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luble brown carbon through iron-
catalyzed reaction of biomass burning organics†

Katherine S. Hopstock, a Brooke P. Carpenter, a Joseph P. Patterson, a

Hind A. Al-Abadleh b and Sergey A. Nizkorodov *a

Biomass burning organic aerosol (BBOA) is one of the largest sources of organics in the atmosphere. Mineral

dust and biomass burning smoke frequently co-exist in the same atmospheric environment. Common

biomass burning compounds, such as dihydroxybenzenes and their derivatives, are known to produce

light-absorbing, water-insoluble polymeric particles upon reaction with soluble Fe(III) under conditions

characteristic of aerosol liquid water. However, such reactions have not been tested in realistic mixtures of

BBOA compounds. In this study, model organic aerosol (OA), meant to replicate BBOA from smoldering

fires, was generated through the pyrolysis of Canary Island pine needles in a tube furnace at 300, 400,

500, 600, 700, and 800 °C in nitrogen gas, and the water-soluble fractions were reacted with iron

chloride under dark, acidic conditions. We utilized spectrophotometry to monitor the reaction progress.

For OA samples produced at lower temperatures (300 and 400 °C), particles (P300 and P400) formed in

solution, were syringe filtered, and extracted in organic solvents. Analysis was conducted with ultrahigh

pressure liquid chromatography coupled to a photodiode array spectrophotometer and a high-resolution

mass spectrometer (UHPLC-PDA-HRMS). For OA samples formed at higher pyrolysis temperatures (500–

800 °C), water-insoluble, black particles (P500–800) formed in solution. In contrast to P300 and P400,

P500–800 were not soluble in common solvents. Scanning electron microscopy-energy dispersive X-ray

spectroscopy (SEM-EDS) and transmission electron microscopy (TEM) were used to image P600 and

determine bulk elemental composition. Electron microscopy revealed that P600 had fractal morphology,

reminiscent of soot particles, and contained no detectable iron. These results suggest that light-absorbing

aerosol particles can be produced from Fe(III)-catalyzed reactions in aging BBOA plumes produced from

smoldering combustion in the absence of any photochemistry. This result has important implications for

understanding the direct and indirect effects of aged BBOA on climate.
Environmental signicance

Chemical compounds in biomass burning smoke evolve during atmospheric transport through chemical and physical aging processes. Both biomass burning
smoke and mineral dust, a source of atmospheric iron, are transported globally over long distances for many days allowing for mixing of iron-containing
particles with biomass burning organics. Our previous works have shown that Fe(III) can catalyze oligomerization reactions with a broad range of phenolic
compounds, abundantly present in biomass burning smoke, to produce strongly light-absorbing compounds. This work explores how this chemistry in actual
biomass burning aerosol is generated through pyrolysis of pine needles. We observed efficient formation of light-absorbing particles in reactions of this biomass
burning aerosol with dissolved Fe(III). These results suggest that biomass burning smoke may become more light-absorbing as it mixes with mineral dust
particles during atmospheric transport, and therefore have a stronger effect on climate aer aging.
1. Introduction

Biomass burning events represent one of the largest sources of
volatile organic compounds (VOCs) in the atmosphere and have
alifornia, Irvine, California 92697, USA.

, Wilfrid Laurier University, Waterloo, ON

tion (ESI) available. See DOI:

the Royal Society of Chemistry
prominent effects on atmospheric chemistry and climate.
Emissions of both gaseous and particulate species are chemi-
cally complex and can evolve during transport through chemical
and physical aging (i.e., heterogenous oxidation reactions,
photolysis reactions, and cloud processing).1–4 Phenolic
compounds, such as catechol, guaiacol, coniferaldehyde, and
syringol, are common products of lignin pyrolysis and,
although relative emissions of these compounds vary with fuel
type, they are always present in burning emissions.5–8 Along
with organic compounds, inorganic species have been detected
in western United States wildre plumes including metals Fe,
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Fig. 1 Phenolic BBOA precursors known to produce (a) water-insol-
uble BrC particles and (b) secondary oligomeric compounds upon
reaction with Fe(III) under aqueous, acidic, dark conditions. 3-HC is 3-
hydroxycatechol and 4-HC is 4-hydroxycatechol.
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Mn, Ca, Al, Ti, and Sr, which are associated with crustal matter
and dust.9 Schlosser et al. (2017) reported that dust was one of
the main components of coarse particulate matter collected at
IMPROVE sites during times of biomass burning events.9 In
addition to wildre plumes, aerosol particles containing dis-
solved Fe(III) are widespread in the atmosphere due to wind-
blown, iron-rich mineral dust (∼2000 Tg per year).10–12 Both
biomass burning organic aerosol (BBOA) and mineral dust are
transported globally over long distances and this timeframe
allows for the partitioning of organic vapors into iron-
containing particles.13–15 During long-range transport, atmo-
spheric processing of dust can lead to iron oxides being dis-
solved under acidic conditions (pH < 4).16–18 This long-range
transport of iron-containing particles can provide an opportu-
nity for mixing with biomass burning products and can be
a sink for VOCs. Most BBOA aging studies have investigated free
radical driven oxidation reactions (NOx, OH, O3) and photolysis
reactions, and the studies of BBOA aging due to transitionmetal
catalysis remain limited.2,19–23

Previous laboratory studies have shown that Fe(III) can
catalyze oligomerization reactions with known constituents of
BBOA and industrial emissions to produce lower volatility
secondary brown carbon (BrC) products.24–31 Reaction solutions
were open to air and dissolved O2 acted as an oxidant. These
irreversible, oxidative polymerization reactions formed water-
insoluble, black particles in acidic systems (pH 3) with excess
Fe(III). The production of particles was dependent upon the iron
to organic molar ratios and the structure of the organic
precursor. During reaction with organics, iron cycles between
its +2 and +3 oxidation states, and its reactivity is dependent
upon the presence of electron donors/acceptors, strength of
complexation to ligands, and steric effects.10,30,32 This cycling
between Fe(II) and Fe(III) is coupled with the production of H2O2

and OH radicals, and reactive oxygen species (ROS) as inter-
mediates in reaction.4,24

Fig. 1 contains a summary of compounds shown to produce
insoluble particulate products in reactions with Fe(III). In Slik-
boer et al. (2015), catechol and guaiacol (Fig. 1a) were mixed
with Fe(III) at pH 3 in millimolar concentrations to yield water-
insoluble polycatechol and polyguaiacol particles, respec-
tively.24 In the case of catechol, upon addition of Fe(III),
a progression of color change from colorless to green to black
was observed. This green color was attributed to the formation
of the catechol–iron bidentate mononuclear complex followed
by ligand to metal charge transfer. Guaiacol did not produce
this color change because the methoxy group inhibited iron
complexation but, through a slightly different mechanism,
produced polyguaiacol particles. Follow up studies also showed
that these oligomerization reactions were not suppressed in the
presence of oxalate and sulfate ions,25 and some dicarboxylic
acids which normally have a high complexation affinity to
iron.29 Lavi et al. (2017) expanded on the reactivity of BBOA
phenol precursors with Fe(III).26 Dimers, trimers, tetramers, and
pentamers were observed for reactions of Fe(III) with syringol, o-
cresol, and p-cresol (Fig. 1b).26 These oligomeric species absor-
bed light between 300–500 nm and were present in lower
abundance than reactions of guaiacol and catechol, which
208 | Environ. Sci.: Atmos., 2023, 3, 207–220
produced insoluble BrC particles.26 Chin et al. (2021) further
expanded the list of organic compounds capable of forming
insoluble particles to include 3-hydroxycatechol, 4-hydrox-
ycatechol, and coniferaldehyde (Fig. 1a).30 These laboratory
studies with isolated BBOA compounds suggest that Fe(III)
reacts with a broad range of phenolic compounds, which can
produce secondary BrC compounds in atmospheric particles,
however, it is unclear how this chemistry translates to
secondary BrC formation from actual BBOA, prompting this
study.

Wildre conditions oen range between smoldering
(heterogeneous, 450–700 °C) combustion and aming (homo-
geneous, 1100–1800 °C) combustion with a quick transition
between each depending on environmental conditions.33

Exploratory measurements by Chin et al. (2021) concluded that
BBOA collected under smoldering conditions reacted in the
presence of Fe(III) to produce insoluble particles,30 whereas
BBOA collected under aming conditions did not appreciably
react, as aming combustion favors the reaction of aromatics
with NOx in biomass burning plumes to generate nitro-
aromatics.34 Pyrolysis is one of the mechanisms operating in
smoldering combustion, in which a biomass fuel is heated in
the absence of oxygen to produce pyrolyzate (gas), char, and
ash,33 and it occurs at temperatures known to produce the most
phenolic products.35 In this work, we utilize pyrolysis in a tube
furnace under an inert atmosphere in order to precisely control
experimental conditions and study chemistry of emitted parti-
cles as a function of temperature. We observe efficient forma-
tion of secondary particles in reactions of this mimic BBOA with
dissolved Fe(III). This work highlights the role iron plays in the
© 2023 The Author(s). Published by the Royal Society of Chemistry
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aging of BBOA to produce oligomeric species and water-soluble/
insoluble BrC secondary products.
2. Experimental
2.1 Canary Island pine pyrolysis OA generation

A summary owchart of all experiments can be found in ESI
Scheme S1.† Dry Canary Island pine (Pinus canariensis) needles
were used as biomass fuel for these pyrolysis experiments. The
main motivation for selecting this fuel is that this species of
pine is increasingly planted for landscaping in warmer climates,
such as Southern California, and urban res are on the rise
worldwide. For each experiment, approximately 200 mg of
needles were placed in a ceramic pyrolysis boat then inserted
into a 2.5 cm quartz tube, upstream from the Thermolyne
F21135 Tube Furnace. The tube was then sealed with paralm
and continuously purged with N2 gas (∼0.7 standard liters per
minute). The ow of N2 gas was constant during pyrolysis, and
the setup was not reopened until aer collection had ceased.
This ensured that no oxygen from the laboratory was introduced
into the furnace. A 40 cm section of the tube, downstream from
the pyrolysis boat, was heated to a prescribed temperature (300,
400, 500, 600, 700, or 800 °C). Once the furnace reached the
temperature of interest, the entire tube (containing the ceramic
pyrolysis boat and pine needles) was pushed from the outside so
that the pine needles were in the heated zone and pyrolysis
could begin. There was a temperature drop of ∼75 °C upon
entry of the room temperature section of the tube into the
heated zone, but the temperature increased back up to the
prescribed temperature before smoke appeared. The ow of N2

gas pushed the generated smoke particles through the quartz
tubing for collection on PTFE 47 mm Teon lters (Millipore
Sigma, Fluoropore Membrane Filter, FGLP04700, 47 mm, 0.22
Fig. 2 OA filters generated at various pyrolysis temperatures using Cana

Table 1 Summary of collected Canary Island pineOA as a function of pyro
replicates of each pyrolysis temperature. Calculated emission factors, in t
used in pyrolysis (g kg−1), likely underestimate true emission factors due t
the water extracted OA solutions was ∼3

Pyrolysis temperature
(°C)

Emission factor
(g kg−1)

Ave
coll

300 23 � 9 60 �
400 25 � 8 60 �
500 22 � 2 62 �
600 24 � 8 52 �
700 26 � 2 36 �
800 22 � 3 32 �

© 2023 The Author(s). Published by the Royal Society of Chemistry
mm pore size). The starting pressure was ∼760 Torr. The
collection times varied (1–10 min). Pyrolysis and gas ow were
stopped in time to prevent the lter from overloading (if le
unattended the lter resistance could increase enough to over-
pressurize the system above 800 Torr which was deemed unsafe
for continuing collection).

Fig. 2 shows representative photographs of the collected
lter samples at all pyrolysis temperatures. Since the particles
produced in this process do not result from biomass burning,
but rather pyrolysis in an inert N2 atmosphere, we will refer to
them as organic aerosol (OA). The fraction of OA that is
extractable in water (18 MU cm Milli-Q water, pH 6.9) will be
labeled as “OA” with its pyrolysis temperature listed aer (i.e.,
OA300 is the water extract of particles generated through
pyrolysis at 300 °C). Insoluble particles generated in aqueous
reactions of OA with Fe(III) will be labeled as “P” with the
pyrolysis temperature aer (i.e., P300 are the insoluble particles
generated through the reaction of OA300 with FeCl3).
2.2 Aqueous phase reactions and UV-visible spectroscopy
experiments

Aer OA collection, each lter was weighed with a Sartorius
ME5-F microbalance (1 mg precision) and the OA mass on the
lter was calculated. The emission factors (EF) for each pyrol-
ysis temperature were estimated (Table 1), assuming that the
lters had 100% collection efficiency (all smoke particles were
trapped before venting to the exhaust). Apparent EFs likely
represent lower limits for the actual EFs, as pyrolyzed material
partly deposited on the walls of the ow tube before reaching
the lter. Each lter was rst extracted in water (18MU cmMilli-
Q water) by shaking for 30 minutes on a Thermolyne Type 37600
mixer (M37615, ∼1500 rpm) then the lter was removed and
ry Island pine needles.

lysis temperature. All values are reported as the average amongst three
he units of grams of filter-collected OA per kilogram of dry pine needle
o wall losses. Uncertainty is reported to 1 standard deviation. The pH of

rage percent of
ected OA dissolved in water (%)

Average mass dissolved
in water (mg)

6 1.5 � 0.6
6 2.5 � 0.5
4 2.1 � 0.3
5 2.4 � 0.7
7 1.9 � 0.4
5 1.6 � 0.3

Environ. Sci.: Atmos., 2023, 3, 207–220 | 209
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Fig. 3 Absorption spectra for the first two hours of reaction of OA300 + FeCl3 (a and b) and OA400 + FeCl3 (c and d). Panels (b) and (d) show an
enlargement of the 477 nm peak present in panels (a) and (c). Nanopure water acidified to pH 3 was used as a reference blank.
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separately dissolved in methanol. Absorption spectra were ob-
tained for the fractions dissolved separately in water and in
methanol, assuming that only a fraction of OA could be dis-
solved in water but all remaining OA on the lter was dissolved
in methanol.36 The lters became colorless aer the methanol
extraction indicating that all light-absorbing compounds
dissolved.

The concentrations of water-soluble organics were esti-
mated, assuming that absorption coefficients of the water and
methanol soluble fractions were the same, and these values
were utilized to determine the volume of 80 mM iron chloride
solution that should have been added to the organics in order to
achieve a 2 : 1 molar ratio of Fe(III) to organics,24,30 assuming an
average molecular weight of 200 Da for OA. 80 mM iron chloride
solutions were prepared with iron(III) chloride hexahydrate
(97%, CAS 10025-77-1, Sigma-Aldrich) in Milli-Q water. The
reactions were conducted in the dark at pH 3, as determined by
a calibrated pH meter (Mettler Toledo SevenEasy S20). Upon
dissolving the OA in water, the measured pH dropped from 6.9
to ∼3, without having to acidify it further. The atmospheric
relevance of these reaction conditions was described previously
in Chin et al. (2021) and references therein.30

UV-Vis absorption spectra (Fig. 3 and S1†) were acquired
using a UV-Vis spectrometer (Shimadzu UV-2450) in a 1 cm
quartz cuvette with a reference cuvette containing Milli-Q water.
Upon addition of iron chloride to the 300–800 °C water-soluble
OA fractions, the reaction progressions weremonitored for 48 h.
To monitor the initial reaction progress within seconds aer
addition of iron to the high temperature pyrolysis samples (500–
800 °C), an Ocean Optics USB4000 spectrometer with a tungsten
deuterium lamp was utilized to measure absorbance change
every 0.5 s for 40 s (Fig. 4).

2.3 Mass spectrometric experiments

2.3.1 Analysis of soluble reaction products. OA300 + FeCl3
and OA400 + FeCl3 reaction solutions were ltered with 0.25 mm
210 | Environ. Sci.: Atmos., 2023, 3, 207–220
nylon lter syringes to isolate water-insoluble particles (P300
and P400) from soluble products (Scheme S1†). The remaining
solutions (soluble reaction products) were rotary evaporated
(20–30 min) and redissolved in 1 : 1 (v/v) ACN/H2O for high
resolution mass spectrometry (HRMS) analysis. The water-
insoluble lter contents were extracted in 10 mL of methanol
then rotary evaporated and redissolved in 1 : 1 (v/v) ACN/H2O for
HRMS analysis. In addition to P300/400 and water-soluble
reaction products, OA from all pyrolysis temperatures (OA300–
800, no FeCl3) were run on HRMS (Scheme S1†). P500–800
(Fig. S2†) did not undergo this same procedure (see
Section 2.3.2).

The mass spectra were recorded with a Thermo Scientic
Vanquish Horizon ultrahigh pressure liquid chromatograph
coupled to a Vanquish Horizon photodiode array spectropho-
tometer and to a Q Exactive Plus high-resolution mass spec-
trometer (UHPLC-PDA-HRMS) with a resolving power up to 1.4
× 105 at m/z 200. The separation was performed on a reverse-
phase column (Phenomenex Luna Omega Polar C18, 150 ×

2.1 mm, 1.6 mm particles, 100 Å pores) with temperature kept at
30 °C and injected volume of 10 mL. The eluent ow was 0.3
mL min−1 and consisted of HPLC-MS grade water acidied with
0.1% v/v formic acid (solution A) and HPLC-MS grade acetoni-
trile with 0.1% v/v formic acid added (solution B). The gradient
was: 0–3 min 95% A; 3–14 min linear ramp to 95% B; 14–16 min
hold at 95% B; 16 min return to 95% A and hold until 22 min in
preparation for the next run (Fig. 5). PDA data was collected at
5 Hz over 190–680 nm range with a 4 nm effective bandwidth.
Mass spectra (Fig. 6) were obtained with m/z range of 100–1500
in the negative ion mode, producing [M − H]− ions (favored
ionization mechanism for phenolic species). The parameters of
the heated electrospray ionization (HESI) ion source settings of
the Orbitrap were as follows: −2.5 kV spray voltage, 320 °C
capillary temperature, 300 °C probe heater temperature, S-Lens
ion funnel RF level 60, 50 units of sheath gas (nitrogen) ow, 10
units of auxiliary gas (nitrogen) ow, and 1 unit of spare gas
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Absorption spectra of OA500 (a), OA600 (b), OA700 (c), and OA800 (d) reactions with Fe(III) taken every 0.5 s for 40 s with an Ocean
Optics USB4000. Panel (e) shows the reaction of catechol with Fe(III) for comparison. Nanopure water acidified to pH 3 was used as a reference
blank.
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(nitrogen) ow. A summary of these results can be found in
Table S1.†

Analysis of chromophoric compounds in water-soluble
products of OA300/OA400 reactions with Fe(III) and of P300/
P400 (Fig. S3 and S4†) was conducted similarly to that
described in Chin et al. (2021).30 Strong peaks contributing to
the near-UV and visible PDA chromatogram were correlated to
the corresponding peaks in the total ion current (TIC) chro-
matogram, considering a 0.06 min delay time between PDA and
Orbitrap detectors. Light-absorbing peaks occurring in the TIC
were conrmed and veried using selected ion monitoring
(SIM) chromatograms. Exact m/z values were assigned to
molecular formulae using the molecular formula calculator
mentioned previously.

Molecular formulae of OA300–800 were assigned similarly to
previous work (the list of the assigned formulae can be found in
Fig. S5 and Table S2†).37–40 Chromatograms were analyzed using
the Thermo Scientic program FreeStyle 1.6 and mass spectra
between the column's dead time and the start of the column re-
equilibration time (2–16 min) were integrated. Decon2LS
program, https://pnnl-comp-mass-spec.github.io/ (accessed
© 2023 The Author(s). Published by the Royal Society of Chemistry
January 2022) was used to cluster together all mass spectra
from the same temperature. The clustered peaks from each
temperature were aligned to a common m/z axis. Background
peaks present in the blank samples only were removed from
all sample spectra. Peaks containing 13C isotopes were
removed. All peaks were assigned to the formulae CxHyOz with
a mass accuracy of ±0.0005 m/z units. Ion formulae generated
were veried with a molecular formula calculator, https://
nationalmaglab.org/user-facilities/icr/icr-soware (accessed
January 2022). All results were reproduced in triplicate and all
identied compounds are presented and discussed as neutral
species with their corresponding masses.

2.3.2 Analysis of insoluble reaction products. The particles
produced in reactions of OA500–800 with Fe(III) (Fig. S2†) were too
small to be reliably separated by ltration (implying that particles
were smaller than the lter pore size of 0.22 mm). Laser desorption
ionization was utilized in the analysis of P500–800 aer evapo-
ration of water. These experiments were conducted using an LDI-
ToF mass spectrometer (AB Sciex ToF/ToF 5800 MALDI System).
Typically, matrix-assisted laser desorption ionization (MALDI)
works by the user mixing the sample with a low molecular weight
Environ. Sci.: Atmos., 2023, 3, 207–220 | 211
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Fig. 5 UHPLC-HRMS total ion chromatograms of Canary Island pine OA generated under 300–800 °C pyrolysis conditions in flowing nitrogen
(a–f). These samples were analyzed prior to reaction with FeCl3. Increasing pyrolysis temperature decreases peaks at higher retention times and
catechol/phenolic peaks begin to dominate. Ions responsible for chromatographic peaks are numbered in red with their corresponding identities
listed in the rightmost column in Table S2.† Notable peaks include: (1) catechol, (2) salicylic acid, (5) homovanillic acid, (6) benzoic acid, (7) p-
coumaric acid, (8) 2-methylbenzoic acid/methoxybenzaldehyde and vanillic acid, (9) 4-nitrocatechol, (10) guaiacol, (11) C9H10O4, (14) 3-
hydroxybenzaldehyde, and (15) coniferaldehyde. Additional detailed compositional analysis at each retention time is listed in Table S2† and high
temperature OA mass spectra are labeled in Fig. S5.†
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organic “matrix” compound (such as 2,5-dihydroxybenzoic acid)
that absorbs at the laser wavelength (355 nm). A matrix additive
was not needed in this analysis since the samples absorbed
strongly at the laser wavelength and were structurally similar to
the typical MALDI matrix compounds. Aliquots of 0.5–1 mL of the
starting solutions of OA500–800 (control) or solutions containing
suspended P500–800 (sample) were pipetted into separate wells
on a stainless steel, hydrophobic MALDI substrate and allowed to
dry. Mass spectra were collected in negative ion mode, reector
mode in the m/z range of 50–1500 using 200 Hz pulse rate and
212 | Environ. Sci.: Atmos., 2023, 3, 207–220
2000 shots in each spectrum (Fig. S6†). Spectra were exported
using a data conversion soware, http://pepchem.org:35099/
(accessed April 2022) and analysis was conducted using the
open-source mass spectrometry program, mMass 5.5.0, http://
www.mmass.org (accessed April 2022).
2.4 Particle characterization

2.4.1 Sample preparation. To determine bulk elemental
composition and image particles, scanning electron
microscopy-energy dispersive X-ray spectroscopy (SEM-EDS)
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Mass spectra of water-soluble fractions of Canary Island pine OA300 (a), OA400 (b), OA500 (c), OA600 (d), OA700 (e), and OA800 (f).
These mass spectra were recorded before reaction with Fe(III). The strongest peak at MW = 110 in high-temperature samples corresponds to
catechol. Fig. S5† shows an expanded version of this figure with major peaks labelled with formulae.

Fig. 7 Scanning electron microscopy (SEM) images, transmission electron microscopy (TEM) images, and energy dispersive X-ray spectroscopy
(EDS) spectra for polycatechol particles (control experiment) and water-insoluble dark particles (P600). SEM images of polycatechol (a and b) and
reaction particles (e and f) were taken on silica substrates. TEM images and EDS spectra are shown for polycatechol (c and d, respectively) and
reaction particles (g and h, respectively). The large Si peak is from the SEM grids (SiO2).

© 2023 The Author(s). Published by the Royal Society of Chemistry Environ. Sci.: Atmos., 2023, 3, 207–220 | 213
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and transmission electron microscopy (TEM) were used. Poly-
catechol standard particles (produced by themethod of Slikboer
et al. (2015)24) and P600 were compared with these methods
(Fig. 7). Reaction solutions, containing the polycatechol and
P600 particles, were concentrated by centrifugal ltration with
a molecular weight cutoff of 3 kDa using a centrifuge at 14 000 g
for 10 min. Concentrated samples were then washed with water
3 times. To retrieve the sample, the sample vial was inverted
into a clean Eppendorf tube and centrifuged for two minutes at
1000g. Each sample was then resuspended in 200 mL of nano-
pure water.

2.4.2 Scanning electronmicroscopy-energy dispersive X-ray
spectroscopy (SEM-EDS). Samples were prepared by pipetting 5
mL of the washed and resuspended P600 (or polycatechol
particles) onto SiO2 wafers. Samples were coated with 5 nm of
Iridium prior to imaging. A Magellan 400 XRH system was used
for imaging and elemental analysis. To obtain images, the
instrument was set to Secondary Electron (SE) detection mode
with an accelerating voltage of 5.0 keV and current density of 25
pA. For elemental analysis, thick samples (many layers of
particles) were prepared to obtain higher signal against the
substrate. The instrument was set to EDS mode with an accel-
erating voltage of 18 keV and current density of 0.4 nA. To
correct for the background signal, blank regions of the SEM
substrate were scanned by EDS, and spectra were compared
with that of polycatechol (Fig. S7†) and P600 (Fig. S8†).

2.4.3 Transmission electron microscopy (TEM). Samples
were prepared by pipetting 5 mL of the washed and resuspended
P600 (or polycatechol particles) onto 400 Mesh Carbon TEM
grids. Samples were absorbed onto grids over 5 min and were
then blotted with Kimwipe paper. A JEOL JEM-2100 TEM with
a Schottky type eld emission gun was used to obtain images.
Serial EM soware was used to perform low dose imaging, and
a Gatan OneView Camera was used to collect images.

3. Results and discussion
3.1 Reactions between OA300/400 and Fe(III)

Reactions of OA300/400 + FeCl3 did not exhibit any solution
color changes but produced water-insoluble particles (that
could be redissolved in organic solvents). Fig. 3(a–d) shows the
UV-Vis absorption spectra collected immediately aer the
addition of iron (time 0 min) and at timepoints during the
reactions. Both reactions have an absorbance band at 290 nm
(Fig. 3a and c), attributed to an p to p* transition of the organic
reactant solution aer ∼1 h of reaction. In addition, there is an
absorption band peaking at 296 nm attributed to the formation
of Fe(OH)2

+.30 At 477 nm, there is a peak that forms upon
addition of iron at time 0 min (Fig. 3b and d), which can be
attributed to the formation of an organic intermediate. Prior to
the addition of iron, OA300 and OA400 (black traces) do not
exhibit this peak. Previous studies that focused on BBOA
precursor reactivity with Fe(III) observed similar peak behavior
at ∼400 nm, which was attributed to an intermediate ortho-
quinone species.24,30 This species forms aer catechol oxidation
and complexation with iron, and then it reacts with peroxide (in
solution) to initiate radical chemistry and polymerize to form
214 | Environ. Sci.: Atmos., 2023, 3, 207–220
polycatechol. Since the peak we observe is at 477 nm and not
400 nm, it is clear the intermediate is not identical, but,
nevertheless, behaves in a similar way to what has been previ-
ously observed. The decrease in this absorbance band at 477 nm
over time coincides with a small increase in absorbance at
longer wavelengths, implying that the intermediate is being
incorporated into the insoluble BrC particles. There is slight
scattering and absorption by the insoluble, suspended particles
forming over time with a weak wavelength dependence.

Table S1† summarizes the HRMS results for the reactions of
OA300 and OA400 with the distribution of molecular formulae
aer reaction with iron for 48 h. The average MW increased
from 324.9 to 486.1 Da (OA300 to P300) and 338.5 to 435.5 Da
(OA400 to P400). In addition, P300 and P400 were less oxidized,
as indicated by lower average O : C ratios (Table S1†). These
results are consistent with the expectation that Fe(III) can cata-
lyze the oligomerization of phenolic compounds in solution to
generate polyphenolic polymers.
3.2 Reactions between OA500–800 and Fe(III)

OA500–800 + FeCl3 reactions (Fig. 4a–d) exhibited different
results than OA300/400 + FeCl3 reactions (Fig. 3). The solutions
underwent various intensities of a clear to green to brown color
change, similar to that of the catechol + Fe(III) reaction in Slik-
boer et al. (2015) that yielded water-insoluble, black poly-
catechol particles (Fig. S2†).24 In order to monitor this change,
UV-Vis absorption spectra needed to be taken on a faster
timescale than for OA300/400 + Fe(III) reactions. In addition,
aer 1 min the OA500–800 + Fe(III) absorbance spectra did not
exhibit signicant changes. Fig. 4 shows the UV-Vis absorption
spectra taken during the reactions of OA500–800 (a–d) and
reference system catechol (e) shortly aer the addition of iron.
There is depletion of the 334 nm FeCl3 peak (red trace) and the
formation of a peak at 390 nm that can be attributed to an n to
p* transition of ortho-quinone species formed as an interme-
diate during the formation of catechol–Fe complexes.10,24,41 This
peak increases in intensity for the rst 10 s of reaction and then
decreases, as the intermediate reaction product (ortho-quinone)
is reacted in solution to form polycatechol.24 The increase in
absorbance over time in the visible and near IR was due to
scattering and absorption by black particles being produced in
solution. These spectral features are not present in the
unreacted OA absorbance spectra in Fig. S1.† The catechol
spectrum also exhibits a ligand-to-metal charge transfer band in
the near IR ∼700 nm (and subsequent green color in solution)
when a bidentate mononuclear catechol–Fe(II) complex
formed.32

The UV-Vis spectra exhibit various similarities to the pure
catechol/FeCl3 reaction (Fig. 4e), but resemblances vary
depending on pyrolysis temperature. OA500–800/FeCl3 reac-
tions do not display an explicit 390 nm intermediate peak but
instead show absorbance growth (in varying amounts depend-
ing on the sample) at ∼400 nm, indicating reaction on a slower
timescale than that of pure catechol. In contrast, OA300/400
reactions in Fig. 3(a and b) did not exhibit an intermediate
peak at 390 nm, indicating a lack of reactivity between catechol-
© 2023 The Author(s). Published by the Royal Society of Chemistry
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like species and iron. Of all the samples, OA500 and OA600
reacted on a similar timescale to catechol, indicating a higher
abundance of water-soluble phenols available for reaction with
iron. OA700 and OA800 reacted slower but they also visibly
formed dark particles during the 48 hour reaction time. The
amount of produced particles as assessed by the strength of
light-scattering across all wavelengths was the highest for
OA600, indicating higher presence of catechol-like phenolic
compounds to participate in particle formation. Since these OA
reactions are composed of a complex mixture with varying
phenolic compound concentrations, the absorbance intensities
are drastically lower than that of the pure catechol reaction.
3.3 Mass spectrometry analysis (UHPLC-PDA-HRMS)

OA samples from all pyrolysis temperatures prior to reaction
with FeCl3 were run in triplicate on UHPLC-PDA-HRMS for
detailed chemical analysis. Table S2† lists the major ions
detected in negative ion mode with their corresponding reten-
tion times, neutral molecular formulae, tentative structural
assignments, and pyrolysis temperatures in which the
compounds were present. References are presented in cases
where structural assignments have been made in previous
studies.5,30,38,42–55 Fig. 5 shows the total ion chromatograms of all
temperature OA, with peaks labeled according to their corre-
sponding detected ion in Table S2.† As expected, hydrophilic,
more polar compounds (such as organic acids) eluted earlier
than the more hydrophobic, less polar species, which had
stronger interactions with the stationary phase in the reverse-
phase C18 column (Fig. S3 and S4†). We observed oxygenated
aromatics, substituted phenols, methoxyphenols, and
substituted benzoic acids in various abundance, dictated by
pyrolysis temperature. Tracers of lignin burning (such as cate-
chol, acetovanillone, homovanillic acid, vanillic acid, and
vanillin) were present at all pyrolysis temperatures measured.43

Levoglucosan, a tracer of biomass burning, was seen in low
abundance during the LC deadtime (∼1.46 min), as it is highly
water soluble.

Fig. S3† shows the PDA and TIC chromatograms for OA300/
400, water-soluble reaction products, and P300/400 once dis-
solved in methanol and run through HRMS. Unreacted OA
exhibits peaks throughout the chromatogram, indicating
products with a wide range of polarities. Water-soluble products
(Fig. S3d†) have large PDA/TIC peaks at early retention times,
indicating more polar products are present, whereas P300/P400
have greater intensity peaks at later retention times, suggesting
less polar products. Large peaks at approximately 8 min (ben-
zoic acid) are reduced in intensity in P300/400 in comparison to
the water-soluble products. Both (Fig. S3d†) and (Fig. S3f†)
exhibit a peak at 11.02 min (m/z 221.0817, C12H14O4). As this
peak is present in both water-soluble and water-insoluble
products, ltration may not have properly remove particles
containing this compound or it could be present in both
phases.

The light absorption properties of OA300/400 and P300/400
are further compared in Fig. S4(a–d),† which shows the heat
map view absorption spectra as a function of retention time.
© 2023 The Author(s). Published by the Royal Society of Chemistry
P300 (Fig. S4c†) and P400 (Fig. S4d†) have less strongly
absorbing peaks than their unreacted OA300/400 counterparts.
Coniferaldehyde (9.15 min) was responsible for the greatest
absorption for OA300/400 before reaction with iron. In the P300
and P400 chromatograms, coniferaldehyde was present and was
the strongest absorber, indicating that it was either trapped
inside of particles or it was produced through particle decom-
position in solution. In addition to other labeled organic
compounds, 4-nitrocatechol (4-NC) was observed in the OA400
PDA chromatogram (8.47 min, assigned by the retention time of
the standard and PDA absorption spectrum) which was not
present in the P400 PDA chromatogram (remained in the
soluble reaction products). Previous experiments showed that 4-
NC is not reactive with FeCl3 under these reaction conditions.30

Fig. 6 shows mass spectra integrated over all retention times
(2–16 min) as function of pyrolysis temperature. As temperature
increases, the mass spectral complexity decreases, with catechol
(m/z 109) becoming the most dominant peak in the mass
spectra (600, 700, and 800 °C). In comparison to catechol,
guaiacol is present in increasing abundance beginning at 500 °
C. Of the compounds known to polymerize in the presence of
iron (Fig. 1), we observed catechol, guaiacol, and con-
iferaldehyde in the unreacted OA extracts. These peaks were
veried by standard experiments in our previous work.30

Increasing pyrolysis temperature decreased the amount of
collected OA that was extracted in water. At higher tempera-
tures, nonpolar species (PAHs and non-cyclic aliphatics)
dominate emissions, reducing the amount of water-soluble OA
by 20% from 500 °C to 800 °C (Table 1). Some of these aromatic
compounds are soluble in water but are not relevant to this
study as they do not react with iron. Fig. S5† shows an expanded
version of this gure with major peaks labelled with formulae.

During pyrolysis, chemical bonds within biopolymers
(lignin, hemicellulose, and cellulose) break down and release
VOCs as a function of combustion temperature. Lignin
decomposition occurs between 200 and 1000 °C to produce
species of guaiacol, eugenol, and syringol, whereas, hemi-
cellulose and cellulose pyrolysis occur at lower temperatures,
210–310 °C and 300–380 °C, respectively, to emit furans and
furfurals.35,56,57 Higher temperature combustion results in frag-
mentation of hemicellulose and cellulose further into more
volatile, smaller VOCs. At temperatures greater than 500 °C,
aromatization processes begin and emission of shortly
substituted aromatics (phenols), non-substituted aromatics,
and PAHs occurs.35 We indirectly observed these expected
chemical transformations through the observation of color
changes in the collected OA (Fig. 2) and the water extraction
efficiencies listed in Table 1. As pyrolysis temperature
increased, OA collected on the lters progressively darkened
and the OA extracted in water decreased by half from the 300 to
800 °C. More water-insoluble products (PAHs) were present at
higher temperatures but, as the chromatography results in
Fig. 5 show, catechol (peak #1) and other phenolic/oxidized
aromatics were emitted even at higher temperatures. For iron
to catalyze polymerization reactions with organics, a bidentate
mononuclear organic–Fe(III) complex must be formed for
subsequent ligand to metal charge transfer.24,30 Adjacent
Environ. Sci.: Atmos., 2023, 3, 207–220 | 215
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phenolic groups or oxygen atoms on adjacent carbon atoms
must be present on the organic structure for a bidentate
complex to be formed with Fe(III). In Fig. 5, we observed the
following organics that t these characteristics in the unreacted
OA: catechol (#1), salicylic acid (#2), homovanillic acid (#5),
vanillic acid (#8), guaiacol (#10), 3-hydroxybenzoic acid (#14),
and coniferaldehyde (#15). It is probable that a combination of
these organics participated in Fe-catalyzed reactions to yield
heterogeneous polyphenolic particles.

We acknowledge that the characterization of this OA is not
all-encompassing (since we focused on the water-soluble
compounds only) and should not be utilized for a complete
inventory of pyrolyzed Canary Island pine emissions. Organic
carbon extraction with methanol gives a better estimation of
BrC compared to only water-soluble fractions,58,59 but the water-
soluble components better represent those that would undergo
atmospheric aging in the aqueous phase. Due to the ionization
nature of ESI (−), n-heterocyclic PAHs and aliphatic compounds
were not well detected. ESI (+) and atmospheric pressure
photoionization (APPI) (±) would give a more complete picture
of the exact chemical composition of unreacted BBOA water-
soluble extracts (PAHs); however, these techniques were not
employed in this study.
3.4 Characterization of insoluble particles through LDI-ToF-
MS, TEM, and SEM-EDS

To explore the structure of the insoluble particles generated
through reactions of OA500–800 with Fe(III), we employed laser
desorption ionization time-of-ight mass spectrometry (LDI-
ToF-MS). LDI is typically used in the analysis of polymers and
protein samples, but it was utilized in an atmospheric appli-
cation by Link et al. (2020) to ionize polycatechol lms for
tentative chemical formulae and structural assignments.27

Fig. S6† shows the negative ionization mode spectra for the
P500–700. P800 was also run on LDI but is not shown in
Fig. S6,† as the collected spectrum produced no useful signal,
possibly due to the low mass loading of our sample on the plate
before ionization. While this spectrum is complex, and the
resolving power of the instrument is insufficient to provide
formulae of different peaks, general observations can still be
made from the overall shape of the mass spectral envelope,
spanning the range of m/z 200–600. Dimers, trimers, and
tetramers of catechol (MW 110), guaiacol (MW 124), and con-
iferaldehyde (MW 178) would fall within the ion range of the
detected ions. The similar mas spectral shape for the P500–700
spectra indicates that, at these three pyrolysis temperatures,
similar products were formed. There is a small shi in the
average m/z values of the detected compounds as the pyrolysis
temperature increases (Fig. S6†), and this shi reects the
reduction in the molecular weight of the products emitted at
higher temperatures observed in Fig. 6.

We employed electron microscopy (SEM and TEM) and X-ray
spectroscopy (EDS) to image particles and determine bulk
elemental composition in comparison with polycatechol stan-
dard particles (produced by the method of Slikboer et al.
(2015)24). Fig. 7 shows representative SEM images, TEM images,
216 | Environ. Sci.: Atmos., 2023, 3, 207–220
and EDS spectra. From the images, the polycatechol standard
particles and P600 appear to have similar morphology: both
have fractal structures consisting of interconnected ∼10–50 nm
primary particles, which is reminiscent of the structure of fresh
soot.60 Both polycatechol standard particles and P600 particles
are qualitatively indistinguishable. Morphology directly affects
the surface chemistry of a particle and inuence its
interactions/reactivity with its surrounding environment. Since
the morphologies and elemental composition qualitatively
appear to be very similar, we can hypothesize that their surface
chemistries would behave similarly. The EDS spectra of poly-
catechol (Fig. 7d) and OA reaction particles (Fig. 7h) are almost
identical with slight variation in intensity. Consistent with
previous work on polycatechol,24 P600 EDS spectra (Fig. 7h)
show carbon and oxygen as the main elemental components of
the particles, further indicating a polyphenolic composition.
Fig. S7 and S8† show the SEM images and EDS spectra for the
sample and blanked regions of the SEM grids. EDS spectra for
both polycatechol (Fig. S7c†) and P600 (Fig. S8c†) exhibit strong
C, O, and Fe peaks, whereas the blanked regions (Fig. S7b and
S8b†) exhibit no Fe peaks and only weak C and O peaks.

There is some residual Fe in the EDS spectra for both samples,
which we have attributed to incomplete washing of samples. In
previous work, Tran et al. (2017) observed that C4 and C6 dicar-
boxylic acids (fumaric acid and muconic acid) reacted with FeCl3
under similar conditions to create colored particles with iron
trapped inside the polymer.61 If these reactions occurred in our
complex organic mixture, we would have expected to see a larger
iron trace in the EDS spectrum in Fig. 7h than in the polycatechol
standard spectrum in Fig. 7d, however, it was not the case. In
addition, we did not observe fumaric acid, muconic acid or
similar diacids in our HRMS results of OA starting material,
which helps explain why iron was not chemically trapped in the
particles. Conversely, Link et al. (2020) found that residual iron
can be a product of incomplete washing of iron out of particles
during preparation for EDS measurements, further supporting
our results.27 As P500–800 result from reaction of heterogeneous
OA, we believe their structure to be polyphenolic, in contrast to
the more chemically homogenous of polycatechol.

4. Conclusions and future work

We have shown that previously observed Fe(III)-catalyzed reac-
tions with phenolic compounds resulting in light-absorbing
products are also taking place in more complex mixtures of
water-soluble organics emitted by pyrolyzed biomass. The
addition of Fe(III) to water-soluble components of OA can cata-
lyze reactions with phenolic compounds, forming phenoxy
radical intermediates that initiate C–C coupling reactions to
form light-absorbing dimers/oligomers. These oligomerization
reactions convert volatile molecules into higher-molecular
weight, water-insoluble, light-absorbing products of lower
volatility.4,24,27

We acknowledge the limitations of bulk experiments, which
do not fully reproduce conditions in atmospheric particles, for
example, hydrogen peroxide produced in this reaction is not
able to evaporate from the bulk solution as it would from
© 2023 The Author(s). Published by the Royal Society of Chemistry
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ambient particles. Hydrogen peroxide concentrations were not
measured in reaction solutions in this work, and it should be
a priority for follow up mechanistic studies. We also acknowl-
edge that the organic aerosol samples used in this work were
produced by oxygen-free pyrolysis of biomass, so it will be
important to test this chemistry at different oxygen levels in the
future. The concentrations used in these experiments are only
applicable to aerosol liquid water and/or surfaces of particles,
and that real atmospheric particles can have other organic
compounds that can compete for complexation with iron
(oxalate and sulfate) or scavenge OH radicals. Scavenging may
slow the formation rate of these particles, as OH is an inter-
mediate product in this reaction mechanism.24 Further experi-
ments are needed to assess kinetic effects of particle formation
inmore atmospherically accurate samples.62 Also, it is unknown
what effect UV irradiation has on this reaction's progress or the
extent of photodegradation, as this work has only been con-
ducted under dark conditions. It is possible that light could
photodegrade organics in the water-soluble OA fractions and
drive photo-Fenton processes resulting in oxidation and pho-
todegradation of organics instead of its oligomerization. It will
be also be important to test the effect of oxalate ion on this
Fe(III)-catalyzed chemistry and conduct particle aging/lifetime
experiments under photolytic conditions in order to surmise
how environmental conditions can impact the climate forcing
properties of these BrC particles.
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