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ABSTRACT: As wildfire events become more frequent, there is a
need to better understand the impact of smoke on the environment
and human health. Smoke, or biomass burning aerosol (BBA), can
undergo atmospheric processing changing its chemical and optical
properties. We examined the interactions between four lignin
pyrolysis products (catechol, syringol, syringic acid, and vanillic
acid) and three BBA-relevant iron oxide mineral phases (hematite,
maghemite, and magnetite) using attenuated total reflectance-
Fourier transform infrared spectroscopy and dissolved iron
measurements to better understand how atmospheric processing
changes concentrations of soluble iron, iron oxidation state, and
brown carbon abundance. Reductive dissolution was the primary
dissolution mechanism for catechol and syringol, which led to a
substantial amount of iron release (p < 0.05), whereas syringic and vanillic acids had little impact on dissolution. Comparisons with
other BBA relevant compounds highlight the importance of both steric and electronic structures in the reductive dissolution process.
The maghemite and magnetite phases, which are more likely to be present in BBA, released significantly more dissolved iron than
hematite (p < 0.05), emphasizing the need to use BBA relevant iron oxide proxies in laboratory studies. This work provides insight
into observations of iron dissolution and transformation of organics in BBA.
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■ INTRODUCTION
While the air quality has improved in the United States since
the enactment of the Clean Air Act in 1963, wildfires have the
potential to reverse decades of progress in reducing
anthropogenic particulate matter emissions.1,2 Increased wild-
fire events and their determinantal effects on air quality and
human health are not unique to the United States and these
events are only expected to increase in frequency and size
globally as the climate changes.3,4 The emissions from
wildfires, biomass burning aerosol (BBA), have some unique
characteristics compared to other aerosols. In particular, BBA
contains inorganic components, including elements derived
from the crust whose size, morphology, and phase may be
different from those of typical mineral dust sources, such as the
Sahara Desert or eolian emissions from other desert
regions.5−7 BBA also contains several aromatic compounds
that are less prevalent in the polluted troposphere, such as
substituted phenols from lignin pyrolysis.8

Of the crustal elements in BBA, iron is of particular interest,
given both its oxidative/reductive and nutrient properties.
Deposition of aerosols present in wildfire smoke in nutrient-

limited regions of the ocean has been linked to increased
primary productivity, the scale of which cannot be fully
explained.9 Additionally, wildfire particulate matter has been
shown to be more toxic compared to similarly sized aerosol.10

The precise mechanism of wildfire toxicity remains unclear;
however, metals such as iron may contribute to this enhanced
toxicity through the generation of reactive oxygen species.11,12

While morphology5 and acidic processing7,13−16 play a role in
the enhanced solubility of iron in BBA and its corresponding
environmental and health impacts, these factors alone cannot
fully explain the highly soluble nature of iron in BBA.14−19

A majority of iron in BBA comes from the uplift of mineral
dust from the land surface; however, the dust lofted by wildfire
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smoke is not necessarily of identical composition as the dust
lofted by strong winds.20,21 For example, a recent study of
ground ash after a fire at the wildland−urban interface found
that a majority of the iron was present in the minerals
magnetite and maghemite as opposed to more common soil
mineral phases like hematite or goethite.22 Ground ash from
wildfires located away from the wildland−urban interface has
also been shown to contain magnetite and maghemite after
fires,23,24 indicating the possibility of mineral phase changes
during wildfire events. The presence of these less common iron
oxide phases in high abundance may be due to phase changes
resulting from the high temperatures and reducing environ-
ment of wildfires.22 Despite the differences in phase between
the iron oxides in BBA and those in soil, BBA-relevant phases
remain understudied. Studies on how these phases react are
key to developing a better understanding of BBA chemistry.

To date, the majority of laboratory studies of BBA-relevant
systems have used hematite, Arizona Test Dust (AZTD), and/
or dissolved iron (FeCl3) as representative iron minerals.25−29

In the reaction of catechol and guaiacol with Fe(III), the rapid
formation of polymeric products has been observed.25

Importantly, oxygen does not play a role in the polymerization
of lignin pyrolysis products reacting with dissolved Fe(III).30

However, there have been few observations of how BBA-
relevant iron oxide mineral phases, such as magnetite and
maghemite, interact and react with lignin pyrolysis products
such as methoxyphenols.30 The available studies directed
toward understanding the interaction of lignin derivatives at
iron interfaces have shown that lignin derivatives including
hydroquinones, QH2, promote the reductive dissolution of
iron oxides, such as goethite, α-FeOOH, to give reduced iron
and quinones (Q):

2 FeOOH QH 2Fe Q 4OH(s) 2
2+ + ++

(1)

However, these studies may only partially inform our
understanding of BBA given the lower pH regime that occurs
in atmospheric aerosols, which may lead to different iron
reaction pathways.31

To provide insight into iron chemistry in BBA, we
investigated interfacial interactions of four BBA lignin pyrolysis
products (catechol, syringol, syringic acid, and vanillic acid; see

Figure 1 for structures) with three different iron oxide mineral
phases (hematite, maghemite, and magnetite) using attenuated
total reflectance-Fourier transform infrared (ATR-FTIR)
spectroscopy. All four compounds have been detected in
biomass burning emissions, with syringol and syringic acid
potentially serving as tracers for hardwoods and vanillic acid
serving as a possible tracer for softwoods.8 We also measured
iron dissolution under acidic pH conditions to assess the role
of these organic compounds in the dissolution processes under
atmospherically relevant regimes. Overall, these results suggest
that some BBA lignin pyrolysis products can lead to the release
of substantial amounts of dissolved Fe(II) from the iron oxide
mineral phases, which is relevant to our understanding of
wildfire-derived nutrient delivery and utilization in the ocean.

■ EXPERIMENTAL METHODS AND MATERIALS
Materials. Hematite (α-Fe2O3, high purity 99.5+%, 30 nm,

product ID: US3160), maghemite (γ-Fe2O3, high purity, 99.5+
%, 20 nm, product ID: US3200), and magnetite (Fe3O4, high
purity, 99.5+%, 15 to 20 nm, product ID: US3230) were
purchased from US Research Nanomaterials Inc. Iron oxide
mineral phases used in this study were characterized (for
surface area measurements and details regarding acid digestion,
see Table S1; for pXRD, see Figure S1). Magnetite Fe(II)
content was also determined (Figure S2). Additional material/
sample details and data are provided in Supporting
Information Sections S1.1 and 1.2.

The organic compounds used in this study were purchased
from Sigma-Aldrich and used without further purification:
catechol (ReagentPlus, ≥99%), syringol (2,6-dimethoxyphe-
nol, 99%), vanillic acid (HPLC, purum, ≥97.0%), syringic acid
(HPLC, ≥95%), resorcinol (ACS reagent, ≥99.0%), guaiacol
(≥98.0%), and vanillin (ReagentPlus, 99%). Levoglucosan
(>99%) was purchased from TCI. The solution pH was
adjusted using 1 N hydrochloric acid and 1 N sodium
hydroxide (Fisher).

ATR-FTIR Spectroscopy. ATR-FTIR spectroscopy was
used to characterize interactions of the ligands with the three
iron oxide phases. Experiments were carried out at both pH 2
and 7. The ATR-FTIR spectroscopic measurements were
carried out using a Nicolet iS10 FTIR (Thermo-Fisher)

Figure 1. Percent dissolved iron, as determined by the ferrozine method, for each iron oxide mineral phase (loading: 0.5 mg/mL) in the presence
and absence of different lignin pyrolysis products (0.2 mM) after 24 h at pH 2 (HCl). *Below LOQ. Organic structures and pKa are also
shown.42,43
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spectrometer with a mercury cadmium telluride detector
(MCT/A) detector and an Amorphous Material Transmitting
IR Radiation (AMTIR) crystal in a Teflon-coated flow cell
(PIKE Technologies) as previously described.32−35 Briefly, the
hematite and maghemite samples were heated at 220 °C for 12
h, while magnetite was not heated to avoid further oxidation of
the sample (see Supporting Information Section S1.3 for a
discussion of magnetite oxidation upon heating). Deionized
water (1 mL) was added to 5 mg of the iron oxide, and the
sample was sonicated before deposition on the AMTIR crystal
and allowing it to dry overnight. The flow cell cover was then
attached, and pH-adjusted water, either pH 2 or 7, was flowed
over the thin film for 30 min. A pH-adjusted solution of the
ligand (1 mM) was then flowed over the surface for 100 min to
investigate adsorption before pH-adjusted water was flowed
over the surface for 30 to 60 min to investigate desorption.
Throughout this time, spectra were collected every 5 min and
averaged (range: 4000 to 750 cm−1, resolution: 4 cm−1).

Spectra were processed and baseline-corrected using the
OMNIC software, while peak integrations were performed
using Origin. The pH was measured using an Oakton pH 700
probe and calibrated using Fisher Chemical buffers at pH 1.7,
4, 7, and 10. While pH 2 ATR-FTIR experiments remained
within 0.5 pH units, the pH 7 experiments exhibited more
variation in pH but remained within 1.5 pH units.

Aqueous Suspension Experiments. To determine the
extent of iron dissolution, as well as the potential for brown
carbon formation, pH 2 experiments were carried out in 50 mL
polypropylene tubes containing 16 mL solutions (0.2 mM
organic compound and 0.5 mg of iron oxide/mL). While
organic concentrations used in both the aqueous suspension
(0.2 mM) and ATR-FTIR (1 mM) experiments were higher
than those reported in field studies, typically on the order of a
few μM,36,37 higher concentrations were selected to ensure
samples were within ATR-FTIR detection limits and to allow
for comparisons to prior solution phase work.25,29,30,38 Samples

Figure 2. ATR-FTIR spectra for lignin pyrolysis products adsorbed on different iron oxide mineral phases (red: hematite, orange: maghemite, and
brown: magnetite). After 100 min of flowing 1 mM solutions adjusted to either pH 2 (top spectra) or 7 (bottom spectra), adsorption spectra were
collected. The desorption spectra were recorded following 30 to 60 min of flowing pH-adjusted water over the different iron oxide phases. Assigned
and hypothesized surface complexes are shown at the top of each column.

ACS Earth and Space Chemistry http://pubs.acs.org/journal/aesccq Article

https://doi.org/10.1021/acsearthspacechem.4c00212
ACS Earth Space Chem. 2024, 8, 2463−2473

2465

https://pubs.acs.org/doi/suppl/10.1021/acsearthspacechem.4c00212/suppl_file/sp4c00212_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsearthspacechem.4c00212?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsearthspacechem.4c00212?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsearthspacechem.4c00212?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsearthspacechem.4c00212?fig=fig2&ref=pdf
http://pubs.acs.org/journal/aesccq?ref=pdf
https://doi.org/10.1021/acsearthspacechem.4c00212?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


were exposed to ambient air during preparation, and the large
headspace of the tubes was chosen to ensure that samples were
not oxygen-limited. Reactors were rotated end over end using a
Cole−Parmer Roto-Torque heavy duty rotator at 23 rpm for
24 h in the dark before syringe filtering (Acrodisc 25 mm, 0.2
μm Supor membrane). The pH of all samples remained within
0.1 units from the initial value. UV−vis traces were collected
for the filtered solution.

Fe(II) and total dissolved iron analysis were carried out
using a modified Ferrozine-based colorimetric method as
described in Viollier et al.39 Briefly, 0.1 M ammonium acetate
buffer and a buffered 0.01 M ferrozine solution were added to
the sample, absorbance was measured, and Fe(II) determi-
nation was performed before the sample was reduced with 1.4
M hydroxylamine hydrochloride for 10 min at which point a
10 M ammonium acetate buffer (adjusted to pH 9.5) was
added and the absorbance was measured again, as well as
Fe(III) determination. A correction was carried to account for
Fe(III) interference in the Fe(II) measurement. UV−vis
measurements were carried out on a Cary 5000 UV−vis−
NIR Spectrophotometer. Ferrozine (97%), ammonium acetate
(99.99+%, Metals Basis), hydroxylamine hydrochloride
(99.999% metals basis), hydrochloric acid (TraceMetal
Grade, Fisher), and ammonium hydroxide (28% NH3 in
water, ≥99.99% Metals Basis) were purchased from Sigma-
Aldrich. The 0.1 M ammonium acetate buffer was added to
each sample directly before analysis to ensure that samples
were within the pH range for the analysis (pH 4 to 9).39

Calibration curves were prepared daily using a stock solution
of Fe(III) chloride (sublimed grade, ≥99.9% trace metals
basis) in a 0.01 N HCl solution. Iron content (68% α-Fe2O3,
71% γ-Fe2O3, 66% Fe3O4) determined during the acid
digestion was used to calculate the percent dissolved iron
(eq 2):

Lmeasured Fe (0.016 )(55.845 g/mol)
(g iron oxide)(percent iron content of oxide)

100

percent dissolved iron

[ ]
×

= (2)

For catechol, syringol, syringic acid, and vanillic acid, ATR-
FTIR measurements were carried out at both pH 2 and 7 on all
three iron oxide surfaces and batch reactor experiments were
conducted with all three iron oxides at pH 2. For resorcinol,
guaiacol, vanillin, and levoglucosan, ATR-FTIR experiments
were only carried out on maghemite surfaces at pH 2 and
batch reactor experiments were only conducted with
maghemite at pH 2. Aside from the use of strong acids in
the digestion of the nanoparticles, no unusually high safety
hazards were encountered.

■ RESULTS AND DISCUSSION
Dissolution Measurements. Dissolution experiments

conducted under acidic conditions indicated that even in the
absence of ligands, maghemite and magnetite released
significantly more dissolved iron than hematite (Figure 1).
Although it is well known that maghemite and magnetite are
much more soluble than hematite,40,41 these data nonetheless
highlight the importance of using BBA-relevant iron oxide
mineral phases in laboratory experiments to provide a more
accurate understanding of ash dissolution in the natural
environment.

Relative to the values observed in acidified water, there was a
significant increase (n = 3, p < 0.05) in dissolved iron for
solutions containing catechol and syringol. The observation
that Fe(II) is the predominant iron oxidation state for
catechol, syringol, and syringic acid illustrates that the presence
of BBA-relevant ligands results in higher levels of biologically
available iron.

ATR-FTIR Experiments. ATR-FTIR spectra collected for
the different lignin pyrolysis products adsorbed on the three
iron oxide phases at pH 2 and pH 7 showed that all four
compounds formed complexes on the iron oxide surfaces;
however, the intensity of the interactions and the nature of the
surface species varied as discussed below (Figure 2).

The precise structure of syringol surface complexes and
reductive dissolution is uncertain.31 Krumina et al. observed
the reaction of a structurally similar compound, 2,6-dimethoxy
hydroquinone, at the goethite−water interface and concluded

Figure 3. Normalized integrated peak areas for syringol (1277 cm−1), catechol (1480 cm−1), syringic acid (1116 cm−1), and vanillic acid (1289
cm−1) plotted as a function of experiment time. Peak area is normalized to the area at 100 min. After 100 min, pH-adjusted water (top: pH 2,
bottom: pH 7) was flowed through the cell (dotted line). Peak integrations for syringic acid on magnetite under pH 7 conditions are not shown,
given the lack of a clear trend.
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that 2,6-dimethoxy hydroquinone, the semiquinone product,
or another reaction product adsorbed onto the surface but that
the product of reductive dissolution did not.44 Based on the
formation of an irreversibly adsorbed syringol complex
observed in our experiments, we posit that syringol experiences
a similar interaction with the surface as 2,6-dimethoxy
hydroquinone, possibly forming a surface complex through
the phenol group and a weak association with the ortho
methoxy group, as evidenced by the bands at 1277 and 1259
cm−1 in Figure 2a−d (for complete frequency assignment, see
Figure S3e,f and Table S2). This surface complex persisted
throughout the desorption period, as suggested by peak
integration data (Figure 3).

The formation of a surface complex was supported by the
release of dissolved Fe (II), which is consistent with the
reductive dissolution (Figure 1). Furthermore, the syringol
dimer, which forms in the reaction of syringol with Fe (III),
was detected in the aqueous experiments, as evidenced by the
band at 470 nm, providing further evidence for reductive
dissolution (Figure 4).29

Catechol formed a bidentate binuclear complex on the
surface as evidenced by the peaks 1480 and 1259 cm−1 for all
three iron oxide phases (Figure 2e−h). Prior spectroscopic and
computational work has clearly showed that this type of
coordination to these surfaces is favored.45,46 A monodentate

mononuclear complex formed on the hematite surface with
absorptions at 1542, 1393, and 1276 cm−1 (for complete
frequency assignment, see Figure S3a,b and Table S3).47−49

The formation of the monodentate mononuclear complex was
unique to hematite possibly due to the smaller surface area of
the hematite nanoparticles relative to the surface area of
maghemite and magnetite nanoparticles (for comparisons of
surface complexes as a function of concentration on all three
oxide surfaces, see Figure S4). These surface complexes
persisted on the surface during desorption (Figure 3).
Catechol experienced a stronger interaction with the surface
at pH 7, illustrated by an increase in peak intensity, in
agreement with Situm et al. (2016) (Figure 2g,h).45

The strong interaction of catechol with the surface was
associated with reductive dissolution, which was evident in the
release of high concentrations of Fe(II) from the surface, and
has previously been shown to occur for goethite-phenolic
systems.31

The syringol and catechol complexes were similar at both
pH values of 2 and 7. However, catechol did not form
monodentate mononuclear complexes at pH 7, while syringol
appeared to form some sort of product on the hematite surface
during the desorption process (as evidenced by a broad peak at
1500 cm−1). It was difficult to determine if the 1500 cm−1 peak

Figure 4. UV−vis spectra of the filtered batch reactors after 24 h of reaction at pH 2 with maghemite. Reactions were carried out at 0.2 mM and
diluted to 0.05 mM organic concentration for spectra collection; note the change in scales for benzoic, syringic, and vanillic acids. Only the reaction
of syringol leads to the formation of soluble brown carbon (peak centered around 470 nm).
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is evidence of a new product or related to the change in
refractive index upon flowing water into the cell.

In contrast to the catechol and syringol surface complexes,
the syringic and vanillic acids formed reversibly adsorbed
surface complexes that were strongly pH-dependent (Figure
2i−p). At pH 2, the surfaces were fully protonated and
positively charged, while at pH 7, they were deprotonated and
neutrally or negatively charged.41 Syringic acid (pKa: 4.34) and
vanillic acid (pKa: 4.42) were protonated at pH 2 and
deprotonated at pH 7.42 At pH 2, the neutral syringic and
vanillic acids experienced some interaction with the surface,
likely hydrogen bonding given the weak, reversible nature of
the interaction (Figure 3).35 The peaks at 1399 (hematite) and
1393 cm−1 (maghemite and magnetite) are characteristic
symmetric stretching vibration from the carboxylate group (vs
C−O) (for complete frequency assignment, see Figure S3c,d,g,h
and Table S4) which suggests that the carboxylic acid group
becomes deprotonated and hydrogen-bonds with the proto-
nated surface.50,51 At pH 7, there was little interaction between
the acids and the iron oxide surfaces, and the carboxylate mode
is weaker or absent, suggesting that there were no surface sites
available for the acids to bind to, given that at higher pH, the
surface is increasingly deprotonated.

The weaker surface interactions for both acids were further
supported by the dissolved iron data. Syringic and vanillic acids
lead to less dissolved iron at pH 2 than catechol and syringol.
Additional experiments tracking dissolved iron release as a
function of concentration indicated a significant (n = 3, p <
0.05) increase in total dissolved iron concentrations with a
concentration increase from 0.05 to 0.5 mM for catechol and
syringol but not for syringic or vanillic acids (Figure S5).
Although all the iron present in the syringic acid experiments
consisted of Fe(II) and some of the iron in the vanillic acid
experiments was Fe(II) (30 to 50%), there was not a
significant increase in total dissolved iron, leading us to
speculate that the Fe(II) was reduced once released into the
aqueous phase. The lack of a significant increase in total iron
suggests that the proton-mediated dissolution was stronger
than the ligand-mediated dissolution for both syringic and
vanillic acids.

Variations in Surface Complexes on Magnetite
Surfaces. Each ligand formed similar surface complexes on
all three iron oxides; however, magnetite surfaces exhibited
several peaks that were weaker or not present on the other iron
oxides. For example, a negative peak observed in the
magnetite−syringol sample was likely due to carbonate
modes as the surface dissolved.52 Sharp peaks were also
observed for syringol on magnetite at 1627 and 1613 cm−1.
While these syringol peaks appeared in the maghemite
experiments on magnetite, they were broader than those
observed for maghemite, which could be due to the formation
of additional products. However, many of the frequencies
observed for magnetite in the 1700 to 1600 cm−1 region were
challenging to assign and interpret with certainty due to the
overlap with the water bending mode at approximately 1640
cm−1.53

Magnetite and maghemite are isostructural; therefore, any
differences in the surface species observed in the ATR
experiments would likely be due to differences in the iron
oxidation state in the minerals. The magnetite used in this
study was partially oxidized (i.e., it contained approximately
14% Fe(II), but it still contained Fe(II) in the crystal lattice).
To determine if the peaks were due to the presence of Fe(II)

or an impurity, the magnetite sample was heated in an oven
(220 °C) for 12 h fully oxidizing the sample. ATR-FTIR
experiments were carried out with this oxidized sample. The
spectra of the oxidized sample were similar to those of the
unoxidized sample, with the major difference being the
carbonate mode (Figure S6).

It is possible for substituted aromatics to undergo reactions
other than reductive dissolution at the iron interface. Krumina
et al. observed the catalytic oxidation of 2,6-dimethoxy
hydroquinone on goethite surfaces (eq 3) to produce a
quinone and hydrogen peroxide:44

QH O Q H O2 2
catalyst

2 2+ + (3)

However, we do not think that syringol undergoes a catalytic
reaction under the experimental conditions. Enhanced levels of
total dissolved iron and Fe(II) in dissolution experiments
suggest that syringol promoted reductive dissolution, leading
us to hypothesize that syringol does not have sufficient
electron density to undergo a catalytic reaction. However,
more work is needed with probe molecules to determine if this
type of catalytic reaction can occur.54

Soluble Brown Carbon Formation. Formation of
soluble, light absorbing species (i.e., brown carbon),
determined by the appearance of new peaks in the visible
region (400−700 nm),55 was only observed at 24 h in the
reaction of syringol with the three iron oxides (Figure 4; for
spectra with all three iron oxides, see Figure S7). Tracking
reactions to 48 h showed that while the reaction was not at
equilibrium at 24 h, dissolved iron concentrations continued to
increase (for a plot of dissolved iron as a function of time, see
Figure S8), more soluble brown carbon was not formed (for
UV−vis spectra, Figure S9). The peak around 470 nm is
indicative of the syringol dimer observed in previous
studies.29,30 Light-absorbing products reported in other studies
after 24 h for catechol (Slikboer et al. (2015): 1.96 mM
FeCl3(aq) and 0.98 mM catechol, pH 3; Li et al. (2023): 0.4
mM FeCl3(aq) and 0.2 mM catechol, pH 3) and guaiacol
(Slikboer et al. (2015): 1 mM FeCl3(aq) and 0.5 mM guaiacol,
pH 3; Li et al. (2023): 0.4 mM FeCl3(aq) and 0.2 mM guaiacol,
pH 3) were not observed in this study.30 In comparing this
work to prior studies, it should be noted that in addition to the
presence of surfaces, dissolved iron concentrations here are a
factor of 3 to 15 times lower depending on the iron oxide.
Additionally, the collected UV−vis traces characterize only the
soluble brown carbon, as they were collected after filtering,
which was not carried out in all prior studies. It is hypothesized
that any brown carbon that formed underwent polymerization
and that these larger, possibly more hydrophobic polymers
then partitioned to the iron oxide surface or agglomerated to
form particles themselves, given that catechol, syringol, and
guaiacol are known to form insoluble products.25,27,29,30 Future
studies that focused on the transformation of the organic
fraction using mass spectrometry would be insightful for
developing a more complete understanding of the mechanism,
but our results suggest that under more iron limited conditions
and in the presence of surfaces, less brown carbon remains in
the aqueous phase.

Competitive Adsorption for Ligand Mixtures. To test
the potential for synergistic or competitive adsorption effects,
we investigated the reactivity for a mixture of all four ligands
(0.2 mM total ligand concentration in equal abundance for
batch reactors, 1 mM total for ATR-FTIR experiments).
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Syringic and vanillic acids dominate the hematite spectrum at
pH 2; however, for the maghemite and magnetite, the spectra
exhibited a strong signal from catechol and the aromatic acids

at pH 2 (Figure 5). Alone, the acids exhibited a stronger signal
on the hematite surface relative to the other iron oxides
(Figure 2). The observed differences between bonding on the

Figure 5. Top: ATR-FTIR spectra showing adsorption and 100 min of flowing 1 mM total ligand (0.05 mM catechol, syringol, syringic acid, and
vanillic acid) solution over a maghemite surface at pH 2 (left) and pH 7 (right). Bottom: desorption after 60 min of flowing pH-adjusted water at
pH 2 and 7, respectively. Highlighted regions indicate peak assignments.

Figure 6. Percent dissolved iron after 24 h of reacting maghemite with various BBA tracer species (0.2 mM) at pH 2. Mixture indicates a sample
with 0.05 mM catechol, syringol, syringic acid, and vanillic acid (0.2 mM ligand total). Vanillin Fe(II) concentrations were below LOQ.
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hematite phase versus that on maghemite and magnetite
phases may arise from differences in the surface electronic
structure due to metal−ligand charge transfer or other bonding
effects; further study of the role of crystal facets is needed to
resolve this issue.56

Despite the presence of the aromatic acids at the interface,
reductive dissolution still occurred for all three iron oxides
investigated here, leading to higher concentrations of dissolved
iron and Fe(II) (for a comparison of the mixture with catechol,
see Figure S10). Additionally, there was evidence at 470 nm
that the syringol dimer formed, which suggests that syringol
still reacted at the interface (for UV−vis spectra, see Figure
S11). ATR-FTIR experiments with the mixture at pH 7
showed that catechol was the main ligand at the surface, which
further emphasizes the electrostatic nature of the interactions
and the importance of surface speciation and available binding
sites. These competitive experiments indicate that reductive
dissolution of these iron oxide phases by catechol and syringol
can still occur in the presence of other compounds that exhibit
high affinities for the surface.

Iron Dissolution for Other Substituted Aromatic
Compounds and BBA-Relevant Ligands. To further
understand how these substituted aromatic compounds
impacted reductive dissolution, we investigated iron release
from maghemite with several structurally similar ligands as well
as other BBA relevant ligands (Figure 6).

Sufficient electron density at the phenol group was key to
the formation of a surface complex and reductive dissolution to
occur. When comparing the isomers catechol and resorcinol,
resorcinol did not influence dissolved iron levels or lead to the
reduction of iron, unlike catechol, nor did resorcinol form a
surface complex (for ATR-FTIR spectra of all compounds in
Figure 6 at pH 2 in the presence of a maghemite surface, see
Figure S12; for a complete summary of all additional
compounds, see Table S5). We hypothesize that the lack of
a surface complex and reductive dissolution can be explained
by a decreased electron density at the phenolic group of
resorcinol. In a comparison of the isomers catechol, resorcinol,
and hydroquinone at pH 3.8, LaKind and Stone showed that
the rate of reductive dissolution for the three compounds,
which goes as catechol ≈ hydroquinone > resorcinol, could be
explained by the resonance structures of the three com-
pounds.31 While only catechol and resorcinol are BBA-
relevant, the comparison with hydroquinone highlights the
importance of ring functional groups even if they do not
participate in surface complexation.

We further hypothesize that the lack of electron density can
also explain the limited reductive dissolution in the presence of
guaiacol and the lack of surface complex formation. Guaiacol
did not interact with the iron oxide surface or lead to the same
enhancement in dissolved iron levels as catechol and syringol
despite having similar Lewis base ortho functionality.57 Given
the structural similarities between guaiacol and syringol but
their different dissolution and complexation behaviors, we
hypothesize that the second methoxy group of syringol was key
to enabling reductive dissolution by increasing the electron
density. The addition of electron withdrawing groups to the
guaiacol structure, in the cases of vanillic acid and vanillin,
further decreased the electron density and led to less reductive
dissolution. The addition of an electron withdrawing group
also explains the decrease in iron reduction when comparing
syringol to syringic acid. Both vanillic and syringic acids have
reduced reactivity relative to guaiacol and syringol and begin to

behave more like benzoic acid, which does not promote
reductive dissolution.

Proxies for electron density, such as pKa, however, do not
always accurately predict the reactivity of these compounds at
the interface. Aqueous phase studies also cannot accurately
predict reactions at the iron oxide interface. A recent study
observed a higher polymeric yield for guaiacol compared to
catechol during reactions with dissolved iron, FeCl3, suggesting
that guaiacol was more reactive than catechol in the aqueous
phase.30 However, we found that guaiacol resulted in less
dissolved iron in the presence of iron oxides than catechol,
suggesting that guaiacol was less reactive at the iron oxide
interface. Computational studies would be useful for accurately
predicting the behavior of lignin pyrolysis products at the iron
oxide interface.

Lastly, comparing these lignin pyrolysis products to
levoglucosan, a BBA tracer species and cellulose combustion
product,58 demonstrates the different behavior of the two
classes of biopolymer combustion products.

Environmental Significance. The reactions of lignin
pyrolysis products with dissolved iron have been well studied
with respect to the roles of functional groups, pH, and
dissolved oxygen in polymer yield.28,30,59,60 However, most
iron within BBA is associated with solid iron oxide phases,
which behave in a much different manner due to the influence
of the crystal surface on the interactions between the ligand
and the metal.14,61 Furthermore, prior studies of these
interactions with organic ligands focused on mineral phases
that are not prevalent in BBA, such as goethite.27,31 By
studying BBA organic ligands on iron oxides under conditions
that are atmospherically relevant (e.g., acidic conditions), we
have found that the tendency of ligands to form surface
complexes was the key indicator of the likelihood of dissolved
iron release. Among the ligands studied, catechol and syringol
both formed irreversibly bound surface complexes, which lead
to reductive dissolution and higher concentrations of dissolved,
biologically available iron for the BBA iron mineral phases.
Recent modeling work has demonstrated that soluble
substituted phenols, like syringol, can efficiently partition
into aqueous droplets where this kind of chemistry can
occur.62 Other ligands, such as vanillic acid and levoglucosan,
had little effect. Although catechol and syringol concentrations
in BBA may be lower than those studied here,36 lignin
pyrolysis products with structures similar to catechol and
syringol may explain the enhanced levels of dissolved iron
observed in BBA, provided that they have sufficient electron
density. Future research could focus on developing computa-
tional models to predict the reactivity on iron oxide surfaces.
Such models could assist in determining the abundance of
bioavailable iron released during atmospheric processing of
BBA and thus the corresponding environmental impact.
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