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Extensive research has been done on the processes that lead to the formation of secondary organic aerosol
(SOA) including the atmospheric oxidation of volatile organic compounds (VOCs) from biogenic and
anthropogenic sources, gas—particle partitioning, and multiphase/heterogeneous reactions. Also,
a number of chemical and photochemical aging processes of primary aerosols and SOA were reported
to lead to the formation of “brown carbon (BrC)", a term that refers to light absorbing soluble and
insoluble components. However, the role of transition metals such as iron in these processes is not well
understood. This review summarized the current state of knowledge on iron chemistry that lead to BrC
formation. Dark iron chemistry with phenolic and aliphatic organic precursors is shown to be responsible
for the efficient formation of soluble and insoluble BrC, including organonitrogen compounds, under
a wide range of atmospheric aerosol physical states and chemical compositions. These efficient

processes are not completely suppressed in the presence of competing ligands or light. The atmospheric
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Accepted 6th July 2021 impact of SOA and BrC from these pathways is discussed in the context of aerosols’ direct and indirect

effects on the climate. Additional laboratory, field, and modeling studies are needed to better understand
the contributions of these potentially important metal-catalyzed pathways to SOA and BrC formation
and the overall aerosol chemistry.

DOI: 10.1039/d1ea00038a
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Environmental significance

Atmospheric aerosols contribute to the climate radiative forcing through their aerosol-radiation and aerosol-cloud interactions. Particles that are darker in
color are expected to have a stronger direct effect on the climate by absorbing solar radiation. Also, salts and mineral dust particles are efficient cloud and ice
condensation nuclei. However, the extent of the above interactions remains highly uncertain stemming from the multitude of chemicals and processing
pathways that modify aerosols’ physicochemical properties. Dust particles from natural and human activities contain iron, which is the fourth most abundant
element by mass in the Earth's crust. Through long range transport and atmospheric processing, these particles frequently mix with organic gases and particles
such as those in biomass burning smoke. This review shows that iron is capable of catalyzing chemical reactions with organics that make aerosol particles more
light-absorbing over a wide range of conditions. These new pathways are currently unaccounted for in atmospheric models and hence their inclusion would
improve the parameterization of processes that lead to secondary organic aerosol formation and aging, and ultimately impacts on the climate.

industrialization, particularly in developing countries. This
class is referred to as anthropogenic fugitive, combustion, and

1. Introduction

Atmospheric aerosol particles in the lower troposphere origi-
nate from primary sources and secondary processes.'” Aerosol
particles from primary sources include mineral dust, sea spray,
terrestrial primary biological aerosol particles (bioparticles for
short) such as fungal spores and pollen, primary organic aerosol
such as brown carbon (BrC) and black carbon (BC) from
biomass burning events referred to as biomass burning organic
aerosol (BBOA). Also, an emerging class of ‘unconventional’
mineral dust is the one produced from rapid urbanization and
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industrial dust (AFCID),® which largely contributes to fine
particulate matter (PM, ;) known to be harmful to human
health.*"

Secondary processes refer to particle formation and growth
from reactions in the atmosphere among inorganic and organic
precursors in the gas and condensed phases. These reactions
lead to the formation of ammonium, non-sea salt sulfates,
nitrates, and secondary organic aerosol (SOA) particles,>*
from ammonia, sulfur-containing gases such as sulfur oxides,
nitrogen oxides, and volatile organic compounds (VOCs) of
biogenic'® and anthropogenic'” origins. The organic component
in the fine aerosol particle fraction (diameter less than 1 um)
contributes to more than 50% of the aerosol mass." Aerosol
particle resident time ranges from hours up to 10-15 days
during which they undergo long range transport over thousands
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of miles.”® They are removed from the atmosphere mainly via
sedimentation and dry and wet deposition. As a result, atmo-
spheric aerosol particles contribute to the biogeochemical
cycles of nutrients such as nitrogen, phosphorus, iron and other
transition metals.'*

Atmospheric aerosol particles impact the climate system
because they have complex physical and chemical properties
that evolve over time and govern their lifetime in the atmo-
sphere.” These properties also govern their biological and
toxicological impacts, which are of importance to understand
and quantify the aerosol effects on ocean productivity and
human health,* respectively. McMurry published a review of
atmospheric aerosol measurements of physical and chemical
properties,* which are classified into categories according to
the instrumental capacity to resolve their size, time and
composition. Since McMurry's paper, edited books*?® and
a number of reviews were published on advanced analytical
tools* used to study the hygroscopic properties and water
uptake,*® ice nucleation,**° aerosol morphology and mixing
states,***> optical properties,* viscosity,* liquid-liquid phase
separation,® acidity,***” and chemical composition.>***>

All of the aforementioned properties contribute to the direct
and indirect effects of aerosol particles on the climate. The
direct effect of aerosol particles refers to their role in modifying
the planetary energy balance (ie., radiative forcing) and
precipitation, which has the highest uncertainty in climate and
weather models.® Aerosol particles affect the radiative forcing
directly through absorption and scattering of shortwave and
longwave radiation. This effect is quantified through the radi-
ative forcing due to the aerosol-radiation interaction term
(RFari) in W m 2. Positive RFari indicates heating effects and
negative RFari indicates cooling. RFari values for different
anthropogenic aerosol types are shown in Fig. 1, for the 1750~
2010 period. Fig. 1 also shows that the highest uncertainty in
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Fig. 1 Annual mean top of the atmosphere radiative forcing due to
aerosol-radiation interactions (RFari, in W m™2) due to different
anthropogenic aerosol types, for the 1750-2010 period. Hatched
whisker boxes show median (line), 5th to 95th percentile ranges (box)
and min/max values (whiskers) from AeroCom Il models** corrected
for the 1750-2010 period. Solid coloured boxes show the IPCC
Assessment Report 5 (AR5) best estimates and 90% uncertainty ranges.
BC FF is for black carbon from the fossil fuel (FF) and the biofuel, POA
FF is for primary organic aerosol from fossil fuel and biofuel, BB is short
for BBOA for biomass burning organic aerosols and SOA is for
secondary organic aerosol. The figure and the caption were repro-
duced from ref. 1 with permission from Cambridge University Press, ©
2013.

RFari is associated with the organic content of atmospheric
aerosol particles, with BC resulting in the net heating effect, and
BBOA and SOA having both heating and cooling effects.

The indirect effects of aerosols are related to cloud formation
and lifetime and modification of atmospheric composition
through multiphase and heterogeneous surface chemistry. Aerosol
particle-cloud interactions are coupled by a multitude of dynam-
ical and physical processes that span multitemporal and spatial
scales (minutes to months, and meters to thousands of kilome-
ters).® Changes in relative humidity (RH) and temperature affect
the aerosol phase, phase transitions, extent of surface versus bulk
chemistry, formation of haze, and activation of aerosol particles as
cloud condensation nuclei (CCN) and ice nuclei (IN).>* The water
content in atmospheric aerosols refers to water activity in the
condensed phase of atmospheric particles and droplets. In addi-
tion to the effect of RH and temperature, the amount of aerosol
liquid water varies with particle size and surface tension. The latter
property is sensitive to the surface chemical composition, which in
turn controls the solubility, viscosity and hydrophilicity. Uptake of
gas phase water on the surfaces of insoluble aerosol particles such
as freshly emitted mineral dust and hydrophobic organics results
in the formation of ‘adsorbed water’, which can take the form of
either thin films or islands depending on the thermodynamic
favourability of hydrogen bonding with the underlying surface. In
the case of hydrophobic organics, their hygroscopicity is related to
surface tension, which is affected by the carbon chain length,
functional groups, presence of surfactants, and oxygen to carbon
(O: Q) ratio, and can lead to liquid-liquid phase separation.*

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Water uptake by pure salts, highly soluble organics and mixtures of
soluble salts and organics proceeds via different mechanisms than
on surfaces of insoluble materials.***” While adsorption still occurs
on dry salt particles at low RH, phase transitions, namely deli-
quescence and efflorescence are observed at room temperature as
a function of increasing and decreasing RH, respectively.*>*¢*54°
Hence, aerosols not only contribute to the changing atmospheric
temperature but also to the hydrological cycle and precipitation
frequencies.

In addition, atmospheric aerosols provide unique multi-
component reaction environments whose reactivity can change
the chemical composition of the gas and condensed phases.
The term ‘atmospheric aging’ refers to the processes that
change the physicochemical properties of aerosol particles
during their residence time in the atmosphere. These processes
can take place at the surface of the particles or within the
condensed phase. The physicochemical properties mentioned
above influence the rates of chemical processes during the
aging of aerosol particles. In general, the term ‘multiphase
chemistry’ is an all-encompassing term that refers to bulk and
heterogeneous chemical and photochemical reactions of
atmospheric aerosol particles from primary and secondary
sources within the condensed phase and the surrounding gas
phase. The area-to-volume ratio of atmospheric aerosols deter-
mines the extent of surface (i.e., interfacial) versus bulk reac-
tions in changing the chemical composition and physical
properties of the particles. This ratio changes with evaporation
and water uptake processes due to changes in temperature and
relative humidity. Fig. 2 shows a schematic diagram of some of
the reactions and processes that highlight the chemical inter-
play between the atmospheric gas, particle and droplet phases.
The majority of reactions with VOCs, carbon monoxide (CO),
nitrogen oxides (NO,) and sulfur dioxide (SO,) in the gas phase
are initiated and propagated by oxidants (OH, Oz, H,0,, HO,,
RO,, NO3, O,, halogen radicals, etc.)*** leading to degradation
of VOCs> or formation of SOA."***** These gases and reaction
products could also adsorb or react on mineral and organic
surfaces, depending on the amount of surface water and the
chemical composition of the surface.>>>* Hence, atmospheric
aerosol particles and cloud/fog droplets can act as a sink or
source for atmospheric gases®***>*® and provide surfaces for
heterogeneous reactions at the gas/liquid® or gas/solid (semi-
solid) interfaces.”®®* These atmospheric particles also act as
seeds for the condensation of low volatility reaction prod-
ucts.'*%°% Reaction products in cloud or surface water could be
soluble®*®” or insoluble®®”® in water. Hence, in multicomponent
systems containing organic, inorganic salts and water, parti-
tioning between organic and aqueous phases can take place.
Evaporation of the aerosol liquid water content with decreasing
relative humidity leads to efflorescence and liquid-liquid phase
separation, driven by the salting-out effect.*>”* Therefore,
atmospheric aging of particles changes the chemical composi-
tion of the gas and condensed phases and can - in some cases —
lead to particle growth through condensation and formation of
clusters, oligomers and polymers. Atmospheric aging of aerosol
particles also leads to changing optical properties,**”> cloud
condensation and ice nucleation efficiencies.”

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Gas phase chemistry
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Fig. 2 Schematic diagram of reactions and processes that highlight
chemical coupling in the atmospheric gas, particle and droplet phases.
Day and night time gas phase chemistry leads to the degradation of
VOCs, nucleation and growth of SOA, generation of reactive radicals,
and transformation of NO, and SO,. Gas phase reactants and products
can partition to cloud/fog droplet (A) or aerosol particles (B). The
organic content in B could be from primary or secondary sources. A
cloud/fog droplet (A) is a microreactor for bulk and heterogeneous
chemistry at the liquid/solid or semi-solid and gas/liquid interfaces.
Evaporation processes decrease the amount of liquid water in aerosol
particles (B) leading to crystallization of salts and preferential ‘salting
out” of organics. Reactions in A and B can release gases as well.
Abbreviations are: oxygenated volatile organic compounds (OVOCs),
extremely-low VOC (ELVOC), and transition metals (TMs).

The objective of this review is to recount the current state of
knowledge of the role of transition metals, iron in particular, in
catalyzing reactions that lead to atmospheric BrC formation.
Dust is a major source of iron in atmospheric aerosols™7®
because iron is the most abundant transition metal in the
Earth's crust.” Anthropogenic combustion® including coal
burning®*®* and biomass burning,*** in addition to brake
wear,* is found to contribute 50% of the total soluble iron
deposited on the ocean.®*”® Single particle analysis of field-
collected aerosols from the marine, urban and rural sites
showed that they contain soluble and insoluble iron.*****° Field
studies reported the transport of transition metals including
iron from the oceans to the atmosphere in the form of sea spray
and metal enrichment at the interface of marine aerosols."****
An earlier review article focused on the chemical aging of
atmospheric aerosols containing iron and organic matter,

Environ. Sci. Atmos., 2021, 1, 297-345 | 299
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particularly those that model humic-like substances (HULIS).””
In that review, a recount of the literature was provided from
field measurements and modelling studies of iron in aerosols,
iron chemistry under dark conditions, photochemical reactions
driven by iron obtained from bulk and surface-sensitive
measurements, and molecular level differences between bulk
and surface water that affect the reaction mechanisms. The
scope of this review is to recount the recent results that high-
light the role of iron in catalyzing soluble and insoluble atmo-
spheric BrC formation by new and potentially important
pathways. This review is organized into five main sections: iron
in atmospheric aerosols, organic compounds in atmospheric
aerosols, complexation and redox reactivity of iron with
organics, case studies on iron-catalyzed insoluble and soluble
BrC formation, and atmospheric impact. The review concludes
with a summary and directions for future research.

2. lIron in atmospheric aerosols

The chemistry of iron species is rich under a wide range of
atmospherically relevant conditions. The following sections
elaborate on the sources of iron in atmospheric aerosol parti-
cles, atmospheric aging pathways that lead to iron solubiliza-
tion, and soluble iron concentrations in aerosol liquid water.

2.1 Sources

Mineral dust from natural and anthropogenic sources is
a major component of primary aerosols in the atmosphere with
the estimated atmospheric loading and emission flux of 19.2 Tg
and 1840 Tg year ', respectively.”>'** On the other hand, global
fluxes and mass loadings of AFCID have been severely under-
represented in regional and global models, despite having
surface PM, 5 measurement networks for emission inventories
(see the Surface PARTiculate mAtter Network (SPARTAN),
https://www.spartan-network.org). Philip et al.® included AFCID
emissions in a global simulation using GEOS-Chem. Fig. 3
shows the annual mean concentration of PM, s dust for 2014—
2015: total dust (top panel), natural mineral dust (middle
panel), and AFCID (bottom panel), as simulated with the GEOS-
Chem model. Also shown in the top panel are circles for
different locations that compare the mean measured PM, 5 dust
from the SPARTAN in 2013-2015 (inner circles) with simulated
values (outer circles). It was estimated that 2-16 pg m > of
AFCID increases PM, s dust concentrations across East and
South Asia.® As noted by the authors, this concentration of
simulated AFCID is comparable to that of natural mineral dust
over parts of Europe and Eastern North America.® Overall, dust
particles provide surfaces for a range of chemical reactions with
trace inorganic and organic species resulting in a change in the
chemical composition and hygroscopic properties of these
particles.?77%1%* The following section expands on dust aging
in the atmosphere.

2.2 Atmospheric aging of mineral dust

The residence time of dust in the atmosphere during long range
transport impacts the climate through affecting the surface
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Total Dust

Anthropogenic Fugitive, Combustion, and Industrial Dust
Te RN Y

PM, 5 Dust (ug/m?3)

Fig. 3 Annual mean (2014-2015) concentration of PM, s total dust
(top panel), natural mineral dust (middle panel), and anthropogenic
fugitive, combustion, and industrial dust (bottom panel) simulated with
the GEOS-Chem model. Colored concentric circles in the top panel
denote SPARTAN-measured campaign-mean (2013-2015) PM, 5 dust
concentration (inner circle) and the coincident simulated value (outer
circle). Reproduced from ref. 8 with permission from the Institute of
Physics (IOP) Science Publishing, © The Author(s), 2017.

temperature, wind, clouds, and precipitation rates.'”> The long
range transport increases the solubility of iron-containing
minerals depending on their composition. The iron mineral-
ogical composition varies from poorly crystalline to crystalline
iron oxides to clay minerals depending on the source region.'*®
The ratio of crystalline hematite to the total of hematite and
goethite is reported to vary with the geographical location. For
example, for Asian dust, the ratio ranges from 0.32 to 0.37,
whereas for North African dust from 0.29 to 0.63.°° The surface
area was also found to be the predominant factor affecting iron
solubility through acidic surface reactions.'” Asian'®**'* and
Saharan African dust*™*** have been shown to undergo exten-
sive processing during long range transport that impact their
mixing state and morphology.** The uptake coefficients of OH,
HO,, H,0,, O;, HCHO, HONO, NO;, and N,O; on mineral dust
particles and their proxies were reported to range from 10~ ° to

© 2021 The Author(s). Published by the Royal Society of Chemistry
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0.2."** Heterogeneous reactions of African mineral dust with
VOCs were found to be irreversible for limonene and reversible
for toluene."®

Acidic reaction conditions are commonly found in atmo-
spheric aerosol particles, as well as in fog and cloud droplets,
where soluble and insoluble iron species catalyze a number of
chemical processes.””*” " In the presence of water soluble
organic compounds, acidic reaction conditions can lead to
secondary products.” Freshly emitted dust particles contain
more than one monolayer of adsorbed water over a wide relative
humidity range.” Surface reactions of dust with nitric and
sulfuric acids lead to the formation of adsorbed nitrate and
sulfate, which is enhanced in the presence of water.'** Photol-
ysis of surface nitrate was reported to release NO,, which reacts
with mineral dust to produce HONO.'****! Near-neutral pH was
also reported for cloud droplets.** There have been no attempts
to directly measure the pH of surface water in dust. Basic pH is
typically measured in the slurries of unprocessed dust due to
the presence of metals that act as Lewis acid sites.'*

In addition, mixing with biomass burning products that
include gases and aerosol particles also occur during the long
range transport of dust."***** For example, Paris et al."* reported
that entrainment of dust deposited on vegetation makes
biomass burning a significant indirect source of iron, where
mixing with biomass burning aerosols enhances the solubility
of iron. Li et al. in ref. 109 and 110 show electron microscopy
images of aged sulfur-rich dust particles encapsulated with an
organic film from either primary or secondary sources. In the
same studies, soot particles were found to be internally mixed
with sulfur- and iron-rich particles. These mixing states provide
realistic scenarios for iron-catalyzed reactions to take place
within or at the surface of dust particles.

The main two mechanisms that lead to iron release from
dust and iron (oxyhydr)oxides are proton- and ligand-promoted
dissolution."*** Laboratory and field studies from nearly four
decades of research into these mechanisms showed that
a number of variables play a role, namely the pH, particle size,
degree of crystallinity, presence of solar radiation, and adsorp-
tion mode of Fe-organic complexes (i.e., structure of surface
complexes).”**** In general, the highest rates of dissolution
occur under acidic conditions'®”*** (pH < 4), in the presence of
solar radiation and oxalate, with nanometer size and amor-
phous iron-containing particles. Also, UV irradiation of aqueous
organic aerosol tends to fragment organic compounds
producing smaller, more volatile compounds from larger olig-
omeric ones.” ™’ Light-absorbing compounds derived from
BBOA have also been found to fragment and photobleach under
irradiated conditions."® Such photodegradation processes can
be amplified in the presence of Fe(ur), which efficiently catalyzes
photo-Fenton processes.***¢

2.3 Concentration of soluble iron

The concentration of iron in rainwater and fog, snow, and cloud
waters from different locations was summarized by Deguil-
laume et al.**® The data show that the total and dissolved iron
concentrations are location dependent and range from 0.1 to

© 2021 The Author(s). Published by the Royal Society of Chemistry
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1138 pM. Hence, a typical concentration of dissolved Fe(u) in
cloud droplets (diameter ~ 20 pm) is around 10°° M."*®
Therefore, for an aerosol particle produced by evaporation of
cloud droplets down to a diameter of 1 um, the concentration of
dissolved Fe(in) could be as high as 10 mM. For example, Gen
et al.*¥ measured iron concentrations in fine particles across
China in the range 331-1640 ng m >. To estimate the concen-
tration of water soluble iron, they used the typical lower limit of
iron solubility of 5%. The corresponding molar concentrations
were calculated using an aerosol liquid water content of 6 x
10® L m 2 of air and found them to range from 5 to 43 mM.
Since the reaction kinetics are affected by the concentration of
reactants, exploring iron chemistry using micro- to millimolar
levels would cover the range of reactions in aerosol to droplet
nano- to micro-environments.

3. Organic compounds in
atmospheric aerosols

Organic compounds represent a major fraction of atmospheric
aerosol particles. Advances in the analysis of organic aerosol
particles from primary and secondary sources have been the
subject of a number of reviews.”™ The organic content in
atmospheric particles is characterized by a number of func-
tional groups with the oxygen-to-carbon elemental ratio (O : C)
ranging from 0.1 to 1.0 and are often grouped together into
classes of compounds.®® Our latest study**® highlights that the
knowledge of the pK, values of organic acids, some of which are
currently incorporated in atmospheric chemistry models, is not
enough to fully understand their complexation and reactivity
with transition metals. The knowledge of structural effects on
the kinetics of these reactions provides invaluable information
of the role of the diacids in changing the chemical and physical
properties of aerosol particles. Identifying functional groups in
organic aerosol particles aid in understanding and predicting
their chemical and photochemical reactivities. Examples of
‘offline’ techniques used to identify organic functional groups
are Fourier transform infrared spectroscopy (FTIR) and nuclear
magnetic resonance spectroscopy (NMR). The application of
infrared spectroscopy to the detection and quantification of
functional groups in water soluble organic particles from the
smog chamber and field studies has been reviewed by Reggente
et al.**® and Gao et al.**° The identification and quantification of
functional groups in organic aerosol particles using NMR
Spectroscopy was reviewed by Duarte and Duarte.***** Classes of
identified organic functional groups include aliphatic, alkene,
aromatic, and carbonyl carbon, in addition to alcohols, orga-
nosulfates and amines. The following two sections highlight
two classes of organic compounds whose reactions with iron led
to the formation of BrC: phenolic compounds and unsaturated
dicarboxylic acids.

3.1 Phenolic compounds

Biomass burning is one of the largest sources of organics, gases
and BBOA in the atmosphere, in general, and phenolic
compounds, in particular. Examples of these phenolic

Environ. Sci.. Atmos., 2021, 1, 297-345 | 301


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ea00038a

Open Access Article. Published on 07 July 2021. Downloaded on 26/07/2024 21:12:10.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Environmental Science: Atmospheres

compounds are catechol, guaiacol, resorcinol, and hydroqui-
none. The relative amounts of these compounds vary with fuel
type*** and combustion conditions.****** Also, these compounds
are produced by photo-oxidation of aromatic VOCs, are well-
known aromatic SOA precursors, and are simple models for
the aromatic fraction of HULIS in aerosol particles.'*® Similar to

View Article Online
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atmospheric dust, BBOA travels long distances™® and hence
there are realistic scenarios in which catechol and related
compounds can end up in iron-containing particles. For
example, primary particles from cooking emissions contain
internally mixed soluble iron and organics."” Smoke from
biomass burning is often spread by wind, which also lifts

Table 1 Physical properties of selected semi-volatile phenolic compounds reactive with iron

Henry's law

0:C Molecular weight® constant’ (M atm ™)
Compound name Structure® molar ratio (g mol™") pK, at” 25 °C  at 25 °C
OH
Catechol (C¢HgO,, CA) ©: 0.33 110.11 9.3,12.6 8.3 x 10°
OH
OH
OH .
3-Hydroxycatechol (C¢HeO3, 3-HC) 0.5 126.11 9.0,11.6,14 6.4 x 10
OH
HO OH
4-Hydroxycatechol (C¢HeO3, 4-HC) \©: 0.5 126.11 9.1,11.6, — —
OH
O,N OH
4-Nitrocatechol (C¢H5NO,4, 4-NC) \©i 0.67 155.11 6.7,11.3 ~10°
OH
OH
4-Methylcatechol (C,HgO,, 4-MC) 0.29 124.14 9.6, 14 —
OH
OH
Guaiacol (C;HgO,, GA) ©: 0.29 124.14 10 973
OCH;
0]
OCH;
Coniferaldehyde (C1oH;003, CON) H z 0.3 178.18 9.7 —
OH
OCH3
‘ OH \
Syringol (CsH;403, SYR) 0.38 154.16 9.8 1.2 X 10
OCH;
o-Cresol (C;HgO, 0-CR) @E 0.14 108.14 10.3 6.3 x 10°
OH
p-Cresol (C,;HgO, p-CR) 0.14 108.14 10.3 1.3 x 10°
OH
O5N OH
2,4-Dinitrophenol (C¢H4N,Os, 2,4-DNP) NO 0.83 184.11 4.1 3.5 x 10°
2

4 From ref. 170-178. ® From ref. 159, 161 and 179.
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crustal particles off the ground. Mineral dust is known to be
transported globally by wind, which offers ample time for the
partitioning of organic vapors into iron-containing particles.

The simplest phenolic compounds are catechol and guaia-
col. The gas phase concentration of catechol can be as high as
50 ppbv (~5 x 10~% atm), resulting from biomass burning,
pyrolysis and combustion,*® but in most cases it will be well
below the 1 ppbv (10~° atm) level. With Henry's law constant of
8.3 x 10° M atm ™ %,** this translates into 41.5 mM and 0.83 mM,
respectively, in a bulk system like a cloud droplet. The
concentrations could be higher in the interfacial region of the
particles because of surface enhancement of organics.**® Similar
calculations could be done for guaiacol that has a Henry's law
constant of 973 M atm™ " (ref. 161) and for other polyphenols
listed in Table 1. As presented in the following sections, the
reactivity of these compounds and their derivatives with iron
proceeds differently because of their structure.

3.2 Dicarboxylic acids

Dicarboxylic acids are abundant in atmospheric aerosols from
continental, marine and polar regions with mass concentra-
tions in tens to hundreds of ng m ™ of air.'®* Fig. 4 shows the gas
phase and in-cloud oxidation processes responsible for their
formation from natural and pollution-driven organic precur-
sors. The most abundant diacid is oxalic acid (C2). Ubiquitous
C3-C6 dicarboxylic acids such as malonic, malic, maleic, suc-
cinic, glutaric, fumaric and muconic acids are detected in BBOA
aerosol particles'® and used in laboratory studies investigating
liquid-liquid phase separation.*® Ring-opening reactions
involving common atmospheric aromatic compounds, such as
benzene, toluene, and xylenes, are known sources of unsatu-
rated aldehydes'® and dicarboxylic acids.®* Muconic acid was
identified as a product of photo-oxidation of benzene,*>**® and
fumaric, maleic, and succinic acids are commonly observed in
the atmosphere.**”**® These diacids, along with inorganic salts,
influence the pH, ionic strength, water activity, and viscosity of
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the aerosol liquid water and also compete for binding to iron,
specifically the anionic species.** Using an aerosol liquid water
content of 6 x 10°% L m™2 of air, Gen et al.'¥ estimated the
molar concentration of C2-C4 diacids to range from 3 to 95 mM
depending on the diacid over a number of locations in China.
Table 2 lists the physical properties of C2-C6 dicarboxylic acid
that we used to explore their complexation with iron and their
effect on the extent of BrC formation using catechol®®'*® and in
the absence of catechol.* The following sections elaborate more
on these cases.

4. Complexation and redox reactivity
of iron with organics

The chemical state (e.g., soluble vs. insoluble) and cycling of
iron between oxidation states 3+ and 2+ depend on a number of
chemical processes that include complexation strength to
organic and inorganic ligands, the presence of electron donors/
acceptors, and absorption kinetics of UV-vis light. The following
sections elaborate on these topics beyond what was covered in
the earlier review.”

4.1 Soluble organic complexes with iron

Acidic and phenolic functional groups are strong complexing
agents to soluble iron.”” Visual MINTEQ freeware is a chemical
equilibrium computer program with extensive thermodynamic
databases that allow for the calculation of speciation, solubility,
and equilibrium of solid and dissolved phases of minerals in an
aqueous solution.™ Visual MINTEQ has a large selection of
organic acids and includes a database management tool that
allows organic species to be easily added or deleted. It could be
used as a tool to obtain values for the pK, and complex stability
constants (log K). Also, this program can generate the relative
concentration of different species that exist in solution at
equilibrium. Fig. 5 shows examples of iron speciation curves in
solution mixtures containing iron chloride, oxalic acid and

¢, diackd In cloud oxdn - >
: (Pyr, wC;) 2,
Ubiquitous S Ubiquitous : v
distribution over & 3 Aletiibution over e C, +C, diacid
Continent C,>C,>C; [ o Ocean CoC, = C, [aads
o diacids [ e BN B | iquitous distribution
= < 9, over poles C, > C,>Cy
C.-C, diacids, pyy+ (Gly, Megly, N A diacid (during polar
wC,, Pyr, Gly, mm) Continental C,, Cs, C,, diacids ]
@
&0 outflow * lox
o 6; €y CuilCy, IC; Oxdn C, diacid
Isoprene, =’ €1+ C; +Cy # Gy diacids ]Oxdn
unsaturated fa : % o Pollution transport +
acids = Aromatic HCs, 3 C,- C, diacids i 3 * photochemist

Toluene, Benzene Cyclic
Olefins

(5=

4
? &
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Azelaié: acid (C, diacid)
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] I I =
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Fig. 4 Schematic representation of atmospheric reaction pathways of dicarboxylic acids and other related water-soluble organic compounds
(Oxdn = photochemical oxidation). Adapted from ref. 162 with permission from Elsevier, © 2016.
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Table 2 Physical properties of selected dicarboxylic acids
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Aqueous saturation

0:C Molecular concentration” (wt%)
Compound name Structure” molar ratio  weight? (g mol™")  pK, at”25°C  at25°C
HO @)
Oxalic acid (C,H,0,) H 2 90.03 1.3, 3.8 9.52
0] OH
O O
Malonic acid (C;H,0,) )J\/U\ 1.33 104.06 2.83, 5.69 61.3
HO OH
0]
o HO
Malic acid (C;HqO5) oH 12 134.09 3.40, 5.11 57.4
0] OH
0]
L HO
Succinic acid (C,HgO,) OH 1 118.09 4.16, 5.61 7.2
(0]
(0]
L HO.
Fumaric acid trans-C,H,0, AN OH 1 116.07 3.0, 4.2 0.7
(0]
Maleic acid c¢is-C,H,0, HO‘<_>/~*OH 1 116.07 1.9, 6.2 441
O O
O O
Glutaric acid (CsHgO,) )J\/\/U\ 0.8 132.12 4.31, 5.41 58.8
HO OH
0]
HO
Muconic acid (trans, trans-CeHeO.) NN OH  0.67 142 3.9, 4.7 Not
o determined

@ From ref. 170. ” From ref. 180 and 181.

ammonium sulfate as a function of pH.* These curves are very
useful in quantifying dominant species at a given pH for accu-
rate interpretation of chemical and photochemical reactivity in
multicomponent systems.

The log K values of different iron complexes can be used in the
interpretation of experimental data in multicomponent systems, as
illustrated in the following sections. Reliable kinetic studies on iron
complex formation with the organic ligands of atmospheric rele-
vance are sparse. Table 3 lists values for the forward complex
formation rate constants, ks, between FeOH>" and selected aliphatic
carboxylic acids for comparison with catechol. Within the experi-
mental conditions listed in Table 3, the k¢ value for forming the iron
catecholate complex, Fe(CcO,H,)" (Fe-CA), is 3x that for forming
iron sulfate, Fe(SO,),”, and iron malate, Fe(C,05H,)" (Fe-MA). As
described in detail in Section 5, iron-catalyzed polymerization of
catechol forming insoluble black polycatechol particles and colored
water-soluble oligomers occurs in systems containing excess

304 | Environ. Sci:. Atmos., 2021, 1, 297-345

ammonium sulfate (AS)/nitrate (AN) and C4-C5 dicarboxylic acids,
which were used to vary the ionic strength under acidic pH (~2)."*

4.2 Redox reactivity of iron forming soluble products

The presence of Fe(ur)/Fe(u) species in aerosol particles can
influence their oxidative potential through acting as electron
acceptors/donors, respectively. The term “oxidative potential”
refers to metal-driven redox chemical reactions that lead to the
formation of reactive oxygen species (ROS), such as OH and
H,0,, and also organic radicals/cations."®® The redox reactions
catalyzed by iron not only can cause degradation of water-
soluble organics but also the formation of soluble and insol-
uble secondary and high molecular weight organics depending
on the chemical structure of  the organic
precursors.68—70,77,120,148,189—191

Under oxic conditions, Fe(m) species are dominant. Using
basic principles of electrochemistry, one can predict if a redox

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Speciation curves of iron chloride, oxalate, and sulfate with variable molar ratios. Ratios in headings are mol : mol. The curves were
generated using equilibrium constants for the acid dissociation and complexation reactions of iron from the database in Visual MINTEQ, v. 3.1.
Reproduced from ref. 68 with permission from the American Chemical Society, © 2019.

reaction will take place spontaneously upon mixing Fe(m) with
organic compounds acting as electron donors. In systems con-
taining Fe(m), reduction reactions of iron species under acidic
conditions are listed in Table 4 along with the reduction
potential, E. Table 5 lists the oxidation potential and major
products of phenol, catechol and guaiacol from electrochemical
studies under acidic conditions.

For a system containing catechol/Fe(u) at pH 3, eqn (1) and
(2) represent the redox coupling for the net reaction shown in
eqn (3):

Oxidation:

Catechol — ortho-quinone + 2¢ + 2HY, E,,; =04V

1)

Reduction:
2Fe(OH)2+ +2H" + 2e¢ — 2Fe(n) + 2H,0, Eq = 0.72V (2)
Net reaction:

Catechol + 2Fe(OH)** — o-quinone + 2Fe(11) + 2H,0,
Enet = Ereda — Eox =072 -04=032V (3)
The net positive redox potential indicates that reaction (3) is
spontaneous under acidic conditions. Using the same
approach, it could be concluded that redox reactions between
phenol and Fe(m) are non-spontaneous under acidic conditions,
whereas they are with guaiacol. The oxidation potential of

Table 3 Literature values for the complex formation rate constant between FeOH?* and selected ligands. Reproduced from ref. 148 with

permission from the American Chemical Society, © 2021

Reaction Experimental conditions Forward rate constant, ks (M~' s77) Ref.
Citric acid 20 °C, [HClO,] = 0.01-0.05 M, pH = 1-2 50-930 183
Oxalic acid 25 °C, 1 M HCIOy, ‘acidic’ pH 2 x 10* for FeO," 184
Sulfate 25 °C, 1 M NaClOy, pH = 0.7-2.5 1 x 10° for Fe(SO,),~ 185
pr-Malic acid 25 °C, 1 M NaClOy, pH = 1-2 95-10° 186
Catechol 25 °C, 1 M NaClOy, pH = 1-2 3 x 10° for FeCA" 187

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 4 Selected reduction reactions of Fe species and their electrochemical potentials from ref. 192

Rxn#f Reduction reaction pH range E (V) range and pH dependency
1 Fe(ur) + e — Fe(u) 0-2.12 0.77
Fe(OH)*" + H + e — Fe(n) + H,0 2.12-3.48 0.9-0.06 pH (pH 3, E = 0.72 V)
3 Fe(OH)*" + 2H" + e — Fe(u) + H,0 3.48-6.30 1.10-0.12 pH (pH 4, E = 0.62 V; pH 5, E = 0.5)

a number of carboxylic acids of atmospheric relevance is higher
than 1 V under acidic conditions. Hence, no spontaneous redox
reactions take place with Fe(i) in solution.*’

In addition, binding of Fe(u)/Fe(u) to polyphenols contain-
ing the catecholate or gallate (i.e., 3-HC in Table 1) moieties
plays a role in their antioxidant properties.*****® Complexes with
Fe(u) quickly oxidize in the presence of oxygen in a process
referred to as auto-oxidation to give Fe(m)-polyphenol
complexes. Once these complexes form, the polyphenol can
reduce Fe(m) to Fe(n) forming a semiquinone that further
oxidizes to a quinone. If the organic ligands exist in excess, the
coordination of two or three polyphenol ligands inhibits Fe(ur)
reduction processes.**® As shown below in Section 5, irreversible
oxidative polymerization reactions take place in systems with
excess Fe(m) forming insoluble black particles, and the particle
density depends on the organic ligand to iron molar ratios.

5. Case studies on iron-catalyzed
insoluble and soluble BrC formation

The results on iron research to date summarized above are
invaluable in understanding and predicting the chemical reac-
tivity of dust aerosols. However, the role of dust in catalyzing the
polymerization reactions of organics due to the soluble iron
fraction and its effect — as a dust aging pathway - on the optical

Table 5 Electrochemical oxidation potential and reaction products of

properties and the ice nucleation efficiency have received little
attention under atmospherically relevant conditions. These
reactions might be as efficient as those producing BrC from
VOC precursors.* In the following sections, the results to date
from our group and others show that iron can catalyze the
oligomerization and polymerization reactions of phenolic
compounds and some dicarboxylic acids in systems that model
aerosol particles.

5.1 Phenolic precursors

5.1.1 Catechol and guaiacol. The phenolic compounds that
have been tested to date for the reaction with soluble Fe(u)
under acidic conditions and formed colored oligomeric and
polymeric products over short periods of time (i.e., 2 h) are the
majority of those listed in Table 1. Slikboer et al.” reported the
first set of experiments on the efficient formation of highly
absorbing, water-insoluble particles of polycatechol and poly-
guaiacol from the reaction of Fe(m) at pH 3 with catechol and
guaiacol at millimolar concentrations. Fig. 6 shows the digital
photos of the unfiltered solutions as a function of time, dry
particles collected on filters, and the UV visible spectra of
reaction solutions. Both catechol and guaiacol solutions are
transparent in the visible range and show a UV band around
274 nm due to © — 7* transitions in the benzene ring. The UV-
vis absorbance spectrum of FeCl; solution (pale yellow) shows

selected phenolic compounds

Oxidation Cyclic voltammetry experimental

Compound potential (V)  conditions Oxidation reaction Ref.
OH o)
Phenol ©’ . ©/ ‘e
OH 50 mV's " vs. Ag/AgCl 0.5-25 mM Pt ¢ OH o 193 and
~1 (pH 0.2-2) °) MV S s AgiAghL Bomis M +1/2 H,0 —> r2e+2H o0
electrode 2 194
HO O
OH O
L @ = @ +2e+2H*
OH (¢}
Catechol OH 0
OH 0.43 - 02 » — @ +2e+2H* 194 and
©: (PH 4 — 8) 50 mV s~ vs. Ag/AgCl 1 mM Pt electrode OH o) 105
OH
Guaiacol

100 mV s~ vs. Ag/AgCl 0.1 mM boron-

0-48-0.9 (pH 2) doped diamond electrode

CL,
OCH,
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— - - -
ocH, OCH3 OCH; OCH, OCH3
OH o} o o} o
+»e
,H“'
o ( @\ocm
CH30H

196
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Fig. 6 Dark reaction of catechol and guaiacol with FeCls at pH 3: (a and b) digital images of the 1 : 2 organic reactant/Fe molar ratio of unfiltered
solutions as a function of time; (c and d) particles on filter after 30 min; and (e and f) the corresponding UV-vis spectra after filtration. Reproduced
from ref. 70 with permission from the American Chemical Society, © 2015.

a band around 295 nm from the ligand-to-metal-charge transfer
(LMCT) of the prevailing species in solution, [Fe(H,0);OH]**.2%
Spectra collected at pH = 1-5 exhibit a shift in this peak because
the iron speciation is strongly pH-dependent.>** In the case of
catechol, an initial green color was observed for the 1:2,1:1
and 2 : 1 organic reactant : Fe molar ratios, which was attrib-
uted to the formation of a bidentate mononuclear catechol-Fe
complex with an LMCT band around 700 nm.>** The intensity of
this feature varied with the amount of Fe in the solution
mixture: the lowest intensity was observed for the 2 : 1 organic
reactant : Fe solution mixtures. The intense spectral feature at
390 nm was attributed to n — w* transitions of o-quinone
species formed from the oxidation of catechol-Fe complexes.**
This peak was also observed at lower concentrations of catechol
and iron under acidic conditions and for other catecholates
such as gallic acid.”* The presence of -OCH; group in the case
of guaiacol inhibited the formation of the iron complex, as
evident by the absence of the characteristic LMCT band in
Fig. 6f. As explained below, the spectra in Fig. 6f indicated the

© 2021 The Author(s). Published by the Royal Society of Chemistry

formation of soluble amber-colored oxidation products due to
iron redox chemistry.

The data in Fig. 6 clearly show the phase separation and solid
particle formation in water. Fig. 7 shows scanning electron
microscopy (SEM) images of the particles collected on the filters
in Fig. 6. These images clearly show micron-size conglomerates
of nanometer-size soot-like particles that we named ‘fireless
soot’. Energy dispersive X-ray spectroscopy (EDS) experiments
showed that polycatechol and polyguaiacol particles are organic
materials with no detectable iron content. The mass yield
experiments using a 1 : 2 organic reactant : Fe molar ratio at pH
3 after 2 h of reaction were 47 + 4% and 49 £ 14%, for poly-
catechol and polyguaiacol, respectively. These mass yield values
were calculated using eqn (4):

MasSgried filter — massorginal filter « 100%

Yield (%) = @)

massorganic reactant

These mass yield values are comparable to or larger than the
typical mass yields of SOA obtained by the photo-oxidation of
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Fig. 7 SEM images of (a) polycatechol and (b) polyguaiacol collected
on copper grids after a 90 min dark reaction of catechol with FeCls at
pH 3in a 1:2 molar ratio. Reproduced from ref. 70 with permission
from the American Chemical Society © 2015.

common VOCs, such as terpenes,”** and are also larger than the

yields associated with aqueous SOA (aqSOA) photochemical
production.”® Therefore, the iron-catalyzed reactions of cat-
echolates have high potential to produce SOA with superior
efficiency.

Using Matrix Assisted Laser Desorption Ionization Time-of-
Flight Mass Spectrometry (MALDI-TOF-MS), Link et al.>*
explored the structure of a polycatechol thin film in the m/z
range 200-450 (Fig. 8A). The MALDI mass spectrum in the m/z
range 200-550 for a polyguaiacol thin film sample is shown for
comparison in Fig. 8B. The tentative assignment of the peaks to
chemical formulae and structures of oligomeric fragments is
also shown in Fig. 8. While the peak pattern is complex, the
highest intensities were associated with the trimer (around m/z
330 and 370) and the tetramer species (around m/z 430 and 490).
Higher order oligomers, above m/z 450, were not reproducibly
observed. In the following sections, a summary of previous
studies is provided on the analysis of organic solvent extracts of
polycatechol and polyguaiacol that contained oligomers with
masses observed in the MALDI spectra. These structural details
are useful when comparing the hygroscopic properties and ice
nucleation activity of polycatechol and polyguaiacol with other
organics.”

Moreover, Fig. 9 shows the attenuated total internal reflec-
tance FTIR (ATR-FTIR) spectra of solid polycatechol and

308 | Environ. Sci.: Atmos., 2021, 1, 297-345
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polyguaiacol formed in reactions of Fe(u) with catechol and
guaiacol. The 2000-1000 cm™ " spectral range contains vibra-
tions of aromatic (1640-1400 cm™ '), C-O and C-C stretching
(1400-1200 cm ') and C-H bending (1200-1000 cm ") modes.
The spectrum of polycatechol recorded by transmission FTIR
using KBr pellets***' is in line with the one shown in Fig. 9,
where broadening and shift in peak frequencies were observed
due to the rigid structure of polymers. The high intensity of
features in the 1400-1200 cm ™' range is characteristic of phe-
nylene (C-C) and oxyphenylene (C-O-C) linkages. These spectra
show no absorbance around 1700 cm ™', indicative of carbonyl
(C=0) groups, which were reported for catechol and guaiacol
SOA due to reaction with ozone." The following sections
highlight the effect of ring substituents in the benzene rings of
catechol and guaiacol and competing ligands on the iron-
catalyzed oxidative polymerization of catechol and guaiacol.

5.1.2 Derivatives of catechol and guaiacol. The reactions of
Fe(m) with catechol and guaiacol derivatives were investigated
by Chin et al.**° to explore the effect of ring substituents on the
polycatechol and polyguaiacol formation efficiency. These
derivatives are listed in Table 1, which include 4-hydrox-
ycatechol (4-HC), 3-hydroxycatechol (3-HC), coniferaldehyde
(CON), 4-methylcatechol (4-MC), 4-nitrocatechol (4-NC) and 2,4-
dinitrophenol (2,4-DNP).%572!* Fig. 10A shows the UV-vis
spectra of reaction mixtures as a function of time along with
digital photographs of the reaction solutions. In these experi-
ments, the concentration of soluble Fe(ur) was less than or equal
to 2 mM, which is a relevant choice for aerosol particles, as
stated above. Fig. 10B shows digital photographs of the filters
with insoluble products after 2 h of reaction time with CA, 3-HC,
4-HC, and CON. 3-HC and 4-HC are catechol derivatives with an
extra hydroxyl group in the para- and meta-positions, respec-
tively. The UV-vis spectra indicated the formation of quinone
species between 350 and 400 nm. Both compounds formed
colored particles with mass yields of 27 & 2% and 32 + 3% for 3-
HC and 4-HC, respectively, after 2 h of reaction with Fe(ur) at pH
3. The reaction of 4-MC and FeCl; did not produce particles over
the 2 h reaction time. However, particles did eventually appear
on the filter after allowing the mixture to react further for 24 h.
On the other hand, the reaction of Fe(m) with 4-nitrocatechol
and 2,4-dinitrophenol did not form particles.**®

In the case of the guaiacol derivative, CON, particles formed
after 2 h reaction with iron with a mass yield of 35 & 4%. These
differences in the reactivity of catechol and guaiacol derivatives
with iron are discussed in the following sections. Syringol (SYR)
is another guaiacol derivative, and its reactivity with iron was
investigated by Lavi et al.>"'. They reported the formation of
insoluble brown to black matter that was collected on a filter,
washed and then completely dissolved in dimethyl sulfoxide
(DMSO) and analyzed using UV-vis spectroscopy and liquid
chromatography/mass spectrometry (see sections below for
details). The insoluble matter was also analyzed using X-ray
photoelectron spectroscopy (XPS), which showed that the
surface chemical composition was predominately carbon (76-
87%), as evidenced from the peaks of C=C or C-H, C-OH, and
C=0 functional groups. The atomic concentration of oxygen
ranged from 13 to 24%. The following sections provide details

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Representative MALDI-TOF mass spectrum of (A) polycatechol and (B) polyguaiacol thin films in the negative ion reflector mode, [M—H] ™.
The structure of fragments was based on ref. 207 for polycatechol and ref. 208 for polyguaiacol. No additional matrix compound was used in the

spectra collection. Spectra were collected with the assistance of Dr
University of California Irvine Mass Spectrometry Facility.
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Fig.9 ATR-FTIR absorbance spectra of (a) solid polycatechol (bottom)
and polyguaiacol (top) deposited on a ZnSe ATR crystal from a water/
ethanol slurry, followed by drying overnight. Reproduced from ref. 70
with permission from the American Chemical Society, © 2015.

on the mechanism that explains iron-catalyzed polymerization
of phenolic compounds.

5.1.3 Mechanism of iron-catalyzed oxidative polymerization

5.1.3.1 Insoluble polycatechol formation. Abiotic oxidative
polymerization of phenolic compounds is catalyzed by transi-
tion metals such as iron. Scheme 1 shows a proposed mecha-
nism for polycatechol formation based on the results from ref.
212-216 under dark conditions leading to the formation of

© 2021 The Author(s). Published by the Royal Society of Chemistry

Lauren T. Fleming, Prof. Sergey A. Nizkorodov, and Dr Ben Katz at the

oligomers and polymeric particles. Iron catalyzes the deproto-
nation of catechol and its derivatives below their first pK,**® and
forms strong bidentate complexes with stability constants that
vary with iron species in solution. For example, the formation of
Fe(Ce0,H,)" as per eqn (5) and (6) has log K values of 7.9 and 9.9
depending on the iron species:

Fe** + H(C¢0,Hy)™ = Fe(CqO-Hy)* + H* (5)

Fe()I_IZJr + H(C602H4)_ = 1'_“6‘,((:6021_14)+ + H20 (6)

The extent of charge transfer that oxidizes the organic
compound and reduces Fe(ui) depends on the benzene ring
substituents. In this mechanism, dissolved O, is the oxidant
and Fe(m) plays a role as a catalyst. Tran et al.*® investigated the
effect of dissolved oxygen in aqueous solutions containing iron
under acidic conditions. The level of dissolved O, in these
experiments was quantified at 11 + 2 mg L' (or ppm).
Bubbling N, gas into the reactant solutions (prior to mixing) for
1 h reduced the level of dissolved O, to 3 + 2 ppm. Longer
bubbling times up to 2 h did not significantly reduce this value
further. So, we concluded that it is practically impossible to
completely purge dissolved oxygen by nitrogen bubbling, and
that the amount of dissolved oxygen below the detection limit of
the measuring electrode is enough to oxidize polyphenols in the
presence of iron.
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Fig. 10 (A) UV-vis absorption spectra of mixtures of Fe(m) with (a) CA,

(b) 2,4-DNP, (c) 4-MC, (d) CON, (e) 4-NC, (f) 3-HC, and (g) 4-HC.
Different colors of traces correspond to spectra of organic reactants
before mixing (red), 1-5 min after mixing (orange), 1 h after mixing
(green), 2 h after mixing (blue), and filtered solution (purple). The final
concentration of organics is 1 mM, and the final concentration of Fe(in)
is 2 mM. The photographs are those of unfiltered solutions. (B)
Photographs of filters containing particles after 2 h of reaction, filtra-
tion, and drying for CA, CON, 4-HC, and 3-HC. The last column
contains the average (n = 3) effective mass yield in percent. Repro-
duced from ref. 190 under Create Commons License (CC BY-NC) from
the Royal Society of Chemistry, © The Author(s), 2021.

Cycling between Fe(u) and Fe(ur) species is coupled with the
production of ROS, H,0,, and OH radicals as intermediates.*"”
The LMCT steps lead to the formation of quinone species and
the release of Fe(u). Oxidation of Fe(u) to Fe(m) by dissolved
oxygen is spontaneous according to reactions (7)—(9):

Fe(u) — Fe(n) + e, E,x = —0.75V (7)
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O5(g) + 2H" + 2¢ > H,05(1), Epeq = +0.7 V (8)
Net reaction:

Fe(un) + 2H" + Oy(g) — Fe(mn) + H05(1), Enet
=FEreq — Eoix = +145V (9)

The rate constant for the net spontaneous oxidation of Fe()
by dissolved oxygen is pH-dependent and is known up to pH
6.2 Another pH-dependent reaction of Fe(un) with O,(g)
produces the superoxide anion, O," ", according to:

Fe(1) + Ox(g) — Fe(m) + O, ", k = 10" M~ s! (ref. 119) (10)

The pK, of the superoxide is 4.8 and its protonated form is
HO, " Under excess Fe(m), the formation with H,O, or HO,'/
0,'” from the above reactions occur according to eqn (11) and
(12):

Fe(in) + H,O0,(1) — Fe(n) + HO,'/O,"™ + H™,

k=2x 10" M~ s (ref. 220) (11)
Fe(m) + HO,"/O,"~ — Fe(u) + O, + HY,
k=78 x10°M~"s™! (ref. 220) (12)

The in situ formation of Fe(u) and H,0, would lead to the OH
radical production per the Fenton reaction shown in eqn (13)
under acidic conditions:

Fe(n1) + H,O»(1) — Fe(in) + OH + OH™,
k=55M"1s7! (ref. 220) (13)
The rate of the Fenton reaction is pH-dependent, and the
relative importance of the different elementary steps varies with
the relative amounts of Fe(u) and H,0, in solution.?** The OH
radical in the presence of quinone and catechol species leads to
hydroxylation of the benzene rings forming oligomers and
eventually polycatechol. The formation of polycatechol in
solution falls under the category of ‘mechanisms for polymeri-
zation reactions’, which are composed of three main steps:
initiation, propagation and termination.*””> The OH radical plays
a role in the first and second steps. Under conditions charac-
teristic of viscous multicomponent aerosol systems with rela-
tively high ionic strength (I = 1-12 m) and acidic pH (~2) that
likely affected the kinetics of the polymerization reactions, Al-
Abadleh et al.'*® detected colored water-soluble oligomers
shown in Scheme 2 using ultrahigh pressure liquid chroma-
tography coupled with mass spectrometry (UHPLC-MS).
5.1.3.2 Insoluble polyguaiacol formation. Scheme 3 shows
the mechanism of guaiacol oxidation in the presence of excess
iron under dark conditions based on reported mechanisms in
ref. 223 and 224. Previous studies********> on the guaiacol reac-
tion with transition metals including iron reported the char-
acterization of the soluble products from the oxidation process.
The established mechanism that explains these results is
mainly carbon-carbon coupling of guaiacoxy radicals, with little
evidence for carbon-oxygen coupling,****** leading to the
formation of dimers and eventually polyguaiacol. Pillar et al.””

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Suggested mechanism for polycatechol formation. Reproduced from ref. 190 under Create Commons License (CC BY-NC) from the

Royal Society of Chemistry, © The Author(s), 2021.
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observed dimers and trimers in the electrospray ionization
mass spectra of organic solvent extracts of soluble products
from the heterogeneous ozonolysis of catechol thin films. Using
a combination of HPLC, "H NMR, fast atom bombardment, and
chemical ionization mass spectrometry, Schmalzl et al>*®
studied the reaction of guaiacol with FeCl; and reported the
elemental composition, retention times, characteristic chem-
ical shifts and masses of guaiacol oligomers ranging from
dimers to pentamers at 246, 368, 490 and 612 mass units. They
assigned the 470 nm peak to an unstable 4,4’-diphenoquinone
intermediate.>”® These oligomers formed a precipitate soluble
in organic solvents and were found to be mainly organic in
composition. Similar oligomers - up to trimers — were observed
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in the mass spectra of reaction products from the enzymatic
oxidation of guaiacol.*®***® Hwang et al.>** identified products
from the biochemical oxidation of guaiacol by manganese
peroxidase (MnP) in the presence of H,0, by a suite of analytical
techniques and reported the structure of the dimers shown in
Scheme 3. Lavi et al*' characterized oligomeric products
solubilized in DMSO using a HPLC/PDA/ESI-HRMS platform
from the reaction of Fe(m) with guaiacol. Fig. 11 shows the
chromatogram of the reaction products and their characteristic
UV-visible absorption spectra in 300-700 nm. The fragments
observed were assigned to trimers and tetramers.

Hence, based on the above, in situ reduction of Fe(ur) to Fe(i)
leads to the formation of phenoxy radicals, which proceeds

& OCHj,3 Q\OCHs Q\OCHs
(6]

J/fg ( o OCH3
QOCHS

Fe(lll)

Fe(ll)

Scheme 3 Mechanism for the oxidation of guaiacol in the presence of excess iron under dark conditions leading to the formation of dimers and
eventually polyguaiacol based on the mechanism reported in ref. 223 and 224. Reproduced from ref. 190 under Create Commons License (CC

BY-NC) from the Royal Society of Chemistry, © The Author(s), 2021.
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(Upper panel) HPLC/PDA chromatogram of guaiacol/Fe(i) reaction products. The x-axis is the retention time, the y-axis is the UV-vis

absorption wavelength, and color denotes the intensity of the absorption signal. (Lower panels) UV-visible spectra of selected chromophores.
The figure and the caption were reproduced from ref. 211 with permission from the American Chemical Society, © 2017.

through C-C radical coupling from compound I in Scheme 3.
Compounds ITa and IIb (Scheme 3) give rise to the spectral
features at 412 and 470 nm (Fig. 6f), which were observed to
decrease in intensity upon overnight storage of solutions.****>*
As detailed below, formation of these polymeric species has
implications on the overall optical properties and chemical
reactivity of the surfaces coated by these products.

5.1.4 Effect of competing ligands on the polycatechol and
polyguaiacol formation efficiency
