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HIGHLIGHTS GRAPHICAL ABSTRACT

o Fe solubility and isotopic fractionation
of dust and ash are investigated during
simulated atmospheric processing.

e The Fe solubility is 40 times higher in

the ash than in the dust. Fe>* Fe®® Fe*
e An isotope fractionation is observed,

with preferential release of soluble >*Fe, desert

to a greater extent for the dust than ash. Fe36 dust Fe54
e Re-adsorption of Fe-oxalate complexes

compete with the release of soluble Fe, Fe>t

which maintain a >*Fe enrichment in

solution.
ARTICLE INFO ABSTRACT
Handling Editor: R Ebinghaus Atmospheric deposition is a key mode of iron (Fe) input to ocean regions where low concentrations of this

micronutrient limit marine primary production. Various natural particles (e.g., mineral dust, volcanic ash) and

Keywords: anthropogenic particles (e.g., from industrial processes, biomass burning) can deliver Fe to the ocean, and
Iron isotope assessment of their relative importance in supplying Fe to seawater requires knowledge of both their deposition

Iron dissolution

Mineral dust flux and their Fe solubility (a proxy for Fe bioavailability). Iron isotope (®*Fe, %°Fe, >Fe, *°Fe) analysis is a
meral dus

Industrial ash potential tool for tracing natural and anthropogenic Fe inputs to the ocean. However, it remains uncertain how
Atmospheric processing the distinct Fe isotopic signatures (5°°Fe) of these particles may be modified by physicochemical processes (e.g.,
Isotope fractionation acidification, photochemistry, condensation-evaporation cycles) that are known to enhance Fe solubility during
atmospheric transport. In this experimental study, we measure changes over time in both Fe solubility and 5°CFe
of a Tunisian soil dust and an Fe-Mn alloy factory industrial ash exposed under irradiation to a pH 2 solution
containing oxalic acid, the most widespread organic complexing agent in cloud- and rainwater. The Fe released
per unit surface area of the ash (~1460 pg Fe m~2) is ~40 times higher than that released by the dust after 60
min in solution. Isotopic fractionation is also observed, to a greater extent in the dust than the ash, in parallel
with dissolution of the solid particles and driven by preferential release of 54Fe into solution. After the initial
release of °*Fe, the re-adsorption of A-type Fe-oxalate ternary complexes on the most stable surface sites of the
solid particles seems to impair the release of the heavier Fe isotopes, maintaining a relative enrichment in the
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light Fe isotope in solution over time. These findings provide new insights on Fe mobilisation and isotopic
fractionation in mineral dust and industrial ash during atmospheric processing, with potential implications for
ultimately improving the tracing of natural versus anthropogenic contributions of soluble Fe to the ocean.

1. Introduction

Iron (Fe) plays an important role in many environmental processes,
including marine primary production, and thereby affects the global
carbon cycle (Boyd and Ellwood, 2010; Tagliabue et al., 2017). Specif-
ically, Fe is an essential micronutrient for marine phytoplankton, and
low dissolved Fe concentrations in seawater limit primary production in
>30% of the surface ocean (de Baar, 2005; Hutchins and Bruland, 1998;
Martin and Fitzwater, 1988; Morel et al., 1991). Iron sources to these
so-called High Nutrient Low Chlorophyll (HNLC) ocean regions include
inputs from atmospheric deposition, continental margin sediments and
hydrothermal vents (Conway and John, 2014; Duce and Tindale, 1991,
Lam and Bishop, 2008; Tagliabue et al., 2010). With the increase in
human activity, anthropogenic aerosols such as particles from biomass
burning, industry and traffic are now also recognised as potential Fe
fertilisers (Chen et al., 2020; Ito et al., 2019; Kurisu et al., 2021; Luo
etal., 2008; Rodriguez et al., 2021; Sedwick et al., 2007; Shi et al., 2012;
Sholkovitz et al., 2009; Wang et al., 2017). Mineral dust from arid and
semi-arid regions and particles from fossil fuel combustion may collec-
tively contribute ~50% of the soluble Fe supply to much of the Northern
Hemisphere oceans (Ito and Shi, 2016). According to (Ito et al., 2021),
pyrogenic particles represent ~20% of the soluble Fe reaching the global
ocean surface. However, large uncertainties remain regarding the
deposition fluxes and Fe solubilities of these natural and anthropogenic
particles (Baker et al., 2016; Mahowald et al., 2009), preventing accu-
rate assessment of their relative importance in influencing surface ocean
Fe biogeochemistry. While mineral dust is often considered the primary
source of atmospheric Fe to the ocean, anthropogenic particles typically
display an Fe solubility orders of magnitude higher than that of dust (<1
wt%) (Luo et al., 2008; Sedwick et al., 2007; Sholkovitz et al., 2012;
Takahashi et al., 2013).

Iron isotopes have emerged as a powerful tool for tracing natural and
anthropogenic Fe sources in the environment (Majestic et al., 2009) due
to analytical advances which have made it possible to accurately and
precisely measure small variations in stable Fe isotope (>*Fe, >°Fe, >’Fe,
S8Fe) ratios. Mineral dust has an Fe isotopic composition mirroring that
of the crustal rock from which it originated (+0.07 < §°Fe < +0.14%o;
(Beard et al., 2003a, 2003b; Conway et al., 2019), whereas industrial
and combustion particles are comparatively lighter (~-3.00 < 5°°Fe <
+0.30%o; (Flament et al., 2008; Kurisu et al., 2016b, 2016a; Mead et al.,
2013). This distinction makes Fe isotope ratios a sensitive tool for
identifying and distinguishing Fe sources that feed the ocean (Mead
et al., 2013). Specifically, low §°°Fe values may be used as a tracer of
particles generated by human activities including high-temperature
processes (Kurisu et al., 2021; Kurisu and Takahashi, 2019). However,
airborne particles are subjected to various physicochemical processes (e.
g., acidification, photochemistry, condensation-evaporation) before
deposition (Baker and Croot, 2010) and while such ‘atmospheric pro-
cessing’ is recognised as enhancing Fe solubility (e.g., (Nickovic et al.,
2013; Takahashi et al., 2011; Zhuang et al., 1992), its effect on the Fe
isotopic signature and therefore the traceability of the particles remains
partially unknown.

Iron is liberated from particulate material mainly by the mechanisms
of proton-promoted, ligand-controlled or reductive ligand-promoted
dissolution (Chen and Grassian, 2013; Wiederhold et al., 2006).
Proton-promoted dissolution of Fe oxides, such as goethite, does not
appear to significantly fractionate Fe isotopes during the early stage of
dissolution (a few minutes at room temperature; Wiederhold et al.,
2006), because it involves protonation of surface sites without breakage
of Fe-O bonds. However, studies of Fe-bearing aluminosilicates have

shown a preferential release of light Fe isotopes (e.g., >*Fe over >°Fe or
S7Fe, or *°Fe over “’Fe or *®Fe) during the early stage of dissolution
(Chapman et al., 2009; Kiczka et al., 2010). Similarly, most authors
agree that ligand-controlled and reductive ligand-promoted dissolution
of aluminosilicates initially (within 60 min) drive an enrichment of the
solution in light Fe isotopes (Brantley et al., 2004; Chapman et al., 2009;
Kiczka et al., 2010; Mulholland et al., 2021; Wiederhold et al., 2006),
due to the formation of Fe-surface complexes with strong chemical
bonds, which breaks the weaker Fe-O bonds connecting Fe to the crystal
lattice. In this case, the weaker °*Fe-O bonds break more readily than
bonds involving heavier Fe isotopes, leading to the preferential solubi-
lisation of >*Fe.

To help fill the knowledge gap of how isotopic fractionation during
dissolution processes modifies the Fe signature of atmospheric particles,
we previously investigated changes in the soluble Fe isotopic composi-
tion during experiments simulating the partial dissolution of pyrogenic
particles (industrial ash) in cloud water (Mulholland et al., 2021). The
preferential release of >*Fe was observed during early dissolution (after
a few minutes), while enrichment of the solution in heavy Fe relative to
the initial bulk ash was observed later on (after 60 min). The latter
observation was attributed to near-equilibrium conditions reached when
Fe-complexes formed in solution have a higher bond energy than the
Fe-O bonds existing in the leached solid surface layer. Further evalua-
tion of this effect is necessary as it will occur in parallel with increased
Fe dissolution which, in turn, relates to the particles’ atmospheric resi-
dence time (Rodriguez et al., 2021).

During the particles’ atmospheric residence, the release of the
heavier >°Fe or %"Fe is inferred to become progressively more dominant
over time, due to the ongoing depletion of the leached surface in >*Fe.
On a global scale, this means that after long range transport of the
particles, the soluble fraction of the atmospheric Fe input to the ocean is
expected to have an isotopic composition enriched in heavy Fe isotopes.
Conversely, when Fe-bearing particles are deposited near continental
source areas, the particle leached surface may not be fully depleted in
54Fe and the soluble fraction of the atmospheric Fe input to the ocean
might thus be of lighter Fe isotopic composition than the source
particles.

To further improve understanding of processes influencing the Fe
isotopic signature of airborne particles during their long-range transport
from the source region to the ocean surface, the present study in-
vestigates the relationship between Fe dissolution and Fe isotopic frac-
tionation in representative samples of natural and anthropogenic
particles. Specifically, we measure the evolution of fractional Fe solu-
bility (% x 100%) and Fe isotopic composition over time, in ex-
periments mimicking interaction between mineral dust from a Tunisian
desert or industrial ash from an Fe-Mn alloy factory and low pH cloud
water, in the presence of oxalic acid (a Fe-complexing organic ligand)
and under solar irradiation (UV light), to assess whether these condi-
tions may similarly promote the preferential release of >*Fe and for-
mation of isotopically light secondary particles from both materials.

2. Materials and methods
2.1. Mineral dust sample

A Tunisian desert soil sample was collected from the main dry
affluent bed of Oued el Hallouf near Chott El-Djerid (Tunisia;
33°25'38"N, 9°02'08"E). Details on the sampling method and physico-
chemical characterisation of this particulate material are provided in
(Guieu et al., 2010). Briefly, the sample contains 2.3 wt% Fe and consists



E.C. Maters et al.

of a mixture of quartz, calcite and clays including illite and kaolinite, as
confirmed by X-ray powder diffraction analysis (Figure S1 in the Sup-
plementary Information — SI). The particles correspond to the finest
fraction (<20 pm) of the collected soil (separated by sieving) and are
considered representative of Saharan dust (airborne fraction). The mean
size of these particles is ~ 0.1 pm in diameter (Guieu et al., 2010). The
specific surface area was measured by nitrogen gas adsorption according
to the Brunauer, Emmett and Teller method (Brunauer et al., 1938) and
is equal to 27.2 m? g~ .

2.2. Industrial ash sample

Ash particles were collected from an industrial filter of the chimney
of the sintering unit (particulate emissions of 32 Mg a_l) of an Fe-Mn
alloy manufacturing plant near Dunkirk (northern France; 51°02'N,
2°16’E). Details on the metallurgical plant and physicochemical char-
acterisation of this particulate material have been provided elsewhere
(Arndt et al., 2016; Marris et al., 2012, 2013; Mulholland et al., 2021).
Briefly, in the firing furnace of the sintering unit, Fe- and Mn-ores are
mixed with coal pellets at a temperature of ~400 °C, and then the
extraction system collects dust emitted after cooling to 100 °C. These
emissions represent a prevailing source of industrial combustion aero-
sols as sintering units are ubiquitous in the metallurgical industry. The
sample contains 6.2 wt% Fe and consists mainly of a mixture of alumi-
nosilicates and Mn- and Fe-oxides (Marris et al., 2013). The material was
crushed into a fine powder using an agate mortar and pestle to ensure
homogeneity and facilitate acid digestion. The particle size distribution
of the powder was measured using a Beckman Coulter LS 13 320
Multi-Wavelength Laser Diffraction Particle Size Analyzer and the mean
particle diameter is 0.51 + 0.14 pm (2 x SD). The specific surface area
was measured by nitrogen gas adsorption according to the Brunauer,
Emmett and Teller method (Brunauer et al., 1938) and is equal to 3.7 m?

-1
g .
2.3. Mossbauer spectroscopy measurements

2.3.1. Mineral dust

The room-temperature 57Fe Méssbauer spectrum of the mineral dust
sample is shown in the SI (Figure S2), with a detailed characterisation of
the particles. In summary, three kinds of Fe sites can be differentiated:
the most abundant (76 + 2%) may be associated with goethite, possibly
poorly crystallised or Al-substituted. The second (15 + 2% of Fe sites) is
characteristic of hematite a-Fe;0s3, and the third (9 + 1% of Fe sites) is
similar to those usually observed in Fe(II) silicates such as olivine or
cummingtonite.

2.3.2. Industrial ash

A detailed characterisation of the industrial ash particles by
Mossbauer spectroscopy was provided by (Mulholland et al., 2021).
Briefly, these measurements evidence the presence of a-hematite,
magnetite and aluminosilicates internally mixed with Fe- and
Mn-oxides. Additional X-ray powder diffraction analyses (Marris et al.,
2013) strongly suggest the presence of poorly crystallised man-
ganoferrite nanoparticles in this mixture, potentially representing up to
60 wt% of the Fe-bearing pyrogenic particles.

2.4. Dissolution experiments

As emphasised by (Shi et al., 2012) in their review of atmospheric
processing of mineral dust, key parameters influencing atmospheric Fe
solubility include organic ligand concentration, pH and dust-to-liquid
ratio. Oxalic acid (H2C204) is used in the present study since this acid
and the coupled oxalate ions (HC204~ and C,0427) are the most wide-
spread organic complexing agents in cloud- and rainwater. They are
strong chelating agents with stability constants ranging from 4.2 (Fe(II))
to 9.4 (Fe(Ill)), considering 1:1 complexes, at 298K (Paris et al., 2011).
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The action of oxalate anions is typical of a (reductive) ligand-promoted
dissolution mechanism and exceeds the effects of most other organic and
inorganic anions in cloud- and rainwater (malonate, tartrate, sulphate,
acetate, humic compounds) in promoting dissolution of Fe-bearing
particles (Chen and Grassian, 2013; Paris and Desboeufs, 2013).

Large variations in cloud and rainwater oxalate concentration, pH
and solid-to-liquid ratio have been reported in the literature, depending
on the sampling location (Ito and Shi, 2016). used oxalate concentra-
tions ranging from 0 to 30 mM, pH values from 0.9 to 3.1, and
dust-to-liquid ratios from 0.06 to 50 g L. Here we use intermediate
values of 1 mM oxalic acid, pH 2.0 (+0.1) and 250 mg L1 of dust or ash.
The pH was adjusted using perchloric acid, as perchlorates have no in-
fluence on Fe chelation, unlike oxalates.

(Shi et al., 2012) reported that cloud processing can last from a few
hours to several days before the dust is deposited, and (Seinfeld and
Pandis, 2006) stated that cloud water condensation and evaporation can
occur 5-10 times during this period. Flossmann and Wobrock (2019)
suggested a typical lifetime of cloud droplets of a few hours. We there-
fore ran batch dissolution experiments for 5, 20, 40 and 60 min at room
temperature, within 15 mL Savillex© Teflon beakers, under continuous
magnetic stirring and irradiation with a solar simulator (Newport© Oriel
Solar Simulator). Experiments were conducted in triplicate and a blank
run excluding the dust or ash material was also performed for 60 min to
assess any procedural Fe contamination. All experiments were per-
formed in a Class 1000 clean air laboratory by personnel equipped with
clean room coveralls, clogs and powder-free gloves.

2.5. Soluble Fe concentration analysis

At the end of each experiment, the batch solution containing residual
particles was transferred with a pipette into a syringe, filtered through a
0.4 pm cellulose acetate membrane filter, and acidified immediately to
0.5% HNOs. This filtration protocol is based on the operative definition
of soluble Fe including colloidal particles, nanoparticles and aqueous Fe
species (Ito and Shi, 2016). In one series of experiments, the filtered
leachate was stored in the refrigerator at ~4 °C in the dark until dis-
solved Fe concentration analysis, within one week. Dissolved Fe con-
centrations in leachate solutions were analysed by inductively coupled
plasma optical emission spectroscopy (ICP-OES - Thermo Instruments
ICAP 6300 DUO spectrometer), with standard solution concentrations
ranging from 0 to 5000 pg L™} Fe. Operating conditions are reported in
the SI (Table S1).

In another series of experiments, the filtered leachate was evapo-
rated at 115 °C and the dried residue was re-dissolved in 1 mL of 6 M HCL
for purification prior to Fe isotope analysis (see section 2.6). Reagents
were either sub-boiled (HNO3) or Suprapur® grade (HClO4, HCI, HF).
Labware including Savillex© vessels were pre-cleaned for 48 h in 2 M
HNOj3 and then 48 h in 0.2 M HNOg, rinsed three times in ultrapure
water (18.2 MQ cm_l) and dried overnight in a Class 100 laminar flow
hood before use.

2.6. Iron isotopic composition analysis

Samples of the original dust and ash material were prepared for Fe
isotope analysis by full acid digestion followed by Fe purification by
anion exchange chromatography. Purification of sample solutions by
anion exchange chromatography was conducted in a Class 100 laminar
flow hood located in the Class 1000 clean air laboratory. Acid digestion
was conducted at 115 °C for 3 h using a concentrated mixture of 3 mL
HNO3/2 mL HCl/1 mL HF/0.5 mL Hy05 in a Savillex© beaker. The
liquid was then fully evaporated at 115 °C and the solid residue was re-
dissolved in 1 mL of 6 M HCI for subsequent purification, using a
Dowex® 1X8 100-200 mesh anion exchange resin, following a modified
protocol inspired by (Doucet et al., 2016). Briefly, 1.8 mL of resin was
evenly loaded into a Biorad® column and cleaned by the successive
passage of HoO, 6 M HCl, H,O, 1 M HNOs, HyO through the loaded
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column and then conditioned in 6 M HCL. The 1 mL of 6 M HCI sample
solution containing re-dissolved dry residue from the digested bulk dust
or ash or from the evaporated leachate (section 2.5), was then loaded
onto the resin and the matrix was rinsed by passing 3 x 10 mL of 6 M HCI
through the resin. The Fe was finally eluted by passing 2 x 10 mL of 0.5
M HCI through the resin and collected into a clean Savillex© beaker.
This Fe elution fraction was then evaporated at 115 °C. At the start of the
isotopic analysis session, the dry residue was re-dissolved in concen-
trated HNOs, followed by diluted HNOgs, to obtain a transparent and
homogeneous solution containing at least 5 pg Fe for isotope analysis in
triplicate. Iron recovery using this protocol has been verified to be
>95%. All procedural blanks displayed <1 pg L™ of Fe (i.e. <2% of the
total Fe content in the bulk or leachate samples).

Iron isotope analysis was conducted at the Université libre de
Bruxelles (Laboratoire G-Time) on a Plasma II multi-collector induc-
tively coupled plasma mass spectrometer (Nu Instruments®), using a
standard-sample bracketing method and external normalisation by
doping all standards and sample solution with a Ni solution (1000 pg
L™, to correct for instrumental mass bias and drift during the analytical
session (de Jong et al., 2007). The Fe isotope data are reported in delta
(8) notation relative to the international Fe isotope standard IRMM-014
(European Commission Institute for Reference Materials and Measure-
ments, Geel, Belgium) as follows:

(5éj sample
56 SiFe

0" Fe= T
( )lRMM

Fe

—1| x 1000 (Eq. 1)

The extent of isotope fractionation (ASFegomution-solid) between the
two phases in each dissolution experiment was calculated using equa-
tions (2) and (3), by comparing the isotopic composition of soluble Fe
with the isotopic composition of the initial solid sample:

56 56 56
A Fegolution-dust = 8 Fesolution - 8 Fedust (Eq. 2)

ASGFesolution—z\sh = 656Fesoluti0n - 656Feash (Eq 3)

The Fe isotopic compositions of the initial mineral dust and indus-
trial ash samples have been determined following the protocols
described above and are, respectively, §%Fequst = +0.03 £ 0.04%0 (2 x
SD) and §°Feysh, = —0.12 + 0.08%0 (2 x SD).

2.7. Kinetic fractionation model

Modelling of the Fe isotope release during dissolution of Fe-bearing
particles is based on the kinetic fractionation model developed by
(Wiederhold et al., 2006). The model distinguishes Fe atoms according
to their atomic mass number and is based on their location in the crystal
lattice of the initial bulk mineral, in the reactive surface site (rss) pool or
in the solution surrounding the mineral. Calculations of the fraction of
Fe atoms (p, in %) that belong to the rss pool, and of the 6°®Fegopyzion (),
which describes the temporal evolution of the Fe isotopic composition in
solution, are detailed in the SI.

3. Results and discussion
3.1. Iron solubility

Measured fractional Fe solubilities as a function of time (Fig. 1 and
Table S3 in the SI) are consistently two to three times greater for the
industrial ash than for the mineral dust.

To account for differences in specific surface area of the dust (27.2
m? g™1) and ash (3.7 m? g~1) samples, we also report Fe release per unit
surface area (in pg m~2) of the dust and ash, as measured in leachate
solutions at various experimental time points (Fig. 2). Iron release from
the ash is higher by a factor of 40-60 relative to that from the dust. Over
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Fig. 1. Fractional Fe solubility as a function of time for mineral dust (red tri-
angles) and industrial ash (blue squares) particles in pH 2 solution containing 1
mM oxalic acid, at a solid-to-liquid ratio of 250 mg L7}, and under irradiation
with a solar simulator. Error bars represent +2 mean standard deviations (three
replicates per sample) for X- and Y-axis values. (For interpretation of the ref-
erences to colour in this figure legend, the reader is referred to the Web version
of this article.)
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Fig. 2. Surface-area-normalised Fe release as a function of time for mineral
dust (red triangles) and industrial ash (blue squares) particles in pH 2 solution
containing 1 mM oxalic acid, at a solid-to-liquid ratio of 250 mg L™!, and under
irradiation with a solar simulator. Errors bars represent +2 mean standard
deviations (three replicates per sample) for X- and Y-axis values. (For inter-
pretation of the references to colour in this figure legend, the reader is referred
to the Web version of this article.)

5 min of dissolution, the dust and ash released up to 10 &+ 1 and 427 +
74 ug Fe m 2, respectively. Over 60 min of dissolution, the dust and ash
released up to 35 + 1 and 1459 + 106 pg Fe m~2, respectively.

These surface-area-normalised values correspond to fractional Fe
solubilities for the dust and ash of 4.2 + 0.2 and 8.8 + 0.6%, respec-
tively, over 60 min of dissolution. Clearly, Fe in the ash is much more
soluble than in the dust, consistent with numerous studies of Fe solu-
bilities in anthropogenic particles and/or mineral dust (Kurisu et al.,
2021; Scanza et al., 2018; Sholkovitz et al., 2012; Takahashi et al., 2013;
Winton et al., 2016). However, the estimated fraction of Fe atoms
belonging to the rss pool is much higher for the dust (p = 2.06%; see the
SI) than for the ash (p = 0.22%; (Mulholland et al., 2021). In other
words, dust surfaces expose ~10 times more Fe atoms to solution than
ash surfaces, for the same solid mass, even though the dust bulk contains
~2.5 times less Fe than the ash bulk (2.3 wt% vs. 6.2 wt%). However,
the soluble Fe released from the ash is always higher than that from the
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dust, with a fractional Fe solubility about twice as high after 60 min of
dissolution. The contrasting aqueous reactivity of Fe-bearing phases
within the two materials is inferred to drive these observed differences
in Fe solubility.

The mineral dust particles studied here are composed mainly of
quartz, calcite and clays (muscovite, kaolinite; Figure S1 in SI). As
underlined by various authors (Marcotte et al., 2020; Paris et al., 2011,
Shi et al., 2012), Fe in clays can be present in the interstitial layers be-
tween sheets of silica tetrahedra and easily mobilised during aqueous
dissolution, and/or trapped in the clay lattice structure (refractory Fe)
and hence much less accessible to water molecules, protons and ligands.
In any case, the Mossbauer analyses indicate a minor contribution (~10
wt%) of Fe-bearing silicate minerals (olivine, cummingtonite; see sec-
tion 2.3) to the total Fe content in the dust, and so these minerals are not
expected to drive the measured Fe release. Iron in the dust is mainly
present in the form of goethite (~75 wt%; see section 2.3), which con-
forms to previous findings for Saharan soils and dusts (Formenti et al.,
2014; Lafon et al., 2006; Scheuvens et al., 2013). The Mossbauer ana-
lyses also indicate that goethite essentially occurs as nanoparticles
(10-30 nm), in agreement with previous observations of nano-inclusions
of Fe oxides aggregated with clays in Saharan soils and dust (Deboudt
et al., 2012; Shi et al., 2012). Despite the semi-amorphous crystalline
state of goethite, we can assume that the stability of the Fe-O bonds in Fe
oxide minerals (dissociation energy >400 kJ mol™! (Marcotte et al.,
2020); limits the solubility of goethite nanoparticles present in the dusts.

The industrial ash studied here also contains poorly crystalline Fe
oxides, essentially as manganoferrite nanoparticles (~10 nm, i.e. of the
same grain size as in the dust), crystallising in a bixbyite type structure
(up to 60%; Mulholland et al., 2021). It has been shown that manganese
minerals crystallising specifically in a bixbyite type structure have a very
high solubility in the presence of oxalate anions (21% at room temper-
ature in a 0.2 M solution of ammonium oxalate, at pH 3, for a bixbyite
with a specific surface area of 4 m? g~; (Mendelovici and Sagarzazu,
1991). The differences in Fe solubility observed between the dust and
the ash may thus relate to a difference in the nature of the Fe-rich
mineral phases within the nanoparticles. As for all industrial combus-
tion units using coal, the ash particles were emitted at the stacks in a
SO9-rich gas mixture, which could lead to the development of low pH
(by forming S(VI) species) at the particle surface (Tilgner et al., 2021). It
is thus possible that the Fe solubility of the ash was amplified by the
existence, within the pores of the material, of an aqueous phase much
more acidic than the bulk solution.

3.2. Dissolved iron isotope composition

The Fe isotope compositions (§°°Fe) of the original mineral dust and
industrial ash particles are +0.03 £+ 0.02 and —0.12 + 0.04%o, respec-
tively. The 5°°Fe of dissolved Fe in the dust and ash leachate solutions
are reported as a function of Fe solubility in Fig. 3 (and Table S3 in the
SD).

The Fe isotope fractionation (A5®Fe) values are reported Fig. 4 and
compared with Wiederhold et al. (2006)’s kinetic effect model outputs
(see detailed calculations in the SI for mineral dust). Wiederhold et al.‘s
model uses two fitting parameters: the enrichment factor ¢ defining the
initial fractionation step, and the size of the rss pool p. In the case of both
the dust and ash, a suitable fit is obtained with ¢ = —1.8%o, expressing an
important initial release of >Fe. The size of the rss pool p can be
calculated using Eq. (1) in (Wiederhold et al., 2006; see the SI). The
surface site densities (SSD) of Fe atoms used in the rss pool calculations
are 6 sites nm~2 (Mulholland et al., 2021) for industrial ash and 4.34
sites nm 2 for mineral dust (see the SI).

The A>Fe parameter provides a measure of the extent of Fe isotope
fractionation between the two phases of interest (solid and solution). A
positive value indicates that the solution is enriched in the heavier S6pe
relative to the original solid sample, whereas a negative value indicates
that the solution is enriched in the lighter >*Fe relative to the original
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Fig. 3. Dissolved Fe isotope composition (8°°Fe) versus fractional Fe solubility
of mineral dust (red triangles) and industrial ash (blue squares). The dashed
lines represent the initial isotope compositions of the dust (red line) and ash
(blue line) (see text). Error bars represent +2 mean standard deviations (three
replicates per sample) for X- and Y-axis values. (For interpretation of the ref-
erences to colour in this figure legend, the reader is referred to the Web version
of this article.)
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Fig. 4. 56Fe fractionation (A%°Fe = §°°Fegoiution — 8 CFesoliq; See text) for mineral
dust (red triangles) and industrial ash (blue squares) particles versus fractional
Fe solubility. The dashed black line corresponds to A%®Fe = 0. Error bars
represent +2 mean standard deviations (three replicates per sample) for X- and
Y-axis values. Also shown are the kinetic fractionation model fit curves ob-
tained for the dust (solid red line; ¢ = —1.8%o and SSD = 4.34 sites nm~2) and
for the ash (solid blue line; ¢ = —1.8%0 and SSD = 6 sites nm ™ 2). The dashed
blue lines indicate SSD = 4 [upper curve] and SSD = 8 [lower curve] sites
nm ™2, respectively. (For interpretation of the references to colour in this figure
legend, the reader is referred to the Web version of this article.)

solid sample. The latter is the case in solutions of both the ash and dust at
all Fe solubility points, with the dust consistently showing a greater
extent of Fe isotope fractionation than the ash. The observed negative
fractionation is consistent with the fact that ligand-controlled and
reductive ligand-promoted dissolution processes drive an enrichment of
the solution in light Fe (Chapman et al., 2009; Kiczka et al., 2010;
Wiederhold et al., 2006). This is due to the formation of strong Fe sur-
face complexes, which result in the weakening of the Fe-O bonds that
attach Fe to the crystal lattice. In this case, between Fe-O bonds, the
bond involving the lightest isotope is weakest and will break preferen-
tially, thus leading primarily to the release of >*Fe into solution, which
we observe experimentally.

Comparison of our AS®Fe values with the results of a kinetic frac-
tionation simulation based on the empirical Wiederhold et al. (2006)
model (Fig. 4) shows that, while the experimental data are somewhat
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dispersed, the shape of the kinetic fractionation phenomenon is
reasonably described taking into account experimental uncertainties, in
terms of measurement of both Fe solubility and §°°Fe in solution.
Considering the trend illustrated by the curve from the empirical model
(Fig. 4), the §°°Fe of the dissolved Fe appears to gradually approach that
of the Fe in the original solid sample. This is consistent with the ongoing
depletion of >*Fe in the surface reactive layer of the solid, progressively
leading to the release of the heavier isotopes into solution, with the
difference between the §°°Fegoiytion and the 5°°Fegjiq tending towards
zero. This probably corresponds to the attainment of an equilibrium
between the solid and the solution, as the A%Fe of zero is coincident
with the concentration of soluble Fe no longer changing, either for the
ash or for the dust (Fig. 2). The progressive achievement of this equi-
librium is consistent with a ligand-controlled dissolution process, i.e. an
initial enrichment of the solution in light Fe, followed by the release of
the heavier isotopes into solution when the surface reactive layer of the
solid becomes depleted in light Fe.

3.3. Surface iron complexation mechanisms and isotope fractionation

Numerous literature studies report the dissolution kinetics of Fe-
(oxyhydr)oxides in the presence of ligands such as oxalic acid and its pH-
dependent anionic forms (HC304 and C204%7). These include goethite
in the dust sample studied here and hematite present in the ash sample.
Although hematite is not the dominant mineral in the pyrogenic parti-
cles, it may be appropriate to refer also to the work on a-hematite for
comparison with the findings for goethite. Generally speaking, with a
bidentate ligand such as oxalic acid, a surface chelate called an “inner-
sphere complex” is formed. This could be the first step in the dissolution
process, followed by the release of the chelated Fe(III) ion, before a final
step of surface site restoration by proton adsorption (Cornell and
Schwertmann, 2003). This mechanism facilitates the dissolution of Fe
oxides because the action of the ligand increases the electron density
within the coordination sphere of Fe (vacant d-orbitals of Fe(IIl), as a
Lewis acid), thereby increasing the electron density on the O-atom
bonded to Fe(III) within the crystal lattice, which will then facilitate the
restoration of the surface site by protonation after detachment of the
chelated Fe(III) (Stumm, 1992). It may therefore be relevant to consider
the number of chelated surface sites to explain the differences between
the dust and ash Fe solubilities. The proportion of surface Fe atoms
chelated by oxalic acid can be approximated using the Langmuir
isotherm model (Duckworth and Martin, 2001), following equation (4):

KA]

= TM (Eq. 4
Where 6 is the fractional surface coverage (0 < 0 < 1), K is the Langmuir
binding constant between the surface and the ligand (oxalic acid) in
M’l, and [A] is the aqueous ligand concentration (1 mM). With oxalic
acid as a ligand, reported K values for hematite — as a proxy for ash
(Duckworth and Martin, 2001) and goethite — as a proxy for dust
(Mesuere and Fish, 1992) are 30 000 + 3000 and 4.8 + 0.2 x 1011,
respectively. Using these values in equation (4), we obtain a fractional
surface coverage 6 of ~0.968 for hematite and >0.999 for goethite,
respectively. These results must be viewed with caution since a-FeyOs3 is
not the main mineral phase in the ash, even if the available data for
hematite constitutes an interesting basis for comparison in the absence
of data for Fe3O4 and FeMnOs, the other phases present in the ash
(Mulholland et al., 2021). These results suggest that, if the formation of
the inner-sphere complex is the driving force of the dissolution process,
the Fe solubility at final equilibrium (contact time ~60 min) should be
higher for the dust than for the ash. However, (Simanova et al., 2011)
observed that during the dissolution of goethite particles, in the pres-
ence of oxalate ions, two types of surface complexes were formed:
“outer-sphere complexes” which are the main species at the beginning of
dissolution, and inner-sphere complexes which become the main surface
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complexes as the dissolved Fe concentration increases. These are type A
ternary surface complexes (i.e. {surface site}-OFe-Ligand; (Schindler,
1990)) resulting from the re-adsorption of Fe(III), which limits the
quantity of Fe released into solution. We hypothesise that it is this
dissolution-re-adsorption mechanism that limits the solubility of Fe in
dust in due course, the phenomenon being probably less significant for
the ash because the proportion of surface Fe atoms accessible to ligands
is slightly lower. By blocking surface sites available for further dissolu-
tion, these re-adsorption phenomena prevent the release of Fe into so-
lution. In this respect, (Simanova et al., 2011) noted that these A-type
complexes adsorb on the most stable surface sites which, apart from any
consideration of high-energy crystalline faces or defect sites, could be
sites where Fe-O surface bonds are energetically stronger. Thus, this
could prevent the release of heavy isotopes in solution and maintain a
relative °*Fe enrichment in solution (negative fractionation), which we
observe for both types of particles but with a more pronounced effect for
dust.

4. Conclusion

Current geochemical models of Fe-bearing particle deposition to the
ocean surface typically consider four main parameters controlling the
amount of soluble Fe deposited:

- the pH dependence of proton-promoted dissolution during atmo-
spheric transport

- the redox reactions between Fe(ll) and Fe(Ill), enhanced by
photochemistry

- the nature and concentration of complexing agents (ligand-
controlled dissolution)

- the nature and amount of Fe-containing minerals

Our results show that in the presence of a very common complexing
agent in cloud water (oxalic acid), the amount of Fe released per unit
surface area from particles representative of high-temperature com-
bustion processes (industrial ash: ~1460 pg Fe m~2) is about 40 times
higher than that released by desert dust (~35 pg Fe m~2), after 60 min of
contact with solution. This production of dissolved Fe is accompanied by
an isotopic fractionation leading to the preferential release of >*Fe in
solution over 1 h. Isotopic fractionation is more significant in the min-
eral dust than the industrial ash, which we infer to relate to the re-
adsorption of A-type ternary complexes on the most stable surface
sites of particles, i.e. sites where Fe-O surface bonds are energetically
stronger (°°Fe—0 and %"Fe-O surface sites). This phenomenon could
counteract the liberation of heavy Fe isotopes, after the initial release of
the lighter isotope, and maintain a relative >Fe enrichment in solution.

Accurate estimation of the amount of soluble Fe delivered to the
ocean surface is a prerequisite for understanding the oceanic Fe cycle
and the limitation of marine primary production in some areas of the
world oceans (Ito et al., 2021). Iron isotopes have been used as a tool for
several decades to investigate the oceanic Fe cycle, but more recently to
validate atmospheric chemistry-transport models that address the
magnitude of soluble Fe input to different regions of the ocean (Kurisu
et al., 2021). The effective use of Fe isotope tracing in model validation
requires an understanding of the fractionation phenomena occurring in
the troposphere, especially during the incorporation of Fe-bearing par-
ticles into cloud droplets. The present study is a first step in the analysis
of Fe isotopic fractionation occurring during so-called cloud processing
of aerosol particles. A more refined description can be achieved by
additional laboratory studies of Fe isotopic fractionation under more
atmospherically relevant conditions, taking into account a wider range
of temperatures (e.g. representative of high-altitude clouds) and
solid-to-liquid ratios.
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