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ABSTRACT

Catechol (/,2-benzenediol), a common phenolic species emitted during biomass burning, is both
redox active and metal chelating. When oxidized by OH radicals in the aqueous phase, it rapidly
forms brown carbon (BrC). Here, we report chamber studies of the multiphase chemistry of
catechol using HOOH as an OH radical source, soluble iron, simulated sunlight, and either
deliquesced or solid-phase seed particles. BrC of remarkable similarity (MACsss = 1.7 £0.2 m? g
!, “medium-BrC” category) was produced whenever gas-phase catechol was photolyzed in the
chamber, with or without the presence of an OH radical source, soluble iron, or deliquesced
aerosol. The speed and quantity of BrC formation varied, however. While BrC production was
slower in the absence of an OH radical source, multiple lines of evidence suggest that OH
generation via photosensitization by surface-adsorbed catechol can still generate BrC. Fenton
chemistry actively occurred in surface-adsorbed water layers even below the seed particle
deliquescence point, leading to significant production of gas-phase benzoquinone. Ratios of BrC
and secondary organic aerosol (SOA) relative to catechol concentrations were highest in the
presence of trace amounts of soluble iron, HOOH, and simulated sunlight, indicating that photo-
Fenton chemistry contributed substantially to BrC and SOA formation by catechol. Finally, we
observed that BrC and SOA formation by catechol / photo-Fenton chemistry can occur efficiently
even at 40% RH. These results are consistent with catechol being a major source of secondary

BrC in biomass burning plumes, even at moderate relative humidity.



Synopsis

Photolysis and photooxidation of catechol, present in wood smoke, form similar brown carbon
aerosol under varied environmental conditions (>40% RH). Iron and an OH radical source

enhance yields of brown carbon.

Introduction

Phenolic species are produced by lignin breakdown, are significant gas phase emissions from
biomass burning, and are dominant secondary organic aerosol (SOA) precursors during plume
aging.! Once absorbed into cloud droplets or aqueous aerosol particles, phenolic species can react
with OH radicals? or triplet carbon species® to generate brown carbon (BrC) oligomer species.* >
More substituted phenols reacting with triplet carbon generate the most light-absorbing BrC.°
Catechol (/,2-benzenediol), an abundant phenolic species in smoke, is depleted from the gas phase
within an hour of plume aging,” making it one of the most reactive organic components of smoke.
It is both redox active (like other hydroxy phenols, forming semiquinone radicals and quinones)
and metal chelating (because of its adjacent OH groups).® Thus, its atmospheric chemistry is
expected to be closely tied to metals, such as iron, that are also present in clouds and aqueous
aerosol due to the presence of dust and anthropogenic emissions. Catechol — Fe** coordination
bonds are extremely strong at high pH (above catechol’s pKai of 9.46), while at low pH iron
promotes catechol oligomerization through redox activity.® Indeed, dark reaction between
catechol and Fe’* have been shown to form black, insoluble polymers in aqueous solution at pH
3.9 As aredox-active ligand, catechol and the metal it is bound to can change oxidation states in

a synergistic fashion (“valence tautomerism™),!! opening up unusual reactive pathways while



creating ambiguity about the electronic states of catechol and the metal.® Catechol oxidation and
Fe** reduction occur at similar potential, further linking their redox chemistry, such that aqueous
Fe?* / Fe' ratios depend on catechol concentrations in addition to pH and dissolved oxygen
levels.'? Coupled catechol-metal redox chemistry can also form persistent free radical species
upon photolysis.'?

Catechol can be oxidized in the gas phase, where rate constants for its reactions with *OH and
ozone are 1.0 £0.2 10719 ¢m? s! 1 and 13.5 +1.1 x10°!8 cm? s71,!5 respectively, or in the aqueous
phase, where its rate constants are 4.7 x10° M s7! 1© and 3.1 x10° M! s'1,17 18 respectively.
Furthermore, catechol is a surface active species, making it susceptible to oxidation by gas-phase
oxidants even after it is taken up by clouds or aqueous aerosol particles.!® Taking these pathways
into consideration, degradation of catechol in clouds by ozone, *HO2/*O2" and *OH has been
estimated to account for 58.9%, 33%, and 1.2%, respectively, of the total daytime catechol sink in
the atmospheric multiphase system, while gas phase reaction with *OH accounted for 6.1%, and
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biodegradation accounted for only 1.5% of daytime catechol losses.'’ Finally, once catechol is

oxidized, the semiquinone radical and quinone products efficiently oligomerize into complex,
light-absorbing structures.?% 2!

In this work, we studied BrC and SOA formation during chamber photooxidation of gas-phase
catechol in the presence of cloud droplets, aqueous aerosol, or solid aerosol seed particles, both
with and without HOOH as an OH precursor, and both with and without the presence of iron, in
order to better understand the multiphase interplay between catechol, dissolved iron, and oxidant
species. We find that the quantity and speed of BrC and SOA formation was accelerated by the

presence of dissolved iron and/or HOOH, while the nature of the BrC and SOA formed from

catechol under illumination was remarkably similar under all conditions.



Materials and Methods

Experiments were performed in CESAM, a 4.2 m? temperature- and pressure-controlled steel
smog/cloud chamber designed for studies of multiphase chemistry.??> Gas-phase contents of the
chamber during each experiment were monitored by a CO/CO2 monitor, pressure, temperature,
relative humidity (RH), and dilution flow sensors, proton transfer reaction mass spectrometry
(PTR-ToF-MS, KORE II, 1-min. averaging), and long-path Fourier transform infrared (FTIR)
spectroscopy (Bruker Tensor 37, 184 m pathlength, 0.5 cm™! resolution, 5-min. averaging). FTIR
data was analyzed by fitting to standard spectra using ANIR software, available from the
Eurochamp data center. PTR-ToF-MS ion peaks were mass-calibrated and integrated using Grams
software, and dilution-corrected using in-house R code.

Chamber aerosol and cloud droplet size distributions were monitored by scanning mobility
particle sizing (SMPS, TSI 3080 /3772, 3-min. averaging, sampling through a Nafion drying tube)
and a droplet spectrometer (Palas welas, 0.4 to 15 um range, 1-min. avg), respectively. SMPS
aerosol number and mass data (assuming unit density) were corrected for the effects of gradual
dilution and size-dependent wall losses in the chamber. The simple assumption of unit density
was used in interpreting SMPS data because aerosol density was expected to change during each
experiment as SOA was formed on inorganic seed particles, and these time-dependent densities
were not measured. Aerosol optical properties were quantified by a 7-wavelength dual-spot
acthalometer (Magee AE33, both 1-min.). Angstrom absorption exponents (AAE) were fit to the
6 acthalometer wavelengths between 470 to 950 nm. Optical properties of the water-soluble
aerosol fraction were quantified by particle-into-liquid sampling (PILS) / waveguide absorbance

spectrometry (2m path length, 1-min avg). Aerosol chemistry was probed via an aerosol chemical



speciation monitor (ACSM, Aerodyne, 6-min. avg, sampling through a Nafion drying tube). BrC
mass absorption coefficients (MAC, in m? g'!) were calculated from PILS-waveguide absorption

measured at 365 nm, using the equation

AbS345
bC <Vsampled)

Voutput

MAC345 =

where Abs;ss is the measured /n-based absorption at 365 nm, b is the waveguide optical path length,
C is the organic aerosol concentration measured by ACSM in g m™>, Viampied is the gas flow rate of
PILS sampling from the chamber (7500 mL min™"), and Voupu is the PILS liquid outflow rate (0.33
to 0.50 mL min!).

Experiment conditions are summarized in Table 1. In a typical experiment, the chamber was
filled with 80/20 N2/O2 to 4 mbar above ambient pressure, and all instruments were connected to
the chamber for blank readings. After this, 100 ppb butanol-d9 (for quantifying OH radicals from
its loss)?* and ~100 pg/m? seed particles were added, generated from solutions containing 10 mM
sodium hydrogen sulfate (NaHSO4, Sigma >90%) and, in Experiments 1 and 4-7, also containing
67 uM iron(Il) sulfate (FeSO4, Prolabo, >98%), such that the NaHSO4 / FeSO4 mole ratio was
150:1 in all experiments involving iron-containing seeds. Within 90 min., seed particle
coagulation produced aerosol size distributions with relatively stable geometric mean diameters
between 93 and 103 nm. Catechol vapor was injected into the chamber by heating catechol powder
to 100 — 110°C in a 2 L/min N2 flow, a method that produced catechol concentrations that varied
from run to run by approximately a factor or £2. In Experiments 1b and 2, higher catechol
concentrations were quantified in the chamber using long-path FTIR spectroscopy and ANIR
spectral fitting to a standard gas-phase spectrum from the Eurochamp database.>* This absolute

quantitation was then used to calibrate PTR-MS catechol ion signals at m/z 111. HOOH(g) was



added in Experiments 3, 4, and 6 by bubbling a 2 L/min flow of N2 through a 30% HOOH solution.
Chamber humidity was increased in all experiments from < 5% to 40-42% RH (below NaHSO4’s
deliquescence point of 52% RH),? and then in Experiments 1-5 to 74 to 95% RH (well above the
deliquescence point). The chamber was then illuminated by three 6500 W solar-simulator Xe arc
lamps for 60-90 minutes. Each lamp is attenuated with a 6 mm thick pyrex plate to closely match

the shortwave edge of the ground-level solar spectrum.??

Table 1. Summary of conditions for catechol photolysis and photooxidation chamber

experiments.
Expt | Fig. Seed aerosol ? RHmax | [Catec.] | HOOH | Lights | Comments
(% ) peak added on
(ppb) (min.) (min.)

la. S1 NaHSO4/FeSO4 | >100 |0 No 25 No catechol
1b. 74b 1000 No No Dark catechol
2. 1 & S3 | none >100 | 1200 No 68 No seeds or HOOH
3. 2 & S4 | NaHSO4 95 200 29 No No iron, dark

56 56 No iron
4a. 3& S5 | NaHSO4/ FeSO4 | 96 20 34 no Fenton
4b. 100 93 93 Photo-Fenton
5. S6 NaHSO4 / FeSO4 | 97 200 No 83 No HOOH
6. 4 & S7 | NaHSO4 / FeSO4 | 43P 60 21 No Solid seeds, Fenton

90 90 Photo-Fenton
7. S8 NaHSOs / FeSO4 | 42° 40 No 97 Solid seeds, no

HOOH

Notes: solar simulator lights were turned on for 60 — 90 minutes in each experiment. For control
Experiment 1b, lights were turned off before catechol was added. Abbreviations: expt. =
experiment, fig. = figure, RHmax = maximum relative humidity, [catec.]peak = maximum catechol
concentration. a: seed aerosol generated from 10 mM NaHSO4 solution (Experiment 3), or 10
mM NaHSO4 + 67 uM FeSOs4 solution (Expts. 1 and 4-7). b: Deliquescence RH of NaHSOu4 is
52%, thus the seeds stayed in solid phase in Experiments 6 & 7.2



Results and Discussion

Results from seven experiments performed in the CESAM chamber are summarized in Table 2:
1) seed aerosol blank / dark control; 2) RH-dependent precursor wall uptake and photolysis
(seed-free); and 3-7) Photolysis experiments with and without HOOH(g) as an OH radical

source, with and without Fe?" ions included in the seed aerosol particles, and in the presence of

deliquesced or solid-phase iron-containing seed aerosol.

Table 2. Summary of results for catechol photolysis and photooxidation chamber experiments.

Expt | Fig. Comments SOAmax | Abssesmax | AAE [OH](g)
(ug/m?) (x10% molec
cm?)
la. S1 No catechol <32 <<0.05 34+0.1 | n/a
1b. Dark catechol 5.5 <0.05 44402 | n/a
2. 1 & S3 | No seeds or HOOH 37 0.36 5.3+0.3 | 1.2 +£0.6°
3. 2 & S4 | No iron, dark <1 << 0.05 1.9+0.1 |0
No iron 18 0.21 4.4+0.1 | 3.1 £0.6
4a. |3 & S5 | Fenton 2.4 0.025 2.8+0.1 | 1+£1.5°
4b. Photo-Fenton 20 0.27 4.8+0.1 | 5+3°
5. S6 No HOOH 7 0.12 3.8+0.1 | 2.3+0.4
6. 4 & S7 | Solid seeds, Fenton <1 <0.05 1.5+0.1 | 9£2
Photo-Fenton 15 0.18 4.6+0.1 | 7.3+0.3
7. S8 Solid seeds, no HOOH | 3.4 0.05 3.1+0.1 | 3.2+0.3

Notes: SOAmax = maximum quantity of secondary organic aerosol formed, as measured by
ACSM. Abs3es,max = highest recorded absorption measured at 365 nm by PILS—waveguide
absorbance spectrometer with 2 m pathlength. AAE = Angstrom absorption exponent, fit to
aethalometer data measured between 470 and 950 nm. n/a = no measurement. a: Background
level of SOA formation in illuminated chamber. b: below measurement detection limit using loss

of butanol-d9 to quantify hydroxyl radical concentrations.




Control experiments. In Experiment 1 (Figure S1), aerosol seeds generated from a solution

containing 67 uM FeSO4 and 10.0 mM NaHSO4 were subject to increasing RH, a cloud event,
and simulated sunlight in the absence of catechol. Since FeSO4 solutions absorb UV light,?
absorption could be measured throughout the experiment by a dual-beam acthalometer. The
mean AAE for the seed particles was 3.4 0.1 and was unaffected by changes in humidity,
aerosol deliquescence (sodium bisulfate deliquesces above 52% RH),? or exposure to sunlight.
A small amount of background SOA formation (< 3 ug/m?) was observed during photolysis,
which is attributed to trace levels of oxidant generation from contaminants present in the

CESAM chamber.

An injection of 1000 ppb catechol was made into the dark, humidified chamber at the end of
Experiment 1. All aerosol instruments detected catechol uptake into the aqueous phase under
these conditions. The catechol parent ion signal at m/z 110 was prominent in ACSM spectra
(Figure S2, Expt. 1). Total ACSM organic signals increased by 3.17 ug/m?, while SMPS signals
(assuming unit density) increased by 2.90 ug/m3. These amounts match if the density of aerosol-
phase catechol is 1.09 g/cm. (Both instruments removed water during the aerosol sampling
process.) Aqueous-phase catechol was also detected by PILS-waveguide spectrometer due to its
absorption peak centered at ~270 nm. After catechol was taken up in the dark by deliquesced
FeSO4/ NaHSOs seed aerosol particles, the mean of measured Angstrom absorption exponents

increased slightly from 3.4 +0.1 to 4.4 +0.2.

Seed-free and iron-free catechol photooxidation. In Experiment 2 (Figures 1 and S3), a large

1200 ppb catechol injection was made into the chamber in the absence of seed aerosol, and

subject to increasing RH, simulated sunlight, and a dark cloud event. Gas-phase catechol PTR-



MS signals came up slowly after addition, and spiked each time water vapor was added to the
chamber, and dropped when RH was increased to 99%, suggesting complex, RH-dependent
interactions with the stainless steel chamber walls (and possibly also with aerosol deposited there

during the prior experiment).

100 e - - o
o ) @ | ot ., = X
g 808 2§ BRI e0s sz
T2 £ | P Sp) @403 ag
¥ 208| £ 3 5 || 2003 3
0 @ L = J— —L o
o &
5 & 3
—— catechol w = g
— benzoquinone -1\ & W
— butanol x50 | I
/_ﬂ\’ —
W
@ _ 60 ~ s =
E “E 49 I3 20x10° 3
£ 20 o g 2
== & o3
2 gt 2 &
2 —osem|| | || 45 B
£ —— 305 @
g —— 365 ! 10 g
o 405 ' 8
5 —— 450 3
° |—830
< 40
E e
o 30 ? \ w
1 s = —
= —orngl|l / —165Q
g 20 NH, |/ N r ®a
2 10 — 0S¢ | / —120
< 9 | B

| I | | [ |
11:00 12:00 13:00 14:00 15:00 16:00
Local Time

Figure 1: Experiment 2. No seeds; catechol(g), water vapor, lights, followed by dark cloud event.
Between 12:10 and 12:25, half the contents in the chamber were pumped out and replaced with
clean air. Panel a: RH (dashed line) and optical counts of aerosol particles with diameters larger

than 400 nm (red, right axis). b: PTR-MS signals for butanol-d9 (red, multiplied by 50),
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benzoquinone (thick green line), and catechol (black line). e¢: dilution- and wall-loss-corrected
SMPS aerosol mass (black) and number concentrations (red, right axis). d: absorbance measured
in water-soluble aerosol particles by PILS / waveguide UV-vis, with absorbance below detection
limit shown as flat baseline. e: ACSM: aerosol loadings for organic (green) and ammonium-

assigned signals (orange), and oxidation state of carbon (black, right axis) .

When the lights came on in the humidified, seed-free chamber, SOA aerosol particles
nucleated immediately (Figure 1 panel c), presumably triggered by the same background OH
radical source that produced small amounts of SOA upon chamber illumination in Experiment
la. Freshly nucleated particles had a carbon oxidation state (OSc, measured by ACSM) of
nearly 1.9 (Figure 1 panel e), a value far higher than that of catechol (OSc = -0.33), indicating
that early-condensing species are highly oxidized molecules. Catechol SOA was then produced
continuously until the lights were turned off 70 min. later, reaching 36.6 pg/m* (ACSM) and
31.7 (SMPS), corresponding to an SOA dry density of 1.15 g/cm™. The OSc declined to 1.6
during the same period, suggesting that partitioning from the gas phase of less oxidized species
increased as the aqueous organic phase grew. ACSM organic ion signals between m/z 100 and
200 increased in a complex pattern indicative of oligomer formation, ring opening, and
fragmentation occurring in the aqueous phase, with prominent peaks at m/z 102 (likely 4-
hydroxy-2-butenoic acid, CaHsO03),'% 27 116 (likely maleic acid, C4H404)," 131, 137, 147, and

155 (Figure S2, Expt. 2).

BrC formation was detectable within 15 minutes after SOA nucleation, and aerosol absorbance
increased continuously and linearly for the rest of the photolysis period, eventually reaching

peaks of Absses = 0.36 (Figure 1 panel d) and AAE = 5.3 +0.3 (Figure S3 panel f). Experiment 2
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reached the highest levels of SOA formation, absorption, and AAE values, as might be expected

since it involved the largest injection of catechol gas.

It is noted that gas-phase catechol PTR-MS signals climbed rapidly for the first 25 minutes
after chamber lights were turned on, before declining sharply for the rest of the photolysis period
(Figure 1 panel b). The source of this catechol was likely the release of catechol deposited on
the humidified chamber walls earlier in Experiment 2 (since the chamber had been heated to
50°C and pumped overnight beforehand). Illumination of the CESAM chamber is always
performed while the temperature control system is operating, but small increases in temperature
and declines in RH are nevertheless still measurable: the chamber temperature increased from
24.6 to 25.1 C between 15:08 and 15:18, which corresponded exactly to the period of steepest
increase in gas-phase catechol concentrations (Figure 1 panel b), and RH declined by 12%
overall while the lights were on (Figure 1 panel a). In all other experiments with HOOH (all
containing seed particles but much lower catechol levels), catechol uptake was rapid in the dark
and slowed when the lights were turned on, perhaps masking a proportionally smaller release
from the walls. This comparison suggests that the change from catechol release to catechol
uptake observed during photolysis in Experiment 2 was likely due to depletion of wall-adsorbed
catechol and to rapidly increasing rates of catechol uptake to the freshly nucleated SOA particles

as they increased in mass and surface area.

As shown in Figure 1 panel ¢ ~ e, SOA and BrC production stopped as soon as the lights were
turned off in Experiment 2, indicating that SOA and BrC production are driven by reactions of
radicals or by photosensitization by triplet carbon species. However, no OH radical source was
added to the chamber in this experiment, and OH radical concentrations (1.2 £0.6 x10° molec

cm measured by PTR-MS butanol-d9 losses, Figure 1 panel b) during chamber illumination
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were below the method detection limit. This suggests that the major driver of both SOA growth
and BrC production was either photosensitization or the photolytic production of other radical
species that do not react efficiently with butanol, such as *SO4+.22 OSc continued to decline in
the dark, but at a slower rate than in simulated sunlight. A dark cloud event at the end of the

experiment did not alter any general trend.

In Experiment 3 (Figures 2 and S4), a 200 ppb catechol injection was made in the presence of
dry, iron-free NaHSO4 seeds. No aerosol growth was observed by either SMPS or ACSM until
the seed particles were deliquesced at # = 15:26 by increasing water vapor concentrations past
52% RH (the deliquescence point of NaHSO4).?® At this point, gas-phase catechol PTR-MS
signals temporarily declined by a factor of 2 within 10 min., while ACSM organic aerosol mass
increased by only 0.58 pg/m?® and SMPS mass continued to decline. The ACSM mass increase is
18% of that observed during dark catechol uptake in Experiment 1, consistent with the catechol
concentration ratio (17% of Experiment 1). Addition of HOOH at ¢ = 16:27 in the dark did not
result in an observable increase in aerosol mass or BrC. No decline in gas-phase butanol-d9
signals was observed, suggesting minimal concentrations of OH radicals were present, as
expected in darkness and the absence of iron-catalyzed Fenton chemistry. However, dark
HOOH addition caused rapid losses of gas-phase catechol PTR-MS signals (with a first order
rate constant k= 4.32 £0.05 x10* s7!), an increase in OSc from 0.8 to 1.8 in 36 min, and an
increase in PTR-MS signals for gas-phase acetic acid and acetone. The rapid loss of gas-phase
catechol, increase in aerosol OSc, and production of oxidized gases in the absence of detectable
OH radicals or SOA growth together suggest that aqueous-phase oxidation of catechol by HOOH

was occurring in water adsorbed on the steel chamber walls, where the reaction could be
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catalyzed by iron. We hypothesize that a small amount of highly oxidized products such as

acetic acid partitioned back to the aerosol, thereby increasing its OSc.
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Figure 2: Experiment 3. NaHSO4 seeds, catechol(g), water vapor, HOOH, and lights. Panel a:
RH (dashed line) and optical counts of aerosol particles with diameters larger than 400 nm (red,

right axis). b: PTR-MS signals for butanol-d9 (red, multiplied by 5), benzoquinone (thick green
line), and catechol (black). c¢: absorbance measured in water-soluble aerosol particles by PILS /

waveguide UV-vis, with absorbance below detection limit shown as flat baseline. d: average
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oxidation state of carbon (thick black line) and ACSM aerosol loadings, before (solid) and after
(dashed) dilution corrections, for sulfate (red), organic (green), and ammonium-assigned signals

(orange).

Once the lights were turned on, however, rapid formation of 18 pg/m? SOA was observed
(Figure 2 panel d), and the OH radical concentrations inferred from butanol-d9 losses increased
from zero to [OH] = 3.1 £0.6 x10° molec cm™, as expected given the presence of HOOH gas as
an OH precursor. The ACSM mass spectral peaks assigned to organic species had the same
prominent peaks observed as in Experiment 2 when catechol was photolyzed without oxidant or
seed particles present (Figure S2). The SOA formed was again brown, with similar mass
absorption coefficients (1.7 m? g'') and Angstrom absorption exponents (4.4 £0.1) in both
experiments. Maximum SOA concentrations were reached in 43 min, while maximum BrC
absorbance took slightly longer to achieve (55 min., Figure 2 panels ¢ and d). In terms of
integrated gas-phase OH concentrations, these times are equivalent to 2.2 and 2.8 h of
atmospheric oxidation where [OH] = 1x10% molec cm™. These observations suggest that
catechol oxidation by OH radicals (from HOOH photolysis) and by photosensitization triggers
the formation of similar BrC products, at least for the first few hours of photooxidation under

ambient conditions.

Aqueous catechol photooxidation with Fenton and photo-Fenton chemistry. Experiment 4

(Figures 3 and S5) repeated Experiment 3 but with the addition of 67 uM FeSOs to the 10 mM
NaHSOs4 seed aerosol solution, enabling the dark generation of OH radicals via Fenton chemistry
once HOOH is added. The product Fe** can be reduced back to Fe?" in a one-electron redox
reaction with catechol,? allowing continued oxidant generation while also producing semiquinone

radicals and quinones which are prone to oligomer formation.?’ Alternatively, catechol-iron
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complexes can catalyze hydroxyl group transfer reactions between HOOH and organic species. >’
In Experiment 4, 2.4 ug/m? of SOA was generated when HOOH(g) was added to the dark,
humidified chamber containing catechol and Fe?'-containing seeds. For comparison, in the
absence of Fe?" (Experiment 3), no dark SOA production was observed upon HOOH addition,
even though catechol concentrations were 10x higher. The OSc in Experiment 4 increased from
0.8 to 1.8 in 15 min., more than twice the rate of increase in the absence of Fe?". A small amount
of BrC absorbance was observed by PILS/waveguide and aethalometer instruments, and butanol-
d9 levels declined slightly, indicating the presence of *OH in the gas phase; neither of these
occurred in the dark in the absence of Fe?". The observed enhancement in SOA generation and
more rapid oxidation of SOA material are expected results of oxidant generation by aqueous-phase
Fenton chemistry. Gas-phase concentrations of a species detected by PTR-MS at m/z 109, likely
1,2-benzoquinone (the oxidation product of catechol), increased by 70% upon dark HOOH
addition in Experiment 4, but not Experiment 3. This is direct evidence that dark redox reactions

between catechol and Fe** (produced by the Fenton reaction) are occurring.
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Figure 3: Experiment 4. NaHSO4 / FeSOu4 seeds, catechol(g), water vapor, HOOH, lights, and
additional catechol(g). Panel a: RH (dashed line) and optical counts of aerosol particles with
diameters larger than 400 nm (red, right axis). b: PTR-MS signals for butanol-d9 (red), catechol
(black line), and benzoquinone (thick green line, x2). c¢: aerosol absorptivity and Angstrom
absorption exponents (+) measured by 7-wavelength aethalometer. d: average oxidation state of
carbon (thick black line) and ACSM aerosol loadings, before (solid) and after (dashed) dilution

corrections, for sulfate (red), organic (green), and ammonium-assigned signals (orange).
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Fe3* can also be reduced back to Fe?" by photolysis, enabling photo-Fenton chemistry. Once the
lights were turned on (and gas-phase catechol was replenished by a second addition to the
chamber), 20 ug/m? of SOA was produced with a similar Angstrom absorption coefficient, organic
mass spectrum, and brownness as SOA produced during photolysis in Experiments 2 and 3, even
though less catechol was added to the chamber. Inferred gas-phase OH levels were 6 times lower
than in iron-free Experiment 3, however, even as maximum SOA and BrC levels were reached in
30 min. instead of an hour or more. The quick production of SOA and BrC suggest that photo-
Fenton chemistry with iron and HOOH enhanced aqueous-phase OH radical production, reacting
with catechol to more rapidly form SOA and BrC, and then more quickly proceeding to destroy
SOA and BrC through further oxidation reactions. The lower levels of gas-phase OH radicals
compared to Experiment 3 were likely caused by a depletion of gas-phase HOOH due to enhanced
aqueous-phase losses of HOOH. This observation also confirms that OH radicals generated in the

aqueous phase are too reactive to escape to the gas phase.

Catechol photooxidation in the presence of Fe** ions. Experiment 5 (Figure S6) was conducted

with iron-containing seeds but no HOOH present. This may allow insoluble catechol polymers to
form, especially if the aerosol is acidic,'® but Fenton chemistry cannot take place in the aerosol.
In the 80 minutes after the chamber lights were turned on, 7 pg/m® SOA was generated with OSc
reaching 1.8 again. Gas-phase OH radical concentrations inferred from butanol-d9 losses were
detectable ([OH] = 2.3 +0.4 x10® molec cm), comparable to Experiment 3 where HOOH was
photolyzed. This suggests that triplet carbon species (photosensitizers) are being formed and
reacting with dissolved oxygen to efficiently generate OH radicals, which are, unlike in

Experiment 4, somehow able to influence gas phase OH concentrations. The difference may be
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that photo-Fenton chemistry occurs in the full volume of aqueous aerosol particles, making
aqueous OH radical reactions overwhelmingly more likely than transfer to the gas phase, while
catechol photosensitization may occur preferentially at the air-water interface where such transfer
might be possible. Photosensitization at the air-water interface would be consistent with the known
surface activity of catechol.'” Furthermore, surface-adsorbed phenolic species have red-shifted
absorption spectra,’! enhancing absorption of solar radiation and therefore photosensitization at
droplet surfaces.

Water-soluble aerosol absorbance at 365 nm measured by PILS-waveguide reached 0.13 and
was still increasing after 80 minutes in Experiment 5. In terms of integrated gas-phase OH
exposure, this is the equivalent of 3.3 h of atmospheric OH oxidation. The SOA produced in
Experiment 5 was quantitatively similar to that of previous experiments in terms of brownness
(MAC3s5), mass spectrum, and oxidation level. However, the ratio of BrC formation to catechol
levels was double that of Experiment 2, suggesting a measurable enhancement of BrC formation
due to the presence of Fe?*, but only in sunlight. Dark BrC formation was not observed in
Experiment 5, likely due to lack of the particle-phase acidity required for direct catechol — iron
oligomer-forming reactions. !’

Catechol photooxidation with non-deliquesced seed aerosol. In Experiment 6 (Figures 4 and

S7), 60 ppb of catechol gas was photooxidized in the presence of HOOH(g) and undeliquesced
(solid phase) 10 mM NaHSO4 / 61 uM FeSOs4 aerosol seeds at 41% RH. Without an aqueous
phase present like in Experiment 4, one would expect dark OH production by Fenton chemistry to
be shut down. Instead, the dark portion of Experiment 6 had the highest gas-phase OH radical
concentration measured in any experiment ([OH] = 9 £2 x10°% molec cm? inferred from PTR-MS

butanol-d9 signals), the highest loss rates of gas-phase catechol (k = 4.9 £0.2 x10* s7!) and the
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highest production of benzoquinone product (gas phase PTR-MS signals at m/z 109 increased by
more than a factor of 8). These observations indicate that Fenton chemistry was actively occurring
in surface-adsorbed water layers, below the deliquescence RH of NaHSO4 (52%).%° They also
suggest that benzoquinone and possibly OH radicals, once formed in these surface water layers,
could more easily escape to the gas phase than in Experiment 4 with deliquesced seeds. Rapid
loss of benzoquinone to the gas phase may be the reason that no aqueous-phase BrC or SOA
production was detected in the dark portion of Experiment 6, in spite of the evidence that oxidation

was occurring.
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Figure 4: Experiment 6. NaHSO4 / FeSO4 seeds, catechol(g), water vapor, HOOH(g), and lights.
Panel a: RH (dashed line) and optical counts of aerosol particles with diameters larger than 400
nm (red, right axis). b: PTR-MS signals for butanol-d9 (red), catechol (black line). and
benzoquinone (thick green line). c¢: absorbance measured in water-soluble aerosol particles by
PILS / waveguide UV-vis, with absorbance below detection limit shown as flat baseline. d:
average oxidation state of carbon (thick black line, right axis) and dilution-corrected ACSM

aerosol loadings for sulfate (red), organic (green), and ammonium -assigned signals (orange).
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Once the lights were turned on in Experiment 6, 15 pg/m? of light-absorbing SOA was formed
within 20 minutes, after which aerosol absorbance and SOA levels declined. In terms of integrated
gas-phase OH levels, this time to maximum BrC corresponds to 2.8 h of atmospheric oxidation at
[OH] = 1 x10% molec cm™. The was no detectable delay between the onset of SOA and BrC
production (< 3 min, near the 1 min chamber mixing time and smaller than the 3 min time step of
SMPS measurements). The freshly-generated catechol SOA had an OSc = 1.6, increasing to 2.0
within 35 min. This highly oxygenated SOA may have condensed along with substantial water
vapor, or depressed the deliquescence point of the seed particles below 52% RH, such that
aqueous-phase BrC formation chemistry could commence at RH levels between 38 and 41%. With
the lights on and HOOH(g) present, OH radical levels (inferred from PTR-MS butanol-d9 losses)
would be expected to increase over what was measured in the dark, but instead they declined
slightly to [OH] = 7.3 £0.3 x10% molec cm™. This decline in gas-phase OH radical concentrations
suggests that aqueous photo-Fenton chemistry is now occurring in a greater aerosol volume, not
just in surface-adsorbed water. OH radicals produced by photo-Fenton chemistry therefore no
longer have any chance to escape to the gas phase, offsetting the addition of gas-phase OH
production by HOOH photolysis. The amount of SOA and BrC formed in Experiment 6, relative
to the amount of catechol added to the chamber, was the highest of any experiment. This likely
indicates that a small amount of aerosol-phase water, saturated with iron, is a more efficient reactor
for catechol photooxidation than more dilute aqueous aerosol particles or cloud droplets present at
higher RH levels.

In Experiment 7 (Figure S8), iron-containing NaHSO4 seeds were kept below deliquescence

again, exposed to 40 ppb catechol gas, and photolyzed, but this time without HOOH. Under these
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conditions, only a small amount of highly oxidized and light-absorbing SOA formed in the
illuminated chamber, with amounts barely in excess of detection limits (only 3.4 pug/m?® of SOA
and Absses = 0.05 after 90 min.). OSc reached 1.9 after 50 minutes of photolysis. Inferred gas-
phase OH radical concentrations were 3.2 £0.3 x10% molec cm, only 38% higher than those in
Experiment 5, where particles were deliquesced. The similarity in OH production from
deliquesced droplets and solid particles with surface-adsorbed water in HOOH-free experiments
suggests that OH radicals in both experiments were likely formed by photosensitization at the
aerosol surface, and thus could sometimes escape to the gas phase. No such similarity was
observed between experiments at different RH levels with HOOH present (e.g. Experiments 4 and
6). These comparisons again support the idea that OH production from catechol photosensitization
occurs at the air-water interface, but Fenton and photo-Fenton chemistry occurs throughout the

aqueous phase.

Atmospheric Implications

Overall, in Experiments 2-7 BrC and SOA were produced in sunlight whether or not HOOH was
present, albeit at a faster rate when HOOH was present. In both cases, BrC formation can be
attributed to OH oxidation of catechol in the aqueous aerosol phase. HOOH photolysis, and in the
absence of HOOH, surface-enhanced catechol photosensitization, both served as significant
sources of OH radicals. As one might expect from a system where all BrC and SOA appear to be
produced by catechol + *OH reactions, BrC production measured as absorption at 365 nm was
proportional to SOA formation in all experiments with catechol, as summarized in Figure 5, R? =
0.97). This resulted in a similar MAC3sss value for SOA produced in all catechol experiments of

1.7 £0.2 m? g!, with no significant dependence on the addition of HOOH or even iron. However,

23



Experiments 4b and 6, performed with soluble iron and HOOH, produced the most SOA and BrC
per added catechol. Thus, it appears that the major role of soluble iron and HOOH with regard to
BrC formation in these experiments is to serve as an additional source of OH radicals via photo-
Fenton chemistry. We do not observe strong evidence of a different, iron-specific mechanism by

which catechol forms BrC.

o Dark 2 o

o Lights only =
o Lights and HOOH -
0.3 P

Peak BrC Absorbance, 365 nm

Slope = 0.011 +0.002

o
o
|

Q© 1a No catechol
I

0 10 20 30
Peak SOA (ug m*)

Figure 5: Summary of peak water-soluble aerosol absorption measured by PILS / waveguide
UV/vis spectrometer at 365 nm, as a function of peak SOA level measured by ACSM. Symbol
colors designate reaction conditions: dark run (white); lights + HOOH (orange); lights only
(yellow). Each symbol is labelled with its experiment number. Experiment la did not include
catechol. Experiments 1 and 4-7 contained trace levels of FeSO4 in the seed particle material,
while 2-3 were iron-free. Using the slope of least squares y = mx fit line (shown with its 95%
confidence intervals) to calculate an average MACjsss value for all experiments with catechol

results in MAC3ss for catechol SOA = 1.7 £0.2 m? g’
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Typical iron(1IT) concentrations in clouds and aerosol have been estimated at ~10°% and 102 M,
respectively.* The 67 uM FeSO4 component of solutions used to generate aqueous aerosol in
Experiments 1 and 4-7 was appropriately in the middle of that range, and are expected to quickly
generate Fe** via oxidation, especially in the presence of HOOH. Similarly, the concentrations
of dihydroxybenzenes in smoke plumes range up to 50 ppb,*? overlapping the lower end of catechol
concentrations used in this study. While off-gassing from the humidified chamber walls served as
a source of catechol, especially in Experiment 2, we note that catechol is produced in smoke
plumes by the oxidation of phenol. The conditions used in these experiments were similar enough
to those of a smoke plume that measured SOA and BrC formation rates can be compared with
atmospheric observations using the concept of integrated OH exposure. In Experiments 6 and 7,
where gas-phase OH levels were above the limit of quantitation (10x noise), peak BrC formation
by catechol was reached at integrated gas-phase OH exposures corresponding to 3 and >5 h of
atmospheric photooxidation. Thus, we conclude that photooxidation of catechol could contribute
to the production of BrC in smoke plumes for the first few hours of aging, as has been observed in
several lab and field studies.?* 34

The MACsss values (1.7 £0.2 m? g'') and AAE values (3.1 to 5.3) measured in this study for
catechol SOA place it squarely in the category of “medium BrC” using the BrC categories of Saleh
et al.,*> 3¢ which is typical of BrC emissions from high-temperature biomass burning, but not of
secondary BrC from smoldering biomass. Thus, even though the BrC produced from catechol
photooxidation in this study is secondary (generated from gas-phase reactants), it is intensely
brown. However, in a real smoke plume, catechol SOA would be diluted by the condensation of
many other organic species that are both less reactive and less light-absorbing. Because catechol

is abundant in biomass burning emissions, highly reactive due to its ortho-hydroxyphenol
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structure, and able to efficiently form SOA and BrC via OH photooxidation, the evidence from
this work is consistent with catechol being a major source of secondary BrC and SOA in smoke

plumes.
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