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ABSTRACT: Atmospheric combustion particles, such as fly ash Ny

" FeO H' = <$Fea,
emitted from coal-fired power plants, are a potential source of .
atmospheric iron, with significant implications in climate and global ;
biogeochemical cycles. While the iron content and speciation of fly
ash depend closely on the source region and combustion process, . H* 89 ‘
few studies have been carried out comparing the atmospheric
processing of fly ash produced from coal-fired power plants in
different regions. In this study, we present an investigation of iron ) ‘{ no; O ‘ H ‘
dissolution in acidic aqueous solutions: HNO; and HCI at pH 1 and g . ‘
pH 2 under daytime and nighttime conditions for three fly ash { '*®
samples from three different sources: United States (USFA), Central } st. Ovo;,
Europe (EUFA), and India fly ash (INFA). Iron mobility and
speciation depend on the source region and the combustion
efficiency that generates fly ash. In HCI suspensions, proton-promoted mechanisms lead to larger fractions of aqueous-phase
iron leached from fly ash particles, with poorly combusted samples providing significant fractions of Fe**. In HNOj; suspensions, a
surface-mediated redox reaction suppresses the mobility of Fe?*, leading to the formation of nitrites. In the presence of solar
radiation, previously unrecognized pathways of atmospheric processing enhance the formation Fe?* and nitrous acid from
combustion particles. The information provided herein could be significant to increase our understanding of the effects of
combustion particles in the atmospheric chemical balance regarding iron and nitrites.
KEYWORDS: acerosol, particulate matter, metal transport, aerosol dissolution, bioavailable iron

B INTRODUCTION climate forcer with an estimated radiative forcing of 21 mW
m™" globally.'” Nevertheless, significant uncertainties remain
regarding the effects of iron speciation in the rates and yield of
iron mobility from anthropogenic combustion particles.
Recent studies suggest that atmospheric processing of fly ash
(FA), which are combustion particles emitted from coal-fired
power plants, is an important source of soluble iron and an
important parameter in the Earth’s climate system.'®™*® For
example, in China, increasing annual emissions of FA are
currently estimated to be in the range of 31 Tg, and in Europe,
FA emission is estimated to be 90 Tg per year.”*™*” Given the
particle size and morphology of FA, it can be transported from
urban areas to remote regions of the oceans and can undergo

Despite its relative abundance on Earth’s crust, iron is a
limiting micronutrient essential for the metabolic functioning
of marine organisms.l_3 For instance, dissolved and bioavail-
able iron is known to stimulate phytoplankton growth,
affecting the global carbon cycle by modulating CO,
sequestration and influencing global climate.”> In isolated
regions of the ocean, one of the more likely sources of soluble
bioavailable iron is atmospheric particulate matter deposi-
tion.*”® However, the alkaline pH of seawater on the surface of
the ocean (pH ~ 8) does not dissolve iron-containing minerals
from atmospheric particle depositions.”'’ The amount of
aqueous phase iron in high-nutrient low chlorophyll suggests
that iron is mobilized in the more acidic atmospheric

environment, before and during aerosol deposition."" In fact, Received: February 27, 2020
atmospheric processing has been shown to dissolve iron- Revised:  April 22, 2020
containing mineral dust and urban aerosol particles effectively Accepted:  April 23, 2020
via proton-promoted mechanisms and chelation pro- Published: April 23, 2020
cesses.'”'>7!% Recently, atmospheric mobilization of anthro-

pogenic combustion iron has been found to be a significant
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Table 1. Iron Content and Surface Area in FA Samples:
European Fly Ash (EUFA), and Mullite”

United States Fly Ash (USFA), Northeast India Fly Ash (INFA),

observation summary

fully combusted. Main component: mullite.
fully combusted. Main component: mullite

partially combusted, containing reduced elements. Main components: mullite and

feldspars. Larger content of copper species.

total iron surface area  average size (most probable
sample (mg g™") (m*g™") size) (um)
USFA  38+2 18+01 159+ 0.05 (0.89 + 0.08)
INFA 25 +3 2.07 £ 0.04  2.07 + 0.05 (1.21 + 0.06)
EUFA 9.4 + 0.8 2.8 +0.1 4.6+ 02% (22 + 03)A
mullite n.o. 33+02 n.o.

“n.o.: none observed; A: calculated from spherical particles only.

standard “iron-free” aluminosilicate (3A1,05-25i0,)

atmospheric processing, impacting the atmospheric bal-
ance.”””” Similar to mineral dust, FA interacts with the highly
acidic deliquescent layer formed around its particles by the
uptake of water and acidic atmospheric gases (pH ~ 0—3).*°
For mineral dust, the rate of iron dissolution depends not only
on the pH but also on the mineralogy of the particles, the solar
flux, and the identity of the acid.'**"** One important
atmospheric acid is nitric acid (HNO;), primarily generated
from nitrogen oxide atmospheric reactions. As an oxidizing
acid, HNO; can impact the speciation of iron, while daytime
conditions have shown to drive surface reactions of HNO; on
semiconductors and chromophores present in these atmos-
pheric aerosols.” In fact, recent studies in our research group
suggest that HNO; heterogeneous photochemistry on metal
oxides, common components of combustion particles, can lead
to nitrous acid formation and the renoxification of the
atmosphere.34_36 However, little is known about the rate
and vyields of these reactions in the acidic deliquescent layer
around FA particles during atmospheric transport.

Recent global model simulations suggest that iron mobility
from anthropogenic combustion particles in the atmosphere
play a key role in present-day ocean biogeochemical cycles and
atmospheric aerosols."” However, large uncertainties suggest
the need for laboratory experiments in order to better
understand the processes that control the solubility of iron,
including the rate of solubility and yields. While sample
composition, solar flux, and the identity of the acid can
influence the iron mobility from FA, additional parameters,
such as the efficiency of the combustion process and the source
region, need to be included in current atmospheric models.
This work investigates the effect of the FA source (iron
content and speciation because of the combustion process) on
the mobility of iron in the atmosphere, including the effect of
combustion efficiency, pH, and solar flux, in a proton-
promoted dissolution using HCI and in the presence of
HNO;. We carried out dissolution experiments simulating the
acidic deliquescent layer of FA particles, evaluating the role of
iron speciation in the formation of the nitrite ion in
atmospheric water at both daytime and nighttime. Our results
highlight the impact of combustion efficiency in iron
dissolution along with its potential role in the nitrogen
atmospheric cycle.

B EXPERIMENTAL SECTION

Source Materials. FA samples, classified as FA C, were
collected at the electrostatic precipitators of single power
plants located in different regions: United States of America
(USFA) from the Midwest region, Indian fly ash (INFA) from
Northeastern India, and European fly ash (EUFA) from a
commercially available standard of FA (BCR-176R) obtained
from the European Commission. The significant difference in
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geographical location of the emitting power plants secures not
only a source region comparison but also different coal sources.
The characterization of these samples has been reported and
discussed in recent publications by our research group.'®**
Briefly, elemental analysis carried out with X-ray fluorescence
(XRF) and atomic absorption spectroscopy (AAS) indicate
that the main trace metal component of all FA samples is iron,
as summarized in Table 1 and Table SI in the Supporting
Information section.'® In Figure 1, X-ray diffraction (XRD)
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Figure 1. Left: Representative micrographs of FA samples. (A)
United States (USFA); (B) Northeast India (INFA); (C) European
fly ash (EUFA). Right: XRD characterization of FA samples. (A)
USFA; (B) INFA; (C) EUFA. XRD legend: Q-quartz; M-mullite; H-
hematite/magnetite; F-feldspar; C-calcite; Z-zinc oxide; S-copper(I)
sulfide; O-copper(I) oxide; X-copper(1I) oxide.

patterns of the samples and standards show structural and
compositional differences between the samples. The main
component of all FA samples is mullite (3AL,0425i0,),
formed from the combustion of clay components of coal, with
EUFA showing more diffraction patterns because of a richer
composition with the presence of calcium feldspars.”® There
are also important diffraction peaks indicating the presence of
quartz (SiO,), with traces of hematite (Fe,0;) and magnetite
(Fe;04).>”*" The XRD spectra in Figure 1 also show a
broadening feature between 15 and 35°, especially noticeable
in INFA, characteristic of an amorphous phase of silica in the
glassy FA particles. As discussed in a previous publication from
our group, XRD and Fourier transform infrared (FTIR) also
show evidence of calcite in EUFA, further suggesting
incomplete combustion of this sample.'®*® The incomplete
combustion of EUFA was further confirmed using scanning
electron microscopy (SEM) as shown in Figure 1. EUFA
micrographs show amorphous rock-like particles, indicating
incomplete combustion in contrast to the micrograph of USFA
and INFA samples showing predominantly spherical particles
formed during a highly efficient combustion process. Infrared
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Figure 2. Fraction of Fe species dissolved from FA at pH = 1.0 in the absence of sunlight. Top graphs (A—C) represent iron leaching in HCI
suspensions; bottom graphs (D—F) represent iron leaching in HNO;. Graphs A and D represent the fraction of Fe** dissolved; graphs B and E
represent the fraction of Fe** dissolved; graphs C and F represents total iron in solution (Fe®®! = Fe?* + Fe**). Graphs showing data up to 50 h of

suspension in the Supporting Information.

spectroscopy of EUFA (Figure S1, Supporting Information)
shows features centered at 1411 and 1628 cm™, assigned to
the bending mode of carbonates and a stretching mode of
bicarbonates. No carbonate or bicarbonate bands were
detected in USFA and INFA, suggesting a significantly
different level of combustion between EUFA and the rest of
the samples.

Iron oxide species in FA have been shown to bind with
species such as SO,*” and CO;>7, which is particularly
important for EUFA,*~*' as carbonates are already present in
the bulk of the sample as a result of an incomplete combustion.
Thus, as CO5>~ dissolve in the acidic deliquescent layer, EUFA
particles can lose physical integrity and breakup into smaller
fragments, leading to higher iron dissolution. Small traces of
carbonates can be detected in INFA (feature at 46° in Figure
1); no clear evidence of CO;>~ was found in USFA.

All reagents used for sample characterization and dissolution
experiments were of analytical grade. Further trace elemental
analysis using XRF spectroscopy can be found in the
Supporting Information (Figure S1 and Table S1). The
specific surface areas (Sgpr), measured using an 11-point
Brunauer—Emmet—Teller (BET) surface analyzer (Quanta-
crome e400), show that European fly ash has the highest Sggr
of the three samples examined because of defects and porosity
present in non- or partially-combusted components such as
feldspars. Average particle sizes and most probable sizes,
summarized in Table 1, are obtained from a minimum of 350
particle counts from SEM micrographs, as reported by Borgatta
et al."® Particle sizes are comparable to FA particle sizes from
several field studies, with an average particle size <2.5 ym but
with distributions as large as 40 um.*””* Finally, a
commercially available mullite standard (Alfa Aesar) was
used as a control in suspension experiments to represent “iron-
free FA
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Suspension Experiments. The acidic deliquescence layer
mobilizing iron from atmospheric particles has pHs as low as 1
or 2, and its effect over the dissolution of combustion particles
can depend on the acidic anion’s reducing or oxidizing agent."*
To study these effects, dissolution of iron species was
performed on FA suspensions of 1 ¢ L™" in constantly stirred
solutions acidified with hydrochloric acid or nitric acid to a
controlled pH set to 1.0 + 0.1 or 2.0 + 0.1. The acidic
processing of combustion particles was simulated in a 300 mL
custom-built jacketed beaker with an airtight quartz window
top for oxygen-free and daytime experiments at 298 K.'*
Aliquots were periodically taken from the reaction vessel using
disposable syringes and filtered through 0.2 pm pore size
polytetrafluorothylene filters for iron and nitrite analysis.
Control experiments were performed using mullite, the main
aluminosilicate component of FA, confirming that no iron
originated from the reaction vessel or other external sources.
Although an important fraction of iron dissolution takes place
within the first 300 min, all suspension experiments were
carried out for a minimum of 50 h to ensure equilibrium and
simulate atmospheric transport periods.

Because Fe®* shows low solubility above pH 3.6, it was
determined that the conditions mentioned above most
accurately simulated cloud processing of tropospheric aerosol
particles that could drive iron mobility.””*" Under our
experimental conditions, Fe'* above 60 ppm begins to
precipitate as Fe(OH); above pH 2.4.>" Thus, an upper pH
limit of 2.0 + 0.1 allows for the measurement of Fe®" in
solution without hydrolysis loss of iron.”> Even though the rate
of ferrous iron oxidation is slow, its dependency on pH can
lead to oxygenation of Fe*', particularly as the pH increases.””
In order to prevent oxidation of Fe*" once leached from FA, all
dissolution experiments were carried out under a constant
nitrogen purge to prevent oxidation by dissolved oxygen. Prior
to the suspension experiment, the acidic solution was purged
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by bubbling nitrogen for 15 min to obtain a deoxygenated
solution; the dissolution experiment was then carried out with
a continuous flow of S sccm of nitrogen above the solution
surface to maintain an oxygen-free atmosphere throughout the
experiment. This low oxygen environment allowed for a better
quantification of both Fe** and Fe** leached from FA samples
during the suspension experiments, in particular allowed for
the calculation of iron speciation as it relates to initial rates of
dissolution.*"*” In addition, to control the variations in ionic
strength in the suspension solution as the dissolution of FA
particles takes place, all acidic solutions were adjusted to 1.0 M
NaCl for HCI suspensions and 1.0 M NaNO; for HNO,
suspensions.

Iron and nitrite quantification started at a t = 0 min, defined
as the moment of FA loading into the acid solution. After t =0
min, the suspension aliquots were colorimetrically analyzed for
dissolved iron and nitrite ion content.’® As reported in a
previous work, dissolved iron speciation was quantified using
1,10-phenanthroline, which selectively forms an orange
complex with Fe?* with an absorbance band at 510 nm.®
Total dissolved iron was quantified in the same samples by
adding hydroxylamine to reduce all Fe*" to Fe®" prior to
phenanthroline complexation. The absorbance measured via
the colorimetric method was converted into concentrations
using aqueous standards prepared from anhydrous ferrous
chloride (Sigma-Aldrich). Nitrite ion formation was quantified
using the Griess reagent (Promega), which forms a pink
complex in the presence of nitrite, with an absorbance band of
563 nm. Similarly, standards of the nitrite ion (Promega) were
used to determine the concentration of the nitrite ion.*® All
colorimetric measurements were performed in triplicate using a
Lambda 35 PerkinElmer UV/vis spectrophotometer.

All suspension experiments were performed under nighttime
and daytime conditions. For the latter, a solar simulator with a
150 W xenon lamp (Oriel Corp.) was placed above the
reaction chamber providing solar radiation at a constant power
of 136.2 mW/cm” at the top of the reaction chamber, which is
comparable to one solar constant. To determine the photon
flux in the reaction batch, which accounts for penetration
depth of the light source, the intensity of light in the solution
was determined using potassium ferrioxalate (K;Fe(C,0,);:
3H,0), a well-known chemical actinometer.”® Under our
experimental conditions, the light flux in the batch reactor was
in average (6.4 + 0.2) X 10™° E min™".

B RESULTS AND DISCUSSION

Nighttime Iron Mobility: Role of pH and Acidic
Anion. Iron mobility and speciation were investigated in the
absence of light. Figure 2 shows the time progression of total
dissolved Fe, Fe?*, and Fe' for the three different ashes
suspended in a reducing acid, HCl, and an oxidizing acid,
HNO;, solutions at pH 1 (a pH 2 figure is available in the
Supporting Information, Figure S3). All three ashes show an
increase in the fraction of dissolved iron with respect to their
initial iron content as reported in Table 1. The two main
mechanisms controlling the iron dissolution from FA are
proton-promoted, observed in HCl, and a combination of
proton and ligand-promoted in an HNOj; suspen-
sion.””**?%3%*7 These dissolution mechanisms depend on
surface H" and OH™ functional groups reacting with H* and/
or NO;~, weakening the surface structures and ultimately
mobilizing iron into the aqueous phase.**™*° For all
combustion particles examined here, the highest fraction of
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total iron leached was observed from USFA, with roughly 80
and 10% of iron partitioning to the aqueous phase in HCI and
HNO; pH 1 solutions, respectively. Conversely, the lowest
fraction of iron leached was observed from INFA, reaching
total iron fraction in aqueous phase around 10 and 3% of its
bulk iron content in HCl and HNOj;, respectively, over 300
min of suspension. While aqueous phase iron from USFA and
EUFA reached a maximum at 300 min, a continuous iron leach
was observed over 50 h of INFA suspension, reaching nearly
40% of its iron content into aqueous phase in HCI (see
Supporting Information, Figure S2).

Although all samples examined here mostly consist of an
aluminosilicate matrix, the varying combustion process and
mineralogical characteristics resulted in chemical and structural
differences that control iron solubility and speciation.”®
Initially, any surface iron species in immediate contact with
the acidic media dissolves quickly as the initial layer of the
particle dissolves, resulting in a fast dissolution pathway.'® In
general, FA particles are glassy spheroids formed after efficient
combustion followed by fast cooling.”">* Chemical bonds in
these well-combusted aluminosilicate glass matrices are weaker
and more susceptible to attacks by protons than feldspars
found in mineral dust or partially combusted ashes.”’ Thus,
when FA particles dissolve, they break up into smaller
fragments, allowing for better contact between the acidic
media and iron, which leads to a second, slower pathway of
iron leaching into the solution phase. These two pathways
were observed for well-combusted samples (USFA and, to a
lesser extent, INFA) and feldspar-rich partially combusted
samples (EUFA). However, the rate and fractions of dissolved
iron are strikingly different in each sample, as discussed below.

As anticipated from the thorough combustion of both USFA
and INFA, the iron leached from these samples is almost all
Fe®', with Fe®" fractions under 3% in 1.0 N HCI suspensions.
For EUFA, the incomplete combustion leads to a larger
fraction of Fe** mobility in the HCI suspension, with 60 + 8%
of the total dissolved iron being Fe’* after 300 min of
suspension. This higher aqueous phase concentration of Fe*" is
produced from the dissolution of magnetite, a common
component in partially combusted coal as shown in equations
below'**

1
ZFeZO3(s) + 3H%(aq) — Fe**(aq) + %HZO(I)

(1)

FeO(s) + 2H*(aq) — Fe**(aq) + H,0(1) (2)
Fe,0,(s) + 8H"(aq)

— Fe**(aq) + 2Fe**(aq) + 4H,0(1) (3)

Reactions 1—3 indicate that the proton-promoted mecha-
nism also consumes protons, which, along with other mineral
components such as carbonates and bicarbonates, can result in
pH changes. Thus, for the duration of the suspension
experiments, the pH was kept constant by adding microliters
of concentrated HCI into the suspension, with no statistically
significant dilution factor in the iron concentrations. As shown
in Figure 2 (and Supporting Information), soluble iron from
USFA and EUFA exhibit the two pathways at pH 1 and 2: an
initial rapid release of iron, followed by a slower iron leach.
The fast iron dissolution pathway, which takes place at a time
scale faster than our experimental resolution (<S min),
suggests the presence of surface iron species in direct contact
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Table 2. Initial Rate of the Fast (v;) and Slow (v;) Dissolution Pathways of Iron Species Leached from FA Suspensions in

HCI*”
v (X10" molec. cm™ s7%) s (10" molec. cm™ s7!)

pH sample Fe®* Fe®* total Fe Fe™* Fe** total Fe
1 USFA 0.78 + 0.10 70 £ 7 71+ 7 02 +0.1 49 £+ 0.8 5.1 +038
0.8 £ 0.5 S1+3 S2+£3 0.26 + 0.09 5.0+ 09 51+09

INFA n.o 1.2 +£ 02 1.1 +£02 0.04 £ 0.03 0.17 £ 0.09 0.17 + 0.07

n.o n.o n.o n.o 0.22 + 0.06 0.22 + 0.02
EUFA 1.0 £ 0.5 5.6 0.6 6+2 0.55 + 0.10 0.6 +£ 0.2 1.1+ 04
1.5+038 12+2 10+2 n.o 09 + 04 0.8 +£0.1
2 USFA 0.18 + 0.08 7.6 +09 7.7 £ 09 0.07 + 0.06 59 +08 6.0 +£0.8
n.o 12+6 11+5 n.o 7.0 £ 0.5 7.1 +£07

INFA n.o 03 + 0.4 03 + 04 n.o 0.19 + 0.01 0.204 + 0.003

0.27 £ 0.10 n.o n.o 0.06 + 0.06 n.o 0.15 + 0.09

EUFA n.o 0.5 + 0.6 0.5 + 0.6 n.o 02+ 0.1 0.33 + 0.02
2.1+05 3+2 3.8 +£0.5 04+ 02 0.8 + 0.2 12 +03

“Dark experiments are in the shaded rows and irradiated experiments are in the nonshaded rows. The errors are the standard deviation over, at

least, triplicate experiments. “n.o.: not observed.

with the acidic solution. In contrast, iron mobility from INFA
did not show a significant rapid iron dissolution pathway, likely
due to a lower iron leach from the sample and less surface iron
content.'”® While the fast dissolution pathway was also
observed in pH 2 solutions, at higher pH, the generation of
soluble iron species dropped and the rate of the dissolution
decreased, in agreement with mechanisms driven by the
concentration of protons as described in reactions 1 and 2. In
previous studies in our laboratory, we reported that FA
dissolution was strongly dependent on pH, with higher iron
dissolution taking place at lower pHs.'® Consistent with these
observations, at pH 1.0, iron dissolution takes place at faster
rates and produces higher yields than that of pH 2.0
suspensions. Given that proton-promoted dissolution is the
main mechanism driving iron mobility from FA samples in an
HCI suspension, the increase in the fraction of iron dissolved
with the decrease in pH is consistent with reactions 1 and 2.
For HCI suspensions, the initial rapid leach of total iron
(Fe** + Fe), v, was estimated to be the concentration at 5
min of suspension: at pH 1 suspensions in HC], (0.8 + 0.1) X
10" and (1.0 = 0.5) X 10" molec. cm™ s™! for USFA and
EUFA, respectively. At pH 2, the rapid iron dissolution from
USFA decreased to 25% of its value in the more acidic media,
while for EUFA, the value of v; decreased to roughly half the
value at pH 1. The slow pathways, v, were estimated as the
initial rate starting at S min. It has been suggested that the
specific surface area of the samples play an important role in
iron solubility.”* While the specific surface area could play a
role in the fast pathway of iron leach, for combusted particles,
surface area does not correlate with iron mobility. Our results
suggest that iron solubility and speciation from FA particles are
chemically driven, depending mostly on the source region and
combustion process. The differences in the dissolved iron
fractions also imply that iron mobility from combustion
particles is inherently dependent on the combustion process
and the concomitant mineralogy of the particles, with the only
predictable correlation being the larger relative fraction of Fe**
in solution for poorly combusted particles. This lack in
correlation is comparable to iron mobility processes from
mineral dust samples.'* Conversely, differences in iron
speciation depend on combustion efliciency. The iron
dissolution rates are summarized in Tables 2 and 3.
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Table 3. Initial Rate of the Fast (v;) and Slow (v,)
Dissolution Pathways of Iron Leached from FA Suspensions
in HNO,*"

pH  sample v (X10" molec. cm™ s™!) v (x10" molec. cm™ s7")
1 USFA 11.6 + 0.7 0.6 + 0.1
37+2 n.o
INFA n.o 0.050 + 0.003
n.o 0.048 + 0.009
EUFA 1.7 £ 02 0.18 + 0.01
14 +02 0.15 + 0.03
2 USFA 5.5+ 0.5 12 £ 02
4+2 0.7 + 0.2
INFA n.o 0.031 + 0.004
02+ 02 0.04 + 0.03
EUFA 0.3 +£0.1 0.17 + 0.08
0.5 + 0.1 0.13 + 0.05

“Only Fe** is observed to leach into solution in the presence of
HNO;. Dark experiments are in the shaded rows, and irradiated
experiments are in the nonshaded rows. The errors are the standard
deviation over, at least, triplicate experiments. ®n.0.: not observed.

In EUFA, the concentration of Fe® continuously increases
throughout the dissolution time. Conversely, a slight decline in
the concentration of Fe** is observed in EUFA suspensions
after the first hour of suspension, suggesting a reduction of
Fe®" in solution. This reduction process is more noticeable in
daytime experiments, as it will be discussed in the next section.
Overall, the reduction of dissolved Fe®" suggests the presence
of a reducing agent in EUFA that is not present in the nearly-
completely oxidized components of USFA and INFA.
Furthermore, the larger amount of spectral features in the
EUFA XRD spectrum shown in Figure 1 indicates a much
more complex mineralogy, including compounds such as ZnO
and copper species such as CuO, Cu,O, and Cu,S. These
species are commonly present in FA samples but in different
proportions depending on its source region and the
combustion process.””*® The presence of copper(I), as for
iron(Il), in EUFA is mostly the result of an incomplete
combustion process characteristic of this sample. Furthermore,
copper AAS analysis of all FA samples showed that EUFA
contains (720 + 10) ug g~ of Cu, about S times more than
USFA and 36 times more than INFA. The presence of Cu(I)
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or other nonoxidized trace elements or components can lead to
the reduction of a fraction of the dissolved Fe®"

Cu*(aq) + Fe3+(aq) - Cu“(aq) + Fe“(aq) (4)

Given that the free energy change for the redox reaction
above is estimated to be —59.62 kJ mol™!, the Fe** reduction
pathway is thermodynamically favored in EUFA acidic media
suspension. While other trace reducing agents can be present,
the higher fraction of Cu in EUFA, along with the standard
reduction potential of Cu', seems to be the dominating
reducing agent, with a correlation between solution-phase
copper (Figure S5) and the drop in concentration of Fe®'.
Reaction 4 has a fast electron transfer between Cu* and Fe’* in
solution, with most leachable copper dissolving at pH < 5.”7 7>’
Effects on pH over the Cu/Fe redox coupling can become
significant in the presence of peroxides and peroxyradicals,
which are negligible under the anaerobic suspensions described
here. Overall, incomplete combustion leading to reduced
species within the FA particle can potentially open a redox
pathway for the formation of Fe**. However, since the reducing
agent components of EUFA are limiting, in the absence of a
continuous source of Cu*, reaction 4 can only contribute to a
small extent in the formation of Fe** and the decrease of
solution-phase Fe’*.

In the presence of HNOj;, surface iron leaches from FA via
the H' effect and by nitrate ions chelating Fe in a ligand-
promoted mechanism. In the HNO; suspension, two key
differences are observed: first, less soluble iron at lower rates is
generated; second, the formation of Fe*' is suppressed, even in
the partially combusted EUFA sample, which contains a
relatively higher fraction of Fe’*. As indicated above, under
oxygen-free conditions, the iron solubility mechanism in
HNO; is not only through proton-promoted but also proceeds
via chelation of iron with nitrate ions. In contrast with the
monodentate complex between chloride ions and iron in the
HCI suspension, nitrate ions on the deliquescent layer of FA
can bind with surface iron to form monodentate, bidentate,
and bridging complexes.***>%" While this complex formation
can promote the leaching of iron, the lower concentrations of
total iron in solution indicate that the ligand-promoted
mechanism is less effective in leaching particle iron than
proton-promoted mechanisms. This observation is in good
agreement with similar experiments conducted in mineral dust
suspensions.'”'*** Similar to the dissolution process in HCI
for USFA and EUFA, in HNO; most of the iron dissolution
takes place in the first rapid step, with more than 60% of the
iron leached over the first 300 min of suspension dissolving in
under 5 min. As mentioned above, the fast pathway, which
controls the larger fraction of iron mobility in USFA and
EUFA, decreases in HNO; suspensions. For INFA, this fast
pathway is not observed and total iron leaches slowly into the
solution phase. At pH 1.0, the ratio of fast dissolution rates of
Fe3+ [ve in HCI]

’ [v; in HNO;]
of iron mobility from FA decreases by a factor of six for USFA
and by a factor of nearly four for EUFA. This initial rate ratio
between HCI and HNOj suspensions is not as significant at
pH 2, where the initial rates for HCI suspensions is around 1.5
times larger than those in HNOj; for both USFA and EUFA.
This pH dependency suggests that, while there is a ligand-
promoted mechanism involving the binding modes between
NO;™ and iron, there is a parallel proton-promoted mechanism
as well. In the case of INFA, the initial rate ratio of the slow

, shows that in the HNOj; suspension, the rate
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[, in HCI]
[y, in HNO;]
due to the fact that the slow pathway becomes the only
pathway for iron mobility in INFA at pH 2.0, with no observed
fast pathway for iron dissolution.

In the presence of nitrates, the absence of aqueous-phase
Fe®" is attributed to the reduction of nitrates, with Fe®* acting
as the reducing agent, as indicated by half-reactions 5 and 6

iron dissolution pathway, , increases at a higher pH

2Fe’*(aq) — 2Fe**(aq) + 2¢~ (s)
2e” + 2H" 4+ NO, (aq) = NO, (aq) + H,0 (6)
With the overall reaction
2H* + NO, (aq) + 2Fe**(aq)

— 2Fe’*(aq) + NO, (aq) + H,0 (7)

Figure 3A shows the relative increase of nitrite concentration
with respect of time. For the European sample of fly ash
(EUFA), the relatively larger fraction of reducing agent Fe**, as
observed in the iron leached from the HCl suspension (Figure
2A), leads to a higher concentration of NO,™. Conversely, the
sample from Northeast India (INFA) has the lowest
availability of Fe®* both per iron content in FA and per
surface area, leading to the lowest fraction of nitrites from the
three samples examined. Control experiments carried out with
suspensions of iron-free mullite, the main aluminosilicate in
FA, showed no detectable NO,”, indicating that nitrites are
formed primarily by iron in FA.” Figure 3A also shows that, as
the pH increased, the formation rate and yield of nitrite
decreased, much more significantly for EUFA, the sample with
a significant fraction of Fe**. While the decrease in nitrite
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Figure 3. (A) Nitrite formation at pH 1 (gray-filled symbols) and at
pH 2 (clear symbols) conditions. Blue squares (M) represent EUFA,
red circles (@) represent USFA, and black triangles (A) represent
INFA. (B) Stoichiometric relation available Fe** as determined in
HCI suspensions and NO,” from HNOj; suspensions. The ratio
Fe’*:NO,” was determined by the slope (dashed red line) of 1.85 +
0.05. Green line corresponds to the 2:1 stoichiometric relation from
reaction 3.
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formation in USFA and INFA is less significant, the overall
drop in nitrite formation is in agreement with reaction 7, which
requires acidic media for the reduction of nitrates with Fe>" as
the limiting reagent.

Standard reduction potentials for half-reaction 4 (E, = 0.771
V) and half-reaction 5 (E, = 0.94 V) indicate that the
reduction of nitrate by Fe** in acidic solution is thermody-
namically favorable, with a change in Gibbs free energy (AG)
of —16.3 kJ mol™.°" However, even assuming that all the iron
found in solution is the result of the oxidation of Fe** by
NO;7, there is S times more NO,™ present in solution than is
predicted by eq 7. Thus, the total amount of iron in solution
cannot account for the complete reduction of nitrates in the
HNO, suspension. A kinetic interpretation from Fu et al.
suggests that nitrate reduction by iron-containing minerals is a
surface-mediated reaction, implying that nondissolved Fe*" can
still reduce surface NO;™."> In fact, there is a stoichiometric
correlation between the amount of Fe®* mobilized from FA
suspensions in HCI and the concentration of NO,™ measured
in HNO; suspensions. Figure 3B shows that the experimentally
determined stoichiometric relation of 1.85:1 for Fe**:NO,~
(red dashed line) is in good agreement with the theoretically
determined 2:1 relation from reaction 7 (green line),
suggesting that nitrite loss is not significant at the
concentrations formed during reaction. This observation
suggests that the reduction of nitrate by ferrous oxide involves
all the iron content in FA that would be otherwise mobilized
during a proton-promoted dissolution in an HCI suspension,
consistent with a surface-mediated mechanism. However, the
slight underestimation of NO,™ for USFA and INFA suggests
that not all the iron dissolved in the HCI suspension became
available to interact and reduce nitrate ions in the HNO;
solution, likely due to the higher efficiency of the proton-
promoted dissolution that drives the iron solubility in HCI.
This argument is in agreement with multiple studies indicating
that Fe** contained in the surface of minerals is a stronger
reducing agent than aqueous-phase Fe?* "% In addition,
nitrate formed during reaction 6 can be lost via surface-
mediated effects and by partitioning into the atmosphere above
the reaction vessel, a potential pathway for daytime HONO
formation.>**>*® There are two mechanisms involving
leachable iron from FA (determined by the HCI suspensions)
as the reducing agent of nitrate: first, surface iron(II) oxide and
Fe?* present within the aluminosilicate of FA (=Fe**(s)) acts
as a reducing agent of nitrate. Second, Fe®" leached into the
solution phase is readsorbed as Fe*" onto the suspended FA
after an initial acid-promoted dissolution.'” Either mechanism
is consistent with the low concentrations of iron in HNO;
solutions compared to that in HCI. The absence of any trace
Fe* at the shortest time scales is also evidence that the
reduction of nitrate by Fe®" is a surface-mediated process.
Scheme 1 summarizes the nighttime mechanisms leading to
iron mobility for both HCl and HNO; suspensions.

Role of Solar Radiation on Iron Mobility. The iron
dissolution and speciation from each FA sample were also
investigated under simulated solar radiation, with the same
variables used in nighttime experiments. Figure 4 mirrors
Figure 2, showing a time progression for all three samples at
pH 1 up to 300 min (a pH 2 figure is available in the
Supporting Information, Figures S2 and S3). As observed
during nighttime experiments, all three FA samples show an
increase in the fraction of dissolved iron with respect of time.
The presence of simulated sunlight has different effects
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Scheme 1. Iron Mobility from FA at Nighttime, with
=Fe’'(s) Representing the Fe’>" Content within the
Aluminosilicate of FA; NO; (a) Represents Surface
Adsorbed Nitrite

=Fe?" +
¢ _H 2+ +
/ FeOy Fe™ @) Cu'ag)
— a2t
=Fe (), FeO, — = Fe,05) Fe3* cutt
Fe,05) (aq) (aq)
H+
NO5 =Fe*" H'
‘ © + NO,; Fe' g + NOy
Fe,Ox) 2 (a) NO; € (aq) 2 (aq)

depending on the degree of combustion of the sample and
the acid anion. In the HCI batch reaction, the dissolved iron
fraction and speciation at daytime and nighttime from INFA is
statistically similar at all times of suspension. Over the first 300
min, only EUFA shows a significant enhancement in yield of
total dissolved iron (Figure 4C) of around 40% in the presence
of light compared to the dark reaction over the same time
scale. For USFA, a small but measurable enhancement of Fe>*
was observed in the rate of iron dissolution by its slow pathway
at pH 1.0 (Table 2). In addition, a photoreduction of Fe*" into
Fe™* is observed in USFA and EUFA samples. For USFA,
photoreduction over S0 h of irradiation increases the
concentration of aqueous Fe?* from (1.3 + 0.2) ppm in dark
conditions to (3.0 + 0.2) ppm (see Supporting Information,
Figure S2), in agreement with similar studies on mineral dust
and oil and bituminous FA samples at the same pH.'>*'~>>%*
However, when compared to studies conducted with mineral
dust and synthetic particles, the photoreduction enhancement
in USFA samples is significantly lower mostly because of the
lower concentration of a-Fe,O; in the FA samples, which is
<2%, at least an order of magnitude lower than the iron-
containing samples in these studies.'”*"**

At pH 2.0, the lower dissolution of iron makes the
photoreduction effect statistically not observable. A photo-
reduction mechanism has been reported to be more effective in
the presence of surface hydroxyl groups that reduce the Fe®"
ions on the surface of the particles, which then detach and
yields Fe?* via a proton-promoted dissolution.'” Therefore, the
effect of solar radiation depends highly on the mineralogy of
the FA particle. The role of mineralogy in the photoreduction
of Fe’* ions is more evident in the dissolution of iron under
simulated sunlight for EUFA at pH 2.0, where the fraction of
aqueous Fe?* doubles compared to the dark reaction over 50 h
of suspension (Figure S3). In EUFA suspensions, the mobility
of total iron increases from (6.5 + 0.8) ppm under dark
conditions to (8.5 + 0.4) ppm under daytime conditions after
50 h of suspension. The initial rate of iron dissolution from
EUFA also increases significantly, mostly for the fast pathway,
indicating that most of the leachable iron partitions to the
solution phase in less than 5 min under our experimental
conditions. As shown in Figure 4, most of the initial iron
dissolution from EUFA is Fe®, which undergoes photo-
reduction to form Fe?*. This redox effect is similar to that of
EUFA suspensions under dark conditions: the concentration of
Fe®" starts to decline after 60 min of suspension while aqueous
Fe®* increases. However, it is clearly enhanced in the presence
of sunlight. This photoreduction can be because of two
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Figure 4. Fraction of Fe species dissolved from FA at pH = 1.0 in the presence of sunlight. Top graphs (A—C) represent iron leaching in HCI
suspensions; bottom graphs (D—F) represent iron leaching in HNO;. Graphs A and D represent the fraction of Fe** dissolved; graphs B and E
represent the fraction of Fe** dissolved; graphs C and F represents total iron in solution (Fe®® = Fe?* + Fe**). Graphs showing data up to 50 h of

suspension in the Supporting Information.

competing pathways: a solution-phase photoreduction of Fe®"
and a surface-mediated reaction.

The solution-phase photoreduction in HCI depends on
complexation and pH. At low pHs and in the presence of CI~
ions, Fe® forms predominantly two complexes: [Fe-
(OH,);CI]** and [Fe(OH,),CL]*. These aqueous species
are photoactive within the solar spectral region, reacting with
light to release chlorine radicals and the Fe®" species
[Fe(OH,)q)*", ultimately increasing the fraction of Fe** in
solution.'”*>® In the presence of HNO;, this mechanism is
suppressed, as Fe** does not readily forms an aqueous complex
with nitrates. A surface-mediated photoreduction reaction can
be triggered by semiconductor metal oxides present in FA
particles, such as hematite, a-Fe,O; and, at a lower
concentration, TiO,. The semiconductor band gap of a-
Fe,0; is about 2.2 eV, or 564 nm, while TiO, band gap is
around 3.07 eV, corresponding to 404 nm. Both energy gaps
are smaller than the cutoff for solar radiation in the
troposphere and our solar simulator under experimental
conditions (290 nm).**7*%%® Thus, photoirradiation of the
batch reactor can induce redox reactions initiated by electrons
in the conduction band (e,,”) and the concomitant hole in the
valence band (h,,"), as described in reactions 8 and 9

a-Fe,0, + hv (A < S64nm) — h,* + ey~ (8)

h,* + ey — recombination (9)

While semiconductor effects are expected to be relatively
low, given that these components are in trace amounts in the
FA particles, their effects can have important implications. The
highly mobile ey~ can trigger reduction reactions and has been
reported to photoreduce Fe®*, particularly effectively in the
absence of oxygen”’
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Fe3+(aq) +ey — Fe“(aq) (10)

In the case of INFA, the sample with the lowest
concentration of a-Fe,O;, no measurable enhancement of
solution Fe?* was observed in the presence of simulated
sunlight. Conversely, EUFA shows the largest photoreduction
effect. We hypothesize that this relatively large solution-phase
photoreduction enhancement in EUFA suspensions is because
of the Cu—Fe redox coupling characteristic of the Cu-
containing EUFA sample described in the previous section.
The clear enhancement of the redox coupling observed in the
drop of Fe®" at around 60 min of reaction can be the result of
two effects. First, a higher dissolution of iron can result in a
higher loss of the particle’s physical integrity, leading to higher
dissolution of copper, which is the limiting reagent in reaction
4. Second, similar to observations involvin§ the presence of
HO, in acidic media proposed by Mao et al.,””** aqueous Cu**
produced in reaction 4 can be reduced by the conduction band
electron in a process analogous to reaction 10

Cu2+(aq) + ¢4~ — Cu*(aq) (11)

where Cu' is regenerated and available to reduced Fe®' via
reaction 4, which can be the dominant reduction pathway
because of a relatively fast electron transfer of 1.3—3 X 10" M
s71.>7%% The holes (hy,") generated in reaction 8, while highly
oxidizing, have a lower mobility than the conduction band
electrons (ey,”). Thus, hy,* tends to react with water near the
surface of the particle leading to the formation of hydroxyl
radicals

H,0(a) + h,* — OH(a) + H'(a) (12)

where the small fraction of OH radicals will likely react quickly
with the surface of the particle, increasing the OH density on
the surface.”®>® The trace concentrations of semiconductor
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metal oxide in FA prevent OH radicals generated in reaction
12 to oxidize significantly the low concentration of aqueous
phase iron.

Similar to nighttime observations, in HNO; suspensions
under light irradiation, no Fe?" was detected because of the
surface-mediated reduction of NO;~ to NO,~, described in
reaction 7. The photoinduced enhancement of iron dissolution
is apparently inhibited by the HNO; media for INFA and
EUFA, which is in good agreement with Fe-containing mineral
dust experiments.”*** However, USFA does show an
enhanced iron mobility at daytime compared to nighttime in
the same time scale: the total iron in solution doubles under
simulated solar radiation and the slow pathway is effectively
suppressed, with all the iron dissolved under 5 min of
suspension, as shown in Figure 3E,F. We interpret this
photolytic effect as an enhancement because of the higher
presence of semiconductor a-Fe,0;, which can get excited via
reaction 8 and break up the aluminosilicate structure into
smaller fragments, effectively increasing the iron solubil-
ity.'””~'* These clear differences in iron mobility further
suggest that the source region and combustion process that
lead to combustion particles might play a significant role in
their atmospheric processing and iron mobility. In addition,
Figures 2 and 4 suggest that photolytic dissolution of iron from
FA depends on the acid anion, in agreement with recent work
from Hettiarachchi and Rubasinghege, which suggests that the
acid anion plays a key role in photoreductive processes that
lead to bioavailable Fe?* from atmospheric aerosol.*”

During photolysis experiments, an additional pathway for
nitrite loss opens via photolytic decomposition®” =

NO, (aq) + H,0(1) M NO(aq) + OH(aq) + OH (aq)
(13)

Surface-mediated oxidation can also be induced via the
formation of NO,, which can partition to gas-phase during the
time scale of the experiment.”> The OH radicals formed by
reactions 12 and 13 have been shown to enhance the reduction
of surface Fe®" to Fe*, especially in particles containing large
amounts of a—FeZO3.32’47’7 -7 However, as shown in Figure 4,
no significant enhancement of Fe?* was observed during the
photolysis experiments in HNO; because of the relatively low
concentrations of a-Fe,0; in FA compared to that in mineral
dust. In addition, the absence of dissolved oxygen and the
relatively low concentrations of NO, (aq) formed during the
reaction time scale lead to relatively low concentrations of the
OH radical, making its effect on iron mobility negligible
compared to the acidic media and solar flux. Under our
experimental conditions, the rate of photolytic decomposition
of aqueous NO,™ follows a pseudo-first-order kinetics rate law,
as shown by the green dashed line in Figure S, with a rate
constant of (1.68 = 0.06) X 10™*s™! and a lifetime in the batch
reactor of (60 + 2) min. Thus, NO,~ formed via the surface-
mediated reaction 7 will be consumed by a consecutive
photolytic reaction that should decrease the yield of nitrite.
This photolytic loss of NO,™ is observed in EUFA suspension
experiments, the partially combusted sample, where the
pseudo-steady-state concentration of NO, (aq) drops from
30 uM under dark conditions to 17 uM under simulated solar
radiation. This 47% loss in NO,” formation is in good
agreement with reaction 13. However, Figure 5 shows the
opposite effect for USFA and INFA samples, the two samples
that are fully oxidized, where the concentration of NO,~
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Figure S. Nitrite formation at pH 1 in both nighttime (gray-filled
symbols) and daytime (yellow-filled symbols) conditions. Green
dashed line corresponds to the nitrite photolytic decay at pH 1 in the
absence of the FA suspension.

increases, reaching a pseudo-steady-state concentration about
S times and 2 times higher for USFA and INFA, respectively.
Nevertheless, NO,™ continues to be higher in EUFA than in
any other sample examined here. This photolytic formation of
NO," suggests that the combustion process that generates FA
plays a significant role in the formation pathways of nitrite
during daytime.

As mentioned above, the thoroughly oxidized USFA and
INFA result in an increased fraction of semiconductor metal
oxide a-Fe,O; (with TiO, in smaller trace amounts) in the
composition of the FA samples. The electron—hole pair
generated by this rather small fraction of semiconductor metal
oxide is enough to trigger a multiphase reaction that reduces

NO;7, resulting in an indirect heterogeneous source of
~34,35,73,74

NO; (a) + H,0(a) + 5, — NO, (a) + 20H (a)
(14)
Furthermore, the oxidizing h;,* can also react with nitrates
near the surface to produce the nitrate radical, NO;, which
readily photolyzes to form NO, (a), with the concomitant
increase of NO,™ in solution.”**> As mentioned above, a small
fraction of NO,” formed in the reactions summarized in
Schemes 1 and 2 under acidic conditions can form nitrous acid
and partition into the gas phase

NO, (aq) + H'(ag) ® HONO(aq) @ HONO(g) (15)

In the case of thoroughly combusted samples, such as USFA
and INFA, reactions 14 and 15 can provide a previously
unrecognized pathway for daytime HONO formation. Scheme
2 represents the daytime competing mechanisms leading to
iron mobility for both HCI and HNOj suspensions.

B CONCLUSIONS AND ATMOSPHERIC
IMPLICATIONS

Recent field and modeling studies suggest that reactions of iron
on particles from combustion sources are significantly larger
and more complex than previously estimated, with important
implications in climate and Earth systems.'” In order to better
understand the mechanisms involving iron dissolution from
anthropogenic combustion particles, we carried out a
comparative dissolution of FA from several coal-fired sources
in two different acid media, HCI and HNO;, at pHs 1.0 and
2.0, under anaerobic conditions. The effect of solar radiation
on the iron dissolution pathways was also investigated, as it
pertains to its role in iron mobility and speciation. In order to
make the relevant comparisons of the samples, we normalized
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Scheme 2. Iron Mobility from FA at Daytime, with =Fe**(s) Representing the Fe** Content within the Aluminosilicate of FA;
Effect of Cu is Only Significant in EUFA Samples, where the Cu Content is Significantly Higher
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all quantified iron species to the total iron content in the
samples, as determined by AAS analysis.

Several studies have suggested that mineralogy of iron-
containing aerosols and combustion particles plays a key role
in iron solubility under atmospherically relevant condi-
tions.”>*>”>7® This mineralogy is driven by the fuel, source,
and combustion efliciency. To date, FA studies have explored
variation in the fuel’®”® or simply treat the combustion
particles within a generalized category, implying no distinction
based on the source region and combustion process.” The data
presented herein show that the acidic iron solubility depends
greatly on the source region and combustion efficiency of the
coal-fired power plants. These variables control the iron
mineralogy of FA. Ultimately, our results clearly indicate that
iron dissolution from FA is fundamentally controlled by two
parameters: the composition of the combustion particles and
the anion of the acid. The speciation of dissolved iron from FA
samples is primarily controlled by the combustion efficiency.
Our results indicate that dissolution of Fe?* takes place from
partially combusted samples, while more than 80% of the iron
dissolved in thoroughly combusted samples was Fe’
Incomplete combustion can also lead to reduced species in
FA samples, which can open additional redox mechanisms
affecting the speciation. Partial combustion processes can lead
to larger particulate byproducts for some anthropogenic
combustion processes, increasing the likelihood of particulate
emissions. In fact, particulate emission decreases proportional
to oxygen partial pressure or amount of oxygenated
compounds during anthropogenic combustion processes.””~ "’
No correlation was found between surface area and iron
dissolution, suggesting that mineralogy and acid media are
controlling the reaction over the surface contact interface.

The acidic media plays a fundamental role in the iron
mobility from FA. Similar to mineral dust experiments
reported in the literature, proton-promoted mechanisms
observed in HCI suspensions are shown to be more efficient
than the ligand-promoted mechanism in HNOj suspensions.
Iron dissolution in the presence of sunlight was also explored
and showed photoreduction pathways in HCI that, for the
samples with the largest concentration of iron, mimic the
photochemistry of mineral dust aerosols."”*>*" While nitric
acid is less efficient dissolving the iron-containing particles, the
surface-mediated reduction of nitrates into nitrites by Fe?*
contained in the particle resulted in mobility of only Fe®". This
nitrite formation appears to be a possible alternative pathway
for the formation of atmospheric nitrous acid. In the presence
of broadband light, at spectral regions where nitrites

photodegrade, the fully combusted FA particles lead to an
increase in nitrite formation as a result of a larger fraction of
semiconductor metal oxides in a mechanism that enhances the
formation of nitrates.
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