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ABSTRACT: Nitrogen oxides (NOy) such as NO, NO2, and
HONO control the oxidative capacity of the lower atmosphere.
Studies have shown that photolysis of nitrate on atmospheric
surfaces is an efficient source of nitrogen oxides through a process
termed "renoxification;" however, the mechanisms responsible for
this process remain poorly understood, leading to difficulties in
modeling atmospheric composition. This work aims to elucidate the
mechanism of NOy formation from nitrate photolysis on model
boundary layer surfaces comprised of mixtures of organic matter
(citrate and Suwanee River fulvic acid) and environmentally
relevant metals (e.g., Al3+ and Fe3+). Results show that in the
presence of organic matter, photochemical yields of NOy were
enhanced by a factor of between 5 and 15 compared with photolysis
of pure nitrate controls. Known nitrate photochemistry mechanisms are unable to explain this enhancement, suggesting that a
fraction of nitrate is directly converted to NOy by strong reductants produced photochemically from organic matter. The addition of
Fe (hydr)oxides catalyzed both the reduction of NO2 to HONO and further reduction of HONO to NO via Fe2+, which is formed
through photoreduction of Fe-organic matter coordination complexes. In addition, this study assesses the contribution of surface
acidity and visible light attenuation on the product yields. The results support a growing body of evidence that strong reductants
generated photochemically via organic matter are an important and unrecognized pathway for renoxification on both soil and
airborne surfaces (e.g., mineral dust and aerosols).
KEYWORDS: nitrate, photochemistry, nitrous acid, nitrogen oxides, metal oxides, organic matter

1. INTRODUCTION
Atmospheric composition is significantly impacted by reactive
nitrogen oxides (NOx = NO + NO2), which control oxidant
levels and the photooxidation reaction pathways that remove
volatile organic compounds and produce aerosols.1 However,
uncertainty in the sources and sinks of NOx makes it difficult
to accurately predict photochemical air pollution events and
assess impacts on climate forcing.2 One source of NOx to the
troposphere is through the photolysis of nitrate (NO3

−)
adsorbed to boundary layer surfaces (e.g., soil and
aerosols).3−6 Particulate nitrate stems from the hydrolysis of
N2O5 and OH oxidation of NO2 to nitric acid (HNO3) with
subsequent gas-to-particle partitioning. Wet and dry deposition
is a source of NO3

− to terrestrial and aquatic systems.1

Sequestration of NOx as NO3
− is temporary, and subsequent

photolysis of NO3
− can release NO2 and nitrous acid

(HONO) in a process termed “renoxification” (R1 and
R2).7−11 Nitrous acid formed in R2 contributes to
renoxification by rapidly photolyzing to NO (and OH).3,7,12

The quantum yields for reactions R1 and R2 at 298 K at
wavelengths above 300 nm are 1.7 and 1%, respectively.13−15

hNO H O NO OH H O3 3 2 2+ + + ++
(R1)

HONO O( P) H O3
2+ + (R2)

Numerous studies have found it necessary to consider
renoxification via NO3

− photochemistry to achieve agreement
between field observations and models.16−20 However, the
importance of this pathway is debated. Some studies suggest
that photolysis of particle-adsorbed HNO3 or NO3

− releases
NO2 and HONO at rates that are 300−1000 times faster than
expected for the photolysis of aqueous NO3

− or gas-phase
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HNO3;
18,21−23 other studies suggest the photolysis rate is

enhanced by no more than 4 to 10 times.24,25 The source of
this variability is unknown, in part, because photochemical
mechanisms of NO3

− adsorption to boundary layer and aerosol
surfaces remain unclear.
Laboratory and field studies point to two possible effects

that enhance NO3
− photolysis rates: (1) Enhancement of the

photophysical properties (e.g., quantum yields or absorption
cross sections) of surface-adsorbed HNO3/NO3

−; and (2)
matrix effects involving indirect photochemistry on mineral
and/or organic-containing surfaces. Regarding the first
possibility, there is evidence that the UV−visible absorption
cross sections of HNO3/NO3

− may be enhanced by up to a
factor of 1000 relative to gas phase HNO3 at the air−water
interface.13,16,26,27 In addition, HNO3/NO3

− adsorbed at the
air−water interface may have higher product quantum yields
due to an incomplete solvent cage, which could make
photoproduct recombination less efficient.28−30

The second effect is based on observations that certain
particle-phase organic molecules or minerals influence the rate
of HNO3/NO3

− photolysis and the photoproduct yields.31,32

For example, studies show that HNO3/NO3
− photolysis rates

are enhanced when coadsorbed with organic molecules, with
the major product being HONO.5,33 Furthermore, HNO3/
NO3

− photochemistry may depend on the type of organic
matter present, with aliphatic matter being just as important in
some cases as chromophoric dissolved organic matter in
impacting photoproduct yields from nitrate photolysis.34−37

Finally, there is evidence that Fe-bearing minerals may play a
role in renoxification. For example, field studies have
documented increased HONO levels during dust storms,38,39

and the literature is replete with evidence that reduced iron
species present in minerals and in soils can reduce nitrate and
NO2 to HONO and other oxides of nitrogen.40,41 Unfortu-
nately, most laboratory mechanistic studies to date have been
focused on the influence of organic components or salts on
renoxification. However, there is still considerable uncertainty
about whether renoxification of nitrate is affected by complex
matrices that are more representative of soil and mineral dust
aerosols.
Soil and mineral dust aerosols contain complex mixtures of

organic matter and transition metals and/or redox-active
minerals. In addition, aqueous aerosols are known to contain
dissolved redox active metals such as Fe3+ or Cu2+, which are
complexed to organic ligands such as carboxylates or
phenolates.42−44 Metal complexes participate in catalytic
redox cycles involving oxygen to generate reactive oxygen
species (e.g., Fenton chemistry) that may have a significant
effect on oxidation chemistry occurring on the surface or
within the particle environment.45,46 This chemistry can be
promoted photochemically as many transition metal complexes
strongly absorb UV−visible light via ligand-to-metal charge
transfer electronic transitions.47 Unfortunately, little is known
about how interactions between organic matter and transition
metals impact renoxification processes on environmentally
relevant surfaces.
Here we systematically explore how organic matter and

transition metals present in boundary layer surfaces control
renoxification from nitrate photolysis through redox chemistry
and by influencing the surface pH and light adsorbing
properties of the matrix. Using photochemistry experiments
in a coated-wall photochemical flow reactor coupled to a
sensitive chemiluminescence analyzer designed to measure

emitted gaseous NO, NO2, and HONO, we studied the effect
that substrate composition has on the product distribution
stemming from photolysis of adsorbed NO3

−. Substrates
consisted of kaolinite, coatings of organic matter proxies
(Suwanee River fulvic acid or citric acid), and various amounts
of Fe3+ and Al3+, that were used to vary the surface pH, redox
properties, and light absorption properties of the substrate.
Our findings suggest that organic matter and the types of
minerals present are important variables driving renoxification
from boundary layer surfaces that should be considered when
interpreting field data.

2. EXPERIMENTAL SECTION
2.1. Flow Reactor Experiments. Photochemical studies

were carried out using a jacketed (25.0 °C) horizontal flow
reactor [100 cm long × 2 cm ID].41,48 The flow reactor was
attached to a custom-built single channel chemiluminescence
NOy analyzer (Air Quality Design, Inc.) equipped with a
custom-built Nafion converter for quantification of NO, NO2,
and HONO.49 Detailed descriptions of the converter and
measurement cycle are included in the Supporting Information
(SI) (Figure S1). During experiments, coated tubes were
positioned in the reactor under a flow of carrier gas [1.9 L/min
of pure air or N2 at a relative humidity (RH) of 50%]. RH was
set by adjusting the flow of dry and humidified (water trough)
ultrahigh purity air or nitrogen, as monitored by a humidity
probe (Vaisala, HMT 130). Each sample was given 15 min to
equilibrate to establish a background signal in the absence of
light. Subsequently, the sample was irradiated with the filtered
output (λ > 280 nm) of a 200 W Xe(Hg) arc lamp (Newport)
for 1 h. The lamp was positioned so the entire 6.5 cm length of
the sample tube was irradiated evenly. The NOy analyzer
measured NO, NO2, and HONO concentrations in 5 min
intervals.49 Teflon tubing and fittings were used and a
perfluorinated polymer (Fluoropel PFC 801A, Cytonix
Corp.) coated all exposed metal and glass surfaces to prevent
secondary chemistry and wall losses of reaction products.

2.2. Substrate and Coating Procedure. For each
experiment, the inner surface of a Pyrex tube (6.5 cm long ×
2.22 cm OD) was coated with a thin film of substrate prepared
using a method described previously.41,48 Briefly, kaolinite was
combined with either Fe2(SO4)3 hydrate or Al2(SO4)3 added
as a 0−4 wt % addition, where the weight percent (wt %) is
calculated from the mass of Fe or Al added relative to the total
substrate mass (including the kaolinite and added metals). To
this, sodium citrate dihydrate or Suwannee River fulvic acid
standard II (SRFA) were added (0 or 2 wt %) and hydrated in
a substrate-to-water ratio of 1:1 (w/w) and dried at 40 °C
overnight. Hydrolysis of added Fe2(SO4)3 and Al2(SO4)3 coats
kaolinite with a layer of metal hydr(oxy)oxide, which serves as
a positively charged adlayer aiding in organic matter
adsorption. This layer also promotes protonation of any nitrite
formed allowing it to be quantified as HONO(g).

48 The
substrate was rehydrated by adding 1 g of water and 1 g of 0.25
M NaNO3 per gram of substrate, resulting in a 2:1 (w/w)
liquid-to-solid ratio. The pH was measured using a Mettler
Toledo F-20-Kit FiveEasy Benchtop pH meter and adjusted to
pH 5.0 ± 0.1 using 1 M NaOH, and 1 M H2SO4. This pH was
chosen to mimic the pH of a wide range of global soils.50

Coated tubes were dried at 40 °C and stored in a storage
chamber under a flow of air (1.9 L/min at 50% RH) overnight
until the experiment was conducted. The resulting coatings
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were uniform in thickness and surface roughness and had a dry
mass of 0.30 ± 0.05 g.
2.3. Fe2+ Quantification. The amount of Fe2+ present in

samples following photochemical experiments was determined
using the phenanthroline method.40 This was done by rinsing
the coatings on the Pyrex tubes with 10 mL of water. The solid
suspension was centrifuged once for 30 min to extract and
separate the solid phase and was then syringe filtered (0.2 μm
cutoff) to eliminate residual solids. 1,10-phenanthroline
monohydrate (phen) was added to the filtrate in stoichio-
metric excess relative to the amount of iron. The solution was
vigorously mixed in the dark for 1 h prior to quantification.
Complexed [Fe(phen)3]2+ was transferred to a fused silica
cuvette (10 mm path length) and its absorbance was measured
at 510 nm via UV−visible spectroscopy (USB4000, Ocean
Optics). The absorbance was calibrated from plots of
absorbance vs concentration of known amounts of Fe2+
derived from the complexation of FeCl2·6H2O (Sigma-
Aldrich) with phen and a 1 mol % solution of 1,4-
dihydroxybenzene that was adjusted to pH 3 using solutions
of 1 M NaOH and 1 M H2SO4.
2.4. Gas-Phase Uptake Experiments. Flow reactor

experiments were carried out to study the reactive uptake of
NO2(g) and HONO(g) onto the kaolinite substrates containing
Fe3+, in the presence and absence of citrate, and prepared
according to the procedure described above. Experiments were
similar to those described previously.41,48 Briefly, a constant
flow of HONO(g) or NO2(g) was introduced to the flow reactor
through a movable injector. This flow was diluted in high
purity zero air at 50% RH to achieve a total flow of 1.9 L/min.
The experiment was initiated with the injector in a position
downstream of the sample to prevent reaction with the
substrate and to establish background concentrations of the
reactants over the course of 15 min.49 With the injector still in
the downstream position, the shutter to the 200 W Xe(Hg) arc
lamp (Newport) (λ > 300 nm) (see spectra in SI Figure S3)
was opened, allowing the substrate to be irradiated for 15 min.
The injector was then pulled upstream of the sample to expose
the substrate to a stream of either 6 ppb HONO(g) or 20 ppb
NO2(g) for another 15 min.
2.5. Surface Characterization. Surfaces were character-

ized by X-ray powder diffraction (XRD) (Figure S2 and Table
S1), X-ray photoelectron spectroscopy (XPS) (Table S2), and
diffuse reflectance UV−visible spectroscopy (Figure S3).
Details of surface characterization are provided in the SI.

3. RESULTS AND DISCUSSION
We conducted a systematic study of the most important
variables controlling the photoproducts formed when NO3

− is
photolyzed on complex environmental surfaces. The impact of
organic matter (OM) on HONO, NO2, and NO formation
was studied using citrate and Suwannee River fulvic acid
(SRFA) as model OM systems. Citrate was chosen as a model
for OM because it was previously shown to represent a
common type of chelating ligand found in natural organic
matter.51 SRFA was chosen as an organic matter standard
because of its well-characterized chemical and physical
properties and water solubility.52 We also compare the
photochemistry of NO3

− in the presence of either Al3+ or
Fe3+ (hydr)oxides. Iron is the most abundant redox-active
metal and a major component of aerosol, dust particles, and
soil surfaces39,42,53,54 and it has been shown that Fe2+ present
in minerals or generated55−57 photochemically can reduce

NO2 to HONO.40 Furthermore, Fe3+ complexes involving
carboxylic acids such as citric acid or those present in NOM
possess strong ligand-to-metal charge transfer absorption
bands making them potentially important environmental
chromophores.58 Thus, comparing NO3

− photochemistry in
the presence of Fe3+ (hydr)oxides with what happens in the
presence of redox-inactive Al3+ highlights the role of transition
metals on surface NOy chemistry. Finally, we consider the
effect of surface pH, light attenuation, and secondary reactions
involving the reactions of primary photoproducts and redox-
active organic and inorganic species on the surface. Together,
the observations are used to propose a mechanism for the
observed photoproduct enhancements.

3.1. Effect of Organic Matter on Nitrate Photo-
product Formation. Nitrate adsorbed to substrates consist-
ing of kaolinite with 2 wt % aluminum sulfate (Al3+) was
irradiated (λ > 280 nm) in the absence or presence of citrate or
SRFA in 1 atm of air at an RH of 50% ± 3. In the absence of
organic matter, NO3

− photolysis generates NO2 as the main
product with small amounts of HONO (Figure 1A; 0−75

min), consistent with reactions R1 and R2. When the
experiment is repeated in the presence of sodium citrate
(Figure 1A; 80−160 min), the main photoproduct is HONO,
with lesser amounts of NO2 and NO generated. Notably, the
amount of HONO formed is not stable, rising sharply when
the substrate is exposed to light, but decaying exponentially
over the course of the experiment. When the experiment is
repeated by replacing citrate with SRFA, (Figure 1A; 175−250

Figure 1. Organic matter [citrate or Suwannee River fulvic acid
(SRFA)] enhances the amount of NOx and HONO formed during
NO3

− photolysis on surfaces comprised of Al3+ [added as Al2(SO4)3]
and kaolinite (substrate pH: 5; carrier gas: 1 atm air, 50% RH). (A)
Kinetic traces of photoproducts formed from photochemistry of the
indicated substrates, where asterisks represent the beginning of a 60
min irradiation with UV−visible light. (B) Total amount of indicated
photoproducts formed over the course of the experiment, derived by
integrating the data in panel (A). Error bars are 95% confidence
intervals of triplicate experiments.
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min) a large amount of HONO is generated along with
measurable amounts of NO2 and NO. In contrast to the
experiment involving citrate, the amounts of HONO and NOx
formed are stable over the 60 min irradiation period in the
presence of SRFA. The difference between these two
experiments suggests that citrate is unable to sustain the
photochemistry at initial levels, possibly indicating that reactive
moieties (e.g., radical byproducts) are consumed during the
reaction. This is consistent with the work of Zhang et al., who
showed that photodegradation of Fe3+-citrate leads to
fragmentation of ligand to alkyl radicals and stable ketone/
aldehyde photoproducts, which would lead to loss of Fe3+-
citrate complexes in their system.59 In the case of SRFA, light
appears to sustain the chemistry, suggesting that reactive
moieties involved in product formation are regenerated upon
irradiation. As shown previously, quinone moieties present in
NOM are photoreduced to hydroquinones,41 which are strong
reducing agents known to promote redox chemistry.60

To facilitate comparisons, we report product formation rates
(in nmol h−1) as quantified by integrating the respective
concentration vs time profiles shown in Figure 1A. As shown in
Figure 1B, eight times more HONO and three times less NO2
are generated when NO3

− is photolyzed in the presence of
citrate than were observed in the absence of OM. In the
presence of SRFA, HONO production is enhanced by more
than a factor of 15 relative to when NO3

− is photolyzed in the
absence of OM. In the presence of OM, HONO amounted to
between 70−75% of the total NOy detected, whereas in the
absence of OM, HONO accounted for 20% of total NOy.
Nitric oxide (NO) is only detected in the presence of either
citrate or SRFA, but not in the absence of OM.
3.2. Effect of Transition Metals on Nitrate Photolysis

Product Yields.We next explored the impact of Al3+ and Fe3+
on NO3

− photochemistry. The amount of Al3+ or Fe3+ present
in the substrate was varied between 0−4 wt % (relative to
kaolinite) in the presence and absence of citrate or SRFA to
evaluate the effect of transition metals on the rate of nitrate
photoproduct formation. In these experiments, the amount of
OM used was held constant at 2 wt % relative to kaolinite, as
this resulted in the most reproducible data. Figures 2A and 3A
show how formation rates of HONO and NOx vary with the
Al3+ or Fe3+ content of the substrate, respectively; the relative
amount of each photoproduct formed for each experiment is
shown in Figures 2B and 3B.
As shown in Figure 2A, the amount of HONO produced

when NO3
− was photolyzed in the absence of OM decreased

slightly as the amount of Al3+ added to the kaolinite substrate
was increased from 0 to 4 wt %; the amount of NO2 formed
was relatively insensitive to the presence of Al3+, although a
slower formation rate occurred at 4 wt %. In contrast, the
amount of HONO formed from NO3

− photolysis in the
presence of citrate increased by a factor of 6 as the amount of
Al3+ was increased from 0 to 4 wt %. A similar effect was
observed when Al3+ was added to substrates containing SRFA,
although in this case, a factor of 2 enhancement was observed.
The amount of NO2 formed increased as Al3+ content
increased for the SRFA system; however, as shown in Figure
2B HONO was the main product (between 80−90%) formed
in the presence of OM.
Replacing Al3+ with Fe3+ resulted in notable differences in

the amount of HONO and NOx formed during NO3
−

photolysis. As shown in Figure 3A, the amount of HONO
and NO2 formed was reduced by half when NO3

− was

photolyzed in the presence of Fe3+ (no added OM). In the
presence of OM, the total amount of NOy increased between
0−2 w% Fe3+ but a drop in reactivity was seen at the 4 wt %
Fe3+ level. In the case of citrate, the main photoproducts were
HONO and NO, with minor amounts of NO2 formed (Figure
3B). In the case of SRFA, HONO was the main product,
although in the presence of Fe3+ up to 10% of the NOy formed
was NO.

3.3. Differences between Iron and Aluminum. In
general, photolysis of NO3

− in the presence of Al3+ produced
higher amounts of NOy compared with Fe3+, with HONO
being the dominant photoproduct in the presence of OM. This
is especially noticeable when NO3

− was photolyzed on Al3+-
citrate coated substrates, which produce 2−3 times more NOy
than the analogous Fe3+ system. Likewise, the Al3+-SRFA
systems produced 1.3 times more NOy than their Fe3+
counterparts. The following may explain this difference in
behavior: (1) Disparate light absorption and attenuation
characteristics; and (2) Fe3+ and Al3+-coated substrates differ
in surface acidity, which impacts the amount of HONO
released from the surface. Below, we examine each of these
possibilities to provide a basis for assessing the influence of
Fe3+ and Al3+ on the amount of NO3

− photoproducts formed.
3.3.1. Substrate Light Absorption and Attenuation. For

insights into the light absorbing properties of the substrates,
samples were analyzed by diffuse reflection UV−visible
absorption spectroscopy. We found that kaolinite and kaolinite
coated with Al (hydr)oxides and/or citrate absorbed weakly at
wavelengths above 300 nm, which is the lamp cutoff through

Figure 2. (A) Comparison of amount of NOx and HONO formed
during 1 h of UV−visible photolysis of NO3

− on kaolinite substrates
containing various amounts of Al3+ [added as Al2(SO4)3] in the
absence or presence of 2% OM citrate or Suwanee River fulvic acid
(SRFA) (substrate pH: 5; carrier gas: 1 atm air, 50% RH). Error bars
represent 95% confidence intervals of triplicate experiments. (B)
Relative amounts of photoproducts formed from experiments are
shown in panel (A).
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glass (Figure S3B). This suggests the substrates are relatively
transparent to incident light from the photolysis lamp.
Significantly higher light absorption was observed for
substrates containing iron, including Fe-containing samples
with added citrate and SRFA (Figure S3A). Addition of Fe3+
caused substrates to absorb out to ∼600 nm and beyond when
SRFA was present, which has significant implications for
understanding the photochemistry observed in Figures 1−3.
First, it suggests that Fe-containing substrates are photoactive
over a wide range of the actinic spectrum. This includes the
ability of Fe3+ to undergo photoreduction to Fe2+, which is a
strong reducing agent and could participate in secondary
chemistry involving NOy. Second, strong UV−visible absorb-
ance by iron-containing substrates screens light transmission
through the sample. Nitrate salts absorb at wavelengths less
than ∼320 nm (Figure S4); thus, strong light absorption by
coadsorbed Fe3+ (hydr)oxides could effectively retard the rate
of NO3

− photolysis.
3.3.2. Surface Acidity Effects on HONO Volatilization.

Surface acidity is hypothesized to play a role in controlling
redox conditions and determining the amount of adsorbed
NO2

−NO that is volatilized from the substrate surface. Previous
studies have shown that metal (hydr)oxide surfaces are
comprised of M−OH2

+ groups (where M = Al3+ or Fe2+)
over a wide pH range that acidify the thin water layers coating
mineral surfaces.48 In the case of Al3+ (hydr)oxides such as
gibbsite, it is thought that the relevant reactive sites are
aluminol groups occurring at steps and edges of the exposed
aluminum oxide layers that have pKa values of ∼6.5.61,62

Coating of the kaolinite substrate with Al3+ (hydr)oxides
creates an abundance of Al−OH2

+ sites that we showed
previously promote the protonation of NO2−(aq) to
HONO.41,48 Similar surface acidity is thought to occur on
Fe (hydr)oxide surfaces. To test this assumption, we titrated
kaolinite substrates coated in either Al3+ or Fe3+ (hydr)oxide
with 1 nmol of NaNO2(aq) and monitored the formation of
HONO(g). In both cases, addition of NO2−(aq) to the substrate
resulted in a pulse of HONO(g) (Figure S5). Peak areas
indicate twice as much HONO(g) was produced on Al3+
(hydr)oxides surfaces compared with Fe3+ (hydr)oxide
surfaces, indicating that surfaces comprised of Al3+ were
more acidic. As the concentration of the metal increases,
surface acidity also increases, facilitating the increase of gas-
phase products observed. This suggests that the higher yields
of HONO observed in Al vs Fe-coated surfaces in Figures 2
and 3 are due at least partially to a surface pH effect. In
summary, both surface pH and light attenuation act together
leading to 25−50% more NOy formed from the Al3+ systems
compared with the Fe3+ systems.

3.4. Origin of Nitric Oxide. Although NO is not produced
by the direct photolysis of NO3

−, it is formed from
photodissociation of NO2 and HONO. Control experiments
showed, however, that photolysis of NO2 and HONO was
minimal; the relative amount of NO formed from direct
photolysis of these species (1−5%) is reflected in the
experiments labeled “No OM” in Figures 2 and 3. The
addition of Fe3+ to substrates containing OM dramatically
increased the amount of NO formed (Figure 3). For example,
when NO3

− was photolyzed on substrates containing both Fe
and citrate, NO accounted for ∼50% of the NOy formed.
Similarly, up to 20% of the NOy detected was in the form of
NO for substrates prepared from SRFA and Fe3+. This suggests
NO formation is related to the presence of iron complexed to
OM, although NO formation (e.g., 5−15% of the total NOy
formed, Figure 2) was also observed in the presence of Al3+
and OM, albeit to a lesser degree.

3.4.1. Influence of Anoxic vs Aerobic Conditions on NO
Formation. To further investigate the role of iron on NO
formation, we compared the amount of NOy photoproducts
formed when NO3

− was photolyzed on Fe3+ surfaces with
citrate or SRFA in the presence and absence of O2. As shown
in Figure 4A,B, photolysis experiments using Fe-containing
substrates conducted under N2 atmosphere produced 2−4
times more NO than experiments conducted under the same
conditions but with air as the carrier gas. Under anoxic
conditions NO accounted for 60−80% of the total NOy
formed. When these experiments were repeated using Al-
containing substrates, we found there was no significant
difference between the amount of NO formed under anoxic or
oxic conditions (Figure 4A,B). Differences in the response of
Fe and Al-containing systems toward O2 strongly suggest that
ferrous iron (Fe2+) is responsible for the NO formed in the
systems containing iron. It is well-known that photolysis of
iron complexes such as iron citrate is a source of Fe2+.47,63

Once formed, Fe2+ is capable of reducing NO2 to HONO, and
HONO to NO.40 The feasibility is illustrated in Table S3,
which uses reduction potentials of the respective half-reactions
to derive the Gibbs free energy of reactions involving Fe2+ with
various NOy species. The calculations suggest that reduction of
both NO2 and HONO by Fe2+ citrate is exergonic (−66 and
−37 kJ mol−1, respectively) at pH 5. This strongly suggests
that iron complexes such as iron citrate are capable of

Figure 3. (A) Comparison of amount of NOx and HONO formed
during 1 h of UV−visible photolysis of NO3

− on kaolinite substrates
containing various amounts of Fe3+ [added as Fe2(SO4)3] in the
absence or presence of 2% OM citrate or Suwanee River fulvic acid
(SRFA) (substrate pH: 5; carrier gas: 1 atm air, 50% RH). Error bars
represent 95% confidence intervals of triplicate experiments. (B)
Relative amounts of photoproducts formed from experiments are
shown in panel (A).
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promoting NO2-to-HONO and HONO-to-NO formation,
which is a potentially important renoxification mechanism.
3.4.2. Influence of pH on NO Formation. For more insight

into the role of Fe2+ in the photolysis mechanism, we
photolyzed NO3

− on Fe-containing substrates prepared from
slurries that had a pH of between 3−9. During these
experiments, photoproducts were measured via online CL
analysis, whereas Fe2+ formed in the substrate was quantified
post-experiment using the phenanthroline assay.40 As shown in
Figure 4C, a direct correlation was observed between the
amount of photoproducts formed and the amount of Fe2+
dissolved in the substrate extracts postexperiment. In addition,
the amount of NO formed was highest at the lowest pH values.
It is well established that under acidic conditions, iron minerals
undergo reductive dissolution to release Fe2+, a process that
can be facilitated by photochemistry.43,53,64,65 This supports
the hypothesis that Fe2+ plays a role in determining the
product distribution by reducing photoproducts. These
findings help explain the results in Figure 2A where the
relative amount of NO produced increases with increasing iron
content of the substrate.
3.4.3. Reactive Uptake of NO2 and HONO on Fe-

Containing Surfaces. As further confirmation of the role

that Fe2+ plays in secondary chemistry, we studied the reactive
uptake of NO2(g) and HONO(g) on iron-coated surfaces in the
presence and absence of citrate. NO3

− was not present during
these experiments. Substrates were exposed in the dark to
NO2(g) or HONO(g) through the carrier gas (50% RH in air)
for ∼15 min, followed by a 15 min period where the substrates
were irradiated with UV−visible light. As shown in Figure 5A,

exposure of Fe-citrate-coated substrates to 20 ppb of NO2 in
the dark did not yield any HONO or NO; however, when
irradiated with UV−visible light, 7 ppb of NO2 was lost to the
surface and 2.5 ppb of HONO and 1.5 ppb of NO were
formed. This demonstrates that NO2 is reduced to HONO and
NO during the reaction. The appearance of NO is more
gradual than the appearance of HONO, suggesting that NO is
a secondary product. HONO was the only product observed
when NO2 was photolyzed in the presence of kaolinite coated
with Fe (hydr)oxides (Figure 5B). In this case, 5.5 ppb of NO2
was initially taken up although this decreased to ∼3 ppb by the
end of the experiment, suggesting that the reactive sites were

Figure 4. Comparison of NOx and HONO formed during NO3
−

photolysis in the presence of iron (A) or aluminum (B) and the
indicated OM under oxic and anoxic conditions. (C) Bars indicate
amount of NOx and HONO formed when NO3

− is photolyzed on Fe-
containing substrates prepared from aqueous slurries at the indicated
pH values. The amounts of Fe2+ extracted from substrates post
experiment (purple diamonds, right y-axis) are shown for comparison.
All substrates contained 2 wt % OM (citrate or SRFA) and the metal
(Fe3+ or Al3+). Error bars represent 95% confidence interval of
triplicate measurements.

Figure 5. Photoinduced reactive uptake of NO2 (A, B) or HONO (C,
D) on kaolinite surfaces containing 2 wt % Fe3+ in the presence or
absence of 2 wt % citrate. Samples were exposed to 6 ppb of HONO
or 20 ppb of NO2 in the dark for the first 15 min and then irradiated
for the 15 min with UV−visible light as indicated by the vertical
dashed line. Carrier gas: 1 atm air at 50% RH; substrate pH: 5.
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depleted over the course of the reaction. The amount of
HONO formed from NO2-to-HONO conversion varied
between 3−4 ppb. This result contrasts with those from the
experiment performed in the presence of citrate, which showed
relatively constant NO2-to-HONO conversion during the
irradiation period. These results suggest that photolysis of
iron in the presence of citrate generates a relatively constant
source of Fe2+. In addition, the appearance of NO as a product
in the presence of citrate (and not when Fe is present alone)
suggests that stronger reducing agents are likely formed in the
presence of citrate.
Previous studies indicate that Fe2+ present in iron-bearing

minerals reduces NO2
− to NO, in some cases contributing to

abiotic emissions of NO from soil.66 To determine whether the
NO observed in Figure 5A stems from the reduction of NO2

−/
HONO by Fe2+, we studied the photochemical uptake of
HONO(g) onto iron-containing kaolinite substrates in the
presence and absence of citrate. The experiments performed
were identical to those shown in Figure 5A,B with the
exception that the carrier gas contained 6 ppb of HONO(g). As
shown in Figure 5C, exposure of the Fe-citrate coated kaolinite
substrate to HONO in the dark did not result in the formation
of NOy; however, during irradiation of the substrate, 2.7 ppb of
HONO was lost to the surface yielding the gradual formation
of ∼1 ppb of NO. These results resemble the HONO and NO
profiles shown in Figure 5A, strongly suggesting that the
observed NO stems from the reduction of NO2

−/HONO to
NO. These results contrast with those obtained when the
experiment was repeated in the absence of citrate. As shown in
Figure 5D, in the absence of citrate, HONO uptake on the
surface when the surface is irradiated with UV−visible light
was much lower than what was observed in the presence of
citrate. These results suggest that iron coordinated to citrate is
responsible for the reduction of NO2

−/HONO to NO. This is
a reasonable assumption since the stability constants for
Fe3+(citrate)(aq) and Fe2+(H-citrate)(aq) complexes are large
(log K = 13.13 and 10.17, respectively).67 Considering the
reduction potentials of the relevant half reactions at pH 5 (see
Figure 6 and Table S3), we find that HONO-to-NO
conversion by Fe2+-citrate is exergonic, whereas the reaction

of the Fe2+ aquo complex with HONO is endergonic, reflecting
the fact that ferrous citrate is a stronger reducing agent than
the Fe2+ aquo ion.47

3.5. Proposed Reaction Mechanisms. Significant
enhancements in NOy production rates are evident in the
presence of OM versus NOy produced when nitrate is
photolyzed alone, which is the trend seen for both Al- and
Fe-containing substrates. As discussed above, it is well
documented that OM acts as both a scavenger of OH that
prevents the oxidation of photoproducts and generates HO2/
O2

− , which converts NO2 and NO into NO2
−/

HONO.14,34,37,68,69 In addition, OM-containing photosensi-
tizer moieties are known to efficiently reduce NO2 to NO2

−/
HONO with near quantitative efficiency.41,69,70 Thus, if the
quantum yield of the NO3

−-to-HONO photochemical channel
is ∼1% in the absence of OM, then it should increase by a
factor of 2 at most if all NO2 formed is converted into NO2

−/
HONO in the presence of OM. As shown in Figures 1−3, the
enhancement in NOy yield is greater than expected; e.g., the
HONO concentration is enhanced by a factor of 15 in the
presence of 2 wt % SRFA.
Based on our results, we propose that nitrate is directly

reduced to either NO2 or the nitrate dianion NO3
2− (or its

conjugate acid, HNO3
−, pKa ∼ 7.5) by a reactive species

generated photochemically in the presence of OM.71 Nitrate
dianion has been observed in aquatic radiolysis experiments
where it is formed from the reaction of solvated electrons with
NO3

−. Although known since the 1960s in the radiolysis
literature,71−73 the involvement of NO3

2− has only now been
considered as an intermediate in the photoreduction of nitrate
under atmospheric conditions.31,74 To provide support for this
mechanism and the subsequent reaction steps, we compiled
reduction potentials of relevant half-reactions from the
literature (Figure 6 and Table S4) and used them to compute
the Gibbs free energy of the proposed reaction steps (Table
S3). Although comparisons of Gibbs free energy only indicate
whether a reaction is thermodynamically feasibility and say
nothing of its kinetics, the process is a valuable guide to
unveiling previously unrecognized reaction steps of a
mechanism.

Figure 6. (A) Scheme of squares depicting redox pathways involved in reduction of NO3
−. Lines between chemical species represent the following

equilibrium reactions: Electron transfer (horizontal lines), proton transfer (vertical lines), and diagonal dashed lines (coupled proton−electron
transfer). Yellow highlighted pathway indicates the proposed NO3

− photoreduction mechanism under acidic conditions with NO3
− reduction by

Fe2+ citrate and SRFA•−. Blue highlighted pathway indicates pathways available when CO2
•− or solvated electrons are the reductant. Numbers over

lines correspond to the half reactions listed in panel (B) Selected half reactions for relevant processes in the system and their reduction potential for
pH 5.

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

https://doi.org/10.1021/acsearthspacechem.4c00252
ACS Earth Space Chem. 2024, 8, 2587−2598

2593

https://pubs.acs.org/doi/suppl/10.1021/acsearthspacechem.4c00252/suppl_file/sp4c00252_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsearthspacechem.4c00252/suppl_file/sp4c00252_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsearthspacechem.4c00252/suppl_file/sp4c00252_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsearthspacechem.4c00252/suppl_file/sp4c00252_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsearthspacechem.4c00252?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsearthspacechem.4c00252?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsearthspacechem.4c00252?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsearthspacechem.4c00252?fig=fig6&ref=pdf
http://pubs.acs.org/journal/aesccq?ref=pdf
https://doi.org/10.1021/acsearthspacechem.4c00252?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


To illustrate our proposed mechanism involving redox
chemistry, we use a scheme of squares to summarize the
conversion of NO3

− to NO (Figure 6A). In this figure, the
redox processes are described as either a decoupled sequence
of one-electron transfer (horizontal arrows) and one-proton
transfer (vertical arrows) or a coupled proton−electron
transfer process (diagonal arrows). Reduction half reactions
along with reduction potentials of some of these reactions are
listed in Figure 6B. As shown in Figure 6A, NO3

2−/HNO3
−

would rapidly hydrolyze to NO2, which in turn would be
reduced to N(III) species such as NO2

−, HONO, or H2ONO+,
depending on the pH. From here, one electron reduction of
N(III) yields NO. Under the more acidic conditions of our
experiment, HONO is likely reduced to NO via coupled
proton−electron-transfer as supported by data in Figure 5, but
at higher pH values, reduction of NO2

− could involve the
intermediate NO2

2− and HNO2
− species via a mechanism that

is analogous to the one proposed for hydrolysis of NO3
2−/

HNO3
−, and has been discussed previously in the radiolysis

literature.73

Strong reducing agents are needed to directly reduce NO3
−

to NOx and HONO. In systems containing SRFA, reducing
agents are generated when the triplet excited state of SRFA
reacts with an electron donor to form a radical anion, SRFA•−.
Likewise, organic coordination complexes of Fe2+ formed
through photochemistry are strong reductants.44,47 Given the
high negative reduction potential for the NO3

−/NO3
2− redox

couple, E° = −0.89 V vs SHE, it appears that Fe2+-citrate and
SRFA•− are not likely to reduce NO3

− via eq 9 (Figure 6B);
Gibbs free energy values are highly endergonic (Table S3).
There is evidence that nitrate is reduced rapidly to NO3

2− by
solvated electrons (k = 9.7 × 109 M−1 s−1)73 generated via
dissociation of water by ionizing radiation. Solvated electrons
have been observed to be generated photochemically in
dissolved organic matter and it is possible that they could play
a role in the chemistry observed here.75−77

Alternative reaction pathways exist to convert NO3
− to NO2

without involvement of NO3
2−. As shown by their exergonic

Gibbs free energy values in Table S3, both SRFA•− and Fe2+-
citrate can reduce NO3

− to NO2 under acidic conditions, likely
via the intermediacy of NO2

+ (eq 6). The substrates we studied
were prepared from aqueous slurries adjusted to pH 5,
although it is possible that hydronium and acidic M−OH2

+

groups are concentrated into a much smaller volume defined
by a few monolayers of water present on the surfaces.78,79

Thus, if we assume 1−2 monolayers of water present on a
typical kaolinite surface (at 50% RH),48 the surface acidity
could be quite high. This is supported by the titration
experiment shown in Figure S5. The reduction potential
estimated for eq 6 was calculated for pH 5, and lower surface
pH values would only increase the reduction potential, making
this reaction even more thermodynamically feasible.
Reducing agents such as Fe2+-citrate and SRFA•− clearly

cannot explain the high reactivity present when NO3
− is

photoreduced in the presence of Al3+-citrate, as they are not
present in those systems. Furthermore, we are unaware of any
literature showing that photochemistry involving Al-citrate
could lead to the formation of solvated electrons. To explain
the high reactivity of Al3+-citrate, we consider the possibility
that carbon dioxide radical anion (CO2

•−) or its conjugate acid
(CO2H•, pKa = 3.4) is generated upon irradiation of citrate or
aluminum citrate, or through the reaction of citrate with OH
radical generated from NO3

− photolysis.80

Numerous studies have shown that CO2
•− is generated

during the oxidation of carboxylate anions. Most relevant,
CO2

•− was shown to be generated from the reaction of formate
with OH radical generated from nitrate.81 In addition, EPR
studies show CO2

•− is generated from photolysis of iron
citrate, and aerosol studies show prompt decarboxylation
releases CO2 and HOx into the gas phase.

82,83 We propose that
this could also be the case for the analogous Al3+-complexes.
The carbon dioxide radical anion is a strong one-electron
reductant that can directly reduce NO3

− to NO3
2− (Figure 6B

and Table S3).73 Although citrate and Al3+-citrate absorb only
weakly at wavelengths greater than 300 nm (Figure S3), CO2

•−

is expected to be reactive and the nitrate concentrations are
high enough in our system such that even trace amounts of
CO2

•−/ CO2H• could reduce NO3
−, NO2, and HONO.84

We also note that there is the possibility that CO2
•− is

produced from the reaction of Al3+ citrate with OH generated
from nitrate photolysis. These reactions have not received
much attention and work is underway in our laboratory to
evaluate their reaction kinetics. Lastly, it is possible that
formation of CO2

•−/ CO2H• occurs during photochemistry in
the Fe3+-citrate and SRFA studied here. Photochemistry
involving UV−visible absorption by natural OM is known to
produce CO2 and carboxylate species as a result of direct and
indirect photochemistry.85,86 Thus, it is possible that the
chemistry observed for simple model carboxylates also occurs
in more complex OM mixtures.

5. CONCLUSIONS
This work showed that NO3

− adsorbed to mineral surfaces
undergoes renoxification to release HONO and NO via the
reaction of nitrate with strong reducing agents stemming from
indirect photochemistry involving transition metal complexes
and organic matter. A 15-fold enhancement in NOy yield was
observed when NO3

− was photolyzed in the presence of OM,
relative to when photolysis took place in the absence of OM.
Such enhancements are beyond what is expected from the
canonical NO3

− photolysis mechanism and can only be
explained by chemistry involving the direct reduction of
NO3

−. Based on thermodynamic considerations of relevant half
reactions, candidates for reductants responsible for directly
reducing NO3

− are C-centered radical anions (e.g., SRFA•−),
Fe2+ coordinated to OM, CO2

•−, and possibly solvated
electrons. Additionally, we showed that renoxification of
NO3

− is not just limited to release of NO2 and HONO but
can also involve formation of NO formed from the reduction
of N(III) by strong reducing agents such as those provided by
Fe2+ complexes. Thus, NO is formed via indirect photo-
chemistry rather than by direct photolysis of NO2 and HONO.
Much of the proposed chemistry is based on precedent in the
radiolysis literature and aquatic chemistry community. Future
work is needed to directly observe and study the reaction
kinetics of these reductants in atmospherically relevant
systems. For example, rate constants for the reaction of
CO2

•− with nitrate are needed to explicitly describe this
chemistry in aqueous aerosol models. In the absence of this
information, parameterizations of nitrate renoxification may be
based on aqueous phase nitrate photochemistry and by
assuming the total product quantum yield for NO2 and
HONO is increased by a factor of between 5−15, based on our
work. It is notable that these quantum yield enhancement
factors are within the range of 1−30 suggested by Romer et al.
for renoxification from aerosol nitrate.17

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

https://doi.org/10.1021/acsearthspacechem.4c00252
ACS Earth Space Chem. 2024, 8, 2587−2598

2594

https://pubs.acs.org/doi/suppl/10.1021/acsearthspacechem.4c00252/suppl_file/sp4c00252_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsearthspacechem.4c00252/suppl_file/sp4c00252_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsearthspacechem.4c00252/suppl_file/sp4c00252_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsearthspacechem.4c00252/suppl_file/sp4c00252_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsearthspacechem.4c00252/suppl_file/sp4c00252_si_001.pdf
http://pubs.acs.org/journal/aesccq?ref=pdf
https://doi.org/10.1021/acsearthspacechem.4c00252?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Even though this study used model soil and mineral dust
systems, the components used, and their properties mimic
natural systems; thus, we expect similar processes to occur in
mineral dust aerosols and on soil surfaces exposed to sunlight.
Redox-active transition metals and OM are commonly
colocated in mineral dust aerosols from a variety of
anthropogenic and biogenic sources.54,87 These aerosols
undergo long-range transport39 and mix with polluted air
masses, where they become acidified as they accumulate nitric
and sulfuric acid.88,89 Our work suggests that photochemistry
on dust particles could initiate renoxification episodes during
dust storms. Such events were documented by Wang et al.
during their field campaign in Phoenix, AZ, in 2001.38 During
that study, the concentration ratio of HONO/NO2 increased
from <0.03 during a clear day, to 0.19 during dust storms.
Since their study, high HONO/NOx ratios have been found to
be correlated to other air pollution events involving high
particulate matter levels.9,90,91 In addition, recent modeling
studies showed that photocatalytic conversion of nitrate on
iron-containing mineral dust could be the main source of
HONO (up to 62%) during the daytime in the remote marine
atmosphere at Cape Verde.92 In summary, direct reduction of
NO3

− appears to be an efficient renoxification mechanism that
may help explain some of the missing daytime sources of
HONO inferred from models.93,94 This source should be
implemented into current atmospheric models to better
understand the oxidative capacity of the atmosphere.
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