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A large part of oceanic biological production is limited by the scarcity of dissolved iron. Mineral dust aerosol,
processed under acidic atmospheric conditions, is the primary natural source of bioavailable iron to oceanic life.
However, synergistic and antagonistic eﬀects of non-Fe-containing minerals on atmospheric processing of Fecontaining minerals and Fe solubilization are poorly understood. The current study focuses on mineralogical
inﬂuences of non-Fe-bearing semiconductor minerals, such as titanium dioxide (TiO2), on the dissolution of iron
in selected natural mineral dust aerosols under atmospherically relevant conditions. Further, the role of elevated
Ti concentrations in dust is evaluated using magnetite, a proxy for Fe(II) containing minerals, under both dark
and light conditions. Our results highlight that relatively higher Ti:Fe ratios, regardless of their total Fe content,
enhances the total iron dissolution in mineral dust aerosols as well as in magnetite. Moreover, elevated Ti
percentages also yield high Fe(II) fractions in mineral dust systems under dark conditions. Upon irradiation
however, dissolved Fe(II) is suppressed by high Ti levels due to the involvement of photochemical redox cycling
reactions with hydroxyl radicals (•OH). These synergistic and antagonistic eﬀects of Ti are further evaluated by
altering the chemical composition of natural dusts with artiﬁcially added anatase (TiO2) and synthetic amorphous titania. The current study reveals important mineralogical controls by non-Fe-bearing minerals on dust
iron dissolution to better understand global iron mobilization.
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1. Introduction

transformed to bioavailable iron during the atmospheric transport (Ito
et al., 2018). Field observational data show magnetite in anthropogenic
aerosols ubiquitously (Moteki et al., 2017; Ohata et al., 2018; Yoshida
et al., 2018). However, laboratory simulation suggests slow iron dissolution from magnetite at atmospherically relevant low pH (Journet
et al., 2008).
The phase compositions of mineral dust are rather complex to
mimic by a single mineral phase. Highlighting the vital role of mineral
phases in iron dissolution, Journet et al. (2008) reported that structural
iron in clay particles are more mobile compared to that of single
component iron oxides (e.g. hematite). Cwiertny et al. (2008) in their
studies with natural dust and commercial dusts further showed that
iron dissolution does not necessarily correlate with Fe concentrations or
the surface area of the dust samples. Instead, Fe(II) containing solid
phases, such as Fe-substituted aluminosilicates, showed a signiﬁcantly
high Fe solubility in acidic environments (Cwiertny et al., 2008). A
similar study done by Fu et al. (2010) previously concluded that Fecontaining Arizona Test Dust (AZTD) particles were more soluble than
Inland Saudi Sand (IS) and Saharan Sand (SS) samples regardless of
experimental conditions. They further discussed that the AZTD contained higher content of clay minerals whereas the IS and SS samples
are rich in rather non-reactive quartz sand. Our recent work on a Febearing oxide, ilmenite, reported higher Fe dissolution compared to
that of single component Fe-oxides (Fe2O3), despite its relatively lower
Fe abundance (Hettiarachchi et al., 2018a,b). These studies of aeolian
sediments thus suggest that the mineralogy of the Fe-bearing mineral
phase has a strong inﬂuence on iron dissolution.
Mineral dust compositions are complex; Fe-bearing minerals are
well mixed with non-Fe-containing metal oxides. For example, Ca, Mg,
K, Na and Ti are also found in dust particles as oxides and carbonates
(Kruegner et al., 2004; Kandler et al., 2007; Shao et al., 2007). The
dissolution of iron from hematite and other Fe bearing oxides in mineral dust mainly follows three mechanisms: proton-promoted, ligandcontrolled, and reductive dissolution. These mechanisms involve adsorption of anionic ligands (e.g. acid anion or organic anion) onto Febearing mineral surfaces that weakens the bonds of surface Fe atoms
leading to detachment of Fe into the deliquescent layer (Wiederhold
et al., 2006; Rubasinghege et al., 2010; Li et al., 2017; Wang et al.,
2018; Biswakarma et al., 2019; Kang et al., 2019). A large quantity of
non-Fe-bearing metal oxides in mineral dust allows for them to compete
for acid and/or organic anions in the deliquescent layer and, thus, to
inﬂuence iron dissolution. Previous studies on gas-solid interactions
report that adsorption of acid anions onto mineral dust components
such as Al2O3 and TiO2 results in solvated ions under humid conditions
(Goodman et al., 2001; Gankanda et al., 2014). Moreover, some of these
interactions may even yield secondary products that passivate or activate the dust surface or modify crystal phases. Such modiﬁcations can
aﬀect the Fe-bearing mineral dust surface, thereby altering its dissolution (Henderson, 2003; Grybos et al., 2010; Henderson, 2011). Furthermore, some non-Fe-containing components in mineral dust are
semi-conductors (e.g. TiO2) having wide band gaps that possess the
capacity to generate hydroxyl radicals (•OH) from surface-adsorbedwater upon irradiation (Zhang et al., 2014). These photochemical reaction pathways may further inﬂuence iron dissolution and its speciation.
Biogeochemical modeling plays an important role in understanding
the present day biogeochemical properties and processes in the ocean
that can be used to predict possible future responses to disturbances
resulting from human activities. For this application, the models need
substantial improvements that cover the complexities and applications
in the global biogeochemical systems. However, current atmospheric
models are incapable of accommodating these complexities (Doney
et al., 2001; Held, 2005; Lohmann et al., 2007; Jackson et al., 2015;
Myriokefalitakis et al., 2018). The total iron source in current models is
limited to hematite. One limitation to accommodate complex interactions among many diﬀerent aerosols is the poor understanding of

Phytoplankton are at the base of almost all marine food webs, and
are a major sequesterer of atmospheric carbon dioxide (CO2) at a global
scale (Rubasinghege et al., 2010; Borgatta et al., 2016; Li et al., 2017;
Pabortsava et al., 2017). Although phytoplankton growth is expected to
correlate with ocean macronutrient content, approximately 30% of the
world's oceans behave otherwise. Some large regions, including Equatorial Paciﬁc, Subarctic North Paciﬁc, and Southern Ocean, have low
phytoplankton biomass despite high nitrate levels throughout the year.
Such areas are known as high-nitrate-low-chlorophyll (HNLC) regions
(Tyrrell et al., 2005). Among several possible reasons for these surprisingly low chlorophyll levels, is the limitation of the micronutrient,
iron. While iron is an important trace element for the metabolism and
growth of all organisms, it is an essential nutrient for phytoplankton
due to its presence in iron–sulfur and cytochrome proteins involved in
photosynthetic electron transport (Erdner and Anderson, 1999). Iron
dissolution from the Earth's crust in seawater is limited due to the oxic
ocean pH (∼8.2) (Stefánsson, 2007). Hence, atmospheric processing of
iron-containing aerosols followed by their deposition with solubilized
iron on surface water has been suggested as a source of bioavailable Fe
to oceans (Martin, 1990). In addition to this “Fe hypothesis,” light
limitation and grazing pressure are also identiﬁed as additional factors
that limit phytoplankton growth in HNLC regions (De Jong et al.,
2012). Apart from oceans, Fe is also important as a limiting nutrient
(usually less than 1 ppm) for the growth of freshwater algae and aquatic
plants (Xing et al., 2011). In freshwater lakes, moreover, variations in
available Fe concentrations can inﬂuence microbial composition. These
studies further report that even small diﬀerences in Fe concentrations;
i.e., 0.1 ppm vs. 1 ppm, can trigger signiﬁcant shifts in the microbial
community in lakes from green algae to cyanobacteria (Xing et al.,
2011). In addition to aeolian transport, freshwater lakes may get dissolved iron from soil and sediments around the lakes through groundwater and rivers. Therefore, it is important to understand iron supply to
both freshwater bodies and oceans.
Among the sources of iron contained in tropospheric aerosols, mineral dust, ﬂy ash, and volcanic ash are dominant (Frogner et al., 2001;
Chen et al., 2012a; Chen et al., 2013; Bhattachan et al., 2016; Borgatta
et al., 2016; Lu et al., 2017). Iron-rich mineral dust physically and
chemically interacts during transport with other atmospheric components in the acidic aqueous deliquescent layer formed around a dust
particle by the uptake of water vapor and acidic gases (Mahowald et al.,
2005; Rubasinghege et al., 2010). Acidic conditions in the atmosphere
may overcome the buﬀer capacity of mineral dust particles, dropping
the pH of this deliquescence layer as low as 1 to 2 (Desboeufs et al.,
2003; Meskhidze et al., 2005; Fu et al., 2010). In general, aerosols inﬂuenced by anthropogenic air masses have shown such low buﬀer capacities (Ingall et al., 2018). One such abundant acidic atmospheric gas
is nitric acid that is primarily generated from gaseous nitrogen oxides
(Gankanda et al., 2014). Among many Fe-bearing minerals, hematite
(α-Fe2O3) has been well studied and considered as an important iron
source owing to its abundance and contribution to the total Fe in mineral dust. However, numerous previous studies have reported that
other Fe-containing minerals, i.e. goethite (α-FeOOH), magnetite
(Fe3O4), ilmenite (FeTi2O3), ferrihydrite (Fe5HO8·4H2O), and many
structural iron substituted clays, may also contribute to bioavailable
iron (Formenti et al., 2003; Kandler et al., 2007; Wu et al., 2007; Shi
et al., 2009, 2012; Reynolds et al., 2014a; Moskowitz et al., 2016).
Moreover, these studies discuss that the rate and extent of iron dissolution depend on several factors, including particle properties such as
size, crystallinity, Fe content, as well as environmental properties, such
as pH, temperature, availability of sunlight, and humidity (Zhu et al.,
1993; Fu et al., 2010; Rubasinghege et al., 2010; Paris et al., 2011;
Wijenayaka et al., 2012; Hettiarachchi et al., 2018a,b). Apart from the
natural mineral dust aerosol, it has been hypothesized that Fe bearing
minerals such as magnetite from anthropogenic sources can be
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synergistic and antagonistic eﬀects of non-Fe-containing minerals on Fe
solubilization and speciation. In the current study, we discuss the dependence of iron dissolution and speciation in mineral dust aerosols on
solar ﬂux and on aerosol chemical composition, in particular the eﬀect
of Ti. Here, we evaluate the dissolution of Fe from four natural dust
samples, and one Fe-bearing mineral dust proxy, magnetite (FeO.Fe2O3)
along with a common Ti-bearing mineral in mineral dusts, TiO2. Our
results highlight that the presence of Ti in mineral dusts enhances the
total Fe dissolution under both dark and light conditions, regardless of
their Fe concentrations, dust surface area, or Fe-bearing mineral phases.

2.2. Sample characterization
The shape and size of mineral particles were determined from single
particle analyses with scanning electron microscope (SEM) and transmission electron microscopy (TEM). The particles were suspended in
isopropyl alcohol and transferred onto a sample holder. The samples
were sputter coated with platinum (Pt) prior to analysis. The size distribution was determined by analyzing ∼800 particles using the software package ImageJ (version 1.50i). Surface areas of mineral samples
were measured in a seven-point N2-Brunauer-Emmet-Teller (BET) isotherm using a Quantachrome Autosorb-1 surface area analyzer.
Samples were outgassed overnight (∼24 h) at a temperature of 105 °C
prior to the BET analysis. Major, minor and trace elements were determined using inductively coupled plasma-atomic emission spectroscopy (ICP-AES) following a 4-acid digestion method (Briggs, 2002).
Mineral identiﬁcations were determined using powder X-ray diﬀraction
(XRD) techniques, reﬂection spectroscopy, magnetometry, and Mössbauer spectroscopy. Further, more labile Fe phases were quantiﬁed
using the hydroxylamine HCl/acetic acid extraction method described
in Poulton et al. (2005) and references therein. XRD mineral data were
collected using copper Kα radiation using a Philips XRG 3100 and a
Norelco goniometer equipped with a graphite monochromator. Identiﬁcations were facilitated using JADE software by Materials Data, Inc.
Reﬂectance spectroscopy was performed using an Analytical Spectral
Devices Inc. FieldSpec3 spectrometer, covering the wavelength range of
0.35–2.50 μm in 2151 channels. A bidirectional reﬂectance measurement setup was used, with the light source and the ﬁber optic head of
the spectrometer at ﬁxed angles above the sample. The mineral compositions of samples were characterized by analyzing their reﬂectance
spectra and comparing to reference spectra of minerals and other materials in the USGS spectral library (version 6; Clark et al., 2007).
Mössbauer spectroscopy and magnetometry were carried out on powdered samples (∼100 mg) at the Institute for Rock Magnetism (IRM),
University of Minnesota, USA. Mössbauer spectra were measured at
4.2 K and 300 K using a conventional constant-acceleration spectrometer equipped with a Nitrogen shielded Helium dewar in transmission
geometry with a57Co/Rh source. An α-Fe foil at room temperature was
used to calibrate isomer shifts and velocity scale. Mössbauer spectra
were ﬁt using the NORMOS program (Brand, 1987). Magnetization
measurements were made using a vibrating sample magnetometer
(Princeton Corporation Measurements) and a SQUID magnetometer
(Quantum Design, San Diego, CA, USA – MPMS-XL).
The band gaps of magnetite and anatase were measured according
to a solution-phase method previously described by D'Souza et al.
(2013). Anatase and magnetite suspensions were prepared in Milli-Q
water and pH 5 ammonium acetate buﬀer. For the magnetite suspension, the buﬀer solution was used to prevent particle aggregation of
magnetite in Milli-Q water. The band gap measurement of magnetite
particles of interest is necessary because it is highly dependent on
particle size (El Ghandoor et al., 2012).

2. Materials and methods
2.1. Materials
2.1.1. Natural dust sample collection
Three of the four analyzed dust samples were derived from surface
sediments in dust-source areas that were subsequently sieved to sizes
representative of dust particles emitted from the respective areas. The
fourth sample represents true dust having source area as much as
∼400 km distant. We refer to these samples collectively as natural dust
samples. Sample BK1 was collected from a dune in the Kalahari Desert,
Botswana, Africa (−28.88, 20.7) (Bhattachan et al., 2012) and sieved
to 45 μm. The Stop15 sample was collected from surface sediment in the
Chinle Valley, Arizona (36.70420, −109.88877) and sieved to 63 μm.
The TF3 sample was collected from surface sediment in the Little Colorado River corridor, Arizona (35.14267, −110.71247) and sieved to
20 μm. The sample SASP was collected from dust deposited on snow
near Red Mountain Pass, San Juan Mountains, Colorado (37.9069,
−107.7114) and is a composite of the majority of dust deposited from
October 2008 through May 2009 from nearby (< 500 km) sediment
sources areas in Arizona (Chinle Valley, Little Colorado River corridor)
and New Mexico. According to dominant wind patterns, global dust
cycle distribution and observations of satellite imagery, the Kalahari
Desert dust (BK1) is more likely to deposit on the Southern Atlantic
Ocean, whereas the two samples from dust sources in the American
Southwest travel predominantly to the northeast and likely deposit on
freshwater lakes and mountain snowpack (Mahowald et al., 2005;
Zhang et al., 2016, 2018). Some ﬁner particles of southwestern-derived
dust may be transported farther east over North American industrial
regions where they may interact with gaseous nitrogen oxides, thereby
becoming acid-processed before deposition.

2.1.2. Standard samples and reagents
All chemicals were reagent grade or better and were used as received. All the solutions were prepared in Milli-Q water (18MΩ, Milli-Q
Advance 10). Hydroxylamine hydrochloride (NH2•OH•HCl, Acros
Organic, 99%), ammonium ﬂuoride (NH4F, Baker Chemicals, 99%),
concentrated hydrochloric acid (HCl, Scholar chemicals, 36%), ammonium acetate (CH3COONH4, Mallinckrodt, 99%), acetic acid
(CH3COOH, VWR International, glacial), 1,10-phenanthroline
(C12H8N2, Acros organics, 99+%), and ferrous ammonium sulfate
hexahydrate (Fe(NH4)2(SO4)2•6H2O, Fischer Scientiﬁc, 98.5%) were
used during the analysis of dissolved iron based on the procedure
previously described in Stucki et al. (1981). The dissolution studies
were also carried out using selected mineral dust proxies, i.e., anatase
(TiO2, Degussa, 99%) and magnetite (FeO.Fe2O3, W041183, Wright
industries, Brooklyn, NY). Magnetic and Mossbauer analysis indicate
W041183 is virtually pure, stoichiometric magnetite (Cater-Stiglitz
et al., 2006). The eﬀects of the crystallinity of TiO2 on Fe dissolution
from mineral dust proxies were brieﬂy tested with a synthesized sample
of amorphous titania. The details of synthesis are provided in Text S1 in
supporting information.

2.3. Dissolution experiments
Batch reactor studies simulate the acidic deliquescence layer of
mineral dust particles, formed by heterogeneous uptake of atmospheric
acidic gasses such as nitric acid, sulfuric acid, organic acids, and gaseous water. As described above, highly acidic atmospheric conditions
can produce a deliquescence layer with very low pH values such as 1 or
2 (Cwiertny et al., 2008; Ingall et al., 2018). These studies were carried
out to measure dissolved iron using custom-built glass reactors, described in our previous studies (Hettiarachchi et al., 2018a-b). Brieﬂy,
the reaction vessel has a suspension capacity of 100 mL with a removable airtight top. In all experiments, the particle loading was
∼0.2 g/L of the mineral dust in acid solutions at pH 2. When mixtures
were analyzed, their masses were adjusted to achieve a ﬁnal loading of
0.2 g/L. Prior to dissolution experiments, the acid solutions were
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purged with nitrogen gas at 5 sccm (standard cubic centimeters per
minute) for 5 min to obtain a reduced atmosphere. Reduced atmosphere
was simulated in order to study the mechanistic pathways arising from
the particle properties and anions. The eﬀect of oxygen is suggested for
future studies. The experiments were performed in the presence and
absence of simulated solar radiation (150 W xenon lamp, Newport
Sol1A Class ABB Solar Simulator). A quartz window (12.5 cm2)
mounted on the top allowed the entry of light during the solar experiments. The solution surface receives a solar ﬂux of ∼105 mW/cm2,
and this ﬂux remains constant throughout the light experiments. These
glass reactors were also equipped with a temperature probe and a
standardized pH electrode to measure these parameters throughout the
dissolution experiments. Temperature was kept constant at 25 °C
through the use of a water jacket. During the dissolution experiment,
the suspension was agitated constantly to mimic the mixing in the deliquescent layer. Over time, samples were periodically removed from
the reactor using a disposable syringe that was connected to 12 cm
Teﬂon tubing. The collected samples were ﬁltered through 0.2 μm ﬁlters and analyzed using the 1,10-phenanthroline method (Stucki et al.,
1981). All the batch reactor studies were triplicated. The mean dissolved iron concentrations with one standard deviation are reported.

Supporting Information. Further, the amounts of labile Fe phases were
negligible compared to the other iron phases, and there was no signiﬁcant diﬀerence among the selected dust samples. (Table S5 in Supporting Information). Moreover, the chemical composition of these
samples were also analyzed in three size fractions, PM10, PM20, and
PM63, and found no signiﬁcant variations (p > 0.05) based on the
particle size.
3.1.3. Band-gap measurements
The measured band gaps of magnetite and anatase were
2.88 ± 0.03 eV (∼430 nm) and 3.16 ± 0.02 eV (∼392 nm), respectively, and are classiﬁed as wide band-gap semiconductors (Kurniawan
et al., 2018). The semiconductor oxides with wide band gaps such as
anatase possess the capability of being activated under UV irradiation
to generate hydroxyl radicals from surface-adsorbed water (Zhang
et al., 2014). Apart from •OH, TiO2 surfaces may form nitrate derived
radicals from the adsorbed nitrates in mineral dust (Gankanda et al.,
2014; Lesko et al., 2015). Characterization results of synthesized
amorphous titania are provided in Fig. S1(b) and Table S6 in Supporting Information.
3.2. Batch reactor studies - iron dissolution measurements

3. Results and discussion
3.2.1. Dissolution of Fe-bearing minerals and controls by chemical
composition of dust
3.2.1.1. Total dissolved iron. The selected mineral dust samples
exhibited large variations in their rates and extents of total iron
dissolution under both dark and light conditions (Fig. 2). The
dissolution data were ﬁtted to a Langmuir-type model to derive
pseudo ﬁrst order rates (Table 2). Under dark conditions, these initial
rates were 8 ± 2 μM g−1 hr−1, 16 ± 1 μM g−1 hr−1, 18 ± 2 μM g−1
hr−1, and 53 ± 3 μM g−1 hr−1 for SASP, BK1, Stop15, and TF3,
respectively. However, the mass normalized extents of total iron
dissolution after 48 h of reaction increased on the order of
SASP < BK1 < TF3 < Stop15 respectively at the end of the 48th
hour. (Fig. 2(a). Such discrepancies can be expected due to the
diﬀerences in total Fe content and speciﬁc surface areas of mineral
dust particles. Lower dissolution rates and surface area measurements
of the SASP sample could be due to surface passivation during its
previous atmospheric processing and/or weathering. However, this
seems unlikely because the Fe concentration of the SASP sample is
consistent with Fe concentrations in source area sediments indicating
that Fe concentration in the dust sample has been inherited from the
source materials. Furthermore, the dust sample (San Juan Mountains,
Colorado) was transported quickly from nearby source areas in Arizona
and New Mexico, on the order of < 1 day, so there was little time from
any atmospheric processing. To eliminate surface area eﬀects, these
results were normalized to their respective surface area (Fig. 2(b)). On a
surface area basis, the extent of total iron dissolution after 48 h in the
Stop15 sample was at least 4-fold higher than those of other dust
samples. Moreover, these diﬀerences started to appear in the early
stages of dissolution. Regardless of the lower total iron concentration,
sample SASP had the second highest total iron dissolution followed by
those in samples TF3 and BK1. Therefore, total Fe dissolutions of the
four natural dust samples do not correlate with their respective total Fe
concentrations (Fig. S2(a)).
As previously discussed, the dissolution of iron from mineral dust,
and the subsequent distribution of bioavailable iron depend on several
factors related to both the dust particles themselves and their environments. Among many other particle properties, the mineralogy of
the Fe-bearing solid phases and non-Fe-containing minerals in the mineral dust mixture could play a vital role during this process (Cwiertny
et al., 2008; Journet et al., 2008; Hettiarachchi et al., 2018a-b). The %
total Fe solubility from the current study is provided in Fig. S6(a) and
Table S8 in Supporting Information along with total Fe solubilities
observed by other researchers (Cwiertny et al., 2008; Journet et al.,

3.1. Particle characterization
3.1.1. Morphology, particle size, and surface area
Surface characterization of particles provides important information
about their morphology. The natural dust samples and dust proxies
diﬀer in their shapes and particle sizes from one another as illustrated
by SEM and TEM images (Fig. 1). The four natural dust samples,
Stop15, SASP, TF3, BK1, and magnetite were irregular in shape with
aspect ratios ranging from 1.6 to 2.3 whereas that of anatase was closer
to 1, indicating more spherically shaped particles (Podczeck, 1997).
The average particle sizes of the natural dust samples ranged from a few
micrometers to a few hundreds of micrometers, as measured using SEM
images, and were 33 ± 8 μm, 42 ± 2 μm, 88 ± 53 μm and,
8 ± 2 μm for Stop15, BK1, SASP, and TF3, respectively. The particle
sizes of anatase (calculated using TEM images) and magnetite (from
SEM images) were 25 ± 3 nm and 19 ± 7 μm, respectively. The
magnetite particle size is consistent with previous measurements (Yu
et al., 2002). The SEM image of SASP particles revealed their aggregated nature. The speciﬁc surface areas of dust samples were
12 ± 1 m2g-1, 114 ± 4 m2g-1, 6 ± 1 m2g-1 and 63 ± 1 m2g-1 for
Stop15, BK1, SASP, and TF3 samples, respectively, whereas those of
magnetite and anatase were 1.8 ± 0.2 m2g-1 and 59 ± 2 m2g-1.
3.1.2. Elemental composition analysis and mineral-phase identiﬁcation
Information on chemical compositions, mineral phases, and crystallinity, is vital to assess iron mobility in mineral dust aerosols.
According to ICP-AES analysis, Fe mass concentrations in TF3, BK1,
Stop15, and SASP were 3.63%, 3.51%, 3.03% and 2.18%, respectively
(Table 1).
All four natural dust samples contained hematite, goethite, and low
amounts of magnetite as identiﬁed with Mössbauer spectroscopy and
magnetometry. No indication of ferrihydrite was detected. Hematite
and goethite accounted for 56%, 53%, 52%, and 64% of total Fe content
in SASP, TF3, Stop15 and BK1, respectively. The contributions of
magnetite to the total Fe content were 2.7%, 0.6%, 0.24% and 2.3% for
the SASP, TF3, Stop15, and BK1 samples, respectively, whereas the
remaining Fe occurred as Fe(III) and Fe (II) in other Fe-containing
mineral phases such as clay. The Fe(II) Mössbauer subspectral doublet
accounts for 10%, 8%, 10%, and 7% of the total spectral area for SASP,
TF3, Stop15, and BK1, respectively. Therefore 90–93% of the iron is Fe
(III) in our dust samples. The mineral phases identiﬁed by XRD and
reﬂectance spectroscopic results, are provided in Tables S1–S4 in
93
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Fig. 1. The SEM images of samples (a) Stop15, (b) SASP, (c) TF3, (d) BK1, (e) Magnetite, and TEM image of (f) anatase samples.

eﬀects on iron dissolution.
Previous studies have shown that solar radiation increases total iron
dissolution in simple iron oxides such as hematite or goethite (Zhu
et al., 1993; Rubasinghege et al., 2010). However, natural dust mixtures
do not always follow similar trends, especially in low pH environments
(Fu et al., 2010). This behavior could be related to the inﬂuence of
minerals other than Fe-containing oxides in the deliquescent layer.
Total iron dissolution under light conditions decreased on a mass-normalized basis for the samples Stop15, BK1, and TF3 by about 1.5, 3, and
4-fold, respectively, as compared to their dark condition counterpart
(Fig. 2(a) and (c)). However, under light conditions, the SASP sample
showed a 2-fold increase in total dissolved Fe compared to dark conditions. The pseudo ﬁrst-order rates of total iron dissolution, derived
hr−1,
from
Langmuir-type
model,
were
44 ± 1 μM g−1
−1
−1
−1
−1
hr , and 15 ± 2 μM g
hr
for the Stop15, SASP,
18 ± 2 μM g
and TF3 samples, respectively (Table 2). In sample BK1, iron dissolution was ﬁrst measurable after approximately 18 h of reaction time.
Hence, the kinetics of the initial dissolution could not be determined.
Moreover, the highest iron dissolution was still observed for the Stop 15
sample upon irradiation, on both per mass basis and per surface area
basis. These results could be, partly or wholly, due to its relatively high
Ti concentration and, if so, consistent with the hypothesis for the dark
condition; the total Fe dissolution may be enhanced by elevated Ti
concentrations–the “Ti hypothesis.”
Titanium primarily occurs in mineral dust as TiO2 (anatase and

Table 1
Major element concentrations in natural dust samples from ICP-AES analysis.
Sample

Al%

Ca%

Fe%

K%

Mg%

Na%

P% X 10−2

Ti%

SASP
TF3
Stop15
BK1

5.71
8.49
8.27
5.47

1.65
4.36
4.23
0.617

2.18
3.63
3.03
3.51

2.18
2.47
1.82
1.45

1.19
1.87
1.16
0.392

1.04
0.368
0.272
1.31

9.10
6.89
5.65
2.47

0.298
0.321
2.96
0.832

2008; Fu et al., 2010). Although these studies highlight the dependency
of Fe solubility on minerology, a direct comparison of the solubility
values among these studies is challenging due vast diﬀerences in their
experimental conditions, i.e. initial pH, availability of oxygen. Based on
Mössbauer measurements, the fractions of hematite and goethite minerals in the dust samples in the study varied little between 52 and
64%. Thus, the small diﬀerences in the amounts of these Fe oxide minerals cannot explain the large variations in enhanced total Fe dissolution under dark conditions. Moreover, given the negligible amounts
of highly labile Fe phases in the selected dust samples, the variations in
Fe dissolution could not be due to Fe phases such as ferrihydrite or
lepidocrocite. On the other hand, elemental analysis of these dust
samples indicate a higher Ti:Fe ratio of 0.98 for Stop15 sample compared to that of other samples; SASP(0.14), BK1(0.24), and TF3(0.09).
This highlights a correlation between total dissolved iron and presence
of Ti (Fig. S2(b)), and thus suggests possible metal-metal synergistic
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Fig. 2. Total iron dissolution from the four dust samples at pH 2 nitric acid in dark and light. Mass normalized total iron (a) in dark (c) in light and surface area
normalized total iron (b) in dark and (d) in light as a function of time. The data have been ﬁtted to a Langmuir-type model.

higher Ti content. It is important to mention that XRD analysis of TiO2,
used in dissolution experiments, conﬁrmed no other mineral phases
present (Fig. S1(a) in Supporting Information). Moreover, the blank
dissolution experiments (control) carried out with only TiO2 under both
dark and light conditions further conﬁrmed that TiO2 does not contain
any labile Fe that contribute to the dissolved Fe. A comparison of iron
dissolution and speciation for TF3 and “TF3+TiO2” is shown in Fig. 3.
Compared to TF3, the total iron dissolution under dark and light conditions for “TF3+TiO2” increased about 1.5- and ∼5.5-fold, respectively (Fig. 3(a) and (c)). The pseudo ﬁrst-order rates of total iron
dissolution for the TF3+TiO2 in dark and light were 73 ± 2 μM g−1
hr−1 and 49 ± 3 μMg−1hr−1, respectively.

rutile), ilmenite, Ti-bearing magnetite, and Fe-Ti oxide minerals of the
pseudobrookite series (Van Gosen et al., 2018). Titanium especially as
TiO2 is concentrated in the ﬁne fraction of mineral dust. Such ﬁnes can
undergo long-distance transport, and can thereby be processed under
long-duration acidic conditions before deposition (Kandler et al., 2007).
In addition to natural occurrences, manmade TiO2 nanoparticles can be
found in the atmosphere and these particles may contribute to the
mineral dust (Chen et al., 2012b). To further test and evaluate the titanium hypothesis mentioned above, the natural dust sample TF3 was
artiﬁcially mixed with TiO2, to bring its Ti:Fe ratio to that of the Stop15
sample. Here, we selected sample TF3 because it is compositionally
similar to sample Stop15, except that Stop15 contains considerably

Table 2
Initial rates of the total iron dissolution, determined from Langmuir type model, for all the dust samples and model systems under pH 2 nitric acid in both dark and
light. Both mass normalized, μM g−1 hr−1, and surface area normalized, μM m−2 hr−1, rates are presented. Surface area normalized rates are given within
parenthesis.
Sample

Stop15
BK1
SASP
TF3
TF3 + TiO2
Magnetite
Magnetite + TiO2

Total Iron Dissolution
Dark

Light

18 ± 2 (1.5 ± 0.2)
16 ± 1 (0.14 ± 0.01)
8 ± 2 (1.3 ± 0.3)
53 ± 3 (0.84 ± 0.05)
73 ± 2 (1.6 ± 0.03)
82 ± 4 (48 ± 2)
241 ± 2 (142 ± 1)

44 ± 1 (3.6 ± 0.1)
n.d. (n.d.)
18 ± 2 (3.0 ± 0.2)
15 ± 2 (0.24 ± 0.03)
49 ± 3 (0.78 ± 0.05)
246 ± 5 (145 ± 3)
551 ± 3 (324 ± 2)

N/A: Not Available.
95

Surface Area (m2/g)

Total Fe%

12 ± 1
114 ± 4
6±1
63 ± 1
(TiO2 = 59 ± 2)
1.8 ± 0.2
N/A

3.03
3.51
2.18
3.63
N/A
72.4
N/A
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Fig. 3. A mass-normalized comparison of the dissolution of total iron and Fe(II) as a function of time from TF3 and TF3 with added TiO2 (anatase). (a) Total iron in
dark (b) Fe(II) concentration in dark (c) total iron in light (d) Fe(II) concentration in light. The data have been ﬁtted to Langmuir-type model.

et al., 2014; Lesko et al., 2015). Under dark conditions, TF3+TiO2
showed a noticeably lower pH, especially during the last 30 h of the
reaction, compared to just TF3 (Fig. 4). Thus, it is apparent that the
enhanced total Fe dissolution in the presence of TiO2 is promoted by
lowering the pH of the suspension. Protons (H+) generated from Ti
(III)/TiO2(hydrated) redox couple could be a probable reason for the observed pH drop (Bard et al., 1985). However, the mechanisms behind
lowering the medium pH in these conditions are unclear and are a
suggested topic for future studies.
The enhancement of total iron dissolution in “TF3+TiO2” sample is
greater upon irradiation than that under dark conditions. Further, this
diﬀerence is more apparent from the beginning of the reaction implying
the possibility of other chemical and photochemical reactions occurring
in addition to the decreasing pH in the medium. Photoreductive dissolution is a series of photochemical reactions initiated by electron-hole
pairs (e−/h+) generated on the semi-conductor surface. The Fe(III) in
Fe-bearing minerals is reduced to Fe(II) by these photo-excited electrons (e−) in the conduction band and is detached from bulk, thus
enhancing the total iron dissolution. The total iron dissolution is further
enhanced when adsorbed water or hydroxyl groups are oxidized by the
positively charged holes (h+) (Wiederhold et al., 2006; Fu et al., 2010;
Rubasinghege et al., 2010). The exact role of TiO2 in the current study
is unclear, but it is well known to photo-catalytically produce hydroxyl
radicals (•OH) from adsorbed water. These radicals then react readily
with HNO3 and NO3− forming other reactive oxygen species (ROS),
which may enhance total iron dissolution via photochemical reactions
(Brown et al., 2001; Nakamura et al., 2004; Shkrob et al., 2011; Zhang
et al., 2014). Gankanda et al. (2014) has suggested that higher rates of

Fig. 4. The pH variation of TF3 and TF3 with added TiO2 as a function of time.

Heterogeneous uptakes of acidic gases and water vapor on mineral
dust surfaces subsequently yield a deliquescent layer with low pH
(Rubasinghege et al., 2010). The steady-state pH of this deliquescent
layer depends on acid-base chemistry of the mineral dust components in
which the adsorbed acid is ﬁrst titrated with the basic minerals
(Goodman et al., 2001; Rubasinghege et al., 2010; Nenes et al., 2011).
As an amphoteric oxide, TiO2 has been shown to interact with gasphase and solution-phase nitrates (Goodman et al., 2010; Gankanda
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nitrate photochemistry on semi-conductor mineral dust surfaces yield
relatively high concentrations of NO2 from adsorbed nitrate (Gankanda
et al., 2014). In later studies, preferential reduction of adsorbed nitric
acid and formation of nitrous acid on TiO2 were reported (Lesko et al.,
2015). These previous studies suggest chemical and photochemical
reactions on TiO2 may play a role on decreased pH and enhanced total
Fe dissolution. Yet, the current study was unable to quantify any formation of nitrous acid in the solutions due to the low detection limits of
available instrumentation. Additionally, under these experimental
conditions, relatively low levels of nitrous acid could be also caused by
co-adsorbed water on the mineral surface and partitioning of nitrous
acid with the gas phase (Goodman et al., 1999; Su et al., 2011; Wild
et al., 2016; Ostaszewski et al., 2018). From our results, we postulate
that photochemical and redox-coupling reactions, at least in part, enhance the dissolution of iron in mineral dust in the presence of TiO2 and
solar ﬂux. In addition, on a per-mass basis, the extents of total iron
dissolution for the “TF3+TiO2” sample were more or less similar to that
of the Stop 15 sample under both dark and light conditions. Thus, these
results further conﬁrm that the presence of Ti (or TiO2) in the mineral
dust mixture enhances the total iron dissolution, and consequently the
bioavailable Fe to aquatic life.
Albeit the TiO2 found in the atmosphere can be weathered and some
of it perhaps amorphous, the studies done with synthesized amorphous
titania suggest that these synergistic eﬀects are preserved regardless the
crystallinity of TiO2 (Fig. S5 and Table S7).

Table 3
Dissolved Fe(II) fraction after 48 h of the reaction.
Sample

Stop15
BK1
SASP
TF3
TF3 + TiO2
Magnetite
Magnetite + TiO2

Dissolved Fe(II) Fraction
Dark

Light

17%
14%
69%
15%
35%
33%
44%

7.6%
n.o.
36%
46%
39%
24%
19%

n.o. – not observed.

and TF3 samples at pH 2 under dark were 17%, 14%, 69%, and 15%,
respectively (Table 3). Under the same experimental conditions, for the
“TF3+TiO2” sample, the dissolved Fe(II) fraction was 35% (Fig. 3(b)
and Table 3); a 2.3-fold increase compared to the TF3 sample without
added TiO2. This enhancement in dissolved Fe(II) suggests the occurrence of non-photochemical redox cycling in the nitric acid solutions.
TiO2 is known to have Ti(III) surface defects (TSDs) which readily
oxidize upon exposure to an oxidizing agent (Xiong et al., 2012). Perhaps TSDs play a role in reducing Fe(III) to Fe(II), thereby increasing
the dissolved Fe(II) fraction. Given that the reduction potential is 0.9 V,
the oxidation of Ti(III) to Ti(IV) is thermodynamically feasible
(Amorello et al., 2007). Yet, whether these reaction mechanisms proceed through solid-phase with adsorbed anionic species (nitrate) or are
in solution-phase is yet to be investigated. However, an analogous reaction, the reduction of nitrate by surface-bound Fe(II) or Fe(II) present
in the lattice has previously been demonstrated, suggesting the possibility of a similar reaction involving the Ti(III)/Ti(IV) redox couple
(Huang et al., 2016). On the other hand, there could be a counter reaction that oxidizes Fe(II) by nitrate in highly acidic solutions
(Cwiertny et al., 2008). It is also important to highlight that there was
no signiﬁcant diﬀerence in dissolved Fe(II) fractions among the Stop15,
BK1, and TF3 samples. This observation suggests that the elevated Ti
levels increase dissolved Fe(II) in the solution under dark conditions;
however, TiO2 levels do not always correlate with the dissolved Fe(II)
fractions. Factors other than Ti amount, such as Fe-containing minerals
and clay phases, could result in high dissolved Fe(II) as indicated by the
SASP sample.
Solar irradiation triggers photochemical reactions on surfaces of
semi-conductor oxide particles yielding signiﬁcant diﬀerences in daytime and nighttime chemistry. As seen in Fig. 5(c) and Table 3, natural
dust TF3 showed a 3-fold enhancement in dissolved Fe(II) under light

3.2.1.2. Dissolved Fe(II) fraction. The dissolved Fe in mineral dust may
become bioavailable upon deposition. Given the solubility diﬀerences
between Fe(II) and Fe(III), the speciation of dissolved Fe is vital. Being
more soluble, Fe(II) is likely to be more bioavailable. As previously
mentioned, the Fe(II)-bearing solid phases yielded higher dissolved Fe
(II) concentrations under dark conditions compared to Fe(III) phases.
On the other hand, Fe(III) oxides and oxyhydroxides that yielded little
or no dissolved Fe(II) under dark conditions, produced signiﬁcantly
higher Fe(II) via photoreductive dissolution under light conditions (Zhu
et al., 1993; Rubasinghege et al., 2010). Hence, these studies on Fe(II)
speciation imply its strong dependence on the source material and
environmental conditions such as the availability of sunlight.
On a surface-area basis, the diﬀerent samples yielded a range of
dissolved Fe(II) concentrations as a function of reaction time in the
presence and absence of light. The mass normalized comparison is
provided in Fig. S3. The SASP and Stop15 samples have higher dissolved Fe(II) concentrations compared to the other two samples, especially under dark conditions (Fig. 5). Dissolved Fe(II) fractions (= ([Fe
(II)]/[ Total Fe]) × 100) after 48 h elapsed for the Stop15, BK1, SASP,

Fig. 5. The extent of dissolution of Fe(II) from the four dust samples in pH 2 nitric acid under dark and light conditions. Surface area normalized Fe(II) (a) in dark and
(b) in light as a function of time. The data have been ﬁtted to a Langmuir-type model.
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under light conditions were 246 ± 5 μM g−1 hr−1 and
551 ± 3 μM g−1 hr−1 for the magnetite and “magnetite + TiO2,” respectively. These enhancements, along with results for the “TF3+TiO2”
sample, exhibit the inﬂuence of TiO2 to amplify the total Fe dissolution
in mineral dust. Similar enhancements were seen with hematite and
hematite + TiO2 in our previous work (Hettiarachchi et al., 2018b).
The decreasing pH of the reaction medium was observed in the magnetite + TiO2 sample similar to that in the sample TF3 (Fig. S4). In
aqueous solutions, however, magnetite may also be capable of attracting dissolved Fe ions, particularly Fe(II), yielding surface bound Fe
(II); in this way, the amount of dissolved Fe in the solution will be
diminished (Huang et al., 2016).
As expected, total iron dissolution of magnetite increased upon irradiation. Similar to hematite and goethite, this eﬀect can be related to
the photo-enhanced reductive dissolution where Fe(III) in magnetite is
reduced and subsequently detached into the solution. Furthermore,
rapid electron exchange could occur upon irradiation between Fe(II)
and Fe(III), in the octahedral sites, further weakening the surface Fe-O
bonds and accelerating its breakaway from the bulk magnetite structure
(Huang et al., 2017). In addition, having ∼2.9 eV band gap, the
magnetite sample exhibited the possibility of generating hydroxyl radicals from surface-adsorbed water under irradiation that may introduce more photochemical reaction pathways. Similar to sample
“TF3+TiO2,” the magnetite sample also showed a higher total iron
dissolution in the presence of TiO2 and solar ﬂux compared to the
sample of pure magnetite under the same conditions. We attribute these
results to photochemical reactions involving TiO2 as discussed earlier in
section 3.2.1. However, in natural dusts, these photochemical and
chemical reactions always balance and counterbalance to obtain overall
iron dissolution.
In the absence of solar radiation, the dissolved Fe(II) fraction from
magnetite was 33% of the total Fe. Given the fact that magnetite contains a Fe(II):Fe(III) ratio of 1:2, these results are in good agreement
with the Fe(II) content depicted by the chemical formula. These data
further suggest that no particular redox cycling is taking place under
these conditions. The dissolved Fe(II) fraction in the
“magnetite + TiO2” sample was 44% under dark conditions highlighting a 1.3-fold increase compared to that of the pure magnetite
sample under the same conditions. Unlike hematite and goethite, the
dissolved Fe(II) fraction in magnetite decreases to 24% upon irradiation
suggesting
photo-induced
redox
coupling
reactions.
The
magnetite + TiO2 showed an even lesser amount (19%) of dissolved Fe
(II) in the presence of light. This result represents a 2.3-fold decrease
compared to its dark counterpart and a 1.3-fold decrease compared to
the sample of just magnetite under light. Under irradiation and in the
presence of adsorbed anions such as oxalate, magnetite has produced
radical species, including •OH (Huang et al., 2017). Besides, some adsorbed anionic species such as nitrate can act as chromophores, thereby
initiating photochemical reactions upon photo-excitation (Schuttleﬁeld
et al., 2008). Such phenomena and our ﬁndings suggest the possibility
of photochemical oxidation of dissolved Fe(II) by radical species, generated under irradiation. Therefore, the suppression of dissolved Fe(II)
production in SASP and possibly in BK1 upon irradiation may have
been inﬂuenced by their magnetite content, rather than lower Ti levels.
Given that magnetite is not the major iron oxide component in mineral
dust, its minimum concentration to counteract hematite and/or goethite needs to be evaluated. For example, the suppression of dissolved
Fe(II) in the Stop15 sample under light conditions may be attributed to
its higher Ti concentration rather than its relatively low magnetite. This
argument is further supported by the result that dissolved Fe(II) fractions in the TF3 sample, having low magnetite (0.8% of Total Fe) and Ti
concentrations, increased rather than decreased under the irradiation.

conditions relative to the dark conditions. This disparity could be due to
the abundant hematite in this sample, coupled with its paucity of
magnetite and TiO2, that would otherwise enhance the fraction of Fe(II)
upon irradiation via photoreductive dissolution, as discussed in more
detail in section 3.2.2. In contrast, the dissolved Fe(II) fractions decreased in the Stop15 (7.5%) and SASP (35.7%) samples under light
conditions. The BK1 sample yielded a very low Fe(II) concentration
below the detection limits. Attenuation of the dissolved Fe(II) fractions
in the Stop15 and SASP samples in the presence of solar radiation may
have arisen for several reasons. One such mechanism involves magnetite concentration and TiO2 chemistry, as discussed in section 3.2.2.
Upon irradiation, the “TF3+TiO2” sample yeilded almost the same
dissolved Fe(II) fraction as in dark conditions, in contrast to the natural
TF3 sample having a ∼3-fold enhancement. The fraction of dissolved
Fe(II) observed for the “TF3+TiO2” sample was 39% under light conditions. This value is ∼1.2-fold lower compared to that of just the TF3
sample under the same conditions. This result suggests a counterbalance between the enhancement of Fe(II) production due to hematite
and suppression by TiO2 in the “TF3+TiO2” sample. Although the
elevated Ti concentration enhances the Fe(II) speciation under dark
conditions in pH 2 nitric acid solutions, such concentration has a negative eﬀect under irradiation that decreases the fraction of Fe(II)
(Brown et al., 2001; Nakamura et al., 2004; Shkrob et al., 2011; Zhang
et al., 2014; Silveira et al., 2017; Hettiarachchi et al., 2018a,b). The
photo-generated •OH in the presence of TiO2, as discussed earlier, can
readily oxidize Fe(II) to Fe(III), thereby reducing the overall Fe(II)
production according to Eq. (1).
Fe(II) + •OH → Fe(III) + OH-

(1)

Moreover, the redox coupling reactions that yielded higher dissolved Fe(II) fractions under dark conditions might have also been
suppressed under light by photochemical-redox coupling reactions.
These reactions, in part or in whole, might have diminished the Fe(II)
production under irradiation in the Stop15 sample, because of its elevated Ti (or TiO2) level almost equivalent to that of Fe.
3.2.2. Dissolution of iron in magnetite – a proxy for Iron(II) containing
minerals
Hematite and goethite are recognized as important iron oxides in
atmospheric mineral dust (Formenti et al., 2011; Maher, 2011;
Reynolds et al., 2014a,b; Moskowitz et al., 2016). However, other Febearing phases such as magnetite, ilmenite, as well as clay and ferromagnesian minerals are also commonly present in mineral dust
(Kandler et al., 2007). These and anthropogenic bioavailable Fe sources
such as coal ﬂy ash (Chen et al., 2013) should be considered for their
possible roles in atmospheric processing and Fe solubility. For an instance, Chen et al., 2012a reported Ti:Fe ratio varying from 0.2 to 0.5 in
coal ﬂy ash suggesting the presence of magnetite, TiO2 and/or titanomagnetite (Ge et al., 2014; Devlin et al., 2016; González-Triviño et al.,
2018). Having the chemical formula FeO.Fe2O3, magnetite contains
both Fe(II) and Fe(III). Further, magnetite generally has a wide band
gap and is a semi-conductor oxide similar to TiO2. Among our samples,
SASP and BK1 contain relatively high magnetite amounts (∼3.5% of
total Fe) compared to TF3 and Stop 15 (< 1% of total Fe).
We compared total iron dissolution and Fe(II) speciation as a
function of time in the magnetite sample and a “magnetite + TiO2”
sample under both dark and light conditions (Fig. 6). For the latter
sample, 9 mg of magnetite were mixed with 11 mg of TiO2 to obtain a
ﬁnal mass of 20 mg with Ti:Fe ratio closer to 0.98 as found in the
Stop15 sample. The magnetite + TiO2 sample showed about 1.6- and
2.1-fold enhancement of total iron dissolution under dark and light
conditions, respectively, compared to the sample of pure magnetite
(Fig. 6(a) and (b)). The pseudo ﬁrst-order rates of total iron dissolution
in the magnetite and “magnetite + TiO2” under dark conditions were
82 ± 4 μM g−1 hr−1 and 241 ± 2 μM g−1 hr−1, respectively. Those

4. Conclusions
The current study reveals several important inﬂuences of
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Fig. 6. A mass normalized comparison of the dissolution of total iron and Fe(II) as a function of time from pure magnetite and magnetite with added TiO2 (anatase).
(a) Total iron in dark (b) Fe(II) concentration in dark (c) total iron in light (d) Fe(II) concentration in light. The data have been ﬁtted to a Langmuir-type model.

mineralogy and chemical composition on iron dissolution and Fe(II)
speciation in mineral dust aerosols under atmospherically relevant
conditions using four natural dust samples and a pure magnetite
sample. Total iron dissolution did not always correlate with Fe contents
or particle properties of the samples. Total iron dissolution also heavily
depended on the types of Fe-bearing minerals and on the presence of
non-Fe-containing minerals. Regardless of the amount of total Fe in the
mineral dust, elevated levels of Ti (usually as TiO2, regardless of its
crystallinity) yielded signiﬁcantly higher amounts of total dissolved
iron under both dark and light conditions. These data further indicate a
strong correlation between total dissolved Fe and Ti:Fe ratio. These
eﬀects can be clearly seen in natural dust samples having elevated Ti
levels as well as in samples of dust and pure magnetite that were artiﬁcially enriched in TiO2. Under dark conditions, apparently this enhancement was inﬂuenced, in part or in whole, by the decrease of solution pH in the presence of TiO2. Under the light conditions, total iron
dissolution was further enhanced by additional photochemical reaction
pathways. Such pathways are initiated by hydroxyl radicals that are
generated from surface-adsorbed water on the TiO2 surface.
Nevertheless, elevated levels of Ti in mineral dust resulted in higher
dissolved Fe(II) fractions under dark conditions, whereas it was suppressed upon irradiation. In the absence of light, redox coupling reactions apparently occur among titanium surface defects (TSDs), Ti(III)
sites on the TiO2 surface, and Fe(III) in the medium to produce more Fe
(II) in the solution. Under solar radiation, photo-generated hydroxyl
radicals oxidize Fe(II) to Fe(III), thereby diminishing the dissolved Fe
(II) fraction.
This work also evaluated Fe dissolution from magnetite, which is

commonly found in dusts along with ferric oxide minerals. Natural dust
samples with relatively elevated levels of magnetite showed enhanced
total iron dissolution upon irradiation. This ﬁnding may be attributed to
the photoreductive dissolution triggered by electron exchange between
Fe(II) and Fe(III) in octahedral sites of the magnetite bulk structure. In
contrast to hematite and goethite, magnetite suppresses dissolved Fe(II)
production upon irradiation, suggesting radical mediated photo-oxidation of Fe(II) to Fe(III). Furthermore, magnetite with added TiO2
demonstrates behavioral trends similar to those in Ti-bearing natural
dusts.
Our results for magnetite have several implications for dust-iron
dissolution and the subsequent delivery of bioavailable iron to oceans
and lakes. First, magnetite is intimately associated with titanium in
many rock types and thus in the sediments and soils derived from them.
Titanium is found in solid-solution series minerals between pure magnetite and ulvöspinel (TiFe2+
2 O4). Common high-temperature oxidation
of such minerals, for example, in extrusive rocks upon initial cooling,
produces ilmenite within magnetite. Further oxidation can lead to the
production of anatase or rutile within magnetite grains and on grain
margins. Many other titaniferous minerals such as those in the pseudobrookite solid-solution series, (Fe3+,Fe2+)2(Ti,Fe2+)O5, are found in
these associations (Haggerty, 1976; Lindsley, 1991). Thus, magnetite
usually carries with itself Ti in ways that may enhance its solubility.
Second, magnetite may be considered a proxy for other ferrous iron
minerals because it occurs commonly with minerals such as hornblendes, pyroxenes, and olivines in many rock types (Lindsley, 1991;
Reynolds et al., 2014b). The potential for these other minerals to yield
soluble Fe is worthy of future study. Finally, magnetite is a common by-
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product of fossil-fuel combustion in industrial, extraction, smelting, and
transportation activities. In such occurrences, magnetite may not be
associated with Ti, but it can be with other metal oxides such as copper
(Reynolds et al., 2010).
Each of our samples represents documented or inferred environmental eﬀects of atmospherically transported dust. With respect to
sample BK1 from southern Africa, recent interest in dust emission and
transport from the Namib and Kalahari deserts focuses on Fe supply to
the South Atlantic Ocean (Bhattacchan et al., 2012; Dansie et al., 2017,
2018; Vainer et al., 2018). Chemical characterization studies have
shown some source sediments to contain TiO2, and its presence might
contribute to the reported high Fe solubility in these dusts. The current
study uses samples TF3 and Stop15 to represent clastic dusts, diﬀering
in Fe oxide mineralogy, from the southern Colorado Plateau that are
typically transported several hundred kilometers to and across the
central Rocky Mountains (Neﬀ et al., 2013; Reynolds et al., 2016). Such
dust falls during winter and spring, represented by sample SASP, decrease snow-cover albedo to accelerate late spring melting (Painter
et al., 2012; Skiles et al., 2015). Dust deposited onto snow or directly
onto the ground is incorporated into soil and can be washed into
freshwater montane lakes adding nutrients to these environments
(Lawrence et al., 2010, 2013; Zhang et al., 2017). Understanding the
bioavailable Fe content for freshwater aquatic life is important for
understanding the microbial community composition. Through this
understanding, it may be possible to control the blooming of toxic cyanobacteria in these lakes (Xing et al., 2011; Paerl, 2017).
Current biogeochemical models use total Fe, just hematite, or just
ferric oxide (hematite plus goethite), contents to estimate the bioavailable iron portion in mineral dusts for simulating eﬀects of ocean
fertilization on the carbon cycle. For instance, these atmospheric
models for iron deposition usually assume an average value of 3.5 wt%
as the total Fe content in mineral dusts, (Lohmann et al., 2007;
Mahowald et al., 2009; Ito et al., 2014; Myriokefalitakis et al., 2018).
However, the chemical compositions of these dusts are highly variable,
and the Fe mineralogy is more complex than currently considered. We
ﬁnd that non-Fe-containing minerals such as TiO2 can greatly enhance
the total Fe dissolution regardless of the Fe concentrations in the mineral dust. Including these synergistic eﬀects among metals could improve the projection of iron ﬂux to surface waters. In addition, further
experiments are suggested here to better understand the complex mechanisms of metal-metal synergistic and antagonistic eﬀects, so that this
information could be incorporated into such atmospheric models to
obtain more reliable simulations of the Earth's biogeochemical cycles.

and insightful review which greatly improved this manuscript. All the
raw data measurements that we used to plot the graphs illustrated in
the ﬁgures and provided in tables are in the Supplemental Material.
Appendix A. Supplementary data
Supplementary data to this article can be found online at https://
doi.org/10.1016/j.atmosenv.2019.02.037.
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