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s and photobleaching of wildfire
ashes aqueous extracts†
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Wildfires can severely degrade soils and watersheds. Post-fire rain events can leach ashes and altered

dissolved organic matter (DOM) into streams, impacting water quality and carbon biogeochemistry. The

photochemical properties and persistence of DOM from wildfire ash leachates are not well understood.

To establish a range of properties, wildfire DOM leachates were generated from (i) surficial [grey and

black] wildfire ashes, (ii) mineral soils below ash, and (iii) unimpacted soils from two Colorado wildfire

scars. Subsequently, the leachates were studied under simulated sunlight. Photochemical properties of

absorbance, fluorescence and 1O2 quantum yield (FF and F1O2
) were determined for thirteen wildfire

leachates. F1O2
of ash leachates was greatest (7.6 ± 3.4%), followed by underlying mineralized soil

leachates (4.6 ± 0.7%), and control soil leachates (F1O2
= 3.9 ± 1%). Correlations between increasing E2 :

E3, FF, F1O2
suggest that surface ash leachates with elevated molar absorptivity may play an important

role in 1O2 production that is not well documented. Interestingly, photobleaching experiments

comparing ash DOM to unimpacted soil DOM revealed ash leachates lost fluorescence, absorbance,

while producing CO2 at rates ∼3 fold greater than soils. This suggests that aromatic features of ashes

may cause degradation of wildfire DOM faster than unimpacted DOM in the environment.
Environmental signicance

Wildres can signicantly affect watersheds. Post-re rain events can carry large amounts of materials into streams, including wildre-affected dissolved
organic matter (WDOM). This WDOM can then impact the downstream river and communities that rely on the impacted water for their drinking water supply.
This study investigates the fate of WDOM in surface waters by examining its photoreactivity, photomineralization to CO2, and photobleaching of various ash
leachates, providing insights into the biogeochemical cycling of wildre impacted ecosystems. Understanding the distinct photophysical and photochemical
properties of WDOM can be used to differentiate it from unimpacted DOM and understand WDOM persistence in the environment.
1 Introduction

The incidence of wildres in the US and globally is on the rise,
driven by factors such as re suppression at the urban and
forested interface and anthropogenic climate change.1–3 In the
Rocky Mountains range of the western US and Canada, the
longer and more intense droughts have le forests more prone
to bark beetle infestation, tree death, and drier fuels that
increase wildre intensity.4 Wildre-prone forests also serve as
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important watersheds and sources of drinking water. When
wildres and storms occur, heavy uxes of ash and altered
organic matter are introduced to waterways that can severely
affect the engineered water treatment systems downstream.5

Effects such as increased disinfection byproduct (DBP) forma-
tion, treatability, or coagulation issues can occur.6,7 In addition
to short-term effects, recovering burn scars alter long-term
carbon and nutrients loading and microbial utilization of
organic matter in stream ecosystems.8–12

Aer wildres and rain events release altered dissolved
organic matter (DOM), wildre-derived DOM becomes suscep-
tible to signicant solar exposure. Recent work on the optical
and molecular properties of wildre-derived DOM demon-
strates that this material has elevated aromaticity, absorptivity,
and uorescence, making it chemically distinct from unburned
aquatic DOM.13–20 Literature indicates that laboratory-generated
dissolved black carbon (DBC) have similar optical properties to
wildre-derived DOM and that photoirradiation of DBC induces
losses in absorbance properties and a decrease in carbon
aromaticity.21–27 However, the similitudes and differences
Environ. Sci.: Processes Impacts, 2025, 27, 473–485 | 473
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between DBC and ash leachates are not exactly known and the
photochemical behavior of wildre DOM, including reactive
intermediates (RI) formation, remains poorly understood. Upon
solar irradiation, DOM produces a variety of RIs such as
hydroxyl radical (cOH), DOM excited triplet states (3DOM*) and
singlet oxygen (1O2).28 These short-lived RIs can react with
contaminants in surface water, contributing to their degrada-
tion, and are also known to react with DOM itself, leading to
DOM photobleaching (i.e., loss of absorptivity) and DOM
photomineralization.

DOM photobleaching is attributed to both reactions with RIs
and to direct sunlight absorption,29 factors that may affect pho-
tobleaching rates include the presence of halogens,30 and
potentially cOH, as cOH has been shown to signicantly
contribute to photobleaching in aerosol particulate matter
extracts.31 DOM isolates photomineralization was recently
studied in our group and direct photolysis, 3DOM* and 1O2 were
seen to be signicant contributing factors, while cOH was shown
to be a relatively minor factor in DOM photomineralization.32

Fire can produce both reducing and oxidizing chemical
environments.3 It is known that DOM oxidation (chlorine and
ozone treatment) leads to signicant increases in 1O2 quantum
yield (F1O2

).33,34 Additionally, soot, char and black carbon
extracts produced under controlled, anaerobic reducing ame
conditions exhibited signicant variation in F1O2

, with reported
values ranging from 0.21% to 33%.35–41 These results suggest
that wildre-derived DOM could affect RIs production, yet the
exact effects of natural wildres outside of laboratory settings
on soil organic matter F1O2

are not known. Overall, this study
addresses these unknowns by investigating 1O2 production in
wildre ash extracts and their photobleaching and photo-
mineralization under simulated sunlight irradiation. Following
a wildre event, surcial grey ashes, mineral soils beneath the
ash layer, and unimpacted soils were collected and studied for
their optical properties via excitation emissionmatrices (EEMs),
absorbance spectra, and via a novel size-exclusion chromatog-
raphy system (SEC-FF).42 These analyses highlight how optical
properties and SEC-FF for different natural wildre materials
change during photoirradiation experiments. Changes in CO2

production and oxygen consumption to CO2 formation ratio
(O2 : CO2) was also monitored during the photoirradiation
experiments to assess mineralization across various wildre
DOM. Lastly, a kinetic analysis was performed using 1O2 as
proxy for both 1O2 and

3DOM* effects. The analysis linked 1O2 to
the photobleaching rate, delineating the relative importance of
indirect photochemistry in the photobleaching process.

2 Experimental
2.1 Sampling locations and sample descriptions

Ashes and burnedmineral soils were collected in 2018, 2019, and
2020 from two burn scars in the Rocky Mountains, Colorado and
Wyoming/Colorado, USA (Fig. S1†). The burn scars were caused
by the 2018 Ryan Fire, which impacted∼88 km2 of forest, and the
2020 Cameron Peak Fire that impacted ∼884 km2 of forest. The
subalpine forests consisted of predominately lodgepole pine
(Pinus contorta) and mixes of Engelmann spruce (Picea
474 | Environ. Sci.: Processes Impacts, 2025, 27, 473–485
engelmannii) and subalpine r (Abies lasiocarpa). Additional
details of burn scars and soils/ash are further described in
Fischer et al.20 Ashes from the Ryan re were collected in 2018
within 1 month of the re containment and before development
of the winter snowpack. Mineral soils from the Ryan Fire were
collected 1 year later in September 2019 on exposed weathered
soils. Ashes from the Cameron Peak Fire were collected in
November 2020 prior to any signicant precipitation on the burn
scar. Burned mineral soils were collected from the soil top layer
(0–10 cm depth) aer withdrawal of the overlaying ash and char
material, while ashes were collected directly from the top layer.
pH, leachable DOC and elemental analysis of the extracts are
presented in Fisher et al.20 pH was measured to be lower for the
unburned soils (pH = 6.1 ± 0.9) than the burned mineral soils
(pH = 6.5 ± 1.1) and the ashes (pH = 8.2 ± 0.6), while the
leachable DOC followed an opposite trend, with higher values for
the control soils than the burned mineral soils and lower values
for the ashes. Leachates were not characterized for ionic content.
Wildres are known to inuence the release of photoactive
materials; e.g., an increase in nitrate and a decrease in iron
concentration were reported by Sanchez et al.10 Ashes may also
contain other cations such as Ca, Si, Mg, and K, reective of soils
and plant species burned, and inorganic carbonates and
oxides.43 These constituents may have contributed and inu-
enced hydroxyl radical formation that was not the main focus of
this paper.

All ash and soils were collected with trowels into poly-
propylene gallon bags and transported in dark coolers. Mate-
rials were sieved with a 2 mm sieve, completely dried in a 45 °C
oven for several days and stored long term in combusted glass
jars. For this study, all samples were categorized as (i) unburned
soils collected adjacent to burn scars, (ii) burned mineral soil
collected below or aer weathering of an ash and loose debris
layer, and (iii) ash layer samples collected from surface burn
scar surfaces, typically grey or black in color (Table S1†). The
thirteen samples in this study were a subset from the data
presented in Fischer et al.20 that presented absorbance and
uorescence characteristics of forty leachates. The subset
samples herein were selected to represent three main types of
unburned, mineral burned soils, and ash samples from both
burn scars and were studied for F1O2

experiments herein (Table
S1†). Two grey surface ashes and one unburned soil were used
for further photoirradiation experiments and size exclusion
chromatography (SEC-FF) characterization.
2.2 Chemicals and solutions

All chemicals were used as received except for p-nitroanisole
(PNA) that was recrystallized in ethanol. All solutions were
prepared using ultrapure water (resistivity $ 18.2 MU cm) ob-
tained from a Sartorios Stedim dispenser or equivalent. Pyri-
dine, CAS N0: 110-86-1, Mallinckrodt chemicals, purity min.
99%. p-Nitroanisole, 100-17-4, recrystallized. Calcium chloride
dihydrate, 10035-04-8, VWR, 99%+ Trace Metal Grade ACS
Reagent. Furfuryl alcohol, 98-00-0, TCI, 97%. Phosphoric acid,
7664-38-2, EMD Millipore, 85% w/w in H2O. Sodium phosphate
dibasic anhydrous, Sigma-Aldrich, 7558-79-4 ($99%), sodium
This journal is © The Royal Society of Chemistry 2025
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phosphate monobasic monohydrate, Sigma-Aldrich, 10049-21-5
($99.5%), sodium sulfate, Sigma-Aldrich, 7757-82-6 ($99%),
ammonium acetate, Sigma-Aldrich, 631-61-8 ($98%), ammo-
nium bicarbonate, Sigma-Aldrich, 1066-33-7 (99–101%), hydro-
chloric acid, Sigma-Aldrich, 7647-01-0 (37%), acetonitrile, VWR,
HPLC grade. Methanol, VWR, HPLC grade.
2.3 Analytical instrumentation

Dissolved organic carbon (DOC) wasmeasured on a Sievers TOC
analyzer model M5310C. Fluorescence spectra were measured
at room temperature using a Horiba Scientic FluoroMax-4
spectrouorometer and 1 cm quartz cuvette. Absorbance
spectra were measured at room temperature using a Cary 4000
UV-vis or a Cary 100 Bio UV-Visible spectrophotometer (Agilent
Technologies) and 1 or 5 cm pathlengths quartz cuvettes.
Concentration of the probe compounds was measured on an
Agilent 1200 high-pressure liquid chromatography (HPLC)
system equipped with an Agilent Eclipse C-18 5 mm particle size
reversed phase column using the methods described below.
Photoreactor and solar simulator emission spectra were
measured using an Ocean Optics USB2000 spectrophotometer.

For furfuryl alcohol detection, the eluent used was 65%
10 mM phosphoric acid and 35%methanol at 1 mLmin−1, with
a retention time of 2.9 min, and detection wavelength of
219 nm. For p-nitroanisole, the eluent used was 50% 10 mM
phosphoric acid and 50% acetonitrile at 2 mL min−1, with
a retention time 2.3 minutes, and detection wavelength of
300 nm.

Dissolved oxygen was quantied using a Firesting O2 Fiber-
Optic Oxygen Meter and high-speed needle-type, oxygen
sensor (OXR50-HS). CO2 formation was measured using Agilent
7890A gas-chromatography with a 100-psi split/spitless inlet
and an Agilent 7693A automatic sampler. The system was
congured with a 0.53 mm diameter Agilent HP-Plot-Q column,
a Nickel Catalyst accessory to convert carbon products to
methane, and an Agilent ame ion detection (FID) system (see
Table S2† for additional information).

An Agilent 1260 high-pressure liquid chromatography
system (HP-SEC), coupled with a Toyopearl HW-50S size exclu-
sion chromatography column (SEC), was used to assess the
apparent molecular weight (AMW) distribution of samples
before and aer solar exposure. 1.8 mL of each sample was
injected using a 1260 Innity II Agilent Vialsampler. Phosphate
buffer mobile phase consisted of 0.0016 M Na2HPO4, 0.0024 M
NaH2PO4, and 0.0031MNa2SO4, with an ionic strength of 0.1 M,
resulting in a nal pH of 6.8 and conductivity of 6.8 mS cm−1

and owed at 1 mL min−1 through a 1260 Innity Diode Array
and Multiple Wavelength Detector (DAD) scanning at 200–
700 nm in 2 nm increments, followed by an Agilent 1260 Innity
Fluorescence Detector (FLD) at lex= 300 nm, lem = 300–700 nm
in 5 nm increments. In-line total organic carbon (TOC)
measurements were taken using an in-line Sievers M9 Total
Organic Carbon Analyzer.
This journal is © The Royal Society of Chemistry 2025
2.4 Leaching of ashes

To generate fresh wildre DOM for experiments herein, four
grams of dry soil or ash were combined with 40 mL of fresh
0.01 M CaCl2 leaching solution in 50 mL centrifuge tubes. The
0.01 M CaCl2 solution was chosen to model natural water ionic
strength with low optical interference following Gabor et al.44

Samples were agitated for 16 hours and gently centrifuged prior
to ltering. The leachate supernatant was ltered through a pre-
rinsed 0.45 mM glass ber lters (Whatman GD/X) and the
resulting solutions were stored in combusted amber glass vials.
Leaching solutions and ltered leachates were stored in com-
busted amber glass at 4 °C for up to one month.
2.5 1O2 measurements

The methods to measure and calculate the production and
quantum yields of 1O2 produced under irradiation are described
in detail elsewhere45 and in Text S1,† but briey: 1O2 was
measured by spiking the solutions with 22.5 mM furfuryl alcohol
(FFA) as a probe compound in the presence of 0.1 M methanol
as a hydroxyl radical quencher. Control experiments indicated
that FFA direct photolysis is negligible during an experiment
(Fig. S2†). The solutions were irradiated using a RPR100 Rayo-
net merry-go-round photoreactor equipped with 16 RPR-3500A
light bulbs that had an emission spectrum centered around
366 nm (Fig. S3†). 100 mL solution aliquots were taken at regular
time intervals and FFA analyzed using the aforementioned
HPLC system. The FFA concentration was tted using a pseudo-
rst order kinetic model using the soware Origin 2020. 1O2

steady-state concentration ([1O2]ss) was determined using
k1O2,FFA, the second-order rate constant between 1O2 and FFA of
1.00 × 108 M−1 s−1.46 F1O2

was then determined as 1O2

production rate divided by the rate of light absorption. It should
be noted that at the laboratories elevation (1655 m), the atmo-
spheric pressure is z82 000 Pa and the corresponding [O2]
value for 22 °C air-saturated solution ofz230 mM. Compared to
lower-level elevations, the lower [O2] value induces lower [

1O2]ss
and F1O2

. The Rayonet merry-go-round photoreactor was chosen
over the solar simulator (used in the photoaging experiments)
for its better accuracy in [1O2]ss and F1O2

measurements. The
main source of measurement error was the wildre DOM
absorbance. The shorter wavelength range of the Rayonet irra-
diation excluded longer visible wavelengths from the calcula-
tions, where wildre DOM exhibits low absorbance.47

The photon uence was measured daily using the PNA–
pyridine actinometry. This actinometry is detailed elsewhere,45

but briey solution of 10 mM PNA and 5 mM pyridine were
irradiated and 100 mL solution aliquots taken at regular time
intervals and PNA concentration analyzed similarly as FFA. The
photon uence in the 340–410 nm interval was calculated to be
1.4 × 10−3 mol m−2 s−1.
2.6 Photoaging irradiation experiments

Ash leachates were irradiated with an Oriel Sol1A solar simu-
lator, using a 1000 W xenon lamp (operated at 800 W) (Fig. S3†).
The extracts were irradiated for intervals of t= 0, 4, 6, 8, 16 or 24
Environ. Sci.: Processes Impacts, 2025, 27, 473–485 | 475
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hours in 5 mL clear glass vials. Vials were positioned at an angle
of z30° from the horizontal in a temperature-controlled water
bath (T= 20± 1 °C). The photon uence was evaluated similarly
as for the Rayonet photoreactor using the PNA–pyridine acti-
nometry. Fluence was calculated to be of 4.3 × 10−4 mol m−2

s−1 in the 290–400 nm interval. For comparison, the noon clear
sky 290–400 nm photon uence for Boulder, Colorado was
calculated to be 3.07 × 10−4 mol m−2 s−1 for the summer
solstice, 2.61 × 10−4 mol m−2 s−1 for the equinoxes and 1.63 ×

10−4 mol m−2 s−1 for the winter solstice.31 Oxygen concentration
was measured using the aforementioned oxygen probe and seen
to decrease during the 24 hours experiments from z8 to z4
mgO2 L

−1 (Fig. S4†).

2.7 CO2 measurements

CO2 production was measured at the end of the photobleaching
experiments in separate experiments. For the leached DOM
samples to be compatible gas chromatography and size exclu-
sion chromatography, the CaCl2 used to leach samples was
removed using the solid phase extraction (SPE) protocol out-
lined in Dittmar et al.48 Each leachate was acidied to pH = 2
using 1 M hydrochloric acid (HCl) and extracted using 200 mg
Agilent Bond Elut cartridges. This method is known to retain
a proportional distribution of fractions of DOM and had a 70–
94% DOC recovery for leachates in this study. Cartridges were
dried under N2 gas for >5 minutes, extracted using 6 mL of
methanol, evaporated to dryness using a TurboVap LV evapo-
rator, and reconstituted in 6 mL of water. TOC was checked
using the aforementioned TOC analyzer. The UV spectra of
samples before and aer SPE showed little to no variation,
further suggesting high recovery (Fig. S5†). Each sample was
diluted to 10 mgC L−1, buffered with 10 mM ammonium
acetate, adjusted to pH 6 using HCl, and capped without
headspace in a 2 mL GC borosilicate glass crimp vial. Samples
were irradiated for 24 hours at a temperature of 20 °C using the
solar simulator at operational parameters as described in
Section 2.6. Each experiment was performed in duplicate.

Immediately following irradiation, 0.5 mL volume of each
sample was injected in at least duplicate into GC-FID and paired
methanizer to measure CO2 concentration. Ammonium bicar-
bonate and HCl were combined to form CO2 in known
concentrations which were used to generate a standard curve
for CO2 formation as shown in eqn (S6) and Fig. S6.† A
Suwannee River fulvic acid standard was also run to verify
consistency.

2.8 Size exclusion chromatography measurements

To assess the apparent molecular weight (AMW) distribution
of samples before and aer solar exposure, each sample was
run on HP-SEC. Each leachate was diluted to 5 mgC L−1 in
10 mM phosphate buffer and solar simulated for 24 hours in at
least duplicate. Samples were spiked with concentrated mobile
phase to adjust the sample conductivity and pH to that of the
mobile phase. Absorbance, uorescence, and DOC chromato-
grams were processed and corrected to calculate a continuous
FF chromatogram as a function of AMW as shown in other
476 | Environ. Sci.: Processes Impacts, 2025, 27, 473–485
studies.42,49 Refer to Hanson et al.42 for the detailed FF calcu-
lations. FF was not calculated when absorbance intensities
were below 0.5 mAu, as weak signal results in unreliable FF

values.
2.9 Optical parameters

Optical parameters were calculated from the UV-Vis absorbance
and uorescence data. The E2 : E3 ratio is the ratio of the
absorbance value at the wavelength l= 250 over the absorbance
at 365 nm. The specic ultraviolet absorbance (SUVAl, unit L
mgC

−1 m −1) is the absorbance at the wavelength l over the
carbon concentration. FF was calculated for the excitation
wavelength of 350 nm similarly as in Leresche et al.34
3 Results and discussion
3.1 Fluorescence and singlet oxygen quantum yields

FF of control unburned soil leachates were in the 0.8–2.2%
range, while mineral soil leachates and ash leachates exhibited
FF in the 1.3–4.2% and 3.4–5.3% range, respectively (Fig. S7†).
Soil humic isolates typically exhibit a FF of 0.4–1.1%,50 which is
in the lower range of values measured in this study, indicating
that re exposure contributes to an important increase in FF.
This is further supported by laboratory observations that indi-
cated that heat-treated soils have increased FF.14 F1O2

of the
control unburned soil leachates was measured in the 2.6–4.9%
range, while mineral soil leachates were in the 3.0–5.3% range,
and ash leachates were in the 2.4–13% range. Soil organic
matter data from the Ossola et al. review47 have mean F1O2

values of 1.4% and a range of values of 0.4–5.4%. F1O2
values for

the control soil leachates fell into that expected range. Mineral
soil leachates had higher values, while the ash leachates were
signicantly higher values (up to 13.5%), indicating that the re
exposure induced an important F1O2

increase in the ash
extracts.

With the high variability of re conditions (temperature,
oxygen), it is expected that both local reducing and oxidizing
environments exist during a wildre. The ash topsoil is expected
to undergo more oxidizing conditions compared to the under-
lying mineral soils where oxygen-poor reductive conditions
become more prevalent. Soot and dissolved black carbon
extracts that are produced under reducing ame conditions
exhibited variable F1O2

values depending on the study, with F1O2

of 33% for a soot extract,35 and 3.4–6.6%,36 0.55–0.81%,38 and
4.1%37 for dissolved black carbon. Two recent papers investi-
gating the factors that lead to this F1O2

variability indicated that
the source material and the pyrolysis temperature were both
inuencing F1O2

,39 and that for lab generated dissolved black
carbon, a higher pyrolysis temperature (200–500 °C) leads to
higherF1O2

values (0.21–1.77%), which the authors attributed to
the formation of quinones.41 When considering oxidative
conditions, studies have shown that DOM treated with chlorine
or ozone (both oxidants) exhibited important increase in F1O2

values up to 8.4% and 17.1% respectively.33,34 For ozone, this
increase was attributed to the oxidation of phenols to quinones,
which are known to have high F1O2

values.34 Phenols O–H bond
This journal is © The Royal Society of Chemistry 2025
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being relatively reactive, with homolytic bond dissociation
energy (BDE) of 377 for phenol and 330–371 kJ mol−1 for
methoxy-substituted phenols, as a comparison, the C–H BDE in
benzene and ethane are 472 and 423 kJ mol−1 respectively, and
the O–H bond in ethanol of 438 kJ mol−1.51,52 This indicates that
both reducing and oxidizing ame conditions can potentially
lead to an increase in F1O2

and that the observed F1O2
increase

can likely be attributed to the profound DOM transformations
induced by the re, and tentatively to the formation of quinones
from the oxidation of phenols.

Wildres are known to increase the aromatic C fraction in
the soil and to produce black carbon-like compounds that are
mostly aromatic.53 The observed increase in FF can likely be
attributed to cyclization and condensation reactions, forming
a range of aromatic compounds that have high FF (e.g., benzene
FF = 4%,54 naphthalene FF = 21%,55 phenanthrene FF = 13%,55

note that these values were measured in ethanol and that the
solvent can affect FF).

3.2 Optical parameters correlation

Optical parameters, such as the E2 : E3 ratio or SUVA, that
correlate with DOM molecular size, aromaticity and photo-
reactivity,56,57 are oen used to characterize DOM. Fig. 1A
presents relationships between F1O2

and E2 : E3. A linear rela-
tionship can be observed betweenF1O2

and E2 : E3 with a slope of
0.021 for the ashes and 0.0065 for the underlying mineral soils.
The regression did not yield well correlated results for the
control unburned soils. For comparison, the same regression
slope parameter for Everglade DOMs was 0.0064,58 various
aquatic origin DOMs was 0.0087,59 fractionated DOM isolates
ranged between 0.01–0.017,57 ozonated DOM ranged between
0.0039–0.011,45 and chlorinated DOM ranged from 0.037–
0.094.33 Fig. 1B presentsF1O2

vs.FF. It can be observed that there
is a correlation between the two quantum yields. This correla-
tion was also observed for ozone treated DOM and was postu-
lated to come from a decrease in the internal conversion rate
that would subsequently increase both F1O2

and FF, as internal
conversion competes with both uorescence and singlet oxygen
production.34,60 Fig. S8† presents F1O2

versus SUVA254. The
Fig. 1 Relationships between E2 : E3, singlet oxygen and fluorescence
quantum yields (F1O2

and FF respectively). Brown squares: control
unburned soils, dark grey circles: mineral soils and light grey split
triangles: wildfire ashes. E2 : E3 is the ratio of the absorbance at 250 nm
over the absorbance at 365 nm. The Pearson correlation coefficients
(r) of the linear regressions are presented for each sample type. Note
that the slope and intercept values presented refer to the absoluteF1O2

values.

This journal is © The Royal Society of Chemistry 2025
observed correlations for SUVA254 have lower Pearson correla-
tion coefficients compared to the E2 : E3 ratio. McKay et al.14

presented a linear relationship between the heating tempera-
ture and SUVA254 for thermally heated soils. The range of
SUVA254 observed here (1.3–4) for the ashes extract can be
compared to this regression line and would fall in the SUVA254
values observed for soils heated in the 150 to 250 °C range. This
can be rationalized by considering that temperatures higher
than 200–250 °C induce signicant mass loss for hemicellulose
and cellulose,61 and that for thermally heated soils the extract-
able carbon fraction decreases with increasing temperature
exposures, e.g., by a factor 10 between 150 and 250 °C.14

The observed relationship between the E2 : E3 ratio (that
inversely correlate with molecular weight and aromaticity) and
F1O2

indicates that ash extracts, which have lower molecular
weight and lower aromaticity, also have the higher F1O2

. It can
be postulated that the ash extracts with higher F1O2

were the
most impacted by the re. The correlation between F1O2

and FF

probably indicates that wildre induces changes in the soil
DOM composition that results in a decrease in the internal
conversion rate, as was postulated for ozone treated DOM.34
3.3 Effects of photoirradiation on leachates

3.3.1 Change in absorbance and mineralization to CO2.
Simulated sunlight irradiation experiments were conducted on
two re-exposed ash leachates and one control unburned soil
leachate. The two wildre leachates absorb more light (2.8 and
3.5 times for Black Hollow Creek (BHC) and Seven Mile Creek
(SMC) respectively in the interval 250–450 nm) than the control
soil leachate. Irradiation induces a decrease in absorbance
(photobleaching) and in FF, the relative decrease in absorbance
at longer wavelengths being more pronounced (Fig. 2A, 4 and
S9–S11). CO2 was measured at the end of the 24 h irradiation
and the percentage of mineralized carbon was calculated to be
10–12% for the burned extracts and 4% for the control soil
extract (Fig. 2B). The O2 : CO2 ratio (consumed O2 over produced
CO2) was calculated to be 2.3 for the control soil and of 0.9–1.1
for the burned ash extracts (Fig. 2C). SEC results presented in
Fig. 3 as high, medium and low molecular weight fractions (see
Fig. S12† for the full chromatograms and the corresponding
fractions) indicate that the control soil leachate had a higher
overall apparent molecular weight compared to the ash leach-
ates. Irradiation induced a shi to lower molecular weight for
the control soil leachate, and a decrease in absorbance, uo-
rescence and FF for all three leachates (Fig. 3 and S12†).

The observed photobleaching concords with literature obser-
vations of DOM absorbance loss upon photoirradiation.29,62–64

The general trend observed in the literature for terrestrial and
aquatic derived DOM is that photoirradiation induces a loss in
DOC and a decrease in molecular weight, and that DOM
composition changes to less aromatic and more aliphatic
distributions of carbon.65,66 The results presented in Fig. 2 and 3
concord well with the DOM literature, indicating that photo-
irradiation induces similar effects on ash leachates and DOM.

The increased CO2 formation and decreased O2 : CO2 in ash
leachates compared to the control soil suggests that wildre
Environ. Sci.: Processes Impacts, 2025, 27, 473–485 | 477
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Fig. 2 Change of absorbance spectra, CO2 production andO2 : CO2 ratio for three ash leachates under simulated sunlight irradiation. (A) Specific
UV-Vis absorbance (SUVA) for non-irradiated samples (t = 0) and after 24 hours of irradiation. (B) percent of carbon that was mineralized to CO2

upon 24 hours of simulated sunlight irradiation. (C) O2 (consumption):CO2 (production) ratio upon 24 hours of irradiation. Brown, control
unburned site extract. Cyan, Black Hollow Creek (BHC) extract. Black, Seven Mile Creek (SMC) extract.
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induces compositional changes such as the formation of
readily-mineralizable compounds classes. The O2 : CO2 ratio
can be interpreted by considering that O2 is the electron
acceptor, and that the oxygen consumption depends on the
change in carbon oxidation state. For example, methane
combustion (carbon-IV) uses 2 molecules of O2 for 1 produced
CO2 (O2 : CO2 ratio = 2) while the combustion of coal (carbon 0)
uses 1 molecule of O2 for 1 produced CO2 (O2 : CO2 ratio = 1).
Note that reactions that do not produce any CO2 can consume
oxygen, this can be expected from 1O2 if it participates in Diels–
Alder like reaction or from cOH that can participate in addition
reaction (e.g., the conversion of benzene to phenol). This anal-
ysis indicates that the aforementioned ash leachates readily
mineralizable compounds classes, have carbon with high
oxidation state. A potential example of such class could be the
benzene and pyridine polycarboxylic acids recently detected in
wildre ashes extracts that could undergo decarboxylation
under photoirradiation,67–70 such carboxylic acids were postu-
lated to be a major factor in the CO2 production from perma-
frost dissolved organic matter photoirradiation,71 and were seen
to be more sensitive that the rest of the DOM pool to photo-
irradiation.72 Literature indicates that benzene carboxylic acids
are sensitive to both direct photodecarboxylation reactions and
indirect photodecarboxylation with 1O2 or triplet photosensi-
tizers such as aromatic ketones and quinones.73,74 Recent
results on the factors that inuence DOM photomineralization
to CO2 indicate that direct photolysis,

1O2 and
3DOM* are major

factors.32 Since [3DOM*]ss z [1O2]ss,28 and results above showed
that wildre enhanced 1O2 formation, then it can be postulated
that the enhanced formation of 1O2 and 3DOM* may be
responsible, to some extent, for increased CO2 formation.
Results of Fig. S12† highlight that aer exposure to simulated
sunlight, the decreases in FF for the ash leachates was more
pronounced in the low molecule weight regions (high elution
volumes) compared to the soil control. This suggests that
478 | Environ. Sci.: Processes Impacts, 2025, 27, 473–485
wildres may induce an increase in low molecular weight u-
orophores that are especially sensitive to phototransformation.

3.3.2 Photobleaching kinetics. Del Vecchio and Blough's
work on one riverine and two estuary DOM indicated that the
decrease in absorbance could be well tted by a two-part
exponential decay.63 The rst of which t the signicant
decrease observed within the rst 20 h of irradiation, while the
second exponential was needed to t the decrease between 20–
200 h. Bostick et al. used a similar two-part exponential model
to t the decay in DBC (measured as polycarboxylic acids) over
32 days.22 Holt et al. used a single exponential model that well
tted the absorbance decrease for six DOM of various sources
over a 28 day irradiation experiment.65 Here, we used a single
exponential decay function to t the exponential-like decrease
in SUVA254 to 350 and FF of two ash extracts (Fig. 4 and S9–S11†).
An increase in the E2 : E3 ratio was also observed (Fig. S13†). The
difference in irradiation time between this study and the
previous studies from Del Vecchio and Blough and Bostick et al.
is probably the reason a single exponential function could be
used here.

SUVA decrease was tted by a rst-order kinetic decay
(eqn (1)), where R is a constant (unit L mgC

−1 m−1), S is a pre-
exponential factor (L mgC

−1 m−1), k is a rst-order constant
(h−1), and t is the time (h).

SUVAl = R + S e−kt (1)

The constant R was necessary to obtain a good t and
corresponds to the fraction of the absorbance that is refractory
(on the experiments timescale) to photobleaching, while the
constant S correspond to the fraction sensitive to photo-
bleaching (note, SUVAt=0 = R + S). BHC data presented an
outlier at time t = 16 h and the ttings were repeated without
this data point (Fig. S11†). Table S3† presents the obtained
tting parameter with and without this outlier, but in the
remainder of the discussion we will discuss only the parameters
obtained without the outlier. The obtained rst-order constants
This journal is © The Royal Society of Chemistry 2025
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Fig. 3 Size-exclusion relative fractions for three ash leachates before (plain) and after (dashed) 24 hours of simulated sunlight irradiation. Left column
(brown), control unburned soil leachate, middle column (cyan) Black Hollow Creek (BHC) ash leachate and right column (black/grey) Seven Mile
Creek (SMC) leachate. The fractions were calculated on the elution volume as highmolecular weight (30–40mL), mediummolecular weight (40–45
mL) and low molecular weight (45–55 mL) following the methodology presented in Buckley et al.49 For a given SEC chromatogram, the area was
integrated for the corresponding fraction and the relative fraction calculated as the ratio of the integrated area over the 30–55 mL area.
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k varies for Seven Mile Creek ash (SMC) between 0.07–0.15 h−1,
and z 0.22 h−1 for Black Hollow ash (BHC). The control
unburned soil had rst-order constants between 0.14–0.23 h−1

(Table S3†). It can be observed that the longer wavelengths
tended to be more sensitive to photobleaching exhibiting
higher rst-order constants k. From the tting, the fraction of
the absorbance sensitive to photobleaching, fs, can be calcu-
lated as fs = S/SUVAt=0 where SUVAt=0 is the SUVA of unirra-
diated samples. Values for fs vary from 19.8–39.7% for SMC
extracts and 28.5–52.9% for BHC extracts while the unburned
control had lower values of 4.8–32.6% for fs. It can be observed
that fs is wavelength dependent, with higher values at longer
wavelengths indicating that the longer wavelengths are more
sensitive to photobleaching. Note that upon photobleaching,
chromophores absorbing at 350 nm could produce new
This journal is © The Royal Society of Chemistry 2025
chromophores absorbing at shorter wavelengths and that the
observed trends could be reecting this possibility.

The corresponding half-lives (t1/2 = ln2/k) for the obtained k
constants at 350 nm are 4.6 ± 0.9 and 3.5 ± 0.1 hours for SMC
and BHC respectively, indicating that a fraction of the ash
extracts is sensitive to photobleaching under environmental
conditions. It should be noted that the extracts are composed of
various molecules that have variable sensitivity to photo-
bleaching, and the tted constant represents an average of the
individual components' photobleaching constants. For
comparison, the half-lives obtained by Bostick et al. on DBC
disappearance (faster exponential of the two-exponential
model) were between 14–24 hours.22 The increase in E2 : E3
ratio (Fig. S13†) is consistent with literature data that also
observed an increase in E2 : E3 upon DOM photoirradiation.75 As
Environ. Sci.: Processes Impacts, 2025, 27, 473–485 | 479
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Fig. 4 Decrease in (A) specific ultraviolet absorbance at the wavelength l = 350 nm (SUVA350) and (B) fluorescence quantum yield (FF) of ashes
aqueous extracts as a function of irradiation time (simulated sunlight). Dotted lines represent non-linear fitting curves to an exponential function
y = y0 + A e−kt. Brown squares: unburned soil leachate, upward split grey triangles Seven Mile Creek wildfire ash leachate (SMC ash), and
downward grey triangles Black Hollow wildfire ash leachate (BHC ash). Fig. S9 and S10† present SUVA254 and SUVA280 data.
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E2 : E3 is the ratio of the absorbance at 250 over 365 nm, the
increase in E2 : E3 reects the faster decrease in absorbance at
365 nm than 250 nm.

3.3.3 Indirect photochemistry role. Our recent study on
DOM photomineralization revealed that direct photolysis,
3DOM* and 1O2 were seen to be signicant contributing factors,
while cOH was seen to be a relatively minor factor in photo-
mineralization of DOM isolates.32 The objective of this section
was to perform a kinetic analysis investigating the role of
3DOM* and 1O2 indirect photochemistry in DOM photo-
bleaching. Given that 3DOM* is a mixtures of compounds with
different reactivities, it is challenging to measure [3DOM*]ss,
and the reactivity of each individual 3DOM* species is not well
dened.76 This is not the case for 1O2 which can be measured
more easily, and the published rate constants towards many
classes of compounds are more readily available.77 In surface
waters [3DOM*]ss z [1O2]ss, and 3DOM* is relatively more
reactive than 1O2 for many compound classes.76,78,79 This indi-
cates that the kinetic analysis for 1O2 presented here can also be
qualitatively applied to 3DOM*.

1O2 reactions can result in the incorporation of oxygen atoms
in the resulting product,80 and several studies have indicated
that 1O2 can react with specic DOM components.64,81 For
Suwannee River and Pony Lake fulvic acids, Cory et al. attrib-
uted 64–70% of the oxygen uptake to 1O2 reactions (indicating
that other mechanisms also played a role).82 The observation
that aging of wildre impacted DOM leads to an increase in the
O/C ratio, may indicate that 1O2 is involved in the aging
process.19 By measuring 1O2 steady-state concentration ([1O2]ss)
during the ash photobleaching experiments, it is possible to
calculate the half-lives of compounds with known 1O2 second-
order rate constants (k1O2,P) in these [1O2]ss conditions and
compare the calculated half-lives to the absorbance half-life
determined in the exponential tting above. The pseudo-rst
order constants of various compounds are calculated as the
product of [1O2]ss and k1O2,P. Their corresponding half-life is
calculated as the ratio of ln(2) over the calculated pseudo-rst
order constant. Table 1 presents the theoretical half-life of
480 | Environ. Sci.: Processes Impacts, 2025, 27, 473–485
a variety of compounds due to 1O2 in the two ashes extracts
under simulated sunlight. The compounds were selected from
the Wilkinson et al. review,77 and are representative of struc-
tures that either may be present in DOM or similar to
compounds recently detected in wildre ash extracts (carboxylic
acid substituted pyridines and quinolines compounds).67–69

Note that some of the literature second-order rate constants
k1O2,P were measured as 1O2 deactivation (kd), while others were
measured as the disappearance of P (kr), and that kd can be
higher than kr, and the use of kd may lead so to an shorter
estimate of a compound half-life.

It should be noted that reactions with 1O2 are not the only
phototransformation process occurring under sunlight irradi-
ation, as direct photolysis and others photochemically
produced reactive species such as 3DOM* or cOH may also
contribute to the phototransformation of compounds in surface
waters. It should also be noted that the 1O2measured is the bulk
1O2 and that 1O2 concentration in the DOM microdomain is
higher than the bulk one.84,85 This also applies to other RIs such
as 3DOM* an cOH.86,87 The higher RIs concentration in the DOM
microdomain would lead to the real lifetime being shorter.
Table 1 indicates that the location of a substituent can inuence
the reactivity (e.g., k1O2,P of dihydroxy substituted naphthalene
varies between 6.8 × 105 to 3.0 × 107 M−1 s−1). Table 1 also
indicates that to correspond to the measured SUVA350 half-lives
of z4 hours (see above), compounds should have a k1O2,P of
z7.0 × 107 M−1 s−1. For the pyridines and quinolines, which
are classes of compounds recently detected is wildre ashes,67,68

Table 1 indicates that the reactivity of quinolines compounds
towards 1O2 is sufficient to explain the observed SUVA350
attenuation (z4 hours). While for the pyridines, their reactiv-
ities towards 1O2 are too low to explain the observed SUVA350
attenuation. As [3DOM*]ss z [1O2]ss,28 and since anilines have
high reactivity towards models 3DOM* sensitizers (1 × 107 to 5
× 109 M−1 s−1),88,89 it can be hypothesized that pyridines also
have high reactivity towards 3DOM* and that the reactivity of
pyridines towards 3DOM* could lead to their disappearance in
the observed timeframe. This kinetic analysis concurs with
This journal is © The Royal Society of Chemistry 2025
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literature observations that aromatic DBC is more sensitive that
the bulk DOM to photoirradiation.

Overall, this kinetic analysis suggests that indirect photo-
transformation induced by 1O2 and

3DOM*may explain the fast
decrease in absorbance for the wildre ash extracts under
sunlight irradiation.

4. Conclusion

Wildre-affected watersheds can introduce signicant amounts
of wildre-impacted DOM into streams, impacting both the
natural ecosystem and the engineered systems that rely on this
water source. For example, an increase in disinfection by-
product formation potential has been shown for wildre-
impacted water.90 This work showed that DOM has optical
and photochemical properties, such as higher F1O2

, FF, and
SUVA, distinct of non-impacted DOM. Upon photoirradiation,
these properties begin to resemble those of non-impacted and
unirradiated DOM. At a watershed level, this may correspond to
a scenario where the wildre-impacted DOM signal is visible
and signicant near the burned area, but decreases down-
stream, due to photobleaching and dilution. The average
molecular weight of the wildre-impacted DOM is lower than
the non-impacted DOM, which may be the reason for the
observed decrease in coagulability of wildre-impacted DOM.90

Upon photoirradiation, the lower average molecular weight
should be conserved and only affected by dilution. This differs
from the optical properties that are also affected by photo-
irradiation, and the lower average molecular weight should be
detectable further downstream of the wildre impacted area
than the change of optical properties. Wildre-impacted DOM
was shown to be sensitive to photobleaching and efficiently
photomineralized to CO2, which raises the question of DOM
stability post wildre, and how long would it take for wildre-
impacted DOM to resemble that of non-impacted sources.
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24 S. Wagner and R. Jaffé, Effect of photodegradation on
molecular size distribution and quality of dissolved black
carbon, Org. Geochem., 2015, 86, 1–4.

25 Y. Chen, K. Sun, H. Sun, Y. Yang, Y. Li, B. Gao and B. Xing,
Photodegradation of pyrogenic dissolved organic matter
increases bioavailability: Novel insight into bioalteration,
microbial community succession, and c and n dynamics,
Chem. Geol., 2022, 605, 120964.

26 A. Goranov, A. Wozniak, K. Bostick, A. Zimmerman, S. Mitra
and P. Hatcher, Photochemistry aer re: Structural
transformations of pyrogenic dissolved organic matter
elucidated by advanced analytical techniques, Geochim.
Cosmochim. Acta, 2020, 290, 271–292.

27 X. Zuo, Z. Ouyang, J. Liao, R. Ding, W. Zhang, C. Zhang,
X. Guo and L. Zhu, Novel insights into the relationship
between the functional groups and photoactivity of
This journal is © The Royal Society of Chemistry 2025
biochar-derived dissolved organic matter, Water Res., 2024,
260, 121892.

28 K. McNeill and S. Canonica, Triplet state dissolved organic
matter in aquatic photochemistry: Reaction mechanisms,
substrate scope, and photophysical properties, Environ.
Sci.: Processes Impacts, 2016, 18, 1381–1399.

29 X. Z. Niu, C. Liu, L. Gutierrez and J. P. Croué,
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