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� Exposure to NO2 led to surface deactivation of hematite, magnetite and goethite.
� More nitrate was formed on goethite when compared to hematite and magnetite.
� Impacts of this reaction on nitrate aerosol formation and iron solubility may be very limited.
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a b s t r a c t

Atmospheric processing may significantly increase solubility of iron in mineral dust, but the effects of
heterogeneous reactions on iron solubility have been poorly understood. In this work, we investigated
heterogeneous reaction of NO2 (15 ± 1 and 2.5 ± 0.1 ppmv, equal to ~3.7� 1014 and ~6.2� 1013 molecule
cm�3) with hematite, magnetite and goethite at different relative humidities (RH, 0e90%), and changes
in particulate nitrate and soluble iron due to heterogeneous reaction with NO2 were quantified as a
function of time (up to 24 h). After reaction with 2.5 ± 0.1 ppmv NO2 for 24 h (or less time), hematite and
magnetite were fully saturated, while goethite was only partly deactivated. Nitrate yield was largest for
goethite, and the mass ratio of formed nitrate to unreacted mineral only reached ~1% or less after 24 h
reaction. All the three minerals showed low reactivities towards NO2, and the average reactive uptake
coefficients of NO2 in the first 3 h were found to be < 5� 10�8. In addition, the increase in iron solubility
was found to be small and in some cases even insignificant for the three minerals after heterogeneous
reaction with NO2 for 24 h. Overall, the impacts of heterogeneous reaction of NO2 with hematite,
magnetite and goethite on nitrate aerosol formation and iron solubility could be very limited.

© 2019 Elsevier Ltd. All rights reserved.
1. Introduction

Every year approximately 2000 Tg mineral dust is emitted into
atmosphere, contributing to a large fraction of tropospheric aerosol
particles globally (Huneeus et al., 2011; Ginoux et al., 2012). Mineral
cademy of Sciences, Beijing
dust aerosol has significant impacts on tropospheric chemistry
(Dentener et al., 1996; Usher et al., 2003; Tang et al., 2017) and
climate (Cziczo et al., 2013; Tang et al., 2016; Kok et al., 2018).
Furthermore, deposition of mineral dust is a major source of iron
for surface waters in many open ocean regions where iron is a
limiting micronutrient for phytoplankton growth (Jickells et al.,
2005; Mahowald et al., 2005; Schulz et al., 2012; Hettiarachchi
et al., 2018a), and hence largely controls primary productivity and
biogeochemical cycles in these regions (Boyd et al., 2007, 2010;
Mahowald, 2011; Tagliabue et al., 2017). In addition tomineral dust,
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combustion aerosol may also be an important source of iron in
oceanic regions (Luo et al., 2008; Ito et al., 2019).

In mineral dust aerosol, Fe-bearing minerals include crystalline
iron oxides (Lafon et al., 2004; Shi et al., 2009), such as goethite,
hematite and magnetite, ferrihydrite and poorly crystalline Fe (Shi
et al., 2009), and clay minerals (Avila et al., 1997; Shi et al., 2005;
Journet et al., 2008), such as kaolinite, illite and montmorillonite.
Most of the iron contained in the mineral dust is highly refractory,
and only a small fraction is soluble/bioavailable (Shi et al., 2012;
Sholkovitz et al., 2012; Mahowald et al., 2018). Many studies (Baker
et al., 2006; Shi et al., 2011a; Sholkovitz et al., 2012; Mahowald
et al., 2018) have found that the apparent iron solubility in aero-
sol particles collected in remote marine areas is higher than those
collected near desert source regions. Several processes could be
responsible for the observed increase in iron solubility with at-
mospheric transport (Journet et al., 2008; Solmon et al., 2009; Ooki
et al., 2009; Schroth et al., 2009; Cartledge et al., 2015), including
chemical aging in the troposphere. For example, previous work (Shi
et al., 2009, 2012; Fu et al., 2012; Chen and Grassian, 2013; Wang
et al., 2017, 2018) found that aqueous reactions (i.e. cloud pro-
cessing) would significantly increase iron solubility of mineral dust.

Heterogeneous reactions would affect the abundance of a
number of trace gases both directly and indirectly (Dentener et al.,
1996; Bedjanian et al., 2013; Tang et al., 2017). These reactions can
also modify chemical composition (Laskin et al., 2005; Sullivan
et al., 2007; Ma et al., 2012) and thus physicochemical properties
of mineral dust (Krueger et al., 2003; Kulkarni et al., 2015; Tang
et al., 2016). Heterogeneous reaction of NO2 with mineral dust is
of particulate interest, as it may contribute directly to the NO2
removal and the formation of nitrate aerosol and HONO
(Underwood et al., 1999; Ndour et al., 2008; Li et al., 2010; Liu et al.,
2015; Kebede et al., 2016; Tan et al., 2016), and would then indi-
rectly impact the abundance of OH radicals and volatile organic
compounds as HONO photolysis is an important source of OH
radicals. For example, Underwood et al. (1999) used transmission
FTIR and a Knudsen-cell reactor to investigate heterogeneous re-
actions of NO2 with Al2O3, Fe2O3 and TiO2, and nitrate (as well as
nitrite) was found on particles; in addition, the initial uptake co-
efficients were reported to be< 1� 10�6. Significant amount of
particulate nitrate was found in heterogeneous reaction of NO2
with CaCO3 (Li et al., 2010), and the uptake coefficients increased
with RH. A coated-wall flow tube was employed by Liu et al. (2015)
to study heterogeneous reactions of NO2 with Fe2O3 and kaolinite,
and found that increase in relative humidity (RH) would led to
decrease in initial uptake coefficients and increase in HONO yields.

Furthermore, heterogeneous uptake of NO2 onto mineral dust
can be photo-enhanced (Ndour et al., 2008; Kebede et al., 2016).
However, the effects of heterogeneous reactions on iron solubility
of mineral dust have been rarely explored, though a number of
previous studies investigated how aqueous reactions would modify
iron solubility of mineral dust (Shi et al., 2012, and references
therein). Baltrusaitis et al. (2012) showed that heterogeneous re-
actionwith NO2would largely increasewater solubility of Pb in PbO
particles, and one may expect this reaction would also lead to
significant enhancement in iron solubility in mineral dust particles.
However, this hypothesis is yet to be verified and quantified. We
note that a recent study (Cartledge et al., 2015) found that het-
erogeneous reactions with SO2 did not significantly increase iron
solubility for hematite, magnetite and goethite. To our knowledge,
this is the first study which explored the impact of heterogeneous
reactions on the solubility of iron contained in mineral dust.

In the present work, we investigated heterogeneous reaction of
NO2 with hematite, magnetite and goethite at different relative
humidities (RH, 0e90%), and measured the change in particulate
nitrate and soluble iron as a function of reaction time (up to 24 h)
under atmospherically relevant conditions. The first motivation of
our work is to elucidate whether and to which extent heteroge-
neous reaction with NO2 would increase iron solubility of mineral
dust. The second motivation is to assess the contribution of this
reaction to nitrate aerosol formation, as the uptake coefficients
reported by previous studies display large discrepancies (Crowley
et al., 2010), and such discrepancies can result from experimental
conditions used (e.g., particles used investigation were prepared).

2. Experimental sections

2.1. Sample preparation and characterization

In this work heterogeneous reaction of hematite (>99.8%, Strem
Chemicals, Inc., USA), magnetite (>95%, Strem Chemicals, Inc., USA)
and goethite (>98%, Santa Cruz Biotechnology, USA) with NO2 was
investigated. The BET (Brunauer-Emmett-Teller) volumetric surface
areas of these minerals were measured by nitrogen absorption at
77 K, using an ASAP 2640 Accelerated Surface Area and Porosimetry
Analyzer (Micromeritics, USA). Prior to analysis, ~800mg particles
were degassed at 413 K under a He gas flow for at least 3 h. The BET
surface areas were determined to be 9.23 ± 0.17, 6.34± 0.04 and
11.30± 0.08m2 g�1 for hematite, magnetite and goethite.

For each iron containing mineral, ~0.25 g minerals were mixed
with 500mL HPLC-grade ethanol (Kermel Chemical Regent, China)
and stirred using a magnetic stirrer, and the mass concentration of
minerals in the aqueousmixturewas ~0.5 g/L. A pipette was used to
transfer 10mL aqueous mixture onto a PTFE filter (47mm, What-
man, USA), and mineral-loaded filters were weighted after com-
plete evaporation of ethanol. Visual inspection revealed that
mineral particles were uniformly distributed on filters, and the
mass of particles on each filter was 5± 1mg, suggesting good
reproducibility of samples prepared.

The morphology of iron minerals loaded on filters was charac-
terized using a SU8010 cold field emission scanning electron mi-
croscope (Hitachi, Tokyo, Japan) operated at an accelerating voltage
of 1e1.5 kV, and an X-ray energy-dispersive spectrometer (EDS)
was coupled with the scanning electron microscope (SEM) to
measure elemental compositions. A small piece of particle-loaded
filter (about 0.8 cm� 0.5 cm) was mounted on the SEM stub by a
double-sided carbon tape and coated with a thin gold layer. Due to
its ferromagnetism, it was technically more difficult to analyze
magnetite using SEM, and thus only the morphology and elemental
composition of hematite and goethite were characterized. SEM
measurements revealed that most particles were in the diameter
range of 0.2e0.5 mm for hematite and goethite (Figs. S1-S2); in
addition, we employed dynamic light scattering to characterize the
three minerals, and the average particle diameters were measured
to be 0.8, 1.0 and 1.7 mm for hematite, goethite and magnetite
(Fig. S3). Because hematite and goethite particles were irregular,
particle diameters measured using two different techniques were
consistent. If we assume that particles are spherical with a uniform
diameter of 0.4 mmand a density of 5 g cm�3 (equal to the density of
hematite), it was estimated that 2e3 layers of particles were
deposited on the filter.

2.2. Heterogeneous reactions

Fig. 1 displays the schematic diagram of the apparatus used to
investigate heterogeneous reactions of NO2 with mineral dust
particles. A small flow of NO2 (1000 ppmv in air, National Institute
of Metrology, Beijing, China) was mixed with a dry synthetic air
(>99.999%, Huate Gas Co., Ltd, Foshan, China) flowand a humidified
synthetic air flow, which was humidified by passing a dry synthetic
air flow through two water bubblers in series. All the three flows



Fig. 1. Schematic diagram of the apparatus used to investigate heterogeneous reaction of NO2 with mineral dust particles. MFC1, MFC2 and MFC3 were mass flow controllers. The
two synthetic air flows, controlled using MFC2 and MFC3, had a total flow rate of 350 sccm; the NO2 flow, controlled using MFC1, had a flow rate in the range of 0e10 sccm; the NOx
analyzer had a flow rate of 500± 50 ccm.
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were regulated using mass flow controllers (Sevenstar electronics
Co., Beijing, China). The dry and humidified synthetic air flows
(regulated using MFC2 and MFC3) had a total flow rate of 350 sccm
(standard cubic centimeter per min).

The gas mixture was first passed through the left chamber in
which a blank filter was housed. When the NO2 concentration
became stable, the gas mixture was then passed through the right
chamber in which a mineral-loaded filter was housed so that the
reaction was initiated. In order to terminate the reaction, the gas
mixture was passed through the left chamber again, and then the
particle-loaded filter was taken out for further analysis. The filter
was then immediately stored in a sealed plastic box to avoid
contamination and reaction with lab air, and was usually dissolved
in proper solutions (see Section 2.3 for more details) within 30min.
In this work, the maximum reaction time was 24 h. The two reac-
tion chambers were identical, having an inner diameter of 41.5mm,
an inner length of 87mm and thus an inner volume of 118mL. The
average residence time was calculated to be ~18 s under a flow rate
of 350 sccm. The chamber was divided to two identical parts by the
filter, and the gas flow was transferred through the filter to ensure
that all the particles loaded on the filter were exposed to NO2.
Chambers were made of aluminum, and the inner surface was
coated with fluorinated ethylene propylene (FEP) to minimize wall
loss.

As shown in Fig. 1, after exiting the chamber, the gas mixture
was further diluted by lab air (filtered using a 47mm PTFE filter
supplied by Whatman) to a total flow of 500± 50 ccm (cubic
centimeter per min) and then sampled into a NOx analyzer (Model
T200, Teledyne Instruments, USA) to monitor NO2 concentrations
online. We used two different NO2 concentrations (15± 1 and
2.5± 0.1 ppmv) to explore the effect of NO2 concentration on het-
erogeneous reaction, and NO2 concentrations in the reaction
chamber were calculated from the measured NO2 concentrations
after taking into account dilution by filtered lab air, and the dilution
factor was 1.22. The NO2 concentration in the filtered lab air was
typically <0.1 ppmv, and therefore its influence on the measured
NO2 concentration (a few ppmv) was negligible. In our work, the
relative deviation of NO2 concentrations from set values was
smaller than 10%.

2.3. Analysis

After the reaction, the filter was divided to two halves using
acid-washed ceramic-bladed scissors. One half of the filter was
extracted in 10mL deionized water for 2 h using an orbital shaker;
after that, the extract was filtered using a 0.22 mm polyethersulfone
filter (Anpel, Shanghai, China) and then analyzed using ion chro-
matography (761 Compact IC, Metrohm, Switzerland) equipped
with a Metrohm suppressor Module and a Metrohm Metrosep A
sup 5-250 column. The eluent (4.8mM Na2CO3 and 1.5mM
NaHCO3) and the regenerant (50mMH2SO4) both had a flow rate of
0.7mLmin�1. For each measurement, 100 mL solution was injected
through the injection loop.

The other half of the filter was extracted in 10mL sodium ace-
tate buffer solution (5mM, pH¼ 4.18) for 2 h using an orbital
shaker, and the extract was also filtered using a 0.22 mm poly-
ethersulfone filter. Many previous studies (Baker et al., 2006; Baker
and Croot, 2010; Shi et al., 2011a, 2013; Sholkovitz et al., 2012;
Morton et al., 2013; Cartledge et al., 2015) used similar operational
methods to extract soluble iron, as these leaching solutions (such as
acetate buffer used in our work) could simulate marine precipita-
tion. After that, the filtratewas acidifiedwith 59 mL HNO3 (>69% v/v,
Chron Chemicals, China), and nitric acid concentration in the
resulting solution was ~0.4% v/v. An inductively coupled plasma-
mass spectrometer (ICP-MS, iCAP Q, Thermo Fisher Scientific,
USA) was used to determine the total iron concentration (the sum
of Fe2þ and Fe3þ) in the solution. Measurements were carried out in
the single collision cell mode with kinetic energy discrimination,
and pure He was used as collision gas. To ensure measurement
reliability, yttriumwas used as an inner standard; in addition, each
solution sample was measured for three times, and the average
value was reported.

3. Results and discussion

3.1. Change in surface elemental composition

Themorphology and surface elemental composition of hematite
and goethite before and after heterogeneous reaction with NO2 are
shown in Fig. 2 and Figs. S1-S2 in the supplement, and there was no
obvious difference in particle morphology before and after the re-
action. As shown in Fig. 2aeb, both hematite and goethite particles
were rather homogeneously deposited on filters. Fig. 2ced shows
EDS spectra of hematite particles before and after the reaction.
Compared to unreacted hematite particles, a small but significant
nitrogen peak appeared in the EDS spectrum of reacted particles,
suggesting that nitrogen-containing species (to be more specific,
nitrate) were formed due to heterogeneous reaction with NO2. In
addition, as revealed by EDS observation (not shown), nitrate was
also formed on goethite particles after heterogeneous reactionwith
NO2.

3.2. Nitrate formation

While mechanisms are very complicated at the molecular level
for heterogeneous reaction of mineral dust with NO2, the major



Fig. 2. (a) SEM image of unreacted hematite; (b) SEM image of unreacted goethite; (c) EDS spectrum of hematite before heterogeneous reaction with NO2; (d) EDS spectrum of
hematite after heterogeneous reaction with 2.5 ppmv NO2 for 24 h at 90% RH.

Fig. 3. Nitrate formation in heterogeneous reaction of hematite with 15± 1 ppmv NO2

at 0%, 30%, 60% and 90% RH.
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mechanism can be overall described by (R1) (Underwood et al.,
1999; Baltrusaitis et al., 2009; Li et al., 2010; Liu et al., 2015; Liu
et al., 2017):

NO2(g) þ NO2(g) / HNO3(ad) þ HONO (g) (R1)

In the particles, the predominant product was found to be ni-
trate (NO3

�) and nitrite (NO2
�) was usually minor (Underwood et al.,

1999; Baltrusaitis et al., 2009; Li et al., 2010), and HONO was
identified as a major product in the gas phase (Liu et al., 2015). In
our work ion chromatography was used to measure compositional
change of hematite, magnetite and goethite after heterogeneous
reaction with NO2. Similar to previous work, nitrate (NO3

�) forma-
tion was observed for the three minerals, while particulate nitrite
(NO2

�) was not detected, probably because nitrite formed mainly
partitioned in the gas phase as HONO. However, we did not attempt
to measure HONO in our work.

3.2.1. Hematite
Fig. 3 shows particulate nitrate formation for heterogeneous

reaction of hematite with 15± 1 ppmv NO2 at 0%, 30%, 60% and 90%
RH as a function of reaction time. At 0%, 30% and 60% RH, the mass
fraction of formed nitrate, m(NO3

�)/m, defined as the ratio of the
mass of formed nitrate to the initial mass of mineral particles,
reached the plateau after 3 h reaction and did not further increase
with time. This suggested that hematite surface was saturated in
3 h (or even less) after exposure to 15± 1 ppmv NO2 at 0%, 30% and
60% RH. In addition, very similar amounts of nitrate were formed at
0%, 30% and 60% RH, with average m(NO3

�)/m being 0.18± 0.03%.
Compared to that at 0e60% RH, heterogeneous reaction with

NO2 showed a slightly different picture at 90% RH. As displayed in
Fig. 3, m(NO3
�)/m increased from 0.17± 0.02% after 3 h to

0.30± 0.02% at 6 h, though further increase in reaction time to 24 h
did not lead to additional nitrate formation. Compared to reactions
at lower RHs (0%, 30% and 60%), significantly more nitrate was
formed on hematite due to heterogeneous reaction with NO2: the
maximum m(NO3

�)/m values were 0.31± 0.03% at 90% RH and
0.20± 0.02% at lower RH. This suggested that increase in RH from



Fig. 5. Nitrate formation in heterogeneous reaction of magnetite with 2.5± 0.1 ppmv
NO2 at 30% and 60% RH.
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60% to 90% would enhance heterogeneous reaction of hematite
with NO2.

As hematite was deactivated rather quickly when the NO2
concentration was 15± 1 ppmv, we further examined heteroge-
neous reaction with NO2 at a lower NO2 concentration (2.5± 0.1
ppmv), and the results are displayed in Fig. 4. For the reaction under
three lower RHs (0%, 30% and 60%), the following differences were
observed at high and low NO2 concentrations. First, particulate
nitrate continued to grow until reaction for 12 h, i.e. hematite
surface was deactivated after 12 h reaction. Second, the maximum
value of m(NO3

�)/m was 0.16± 0.02% when NO2 concentration was
2.5± 0.1 ppmv, smaller than that 0.20± 0.02% when NO2 concen-
tration was 15± 1 ppmv. For lower NO2 concentration (2.5± 0.1
ppmv), at 90% RH the amount of formed nitrate reached
0.20± 0.06% after reaction for 24 h and was still increasing, further
confirming that increase in RH from 60% to 90% would promote
heterogeneous reaction of NO2 with hematite. Previous work
(Goodman et al., 2001; Ma et al., 2010; Tang et al., 2016) suggested
that increase in RH would lead to more surface-adsorbed water,
and thus more nitrate was formed at 90% RH, when compared to
that at 60% RH. Nevertheless, Fig. 4 revealed that the formation rate
of nitrate at 90% RH decreased with time. As experiments con-
ducted at lower NO2 concentration are more atmospherically
relevant, we only examined heterogeneous reaction of magnetite
and goethite at low NO2 concentration (2.5± 0.1 ppmv).

Two previous studies investigated heterogeneous reaction of
NO2with Fe2O3 (Underwood et al., 1999; Liu et al., 2015). A Knudsen
cell reactor was used to explore heterogeneous uptake of NO2
(0.01e10 ppmv) onto Fe2O3 under dry conditions (Underwood
et al., 1999), and a coated wall flow tube was used to examine
heterogeneous reaction of NO2 (0.15 ppmv) with hematite at 7e74%
RH (Liu et al., 2015). Similar to our work, complete deactivation of
Fe2O3 surface was also observed in the two previous studies.

3.2.2. Magnetite
Fig. 5 shows particulate nitrate formation in heterogeneous re-

action of magnetite with 2.5± 0.1 ppmv NO2 at 30% and 60% RH as a
function of reaction time. At both RHs, the mass fraction of formed
nitrate did not further increase with time after reaction for 3 h,
suggesting that magnetite surface was deactivated in 3 h or less. In
addition, similar amounts of nitrate were formed at two RHs, and
Fig. 4. Nitrate formation in heterogeneous reaction of hematite with 2.5± 0.1 ppmv
NO2 at 0%, 30%, 60%, and 90% RH.
the average m(NO3
�)/m was determined to be 0.13± 0.02%. For

comparison, under the same condition m(NO3
�)/m was found to be

0.10± 0.04% for hematite, slightly lower than that for magnetite.
Two additional experiments were conducted to measure the

amount of nitrate formed after heterogeneous reaction of magne-
tite with 2.5± 0.1 ppmv NO2 for 24 h at 90% RH, and the average
m(NO3

�)/mwas determined to 0.20± 0.06%, larger than that at 30%
and 60% RH. As a result, increase in RH from 60% to 90% could also
promote heterogeneous reaction of NO2 with magnetite.

3.2.3. Goethite
Particulate nitrate formation is displayed in Fig. 6 as a function

of time for heterogeneous reaction of goethite with 2.5± 0.1 ppmv
NO2 at 30% and 60% RH. Under these conditions, goethite surface
was not fully saturated after 24 h reaction, though the formation
rate of nitrate decreased with time. The mass fraction of formed
nitrate reached 0.83± 0.13% at 30% RH and 1.00± 0.11% at 60% RH
Fig. 6. Nitrate formation in heterogeneous reaction of goethite with 2.5± 0.1 ppmv
NO2 at 30% and 60% RH.
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for goethite, much larger than those for hematite and magnetite
under the same conditions (by a factor of >5). This suggested that
compared to hematite and magnetite, goethite was more reactive
toward NO2. In addition, increasing RH from 30% to 60% led tomore
nitrate formed for goethite, while enhancement in nitrate forma-
tion was only observed for hematite and magnetite when RH was
increased from 60% to 90%.

3.2.4. Uptake kinetics and surface coverage of formed nitrate
The reactive uptake coefficient, g(NO2), is defined as the number

of reactive collisions leading to the formation of nitrate per second,
d[NO3

�]/dt, divided by the frequency of total collisions (Z) between
NO2 and the mineral surface (Li et al., 2006; Tan et al., 2016):

gðNO2Þ¼
d
�
NO�

3
�

dt

�
Z (1)

Z¼0:25:As:½NO2�:cðNO2Þ (2)

where As is the surface area of particles (equal to the BET surface
area of mineral particles multiplied by their mass used in an
experiment), [NO2] is the number concentration of NO2, c(NO2) is
the mean molecular speed of NO2 (37043 cm s�1, 298 K). As the
shortest reaction timewas 3 h in our study, we reported the average
g(NO2) in the first 3 h, and the results are compiled in Table 1.

As shown in Table 1, overall heterogeneous reactivity of hema-
tite, magnetite and goethite towards NO2 was rather low, and the
average g(NO2) in the first 3 h were found to be< 5� 10�8. When
the NO2 concentration was 2.5± 0.1 ppmv, at the same RH g(NO2)
were largest for goethite and smallest for hematite. In addition,
heterogeneous reaction of NO2 with hematite was conducted at
two different NO2 concentrations, and as shown in Table 1, increase
in NO2 concentration led to decrease in g(NO2). To our knowledge,
heterogeneous reaction of NO2withmagnetite and goethite has not
been explored before.

Underwood et al. (1999) used a Knudsen cell to investigate
heterogeneous uptake of NO2 onto Fe2O3 under dry conditions, and
the initial g(NO2), after taking into account bulk diffusion, was
determined to be 7� 10�7. The steady-state g(NO2) onto hematite,
determined using a coated wall flow tube, were found to be
(1.2e1.5)� 10�8 for RH in the range of 7e74% (Liu et al., 2015). For
comparison, when NO2 concentration was 2.5± 0.1 ppmv, the
average g(NO2) in the first 3 h was found to be ~1.2� 10�8 for he-
matite at 0e90% RH in our work. Therefore, the average g(NO2)
determined in our work are in good agreement with those reported
by Liu et al. (2015), while much smaller (by a factor of >50) than the
initial g(NO2) measured by Underwood et al. (1999). As Fe2O3
surface was gradually deactivated during heterogeneous uptake of
NO2, the initial g(NO2) is expected to be larger than the average and
steady-state g(NO2). In addition, our work found that the average
g(NO2) exhibited no dependence on RH, and Liu et al. (2015) also
suggested the effect of RH on the steady-state g(NO2) was
insignificant.
Table 1
Average reactive uptake coefficients of NO2 in the first 3 h for the three minerals.

RH hematite a hematite b magnetite b goethite b

(� 10�9) (� 10�8) (� 10�8) (� 10�8)

0% 5.13± 0.34 1.09± 0.15
30% 4.73± 0.61 1.35± 0.22 2.91± 0.42 4.83± 0.94
60% 4.80± 0.44 1.20± 0.48 2.70± 0.60 4.03± 0.32
90% 4.93± 0.69 1.21± 0.38

a [NO2]¼ 15± 1 ppmv
b [NO2]¼ 2.5± 0.1 ppmv
As the three minerals considered in our work had different BET
surface areas, we further compared surface coverages of formed
nitrate, i.e. by normalizing formed nitrate to the particle surface
area. The surface coverage (q) of nitrate formed on mineral surface
can be calculated using Eq. (3) (Tang et al., 2016):

q ¼ m
�
NO�

3

�
mðmineralÞ:

NA:A
�
NO�

3

�
M
�
NO�

3

�
ABET

(3)

where m(NO3
�) and m(mineral) are the mass (g) of nitrate and

mineral, NA is the Avogadro constant (6.02� 1023mol�1), M(NO3
�)

is themolarmass of nitrate (62 gmol�1), ABET is the BET surface area
ofmineral, and A(NO3

�) is the average surface area of one nitrate ion,
assumed in this study to be equivalent to that for surface-adsorbed
water (1� 10�15 cm2) (Tang et al., 2016). The maximum surface
coverages of formed nitrate were calculated to be 0.32± 0.03,
0.22± 0.01 and 0.84± 0.09 for hematite, magnetite and goethite,
indicating that not all the surface sites were reactive towards NO2.
The maximum surface densities of nitrate were determined to be
(3.22± 0.32)� 1014, (2.16± 0.13)� 1014 and
(8.39± 0.92)� 1014 cm�2 for hematite, magnetite and goethite. In a
previous study (Underwood et al., 1999), the surface density of
nitrate was determined to be (1.5e2)� 1014 cm�2 for hematite at
the steady state under dry conditions, agreeing reasonably well
with that measured in our work. Among the three Fe-containing
minerals examined, goethite showed highest reactivity towards
NO2, mainly because goethite contains substantial amount of OH
groups (Wijenayaka et al., 2012) which are very reactive towards
NO2 (Liu et al., 2017).
3.3. Impacts on iron solubility

The concentrations of soluble iron in extracts of unreacted he-
matite, magnetite and goethite were measured to be 0.78± 0.83,
12.40± 0.82 and 21.76± 2.95 mg L�1. Please note that soluble iron
concentration in the extract of unreacted hematite was below the
detection limit (1.00 mg L�1). Consequently, iron fractional solubil-
ity, defined as the ratio of soluble Fe to the total Fe, was determined
to be (0.4± 0.5)� 10�5, (7.2± 0.4)� 10�5 and (13.6± 1.6)� 10�5 for
hematite, magnetite and goethite. Shi et al. (2011b) used ammo-
nium acetate buffer (pH¼ 4.7) to dissolve soluble iron in Sahara
dust, and the iron fractional solubility was found to be in the range
of (1e8)� 10�3 (0.1e0.8%). Although very similar extraction
methodswere adopted by Shi et al. (2011b) and our work, fractional
solubilities reported by Shi et al. (2011b) were almost two orders of
magnitude larger than those measured in our work. This is mainly
because Saharan dust contains minerals (such as clay minerals)
with much larger iron fractional solubilities (Journet et al., 2008;
Hettiarachchi et al., 2018b, Hettiarachchi et al., 2019), when
compared to iron oxides and oxyhydroxides.

Fig. 7 displays changes in iron fractional solubility due to het-
erogeneous reaction with NO2 as a function of reaction time at
different RH. As shown in Fig. 7aeb, heterogeneous reaction with
NO2 would slightly increase the iron fractional solubility for he-
matite. Furthermore, reaction with 15± 1 ppmv NO2 (for 24 h) led
to slightly more increase in iron fraction solubility, when compared
to reaction with 2.5± 0.1 ppmv NO2. For heterogeneous reaction
with 2.5± 0.1 ppmv NO2, there was no significant change in iron
fractional solubility with reaction time or RH. This is consistent
with our observation that particulate nitrate did not significantly
vary with reaction time and RH, as discussed in Section 3.2.1.

Fig. 7ced suggest that increase in iron fractional solubility was
small and even insignificant for magnetite and goethite due to
heterogeneous reaction with 2.5± 0.1 ppmv NO2 up to 24 h.



Fig. 7. Changes in iron fractional solubility due to heterogeneous reaction with NO2. (a) Heterogeneous reaction of hematite with 15± 1 ppmv NO2 for 24 h; (bed) heterogeneous
reactions of (b) hematite, (c) magnetite and (d) goethite with 2.5± 0.1 ppmv NO2 for 3, 6, 12 and 24 h.
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Furthermore, the average mole ratios of changes in soluble iron to
nitrate formed were significantly smaller than 0.1 for heteroge-
neous reaction of the three minerals with NO2. In a previous study
(Cartledge et al., 2015), hematite, magnetite and goethite were
exposed to 5 ppmv SO2 at 23% and 98% RH for 24 h. Similar to our
work, Cartledge et al. (2015) found that heterogeneous reaction of
SO2 did not significantly increase iron fractional solubility of the
three minerals. Large errors were observed for results presented in
Fig. 7, mainly because iron solubility of fresh and aged mineral
samples was very small.

4. Conclusion and implications

Heterogeneous reactions of mineral dust with nitrogen oxides
would change the abundance of trace gases, modify aerosol
composition and physiochemical properties, and affect solubilities
of iron contained by mineral dust. However, the impacts of het-
erogeneous reaction of NO2 with mineral dust on nitrate formation
and iron solubility have not been well understood. In this work,
heterogeneous reactions of NO2 (15± 1 and 2.5± 0.1 ppmv, equal to
~3.7� 1014 and ~6.2� 1013 molecule cm�3) with hematite,
magnetite and goethite at different RH (0e90%) were investigated
under atmospherically relevant conditions, and the amount of
particulate nitrate formed and change in soluble iron were
measured as a function of reaction time up to 24 h.

For hematite and magnetite, particle surface was completely
deactivated in 12 h or less after exposure to 2.5± 0.1 ppmv NO2, and
increase in the amount of formed nitrate was only observed when
RH was increased from 60% to 90%; for comparison, goethite sur-
facewas not fully saturated after exposure to 2.5± 0.1 ppmvNO2 for
24 h, and increase in RH from 30% to 60% led to more nitrate being
formed. Nitrate yields were largest for goethite, and after reaction
with 2.5± 0.1 ppmvNO2 for 24 h, themass ratio of formed nitrate to
that of unreacted mineral was around 1% for goethite. In addition,
the average reactive uptake coefficients of NO2 in the first 3 h were
found to be< 5� 10�8 for all the three minerals, suggesting that
their heterogeneous reactivities towards NO2 are very low. Our
results imply that the contribution of heterogeneous reaction of
NO2 with the three Fe-containing minerals (hematite, magnetite
and goethite) to formation of aerosol nitrate would probably be
minor, though the quantitative effects should be further assessed
using numerical simulations.

The iron fractional solubility for unreacted hematite, magnetite
and goethite were found to be approximately in the range of (1-
10)� 10�5. After heterogeneous reaction with 2.5± 0.1 ppmv NO2
for 24 h, the increase in iron fractional solubilities was very small
and in some cases even insignificant. To our knowledge, our work is
the first study which investigated the impact of heterogeneous
reaction with NO2 on iron solubility for mineral dust, and the
impact was found to be small. It is unclear yet if heterogeneous
reaction with NO2 would significantly increase iron solubility of
clay minerals and authentic desert particles. Furthermore, hetero-
geneous reaction of NO2 with mineral dust can be photo-enhanced
(Ndour et al., 2008, 2009), and therefore heterogeneous reaction of
NO2 under irradiation may lead to more significant increase in iron
solubility for mineral dust. Compared to NO2, HNO3 (Hanisch and
Crowley, 2001; Vlasenko et al., 2009) and N2O5 (Tang et al., 2012,
2014) are more reactive toward mineral dust; as a result, the effects
of heterogeneous reactions with HNO3 and N2O5 on iron solubility
may be significant for mineral dust and hence deserve
investigation.
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