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Abstract. Iron (Fe) in aerosol particles is a major external source of micronutrients for marine ecosystems, and poses a
potential threat to human health. To understand the impacts of aerosol Fe, it is essential to quantify the sources of dissolved
Fe and total Fe. In this study, we applied a receptor modelling for the first time to apportion the sources of dissolved Fe and
total Fe in fine particles collected under five different weather conditions in Hangzhou megacity of Eastern China, which is
upwind of East Asian outflow. Results showed that Fe solubility (dissolved to total Fe) was the largest in fog days (6.7 +
3.0%), followed by haze (4.8 £1.9%), dust (2.1 +0.7%), clear (1.9 £1.0%), and rain (0.9 £0.5%) days. Positive Matrix
Factorisation (PMF) analysis suggested that industrial emissions were the largest contributor to dissolved Fe (44.5%-72.4%)
and total Fe (39.1%-55.0%, except dust days) during haze, fog, dust, and clear days. Transmission electron microscopy
analysis of individual particles showed that > 75% of Fe-containing particles were internally mixed with acidic secondary
aerosol species in haze, fog, dust, and clear days. Furthermore, Fe solubility showed significant positive correlations with
aerosol acidity/total Fe and liquid water content. These results indicated that wet surface of aerosol particles promotes

heterogeneous reactions between acidic species and Fe aerosols, contributing to a high Fe solubility.

1 Introduction

The deposition of atmospheric aerosols is a major external source of iron (Fe) in the ocean (Li et al., 2017; Pinedo-Gonzdez
et al., 2020; Yang et al., 2020). Fe is an essential micronutrient that can impact phytoplankton primary productivity, thereby
modulating marine ecosystems, global carbon cycling, and climate (Jickells et al., 2005; Tagliabue et al., 2017; Matsui et al.,

2018; Lei et al., 2018). In addition, atmospheric Fe-containing particles have an adverse effect on human health by
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generating reactive oxygen species (ROS) (Abbaspour et al., 2014), and can convert S(1V) to S(V1) by catalytic oxidation for
atmospheric sulfate (SO42) production (Alexander et al., 2009). These roles of Fe largely depend on the atmospheric Fe
solubility (Shi et al., 2012; Baker et al., 2021). Unfortunately, field observations on atmospheric Fe solubility are still limited,
and the available data show a wide range of Fe solubility (0.02 % to 98 %) in different atmospheric environments (Schroth et
al., 2009; Shi et al., 2012; Oakes et al., 2012; Myriokefalitakis et al., 2015).

There are two major processes that can significantly increase Fe solubility in atmospheric aerosols, including aerosol
primary emissions and atmospheric acidification processes (Shi et al., 2012). Dissolved Fe can be derived from natural and
anthropogenic sources, such as mineral dust, fossil fuel combustion, biomass burning, and traffic exhaust (Chen et al., 2012;
Pant et al., 2015; Conway et al., 2019; Rathod et al., 2020; Ito et al., 2020). Although natural emissions have a high emission
flux, their contribution to Fe solubility is less than 1% (Schroth et al., 2009). Recent studies have highlighted anthropogenic
sources due to their high contribution to Fe solubility. For example, Schroth et al. (2009) suggested that Fe solubility was
less than 1% of the iron in arid soils, while oil combustion emissions had a pronounced effect on Fe solubility (77-81%);
Oakes et al. (2012) studied Fe solubility in anthropogenic source emission samples and found that Fe solubility was 0.06% in
coal fly, 46% in biomass burning, 51% in diesel exhaust, and 75% in gasoline exhaust. These results imply that an increase

in relative amounts of aerosols from these mixed anthropogenic sources may be responsible for the increase in Fe solubility.

There are a number of atmospheric processes, which can affect Fe solubility in atmospheric aerosol particles. One of the
most important processes is the mobilization of Fe in acidic solution on the surface of aerosol particles, because acidic pH
can trigger faster Fe dissolution and increase Fe solubility (Shi et al., 2011; Maters et al., 2017; Li et al., 2017; Zhou et al.,
2020). When ambient RH is above 60%, aerosol particles can take up water and change the surface to wet or liquid state
(with liquid-liquid separation or homogenous, depending on the composition and RH) (Sun et al., 2018; Liu et al., 2017).
The wet or liquid surface can take up acid gases (such as SO, and NO;) and form acidic salts to promote the conversion of
Fe from undissolved to dissolved form, thereby increasing Fe solubility (Li et al., 2017; Zhang et al., 2019a; Yang et al.,
2020; Wong et al., 2020).

The two major contributors mentioned above (aerosol primary sources and atmospheric acidification processes) to Fe
solubility are associated with weather conditions, which can change dispersion efficiency (such as boundary layer height,
wind, and convection), dry/wet deposition, and chemical conversion loss rate (Leibensperger et al., 2008; Zhang et al., 2018),
temperature, relative humidity, and solar radiation (Camalier et al., 2007). Recently, Shi et al. (2020) found that different
levels of Fe solubility are closely related with different weather conditions in one coastal city. However, to our knowledge,
studies that have attempted to investigate Fe solubility under different weather conditions in the megacity are still sparse in
the world, even though the sources of aerosol Fe (such as coal combustion, vehicle emissions, industry emissions) are

densely distributed in megacities (Zhang et al., 2019b). Therefore, to better understand how aerosol primary sources and
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atmospheric acidification processing influence Fe solubility in the megacity, the planned studies should be conducted under

different weather conditions.

In this study, we collected atmospheric fine particles (PMzs) and individual particle samples in haze, fog, dust, clear, and
rain days at Hangzhou, a megacity of Yangtze River Delta (YRD), which is one of the largest modern megacity-clusters in
China. This study characterized Fe content and solubility under haze, fog, dust, clear, and rain weather conditions, and

discussed the impacts of primary sources and atmospheric acidification processes on Fe solubility.

2 Methodology
2.1 Sampling Site

The sampling site was located in the Zijingang Campus of Zhejiang University in Hangzhou (120°12" E, 30°16' N), a
megacity in the YRD, China (Fig. S1). Industrial emissions are relatively low in Hangzhou comparison to other megacities
in China, but traffic emissions are serious (Xu et al., 2020). In addition, pollutants emitted in surrounding regions and
northern China can be transported to Hangzhou city (Liu et al., 2021b).

2.2 Sample collection

PM_s aerosol and individual particle samples were collected under haze, fog, dust, clear, and rain weather conditions
between November 2018 and January 2020. Details on the sampling periods were shown in Table S1. The definitions of
haze, fog, dust, clear, and rain weather conditions were shown in Table S2. When the duration of haze, fog or dust exceeded
70% of the collection time of a sample, the sample was classified as a haze, fog, or dust sample. Totally, there were 34 haze

samples, 17 fog samples, 12 dust samples, 37 clear samples, and 9 rain samples in this study.

One TH-16A Intelligent sampler (Wuhan Tianhong Corporation, China) with a flow rate of 100 L min"* was used to collect
PM_5 samples on 90 mm diameter quartz filters for 11.5 h (daytime: 08:30-20:00; nighttime: 20:30-08:00 (next day)). The
sampler was installed on the rooftop of a four-story teaching building (approximately 20 m above the ground) on the
Zijingang campus of Zhejiang University. All quartz filters were firstly baked at 600 <C in a muffle furnace for 4 h to
remove contaminants. Then, these filters were conditioned in a room with temperature of 20 £1 <C and RH of 50 £2%.
After 24 h, these filters were weighed using a Sartorius analytical balance (detection limit 0.001 mg). After sample collection,
the loaded filters were similarly conditioned and weighed in order to determine PM2s mass concentrations. Daytime and
nighttime blank samples were collected by the same method with real samples, but without operating the sampler. The

collected filters were preserved in a freezer at -4 <C until further analysis.
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Individual particle samples were collected four times at 8:00, 12:00, 18:00 and 0:00 in sampling days except rain days. The
sampler is a single-stage cascade impactor with a 0.5 mm diameter jet nozzle and a flow of 1.0 L mint. The samples were
collected on copper grids coated with carbon film. According to weather and visibility, the sampling duration spanned 30 s
to 8 min. The collection efficiency is 50% for particles with an acrodynamic diameter of 0.1 um and a density of 2 g cm™.
After sampling, the grids were placed in a dry plastic tube and stored in a desiccator at 25 <C and 20 £3% RH to minimize

exposure to ambient air.

2.3 Elemental analysis

Element concentrations were determined by Energy Dispersive X-Ray Fluorescence (EDXRF) spectrometer (Epsilon 4,
PANalytical). In this method, element concentrations on a given elemental map were measured. The measured values firstly
divided by the elemental map area, then multiplied by the total sample area to obtain element concentrations of the sample.
Because quartz filter contains a large amount of silicon (Si), Si measured by EDXRF is not used in this study. Elements
including Na, Mg, Al, P, S, Cl, K, Ca, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, Ga, As, Se, Sr, Ba, and Pb were measured. The
National Institute of Standards and Technology (NIST) standard was used as reference material for standardizing the
instrument. The analysis values of NIST standard were given in Table S3, showing that the relative errors between measured
and standard value for the standard samples were less than 10%. The average element concentrations of field blank samples
(n = 4) were well below those of the samples (Table S3), indicating that no significant contribution of blank subtraction to
the observed concentrations. The elemental concentrations used in this study were corrected by subtracting the filter blank

values.

2.4 Sample preparation and analysis of dissolved Fe

Chemical analysis of dissolved Fe was conducted using the ferrozine technique described by Viollier et al. (2000). Sample
extraction and analysis were on the basis of Majestic et al. (2006) and Oakes et al. (2012). We conducted analysis as follows:
(1) Half of the sample filters were placed in clean tubes with 20 mL ammonium acetate (0.5 mM, pH = 4.3). Then, the tubes
were placed in an ultrasonic bath for 60 min. The extractions were filtered through a 0.22 pm PTFE syringe filter to remove
undissolved particles. (2) The concentrated HCI was immediately added to the filtrate to adjust pH equal to about 1, and then
the filtrate was store in the refrigerator. (3) Before the storage solution start to analyze, a solution of 0.01 M ascorbic acid
was added to the filtrate to reduce Fe(lll) to Fe(ll), and held for 30 minutes to ensure complete Fe reduction. (4) 0.01 M
ferrozine solution was added to the filtrate. (5) Ammonium acetate buffer (pH = 9.5) was added to the filtrate, making pH
between 4 and 9. Light absorption of the mixture was immediately measured by Ultraviolet-visible Spectrophotometer at 562
nm (max light absorption of Fe(ll)-Ferrozine complex) and 700 nm (background measurement) to yield dissolved Fe
measurement. SigmaUltra-grade ammonium Fe(ll) sulfate was used for Fe(ll) standards. The concentration of Fe(ll)
obtained from the standard curve was the concentration of dissolved Fe. The detection limit of the method for Fe(ll) was

0.11 ng m*®, calculated as three times the standard deviation of filter blank values (n = 9). The concentrations of Fe(ll) in the
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field blanks were all below the detection limit, and the data reported in this study were corrected by subtracting the filter

blank values.

2.5 Individual particle analysis

Individual particle samples were analyzed with a JEOL JEM-2100 transmission electron microscope (TEM) operated at 200
kV. Elemental composition was semi-quantitatively determined by an energy-dispersive X-ray spectrometer (EDS) that can
detect elements heavier than carbon (C). Copper (Cu) was excluded from the analyses, because the TEM grids are made of
Cu. The relative percentages of the elements were estimated based on the EDS spectra acquired through the INCA software
(Oxford Instruments, Oxfordshire, UK). The distribution of aerosol particles on TEM grids was not homogeneous: coarser
particles occur near the center and finer particles are on the periphery. Therefore, to be more representative, four areas were
chosen from the center to periphery of the sampling spot on each grid. The projected areas of individual particles were
determined using iTEM software (Olympus Soft Imaging Solutions GmbH, Germany), the standard image analysis platform

for electron microscopy.

2.6 Water-soluble inorganic ions, organic carbon, and elemental carbon

The concentrations of water-soluble inorganic ions including Na*, NH4*, K*, Mg?*, Ca?*, F-, CI, NO3, and SO4> were
obtained by an ion chromatograph (Dionex ICS 600, ThermoFisher Scientific). Detailed descriptions about filter extraction
and analysis were given in Zhu et al. (2015). Organic carbon (OC) and elemental carbon (EC) were analyzed by a Sunset

Laboratory carbon analyzer with the thermal-optical transmittance method.

2.7 Aerosol acidity and liquid water content

A thermodynamic equilibrium model (E-AIM model-11) (Clegg et al., 1998) was used to calculate aerosol acidity (in situ

acidity) and liquid water content, available at http://www.aim.env.uea.ac.uk/aim/aim.php. The input data include temperature,

relative humidity, and the concentrations of NH4*, SO4*>7, NOs~, and H*. It was assumed that the concentration of H* = 2 x
[50427] + [NO37] — [NH4"].

2.8 Positive matrix factorisation (PMF)

The USEPA PMF 5.0 model was used to identify sources of dissolved Fe. A detailed description about PMF 5.0 was given
in the user manual (USEPA, 2014). Two input files are required to initiate the model: one containing concentration values

and one containing uncertainty values for each species. Uncertainty was determined as follows (Polissar et al., 1998):
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If Ci < MDL, Unc 5 x MDL,;

If Ci > MDL, Unc \/(Error Fraction x concentration)? + (0.5 x MDL)?;

where C; is the concentration value; MDL is the method detection limit; Unc is the uncertainty. The principals of PMF
running and species choice have been described in the PMF 5.0 User Manual and our previous study (Zhu et al., 2017). In
this study, 100 samples were used to run PMF model. PM,s, OC, EC, SO4%, NOs, NH4*, Mg, Al, K, Ca, Ti, Cr, Mn, Co, Ni,
Cu, Zn, As, Se, Sr, Ba, Pb, dissolved Fe, and undissolved Fe (= total Fe - dissolved Fe) were used for PMF analysis and six
factors were resolved as the optimal solution, the selection of which is described in Supplemental Information in details.
Dissolved Fe was set as total variable, and PM2 5 was set as weak variable. The changes in Q values can provide insight into
the rotation of factors. The Qrobust (2392.94) was close to Qe (2474.51), suggesting PMF results can reasonably explain
potential sources of dissolved Fe. Since the number of samples should be 3 times higher than the number of species used in
PMF, accurate PMF results could be obtained, so we used the sum of all samples in haze, fog, dust, and clear weather

conditions to run PMF model.

3 Results and Discussion
3.1 Pollution levels

The average PM_s concentration was the highest at 98.3 + 20.6 ug m™ in haze days, followed by 59.3 + 11.1 pg m™ in dust
days, 57.5 + 26.9 pg m® in fog days, 33.6 £ 14.5 ug m in clear days, and 31.4 + 8.1 pug m™ in rain days (Fig. S2). About
100%, 29%, and 8% of PM,s concentrations in haze, fog, and dust days were higher than the Grade II national PM2s
standard of 75 ng m™ (24 h average standard, GB 3095-2012, China), respectively. However, all of PM_s concentrations in
clear and rain days were lower than the PMs Grade II standard. PM.s concentrations differed significantly according to

weather conditions (p < 0.01, independent sample T test, Table S4).

The concentrations of SO,, NO», all detected inorganic ions and elements also differed significantly according to weather
conditions (Table S4). The concentration order of SO, or NO- in different weather conditions was haze > fog > dust >
clear > rain days (Fig. S2). However, the concentration orders of all detected inorganic ions and elements were fog > haze >
dust > rain > clear days and dust > clear > fog > haze > rain days, respectively. Detailed descriptions of SOz, NO,, all

detected inorganic ions and elements were given in Supplemental Information.

3.2 Fe content and solubility

The average concentrations of total Fe and dissolved Fe were 777.6 £295.1 and 37.0 £18.4 ng m3 in haze days, 929.7 +

412.7 and 59.1 +38.2 ng m? in fog days, 2945.9 +735.1 and 57.4 £12.4 ng m= in dust days, 639.6 £195.7 and 12.8 +8.9

ng m3 in clear days, 652.5 £306.5 and 5.4 4.3 ng m in rain days (Figure 1a and 1b). Total Fe concentrations differed
6
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significantly according to weather conditions (p < 0.01 or 0.05, independent sample T test, Table S4), except between haze
and clear days (p > 0.1), and between fog and clear days (p > 0.5). Dissolved Fe concentrations differed significantly
according to weather conditions (p < 0.01 or 0.05). The contributions of total and dissolved Fe concentrations to PM;s
concentration are shown in Table 1. The contribution of total Fe to PM5 was the largest in dust days (5.2%), followed by
rain (2.8%), clear (2.2%), fog (2.0%), and haze (0.8%) days. However, the contribution of dissolved Fe to PM.s was the
highest in fog days (0.12%), followed by dust (0.10%), haze (0.04%), clear (0.04%), and rain (0.02%) days.

Fe solubility in aerosols was calculated as dissolved /total Fe concentration =< 100%. The average Fe solubility was the
largest in fog days (6.7 £3.0%), which was about 1.4, 3.2, 3.5, and 7.4 times higher than that in haze days (4.8 +1.9%), dust
days (2.1 +0.7%), clear days (1.9 *=1.0%), and rain days (0.9 *=0.5%) (Fig. 1c). Although the concentration of total Fe in
dust days was the highest, Fe solubility was lower than that in fog and haze days. Fe solubility was extremely low in rain
days, likely due to the removal of aged aerosols by wet deposition. Fe solubility differed significantly according to weather
conditions (p < 0.01 or 0.05).

3.3 Factors influencing Fe solubility

3.3.1 Sources of dissolved Fe and total Fe

In order to identify sources of dissolved Fe and total Fe, a PMF model was used to apportion their sources. PMF was run for
5 (Fig. S3), 6 (Fig. 2), and 7 (Fig. S4) factors for the evaluation of factor profiles. In Figure S3, factor 1 of the 5-factor
solution is represented by high contributions of secondary inorganic ions (S04, NOz, NH4*), as well as other species from
primary emissions such as Cr, Mn, Co, Cu, Sr, Ba, indicating an unresolved mixing factor. In Figure S4, factor 4 of the 7-
factor solution only contains relatively high contribution of EC and As, and this factor contributes insignificantly to either
PM_5 or dissolved Fe, possibly suggesting a split of meaningful factor such as coal combustion or industrial emissions.
Hence, 6 factors were selected as the final solution. The selection of the optimal solution in PMF analysis was also based on
the following evaluation criteria: a good correlation coefficient (r?) between the observed and predicted concentrations of
fitting species, which were mostly in the range of 0.70 ~ 0.99 in this work; bootstrapping on the 6-factor solution showed
stable results with more than 95 out of 100 bootstrap mapped factors; factor chemical profiles between the base and the

constrained runs showed no significant difference (p > 0.05).

.. As shown in Figure 2, factor 1 was identified as dust, with relatively high loads of insoluble Fe, K, Ca, and Ti (Marsden et
al., 2019). Factor 2 was identified as a source of combustion considering its high loading of EC (Hou et al., 2012). With no
contribution of SO4* and less contribution of K and dust elements (such as Ca, Ti), factor 2 was not associated with coal and
biomass burning, but associated with traffic emissions (such as petroleum and diesel combustion) (Du et al., 2018; Hao et al.,
2019). Small contributions of traffic-related elements (such as Zn, Cu) suggested factor 2 represented non-exhaust traffic

emissions (Lin et al., 2015). Factor 3 was represented by high loads of SO,*, NO3  and NH,*, suggesting secondary sources
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(Pakkanen et al., 2001; Yao et al., 2016). Factor 4 implied coal combustion, because it had high loads of SO4> and As (Cui et
al., 2019; Vedantham et al., 2014). Factor 5 was characterized by high loads of Cr, Co, Ni, Cu, Sr, Ba, and Pb, indicating
industrial emissions (Cai et al., 2017; Chang et al., 2018; Liu et al., 2019; Rai et al., 2020). High loads of Co and Ni, low
load of EC and no OC indicated heavy oil refinery processes (Zhang et al., 2007; Rao et al., 2012; Guo et al., 2016; Yeletsky
et al., 2020). Similar to factor 5, factor 6 was also observed with high loads of Cr, Cu, Pb, but it also had high contributions
of Mn, Zn, and Se. Since factors 5 and 6 were not correlated in both time series and concentrations (Fig. S5 and S6), they
represented two different industrial emissions. Mn, Zn, and Pb are representative elements for steel industry sources (Okuda

et al., 2004; Chang et al., 2018), thus factor 6 was associated with steel industry emissions.

As shown in Figure 3, traffic emissions contributed 10.6%, 5.8%, 18.9%, and 13.8% to dissolved Fe, and 12.7%, 7.4%, 8.1%,
and 17.9% to total Fe in haze, fog, dust, and clear days, respectively. Although Fe solubility is as high as 51% in diesel
exhaust and 75% in gasoline exhaust (Oakes et al., 2012), total Fe content from engine exhaust particles is extremely low. It
is more than likely that Fe from the traffic emission is associated with non-exhaust particles, which should have relatively
low Fe solubility. Since traffic emissions are urban sources, which are closer to the sampling site, there are less time for them

to be chemically processed in the atmosphere. This may explain why their contribution to dissolved Fe is relatively low.

Figure 3 also shows that although industrial emissions (factor 5&6 or industrial emissions 1 + industrial emissions 2)
contributed less than 20% to PM;s in haze, fog, dust, and clear days, they were the largest contributor to dissolved Fe in haze
(65.4%), fog (72.4%), dust (44.5%), and clear (62.5%) days, and they also were the largest contributor to total Fe in haze
(44.2%), fog (55.0%), and clear (39.1%) days except dust days. Industrial emissions 1 (factor 5) contributed similarly to
dissolved Fe regardless of weather conditions (38.9% to 43.6%, except for dusty days), while it only contributed 11.6% to
13.9% to total Fe (except dusty days). Heavy oil combustion related aerosols have the highest Fe solubility (up to 78%) from
all major Fe aerosol sources (Schroth et al., 2009; Ito et al., 2021). This may explain the much larger contribution of
industrial emissions 1 to dissolved Fe than total Fe. As far as we know, there is no published data on Fe solubility in
particulate matter from metal industrial emissions. Considering the dominance of iron and steel plants in total Fe emissions
(Rathod et al., 2020) and the low Fe solubility in smelter ash from a steel plant (Li et al., 2017), it is difficult to understand
why industrial emissions 2 (factor 6) contributes so much to dissolved Fe. Furthermore, PMF results indicated that secondary
sources were the largest contributor to PM2s in haze (66.2%), fog (72.3%), and clear (31.2%) days except dust days.
However, the contribution of secondary sources to dissolved Fe was relatively low: 16.1% in haze days, 16.5% in fog days,

3.1% in dust days, and 5.4% in clear days.

The likely reason for the high contribution of industrial emissions 2 and the relatively low contribution of secondary sources

to dissolved Fe is that PMF is unable to completely separate secondary sources of dissolved Fe (i.e., dissolved from insoluble
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Fe due to atmospheric processing) from primary sources. This means that some of dissolved Fe due to atmospheric
processing may still be assigned to its primary factors if there is a strong co-variation between dissolved Fe and primary
tracers. This suggests that the contribution of secondary sources to dissolved Fe is likely higher than that indicated by the
PMF. It should also be noted that industrial emissions are outside the city and thus particles from these sources undergo
long-range transport before reaching the sampling site. This provides more time for chemical processing in the atmosphere,
leading to Fe solubilisation. In the following, we further investigated the mixing of acidic species and Fe aerosols to provide

further evidences for the Fe solubilisation from primary insoluble Fe aerosols.

3.3.2 Atmospheric acidification processing

A number of studies have considered atmospheric acidification processing as a key factor influencing Fe solubility, in
addition to direct emission of dissolved Fe from primary sources (Ito and Shi, 2016; Li et al., 2017; Zhang et al., 2019a; Shi
et al., 2020; Zhu et al., 2020; Liu et al., 2021a). As mentioned above, a proportion of dissolved Fe was associated with a
PMF factor identified as secondary sources during haze, fog, dust, and clear days, suggesting a contribution from
atmospheric processing. To further support this result, a total of 688, 404, 580, and 311 individual particles in haze, fog, dust,
and clear days were analyzed by TEM/EDS, respectively. In rain days, individual particle samples were not collected. TEM
analysis showed two types of Fe-containing particles: Fe-rich and S-Fe particles. Figure 4 shows that Fe-rich particles
usually contain aggregates of multiple spherical Fe particles. TEM/EDS also detected minor Fe besides major elements (S, C,
and O) in acidic secondary aerosols, and named as S-Fe particles (Fig. 4). This is similar to that reported by Li et al. (2017)
who confirmed that such Fe was presented as Fe sulfate from nano-scale secondary ion mass spectrometry (NanoSIMS)
observations, indicative of acid dissolution. It should be noted that individual secondary sulfate particle in urban air normally
contain nitrate, which has been confirmed in single particle mass spectrometry studies (Whiteaker et al., 2002; Li et al.,
2016).

We further calculated the number contribution of S-Fe particles to Fe-containing particles: 76.3% in haze days, 87.1% in fog
days, 78.3% in dust days, and 81.8% in clear days. The result suggested that Fe particles were mostly internally mixed with
acidic secondary aerosol species. To further investigate the impact of aerosol acidification on Fe solubility, the correlation of
aerosol acidity/total Fe with Fe solubility was calculated. Aerosol acidity was estimated by E-AIM model. As shown in
Figure 5, aerosol acidity/total Fe and Fe solubility all show a good correlation in fog (r = 0.85, p < 0.01), haze (r = 0.56, p <
0.01), dust (r = 0.51, p < 0.05), and clear (r = 0.53, p < 0.01) days. These results further supported the above argument that
the solubilisation of Fe aerosols by acids. In addition, Figure 6 shows that acidic secondary aerosol species (e.g., sulfate and
nitrate) increase the size of Fe particles by about 3.6, 2.4, 4.7, and 1.9 times under haze, fog, dust, and clear days,

respectively.
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On the other hand, particles with wet surface can easily take up acidic gases (such as SO,, NO,) to produce acidic salts (such
as sulfate, nitrate), which can promote Fe dissolution (Wang et al., 2019; Li et al., 2017, 2021). Under fog condition, RH
was higher than 90%, which was much higher than the threshold (60%) of the particle surface changed to wet or liquid state
(Sun et al., 2018; Liu et al., 2017). In haze and clear days, RH ranged from 35%-79% and 47%-78%, respectively. When
RH > 60%, average aerosol acidity/total Fe was 2.3 umol pmol™? and 2.1 umol umol™*in haze and clear days, respectively,
which were similar with that in fog days (2.4 umol pmol™?). However, Fe solubility in haze and clear days at 5.7% and 2.6%
were lower than 6.7% in fog days. This could be due to the low RH in haze and clear days, which led to lower water content
on the particles relative to fog days. The low water content in the aerosol particles may have limited the uptake and oxidation
of acidic gases. When RH < 60%, Fe solubility in haze and clear days was lower than 3.9% and 2.3%, respectively, even
when aerosol acidity/total Fe was high. In dust days, RH only ranged from 22%-48%, and Fe solubility was less than 2.9%.
Furthermore, E-AIM model was also employed to estimate liquid water content. Lower correlation between Fe solubility and
liquid water content in haze (r = 0.74, p < 0.01) and clear (r = 0.65, p < 0.01) days than that in fog days (r = 0.79, p < 0.01)
further supported these results (Fig. 7).

4 Summary and atmospheric implications

The average Fe solubility was the largest in fog days (6.7 £3.0%), which was about 1.4 times higher than that in haze days
(4.8 £1.9%), 3.2 times higher than that in dust days (2.1 +0.7%), 3.5 times higher than that in clear days (1.9 +1.0%), and
7.4 times higher than that in rain days (0.9 £0.5%). Although small in dust (3.1%) and clear (5.4%) days, secondary sources
significantly contributed to dissolved Fe in haze (16.1%) and fog (16.5%) days. Individual particle analysis further showed
that about 76.3%, 87.1%, 78.3%, and 81.8% of Fe-containing particles were internally mixed with acidic secondary aerosol
particles under haze, fog, dust, and clear conditions, respectively. Our study indicated that wet surface of aerosol particles
(when RH > 60%) may facilitate the update of acidic species and thereby promote Fe dissolution and increase Fe solubility.
Higher RH in fog days (> 90%) compared with haze (35%~79%), dust (22%-48%), and clear (47%-78%) days resulted in

more effective aerosol acidification and higher Fe solubility.

Mabher et al. (2016) and Lu et al. (2020) reported that when atmospheric FesOs particle with size < 200 nm can access the
brain directly via transport through the neuronal axons of the olfactory or trigeminal nerves. In this study, the peak size of
Fe-rich particles was 175 nm, 200 nm, 225 nm, and 175 nm in haze, fog, dust, and clear days, respectively. Therefore, Fe

aerosols, regardless of the weather conditions, have a potential hazard to human health in densely populated megacities.

Fe-containing particles from the continent can be transported and further deposited to the ocean (Winton et al., 2015;
Yoshida et al., 2018; Conway et al., 2019). Li et al. (2017) found large amounts of anthropogenic fine Fe-containing

particles in the East China Sea. In this study, the prevailing winds during the sampling period dominated by the west or
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northwest winds under haze, fog, and dust conditions, suggesting that Fe-containing particles were likely transported into the
ocean. In the future, biogeochemical cycle model should consider Fe-containing particles from upwind continental areas of

ocean.
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Table 1. Percentage contributions of total and dissolved Fe concentrations to PM2s concentration under haze, fog, dust, clear, and
rain conditions. The maximum and minimum values are in brackets.

Haze Fog Dust Clear Rain
Total Fe/PM2s 0804 20x14 5219 2.2+0.9 2.8+1.6
(0.4-2.2) (0.8-5.9) (33-10.7)  (0.8-4.4) (1.1-6.3)
Dissolved Fe/PM,s  0.04 +0.03 0.12+0.09  0.10+0.02  0.04 +0.03 0.02 +0.01
(0.00-0.07) (0.03-0.38)  (0.07-0.13)  (0.01-0.19) (0.00-0.05)
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Figure 1. The box and whisker plot of the concentrations of total Fe (a) and dissolved Fe (b) as well as Fe solubility (c) under haze,
570 fog, dust, clear, and rain conditions. The solid circles above and below the box show the maximum and minimum values,
respectively.
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605

Figure 6. Size distributions of Fe-rich (blue line) and S-Fe (green line) particles under haze (a), fog (b), dust (c), and clear (d) days.
Size of S-Fe particles represents the dry state of individual particles on the substrate. The distribution pattern is normalized.
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Figure 7. Correlations between Fe solubility and liquid water content in haze (a), fog (b), dust (c), and clear (d) days.
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