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Abstract

:

There is significant iron deposition in the oceans, approximately 14–16 Tg annually from mineral dust aerosols, but only a small percentage (approx. 3%) of it is soluble and, thus, bioavailable. In this work, we examine the effect of mineralogy, particle size, and surface area on iron solubility in pure mineral phases to simulate atmospheric processing of mineral dust aerosols during transport. Pure iron-bearing minerals common to Saharan dust were partitioned into four size fractions (10–2.5, 2.5–1, 1–0.5, and 0.5–0.25 µm) and extracted into moderately acidic (pH 4.3) and acidic (pH 1.7) leaching media to simulate mineral processing during atmospheric transport. Results show that, in general, pure iron-bearing clay materials present an iron solubility (% dissolved Fe/total Fe in the mineral) an order of magnitude higher than pure iron oxide minerals. The relative solubility of iron in clay particles does not depend on particle size for the ranges examined (0.25–10 μm), while iron in hematite and magnetite shows a trend of increasing solubility with decreasing particle size in the acidic leaching medium. Our results indicate that while mineralogy and aerosol pH have an effect on the solubilization of iron from simulated mineral dust particles, surface processes of the aerosol might also have a role in iron solubilization during transport. The surface area of clay minerals does not change significantly as a function of particle size (10–0.25 µm), while the surface area of iron oxides is strongly size dependent. Overall, these results show how mineralogy and particle size can influence iron solubility in atmospheric dust.
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1. Introduction


Oceans are responsible for removing approximately one-third of anthropogenic CO2 from the Earth’s atmosphere [1]. Photosynthetic uptake by marine phytoplankton plays a key role in that removal. In many ocean regions, the rate of photosynthetic uptake is ultimately controlled by upwelling, which transfers nutrients, such as nitrogen, phosphorus, and potassium, to the photic zone from deep waters. However, in some parts of the ocean, the concentration of these nutrients exceeds demand [2]. Iron—which is biologically essential but scarce in upwelled deep ocean water—is the limiting factor in these high nutrient, low chlorophyll (HNLC) regions, which dominate the Southern Ocean [3,4,5,6].



There are a variety of iron sources to the open ocean, depending on location. In remote ocean regions, such as the sub-Arctic, Southern Ocean, and equatorial Pacific Ocean, atmospheric mineral dust is a major source of iron, in addition to resuspension of coastal sediments, glacial melt, hydrothermal vents, sediment interactions, and volcanic activity [7,8,9]. In other ocean regions, atmospheric inputs from urban pollution, specifically oil and coal fly ash, can be a substantial source of iron [10,11].



Atmospheric mineral dust contains approximately 3% iron by mass and can undergo long range transport, resulting in an estimated 14–16 Tg of iron deposited into the oceans annually [7,12]. However, only a very small fraction of this iron is soluble (~2–4% of iron in clays and ~0.003% from iron (oxyhydr)oxides) [13]. The extent of iron dissolution in dust aerosols is controlled by particle composition (mineralogy), physical and chemical reactions during atmospheric transport, and the presence and mixing of more soluble (10–70%) anthropogenic iron with dust [14,15,16,17]. Modelling studies suggest that the long-range transport of aluminosilicate minerals specifically, which release nanoparticulate ferrihydrite and soluble iron, may provide an important source of bioavailable iron to remote ocean regions [18,19,20].



Insoluble iron in mineral aerosols can dissolve via three different mechanisms: (1) proton-promoted dissolution, where high proton concentrations disrupt Fe-O bonds in the crystal lattice [21,22]; (2) ligand-controlled dissolution, where organic acids form surface complexes with iron and detach to form soluble Fe(III) [23,24]; and (3) reductive dissolution, where Fe(III) forms soluble Fe(II) generally by photochemical reactions [23,25,26].



Although dust-bound iron can be found as both Fe(II) and Fe(III) [27], a majority of iron in dust is found in the oxidized Fe(III) state, which is substituted into aluminosilicate minerals and is present in (oxyhydr)oxides such as goethite and hematite [17,22]. Fe(II)(aq) can be produced by the dissolution of Fe(II) compounds or by the reduction of Fe(III) at the solid/liquid boundary layer [28]. The presence of organic ligands in atmospheric waters, most notably oxalate, increases the concentration of dissolved Fe(II) because these molecules can act as electron donors [29,30,31,32,33]. When included in model calculations, oxalate and photochemical redox cycling increased the dissolved iron fraction delivered to the open ocean by 75% [34]. Furthermore, Myriokefalitakis et al. (2015) found that in present day conditions, approximately 22% of the atmospheric iron dissolution flux is attributed to organic ligand-promoted dissolution [35]. The photochemical reduction of Fe(III) to Fe(II), which then is rapidly reoxidized to Fe(III), is also a major source of Fe(II) [28,29,36,37].



The factors affecting the solubilization of iron during atmospheric transport of mineral dust need to be considered as aerosols are a large source of soluble iron to the open ocean. Three main processes likely to occur during atmospheric transport are: (1) aqueous phase processing (i.e., cloud and marine processing, changes in relative humidity, wetting, and drying cycles), (2) interactions with atmospheric gases (specifically anthropogenic contributions), and (3) photochemistry. Two other factors affecting iron solubilization during transport are related to the composition of the mineral dust: mineralogy, and particle size and surface area. In this work, simulated aqueous phase processing of pure mineral phases is examined as they relate to mineralogy and particle size/surface area. While particle size and surface area have been hypothesized to have a significant impact on iron solubility during transport, few laboratory studies have examined these parameters further [38,39,40,41], with most data coming from field measurements.



Size is a major factor in how far a mineral dust particle will travel in the atmosphere from its point of origin, and therefore, dictates the quantity deposited in the open ocean [42,43]. Dust particles can range from 0.200 μm to 100 μm in diameter, and particles smaller than 10 μm can be transported long distances, at times hundreds of kilometers, from their source [44]. This study focuses on particles ranging from 10 μm to less than 0.25 μm in diameter with a specific focus on particle sizes between 2.5 μm and 0.25 μm. Particles in this size range are mainly in the accumulation mode, which are most likely to be transported over long distances due to their atmospheric lifetimes and are in the range of particles that will become cloud condensation nuclei and will, therefore, undergo cloud processing [42].



Atmospheric dust typically contains quartz, feldspar, calcite, gypsum, illite, kaolinite, smectite, and hematite [45]. Pure illite, kaolinite, magnetite, hematite, and goethite are examined here as they are considered relevant iron bearing minerals [13,46,47,48]. Moderately acidic and acidic leaching media were used to examine aqueous atmospheric processing. The moderately acidic leaching medium (pH 4.3) was used to simulate cloud water, while the acidic leaching medium (pH 1.7) was used to simulate a marine aerosol solution.




2. Materials and Methods


2.1. Reagents


The moderately acidic leaching media (Table 1) was made from chemicals obtained from Sigma-Aldrich including glacial acetic acid (99.8%), sodium acetate (99.0%), formic acid (≥96%), sodium formate (99+%), and ammonium nitrate (99.999%). The acidic leaching media was prepared with sulfuric acid (10 N, Fisher Scientific, Waltham, MA, USA) and sodium chloride (≥99.5%, Fluka, Geneva, Switzerland).



All plasticware was soaked overnight in a 10% nitric acid (OmniTrace, EMD) bath. Mineral extracts were filtered using polyethersulfone (PES) membrane filters (0.22 μm pore size, Millex, Millipore Corporation, Cork, Ireland). For inductively coupled plasma mass spectrometry (ICP-MS) analysis, iron standards were made from a J. T. Baker iron standard (1000 ppm). For UV-Vis analysis, Fe(III) was reduced to Fe(II) with 5.5 mM hydroxylamine hydrochloride (99.999% metals basis, Sigma-Aldrich, St. Louis, MO, USA), and then complexed with 5.2 mM ferrozine solution (3-(2-Pyridyl)-5,6-diphenyl-1,2,4-triazine-4’,4”-disulfonic acid sodium salt, Sigma-Aldrich, St. Louis, MO, USA). UV-VIS standards for Fe(II) and Fe(III) were made from ammonium iron(II) sulfate hexahydrate (minimum 99%, Sigma-Aldrich, St. Louis, MO, USA) and ammonium iron(III) sulfate dodecahydrate (minimum 99%, Sigma-Aldrich, St. Louis, MO, USA), respectively [52].




2.2. Sample Preparation


Five pure mineral phases (kaolinite, illite, magnetite, goethite, and hematite) were obtained from Ward Life Sciences (kaolinite, illite, and goethite) and Fisher Scientific (hematite and magnetite). The samples were ground using a ceramic ball mill. The ground mineral phases were then resuspended using a laboratory set-up described in detail in Upadhyay et al. [53]. A cyclone was used to isolate particles less than 10 µm in diameter, and the PM10 was collected onto solvent cleaned/sonicated aluminum (Alfa Aesar Puratronic, 99.997% metals basis) substrates (25 mm) using a Sioutas Personal Cascade Impact Sampler (PCIS) (SKC Inc., Eighty Four, PA, USA), which size segregates the resuspended particles into 5 different size fractions: >2.5, 2.5–1.0, 1.0–0.5, 0.5–0.25, and <0.25 μm. Sample masses ranged from approximately 0.1 mg to 3 mg of deposited size-segregated mineral phases for the four largest size fractions: >2.5, 2.5–1.0, 1.0–0.5, and 0.5–0.25 μm. The last “catch” stage (<0.25 μm) was a 37 mm Teflon filter (Teflo, Pall Life Sciences, Port Washington, NY, USA), and the deposited sample mass was <0.1 mg. The flow rate of the resuspension system was 9 L min−1. Two extraction solutions, moderately acidic (pH 4.3) and acidic (pH 1–2) (Table 1), were chosen to represent the different acidic aqueous phases a particle might encounter during transport. Previous studies have reported that no additional iron is released in the extraction solutions after 100 min [52]. To ensure equilibrium in the extract solution, the aluminum substrates and Teflon “catch” stage were extracted into 8 mL of the two extraction solutions for 150 min. The pH of the solutions did not drift more than ±0.05 pH units throughout the course of the experiment. The extracts were then filtered through a polyethersulfone (PES) membrane filter (0.22 μm pore size, Millipore, Millex, Duluth, GA, USA) and subsequently aliquoted for analysis by ICP-MS for total soluble iron content and by UV-Vis for iron speciation measurements. Light exposure was limited by keeping the extracts covered with aluminum foil at all times. All resuspensions and wet-chemical analyses were performed in triplicate. In this manuscript, soluble iron is defined as iron that has passed through a 0.22 µm filter and has been analyzed by ICP-MS. UV-VIS spectroscopy is used to measure Fe2+ and Fe3+ in the filtrate.




2.3. Scanning Electron Microscopy (SEM)


SEM coupled with energy-dispersive X-ray spectroscopy (EDX) (Phillips XL30 ESEM-FEG) was used to confirm the particle size distribution obtained by sampling with the PCIS. Two mineral phases representing the two classes of minerals investigated (clay and iron oxides) were examined using SEM. The bottom “catch” stage (<0.25 μm) could not be examined by SEM because gold and carbon sputter coatings disintegrated the Teflon filters.




2.4. Surface Area Measurements


Brunauer–Emmett–Teller Theory (BET) was applied using a Micromeritics ASAP 2020 Surface Area and Porosity Analyzer to determine the surface area of kaolinite and magnetite at the following particle sizes: 10–2.5, 2.5–1.0, 1.0–0.5, and 0.5–0.25 µm. In BET, surface area is determined by the adsorption of N2 gas to the surface of the mineral [54]. The difference in mass before and after gas adsorption is proportional to the surface area.




2.5. Inductively Coupled Plasma Mass Spectrometry (ICP-MS) Analysis


Filtrates were diluted with 0.32 M nitric acid and analyzed using a quadrupole ICP-MS (X Series 2, Thermo Fischer Scientific, Waltham, MA, USA) for soluble iron content.



Illite and kaolinite have varying iron content [13], so the bulk ground minerals were digested using nitric and hydrofluoric acids in a CEM MARS5 oven in XP-1500 Teflon bombs (CEM, Matthews, NC, USA). The digestates were then dried down under laminar flow, diluted with 0.32 M nitric acid, and analyzed by ICP-MS to determine their total iron content [55]. The illite and kaolinite used in this work wwere determined to have a total iron content of 3.05% and 0.46%, respectively. The total iron content of hematite (Fe2O3), magnetite (Fe3O4), and goethite (FeOOH) was determined stoichiometrically.




2.6. UV-Vis Spectroscopy Analysis


To determine the Fe(II) content, 5.2 mM Ferrozine solution was added to the extracts. Ferrozine complexes the free Fe(II) producing a light pink color, so the absorbance can be measured by UV-Vis spectroscopy at a wavelength of 562 nm. To determine the total soluble iron content and subsequently the Fe(III) composition, 5.55 mM hydroxylamine hydrochloride was added to the extract before adding Ferrozine to reduce the Fe(III) to Fe(II) [56]. An example calibration curve used for UV-Vis analysis can be found in the Supplemental Materials (Figure S1).





3. Results and Discussion


3.1. Iron Dissolution of Minerals Extracted into Moderately Acidic and Acidic Leaching Media


Figure 1 shows the percent of iron that was soluble (i.e., sol Fe/total Fe × 100) when the size segregated mineral phases were extracted into a simulated cloudwater (pH 4.3) and a simulated marine aerosol (pH 1.7) leaching media. On average, the fraction of soluble iron (in the filtrate) was an order of magnitude greater in the clays, illite, and kaolinite, as compared to magnetite, hematite, and goethite. In the simulated cloudwater medium (pH 4.3), the average percentage of soluble Fe across all particles sizes was 1.3 ± 0.4% and 0.05 ± 0.04% for clays and iron (oxyhydr)oxides, respectively. In the marine aerosol leaching medium (pH 1.7) the average percentage of soluble Fe across all particles sizes was 8.3 ± 0.6% and 0.87 ± 0.05% for clays and iron (oxyhydr)oxides, respectively. The results of the solubility studies indicate that mineralogy greatly affects iron solubilization. These findings are in agreement with Journet and co-workers [13], who observed increased iron solubility in clays (~4%) as compared to iron (oxyhydr)oxides (<1%). Clay particles have been found to be the prevailing phase during long range transport of mineral dust; quartz, feldspars, and calcite are also prominent [46,47,57]. A comparison of aerosol samples collected in Bermuda (long range transport) and during the 2011 GEOTRACES Atlantic transect (Saharan air mass sampling) suggested that as the estimated travel time from the source increased, iron solubility generally increased [58], although no statistical correlation was observed. Longo and co-workers [58] attributed this trend to the decrease in pH during long atmospheric residence times, which after 15 days drops from approximately neutral to a pH less than 4.



Even though the weight percent of iron in clays (0.46% and 3.05% for kaolinite and illite, respectively) is much lower than in iron (oxyhydr)oxides (62.8%, 69.9%, and 72.3% for goethite, hematite, and magnetite, respectively), the iron in clays is much more soluble. This result is consistent with Cwiertny et al. [22], who found that although Saharan desert dust had lower iron content, it was more soluble than inland samples from Saudi Arabia that contained a higher mass fraction of iron oxides. In iron oxide minerals, iron is in strong Fe-O lattice bonds (Fe-O bond dissociation energy = 409 kJ·mol−1). Clays have nano-thin platelet layers, resulting in high surface area and, therefore, more reaction sites [59]. There are also differences in how the iron is bound in the crystal structure of clays. In clays, iron can “sit” in the interstitial layers as an impurity or can substitute in the crystal lattice for Mg, K, or Al [60,61,62].



As the pH of the extraction solution decreases, there is an increase in the fraction of solubilized iron across all mineral phases. When clays were extracted into a simulated cloudwater leaching medium (pH 4.3; Figure 1A), 0.70–2.3% of the iron in the clay was soluble, but when extracted into a marine aerosol leaching medium (pH 1.7; Figure 1C), the solubility increased to 6.2–13%. A similar trend is observed in iron oxides where the solubility increased from <0.2% to 0.60–1.6% when extracted into a simulated cloudwater (Figure 1B) and marine aerosol leaching medium (Figure 1D), respectively (t-test, p < 0.05). This is consistent with previous studies that showed an increase in iron solubility with a decrease in solution pH [22,63].



Goethite was investigated like other mineral phases, but showed a unique behavior. Unlike magnetite, there was no change in solubility observed as a function of particle size (Figure 1D). These findings challenge the importance of surface properties for these materials. As shown in previous literature, goethite presents different structures than hematite and magnetite. In fact, it is less spherical in shape and more rod-like, which may cause variations in the iron-solubilization mechanism, relative to hematite and magnetite. Specifically, in aqueous suspension, these rod-like structures tend to agglomerate. Rubasinghege et al. showed that decreasing pH from 2 to 1 caused micro-goethite to have higher solubility than nano-goethite [64]. This is unusual as nano-goethite has higher surface area than micro-goethite, but aggregation of nano-goethite at pH 1 (confirmed by TEM) reduces the reactive surface area, and appears to quench the dissolution of iron.




3.2. Effect of Particle Size on Iron Solubility


The effect of particle size and atmospheric processing on the solubility of iron from pure mineral phases that simulate mineral dust aerosols is examined. In the simulated cloudwater leaching medium (pH 4.3), at sizes greater than 0.25 μm, particle size does not appear to have an effect on iron solubility (Figure 1A,B). This is likely due to the low solubility of the iron in these minerals at this pH, which caused some measurements to be below the limit of quantification and could make changes in solubility difficult to observe. In this work, particle sizes smaller than 0.25 μm were collected, but because of very low mass loadings resulting in iron content below detection limit in many cases, the impact of solubility on particles sizes <0.25 μm was not investigated. Cartledge et al. performed gas phase processing experiments to examine the effect of particle size and sulfur dioxide exposure on iron solubility in a simulated cloud water buffer (pH > 4) [41]. That work showed that, especially in the smallest size fraction (0.5–0.25 μm), there does appear to be a trend of increasing solubility with decreasing particle size for goethite and hematite, but not for magnetite. Fe(II) and Fe(III) measurements were also made on the moderately acidic leaching media samples, although no obvious trends are observed as this relates to solubility (Figure S2).



In the marine aerosol leaching medium (pH 1.7), as particle size decreases, soluble iron increases for magnetite and hematite, especially between the largest and smallest size fractions, indicating that size and surface area of the particle could be one factor affecting iron solubility (Figure 1C,D). Baker and Jickells performed field studies examining the solubility of iron as a function of particle size [38]. They showed that iron solubility is an inverse function of mineral aerosol mass concentration, proposing that the surface area to volume ratio, or specific surface area, is a critical factor for solubility. They hypothesized that since smaller particles will likely have a larger fraction of their volume exposed, the iron solubility of fine aerosols as compared to coarse particles is greater. Sholkovitz et al. found a similar trend of increased soluble iron fractions with lower total iron content, as did other modelling studies [16,65]. In Sholkovitz et al., however, the increased soluble iron content was attributed to the high soluble iron fraction of combustion aerosols and the low soluble iron fraction of mineral dust aerosols (high total iron content).




3.3. Particle Size and Surface Area Measurements


Scanning electron microscopy (SEM) was used to verify the sample preparation process. SEM images for illite and magnetite particles are shown in Figure 2 and Figure 3. One of each type of mineral phase (clay and iron oxide) was chosen to be representative of the other minerals for the validation of the re-suspension protocol. The images show that the particles have the correct size distributions with minimal particle bounce; hence, separation using the PCIS was confirmed. There does appear to be some small particles “sitting” on top of the larger particles in the largest size fraction; however, this small particle adhesion was not considered to be an issue. These small particles may slightly increase the surface area of the larger particles, but the mass contribution of those small particles can be considered negligible and will not contribute significantly to the iron mass fraction. It was more important to ensure that no large particles were in the smallest size fraction, which is common in impaction methods from particle bounce between impaction stages. There were no large particles observed in the smallest size fractions and, hence, the sample preparation protocols were considered validated.



Surface area measurements of kaolinite and magnetite using BET (Brunauer–Emmett–Teller) theory show differences between clays and iron oxides as particle size decreases. One of each category of mineral (clay and iron oxide) was chosen because their mineral structures are quite different. Surface area measurements were made on each set of particle sizes (10–2.5, 2.5–1.0, 1.0–0.5, and 0.5–0.25 μm) for kaolinite and magnetite. Table 2 shows that the surface area of kaolinite does not change with decreasing particle size while magnetite has a 3-fold increase in surface area with decreasing particle size. Figure 2A shows SEM images of the resuspended clay particles. It can be observed from these images that the clay minerals have a structure resembling stacked “plates” and contain many, large pores, which can be exposed to aqueous phase reactions. Figure 3B shows SEM images of resuspended magnetite particles. It can be observed that these iron oxide particles do not appear to have as many pores and are much more compact and geometric. The BET results for kaolinite suggest that since clays are already porous, changing their particle size does not significantly alter their surface area. Conversely, BET analysis of magnetite shows that since iron oxides are less porous, decreasing their particle size increases their surface area. In a simple spherical model, a 10-fold increase (approximation based on distribution of particles in each bin/size fraction going from 10 μm to 0.25 μm) in surface area would be expected. This shows the importance of making surface area measurements to account for pore volume instead of assuming spherical particles for an approximation of surface area.



To investigate the relationship of solubility and surface area, Figure 4 shows the soluble iron fraction in the moderately acidic (pH 4.3) and acidic (pH 1.7) leaching media normalized to surface area for magnetite and kaolinite, the two mineral phases for which there are BET measurements in this study. In the moderately acidic and acidic leaching media, when the soluble iron fraction is normalized to a particle surface area, there is no trend in normalized iron solubility between the size fractions. In this case, surface properties may influence the solubilization of iron for at least the two minerals that had surface area measurements available in this study. In a study by Journet and co-workers, the importance of aerosol mineralogy in atmospheric iron solubility was shown [13]. They asserted that solubilization was not a surface-controlled process, but instead a function of chemical composition of the aerosol. Our results confirm that mineralogical composition, in addition to aerosol pH, is the most important factor influencing iron solubility, but by size-fractionating the individual mineral phases, we also show that, in acidic conditions, solubility can be affected by mineral surface properties.



In summary, this work examined the effect of mineralogy, aerosol pH, and particle size/surface area on iron solubility. It was found that the largest factor examined in this study, affecting iron solubility during atmospheric transport, was mineralogy, with clays having higher solubility, 0.7–2.3% (moderately acidic leaching medium; pH 4.3) and 6.2–13% (acidic leaching medium; pH 1.7), overall than iron oxide minerals, <0.01–0.13% (moderately acidic leaching medium; pH 4.3) and 0.67–1.6% (acidic leaching medium; pH 1.7). Solution pH also plays a large role in iron solubility; as pH decreases, iron solubility in clays increases from an average of 1.4 to 8.3%, and in iron oxides from an average of 0.05 to 0.87% (averages include all size ranges). Both of these results are consistent with previous work in the literature. At lower pH environments, a trend of increasing iron solubility with decreasing particle size can be observed for hematite and magnetite; an increase from 0.67 to 1.2% and 0.77 to 1.6% between 10 and 0.25 μm was observed in the case of hematite and magnetite, respectively, similar to some modeling studies [66]. This observation is especially important given the fact that the pH of dust tends to decrease during transport in marine environments [67].



The solubilization of iron from clay minerals seems mostly unaffected by particle size. Surface area measurements taken in this work show greater changes in surface area as a function of particle size in iron oxides as compared to clays. Although the largest factors affecting solubility are aerosol or environmental pH and chemical composition, differences in surface area measurements between clays and iron oxide minerals could indicate that mineral surface properties are a factor affecting dissolution during atmospheric transport. The results from this work stress the inclusion of aerosol pH and mineralogy, which related to chemical composition and at a lesser extent, surface properties, in global biogeochemical models.
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Figure 1. Total soluble iron content (as a percentage, i.e., the iron that passes through a 0.22 µm filter/total iron in mineral × 100) of the extracted mineral samples into the moderately acidic leaching medium (A,B) and the acidic leaching medium (C,D) at the various size fractions. The graphs on the left show the two clay minerals (A,C), while the graphs on the right show the three iron (oxyhydr)oxide minerals (B,D), which are substantially less soluble. Concentrations were determined by inductively coupled plasma mass spectrometry (ICP-MS). Error bars are representative of the standard deviation of three replicate experiments. 
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Figure 2. Scanning Electron Microscopy (SEM) images of illite particles at 10–2.5 (A), 2.5–1.0 (B), 1.0–0.5 (C), and 0.5–0.25 μm (D). The SEM images are shown at the same magnification, 6500 times, with a scale bar of 2 μm. 
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Figure 3. Scanning Electron Microscopy (SEM) images of magnetite particles at 10–2.5 (A), 2.5–1.0 (B), 1.0–0.5 (C), and 0.5–0.25 μm (D). The SEM images are shown at the same magnification, 6500 times, with a scale bar of 2 μm. 
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Figure 4. Percent soluble iron normalized to surface area for magnetite and kaolinite in the moderately acidic (pH 4.3; (A)) and acidic (pH 1.7; (B)) leaching media. Error bars represent three replicate experiments for iron solubility experiments. 
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Table 1. Composition of extraction solutions in solubility experiments.






Table 1. Composition of extraction solutions in solubility experiments.





	Solution
	Composition





	Moderately acidic leaching medium (pH 4.3)
	5 mM acetate buffer *, 5 mM formate buffer **, 5 mM ammonium nitrate Ɨ



	Acidic leaching medium (pH 1.7)
	0.1 M sulfuric acid, 0.1 M sodium chloride ƗƗ







* Acetate buffer has a ratio of 0.36 (acetate/acetic acid). ** Formate buffer has a ratio of 3.63 (formate/formic acid). Ɨ Approximate composition of cloud water [49]. A higher concentration was used in this work (a factor of 10 higher). ƗƗ Approximate composition of an aerosol in marine environments [50,51].
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Table 2. Surface area measurements of kaolinite and magnetite made by the BET (Brunauer–Emmett–Teller) method.






Table 2. Surface area measurements of kaolinite and magnetite made by the BET (Brunauer–Emmett–Teller) method.





	Mineral (m2·g−1)
	10–2.5 µm
	2.5–1.0 µm
	1.0–0.5 µm
	0.5–0.25 µm





	Kaolinite
	31.3
	21.7
	30.2
	29.9



	Magnetite
	7.1
	9.4
	11.3
	20.9











© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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