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Size-dependent aerosol iron solubility in an urban atmosphere
Lei Liu 1, Weijun Li 1✉, Qiuhan Lin1,2, Yue Wang1, Jian Zhang1,3, Yanhong Zhu1, Qi Yuan1,4, Shengzhen Zhou5, Daizhou Zhang 6,
Clarissa Baldo 7 and Zongbo Shi 7✉

Size distribution of aerosol iron (Fe) concentration and solubility determines their environmental and health impacts but they are
rarely reported. In this study, size-resolved aerosol particles were collected in Hangzhou, a Chinese megacity upwind of the Asian
outflow to the Pacific Ocean. Total and dissolved Fe collected under non-haze, haze, and dust conditions were determined. Results
show that total Fe concentrations displayed a unimodal distribution peaking at 3.2–5.6 μm under non-haze and dust conditions, but
a bimodal distribution under the haze condition peaking at 3.2–5.6 μm and 0.32–0.56 μm. Dissolved Fe under the non-haze, haze,
and dust conditions all displayed bimodal size distributions with one peak in the fine-mode (0.056–1.0 μm) fraction and one peak in
the coarse-mode (>1.0 μm) fraction. Fe enrichment factor in fine-mode particles under the haze condition is up to 17.8, suggesting
a potential contribution from anthropogenic Fe. Fe solubility in total suspended particles under the haze condition (3.8%) is
significantly higher than those under non-haze (2.6%) and particularly dust (0.5%) conditions. Furthermore, Fe solubilities in fine-
mode particles under non-haze (10.8%) and haze (10.9%) conditions were much higher than those (1.5% and 2.4%) in coarse-mode
particles. We found that Fe solubility was correlated positively with aerosol acidity and negatively with particle size from 0.32 to
5.6 μm. Individual particle analysis further reveals that nanosized iron oxides were internally mixed with acidic sulfates/nitrates
under the haze condition. Our results indicate that the strong size dependence of aerosol Fe solubility is associated with the
differences in sources of aerosol Fe and its acidic processing.
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INTRODUCTION
Iron (Fe), an essential micronutrient for oceanic primary productiv-
ity, modulates marine ecosystems, atmospheric carbon dioxide
(CO2) uptake, and the global climate1,2. The deposition of
atmospheric aerosol Fe to the remote ocean surface is an important
external source of bioavailable Fe for plankton growth3–6. Fe in
atmospheric particles can also affect human health because Fe in
the atmosphere is considered to be one of the most important
prerequisites for reactive oxygen species upon inhalation7. Aerosol
Fe comes from natural mineral dust (e.g., soils or deserts) and
anthropogenic fuel combustion sources (e.g., coal and biomass) in
continental areas2,8–10. Mineral dust is estimated to represent 95%
of the global atmospheric total Fe (FeT) budget, with the remaining
fraction attributed to anthropogenic emissions11,12. However, the
anthropogenic activities were estimated to supply about 50% of
dissolved Fe (FeD, considered as potentially bioavailable Fe) in
oceans in the Northern Hemisphere13.
The Fe solubility (Fes, i.e., ratio of FeD to FeT) is the main factor

affecting the biogeochemical cycle of Fe14. It is well known that
source, particle size, pollution level, and aerosol acidity can affect
FeS15–17. The Fes of fresh mineral dust is usually less than 0.5%,
whereas the solubilities of pyrogenic Fe are 1–2 orders of
magnitude higher than those of mineral dust Fe even though
the low contribution of pyrogenic sources to atmospheric FeT12.
The observed Fes ranges from 1 to 80% in atmospheric aerosols
depending on their different sources and weather
conditions15,18–20. Studies suggest that most FeD is linked to the
chemical processing of Fe-containing particles during long-range

transports13. This “chemical process” is generally thought to involve
heterogeneous reactions between acidic species and Fe-containing
particles, sunlight, and cloud water condensation/evapora-
tion3,19,21,22. For example, Shi et al.18 reported that insoluble Fe in
mineral dust readily dissolves under acidic conditions relevant to
wet aerosols; whereas, the activation of wet aerosols into cloud
droplets halts the Fe dissolution. Although a large number of
studies (e.g., refs. 15,16,23–27) have gained a certain understanding of
the source, solubility, and mixing state of Fe in the atmosphere
over cities through individual particle and bulk sample analyses,
size-resolved characteristics of aerosol Fe and its solubility still need
further investigation. The knowledge of aerosol Fe contents and
solubilities among different particle sizes is important to under-
stand their sources, chemical processes, and long-range transport
characteristics, and to evaluate their air-to-sea deposition flux and
human health effects.
It is reported that Fe-containing aerosols had a single-mode size

distribution, dominated by coarse-mode particles under the
ultraclean atmosphere on the Arctic Ocean and West Antarctic
Peninsula, suggesting important contributions of regional and
local dust sources17,28. As one of the world’s largest city clusters
located east coast of China, the Yangtze River Delta (YRD) is the
main source region of anthropogenic aerosols transported to the
East China Sea and even the Northwest Pacific Ocean following
the northwesterly winter monsoon29. However, the study of size-
resolved aerosol Fe in this region is limited. Therefore, it is
necessary to study the size-resolved characteristics of aerosol Fe
and its solubility in this region to better evaluate its influence on
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marine ecosystems. In this study, a 10-stage tandem impactor was
used for sampling size-resolved aerosol particles under different
weather conditions (i.e., non-haze, haze, and dust conditions) in
Hangzhou, a megacity located in YRD. A variety of analytical
methods were used to measure mass concentrations of aerosol
FeT, FeD, and acidic inorganic ions in different particle sizes and to
characterize individual particles of aerosol Fe. We examined their
relationships with acidic inorganic ions and further explored the
solubilizing mechanisms of aerosol Fe.

RESULTS AND DISCUSSION
Aerosol Fe concentration and solubility in total suspended
particulates
The concentrations and solubilities of aerosol Fe in total suspended
particulate (TSP) under different conditions were obtained by
summing the concentrations of FeT and FeD at each stage. The FeT
and FeD concentrations in TSP under non-haze, haze, and dust
conditions were 1140 and 29.7 ngm−3, 2035 and 78.3 ngm−3, and
4883 and 24.6 ngm−3, respectively (Table 1). The FeT in TSP had the
highest concentration (4883 ngm−3) under the dust condition,
followed by haze (2035 ngm−3) and non-haze (1140 ngm−3)
conditions (Table 1). However, the highest FeD concentration
(78.3 ngm−3) in TSP occurred under the haze condition, about 2.6
and 3.2 times those under non-haze (29.7 ngm−3) and dust
(24.6 ngm−3) conditions, respectively (Table 1). Consequently, the
calculated FeS in TSP under different conditions are in the following
order: haze (3.8%) > non-haze (2.6%) > dust (0.5%) (Table 1).

Mass-size distributions of aerosol Fe
Figure 1 shows the mass-size distributions of aerosol FeT and
FeD. FeT showed unimodal size distributions with the peak at

3.2–5.6 μm under non-haze and dust conditions. FeT concentra-
tions in each size bin under the dust condition were 4–6 times
higher than those under the non-haze condition. However, FeT
under the haze condition showed a bimodal size distribution with
a major peak at 3.2–5.6 μm and a minor peak at 0.32–0.56 μm, and
its peak height at 3.2–5.6 μm was 3.2 times that at 0.32–0.56 μm.
FeD under the non-haze, haze, and dust conditions all displayed
bimodal size distributions with one peak in the fine-mode
(0.056–1.0 μm) fraction and one peak in the coarse-mode
(>1.0 μm) fraction. The size distribution of FeD showed a major
peak at 0.56–1.0 μm and a minor peak at 3.2–5.6 μm under the
non-haze condition, but a major peak at 3.2–5.6 μm and a minor
peak at 0.56–1.0 μm under the dust condition. The size distribu-
tion of FeD under the haze condition displayed two major peaks at
0.32–0.56 μm and 1.0–1.8 μm. We noticed that the particle sizes
corresponding to the two peaks of FeD in fine- and coarse-mode
fractions under the haze condition were both smaller than those
under non-haze and dust conditions, respectively.
FeT concentrations in the coarse- and fine-mode fractions are 1003

and 137 ngm−3 under the non-haze condition, 1692 and 342 ng
m−3 under the haze condition, and 4551 and 332 ngm−3 under the
dust condition, respectively (Table 1). The coarse-mode particles
dominate FeT concentrations in aerosol particles under all three
conditions (75–83%). On the other hand, the coarse-mode particles
contributed 73% of the FeD under the dust condition (fine-mode
6.6 ngm−3 vs coarse-mode 18.0 ngm−3), but the FeD concentrations
in coarse-mode particles were comparable to those in fine-mode
particles under the non-haze (fine-mode 14.9 ngm−3 vs coarse-
mode 14.8 ngm−3) and haze (fine-mode 37.3 ngm−3 vs coarse-
mode 41.1 ngm−3) conditions (Table 1). The contribution of fine-
mode particles to the FeD was larger than their contribution to the
FeT under the non-haze and haze conditions. Therefore, although
coarse-mode particles contributed the most to FeT, fine-mode
particles contributed more to FeD in the aerosol particles.
We found that FeS in fine-mode particles reached relatively high

values under the non-haze (10.8%) and haze (10.9%) conditions,
which are 7.2 and 4.5 times those (non-haze 1.5% and haze 2.4%) in
coarse-mode particles, respectively. In the contrary, FeS of fine-
mode particles under the dust condition remained relatively low
(2.0%) compared with that (0.3%) in coarse-mode particles (Table 1).

Sources of aerosol Fe
In this study, the enrichment factor of element Fe (EFFe) is used to
evaluate the relative contribution of natural and anthropogenic
sources to aerosol FeT. Table 1 shows that the EFFe in coarse-mode
particles was 4.1, 4.9, and 4.0 under the non-haze condition, haze,
and dust conditions. This suggests that aerosol Fe in coarse-mode
particles mainly originated from crustal sources in all three cases.
Coarse-mode particles under the non-haze and haze conditions
are likely to be mainly from local sources, such as road traffic,
construction, and soil surfaces in urban air30,31. The EFFe in fine-
mode particles was 6.0 under the non-haze condition and 4.2
under the dust condition (Table 1), which indicates the dominant
contribution from crustal sources. The EFFe in fine-mode particles
under the haze condition was 17.8, suggesting that anthropogenic

Table 1. Concentrations of total Fe (FeT), dissolved Fe (FeD), and Fe solubility (FeS) in total suspended, coarse-, and fine-mode particles, as well as the
enrichment factor of Fe (EFFe) in coarse- and fine-mode particles under non-haze, haze, and dust conditions.

Condition Total suspended particles Coarse-mode particles (>1.0 μm) Fine-mode particles (<1.0 μm)

FeT ngm−3 FeD ngm−3 FeS % FeT ngm−3 FeD ngm−3 FeS % EFFe FeT ngm−3 FeD ngm−3 FeS % EFFe

Non-haze 1140 29.7 2.6 1003 14.8 1.5 4.1 137 14.9 10.8 6.0

Haze 2035 78.3 3.8 1692 41.1 2.4 4.9 342 37.3 10.9 17.8

Dust 4883 24.6 0.5 4551 18.0 0.3 4.0 332 6.6 2.0 4.2

Fig. 1 Mass-size distributions of aerosol total Fe (FeT, solid lines)
and dissolved Fe (FeD, dashed lines). The particle size refers to the
aerodynamic diameter (Dp). The distributions under non-haze, haze,
and dust conditions are indicated by blue, black, and red lines,
respectively.
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sources contributed to FeT in fine-mode particles under the haze
condition. This may explain the peak at 0.32–0.56 μm in the mass-
size distribution of FeT under the haze condition (Fig. 1).
It has been reported that the nanosized FeOx particles are

emitted from vehicles, industrial activities, and solid fuel burning
in cities9,19,32. In this study, individual particle samples were
analyzed using transmission electron microscopy (TEM) equipped
with an energy-dispersive X-ray spectrometer (EDS). TEM–EDS
showed aggregations of nanosized spherical Fe-rich particles
(Fig. 2a). These particles mainly contain Fe and O (Fig. 2b), likely as
FeOx (e.g., Fe2O3 and Fe3O4), which were identified to be from
heavy industries with high-temperature combustion processes9,33.
We observed a large number of spherical Fe-rich particles or their
aggregates with diameters of 100–300 nm under the haze
condition (Fig. 3a, b). Nanosized Fe-rich particles were also
observed under the non-haze condition (Fig. 3c), which indicates
the contribution of anthropogenic sources to aerosol Fe despite
the dominance of crustal sources under the non-haze condition.
As expected, a large number of coarse mineral particles containing
Fe occurred under the dust condition (Fig. 3d). Individual particle
analysis is in good agreement with the bulk analysis above with
regards to the sources of aerosol Fe.

Factors influencing aerosol Fe solubility
FeS in fine-mode particles was much larger than that in coarse-
mode particles (Table 1). This could be attributed to two possible
reasons: (1) there are sources of aerosol Fe that have a much
higher initial FeS, e.g., from combustion sources;12 (2) hetero-
geneous reactions release more FeD in fine-mode particles,
enhancing Fe solubility9. Recently, Zhu et al.15 reported that the
primary emissions of FeD in fine-mode particles could not explain
FeS >3% in Hangzhou. Here, the FeS in fine-mode particles was

much larger than 3% under non-haze (10.8%) and haze (10.9%)
conditions (Table 1). Li et al.9 provided indisputable evidence to
demonstrate that anthropogenic FeOx particles undergo hetero-
geneous reactions with acidic aerosols to produce FeD including
iron sulfate or ferrous sulfate during atmospheric transport.
Besides, Baldo et al.34 reported that the anthropogenic pyrogenic
Fe dissolves much faster than mineral dust under simulated
atmospheric acid conditions. These results indicate that hetero-
geneous reactions likely contributed to the observed enhance-
ment in FeS in fine-mode particles under the non-haze and haze
conditions in Hangzhou.
To explore how acidification processes influence aerosol Fe

solubility, we further explored the differences in FeS within the
size range of 0.32–5.6 μm. The degree of aerosol acidification is a
key factor influencing the FeS in aerosol particles15. In this study,
the molar ratio of (2SO4

2−+ NO3
−− NH4

+)/FeT was used to
characterize the acidification degree of aerosols with respect to
FeT16,35. Figure 4 shows the relationships between the FeS and
degree of aerosol acidification as well as the particle size under
the three cases. We found that FeS increased with the degree of
aerosol acidification in the range of 0.32–5.6 μm under all the
conditions. However, FeS generally decreased with particle sizes in
the range of 0.32–5.6 μm except for the bins of 0.56–1.0 μm under
non-haze condition and 1.0–1.8 μm under haze condition, which
could be attributed to the higher degree of aerosol acidification in
these two bins (Fig. 4 and Supplementary Fig. 1). The degree of
aerosol acidification under the non-haze condition was larger than
that under the haze condition, which may be ascribed to the
increased gas-phase conversion efficiency of SO2 and NOx to acid
aerosol species due to the enhanced oxidizing capacity under
the non-haze condition36,37. Therefore, the larger acidification
degree caused a high Fe solubility comparable to that under the
haze condition although crustal sources dominated under the non-
haze condition. TEM observations further support the acidification
effect. Some of the nanosized Fe-rich particles in the atmosphere
were internally mixed with secondary acidic aerosols (e.g., S-rich
particles in Figs. 2a and 3a–c) with diameters of 200–1000 nm
under the haze and non-haze conditions, and the EDS spectrum
displayed the presence of minor Fe in S-rich particles (Fig. 2c),
which provides direct evidence for the possible heterogeneous
reactions between FeOx and acidic sulfates/nitrates. Such acidic
species in the aerosol water can dissolve FeOx particles into soluble
iron sulfate and thereby promotes Fe dissolution9.
FeS in the five size bins (i.e., 0.32–0.56 μm, 0.56–1.0 μm,

1.0–1.8 μm, 1.8–3.2 μm, and 3.2–5.6 μm) under the dust condition
was significantly lower than those under the non-haze and haze
conditions, respectively (Fig. 4 and Supplementary Fig. 1). Sun
et al.38 found that the mixed secondary aerosols (e.g., sulfate and
nitrate) completely transform from a solid phase to a liquid phase
when the relative humidity (RH) > 75% in the urban air. In this
study, the average RH was 75% under the non-haze condition,
77% under the haze condition, and 54% under the dust condition
(Supplementary Table 1). Thus, the surfaces of these secondary
aerosols should be wet under the non-haze and haze conditions,
which enhances the uptake of acidic gases (e.g., SO2 and NO2) to
produce acidic salts, e.g., sulfate and nitrate39,40. This enables the
Fe transformation from insoluble Fe to soluble forms16,29,34,41,42.

Atmospheric implications
Aerosol acidity is a key factor affecting aerosol Fe solubility43.
However, aerosol acidity calculated from bulk PM2.5 composition
can mask changes in the aerosol acidity with different particle
sizes. Here, our size-resolved aerosol Fe solubility as shown in Fig.
4, together with TEM analyses as shown in Figs. 2 and 3 provided
stronger support for the impact of aerosol acidity on Fe solubility.
We found that coarse-mode particles dominated the aerosol FeT

but they had lower Fe solubility and fine-mode particles had

Fig. 2 Typical TEM image and EDS spectra of anthropogenic Fe-
containing particles. a typical TEM image showing the bare
spherical Fe-rich particles or their aggregations and the internally
mixed Fe-rich particles with secondary acidic aerosols (S-rich). b EDS
spectrum of Fe-rich particle. c EDS spectrum of S-rich particle. The
yellow dots (b) and (c) in panel a indicate the locations acquiring the
EDS spectra in panels b and c, respectively. The scale bar in panel
a is 500 nm.

L. Liu et al.

3

Published in partnership with CECCR at King Abdulaziz University npj Climate and Atmospheric Science (2022)    53 



higher Fe solubility and dominated the aerosol FeD. The larger
particles are deposited closer to the continent, whereas finer
particles will be transported longer44. As a result, it is the fine-
mode particles that will contribute more to ocean dissolved Fe
deposition. Many recent studies (e.g., refs. 19,34,45,46) considered
aerosol Fe speciation from different sources in the Fe dissolution
scheme and showed a higher Fe solubility in fine particles from
anthropogenic aerosols than that from mineral dust. However, Ito
et al.12 summarized that although many atmospheric chemistry
models have implemented the emissions of anthropogenic Fe
sources (e.g., refs. 47–52), a uniform aerosol Fe solubility is often
assumed for all combustion sources and no data are available on
the size distribution of Fe species in aerosol sources. Our results

suggest the need to further consider the size dependence of Fe
solubility in aerosol particles derived from the aerosol acidity and
aerosol Fe sources within different particle sizes, which determines
how fast aerosol Fe dissolves in acidic conditions. Incorporating
such new data will help models to calculate the deposition flux of
dissolved Fe more accurately on the ocean surface and evaluate
the impact of soluble Fe on the marine ecosystem12.

METHODS
Sampling site and sample collection
The field observation was conducted in the megacity Hangzhou in the
Yangtze River Delta (YRD) under haze, non-haze, and dust conditions. The
sampling site is located on the roof of a four-story building (30°17’N, 105°
38’E, about 15m above the ground, Supplementary Fig. 2), which well
represents the mixed pollutant sources from local urban plumes and
regional air masses. A 10-stage rotating micro-orifice uniform-deposit
impactor (MOUDI, Model 120 R, MSP corporation, USA) was used to
collected size-resolved aerosol particles at a flow rate of 30 L min−1 with
50% cut-point aerodynamic diameters of 0.056, 0.10, 0.18, 0.32, 0.56, 1.0,
1.8, 3.2, 5.6, 10.0, and 18.0 μm. Quartz filters (Pallflex 7204, 47-mm
diameter, Pall Corporation, USA) were used as sampling substrates and
thus polytetrafluoroethylene (PTFE) spacers of 0.127 cm in thickness were
put in MOUDI to compensate for the jet-to-plate distance due to the use of
thicker quartz substrates. Before the sample collection, all quartz filters
were baked at 600 °C in a muffle furnace for 4 h to remove any possible
contaminants. In this study, coarse- and fine-mode fractions of aerosol
particles are operationally defined as larger than 1.0 μm and between
0.056 and 1.0 μm according to previous studies28,53.
A set of MOUDI filters were collected for 32 h during October 9–10, 2019

(haze condition with hourly PM2.5 > 35 μgm−3), for 40 h during October
12–14, 2019 (non-haze condition with hourly PM2.5 ≤ 35 μgm−3), and for
46.3 h during October 29–31, 2019 (dust condition with hourly PM10 >
150 μgm−3 and ratio of hourly PM10 to PM2.5 > 3). Note that the definition
of haze, non-haze, and dust conditions is specific to this study. The detailed
weather conditions and sampling information can be seen in Supplemen-
tary Figs. 3 and 4 and Supplementary Table 1. This dust intruded from
Mongolia to the YRD on October 29, 2019 and affected Hangzhou for three
consecutive days (Supplementary Fig. 5). Different stages of MOUDI filters
under the dust condition are generally grayish-yellow, which is different
from the gray or black filters collected under the haze condition.
Furthermore, another set of field blank filters were collected following

Fig. 3 Morphology and mixing state of various Fe-containing particles collected under different conditions. a Bare nanosized Fe-rich
particles and internally mixed Fe-rich particles with secondary acidic aerosols (S-rich) collected under the haze condition. b Aggregation of
nanosized Fe-rich particles associated with S-rich under the haze condition. c Nanosized Fe-rich particle internally mixed with S-rich collected
under the non-haze condition. d Mineral dust particle-containing Fe collected under the dust condition. The scale bars are 500 nm in panels
a–c and 2 μm in panel d.

Fig. 4 Relationships between Fe solubility and the degree of
aerosol acidification, as well as particle size (Dp) in the size
range of 0.32–5.6 μm. The degree of aerosol acidification is
indicated by the molar ratio of (2SO4

2−+NO3
−−NH4

+)/FeT.
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the same procedure without running the sampler. All the quartz samples
were stored at −20 °C for further analysis.
Individual particle samples were also collected on copper (Cu) transmis-

sion electron microscopy (TEM) grids coated with carbon (C) film (carbon
type-B 300 mesh, Beijing XXBR Technology Co., Ltd., China) by a single-stage
cascade impactor (DKL-2, Qingdao Genstar Electronic Technology Co., Ltd.,
China) with a 0.3 mm diameter jet nozzle and a flow of 1.0 Lmin−1. The
aerodynamic diameter with 50% collection efficiency of the single-stage
cascade impactor is 0.1 μm for the particles with a density of 2 g cm−3.
Individual particle samples were placed in a sealed dry plastic tube and
stored at 25 °C and 20 ± 3% RH in a desiccator.

Water-soluble inorganic ions analysis
According to the analytical procedure reported in ref. 35, one-half of the
MOUDI filter was cut into small pieces using ceramic scissors, put into a
clean centrifuge tube with 10ml of ultrapure water (18.2 MΩ cm), and then
ultrasonically extracted for 30min. The extraction was filtered using a PTFE
syringe filter with 0.22-μm pores to remove insoluble aerosol components.
The filtered solution was divided into two parts, one part was analyzed
directly by an ion chromatography (IC) system (Dionex ICS-600, Thermo
Fisher Scientific, USA) to obtain the concentrations of water-soluble ions
(i.e., SO4

2−, NO3
−, Cl−, NH4

+, Ca2+, Mg2+, K+, and Na+) and another part
was acidified immediately with ultrapure concentrated HNO3 to 0.4% (v/v)
HNO3 for FeD analysis according to ref. 15. The detection limits of SO4

2−,
NO3

−, Cl−, NH4
+, Ca2+, Mg2+, K+, and Na+ are 0.021, 0.008, 0.010, 0.006,

0.022, 0.009, 0.006, and 0.018 μgmL−1, respectively. Before sample
analyses, certified reference materials (Institute for Environmental Refer-
ence Materials, China) for both cations and anions were measured three
consecutive times for quality control35. The detection accuracy (defined as
the ratio of measured concentration divided by its certified concentration
as a percentage) of SO4

2−, NO3
−, Cl−, NH4

+, Ca2+, Mg2+, K+, and Na+ is
100.6% ± 0.8%, 100.1% ± 0.9%, 100.5% ± 8.8%, 98.5% ± 1.7%, 105.4% ±
9.0%, 103.4% ± 10.7%, 107.8% ± 5.4%, and 98.5% ± 5.3%, respectively.

Total Fe analysis
An energy-dispersive X-ray fluorescence spectrometer (ED–XRF, Epsilon 4,
PANalytical, Netherlands) was employed to determine the concentrations
of total Fe and Al in each sample. Before analysis of each batch of samples,
the working standard curve of ED–XRF is calibrated with the fine
particulate matter standard reference material (SRM 2786, National
Institute of Standards and Technology, USA). The detection accuracy of
Fe and Al is 98.9% ± 7.5% and 92.1% ± 9.8%, respectively. During the
ED–XRF measurement, we also analyzed three blank filters. Here, the
detection limits of Fe and Al are 0.06 and 0.04 μg cm−2, respectively. To
guarantee that the samples do not contact any metal, a plastic tweezer
was used during sample collection and analysis. The average background
concentrations of Fe and Al in the blank filters are 0.17 and 0.21 μg cm−2,
respectively, which are much lower than those of the samples. The
background values were subtracted during the data processing.

Dissolved Fe analysis
The aforementioned acidified solutions were analyzed by inductively
coupled plasma–mass spectrometry (ICP–MS, Agilent 7500ce, Agilent
Technologies, USA) to determine the concentrations of FeD in the samples.
The detailed analytical procedures can be found in ref. 54. Briefly, the
instrument was optimized daily by a tuning solution containing Li, Y, Tl, Ce,
and Co. Calibration was conducted by external standards (Agilent
Technologies, Environmental Calibration Standard). An internal standard
containing 45Sc, 72Ge, 103Rh, 115In, 159Tb, 175Lu, and 209Bi was added online
during element analysis. The detection limit of Fe is 2.72 ngmL−1.

Individual particle analysis
Individual particle samples were analyzed using a TEM (JEM-2100, JEOL
Ltd., Japan) operated at 200 kV and equipped with an energy-dispersive
X-ray spectrometer (EDS, INCA X-MaxN 80 T, Oxford Instruments, UK).
TEM–EDS analysis can obtain physical (e.g., morphology, size, and mixing
structure) and chemical (e.g., elemental composition and ratio of elements)
properties of individual particles. Cu peaks in EDS spectra are excluded
due to the interference from Cu substrates of TEM grids and C content may
be overestimated due to the use of C film in TEM grids. TEM images were
processed by the RADIUS 2.0 software (EMSIS GmbH, Germany) to acquire
equivalent circle diameters (ECDs) of analyzed particles.

Calculation of enrichment factor
The enrichment factor (EF) is used to evaluate the relative contribution of
natural and anthropogenic sources to elements in aerosol particles55,56.
The EF method is a double normalized method by calculating the relative
concentration of elements, which could eliminate the influence of variable
factors, such as wind speed, wind direction, sample amount, and distance
from the pollution source). The EF of element Fe (EFFe) is calculated by
choosing element Al as the reference element. The calculation formula is
shown as follows:

EFFe ¼ CFe=CAlð Þaerosol= CFe=CAlð Þcrust (1)

where (CFe/CAl)aerosol represents the concentration ratio of Fe to Al in
aerosols; (CFe/CAl)crust represents the background concentration ratio of
element Fe to Al in crusts. The value of (CFe/CAl)crust used in this study is
0.44 based on the background concentrations of elements in soils of China
reported in ref. 57. If EFFe is close to 1, it means that the crustal source is
dominant for aerosol Fe. The higher EFFe indicates the larger contribution
from anthropogenic sources. If EFFe > 10, it indicates that non-crustal
anthropogenic sources contribute significantly to aerosol Fe55,58,59.

DATA AVAILABILITY
The data used in this study are available at Zenodo via https://doi.org/10.5281/
zenodo.6319476.
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