60,61,63,71,74—77,79
spectral slope S300-6000 S275-295 + + 32,35,36,43,57
spectral slope ratio Sg ns. to + + 32,35,53
specific ultraviolet absorbance at 254 nm SUVA,, - 32,34,35,43,75,77
fluorescence index FI + 32,57
humification index HIX - 32,35
biological fluorescence index BIX + 32
photophysical features
triplet quantum yield coeflicient Sfrvp ++ 35,63,77
fluorescence quantum yield (0 + 43
“Legend: (— —), strong negative correlation; (—), weak negative correlation; n.s., nonsignificant correlation; (+), weak positive correlation; (+ +),

strong positive correlation. These classifications should be considered only qualitative and indicative; see text for more details. Only direct average

molecular weight measurements.

negative correlation between @, and log Ky (Kyy is the
stability constant for complex formation between the metal
ions and DOM). In particular, they observed that strongly
bound paramagnetic metals, such as Fe** and Cu®*, result in
more significant static and dynamic *CDOM* quenching,
which in turn reduces apparent 'O, quantum yields. This effect
is also DOM dependent, as humic acids have a stronger metal
binding ability compared to fulvic acids and effluent organic
matter. To the authors’ knowledge, the effect of metal content
on apparent 'O, quantum yields under environmentally
relevant conditions has not yet been investigated.

5.2. Molecular, Optical, and Photophysical DOM Features

5.2.1. Macroscopic and Microscopic Molecular Fea-
tures. Average DOM molecular weight appears to be the
primary parameter that explains most of the variations reported
in @, values. Indeed, most of the trends with spectroscopic
parameters such as E2:E3 or spectral slopes are ultimately
related to trends in molecular weight (section 5.2.2). Similarly,
variations in quantum yields as a function of DOM origin (i.e.,
autochthonous vs allochthonous) and subfractions (i.e., fulvic
acids vs humic acids) can also be interpreted as due to
differences in molecular weight. Quantum yields of other
reactive intermediates and fluorescence quantum yields are
also correlated to molecular weight (section 5.2.3), while
effects of oxidative treatments of organic matter are typically
explained in terms of changes in the average molecular size
(section 5.3.2). In addition, several authors directly analyzed
the impact of the size distribution on ®, using a variety of
techniques including gel permeation chromatograghgf,33 size
exclusion chromatography,” ultrafiltration,””*>~>"*%’* and
high-resolution mass spectrometry (HRMS)”” and confirmed
the presence of a negative correlation between molecular
weight and apparent 'O, quantum yield in a wide range of
DOM samples. McKay and coauthors® obtained similar
results using chemical size fractionation techniques such as
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flocculation via base modification and coagulation with alum
(aluminum sulfate decahydrate), two common wastewater
treatment strategies.

Despite this large body of evidence, the photophysical basis
of the correlation between ®, and molecular weight is still
under debate. One popular explanation builds on the charge
transfer (CT) model,”**'* which has been used to justify
several optical and photochemical properties of DOM (even if
recent work has tri(ggered discussions on the validity of this
interpretation””*~**°). According to this model, a significant
portion of DOM absorbance is due to the presence of charge
transfer interactions between donors (D, proposed to be
phenols and methoxyphenols) and acceptors (A, proposed to
be quinones, aromatic ketones, and other aromatic carbonyls).
Both donors and acceptors may be formed through oxidation
of lignin-derived precursors. In the presence of D—A
interactions, excited states of CDOM (both 'CDOM* and
*CDOM*) can be deactivated via their conversion to charge-
separated complexes (CDOM**/™®) that are not photochemi-
cally active, which results in a decrease in fluorescence and
triplet quantum yields. In turn, a decrease in @ leads to a
reduction of 'O, production, and therefore in a decrease in
@,. The current understanding is that larger molecules engage
in more CT interactions than smaller compounds, resulting in
lower triplet and singlet oxygen quantum yields.*”**"*

A second explanation is that lower-molecular-weight
fractions are better photosensitizers because of their reduced
absorption compared to high molecular weight fractions, and
not because they inherently produce more '0,.*>°%*""* This
interpretation is supported by the changes in the absorption
spectra of size-fractionated DOM compared to whole water
samples, which typically show decreased absorbance for low-
molecular-weight fractions and increased absorbance for high-
molecular—wei§ht fractions as compared to whole

57,74,227,22 . .S
waters.”” Mostafa and Rosario-Ortiz.”> proposed two
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additional interpretations for the molecular weight trends. The
first builds on the work of Latch and McNeill,"*° who observed
significantly higher singlet oxygen steady-state concentrations
within the DOM microenvironment as compared to the bulk
of the solution. The authors proposed that more 'O, can
escape the hydrophobic microenvironment in low-molecular-
weight fractions due to decreased self-quenching, which results
in artificially higher “bulk” singlet oxygen concentrations. Even
if reasonable, this hypothesis has never been tested
experimentally. The second interpretation is based on the
observation that high-molecular-weight compounds have
typically a higher degree of conjugation. Increased conjugation
results in the formation of low energy singlet and triplet excited
states, which have low lifetimes due to an increased likelihood
of decay via nonradiative pathways.

A few studies analyzed the correlation between apparent 'O,
quantum yields and redox active moieties quantified in terms
of electron donating or accepting capacity (EDC and EAC,
respectively)“o’42 or antioxidant activity (AAs).*° EDC and
EAC are measured via mediated electrochemical oxidation, and
are indicative of the concentration of phenol and quinone
moieties, respectively.””” The antioxidant activity is obtained
via the DPPH* (2,2-diphenyl-1-picrylhydrazyl) assay, and it is
linearly correlated with EDC according to the equation A Asg
= 1748 EDC — 0.12>°° Apparent 'O, quantum yields
displayed negative correlations with EDC, A Ao, EAC, and the
total redox capacity (EDC + EAC).”>**** McKay et al.*
found a linear correlation between antioxidant activity and @,
only for A,Asy between S and 20; for larger ranges of A A,
values (up to 50), a strong positive linear correlation was found
between 1/®, and A A, instead. Correlations between
apparent singlet oxygen quantum yields and EDC or A A,
are interpreted as due to a combination of CT interactions and
intramolecular quenching.’** More specifically, high EDC is
indicative of high concentrations of electron donors (ie.,
phenols) that can engage in CT interactions. Thus, the higher
the concentration of donors, the higher the probability of CT
interactions, and hence, the lower the apparent singlet oxygen
quantum yields. On the other hand, phenols are also efficient
triplet quenchers, and, similar to CT interactions, can lower
[*CDOM?*], by reacting with triplets. Again, suppressed triplet
concentrations would result in a decrease in ®,.>** On the
other hand, Sharpless et al.** interpreted the correlation
between ®, and EAC or (EAC+EDC) as evidence of the
important role of redox-active moieties in DOM photo-
chemistry.

Zhou et al.”® found positive correlations between apparent
'0, quantum yields and aromatic ketone content (R* = 0.87; N
10) for IHSS isolates and hydrophobicity-fractionated
effluent organic matter samples, which further strengths the
hypothesis that aromatic ketones are implicated in the
formation of 'O,. In their work, the authors quantified the
contribution of (reducible) aromatic ketones based on the
decrease of the FFA degradation rate constant upon NaBH,
reduction. In addition, Paul and coauthors® reported a
positive trend (r = 0.818) between the FT-IR absorbance
between 1000 and 1060 cm™" (relative to polysaccharides and
methoxy groups) and the apparent 'O, quantum yields of
twenty-seven humic substances isolated from soil and fresh-
water sources. On the other hand, Du et al.>* tried to use 'H
NMR indexes (i.e., percent composition of methyl, aliphatic,
aromatic, etc.) to produce a multiple linear regression model
for @, but found that these parameters have a poor predictive
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power as compared to spectroscopic features such as E2:E3 or
spectral slopes (see section 5.2.2). The authors justify this
result in terms of the CT model, pointing out that '"H NMR
indexes cannot quantify accurately donor—acceptor interac-
tions.>>

Remucal’s group went further to analyze correlations
between apparent quantum yields and microscopic molecular
parameters quantified via Fourier-transform ion cyclotron
resonance mass spectrometry (FT-ICR-MS) and found results
in agreement with standard bulk measurements. More
specifically, they observed that ®, (and @) correlates
positively with the weighted H:C average (H:Cavg; R* = 098,
N = 7), and negatively with the C-normalized average double
bond equivalent (DBE/Can; R> = 094, N = 7) in DOM
samples collected in seven lakes of different trophic status in
North Wisconsin, US.”® These two parameters are directly
related to bulk DOM aromaticity as quantified by SUVA,,,
with H:C,,, showing a negative and DBE/C,,, a positive linear
correlation, respectively. They also looked for relationships
between the relative intensity of individual CHON,_,
molecular formulas and triplet and 'O, quantum yields, and
found positive correlations for less aromatic and less oxidized
formulas (i.e., more saturated).”® In addition, they observed
that 97% of the formulas that correlated with @ are also
correlated with E2:E3,° demonstrating that there is a
molecular justification for the well-known trend between @
(thus, ®,) and E2:E3 observed in bulk measurements (see
section 5.2.2). These results were further corroborated by a
following publication that used DOM samples collected along
the St. Louis river.””

Several authors reported minimal effects of increasing DOM
concentrations on @, when working in H,0.***7%%75 1n
particular, Partanen and coauthors® saw a linear response of
the 'O, phosphorescence signal in H,O for concentrations
between 17.5 and 350 mg L™/, and negligible variations in @,
for different samples and excitation wavelengths using DOM
concentrations between 70 and 700 mg L~'. These
observations agree with our calculations that showed negligible
'0, quenching by DOM in H,O even for very high [DOC];
however, quenching becomes significant when switching to
D,O (section S1 and Figure S1).

5.2.2. Optical Features. The most popular spectroscopic
index for predicting apparent 'O, quantum yields is E2:E3,
which is defined as the ratio of the absorbance at 254 or at 250
nm to that at 365 nm.*>*'*#**" E2:E3 is known to be (strongly)
negatively correlated with the average DOM molecular weight,
with lower E2:E3 values for high-molecular-weight materi-
al. ! Several studies reported a strong positive (linear)
correlation between E2:E3 and ®, (see Table 6 for refs),
implying that DOM with low average molecular weight is more
efficient in producing 'O,. Based on this observation, several
authors proposed the use of E2:E3 as a predictor of apparent
'0, quantum yields and provided linear equations to be used
in models (Table 7). A literature analysis by Du and co-
workers’” showed that the relationship between ®, and E2:E3
holds valid when comparing values for different DOM types
and studies (for the same irradiation source), suggesting a
common photophysical base for this correlation. At least two
studies have explored multiple linear regression models for the
prediction of @, from spectroscopic and molecular parameters
but found that including more information did not improve the
predictions performed with E2:E3 alone.””** This result was
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Table 7. Summary of Parameters Relative to the Regression Line ®, = a(E2:E3) + b“

reference slope

xenon lamp (solar)
Mostafa and Rosario-Ortiz, 2013 0.72

Cawley et al., 2014 22+ 04
Mostafa et al., 20147 1.20 + 0.12
McCabe and Arnold, 2016 0.62
McKay et al, 2016 1.59
McKay et al,, 2017 0.64

Silva et al,, 20177 0.08 + 0.06
Zhou et al, 2017 b

Du et al, 2018 0.63
Leresche et al,, 20197 0.63 + 0.05
Wang et al, 2019" 024 + 0.19
average 0.86 + 0.64
UVA (mercury, xenon with filter, Rayonet lamps)
Dalrymple et al., 2010 0.87
Peterson et al.,, 2012 0.20
Sharpless, 20124 n/a
Bodhipaksha et al., 2015 1.7+ 03
Maizel and Remucal, 2017 (ESPI)"® 0.05 + 0.04
Maizel and Remucal, 2017 (ES&T)"* 12 +03
Maizel et al.,, 2017 0.22

Berg et al,, 2019 0.18 + 0.05
Zhou et al,, 2020 0.52
average 0.62 + 0.59

intercept R? E2:E3 range N
0.20 0.56" 3.1-11.1% 23
—(7+2) 0.97 42-6.0° 3
—(29 £ 0.6) 0.94 3.2-7.8 8
—0.11 0.83 43-163 45
—5.29 0.73 45-6 14
n.s. 0.69 5.3—-16.9 22
0.64 + 0.17 0.64 2.4-3.6° 3
b 0.95 34-62% 12
—-0.19 0.78 2.7-9.7% 18
0.008 + 0.640 0.71 4.8-24.2 58
17 + 1.0 0.42 22-44 4
—(0.7 + 3.0)

- 153 0.65 3.1-7.0% 18
0.61 0.59 47-21.4 50
n/a n/a n/a n/a
—(5.7 £ 13) 0.73 3.9-7.2% 20
1.0 + 02 0.12 4.7-10.5 16
—(3.8 +1.3) 0.72 3.8-5.9 10
0.42 0.91 45-9.8 7
—(0.16 + 0.23) 0.72 42-63 10
-0.8 0.91 3.0-8.1% 7
—(1.2 £ 2.4)

“a is the slope and b is the intercept of the linear regression. When not specified, E2 is the absorbance at 250 nm; authors that used the absorbance
at 254 nm are indicated with the symbol §. In some cases, the regression parameters were not reported in the studies and were calculated using the
data from the database (indicated as f; errors are standard errors of the regression parameters). Exponential fit. “Overall slope considering SRFA
and PLFA together. “E2:E3 data not available. “All data from ambient conditions and SPE isolate conditions included. A stronger regression was
observed when wastewater effluents were excluded from the fit.”* Legend: n.s., nonsignificant; n/a, not available.

partly explained by the presence of intercorrelations between
the parameters used for the regression.

However, there are still a few points to be clarified before
adopting this spectral parameter as a robust quantum yield
predictor. In particular, there is a lack of consensus on slope
and intercept of the linear regression equation, as hinted by the
range of values reported in the literature also for the same light
source (Table 7). Furthermore, McKay et al.*> pointed out
that the slope changes significantly as a function of the range of
E2:E3 values used in the regression. In their analysis, they
obtained a slope of 1.16 + 0.18 and 0.661 + 0.035 using
literature values with E2:E3 between 3.1—6 and 3.1—16.9,
respectively. Interestingly, this bimodal behavior was not
evident when using the spectral slope as the ®, predictor.”
On a similar line, Zhou et al.”* found an exponential (instead
of linear) increase of @, as a function of E2:E3 for IHSS
isolates and whole and fractionated effluent organic matter
samples (E2:E3 = 3.4—6.2). Other authors suggested that
slopes are not only dependent on E2:E3, but also on the DOM
type,42’60’74 the degree of oxidation,"® and on the use of
whole water samples vs isolates.”® We also highlight that some
authors calculated E2:E3 using the absorbance at 250 nm,
while others used the value at 254 nm (Table 7). Albeit
minimal, this inconsistency might explain some of the
variability observed in slopes and intercepts.

Several studies also reported strong positive correlations
between apparent 'O, quantum yields and spectral
slopes.*>*>3%*57 Gpectral slopes are calculated by fitting
absorption spectra (in Napierian units) with an exponential
decay function over a well-defined wavelength range, typically

275295 nm (Sy75_595) or 300—600 nm (S300_g00)-' """ A few
authors also reported correlations between @, and the spectral
slope ratio (Sg),*>***® which is defined as Sy7s_95/S350_400-
Similarly to E2:E3, spectral slope parameters correlate
negatively with molecular weight, resulting in higher S (or
Sp) for lower-molecular-weight material.”'***" Both Sy74_595>
and S300_600 "7 (but not Sy50_400)°" are good @,
predictors, and, for the same data set, they often provide
stronger correlations than with E2:E3.%%¢ On the other hand,
authors found strong (R* = 0.93),” good (R* = 0.43),”> and
nonsignificant® correlations between Sy and @ .

Correlations between E2:E3, spectral slopes, and @, are also
typically justified in terms of charge transfer (CT)
interactions.”*'* In particular, both E2:E3 and spectral slopes
are thought to be indicative of the number of charge transfer
contacts. Soil humic acids and terrestrially derived DOM,
which have high lignin content, are typically interpreted as
having a high degree of CT interactions, which is reflected in
low E2:E3 and S values.”'* Increasing charge transfer
interactions are theorized to result in low ®, according to
the mechanism explained above. Furthermore, CT contacts are
probabilistically more abundant in high-molecular-weight
fractions, which explains the correlation between these optical
parameters and average molecular weight.

Several studies looked for trends between apparent 'O,
quantum yields and other spectroscopic parameters, but
correlations were not as strong as with E2:E3 or spectral
slopes. For example, several authors found negative correla-
tions between @, and SUVA,s,*>***¥*7>7777 the DOC-
normalized absorbance at 254 nm, SUVA,g,*> SUVA4,,>" and
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SUVA,q0-" In agreement with the framework above, SUVA,,
increases with average molecular weight and aromaticity; thus,
higher SUVA,;, values are associated with lower ®, due to
increasing average molecular weight. A couple of authors also
reported (weak) positive correlations with the fluorescence
index (FI)***” and the biological fluorescence index (BIX),*
and ne§ative correlations with the humification index
(HIX).** All of these relationships can be qualitatively
explained by the higher apparent 'O, quantum yields of
autochthonous DOM (high FI and BIX, low HIX) as
compared to terrestrial DOM (low FI and BIX, high HIX).

5.2.3. Photophysical Features. Given that triplet excited
states of CDOM are the direct precursors of singlet oxygen
(Figure 2), correlations between the formation yields of these
two species are expected. Indeed, apparent singlet oxygen
quantum yields are strongly positively correlated with the
triplet quantum yield coefficient (fryp),””>”” with reported
R? values close to ~0.9.°%® The triplet quantum yield
coefficient is calculated as the ratio of the observed first-
order rate constant of 2,4,6-trimethylphenol (TMP, the probe
compound for 3\CDOM*)"** with CDOM and the rate of light
absorption, and is directly proportional to ®;.”> This strong
correlation is not only consistent with the fact that *CDOM* is
the precursor of 'O, (Figure 2), but it also implies that a very
similar DOM pool is responsible for both the oxidation of
TMP and the formation of '0,.”” Consistent with this view,
several authors reported strong positive correlations between
frmp and E2:E3 or spectral slope parameters,’®”” and negative
correlations between fryp and SUVA,s,,”" exactly as it is
observed for @, For this reason, McKay et al.>> proposed to
use apparent 'O, quantum yields as a predictor of *CDOM*
reactivity, a more challenging oxidant to characterize compared
to singlet oxygen due to its heterogeneous nature.’

Leresche and coauthors*’ observed a positive correlation
between @, and the fluorescence quantum yield (@) for two
organic matter isolates treated with increasing levels of ozone.
They also noted that this relationship was valid only for
relatively low quantum yield values, and they interpreted this
result as an indication that there are two distinct CDOM pools
responsible for fluorescence and 'O, generation.™

5.3. Chemical Treatments

5.3.1. Reductive Treatments. Reduction of DOM with
NaBH, has been conducted with the goal of examining the role
of aromatic ketones in 'O, production and to test the validity
of the CT model.””***”" In these experiments, DOM was
first treated with NaBH, under anoxic conditions to reduce
aromatic ketones, aldehydes, and quinones to the correspond-
ing alcohols and hydroquinones. In a second step, the DOM
solution was reoxygenated to convert hydroquinones back to
quinones and to eliminate the excess of NaBH,.”*> These
borohydride reduction experiments have consistently shown a
decrease in visible absorption, which increases E2:E3, and an
increase and a blue-shift in DOM fluorescence, all empirical
observations that support the charge transfer model.”***** The
spectroscopic data combined with the extensive prior literature
on borohydride reduction support the loss of ketones, which
have been hypothesized as being important 'O, sensitizers.
However, these studies typically report no or minimal decrease
in apparent 'O, quantum yields in diverse organic matter
samples, including IHSS isolates, effluent organic matter
isolates, and dissolved black carbon.’®®%%*”! Similar results
were obtained for TMP reactivity, indicating little change in
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quantum vyield efficiency of *CDOM* production.”>”" This
result fits with the idea that there is a good overlap between the
*CDOM?* pool that can oxidize TMP and the one that forms
10,7!

Interpreting the quantum yield invariance following
borohydride reduction is challenging, as there are different
possible explanations. It could be that borohydride-reactive
ketones and borohydride-unreactive moieties both have similar
quantum yields, such that the removal of ketones does not
change the efficiency of 'O, production. Sharpless** hypothe-
sized that, instead of two chemically distinct pools, there is a
single pool of sensitizers that cannot be completely reduced by
NaBH, (for example, because of electrostatic repulsion
between BH,” and DOM at high pH). Sharpless interpreted
the decrease in UV—vis absorption upon reduction as due to a
change in sensitizers’ concentration, which does not affect @,
because the decrease in absorbance is proportional to the
suppression in 'O, production. This interpretation is
consistent with the view that most of the visible absorption
of DOM involves chromophores with 'O, sensitizing abilities
(i.e., aromatic ketones), and it is in line with the CT model,
where visible absorbance comes from CT interactions
involving ketones as acceptors. Other explanations involving
two or more pools of sensitizers have been put forward to
justify the invariance or the decrease in @, and its
relationships with trends in TMP reactivity; some authors
also hypothesized that NaBH, reduction might alter the rates
of 10, loss within the DOM microenvironment.””**”" At the
present moment, all of the above explanations are highly
speculative and lack convincing empirical confirmations.

5.3.2. Oxidative Treatments. Oxidative treatments
include photooxidation, ozonation, and oxidation with
hypochlorous acid (HOCI).****** To date, Sharpless and
coauthors** performed the most systematic study on the effects
of photooxidation on apparent quantum vyields of PPRIs,
including 'O,. In this work, they observed a net increase of ®,
for SRFA, Nordic Aquatic FA, and Elliot soil HA upon 59 h of
solar irradiation, while apparent *OH quantum yields and fyp
decreased.*” Concomitant with these changes, they reported a
decrease in molecular weight, EDC, and SUVA,g, and an
increase in E2:E3. To reconcile the simultaneous decrease in
@, and increase in fryp for all three isolates, the authors
posited that photooxidation has the net effect of decreasing
'0, quenching (via electron transfer) in the DOM micro-
environment. This interpretation is supported by the
observation of a strong decrease in EDC upon oxidation,
which indicates loss of phenolic moieties, thus electron transfer
quenchers. In their view, this explanation does not contradict
other reports that found a large overlap between the *CDOM*
pool responsible for 'O, formation and the one responsible for
TMP oxidation.”””" A second hypothesis is that there exist two
pools of 'O, sensitizers, one photostable (i.e., quinones), and
one photolabile (i.e., aromatic ketones). The photolabile pool
is partially responsible for UVA and visible light absorption
and it is selectively removed during photooxidation, justifying
the trends in optical parameters. This rational is also in
agreement with the minimal changes in EAC (quantifying the
amount of quinones) upon photooxidation, and the fact that
Elliot soil HA, which has a larger proportion of quinones as
compared to aquatic fulvic acids, showed the largest increase in
@A.
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Other authors invoked photooxidation to explain seasonal
trends in apparent 'O, quantum yields (discussed also in
section 5.5), but several points remain to be clarified. For
example, Paul and coauthors® explained the decrease in @,
observed between spring and autumn in humic acids isolated
from Scandinavian lakes as due to photochemical degradation
occurring during the summer months. We should note that this
work was published well before Sharpless et al.** showed that
photodegradation increases apparent 'O, quantum yields.
Thus, the experimental observations by Paul and coauthors
indicate that factors other than photodegradation control the
seasonal dynamics of 'O, in these boreal lakes. On the other
hand, McCabe and Arnold®* detected an increase in ®, for
DOM isolated from different types of Prairie Pothole lakes
throughout the growing season, and hypothesized that
photodegradation was responsible for this trend. Nevertheless,
they also reported an increase in apparent quantum yields for
other PPRIs, which is in contrasts with the result from
Sharpless et al.*” and weakens the hypothesis that photo-
degradation is the only driver of seasonal change in DOM
photoreactivity in this environment.

Similar to photodegradation, ozonation and chlorination
were also found to increase @, of both effluent organic matter
and aquatic fulvic acids.*”>> Consistently, these oxidative
treatments decreased the overall absorbance, SUVA,,, and
increased E2:E3 and the spectral slope, even if the magnitude
of the changes varied based on the oxidant.*>>> Early work
from Mostafa and Rosario-Ortiz™” interpreted these variations
in terms of changes in average molecular weight, a parameter
that is well-known to be inversely correlated to apparent 'O,
quantum yields (section 5.2.1). Other explanations that have
been put forward involve the presence of two pools of
sensitizers, and a reduced 'O, quenching efficiency upon
oxidation,*® similar to what Sharpless and coauthors*?
proposed to explain trends of ®, as a function of
photooxidation. More recently, Leresche et al.*’ suggested
that the increase in apparent 'O, quantum yields upon
ozonation is caused by the formation of quinone-like moieties.
Ozone is known to be a selective oxidant that converts phenols
into quinones, with a product distribution that depends on the
solution pH.”**7>*® In their work, the authors observed a
dramatic increase in @, for both SRFA and PLFA upon
treatment with up to 1 mmoly; mmol. ™", with different trends
depending on the ozonation pH.* For instance, for PLFA at
pH 3, @, increased from 2.9% to 13.1%, while, at pH 7, it
raised from 2.7% to 17.0%. They further noted that quantum
yields in the tens of percent were also measured in fog waters
collected in two Californian cities,” and speculated that
atmospheric ozone oxidation might justify the high ®, of
these atmospheric samples. The latter is an intriguing
hypothesis that has yet to be tested.

5.4. Wavelength Dependence

Even if they are often reported as solar-integrated values,
apparent 'O, quantum yields do vary as a function of
wavelength. Quantifying the spectral dependence of ®, is
particularly important for modeling of singlet oxygen steady-
state concentrations in natural water bodies, as different
wavelengths have different penetration depths in the water
column. Thus, the use of monochromatic or solar-integrated
quantum yields in environmental models results in erroneous
['0,], depth profiles.”
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Apparent 'O, quantum yields were generally found to
decrease as a function of wavelength (Figure 14).>*770717383
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Figure 14. Wavelength dependence of ®,. In panel (A), we show
waters displaying a monotonic decrease (linear or a bimodal linear) of
apparent 'O, quantum yield as a function of wavelength, while in
panel (B) are reported samples with a growth-decay trend. In panel
(B), data from Paul et al.** and Halladjia et al.”® are multiplied by 0.5
and 2, respectively, to aid visualizing spectral trends. Error bars are
omitted for clarity. Legend: PLFA, Pony Lake fulvic acid; SRNOM,
Suwannee River natural organic matter (IHSS isolate); SR, Suwannee
River whole water sample; ESFA, Elliott Soil fulvic acid.

Several authors reported a relatively gentle decrease of ®, with
increasing wavelength in the UVB range, and a steeper
decrease at wavelengths longer than 400—450 nm, with values
approaching zero for A > 560 nm.*>*”7"*3 This bimodal trend
was observed, with some differences, for several DOM types
including IHSS isolates such as SRFA and PLFA, and humic
acids and organic matter samples isolated from freshwater
bodies (Figure 14A). Two independent publications have
reported a growth-decay trend in quantum yields vs wave-
length with a maximum around 400—450 nm for fulvic acids
extracted from soil samgles (ESFA, Figure 14B).”>** In an
early work, Haag et al.”’ measured the same growth-decay
trend for Black lake humic acids (however, when considering
the error bars, the trend might be more similar to the general
bimodal one) and no wavelength-dependence for Fluka humic
acids. Other authors also observed a growth-decay trend for
other aquatic humic substances (Figure 14B).*>”%7* On the

https://dx.doi.org/10.1021/acs.chemrev.0c00781
Chem. Rev. 2021, 121, 4100—4146


https://pubs.acs.org/doi/10.1021/acs.chemrev.0c00781?fig=fig14&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.0c00781?fig=fig14&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.0c00781?fig=fig14&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.0c00781?fig=fig14&ref=pdf
pubs.acs.org/CR?ref=pdf
https://dx.doi.org/10.1021/acs.chemrev.0c00781?ref=pdf

Chemical Reviews

pubs.acs.org/CR

other hand, some DOM samples displayed an almost linear
decrease in @, over relatively wide wavelength ranges (Figure
14A).°>* To date, there is too little data to be able to make
generalizations on the spectral dependence of @, also because
studies often focused on different wavelength ranges, collected
only a limited amount of experimental points (typically, N =
3), and used lamps with very diverse spectral bandwidth. For
example, Partanen et al.*’ observed an almost linear decrease
in PLFA ®, between 300 and 450 nm (N = 6 wavelengths),
while, for the same isolate, Sharpless’' obtained a “bimodal”
decrease between 310 and 415 nm (N = 3).

A common point is that 'O, quantum yields spectral
dependence is significantly different from that of other
photochemically produced reactive intermediates,”**”~** or
other DOM photodegradation products such as OCS, CS,,
low-molecular-weight aldehydes, CO, and CO,. "% For
these species, apparent quantum yields are typically charac-
terized by steep exponential decrease as a function of
wavelength (even if, in some cases, a leveling off above 380
nm is observed).”*' Particularly remarkable is the difference
between ®; (measured via TMP oxidation) and ®@,, as
*CDOM?* is the precursor of 'O,. Marchisio and coauthors”>
showed that, for the same samples, @ decreases rapidly as a
function of wavelength, while @, is still significant under
visible blue light. The authors provided two possible
explanations to justify these results. The first is that blue
light excites only low-energy chromophores, which can be
quenched by O, but cannot react with TMP. In other words,
@ measured via TMP loss is likely to provide only the
wavelength-dependence of high-energy triplets, and not of the
entire *CDOM* pool. Another hypothesis is that ®,
quantified via FFA depletion detects two pools of 'O, (i.e.,
'0, formed directly in the bulk phase by low-molecular-weight
chromophores, and 'O, that diffuses from hydrophobic cores
of high-molecular-weight sensitizers to the bulk), while TMP
can only measure the triplets formed directly in the solution
bulk. Under blue light, only high-molecular-weight compounds
absorb light: under this condition, FFA can still detect the 'O,
that diffuses out of these large sensitizers, resulting in a
measurable 'O, quantum yield; on the other hand, TMP
cannot react with these triplets, yielding an apparent ® = 0.

The fact that @, extends into the visible has important
consequences for modeling 'O, steady-state concentration in
water bodies, and therefore on the predictions of micro-
pollutant’s half-lives. Using their @, spectral dependence and a
summer reference irradiance spectrum at 40° N, Partanen and
coauthors® found that visible light (i.e,, > 400 nm) accounts
for 25% (PLFA) and 42% (SRNOM) of the total near-surface
daily 'O, production. This result indicates that 'O, production
is still relevant in systems where UV light is attenuated, such as
in lower depths of the water column.

Early authors found it “striking” that ®, does change as a
function of wavelength, as direct photolysis quantum yields of
micropollutants are typically wavelength-independent.*’
Nevertheless, they did acknowledge the complex nature of
humic acids, and hypothesized that energy transfer between
higher- and lower-energy excited states chromophores could
explain the @, spectral dependence.”” More recently, Partanen
and co-workers’” justified the wavelength-dependence in terms
of the energy-gap rule. The energy-gap rule states that
chromophores with small S, — S; energy gap (ie., having a
red-shifted absorption; Sy and S indicates the ground state and
the first singlet excited state, respectively) have a more
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favorable S; — S, internal conversion (i.e., radiationless
decay).®® Internal conversion competes with fluorescence and
intersystem crossing (Figure 2), resulting in low fluorescence
and triplet quantum yields. Since @, is directly proportional to
@ (eq 2), a decrease in triplet quantum yield will lead to a
reduction in ®,. Indeed, reports of apparent triplet quantum
yields as a function of wavelength confirmed the expected
trend (see also above), even if the use of TMP might bias the
results toward high-energy triplets.”> On the other hand, small
So — S, energy gap will also lead to a small Sy — T energy gap,
as triplet excited states are lower in energy than the
corresponding singlets. Thus, the T; — S, relaxation will be
more efficient, resulting in larger k] values and therefore
smaller triplet lifetimes. Since k] is inversely proportional to
®, (eq 2), apparent 'O, quantum yields are expected to
decrease. To date, only Sharpless’' collected wavelength-
dependence data of triplet CDOM lifetimes, showing that, in
the range 310—415 nm, 7r is independent of excitation
wavelength. Thus, in this wavelength interval, differences in @,
among different wavelengths cannot be explained by differ-
ences in triplet lifetimes. A third possibility is that long-
wavelength chromophores have lower O, quenching rates
constants or produce 'O, less efficiently when quenched by O,
(i.e., have lower fy, the fraction of O, quenching that leads to
'0, formation; see eq 2). There is not enough data yet to
assess the viability of this third possibility.

The ®, wavelength-dependence was also explained in the
context of the charge transfer model.”" In this case, the low
triplet (thus, singlet oxygen) quantum yields in the visible are
the result of an increased proportion of charge transfer
interactions. Involvement of CT complexes either prevents the
formation of triplets or causes their deactivation, resulting in a
low population of *CDOM?* states.

5.5. Seasonal and Spatial Variability

Some authors investigated the spatial and seasonal variability in
apparent 'O, quantum yields in various watersheds, mostly
located in the United States (Table 8). In all cases, 'O,
dynamics appeared to be highly influenced by the particular
characteristics of the watershed, including vegetation type and
cover, climate, the extent of urbanization, and anthropogenic
inputs, all factors that have direct effects on dissolved organic
matter inputs. Below, we summarize relevant results that
illustrate the correlations between geographical and ecosystem
properties and DOM photoreactivity. In a few cases, the
authors reported spatial®* or temporal® trends but did not
analyze in detail the possible causes for the variability and are
therefore not included in this discussion. In these studies,
DOM photodegradation was invoked as the main cause of
seasonal trends, even if several lines of evidence indicated that
other factors played a role (see section 5.3.2).

5.5.1. Freshwater to Saltwater Systems. In 2000,
Sandvik and coauthors®” published the first study investigating
temporal and spatial ®, dynamics along salinity transects of
the Mississippi and Atchafalaya river plumes inside the Gulf of
Mexico. In this work, the authors reported almost no changes
in ®, from 0 to 30 ppt of salinity for the Mississippi plume,
and a slight (but not significant) increase for the Atchafalaya
plume. In addition, no significant variations were detected
between the June and the February cruise. As the authors point
out, these results describe only the behavior of high-molecular-
weight fractions (>3 kDa), as 'O, quantum yields were
measured on ultrafiltrate isolates, and not on whole waters (see
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Table 8. Studies Investigating Seasonal and Spatial Variability in Apparent 'O, Quantum Yields

reference location

Sandvik et al., 2000% Mississippi and Atchafalaya river

plumes, US
Scandinavian lakes and streams
Lake Superior, US

Paul et al,, 2004**

Peterson et al., 2012°¢

McCabe and Arnold, 2016>*
McKay et al, 2017%°
Berg et al, 201977

Prairie Pothole peatlands, US
Florida Everglades, US
St. Louis river, US

“Only the high-molecular-weight fraction was analyzed.

seasonal variability

no changes”

spring < summer

spring < summer < fall
wet (Dec-May) < dry (Jun-Nov)

spatial variability

no changes”

spring > fall

harbor < offshore (spring); max 5.6 km from harbor
(summer)

semipermanent > temporary peatlands
marsh > estuarine

headwater > lake estuary

section 4.3.1 for drawbacks of ultrafiltration). Significant
changes in optical parameters (ie. spectral slope) between
whole waters and isolates confirmed that the proportion of
low-molecular-weight material, which was lost during ultra-
filtration, increased along the salinity transect.

McKay and coauthors™ investigated the spatial and
temporal @, variations in water samples collected in the
Everglades National Park in Florida, US. The Everglades are
the largest subtropical wetlands in the US and are
characterized by large variability in DOM type across
subenvironments.”*>*** Whole water samples were collected
both in the dry (December to May) and the wet (June to
November) season in several locations along the Shark River
Slough, the Taylor Slough, and in the Florida Bay, which are
close to the southern-most edge of the National Park. Overall,
apparent 'O, quantum yields in the two sloughs increased
from the wet to the dry season, which is consistent with
changes in DOM dynamics in the estuaries. Indeed, during the
dry season, there is an inflow of marine seagrass-derived DOM
in the slough estuary, which is characterized by low aromaticity
and molecular weight (thus, high ®,), while, in the wet
season, slough DOM is dominated by terrestrial inputs. In
addition, there was an overall decrease in apparent 'O,
quantum yields from north to south (i.e., along a salinity
transect toward the sea), which might be caused either by
photobleaching or by changes in DOM inputs. The authors
ruled out the photobleaching hypothesis, mostly because of the
high level of shading due to aquatic vegetation and elevated
CDOM content. We also note that photobleaching has been
found to increase @, "> which would give the opposite of what
was observed. Therefore, changes in DOM sources appeared as
the most likely explanation and were confirmed by bulk optical
measurements. Freshwater marshes (present in the North) are
characterized by soil (peat and marl) and aquatic vegetation
(periphyton) inputs, with overall high molecular weight and
intermediate aromaticity. On the other hand, Southern
environments are characterized by mangrove forests, which
release high-molecular-weight and high-aromaticity DOM. A
large part of mangrove leachates consists of tannins,”*” which
are good antioxidants but poor 'O, sensitizers. The author
speculated that the lower @, values in the southern sites are
the result of a decreased amount of *CDOM* precursors,
implying that mangroves are the main photoreactivity driver in
the southern sites.

5.5.2. Lake Superior. Peterson et al.>® performed the first
multiyear study of apparent 'O, dynamics in whole water
samples collected in Lake Superior, the largest freshwater lake
on Earth. The authors collected samples in selected tributaries,
including the St. Louis river that feeds into the Duluth-
Superior Harbor, and 5 m-depth lake samples in several
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locations offshore. The sampling campaign was conducted in
late spring (May-June) and late summer (August-September)
between 2007 and 2009. Overall, samples collected in the same
season in different years showed a remarkably reproducible
behavior, with apparent 'O, quantum yields being overall
higher in the summer months (late spring: 0.93—3.3%; late
summer: 2.4—5.5%). Within each season, ®, showed very
diverse spatial trends: in spring, apparent 'O, quantum yields
increased monotonically from river to off-shore, while, in
summer, @, showed a pronounced growth-decay trend, with a
maximum at 5.6 km offshore of the harbor. The authors
speculated that the summer “spike” must be related to changes
in DOM composition, possibly because of in situ production of
microbial DOM, photodegradation of riverine DOM, anthro-
pogenic inputs, or a combination of these factors. On the other
hand, in both seasons, singlet oxygen production rates showed
a well-behaved linear decrease as a function of distance from
the harbor, indicating that, overall, changes in [DOC] were
more important than variations in ®, in defining 'O,
production rates.

A few years later, Berg et al.” investigated the spatial ®,
dynamics along the St. Louis river, which is the second largest
tributary of Lake Superior. This river was selected because of
its highly diverse watershed, which is characterized by
abundant terrestrial DOM inputs from forests and wetlands
in the riverhead, and by a larger proportion of urban-derived
inputs as the river flows toward the lake. Grab samples were
collected in August 2016 in eight locations along the river and
the lake. Bulk optical and mass spectroscopy measurements
confirmed that DOM becomes smaller and less aromatic as it
travels downstream as a result of environmental processing
and/or microbial input. Consistently, fryp and @, increased
moving from the upper watershed toward Lake Superior, with
a spike at a wastewater treatment plan effluent discharge point.

5.6. Short Summary and Research Gaps

Among bulk water chemistry parameters, dissolved oxygen and
inorganic salts are two factors that can potentially exert a
considerable influence on apparent 'O, quantum yields in
environmentally relevant conditions but have not been
thoroughly investigated. There is a solid mechanistic
justification for the observed changes in @, as a function of
[O,], which is particularly evident at [O,] < 200—250 gmol
L™" (Figure 13A). Dissolved oxygen levels below this threshold
are not unrealistic and might result from a series of factors
including increasing temperature, increasing DOC content,
and changes in the trophic status of the water body.”**'”*'%*%°
Also, oxygen dependence makes apparent 'O, quantum yields
temperature dependent, albeit indirectly, which goes against
the commonly held view that photochemical reactions are
almost insensitive to temperature. A notable consequence is
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that quantum yield measurements performed under stand-
ardized laboratory conditions might not be well suited to
reproduce quantum vyields in the natural environment.
Notably, there have not yet been apparent 'O, quantum
yield measurements performed outside of the laboratory.
Comparison of laboratory measurements to those performed
outdoor (i.e., under realistic environmental conditions in terms
of temperature and O, levels) will help clarifying this issue.

The effect of salt content on @4, which is crucial to improve
our understanding of 'O, photochemistry in marine environ-
ments, is still mostly unexplored. Glover and Rosario-Ortiz>*
observed an increase in @, with increasing salt content, likely
due to increased triplet lifetimes; however, more investigations
are needed to reconcile some of the discrepancies in the
photochemical reactivity of 'O, and triplet organic matter in
the presence of halides.

A recent study’’ found that metals decrease ®, values
proportionally to their binding ability with dissolved organic
matter due to an increased proportion of static and dynamic
quenching. To date, the role of metals in environmental
samples has not yet been investigated. This aspect might be
relevant to explain variability in photoreactivity in environ-
ments experiencing metal pollution or metal leaching from
natural sources.

Changes in average molecular weight explain most of the
reported trends in apparent 'O, quantum yields as a function
of optical and molecular features, as well as the results of DOM
fractionation experiments and (photo)chemical oxidation. The
general understanding is that low-molecular-weight fractions
have higher ®, than high-molecular-weight fractions. This
result is often justified in terms of a charge transfer model,”**"*
even if other explanations have also been proposed. There is
also evidence in support of the role of redox-active moieties
(ie., phenols and quinones) and aromatic ketones in the
photochemical production of 'O, from CDOM. Furthermore,
correlations between apparent 'O, and triplet quantum yields
(measured via TMP oxidation) corroborate the idea that
*CDOM?* is a precursor of 'O,, and that there is a substantial
overlap between the *CDOM?* pool that oxidizes TMP and the
one that produces 'O,. Several authors have proposed the use
of easily measured spectral features such as E2:E3 or S39_g0 as
predictors of apparent 'O, quantum yields. However, the
overall lack of reproducibility in slopes and intercepts of the
linear regression models (likely resulting from systematic
errors in measuring @, ) does not yet allow a confident use of
these spectroscopic parameters as quantum yield predictors.
Improvements in measurement protocols (see section 3.4)
should also address this standing challenge.

Several authors used reductive treatments to confirm the
involvement of aromatic ketones in 'O, production and verify
the validity of the charge transfer model. However, difficulties
in interpreting the results of these experiments raises the
question of whether NaBH, reduction is a meaningful
experiment to test such hypotheses. Quantum yields depend
not only on the 'O, production rate but also on the rate of
light absorption, which are two parameters that can be
influenced to a different extent by the reduction process. In
addition, if aromatic ketones were the only photosensitizer
present, a decrease in their concentration will cause a decrease
in both 'O, production and light absorption rates, which
should result in no net changes in ®,, not in its decrease.
Furthermore, synthetic chemistry protocols for NaBH,
reduction reactions in water typically require an extraction
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step with dichloromethane or diethyl ether to isolate the
alcohol from the boron salts;***™*%! also general protocols in
organic solvents require acidification and extraction.””” In
2016, Schendorf et al.”>* developed a standard protocol for
NaBH, reduction of humic substances that also involves a
purification step (i.e., size-exclusion chromatography) to
remove the borate salts. This protocol does represent an
advancement compared to previous procedures, but still does
not ensure that all hydroxyl-borate complexes within DOM are
hydrolyzed. Schendorf et al.”>® reported minimal changes in
optical properties before and after chromatographic purifica-
tion, suggesting that borate salts have negligible effects on
DOM absorption. However, previous research showed that
caffeic acid-borate complexes have a similar absorption
spectrum but a different reactivity compared to the
uncomplexed molecule.”>* In future studies, control experi-
ments should confirm that the presence of boron complexes
with phenols and other alcoholic groups does not influence the
interpretation of the photochemical results. On the other hand,
oxidative treatments overall cause an increase in @,. Despite
being generally interpreted as due to a decrease in molecular
weight, results for other PPRIs and other spectroscopic
parameters suggest that, in addition to molecular weight,
other factors might decrease apparent 'O, quantum yields. In
addition, it is still unclear if and to what extent environmentally
relevant oxidative conditions (i.e., photooxidation or reactivity
with ozone) might influence spatial and temporal variability of
@, in natural samples

Assessing the wavelength dependence of apparent quantum
yields is crucial for modeling steady-state concentrations in
water bodies. This fact is especially relevant for 'O, as,
different from other PPRIs, its production is still quantitatively
important with visible blue light. Thus, the use of solar-
integrated ®, values for modeling purposes might not be
appropriate. More studies should focus on determining the
spectral dependence of this parameter.

6. FINAL REMARKS

The study of photochemistry in environmental systems has
grown tremendously over the past decades, and along with it
the study of 'O, in environmental waters. In particular, interest
in measuring apparent singlet oxygen quantum yields of a wide
range of environmental samples has steadily increased over the
past years. In the first part of this review, we summarized the
main challenges related to the measurement of this parameter,
and we provided practical recommendations to improve
current measurement protocols (see section 3.4). Although
some experimental details still need to be optimized, we
believe that the current guidelines will help eliminate a good
fraction of the interstudy variability that has so far hindered
our understanding of 'O, production in natural systems. These
technical advancements will improve the possibility of
confidently aggregating results from independent studies, and
this, in turn, will help to answer many of the still open
questions pertaining to '0, in the natural environment—many
of which were reviewed and summarized in the second part of
this review (see sections 4.4 and S5.6). We anticipate that an
improved understanding of 'O, production and variability in
natural systems will lead to more accurate predictive models
for micropollutants’ fate and biogeochemical cycles.

To conclude, we want to stress that many of the technical
issues highlighted in this review are not specific to singlet
oxygen. Specifically, all of the points raised in section 3.2.1
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(Measuring light absorption) are directly valid for quantum
yield measurements of any photochemically produced reactive
species (ie, *OH, *CDOM?*, O3, etc.) or photodegradation
product (i.e., CO, CO, ammonia, etc.) of natural organic
matter samples or complex organic mixtures. For example, Hu
et al.'** point out several technical problems in dissolved
inorganic carbon (ie., CO,) photoproduction quantum yield
measurements that closely match what we describe here for
'0,. We have hope that our work will benefit many researchers
in the broad environmental chemistry community and beyond.
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(C)DOM (chromophoric) dissolved organic matter
3CDOM* triplet excited state of chromophoric dissolved
organic matter

CT charge transfer

2,5-DMF 2,5-dimethylfuran

DBC dissolved black carbon

E%ip excited state reduction potential vs standard hydrogen
electrode

E2:E3 ratio of the absorbance at 250 or 254 nm to that at
365 nm

EfOM effluent organic matter

EOM extracellular organic matter

EDC electron donating capacity

EAC electron accepting capacity

FFA furfuryl alcohol

FWHM full width at half-maximum

FA fulvic acid

fa fraction of triplet physical quenching that leads to singlet
oxygen production

fr quantum yield coeflicient measured with probe P

HA humic acid

HPOA hydrophobic organic acid fraction

HPON hydrophobic organic neutral fraction

HPI hydrophilic fraction

IC internal conversion

ISC intersystem crossing

Iy, absolute spectral irradiance (at the liquid surface)

I, 1 relative spectral irradiance

I m measured spectral irradiance

IHSS International Humic Substances Society

ki (natural) triplet decay rate constant

ki (natural) singlet oxygen decay rate constant

ko, bimolecular rate constants for the physical quenching of
excited triplet states with O,

k?xn,lOZ bimolecular rate constant for the chemical reaction
of A with singlet oxygen

ks eon bimolecular rate constant for the chemical reaction
of A with hydroxyl radicals

k?hys,lol bimolecular rate constant for the physical quenching
of A with singlet oxygen

kopsa pseudo-first-order rate constant of A

kgﬁ's‘j\ pseudo-first-order rate constant of A measured in the
presence of a sensitizer Sens

k2 radiative relaxation rate constant of singlet oxygen to
ground state oxygen

I optical path length

N number of samples

2-NBA 2-nitrobenzaldehyde

NOM natural organic matter

'0, singlet oxygen

['0,], singlet oxygen steady-state concentration

OD optical density

*OH hydroxyl radicals

[*OH],, hydroxyl radicals steady-state concentration

OM organic matter

P generic singlet oxygen probe

PPRI photochemically produced reactive intermediate
PNA p-nitroanisole

py pyridine

PNAP p-nitroacetophenone

PN perinaphthenone

PLFA Pony Lake fulvic acid

PM particulate matter
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R, rate of light absorption

R}, rate of light absorption of component i

RY, initial rate of light absorption

R0, singlet oxygen formation rate

R, initial singlet oxygen formation rate

Rp, probe (P) degradation rate

R} initial probe degradation rate

RB Rose Bengal

RO reverse osmosis

N %eneric singlet oxygen signal

S solution screening factor at wavelength 1

SRFA Suwannee River fulvic acid

SRHA Suwannee River humic acid

SRNOM Suwannee River natural organic matter

SUVA,, specific ultraviolet absorbance at 254 nm

SOM soil organic matter

SOA secondary organic aerosol

SPE solid-phase extraction

S300-600 spectral slope over the 300—600 nm wavelength
range

Sg spectral slope ratio

TMPyP meso-tetra(N-methyl-4-pyridyl)porphyrin

TOC total organic carbon

TPIA transphilic organic acid fraction

TPIN transphilic organic neutral fraction

TMP 2,4,6-trimethylphenol (triplet probe)

WE water-extractable soil organic matter

o decadic absorption coefficient of A

€% decadic molar extinction coefficient of A

7 scaling factor needed to converted relative into absolute
spectral irradiance

®, or @Y™ (apparent, if referred to DOM) singlet oxygen
quantum yield of a sensitizer Sens

Ayp upper integration wavelength (in rate of light absorption
calculations)

@, (apparent, if referred to DOM) triplet quantum yield
@y, fluorescence quantum yield

@4, direct photolysis quantum yield of A

7, (natural) singlet oxygen lifetime

7r (natural) triplet excited state lifetime
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