
Environmental Science:
Atmospheres

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

2 
A

ug
us

t 2
02

4.
 D

ow
nl

oa
de

d 
on

 6
/1

5/
20

26
 7

:3
6:

53
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
Evaluating the po
aUniversite Claude Bernard Lyon 1, CNRS

F-69100, France. E-mail: christian.george@i
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This study explores the potential contribution of secondary production of OH radicals in aerosols and

cloud/fog conditions arising from brown carbon (BrC) triplet state chemistry. For this purpose, extracts

of brown carbon from atmospheric aerosols from Grenoble, France, were analyzed for their ability to

produce triplet states from the degradation of a common triplet state probe, 2,4,6-trimethylphenol

(TMP). This ability of brown carbon to produce triplet states was compared to that of three

photosensitizers, where it was found that vanillin (VL) showed a similar rate of degradation of the probe

and was hence chosen as an alternative to BrC in aqueous aerosols to investigate OH formation from

triplet states. The rates of OH formation from the triplet states were compared to those from nitrate

anions (NO3
−) and hydrogen peroxide (H2O2), which are well-known sources of OH radicals in the

aqueous phase, and a species that is structurally similar to VL, 4-hydroxybenzaldehyde (4HB). VL and

4HB both showed a 1–2 orders of magnitude higher rate of secondary OH formation than NO3
−, while it

was similar or one order of magnitude smaller than H2O2. To evaluate the influence of the different OH

radical sources in aqueous aerosols and cloud/fog conditions, the concentrations of the species were

summarized from the literature. Considering the concentrations of HULISs in aerosols, the rates of

secondary OH formation from BrC triplet states could potentially represent a significant source of OH in

the atmospheric aqueous phase under some circumstances. This study shows the relevance of further

investigations into the role of triplet states in impacting atmospheric oxidative capacity and studying

other effects of triplet states in aerosols, a field that is, until now, still not fully understood.
Environmental signicance

OH radicals drive the oxidation of organic matter in the aqueous phase of aerosols. Therefore, understanding how OH radicals are formed in aerosols is crucial
for the estimation and calculation of oxidative reactions. Previous studies have shown OH formation from organic matter in surface waters and a few from
organic species in aerosols. Herein, using and validating a single molecule photosensitizer, we explore secondary OH formation from thementioned sources and
compare it in the aqueous phase with several other sources. Finally, this study indicates that OH radical formation from excited triplet states might be highly
inuential in aqueous aerosols, and this chemistry should be further studied to understand its full impact.
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1 Introduction

In recent years, attention has been focused on the presence of
triplet states in aerosols.1,2 Triplet states have been shown to be
important because of their ability to produce singlet oxygen3–7

and to degrade organic species.8 However, the chemistry behind
these triplet states is still not fully known, and therefore, it is
difficult to perceive the real extent of their impact in the
aqueous aerosol environment, i.e., deliquescent aerosols or in
cloud/fog conditions. However, recent studies have examined
the oxidizing ability of triplet states9–12 towards targeted organic
compounds, mainly in surface waters. They found that the
oxidizing ability of triplet states is comparable to that of the OH
© 2024 The Author(s). Published by the Royal Society of Chemistry
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radical, which is considered one of the most efficient oxidants
in both gas and aqueous atmospheric phases.13,14

With the evident importance of triplet states in surface
waters, the question arises as to how large the inuence of
triplet states is in atmospheric waters. Triplet states have been
found to degrade phenols, such as syringol, guaiacol, and
phenol, while producing aqueous phase secondary organic
aerosols (aqSOAs)15,16 at rates faster or similar to OH radicals.17

Triplet states were also investigated for their degradation of
volatile organic compounds, where their rate constants were
several orders of magnitude larger than those by singlet
molecular oxygen.18 Other recent studies on triplet states
showed their possible concentration in aerosols, highlighting
the fact that they could be more abundant than OH radicals.19,20

Indeed, a wide variety of molecules in particles can absorb
light and enter an excited triplet state, and many of them share
the existence of aromaticity, e.g., one or more phenyl groups. A
class of compounds where a large number of molecules possess
these properties is brown carbon (BrC). However, the majority
of reports in the literature on the concentrations of light-
absorbing organic species focus on humic-like substances
(HULISs), which is regarded as a subset of BrC. HULISs and BrC
are not well-dened groups of compounds as many of their
chemical properties vary greatly, depending on their origin and
composition.21 Studies that have quantied HULISs in
aerosols22–34 have found it in concentrations ranging from 9 (±6)
ngC m−3 (with a PM10 concentration of 1.0 mg m−3) in an Arctic
site in Greenland35 up to 8.28 mgC m−3 (with a PM2.5 concen-
tration of 69.7 mg m−3) in a summer urban site in China;25 in the
aqueous aerosol phase, these concentrations would correspond
to 1.1 M (Greenland, Arctic) and 14 M (China, urban). The
conversion from mg m−3 to M is described in the ESI.† The
presence of high concentrations of these chromophores raises
the question of their impact on the formation of OH in aqueous
aerosols, though it has not yet been identied in full. In fact, it
has been suggested that triplet state chemistry can be eventually
regarded as a kind of catalytical cycle (see below),36 where the
chromophoric functionality inducing the triplet state is not
consumed but regenerated in the presence of oxygen-producing
as a side product HOx (i.e., OH and HO2) radicals.

Investigations are therefore needed to understand whether
triplet states indirectly produce OH radicals in signicant
amounts in aerosol and cloud/fog conditions and thereby
induce even greater oxidizing effects than formerly predicted.
Studies regarding the formation of OH in the aqueous phase
mainly consider sources such as photolysis of nitrate/nitrite
anions,37–40 hydrogen peroxide,41–43 and iron aqua-
complexes.44–47 Other sources might also contribute signi-
cantly to the total OH concentration, such as the Fenton
reaction.48

Previous studies49 have investigated the OH formation from
organic matter (OM) in aerosols produced from seawater, with
OH production rates of (1.1–2.5) × 10−8 M s−1, while those of
NO3

− were (1.4–1.9) × 10−7 M s−1. In a study by Anastasio et al.
(2004)50 regarding aerosols sampled in the Arctic, the authors
found OH production rates of 2.78 × 10−7 M s−1, which they
associated with the presence of unidentied chromophores in
© 2024 The Author(s). Published by the Royal Society of Chemistry
the aerosol phase that showed great light absorption. Only 10%
of the OH formation rate was attributed to NO3

− photolysis. Sea-
salt aerosols were also examined for their aqueous OH forma-
tion51 and showed rates of 9.44 × 10−8 M s−1, where NO3

− was
assumed to cause 59 ± 25% of the OH formation, while the
authors pointed out that a large part of the unidentied other
sources was likely to stem from organic matter. Also in fog
waters, dissolved organic carbon has been observed to produce
OH radicals.52 All of these studies point out an unknown pool of
molecules, most probably organics like BrC, which are
producing a large share of the OH in the aqueous systems.

Many studies that measured oxidants, such as triplet states,
singlet oxygen and OH radicals in aerosols, focused on lter
extraction performed in water.7,20,53 This allows for analysis of
the majority of the water-soluble species in the collected parti-
cles, which includes both organic and inorganic parts of the
particles. In contrast, during the study described below, the
water-soluble fraction of brown carbon (BrC) was extracted for
investigations focusing solely on the triplet states of this
specic class of organic matter, minimizing (and eventually
excluding) the contribution of other compounds. Facing the
great molecular diversity of BrC and also the availability of
samples, it is important to nd proxies to help understand the
chemistry of BrC in aerosols. Here, we compared photosensi-
tizer proxies to collected ambient samples and found that,
indeed, vanillin (VL) could be a reasonable proxy for BrC, as
previously reported.54–63 In this contribution, we present an
experimental investigation to assess the relative signicance of
secondary OH formation by triplet state chemistry (utilizing
surrogates for aerosol and cloud/fog media) in comparison to
well-established sources of OH in the atmospheric aqueous
phase, such as nitrate and hydrogen peroxide.64
2 Materials and methods
2.1 Chemicals

Chemicals used in the experiments included sodium nitrate
(NaNO3, >99%), hydrogen peroxide (30 w/w%), 4-benzoylben-
zoic acid (4-BBA, 99%), 3-methoxy-4-hydroxybenzaldehyde
(vanillin, VL, 99%), 2-hydroxyterephthalic acid (TAOH, 97%),
and 2,4,6-trimethylphenol (TMP), which were obtained from
Merck, and disodium terephthalate (TA, >99%), which was ob-
tained from Alfa Aesar. Milli-Q water (18 MU cm) was used to
prepare the solutions for the irradiation experiments.
2.2 Aerosol extracts

Total suspended particle (TSP) samples were collected in the
winter of 2021/2022 on the roof (15 m above ground) of the
Institut des Géosciences de l’Environnement (IGE) building on
the campus of the University UGA in Grenoble (France). Two of
these samples are referred to as 021 221 and 141 221 in this
study (details of the samples are described in the ESI).† The
sampler was a Tish Hivol working at 1.24 m3 h−1 with 8 × 10
inches quartz lters. The collection of aerosols was performed
for 3 days to get enough organic matter for the experiments.
During winter, the PM in the city is largely inuenced by
Environ. Sci.: Atmos., 2024, 4, 1170–1182 | 1171
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domestic biomass burning emissions65 and includes a large
share of HULISs22 in organic matter. The BrC fraction is even
larger, with many aromatics coming from this type of emission.
There is also a large range of various organic acids from C2 to
C7.65 A chromatographic extraction of the lters was performed
to obtain a large volume of a puried aqueous solution of BrC to
conduct the experiments. The nal solutions were analyzed for
their DOC content using a TOC-L Shimadzu analyzer. The DOC
content of the samples is given in the ESI.† The atmospheric
samples were processed according to the protocols described in
Baduel et al. 2009 & 2010,22,23 and hence, HULIS-type
compounds were eluted and isolated from other atmospheric
constituents prior to their use in the photochemical experi-
ments. As a consequence, impurities or any interferences have
little to no chance of inuencing our results (due to the chro-
matographic separation steps).

2.2.1 Extraction protocol. The two samples, 021221 and
141221, were extracted for brown carbon (BrC) as follows. First,
the lters were cut into pieces and placed in clean vials. Then,
Milli-Q water was added to the vials (140 ml), and they were le
shaking in the dark for 30 min. The content of the vials was
extracted through a 0.45 mm acrodisc lter and retrieved in
clean vials. Hereaer, the sample was acidied until it reached
pH 2 using HCl solution. SPE OASIS cartridges were condi-
tioned with methanol and water, and then the sample solution
was let through, followed by 2 ml Milli-Q water to rinse. The
cartridges were then quickly dried. The brown carbon was
retrieved by letting 6 ml of methanol (2% ammonium) ow
through. The solutions were dried under nitrogen, and nally,
each sample was dissolved in 30 ml Milli-Q water. They were
kept frozen and in the dark until use.

To determine the carbon content of the samples, a dissolved
organic carbon (DOC) analysis was performed using a TOC-L
Shimadzu analyzer (v. 1.08.00). For the automatic sampling,
an OCT-L 8-port Shimadzu sampler was applied.
2.3 Detection of the triplet state probe

For the triplet state quantication, 2,4,6-trimethylphenol (TMP)
was used as a well-known probe for excited triplet states.10,66–69

Solutions were all prepared with a concentration of 100 mM
TMP. The aerosol samples had a concentration of 10 mgC L−1.
In the photosensitizer experiments, the concentration was 100
mM of the given photosensitizer.

The experiments were performed in a closed box, with
a Xenon lamp mounted on top with a Pyrex lter. A cell of 50 ml
was equipped with magnetic stirring and a cooling ow of water
on the outside, keeping the temperature constant at 15 °C. The
solutions were irradiated for 120 min, during which sub-
samples were withdrawn every 10–30 min. The experimental
setup and UPLC methods are described in the ESI.†

The decrease in volume during the experiment is not
considered to have a notable inuence on the degradation of
the probe due to the signicantly larger volume of the solution
(50 ml) compared to the samples that were removed (approxi-
mately 0.6 ml per sample).
1172 | Environ. Sci.: Atmos., 2024, 4, 1170–1182
2.4 Measurement of OH photogeneration rate

Measurements of OH in an aqueous solution were performed by
applying a well-known probe, terephthalic acid (TA),
a compound whose product from the reaction with OH, 2-
hydroxyterephthalic acid (TAOH), is uorescent. The OH sour-
ces investigated in this study do not interfere with the uores-
cence from TAOH, and hence, the application of TA as a probe
allows simple uorescence measurements to track the OH
formation with time. This probe has been used in various
studies70–77 because of its selectivity and sensitivity towards OH.
For OH radical detection, a different irradiation setup was
employed. The solutions were placed inside a 10 mm quartz cell
and irradiated by a 150 W Xenon lamp (LOT LSE140/160.25C)
equipped with a liquid optical lter (lled with water) to
remove heat from IR radiation and a Pyrex lter. The lamp was
placed 30 cm away from the cell, thereby ensuring that the
whole surface of the cell was illuminated. The temperature in
the room was kept constant at 22 °C. Solutions regarding the
measurement of OH radicals were prepared with a concentra-
tion of 100 mM TA, while the concentrations of compounds
producing OH (VL, NO3

−, or H2O2) were varied. Fig. S7† shows
the molar absorption coefficients of VL, 4HB, and TA, as well as
the emission spectrum of the adopted irradiation system.

Fluorescence spectra were recorded every 5–10 min during
40–60 minutes of irradiation. By applying the TAOH calibration
curves, it was possible to follow the formation of TAOH with
time. Linear regressions were performed on these curves to
obtain the rate of TAOH formation derived from the slope.
Multiple experiments were performed to obtain the OH
formation rates for varying concentrations of each compound
producing OH. This gave rise to the total OH formation that is
dependent on the concentration of the given compound.
3 Results and discussion

The optical characteristics of the ambient samples are shown in
Fig. 1. The two samples are collected within a short time frame
and are, therefore, expected to have similar uorescence and
absorption features. The uorescence spectra for both samples
show two main peaks with lex/em = 225/410 and 325/414 nm,
with little difference in the intensity of these peaks. Fluores-
cence peaks at these positions have previously been identied
as uorescent signals originating from humic and fulvic acid-
like species78–81 both for dissolved organic matter in surface
waters and aerosol extracts of organic matter. In addition,
a smaller peak is present at lex/em = 280/340 nm, which,
according to Wu et al.,82 could indicate marine humic-like
organic matter. The UV-vis spectra of the samples likewise
show similar spectra that appear featureless and show
increasing absorbance with decreasing wavelength. The shape
of the spectra is similar to other BrC spectra recorded previ-
ously.79,83 As this study focuses on the water-soluble extracts of
BrC, there are undoubtedly sub-species of BrC that are not
accounted for in these analyses. It has been suggested by other
studies that the non-water-soluble fraction of BrC has increased
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Excitation emission matrix spectra of the two aerosol samples. (a) sample 021221B. (b) sample 141221B. (c) UV-vis absorption spectra of
sample 021221B (dark red) and 141221B (purple).
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absorbance compared to the water-soluble fraction, though the
shape of the spectra does not change.84

The brown carbon species responsible for this light absorp-
tion and uorescence are expected to be able to enter a triplet
state and have oxidizing abilities that might be competitive with
OH radicals and singlet oxygen in atmospheric aerosols. The
chemical reactions below show possible BrC photochemical
reactions in an aqueous environment. Chromophores in BrC
can undergo energy transfer to other compounds, such as
molecular oxygen, thereby forming singlet oxygen (1O2). It can
also be quenched by other compounds in the aqueous solution
(Q) and return to their original state. Other commonly sug-
gested pathways are hydrogen abstraction or electron transfer
from/to a donor molecule (including self-reaction), inducing
a cycle suggested to form OH radicals through HO2 reactions.

BrCþ hv/1BrC*
�!ISC 3BrC* (1)

3BrC* + Q / BrC + Q (2)

3BrC* + O2 / BrC + 1O2 (3)

3BrC* + ORG / BrCc + ORGc / BrC + ORG-prod (4)

BrCc + O2 / O2c
− + BrC (5)

O
��
2 þHþ#HO

�

2 (6)

2HO
�

2/H2O2 (7)

H2O2 + hv / 2OHc (8)

The characterization of steady-state concentrations of
excited triplet states of organic matter is mostly performed by
applying a probe and measuring its decay by liquid chroma-
tography with UV/vis detection. Here, we have chosen
a common triplet state probe, 2,4,6-trimethylphenol (TMP).
Through calculations using the rst-order decay rate constant,
as described in the ESI,† the estimated steady-state concentra-
tions of triplet states of the brown carbon extracts are (6.34 ±

5.3) × 10−14 and (1.14 ± 0.95) × 10−13 M for the 021 221 and
141 221 samples, respectively. The large errors on these values
are due to the error on the average of many rate constants
© 2024 The Author(s). Published by the Royal Society of Chemistry
between triplet states and TMP that is used in the calculation
(see Section S3†). The values are in good agreement with
previous studies detecting triplet states from lter sampling,
which have reported triplet state steady-state concentrations in
the range of 1 × 10−14 to 9 × 10−13 M.20,85–87 By applying
a chromatographic extraction method for the water-soluble
brown carbon in this study, the degradation of the probe is
considered to be mainly caused by BrC triplet states, with
minimal inuence from other water-soluble components of the
lter samples in contrast to previous studies. However, it has
recently been proposed in a comprehensive study of triplet state
probes69 that TMP might undergo inhibition from other
components in particle extracts, such as other phenols, and
return to its initial state, hereby causing less degradation.
Therefore, in applying this probe to the chromatographic
separated BrC fraction, the estimated steady-state triplet state
concentrations are assumed to be underestimated.

It is well established that triplet states of organic matter can
undergo energy transfer to molecular oxygen in solutions to
form singlet molecular oxygen (1O2). In lter extracts from
particulate matter, previous studies have measured the steady-
state triplet state and singlet oxygen concentrations along
with OH radical concentrations. The OH radicals formed in
these solutions could have been formed through several path-
ways, such as from photolysis of hydrogen peroxide or nitrate/
nitrite anions or from dark Fenton chemistry reactions.
However, it is believed that the triplet states of organic matter,
such as BrC, can likewise lead to hydroxyl radical formation in
an aqueous solution, as described in chemical eqn (4)–(8).

Unfortunately, the TA probe cannot be directly used to
determine the OH production from the fraction of BrC because
of overlapping uorescence from the various BrC species, as
seen in Fig. S8.† Hence, it is difficult to determine an exact OH
formation production rate from BrC, and this necessitates a BrC
proxy for initial estimations of such a rate. Here, we tested three
different photosensitizers, namely, 4-benzoylbenzoic acid (4-
BBA), 3-methoxy-4-hydroxybenzaldehyde (vanillin, VL), and
imidazole-2-carboxaldehyde (2-IC), for their degradation of TMP
to compare with the two ambient aerosol samples.

Firstly, from Fig. 2, we observed that the rates of degradation
of TMP between the ambient samples vary by almost a factor of
2, certainly reecting atmospheric variability. From the slopes
Environ. Sci.: Atmos., 2024, 4, 1170–1182 | 1173
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Fig. 2 Degradation of the triplet state probe, TMP, by two aerosol
samples (021 221 and 141 221, 10 mgC L−1) and three photosensitizers
(VL, 2-IC, and 4-BBA). All experiments contained 100 mM TMP. The
error bars represent the variation from the theoretical initial TMP
concentration.
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of the decay shown in Fig. 2, the rates were determined as (1.38
± 0.021) and (2.21 ± 0.037) × 10−4 s−1 for the 021 221 and 141
221 samples, respectively. The variation in the amount of triplet
states produced by the samples is expected to be caused by the
difference in the sampling period, thereby resulting in a differ-
ence in composition. This is possibly related to the difference in
absorbance of the two samples in the UV-vis spectra shown in
Fig. 1c. For the selected photosensitizers, the measured decay
rates were (2.15 ± 0.064) × 10−4 s−1, (1.37 ± 0.026) × 10−3 s−1,
and (1.89 ± 0.088) × 10−3 s−1 for VL, 2-IC, and 4-BBA, respec-
tively. The TMP control showed a rate of (1.14 ± 0.11) × 10−5

s−1. This corresponds to triplet state steady-state concentrations
(1.39 ± 1.1) × 10−13, (9.31 ± 7.5) × 10−13, and (1.29 ± 1.0) ×
10−12 M for VL, 2-IC, and 4-BBA, respectively.

It is clear that vanillin (VL) is the only one of the three
photosensitizers that resembles the BrC samples in their
degradation of TMP. The degradation of TMP by 4-BBA and 2-IC
appears at a rate one order of magnitude larger than the
ambient samples. This suggests that VL produces a similar
amount of triplet states (although at different energies) and
could be a proxy for the studied BrC fractions. In addition, the
EEM spectra of the VL compare well to those of the ambient
samples, as shown in the ESI.† This similarity could arise from
the fact that these winter samples were impacted by biomass
burning, while VL is a known tracer for such emissions.59–63

Further studies are warranted to fully evaluate how VL compares
to other BrC samples from varying origins and seasons.

3VL* compares well to the ambient samples. It was hereaer
investigated for its OH production rate and compared to two
well-known photochemical sources of OH radicals, namely
hydrogen peroxide and nitrate anions. To better characterize
the OH formation from organic triplet states, the molecule 4-
hydroxybenzaldehyde (4HB), a compound with a structure
1174 | Environ. Sci.: Atmos., 2024, 4, 1170–1182
similar to VL, was also investigated. All the OH formation rates
were probed by the uorescence of the molecule 2-hydroxyter-
ephthalic acid, for which VL does not have a large overlap in
contrast to the ambient samples.
3.1 OH production from photosensitizer molecules

The OH formation rates were calculated for nitrate anions,
hydrogen peroxide, VL, and 4HB. The OH steady-state concen-
trations were also calculated and are shown in Table S2 and
Fig. S3–S6.† Under our experimental conditions, the OH
formation rates from NO3

− and H2O2 were (4.16 ± 0.51) ×

10−7 M s−1 M(NO3
−)−1 (Fig. S9†) and (1.64 ± 0.07) × 10−5 M s−1

M(H2O2)
−1 (Fig. S10†), respectively. Values for NO3

− are in the
same order of magnitude, and H2O2 values are one order higher
than those reported in the literature.64,88–90 The discrepancy in
H2O2 OH production rates compared to literature values could
be attributed to the low H2O2 concentrations applied in the
experiments in the previous studies (up to 40 mM in Mopper &
Zhou, 1990). In our study, we applied larger concentrations to
move toward aerosol-relevant hydrogen peroxide concentra-
tions, which can be up to the mM range (see Table 1). The OH
formation rate (normalized to the precursor concentration)
from VL was ROH = (9.0 ± 1.1) × 10−6 M s−1 M(VL)−1, while it
was one order of magnitude smaller for 4HB, ROH = (9.2 ± 0.28)
× 10−7 M s−1 M(4HB)−1. These compounds were tested for
concentrations between 5 and 100 mM, although they only
showed a linear OH formation rate between 5 and 37.5 mM,
while there was a decrease or a plateau in the OH formation rate
with higher concentrations (see Fig. S11 and S12†). The re-
ported rate is calculated from the linear regression between 5
and 37.5 mM, which is similar to concentrations of VL measured
in biomass-burning aerosols.91 Both VL and 4HB showed ROH

that are within the ranges of the ROH of nitrate and hydrogen
peroxide and could thereby be considered atmospheric relevant
if the concentrations of the species forming triplet states in
aerosol or clouds are present in sufficient amounts.

The OH formation rates in the ranges investigated for the
two photosensitizers were 3.4–5.9 × 10−11 and 0.35–2.5 ×

10−10 M s−1 for 4HB and VL, respectively. These are rates that
are comparable to OH formation rates measured in previous
studies (see Table S3†) for aerosols and cloud/fog waters that
range between 10−12 to 10−6 M s−1, where the cloud/fog values
tend to be in the lower end of this range and the aerosol values
in the higher end.

Choosing vanillin and 4-hydroxybenzaldehyde to estimate
the OH production from triplet states that are present in
aqueous aerosols cannot incorporate the large complexity that
exists in the aerosols. Though it is not complete, we believe it is
useful to estimate the importance of OH production from
organic triplet state species. VL has absorbance well into the
visible spectrum and might well represent BrC due to the
amount of triplet states produced compared to aerosol sample
extracts (Fig. 2), and it is also a compound that has been
measured in aerosols and clouds/fogs. 4HB was chosen as
a light-absorbing compound that might be present in clouds
due to its similarity in structure to other phenols found in
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Range of aerosol and cloud/fog concentrations based on a selection of published dataa

Aerosols (M) Cloud/fog (M)

Urban Rural BBb Rural

NO3
− 1.2–9.1 1.6c–2.4 0.16–6.8 4.8 × 10−6–1.0 × 10−3

H2O2 0.25–1.8 × 10−2 — — 3.9 × 10−6–6.0 × 10−5

HULIS (a)/(N)Phs (C/F) 4.1–14.7 7.3–8.3 4.9–9.6 3.6 × 10−10–1.53 ×

10−6

a Unless otherwise stated, the aerosols are PM2.5. HULISs are shown as a representative for triplet state sources in aerosol (a) and (N)Phs for cloud/
fog (C/F) conditions. All references are listed in the ESI. b BB: biomass burning. c PM1.
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clouds. It also has a similar structure to VL and could thereby
indicate how a small difference in the structure of the species
(the absence of a methoxy-group) could inuence the OH
production from the triplet states of the molecule. Although,
these species, i.e., VL and 4HB, have some limitations. Firstly,
both compounds show a non-linear OH production above 37
mM. Single molecules, such as VL and 4HB, might be observed
in aerosols or clouds at concentrations of approximately 5–37
mM. Although, questions arise of whether other sources of
triplet states show similar trends of plateaus at higher
concentrations, leading to rates of OH production that cannot
be linearly scaled to larger concentrations. Triplet state sources
with distinct structural features need to be examined to evaluate
how the OH production rates behave for other compounds.
Secondly, 4-HB only has a small absorbance at wavelengths
longer than 350 nm and might not be considered a large
contribution of the BrC in clouds/fogs. Even though the OH
production from this compound shows that there is also
a possible pool of triplet state species absorbing light in the 300
to 350 nm range, which might be inuencing the OH produc-
tion in clouds/fogs, though they are not absorbing much visible
light.

Another factor that is not accounted for in the measure-
ments of the OH formation rates is the degradation of the triplet
state source. The OH production is assumed to be a catalytic
cycle according to eqn (2)–(5), where the triplet state source
(BrC) is brought back to its original state. Although, due to
indications that the investigated species is possibly slightly
degraded by either photolysis or reaction with OH radicals, it
might not be a fully catalytic cycle. The second-order rate
constant for OH with TA is 4.0 × 109 M−1 s−1.64 For VL and OH,
the rate constant is estimated to be 4 × 108 M−1 s−1.92 Hereby,
VL can be expected to not have a large loss to OH reactions as it
reacts with OH at about an order of magnitude slower than TA
reacting with OH. A rate constant between 4HB and OH radicals
was not found in the literature. Additionally, the linear regres-
sion that was made to obtain the OH formation rate was per-
formed only in the range of 5 to 37.5 mM. Hereby, in the applied
concentrations, the photosensitizers had at least a factor of 3
lower concentration than the probe ([TA] = 100 mM). Combined
with a higher rate constant for TA compared to VL, this gives an
uncertainty below 3% and hence is considered to be negligible.
The quenching of triplet states by oxygen is also an important
pathway to consider (see Fig. S2†). Naturally, oxygen dissolved
© 2024 The Author(s). Published by the Royal Society of Chemistry
in the aqueous phase will interfere with the triplet states, such
as by the formation of singlet oxygen.53 However, the experi-
ments in this study were performed with air-saturated solutions
that we expect to have similar oxygen concentrations as atmo-
spheric aerosols. In Fig. 2, aerosol samples that are extracted for
BrC are analyzed for their degradation of TMP (i.e., formation of
triplet states) and are compared to that of VL. Here, a similar
quenching of triplet states by the aerosol samples and VL is
observed, and therefore, we might expect that VL triplet states
are quenched in a similar way as other triplet state species in
ambient aerosols.

From observations in the UV-vis absorption peaks, the decay
of 4HB with increasing irradiation time can be observed in the
UV-vis spectra shown in Fig. S21.† Since the solutions for the
experiments contain both 4HB and TA, it is not possible to
follow strictly the whole spectrum of 4HB, though TA does not
have absorbance above 300 nm (see Fig. S7†). Therefore, the
shoulder that is observed at 335 nm is attributed to 4HB only.
With increasing irradiation time, this shoulder is observed to
have decreasing absorbance, showing a decay of 4HB during the
experiment. A similar observation is made for VL, where there is
a decay of the VL peak at 310 nm. The decay of both compounds
is approximately linear, and the rst-order rates of decay of VL
and 4HB are 7.59 × 10−5 and 1.8 × 10−4 s−1, respectively. These
values suggest that 4HB either has a faster reaction with OH
radicals or faster decay by photolysis than VL.

Another detail that arises from the absorbance spectra of
4HB is the formation of a new peak at 475 nm (see Fig. S22†).
This peak appears aer 20 min of irradiation, and even though
the absorbance at the end of the experiment is quite low, this
indicates the formation of species that absorb light in the
visible range, suggesting further BrC formation from these
reactions. VL likewise shows the formation of further BrC
species, although the maximum of the peak of the formed BrC
species is at longer wavelengths, at approximately 525 nm. The
decay of the triplet state sources and the formation of new light-
absorbing species is likely due to the reaction of OH radicals
with VL or 4HB. Typically, these reactions involve the addition
of OH radicals to the aromatic ring or the replacement of the
ketone moiety with a carboxylic acid group.92

Therefore, a chemical equation that could be useful to
consider in connection with the previous eqn (1)–(8) is the
reaction between OH and the proxies for the brown carbon
species that gives a product, BrC–OH (eqn (9)).
Environ. Sci.: Atmos., 2024, 4, 1170–1182 | 1175
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BrC + cOH / BrC − OH (9)

The quantum yields calculated (shown in Section S10†) for
the OH formation from the two photosensitizers were similar,
(1.04 ± 0.020) and (1.12 ± 0.29) × 10−4 for VL and 4HB,
respectively. These values are comparable to those in previous
studies, which found quantum yields of OH radicals between
1.3 × 10−5 and 1.0 × 10−2 for cloud water and extracts of
aqueous aerosols.64,90,93,94

Overall, VL was chosen as a proxy for aerosol samples
because it showed a similar triplet state formation as the
aerosol samples that were extracted for BrC, as seen in Fig. 2. It
is, furthermore, a compound that has been observed in aerosol
measurements95,96 and applied as a proxy in previous
studies.97,98 4HB was chosen to show further variability of the
OH production from aromatic species.
Fig. 3 Boxplots of rates of OH formation in urban aerosols of the
investigated species. OH formation rates calculated in this study or
reported in previous studies (for NO3

− and H2O2) are multiplied by
a range of concentrations of the species found in the literature. The
minimum and maximum of the range of concentrations are shown in
Table 1, and all the values and references can be found in Tables S4–
S6.†
3.2 Estimating OH formation rates in atmospheric
conditions

To evaluate the possible inuence of OH production from
triplet states compared to nitrate anions and hydrogen peroxide
photochemistry, it is necessary to consider the precursors'
concentrations in aerosols and also cloud/fog environments.
Then, the concentration normalized OH production rates re-
ported above could be used to scale them to ambient condi-
tions. Unfortunately, not many studies report BrC
concentrations, though humic-like substances (HULISs) have
been measured in various locations. HULISs are considered
a subset of BrC, and therefore, are possibly an underestimation
of the sources of triplet states in aerosol, though more eld
measurements of the full BrC pool are needed to have better
estimations. The HULIS measurements have been summarized
in Table 1, along with nitrate and hydrogen peroxide aerosol
concentrations, while the full set of literature values is pre-
sented in the ESI.† The conversion from the unit mg m−3, re-
ported in the literature, to the unit mol L−1 is described in the
ESI (Section 7).†

Even though HULISs and BrCmight be present in clouds and
fogs, they are scarcely measured in these environments.
Another group of light-absorbing compounds in clouds/fogs
with similar photochemical abilities as HULISs, or the
mentioned photosensitizers, is nitrophenols and phenols ((N)
Phs). These are (to some extent) more commonly detected in
clouds/fog.99 In an effort to best estimate triplet state concen-
trations, HULIS concentrations are shown for aerosols and (N)
Ph concentrations for cloud/fog conditions. These values are
presented in Table 1. Naturally, the concentrations of (N)Ph in
clouds and fogs represent only a small fraction of the light-
absorbing compounds present in these aqueous media. As
mentioned previously, the carbonyl group on the aromatic ring
is believed to be highly inuential in the formation of triplet
states, and it is possible that it is also driving the formation of
OH radicals from triplet states. Therefore, the ideal concentra-
tions to apply for these approximations are aromatic carbonyl
species in the cloud/fog environments. Though these are very
sparsely reported in the literature, (N)Ph concentrations are
1176 | Environ. Sci.: Atmos., 2024, 4, 1170–1182
used instead. Based on these concentrations, subsequent
calculations to assess OH sources in cloud/fog are assumed to
represent an underestimated assessment.

From Table 1, it is evident that the concentration of triplet
state precursors in aerosols (HULIS) is comparable to the other
OH sources, but in cloud/fog, the concentrations of the chosen
proxy for triplet state sources ((N)Phs) are a great deal lower.

The range of concentrations in Table 1 was used to compare
the overall rates of OH formation from the species investigated
using the normalized OH formation rate previously measured
for the species (concentration-dependent, in units of M s−1

M(COMP)−1) and assuming a linear relationship between the
precursor concentration and the actual OH production rate (i.e.,
without any screening effect for instance). This gave spans of
overall OH formation rates (independent of species concentra-
tion), which are visualized in the boxplots for different condi-
tions in Fig. 3, S13, and S14.† These rates are shown for nitrate,
hydrogen peroxide, and triplet states (with these data using VL
(and 4HB) as proxy). The rates of OH production from NO3

− and
H2O2 reported in previous studies are used together with the
rates obtained in this study to expand the range of overall OH
formation rates (in M s−1) calculated for the boxplots. For the
calculation of overall OH formation rates from triplet states, the
boxplots show the ROH from VL and from 4HB multiplied with
the concentrations of either the HULIS or (N)Ph concentrations.
With both of these photosensitizers, it is expected that
a reasonable range of OH formation rates is reached. VL
represents triplet states that are comparable to BrC in their
steady-state concentrations, and 4HB represents an estimation
of triplet states that are less efficient in producing OH (by one
order of magnitude).
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 shows the boxplot of the OH formation rate estima-
tions under urban conditions, where the NO3

− and H2O2

photoinduced formation rates of OH are 1–2 orders of magni-
tude smaller than values for the triplet state. In this plot, it is
evident that the OH produced by triplet states is important in
urban aerosols, illustrating that the OH formation from triplet
states in aerosols could be as, or more, essential than the other
large OH sources. It is possible that the OH production rates
from H2O2 are also underestimated due to limited measure-
ments in the aerosol aqueous phase. Nitrate anions are widely
measured in aqueous aerosols, although most measurements
are from locations in Asia, and the aerosol community would
benet from measurements on other continents to expand the
knowledge.

For the cloud/fog conditions, shown in Fig. S13,† the OH
production rates from triplet states (with the (N)Phs as proxy)
appear much lower, and even negligible, compared to those of
NO3

− and H2O2. This plot suggest that triplet states are not
likely to be important sources of OH radicals in cloud/fog. As
previously mentioned, the concentrations of triplet state sour-
ces in the cloud or fog water are not well quantied, and the
rates of OH formation from triplet states in the environment are
being underestimated due to a lack of measurement of light-
absorbing compounds, such as (N)Ph or HULIS in cloud/fog.
In the cloud/fog environment, the H2O2 concentrations are
more dened than in aerosols. Nitrate anion concentrations are
also well-dened in cloud/fog environments. In general, for
both aerosol and cloud/fog, measurements of the mentioned
species are primarily taken in three continents: Asia, Europe,
and North America. Therefore, it would be benecial for future
studies to obtain information on the concentrations of these
species in other parts of the world.
Fig. 4 Estimated OH formation rates for nitrate, hydrogen peroxide,
and triplet state sources vs. the concentration. The OH formation rates
are calculated using the literature values for concentrations in Tables
S4–S9.† (A): aerosols. (C/F): cloud/fog. A zoomed-in aerosol region
with nitrate and HULIS values is shown in Fig. S15.†

© 2024 The Author(s). Published by the Royal Society of Chemistry
The boxplot in Fig. 3 shows the OH formation rate for one
condition (urban aerosols), Fig. 4 shows the whole range of
concentrations reported in the literature (x-axis), with the cor-
responding OH formation rates (y-axis) for all compounds and
conditions that were investigated in this study. Bearing in mind
the limits of the calculations, this aims to provide a simple (not
to say simplistic) overview of the importance of the different
species under various conditions. In this gure, the colored
areas show how the OH formation rates are grouped into two
regions: cloud/fog (purple) and aerosols (beige). The estimated
triplet states, in the form of HULIS, are dominating in the
aerosol region. The triplet states show larger OH formation
rates than both nitrate and hydrogen peroxide in the full region
of concentrations. However, in cloud/fog conditions, the inu-
ence of OH formation from triplet states is evaluated to be
small. Reporting actual OH steady-state concentrations would
require considering its various sinks, which are quite complex
to estimate. Atmospheric aerosols vary in composition and also
in concentration of the various species, which depend on
numerous factors. This is why, in the following, the OH
formation rates from various sources are intercompared.

As mentioned, an overview of OH formation rates measured
in the atmosphere from a variety of sources is shown in Table
S3† and covers aerosols, clouds and fogs at different locations.
Naturally, there are numerous chemical species that could be
triplet state sources and possibly produce OH radicals. It is
difficult to know the effect of all of these because of the
complexity of these compounds.

A group of complex species that is oen found in surface
waters is chromophoric dissolved organic matter (CDOM). As
discussed by Chen et al. (2021),68 different types of CDOM have
different rates and abilities to generate triplet states, and
thereby, it is not only dependent on the concentration of the
source of triplet states but also the composition. The compo-
sition of aerosols and clouds naturally depends on the location,
atmospheric dynamics, and seasonality. A study investigated
the OH production inside the CDOM microphase,100 i.e., the
“phase” that occurs within the CDOM molecules because of
their large size and hydrophobic qualities. The authors found
that compared to the aqueous OH, the concentration inside the
CDOM microphase was 210 (±31) fold increased, illustrating
that a large amount of the OH formed from CDOM is likely to be
produced inside themicrophase of CDOM. If the same reactivity
can be expected for chromophores in the aqueous aerosol
environment, such as HULIS and BrC, the OH produced from
excited triplet states would be even more inuential in these
conditions. Combined with the results from this study, it
emphasizes the importance of investigating triplet states for
their oxidative properties in the aqueous aerosol environment.

4 Conclusion

Here, we intend to provide some of the rst indications as to
how important the OH formation from excited triplet states in
BrC aerosols could be. The rates of OH formation from excited
triplet states were larger than from nitrate anions but below
those of hydrogen peroxide, though when considering the
Environ. Sci.: Atmos., 2024, 4, 1170–1182 | 1177
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concentrations of possible triplet state sources in the aqueous
aerosols, they represent the largest production of OH radicals,
by a few orders of magnitude. The measurements in this study
were performed solely in the aqueous phase. These results do
not consider the intricate processes that could occur in the gas
phase surrounding the aerosols, in the air–water interface, or in
the potential microphase in large chromophoric triplet state
sources. All of these processes could possibly have an effect on
these OH formation rates. However, this study underlines the
need for further research on the oxidative capacity of excited
triplet states in the aqueous aerosol environment. The overview
of literature values of concentrations of triplet state sources also
necessitates a more comprehensive quantication of these to
improve the estimation of the magnitude of triplet state
produced OH in the atmosphere.
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