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ABSTRACT: Oxalate and sulfate are ubiquitous components of
ambient aerosols with a high complexation affinity to iron.
However, their effect on iron-driven secondary brown carbon
formation in solution from soluble aromatic and aliphatic reagents
was not studied. We report masses and hydrodynamic particle sizes
of insoluble particles formed from the dark aqueous phase reaction
of catechol, guaiacol, fumaric, and muconic acids with Fe(III) in the
presence of oxalate or sulfate. Results show that oxalate decreases
particle yield in solution from the reaction of Fe(III), with a
stronger effect for guaiacol than catechol. For both compounds, the
addition of sulfate results in the formation of more polydisperse
(0.1−5 μm) and heavier particles than those from control experiments. Reactions with fumaric and muconic acids show that
oxalate (not sulfate) and pH are determining factors in the efficiency of particle formation in solution. Polymerization reactions
occur readily in the presence of sulfate in solution producing particles with iron-coordinated and/or pore-trapped sulfate anions.
The addition of oxalate to the reactions of Fe(III) with all organics, except guaiacol, produced fewer and larger polymeric
particles (>0.5 μm). These results imply that even in the presence of competing ligands, the formation of insoluble and colored
particles from soluble organic precursors still dominates over the formation of soluble iron complexes.

■ INTRODUCTION

The formation of atmospheric particulate matter from
precursor gases is an active area of research. Our understanding
of secondary organic aerosol (SOA) formation1−4 that is being
incorporated in global climate models5 is based on processes
that include atmospheric oxidation of volatile organic
compounds (VOCs) from biogenic and anthropogenic
sources, gas-particle partitioning, and multiphase/heteroge-
neous reactions. Chemical and photochemical aging processes
that take place following the initial SOA formation may
produce light-absorbing soluble and insoluble components
collectively known as “brown carbon”.6 Despite the high level
of activity in this research area, the role of transition metals
such as iron in the formation and aging of SOA and brown
carbon in the aqueous phase, such as cloud/fog droplets and
deliquesced aerosol particles, is still poorly known.7 Various
iron compounds have been identified in mineral dust, fly ash,
and marine aerosols.8−12 During long-range transport, the
fraction of soluble iron in particles is enhanced due to uptake
of acidic gases12−15 and dissolved organic matter.16 In
addition, cycling between wet aerosols, characterized by highly
acidic conditions, and cloud droplets, characterized by more
pH-neutral conditions, affects the concentration of soluble iron
in the particles.14,17−20

Soluble iron is known to catalyze a number of redox and
photochemical reactions that change the inorganic and organic

composition of atmospheric particles. For example, Fe(II)/
Fe(III) species are well-known to catalyze the formation of
sulfate species, hydroxyl, and organic peroxy radicals via
Fenton and photo Fenton chemistry.7 The mechanisms of
particle phase reactions involving Fe(II)/Fe(III) depend on
aerosol pH and liquid water content.21,22 In addition, certain
organic ligands can affect the reaction mechanisms or directly
participate in redox chemistry.23,24 For example, biomass
burning processes produce phenolic compounds,6 which are
known to complex to Fe efficiently and may therefore affect its
chemistry in iron-containing particles. Aged SOA particles
containing water-soluble dicarboxylic acids may also come in
contact with processed iron-containing aerosols during long-
range transport.25 These interactions will not only change the
mixing state of the aerosol, but soluble iron will catalyze
reactions that change the chemical composition and size of
these particles. The investigation of bulk phase reactions
between soluble iron species and water-soluble organic
compounds is relevant to our understanding of aerosol aging
processes, as well as processes occurring in cloud and fog
droplets.
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We recently reported that Fe(III) in aqueous solution leads
to the formation of secondary brown carbon via oxidative
polymerization of water-soluble polyphenols and metal-
catalyzed polymerization of water-soluble dicarboxylic acids
in the pH range 3−5.23,24 The light absorption by the
polyphenolic polymers (polycatechol and polyguaiacol) arises
from the conjugated aromatic network.23 Ligand-to-metal-
charge transfer (LMCT) explains the browning of iron-
coordinated organometallic polymers (Fe-polyfumarate and
Fe-polymuconate).24 Despite the difference in the mechanism
of light absorption and the presence of Fe in Fe-polyfumarate
and Fe-polymuconate, we will refer to both types of polymer as
different examples of brown carbon. These aqueous phase
reactions with Fe(III) were studied under high solute to
solvent ratio to mimic reactions in adsorbed water.23 Also, the
pH range in our experiments matches that of ambient aerosols
collected in field campaigns such as MILAGRO and the China-
Haze event.21,26 In the course of this work, polycatechol and
polyguaiacol were found to be insoluble at neutral and acidic
pH. At basic pH (∼12−13), polyguaiacol became soluble.
Iron-coordinated organometallic polymers were found to be
insoluble regardless of pH. The poor solubility of these
materials distinguishes them from oligomeric compounds
formed during VOC oxidation and SOA aging, which are
largely water-soluble.27

Oxalate and sulfate are ubiquitous components of ambient
aerosols with a high complexation affinity to iron. The work by
Kundu et al. on biomass burning aerosols showed that 77% of
oxalic acid is formed from degradation of dicarboxylic acids
and related compounds and 23% are likely directly emitted or
chemically produced from other unknown precursors.28 Other
well-studied mechanisms of oxalate formation in atmospheric
aqueous particles are the oxidations of glyoxal and methyl-
glyoxal.29 Recently, Zhang et al. reported results from field
measurements showing enhanced formation of oxalate
associated with Fe-containing particles.30 They attributed this
observation to complexation of oxalate to iron following gas-
particle partitioning of oxalic acid. In general, aqueous phase
oxalate is the most effective organic compound among the
known atmospheric organic binding ligands that promotes dust
iron solubility.31 Sulfate is one of the most abundant inorganic
components in aerosols that is mainly formed from aqueous
phase oxidation of SO2, a process that is often catalyzed by
soluble iron.32 Sulfate is routinely measured and incorporated
in thermodynamic models that calculate aerosol pH.33 Yu et al.
reported a correlation between the sulfate and oxalate contents
in particles and suggested a dominant in-cloud processing
pathway to explain the close tracking of both species.34

Nonsea-salt sulfate (nss SO4
2−) from anthropogenic sources

was also reported to largely control the formation of water-
soluble SOA dominated by oxalate via aqueous phase
photochemical reactions.35

Our previous experiments focused on aqueous phase
reactions between Fe(III) and catechol, guaiacol, fumaric
acid, and muconic acid in solutions that did not contain oxalate
or sulfate. The objective of this study is to investigate the
competing effects of the additions of oxalate and sulfate on the
efficiency of insoluble particle formation from the dark
aqueous phase reaction of iron with the same organic reagents.
Specifically, we quantified the mass of insoluble products as a
function of pH and concentrations of oxalate and sulfate.
Average hydrodynamic particle size was studied in situ using
dynamic light scattering (DLS). The results were compared to

those in control solutions with no added oxalate or sulfate. The
implications of these investigations are discussed in the context
of new pathways for insoluble SOA and brown carbon
formation in solution driven by soluble iron species and the
factors that affect the efficiency of these pathways.

■ MATERIALS AND METHODS

Chemicals. All chemicals were used as received without
further purification. More details on the sources, purity, and
description of solution preparations are provided in the
Supporting Information (SI).

Product Mass Experiments. Particles that formed in 20
mL of solution after a 2 h reaction between FeCl3 and organic
reagents in the absence and presence of oxalate and sulfate
were collected on preweighed nylon membrane filters (0.2 μm
pore size, 25 mm dia., EMD), and the filters were dried and
weighed. To investigate the effect of iron speciation shown in
Figure S1 on particle formation in solution, two experimental
methods were performed. In method 1, the organic reagent was
first mixed with either oxalate or sulfate for a few minutes, then
the reaction was started by the addition of FeCl3 solution. In
method 2, either oxalate or sulfate was mixed with the FeCl3
solution for 2 h, then the organic reagent was added for an
additional 2 h. Method 1 explores the reactivity of the iron
hydroxide species dominant at pH 3 and 5 with the organic
ligands in solution, whereas method 2 examines the reactivity of
soluble iron oxalate and iron sulfate with the soluble organic
precursors used herein. While we observed particle formation
at shorter times (as low as 1 min),23,24 the 2 h reaction time
was chosen to achieve a measurable mass of the precipitate and
to ensure consistency with our previous work. More details are
provided in the SI.

Chromatography Experiments. HPLC experiments were
performed to quantify the concentration of the soluble organic
reagents before and after reaction with FeCl3, in the absence
and presence of oxalate and sulfate. In addition, ion
chromatography was used to quantify the consumption of
sulfate in the formation of polycatechol particles from catechol
solutions containing sulfate. More details are provided in the
SI.

Dynamic Light Scattering (DLS) Experiments. To
monitor the insoluble particle growth in solution as a function
of time, DLS experiments were performed on reaction
solutions prepared according to method 1 or 2. The
concentrations used were an order of magnitude smaller than
those used for product mass experiments in order to match the
dynamic range of the DLS instrument. The reaction took place
in a 1 cm disposable cuvette, and the data were collected using
a Malvern Zetasizer Nano (ZEN3600). More details are
provided in the SI.

Particle Characterization. Solid particles were charac-
terized for the organic functional groups and thermal
properties using attenuated total reflection Fourier transform
infrared spectroscopy (ATR-FTIR) and thermogravimetric
analysis/differential scanning calorimetry (TGA/DSC), re-
spectively. More details are provided in the SI.

■ RESULTS AND DISCUSSION

1. Effect of Oxalate and Sulfate on Product Mass. The
mass values of the insoluble particles produced after 2 h
reactions of catechol, guaiacol, fumarate, and muconate with
FeCl3 in the presence of oxalate (Ox) and ammonium sulfate
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(AS) is shown in Figure 1. The produced mass values are
plotted as a function of method and pH for the 2:1:1 Fe/
organic/Ox or AS. The product mass for the control reactions
(no added oxalate or sulfate) is also shown (dashed lines)
using a 2:1 Fe/organic reagent under the same experimental
conditions. In most cases, the resulting product mass is within
the same order of magnitude; however, there are subtle
differences based on pH and the method of particle formation
in solution. Figure 2 shows how the mass of the insoluble
particles depends on the molar ratios between Fe, organic
reagent (catechol, guaiacol, fumarate, and muconate), and
ligand (oxalate or sulfate) in method 1 experiments. The
protonation states of the organic reagents at a given pH can be
inferred from their pKa values. The following sections describe
results obtained using the aromatic reagents and aliphatic
dicarboxylic acids.
1a. Reactions of Fe(III) with Catechol and Guaiacol.

Catechol (pKa 9.3 and 12.6 for the first and second ionization
steps)36 and guaiacol (pKa 9.9)

37 were reacted with FeCl3 in
the absence and presence of added oxalate and sulfate. The
reaction was carried out at pH 3 for consistency with our
earlier work.23 Figure 2a−d shows the insoluble product mass
for different molar ratios of each chemical in solution. Mass
yields are ∼50% for catechol and 60% for guaiacol relative to
the initial masses of the organics in the starting solution. On
average, the maximal yields are observed at the 2:1:1 Fe/
organic/Ox or AS molar ratios (the data chosen for Figure 1).
Figure S2a,b shows representative photographs of filters
containing polycatechol and polyguaiacol from reactions in

the presence of oxalate. The yields drop when the ratio
deviates from this optimal value in either direction.
The data in Figures 1 and 2 show that oxalate suppressed

particle formation from catechol and guaiacol in solution at pH
3 to a larger extent than sulfate, regardless of whether method 1
or 2 was used. The data also show a larger reduction in particle
mass with guaiacol than with catechol. Particle formation in
solution from catechol in the presence of iron and dissolved
oxygen under acidic conditions occurs via oxidative polymer-
ization that involves multiple steps initiated by the complex-
ation to Fe(III) (Scheme S1).23,38 At pH 3, the dominant
species of FeCl3(aq) is FeOH2+ (Figure S1a) and that of
oxalate is HC2O4

− (pKa1 < pH < pKa2). Hence, catechol as a
ligand competes with HC2O4

− for binding to FeOH2+. The
logarithms of complexation constants, log K, for these
reactions are 9.9 and 6.9 (refer to the SI section, reactions
S17 and S18), which reflect thermodynamic favorability for the
formation of Fe(C6O2H4)

+ and Fe(C2O4)
+, respectively. While

catechol is fully protonated at pH 3 (and 5), it is known that
iron promotes the deprotonation of polyphenols under acidic
conditions forming hydrogen catecholate, H(C6O2H4)

−.39 The
higher log K value for the H(C6O2H4)

− complexation to
FeOH2+ explains why the product mass is identical to the
control value when both catechol and oxalate are present in
equimolar amounts at pH 3 (Figure 2a). When HC2O4

− and
FeOH2+ reacted first for 2 h according to method 2 at pH 3
(Figure 1a), the product mass was slightly lower than that in
Figure 2a when catechol was added with equimolar quantities
to oxalate. In this case, favorable ligand exchange between
H(C6O2H4)

− and Fe(C2O4)
+ complexes occurs according to

Figure 1. Effect of pH and method on the product mass after 2 h reaction between catechol, guaiacol, fumarate (FA), and muconate (MA) and
FeCl3 in the absence and presence of oxalate (Ox) and ammonium sulfate (AS). The concentration of the organic precursor is 1 mM. The dashed
lines in the graphs correspond to product mass from control experiments using 2:1 (67.7:33.3% mol/mol) Fe/organic precursor. Error bars
represent the average of 2−3 repeated measurements.
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reaction S19 with log K = 3. However, when oxalate is present
in excess relative to catechol (left side of 2:1:1 Fe/catechol/Ox
molar ratio, Figure 2a), the formation of particles in solution is
suppressed. This suppression is explained by the predominance
of soluble iron oxalate complexes, Fe(C2O4)2

− and Fe-
(C2O4)3

3− (Figure S1b,c and reactions S20 and S21). The
log K values for the formation of both complexes equals 8.9,
which is much higher than that for the ligand exchange
between H(C6O2H4)

− and Fe(C2O4)2
− or Fe(C2O4)3

3− (log K
= 1, reactions S22 and S23). Particle mass is also lower in the
1:1:1 Fe/catechol/Ox molar ratio (right side of 2:1:1, Figure
2a). This observation is explained by the reduction in the rate
of the oxidation polymerization reaction when iron is the

limiting reagent relative to catechol as we have shown
previously.23

In the case of sulfate, the log K value for the formation of
soluble iron sulfate, Fe(SO4)

+, 6.3 (reaction S15), is lower than
that for Fe(C6O2H4)

+ (9.9, reaction S17). These log K values
explain the trend in product mass in Figure 2b according to
method 1, where the addition of sulfate had no effect on
particle formation in solution because FeOH2+ are still the
dominant species in solution (Figure S1d). Under excess sulfate,
an increase in the concentration of Fe(SO4)

+ relative to
FeOH2+ species is observed at pH 3 (Figure S1e). Data in
Figure 1a show that the product mass is nearly doubled when
the reaction resulting in the 2:1:1 Fe/catechol/AS molar ratio
is carried out at pH 3 according to method 2 (i.e., catecholate

Figure 2. Effect of adding oxalate (Ox, left) and ammonium sulfate (AS, right) on product mass after 2 h dark aqueous phase reaction of 1 mM
catechol, guaiacol, fumarate (FA), and muconate (MA) with FeCl3 (total volume = 20 mL) according to method 1. The error bars represent the
standard deviation (±σ) from averaging 3−4 filter weight values. The horizontal dashed line is the product mass for the control reaction (no added
oxalate or sulfate).
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reacts with iron sulfate complexes). Ligand exchange between
catecholate and iron sulfate complexes according to reaction
S24 is favorable with log K = 3.6. Yet, IC analysis show a 34%
reduction in the solution concentration of sulfate following
polycatechol formation in solution according to method 2. This
observation is interpreted in the following sections as the
trapping of sulfate within the insoluble paticles, in light of the
results from the DLS measurements and particle character-
ization using ATR-FTIR and TGA/DSC.
To look at the effect of pH on polycatechol formation in

solution, the product mass data for catechol in Figure 1a at pH
5 show a slightly higher product mass in the control
experiments than that at pH 3 for the 2:1 Fe/catechol molar
ratio. At pH 5, the dominant Fe(III) species is Fe(OH)2

+

(Figure S1a).7 This result is likely due to the higher
thermodynamic favorability of soluble complex formation
between catecholate and Fe(OH)2

+ species at pH 5 compared
to pH 3 (reaction S25 with log K value of 13.7 compared to 9.9
for reaction S17). Within the uncertainty of the measurements,
the addition of oxalate in equimolar quantities to catechol,
whether according to method 1 or 2, does not affect the
product mass. The log K value for the formation of soluble iron
catecholate complexes is 13.7 (reaction S25), which is lower
than that for the formation of soluble iron oxalate (15 in
reaction S26). Hence, the formation of soluble iron oxalate
complexes is thermodynamically more favorable than that of
iron catecholate. Since particles still form using equimolar
quantities of oxalate and catechol, this suggests that catecholate
binds to the iron oxalate complex by an exchange with water
ligands to form an iron oxalate catecholate complex, Fe-
(C2O4)(C6O2H4)

− (see Scheme S2). This complex can form
the o-quinone necessary for the oxidative polymerization
process23 releasing Fe(II)(C2O4) that quickly gets oxidized to
Fe(III)(C2O4)

+ by dissolved oxygen under acidic conditions.40

The fact that excess oxalate suppresses particle formation in
solution, as discussed above, supports this explanation because
under these conditions, it is not thermodynamically favorable
for catecholate to exchange with oxalate ligands bonded to
iron. In the case of sulfate, the results at pH 5 mirror those at
pH 3, where no effect on product mass is observed when
sulfate is added according to method 1, but it is doubled when
sulfate is added according to method 2.
The mechanism of particle formation in solution from

guaiacol is slightly different than that of catechol (Scheme S1).
The mechanism involves reduction of Fe(III) to Fe(II) leading
to the formation of phenoxy radicals, which then proceeds
through C−C radical coupling and further oxidation of the
benzene rings.41−43 Within the uncertainty of the measure-
ments, the addition of oxalate in equimolar quantities to
guaiacol at pH 3 suppressed particle formation in solution to a
larger extent than that of sulfate (Figure 1c,d). The trend in
product mass relative to the control experiments suggests that
the efficiency of iron reduction is diminished due to the
presence of stable soluble iron oxalate complexes. In the case
of iron sulfate, the data in Figure 1b shows that the addition of
sulfate according to method 2 at pH 3 nearly doubled the
product mass observed for the control experiments.
For comparison, the mass values of the products at pH 5

shown in Figure 1b with sulfate in solution, whether according
to method 1 or 2, are nearly double that of the control value. At
pH 5 and excess iron, Fe(OH)2

+ is the dominant species
(Figure S1d) rather than Fe(SO4)

+. As shown in the DLS
results and in Particle Characterization below, polyguaiacol

particles formed according to method 2 in the presence of iron
sulfate at pH 5 and 3 are more polydisperse than those formed
according to method 1 and they contain residual sulfate. In
summary, oxalate decreased particle formation in solution in
the reaction of Fe(III) with guaiacol to a larger degree than
that with catechol, and the presence of excess iron sulfate
appears to incorporate sulfate within the polymeric network.

1b. Reactions of Fe(III) with Fumaric and Muconic Acids.
The effects of oxalate and sulfate on product mass in the
reactions of soluble aliphatic dicarboxylic acid reagents,
fumaric acid (pKa 3.2, 4.2) and muconic acid (pKa 3.9, 4.7),
with FeCl3 were also investigated. Figure 2e−h shows results as
a function of molar ratio at initial pH 5 according to method 1
for comparison with our earlier work in the absence of oxalate
and sulfate.24 Figure S2c,d shows representative photographs
of filters containing Fe-polyfumarate and Fe-polymuconate
from reactions in the presence of oxalate. The mass yields are
∼134 ± 13% using fumarate and 110 ± 10% using muconate
at pH 5. These yield values are relative to the initial
concentrations of the organics in control experiments at pH
5 with no added oxalate or sulfate. These values suggest a
polymerization reaction that goes to completion over the 2 h.
After accounting for the uncertainty in the mass yield, the
higher value for Fe-polyfumarate is explained by the stronger
retention of water in the porous structure of this material.
These high mass yield values were verified by confirming that
the concentration of residual fumarate or muconate in the
solution using HPLC was below the detection limit.
The formation of insoluble organometallic polymers using

fumarate and muconate is due to metal-catalyzed polymer-
ization of these dicarboxylic acids that involves complexation
to Fe(III) (Scheme S3). Neither of these acids have reported
values for the log K constant of soluble complex formation.
However, the trends in product mass observed in Figure 2e−h
can help to infer these log K values. These data show that the
product mass for the reaction of 2:1:1 Fe/organic/Ox molar
ratio is very close to the control value (no oxalate or sulfate).
In addition, the excess oxalate suppresses particle formation in
solution from fumarate and muconate at pH 5 to a larger
extent than sulfate (left side of the 2:1:1 Fe/organic/Ox molar
ratio in Figure 1e,g). These results suggest that the log K values
for the formation reactions of soluble iron fumarate and iron
muconate are comparable to log K = 15 for the formation of
soluble iron oxalate (reaction S26). This log K value is higher
than that of reaction S27 between Fe(OH)2

+ and SO4
2− (log K

= 10) for the formation of soluble iron sulfate. With
comparable log K values for the formation of soluble iron
oxalate and iron fumarate/muconate, excess oxalate out-
competes fumarate and muconate in forming much more
stable and soluble Fe(C2O4)2

− and Fe(C2O4)3
3− (Figure S1c).

The log K values for the formations of these complexes are
around 21 and 26, respectively (reactions S28 and S29).
Hence, excess oxalate suppresses Fe-polyfumarate and Fe-
polymuconate particle formation in solution under these
conditions. On the basis of the above analysis, a side result
of this study is an estimate for the log K range of values to be
between 15 and 21 for the formation of iron fumarate/
muconate complexes. Excess sulfate does not compete with
fumarate because of the higher log K value for soluble iron
fumarate formation resulting in product mass values
comparable to the control value. The slightly higher product
mass results for the experiments with sulfate are explained
below. When soluble iron is the limiting reagent (right side of
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the 2:1:1 Fe/organic/Ox/AS molar ratio in Figure 2e,g), the
suppression in product mass highlights the central role of
excess iron in catalyzing particle formation in solution.
Figure 1c,d shows data that examine the effect of method

and initial pH on product mass using the 2:1:1 Fe/organic/
Ox/AS molar ratio. Product mass values obtained from
reactions conducted according to method 2 at pH 5 show no
significant difference compared to method 1, with the exception
of oxalate and fumarate. For this system, product mass is lower
by a factor of 1.5 when fumarate reacts with iron oxalate
complexes according to method 2. This result suggests that the
formation of soluble iron oxalate complexes prior to the
addition of fumarate reduced the amount of available
coordination sites on Fe(III) for binding to fumarate, which
are necessary for the formation of insoluble Fe-polyfumarate.
As for the results at pH 3, which is close to the first pKa of both
fumaric and muconic acids, the product mass values from
control experiments (dashed lines) are lower by nearly a factor
of 7 and 2, respectively, than at pH 5. The aqueous phase
speciation of the organics in solution explains these results. At
pH 3, the fully protonated species are dominant for these
dicarboxylic acids. Hence, the product mass results suggest that
the fully protonated species do not complex with FeOH2+ as
readily as the fully deprotonated species dominant at pH 5.
The addition of oxalate further suppresses particle formation in
solution. At pH 3, the dominant species of oxalate is HC2O4

−,
which favorably complexes to FeOH2+ with a log K = 6.9
(reaction S18), hence reducing the amount of uncomplexed
Fe(III) species for reaction with hydrogen fumarate and
muconate species.
The data for polyfumarate in Figures 2f and 1c additionally

show significantly higher product mass than the control when

sulfate is present at pH 3 and 5, respectively. For comparison,
this enhancement in product mass is within the uncertainty of
the measurements for polymuconate relative to the control
value. As discussed below, the ATR-FTIR results for the dry
films of both materials show the presence of sulfate in the solid
samples, probably as a result of being trapped in the polymer.
In summary, the amount of oxalate (not sulfate), the amount
of Fe(III) species relative to the organic reagent, and the
protonation states of the aliphatic dicarboxylic acids used
herein are determining factors in the efficiency of particle
formation in solution. In light of the following sections, the
available data suggest that polymerization reactions efficiently
take place in the presence or absence of sulfate in solution
producing particles with iron-coordinated and/or pore-trapped
sulfate groups.

2. Effect of Adding Oxalate or Sulfate on Particle Size
of Polymeric Particles. The time-dependent average particle
size of polymeric particles produced in situ from the reaction
of Fe(III) with aromatic and aliphatic organic reagents in the
presence or absence of oxalate (Ox) and sulfate (AS) in
solution is shown in Figure 3. Within the first 20 min, the
addition of oxalate and sulfate according to method 1 leads to
the formation of polycatechol particles in solution that are 2
and 2.5 times larger than those from the control experiments,
respectively (Figure 3a). In light of the product mass yields
obtained from filter weighting, one can take the interpretation
of the DLS measurements further. For example, since the 2:1:1
Fe/catechol/Ox or AS reaction produces the same product
mass as the 2:1 Fe/catechol control (Figure 2a) but the
particles are initially larger (Figure 3a), there must be fewer of
them in the solution. This can perhaps be interpreted that the
initial solution nucleation is retarded by oxalate and sulfate, but

Figure 3. Effect of adding oxalate (Ox) and ammonium sulfate (AS) on particle size from time-dependent DLS measurements during the dark
aqueous phase reaction of (a) catechol (1 mM), (b) guaiacol (0.5 mM), and (c) fumarate (50 μM, FA). This molar ratio results in the maximum
product mass per data shown in Figure 1. “M1” stands for method 1, where organic reagents were mixed first with AS or Ox; reaction time was
started when Fe was added. “M2” stands for method 2, where AS or Ox were reacted first with Fe for 2 h; reaction time was started when the
organic reagent was added. The shaded areas represent the standard deviation of three trials. Unshaded data represent the average of two trials, with
a standard deviation the size of the marker width (15%).
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once particles form, they grow faster. When the reaction is
carried out according to method 2 by using sulfate, the DLS
measurements show micron-size particles forming right away
(Figure 3a). The DLS signal from these particles did not fit the
selection criteria outlined in the SI section, most notably
having a PDI above 0.5 indicating their high degree of
polydispersity. As detailed above in the Product Mass
Experiments section, the product mass from this reaction is
double the control value at pH 3 (Figure 1a). Hence, these
combined results suggest the formation of larger and heavier
particles in solution when iron sulfate is reacted with catechol
according to method 2.
In the case of guaiacol, particles produced according to

method 1 at pH 3 show no significant difference in size when
oxalate or sulfate is added relative to the control (Figure 3b).
These conditions produce less product mass than the control
per data in Figure 2b. However, the cases that produced twice
the product mass when sulfate is added according to method 2
at pH 5 and 3 produce higher variability in particle size within
the first 40 min of reaction time. Similar to the results with
catechol, these particles have a PDI above 0.5 indicating their
high degree of polydispersity. When these results are combined
with product mass results, they suggest the formation of fewer
and heavier particles in solution when iron sulfate is reacted
with guaiacol according to method 2.
The DLS data in Figures 3c and S3 show the effect of the

addition of oxalate and sulfate on the particle sizes of Fe-
polyfumarate and Fe-polymuconate relative to the control.
Oxalate and sulfate were added according to method 1 at pH 5.
Within the variability of the DLS results in Figures 3c and S3,
it is clear that sulfate has no significant effect on particle size
relative to the control. The addition of oxalate appears to
initially produce relatively larger particles that grow to micron-
size particles at a faster rate than when sulfate is added or in
the case of the control. Since these reaction conditions resulted
in product masses close to the control value (Figure 2g,h), it
can be concluded that the initial solution nucleation is retarded
by oxalate, which produces fewer particles. In summary, in situ
particle size measurements using DLS show that in general, the
addition of oxalate produced relatively larger and fewer
polycatechol, Fe-polyfumarate, and Fe-polymuconate particles
than the control, with no significant effect on polyguaiacol
particle size or formation kinetics in solution. The effect of the
sulfate in method 2 experiments suggests the formation of
heavier and more polydisperse particles in solution.
3. Characterization of Polymeric Particles Formed in

Sulfate Solutions. 3a. Identification of Functional Groups
Using ATR-FTIR. To gain information about the chemical
composition of the insoluble particles, ATR-FTIR measure-
ments and TGA/DSC analyses were carried out. Figure 4a
shows the ATR-FTIR absorbance spectrum of a polycatechol
film of particles formed from a solution containing AS
according to method 2. This spectrum was compared to the
one we published earlier23 and to the spectra of aqueous and
solid phase ammonium sulfate (Figure 4e,f). The broad
spectral feature between 1200 and 1000 cm−1 with peaks at
1100 and 1060 cm−1 was clearly due to the stretching mode of
the sulfate groups.44 This feature does not decrease in intensity
with multiple cycles of washing with water suggesting that the
sulfate groups are tightly bonded to the polycatechol particles.
The symmetry of these sulfate groups is lower than that of

the free ions in solution.45 The lower symmetry gives rise to
wider peaks in the IR similar to what is observed for sulfate in

solid AS (Figure 4f). There is no spectral evidence that the
ammonium ion is present in these polymeric films. The sulfate
absorption region in the spectrum of solid ammonium sulfate
shows a more intense 1060 cm−1 peak relative to the 1115
cm−1 peak. However, the sulfate spectral features in Figure 4a
for polycatechol with AS (solid line) show the opposite trend.
This observation suggests that the bonding environment of the
sulfate groups in polycatechol is different than that in solid AS.
This result is expected as the sulfate anions are trapped in an
organic polymer and not by the ammonium cation as in solid
AS. For comparison, Figure 4b shows the ATR-FTIR
absorbance spectrum of a polyguaiacol film of particles
prepared in a solution containing ammonium sulfate according
to method 2 at pH 3. There is a clear spectral feature between
1200 and 1000 cm−1 with peaks at 1115 and 1060 cm−1

assigned to sulfate groups that is nonexistent in the spectrum
we published earlier.23 Similar to the case of the polycatechol
particles prepared in a sulfate solution, multiple cycles of
washings in water did not reduce the intensity of the sulfate
spectral feature. In line with the product mass result in Figure
2b of polyguaiacol prepared according to method 1 at pH 3, the
ATR-FTIR absorbance spectrum of the dry film resembled that
of the control spectrum in Figure 4b (i.e., no evidence of
sulfate).
In addition, the ATR-FTIR absorbance spectrum of dry

polyfumarate prepared in a sulfate solution according to
method 1 at pH 5 shows spectral features at 1110 and 1060
cm−1 assigned to v(Fe-OSO3) (Figure 4c). These results can
be explained by either the sulfate trapped in the porous
structure of Fe-polyfumarate46 or the chelation of sulfate to

Figure 4. ATR-FTIR spectra of (a) solid polycatechol, (b) solid
polyguaiacol, (c) solid Fe-polyfumarate, (d) solid Fe-polymuconate,
(e) aqueous phase solution of ammonium sulfate (AS) at pH 7, and
(f) solid AS. Solid and dashed lines in a−d are spectra collected for
samples prepared with and without AS in solution according to
method 2. Dashed spectra in parts a and b are from reference 23 and
those in parts c and d are from reference 24.
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iron centers in the organometallic polymer due to ligand
exchange with −OH or −H2O groups. Sulfate is an oxyanion
and Apblet reported that the amorphous iron fumarate
polymer is capable of binding oxyanions like phosphate and
arsenate from water.47 Hence, the increase in product mass
observed in Figure 2f is very likely due to the additional mass
of the sulfate groups rather than an increase in yield. The effect
of sulfate on Fe-polymuconate product mass (Figures 2h and
1d) is not significantly different from the control values. As in
the case with Fe-polyfumarate, the ATR-FTIR spectrum of dry
Fe-polymuconate prepared in a sulfate solution according to
method 1 at pH 5 show features at 1110 and 1060 cm−1

assigned to v(Fe-OSO3) (Figure 4d). Because Fe-polymuco-
nate does not have a porous structure, these sulfate features are
likely due to ligand exchange with −H2O groups on the Fe
centers in the polymer.
3b. Thermal Properties Using TGA/DSC. To further

investigate the identity of the polycatechol particles formed
from different procedures, Figure S4a,c shows the thermal
decomposition and melting profile using TGA and DSC,
respectively. The TGA data show that polycatechol particles
prepared in sulfate solutions according to method 1 and 2 start
decomposing at ca. 250 °C, which is 150 °C lower than those
prepared in control experiments. The DSC data shows that the
melting of these particles starts earlier by 5−10 °C. For
comparison, the TGA data in Figure S4b show that the thermal
decomposition of the polyguaiacol particles prepared in sulfate
solutions according to method 2 starts earlier by 150 °C than
the control particles and those prepared according to method 1.
The melting behaviors of these particles in the DSC curve
(Figure S4d) is not as clear as that of polycatechol but is
different than the control particles and those prepared
according to method 1.
The two major factors that cause shifts to lower temper-

atures in the TGA and DSC data of polymers and organic
compounds are density and concentration of impurities. The
effect of polymer density on the start temperature of thermal
decomposition can be illustrated by examining the TGA curves
of poly(methyl methacrylate) (PMMA)48 and polytetrafluoro-
ethylene (PTFE).49 PMMA is more branched with a density of
1.19 g cm−3, and it starts decomposing around 280 °C, while
PTFE has a density of 2 g cm−3, and it starts decomposing
around 520 °C. Boyanov studied the thermal decomposition of
metal sulfates in the presence of coke and found that mixtures
started decomposing at temperatures that were 100−200 °C
lower than those of the individual metal sulfates.50 Plato and
Glasgow showed that the percentage of impurities in organic
compounds can be calculated from the melting point
depression and heat of fusion obtained from their DSC
curves.51 Hence, it is very likely that the polycatechol particles
formed in the presence of sulfate are also porous and can retain
sulfate anions. In the case of polyguaiacol particles, their higher
molecular weight (refer to the TGA curve in Figure S4b) and
therefore higher viscosity52 helps retain sulfate. This sulfate
retention in polycatechol and polyguaiacol appears to take
place during particle growth and hence contributes to their
polydispersity and size.
The results presented herein have significant atmospheric

environmental implications on our understanding of the fate of
iron in aerosols with various degrees of atmospheric processing
(e.g., reactive and unreactive partitioning of VOCs, heteroge-
neous oxidation, photodegradation,···). The formation of
particles in solution presented herein suggests that a new

amorphous insoluble solid phase will form in atmospheric
aerosols containing the chemicals used in our studies. The low
solubility of these particles makes them uniquely different from
the much better known oligomeric compounds formed during
VOC oxidation, which are commonly water-soluble.27 The
processes described herein will lead to liquid−solid phase
separation, where the solid phase consists of the insoluble and
strongly light-absorbing polycatechol, polyguaiacol, Fe-poly-
fumarate, and Fe-polymuconate. These inclusions will affect
optical and hygroscopic properties of the aerosols. Images
collected from field and lab studies on particles containing
organic compounds, inorganic salts, and water reported
different water uptake behavior for different morphologies
that include homogeneous, core−shell, and partially engulfed
mixing states.52−54 Highly light-absorbing inclusions such as
soot have been shown to affect the absorption and scattering
coefficients of particles.55 The novelty of our work is in
uncovering metal-catalyzed processes leading to insoluble
particle formation that complements the chemistry of soluble
complexes of iron currently incorporated in atmospheric
chemistry models.
These results also highlight the contrast in aqueous phase

iron chemistry with atmospherically relevant organic com-
pounds under dark versus irradiation conditions25,56−59 (i.e.,
night versus daytime). The irradiated conditions result in the
production of OH radicals that oxidize dissolved organics. In
the presence of competing ligands for iron, dark solution
reactions produce insoluble and colored particles from
aromatic and aliphatic reagents. These reactions dominate
over those that form soluble iron complexes. While results
from methods 1 and 2 were shown herein for comparison,
method 2 is more atmospherically relevant over a range of
multicomponent aerosol processing. In addition, the results
presented herein show a new role for oxalate in aerosol
chemistry, given its higher concentrations than iron and
organic reagents, which is to efficiently suppress secondary
particle formation in solution. The trapping of sulfate in the
organic polymers studied herein might result in changes in
their hygroscopic properties and water uptake behavior
reported recently46 and their chemical and photochemical
reactivities. These studies are currently underway in our
laboratories.
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