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The major iron-bearing class is the aluminosilicate dust during DSE.
The Fe-bearing aerosols are dominated by coal ﬂy ash during NDS.
Source-dependent composition of aerosol is a primary determinant for %Fes.
%FeS is controlled by both biomass burning and oil ash from ship emission.
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a b s t r a c t
In terms of understanding Fe mobilization from aerosol particles in East China, the PM2.5 particles were collected
in spring at Shanghai. Combined with the backtrajectory analysis, the PM2.5/PM10 and Ca/Al ratios, a serious duststorm episode (DSE) during the sampling was identiﬁed. The single-particle analysis showed that the major ironbearing class is the aluminosilicate dust during DSE, while the Fe-bearing aerosols are dominated by coal ﬂy ash,
followed by a minority of iron oxides during the non-dust storm days (NDS). Chemical analyses of samples
showed that the fractional Fe solubility (%FeS) is much higher during NDS than that during DSE, and a strong
inverse relationship of R2 = 0.967 between %FeS and total atmospheric iron loading were found, suggested
that total Fe (FeT) is not controlling soluble Fe (FeS) during the sampling. Furthermore, no relationship between
FeS and any of acidic species was established, suggesting that acidic process on aerosol surfaces are not involved
in the trend of iron solubility. It was thus proposed that the source-dependent composition of aerosol particles is
a primary determinant for %FeS. Specially, the Al/Fe ratio is poorly correlated (R2 = 0.113) with %FeS, while the
2
2
apparent relationship between %FeS and the calculated K+
BB/Fe ratio (R = 0.888) and the V/Fe ratio (R =
0.736) were observed, reﬂecting that %FeS could be controlled by both biomass burning and oil ash from ship
emission, rather than mineral particles and coal ﬂy ash, although the latter two are the main contributors to
the atmospheric Fe loading during the sampling. Such information can be useful improving our understanding
on iron solubility on East China, which may further correlate with iron bioavailability to the ocean, as well as
human health effects associated with exposure to ﬁne Fe-rich particles in densely populated metropolis in China.
© 2014 Elsevier B.V. All rights reserved.

1. Introduction
Iron is ubiquitous in the environment and plays a central role in
many biological and chemical processes (Martin, 1990; Boyd and
Ellwood, 2010). Iron is an important micronutrient, and its availability
is critical in regulating primary productivity over the ocean. The supply
of bioavailable Fe from atmospheric deposition can modulate CO2
sequestration and thus inﬂuence the global carbon cycle and climate
(Martin, 1990; Mahowald et al., 2009). It is generally believed that
the soluble fraction of Fe is mainly considered as bioavailable for
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phytoplankton (Chuang et al., 2005; Guieu et al., 2005). Given its
abundance in the atmosphere, the health effects of iron have been investigated (Kim et al., 2010). Soluble iron in ﬁne atmospheric particles has been identiﬁed as a public health concern by participating
in reactions that generate reactive oxygen species (ROS) (Kim
et al., 2010; Pattanaik et al., 2012). The amount of iron mobilized
from particles has also been shown to correlate with measures of
ROS generation (Kim et al., 2010; Pattanaik et al., 2012). Understanding iron mobilization from aerosol particles is important in achieving
insight into the processes by which aerosol particles contribute to
both phytoplankton productivity and health impacts (Oakes et al.,
2012a).
A growing body of knowledge has emerged on various control factors that impact iron aerosols solubility (Bonnet and Guieu, 2004;

378

H.B. Fu et al. / Science of the Total Environment 481 (2014) 377–391

Paris et al., 2011; Shi et al., 2009; Li et al., 2012). Several studies have
suggested that most of the soluble iron is linked to chemical processing
of aerosol during transport and aging in the atmosphere. This “chemical
processing” is generally thought to involve the reduction of Fe(III) to
Fe(II), mediated by the presence of acidic species, sunlight, and
cloudwater condensation and evaporation (Key et al., 2008; Okada
et al., 2006; Paris et al., 2011; Shi et al., 2009; Cwiertny et al., 2008;
Li et al., 2012). On the other hand, the investigations conducted by
Baker and Jickells (2006a) hypothesized that iron mobilization
from aerosol particles is rather controlled by particle size than by
chemical processes during their atmospheric transport. Ooki et al.
(2009) reported a higher Fe solubility in ﬁner aerosol collected in
northern Japan during a dust event. In contrast, Buck et al. (2010)
did not ﬁnd an increasing trend in Fe solubility with the size of aerosol over the northwest Paciﬁc Ocean. Shi et al. (2011) further pointed
out that particle size alone cannot explain the increase in fractional
iron solubility observed, suggesting that other processes may play a
more dominant role or work synergistically with particle size to promote fractional iron solubility.
Several recent studies have emphasized that aerosol mineralogy, especially iron chemical from in aerosols, could be a critical factor for Fe
mobilizing (Cwiertny et al., 2008; Fu et al., 2012a; Oakes et al., 2012b).
Journet et al. (2008) supposed that iron solubility can be linked to the
chemical speciﬁcity of the bonds in which iron is coordinated in the different minerals. Schroth et al. (2009) have documented very high solubility of iron in oil ﬂy ashes, in which iron speciation is mainly as ferric
salts. Fu et al. (2012a) reported that the biomass burning particles
yielded much higher fractions of Fe solubility relative to mineral particles because such particles hosted more labile Fe forms. Several lines
of evidence from ﬁeld measurements on the North Atlantic, India
Ocean and East Asia supported the hypothesis that combustionderived aerosols could be a signiﬁcant source of soluble Fe (Chuang
et al., 2005; Guieu et al., 2005; Trapp et al., 2010; Sholkovit et al.,
2009; Sedwick et al., 2007; Kumar et al., 2010). A modeling study by
Luo et al. (2008) estimated that iron particles from combustion can represent more than 50% of the total iron deposited in areas near combustion sources. Also, Fe mobilization is closely correlated with other
components within the aerosols. Oakes et al. (2012a) proposed that sulfate content of iron-containing particles is an important proxy for iron
solubility.
Combined ﬁeld measurements and modeling for East China, typically indicated that coal combustion, industry, biomass burning, and
vehicles represent the most important sources of aerosols (Moffet
et al., 2012). Shanghai is the biggest city in China, and located in the
eastern coast of China. In the springtime, large scale dust storms
frequently occur in the western China and a large amount of dusts can
be transported long distances over Shanghai (Huang et al., 2012a,
2012b). Also, biomass burning becomes increasingly important due to
intensive agricultural activities in spring (Wang et al., 2009). The dusts
passing through the highly populated and industrialized regions in eastern megacities of China have ample opportunity to be subject to inﬂuence of pollutants, which may enhance iron mobilization from dust
particles, assuming that anthropogenic emission of SO2 and NOx has
some effects in Fe dissolution from mineral dust (Solmon et al., 2009;
Li et al., 2012).
Giving the complexity of aerosol-phase iron chemistry and the
limited ﬁeld data, more work should be done to reﬁne the assessment of the solubility and source of iron in this region. We focused
this study on Shanghai due to the coexistence of dust and pollution,
which could be transported over the north Paciﬁc region, identiﬁed
as one of two main high-nutrient low-chlorophyll (HNLC) regions
of the globe (Mahowald et al., 2009). In this paper, we reported estimates of aerosol iron solubility based on samples collected in Shanghai. Additional measurements by electron microscopes provided
information regarding the chemical and physical characteristics of
the single particles. These data represent valuable information for

elucidation of the source and origin of Fe-containing particles, as
well as their solubility. Analysis of single iron-bearing particles combined with bulk iron solubility measurements in a variety of aerosol
particles will provide unique insight to factors corresponding to iron
solubility. To our knowledge, reports on identifying sources of Febearing aerosols, and observing the controlled factors on Fe solubility in East China were infrequent.
2. Experimental section
2.1. Sampling
The sampling site (31.406°N, 121.285°E) is located on the rooftop of
a four-storey building of Shanghai Institute of Applied Physics in Jiading
district of Shanghai (Fig. S1), which is off ground about 18 m, and almost
no high buildings are around this sampling site. The sampling site is
about 28 km away to the northwest of downtown of Shanghai (The
People's Square) and is approximately 15 km inland from the East
China Sea. An incineration facility (Jiangqiao) with a capacity of 1500 t
d−1 is situated 10 km southeast. Baosteel factory and Jiangnan Shipyard
is 15 km and 25 km east of the site, respectively. Apart from the point
sources, vehicular trafﬁc may also have affected the measurements
made at the study site. There is a local busy road (Jialuo road) 300 m
south of the observation site, and a more heavily trafﬁcked road
(Liuxiang road) is about 350 m east of the site. The site can be treated
as representative suburb site inﬂuenced by mixture of residential, trafﬁc, agricultural, and industrial sources, but not dominated by one of
these.
Aerosol samples were collected during the period of 16th April 2011
to 16th May 2011. Two median-volume samplers (Model-2, Beijing
Geological Instrument Factory, China) were used to collect PM2.5 in parallel on both the D90 Quartz ﬁlter (Millipore, USA) and polycarbonate
membrane (0.2 μm, 90 mm, Millipore, USA). Every sample was integrated for a time-period ranging from 20 to 24 h to collect adequate aerosol
mass on the ﬁlters. The airﬂow rate of each sampler was calibrated and
controlled uniformly at 70 L min−1, and the volumes were recorded by
an airﬂow meter for quality assurance. PM2.5 masses were determined
by gravimetry. Before and after the sampling, the polycarbonate membranes were weighed on an analytical balance with a reading precision
of 10 μg (Mettler Toledo). The samples were balanced to achieve constant temperature and humidity for 24 h before weighing. All of
quartz-ﬁber ﬁlters were pre-baked at 450 °C for 6 h before sampling
to eliminate organic impurities. The relative temperature and humidity
in the weighing room were 20 ± 2 °C and 40 ± 1%, respectively. The ﬁlters were then stored in individual zip-lock bags and frozen for analysis.
In parallel with aerosols sampling, we estimated the contamination of
the method with the use of “blank ﬁlters”. All of the procedures were
strictly quality controlled to avoid any possible contamination of the
samples. Typically, some particle agglomeration was observed near
the center of the impaction region. Care was taken to analyze portions
of the substrate that were not overloaded with particles.
For the TEM, the sampler has a collection efﬁciency of 100% at 0.5 μm
aerodynamic diameter if the density of the particles is 2 g cm−3. More
information about the sampler can be found elsewhere (Fu et al.,
2012b). The grids contain ﬁber-like carbon substrates that minimize
particle overlap. Sampling periods ranged between 30 and 180 s, depending on particle loading. The collected samples were put in plastic
carriers, sealed, and stored in a desiccator to minimize exposure to ambient air and preserve it for further analysis.
Measurements of wind speed/direction, relative humidity, and
ambient temperature were automatically recorded by a Kestral
4000 Pocket Weather Tracker (Nielsen-Kellermann Inc., USA). The
trace gases of O 3 , NO x , SO 2 and PM 10 were friendly provided by
Shanghai Meteorological Bureau. O3 was measured by pulsed UV
ﬂuorescence (Thermo Fisher Scientiﬁc, Co., Ltd, Model 49i). NO x
was measured by a molybdenum NO 2 -to-NO converter using the
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Fig. 1. Time series of the concentrations of SO2, NOx, CO, O3, PM2.5 and PM10 during sampling. A typical dust episode from May 1th to May 4th marked as yellow background.

chemiluminescent reactions (Thermo Fisher Scientiﬁc, Co., Ltd,
Model 42i). SO2 was measured using a pulsed UV ﬂuorescence analyzer (Thermo Fisher Scientiﬁc, Co., Ltd, Model 43i). Backward air
mass trajectories were produced using the Hybrid Single-Particles
Lagrangian Integrated Trajectory (HYSPLIT4) model available at
the NOAA/ARL's (U.S. National Oceanic and Air Administration/Air
Resources Laboratory) web server driven by the Global Data Assimilation System (GDAS) global reanalysis dataset. The Final Run
(FNL) meteorological data were used for the trajectory calculation
(Draxler and Hess, 1998).
2.2. Sample analysis
All of the bottles and materials used for the ﬁlter extracts and
analyses had been previously cleaned and immersed for at least

1 week in a soap solution of 2% (v/v). They are subsequently immersed in 10% (v/v) HCl solution, rinsed with ultrapure water
(Milli-Q), dried in a clean air hood and stored in zip-lock bags until
used. All of the reagents used were of the analytic grade.
2.2.1. Ion analysis
One fourth of each sample and blank ﬁlter was extracted ultrasonically for 40 min by 5 mL water, which was deionized to resistivity of 18 Ω cm− 1. After passing through microporous membranes,
each ﬁltrate was stored at 4 °C in a clean tube for analysis. Eight in+
−
+
+
2+
, and Mg 2 + )
organic ions (SO 24 −, NO −
3 , Cl , NH 4 , Na , K , Ca
were analyzed by Ion Chromatography (IC, Dionex ICS 2000, USA),
which consists of a separation column (Dionex Ionpac AS18 for anions and CS12A for cations), a guard column (Dionex Ionpac AG11
for anion and AG12A for cation), a self-regenerating suppressed
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Fig. 2. Time series of the meteorological parameters including wind speed (m/s), wind direction, relatively humidity (%), dew point (°C), atmospheric pressure (hPa), temperature (°C) and
visibility(km) during the study period.
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Fig. 3. The 48 h backward air-mass trajectories ending at 200 m, 500 m and 1000 m at the sampling site from Apr. 15 to Apr. 24 (a), Apr. 25 to May 4 (b) and May 5 to May 15 (c), with the
pressure indicated by color-coded line.
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Fig. 3 (continued).
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Fig. 3 (continued).
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Fig. 4. Various types of Fe-bearing particles in the Shanghai atmosphere identiﬁed using TEM. The compositions were determined using energy dispersive X-ray spectrometry. The dotted
white circles indicate the positions of the electron beam for high-resolution TEM and/or SAED patterns. Elements of the detected parts of individual particles are in parentheses. Square
brackets indicate mass percent of iron. (a) The Al/Si-rich mineral particle with varied Fe content. The areas with high Fe amount appeared darker than the ones containing low Fe amounts.
This morphology was abundant in the dust storm; (b) the Ca-rich mineral particles with mineral Mg, Al and Si; (c) the mineral particle attached to a CaSO4 matrix (PDF: 030163), as
conﬁrmed by the inset SAED patterns and EDS data. High-resolution TEM image of soot in the insert shows the discontinuous onion-like structure of graphitic layers; (d) the aggregated
Fe-bearing aluminosilicate particles internally mixed with the K/S-rich particle and organic carbon; (e) the typical Fe-bearing aluminosilicate sphere, often denoted as “ﬂy ash”; (f) the
aggregated Fe/Cr-rich nanospheres was covered by a S-rich layer, which was damaged by the beam. EDS shows that such particles contain Fe, Cr, Ni, Si and O elements. The SAED pattern
conﬁrmed that the nanosphere was polycrystalline; (g) the Fe/Mn-rich nanocluster was hosted together with soot and ﬂy ashes by a larger S/K-rich particles. The matrix was beamsensitive and had been damaged by the beam; (h) the Fe-rich cluster with varied contents of O element from 0 to 27.6%, indicating that such particle could contain different Fe mineralogies; (i) the Fe oxide attached to a S/N-rich particle with Fe inclusions; (j) the iron oxide attached to the S-rich particles. As a result of diffraction contrast, the Fe-rich particle appears
darker than the material of their host particle; the S-rich particle was indexed by the inset FFT pattern as CaSO4 (k) the S-rich particles containing Fe inclusions showed highly bubble
surface which could be damaged by the beam; (l) a few of Fe-rich particles with irregular shapes hosted by a round Ca-rich particle. The iron content was varied in the different place
within the host; (m) the Fe-rich particle was internally mixed with the S-rich components; (n) the aggregated Fe-bearing particles hosted by a larger Ca/Mg-rich sphere. The iron content
within the particles changed greatly; (o) the rectangle Fe-rich crystal. The SAED pattern in the inset was indexed as Fe3O4 that has a spinel crystalline structure (PDF: 7650985); (p) the
shell-like particle with high Mg and O elements contained Fe inclusions.

conductivity detector (Dionex Ion-pac ED50), and a gradient pump
(Dionex Ionpac GP50). The gradient weak base eluent (76.2 mM
NaOH +H 2 O) was used for anion detection, while the weak acid

eluent (20 mM MSA) was used for cation detection. The relative
standard deviation of each ion was less than 5% for a reproducibility
test. The limits of detection (S/N = 3) were less than 0.04 mg L− 1
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Fig. 5. SEM images and EDS elemental maps of representative Fe-bearing particles. Panels (a) and (b) mineral dust particles and panels (c) and (d) ﬂy ash particles.

for anions and 0.006 mg L− 1 for cations. The quality assurance was
routinely carried out using Standard Reference Materials (GBW
08606) produced by the National Research Center for Certiﬁed Reference Materials, China. Bland values were subtracted from sample
determinations.
2.2.2. Element analysis
Particle-loaded ﬁlters, including the ﬁeld blank, were appropriately punched using a special round hand-punch made of high purity
molybdenum. Duplicate samples were taken from each loaded ﬁlters. The ﬁlter punches (17.1 mm in diameter) were then digested
at 170 °C for 4 h in high-pressure Teﬂon digestion vessel with 3 mL
of concentrated HNO3, 1 mL of concentrated HCl, and 1 mL of concentrated HF. After cooling to room temperature, the solutions were
dried and then diluted to 10 mL of high pure water (resistivity of
18 Ω cm− 1), and the digested solution was transferred to an acid-

cleaned polyethylene container, and stored in the freezer for an
Inductively Coupled Plasma-Mass Spectrometry (ICP-MS, X-7;
Thermo-elemental, USA). Before the total 20 elements (Al, Fe, Mn,
Mg, Mo, Ti, Sc, Na, Ba, Sr, Sb, Ca, Co, Ni, Cu, Ge, Pb, P, K, Zn, Cd, V,
S, and As) were measured by ICP-MS, Indium (In, CPI International,
S4400-1000241) was added as an internal standard to the
samples, and calibration curves were performed for each analytical
batch using standard certiﬁed solutions by CPI International (r2 =
0.9999). Reproducibility in the analytical data for the elements was
within 5% based on the repeat analysis of a number of samples and
standards. The concentrations of the elements were corrected
for procedural blanks, comprising of blank ﬁlters and analytical
reagents. Based on blank concentrations and average volume of air
ﬁltered, the detection limits for the measured elements were
ascertained. The recoveries of the elements were obtained with the
certiﬁed reference materials, ranging from 90.0 to 105.0%.
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2.2.3. OC/EC analysis
The concentrations of carbonaceous species, elemental carbon (EC)
and organic carbon (OC), were determined on EC-OC analyzer using a
thermal and optical carbon analyzer (DRI Model 2001A), following the
Interagency Monitoring of Protected Visual Environments (IMPROVE)
protocol (Cao et al., 2004; Chow et al., 2001). Firstly, in a nonoxidizing helium (He) atmosphere, a size of 0.518 cm2 sample ﬁlter
was put in a quartz boat inside the analyzer and progressively heated
to temperatures of 120°, 250°, 450°, and 550°, and gradually heated to
800 °C in an oxidizing atmosphere of 2% oxygen in helium. For quality
control, the analyzer was calibrated using the standard sucrose solutions every day. Duplicate punches from each sample were analyzed
to eliminate inﬂuence from the non-uniformity depositions on the ﬁlter.
Replicate analyses were performed with 10% of total samples, and the
differences indicated by replicate analyses were within 15% for OC and
10% for EC. Data reported here were all subtracted by the blanks.

2.2.4. TEM/SEM analysis
The morphology and chemistry of the particles were analyzed using
a JEOL JSM 6300 conventional scanning electron microscope (SEM),
equipped with an Oxford energy-dispersive X-ray spectrometer (EDS).
The ﬁlter paper loaded with particles was attached to a glass slide
using double-sided tape. The particles were allowed to freely fall on
conducting carbon tape on a Cu stub by tapping the glass slide, and
then were coated with gold. The SEM was operated at an accelerating
voltage of 20 kV with a beam current 40–100 nA.

The TEM grid samples were examined with a JEOL-2010F ﬁeld emission high-resolution transmission electron microscope (FE-HRTEM)
equipped with an Oxford EDS. The TEM was operated on an accelerating
voltage of 200 kV. EDS were recorded in TEM image mode and then
quantiﬁed using ES Vision software that uses the thin-foil method to
convert X-ray counts of each element into atomic or weight percentages. EDS were collected for 30 s in order to minimize radiation exposure and potential beam damage. Electron diffraction patterns of the
crystalline phases were recorded in SAED. EDX, SAED and HRTEM were
conducted on some of the representative particles. EDS spectra provided information on chemical compositions, while SAED and HRTEM were
used to examine the structure of crystalline particles. Despite possible
changes in morphology, and except for volatile species, the compositions of the particles measured herein should reﬂect their original compositions before collection.
2.2.5. Iron solubility measurements
The aerosol-laden ﬁlters were digested, and total iron concentration
(FeT) was determined by ICP-MS. Solubility iron of the aerosol particles
was determined based on the previous research (Chuang et al., 2005).
The ﬁlters were cut into approximately 5 cm2 pieces. The ﬁlter pieces
were placed into separate plastic centrifuge tubes and 10 mL of MilliQ water added. The plastic rack containing the tubes was doublebagged in plastic and placed in a shaker bath for 8 h at 25 °C. Sample
extracts were ﬁltered using 0.2 μm pore-size polypropylene ﬁlters. The
ﬁltrate was collected in a polypropylene and analyzed for ICP. The iron
in this leachate solution was deﬁned as ‘soluble’ aerosol iron, from
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which a corresponding soluble aerosol iron concentration (Fes, in ng m3
air) was calculated using the total volume of air ﬁltered. The percent
operational solubility of aerosol iron (%Fes) was then calculated using
the corresponding total aerosol iron concentration (Fe T ) as
follows: %Fe s = 100 × (Fe s /Fe T ). The Fe solubility here is deﬁned
as the percentage of Fe released in the solution after 8 h. It is
noted that operationally deﬁned measurements of aerosol iron
solubility are expected to provide information on the relative solubility, rather than the effective solubility, of aerosol iron in the
Shanghai atmosphere. Nonetheless, such measurements may
yield important qualitative information concerning the factors
that control the effective solubility of aerosol iron.

3. Results and discussion
3.1. Meteorological data and backtrajectory
During the sampling (except the period of 1–4 May), particle concentrations generally stayed at low levels with several small peaks occurring occasionally, as shown in Fig. 1. The mean concentrations of
PM2.5 and PM10 during this period were 73.1 ± 33.7 and 133.0 ±
157.4 μg m− 3, respectively. However, a high pollution episode happened from 1 May, particle concentrations sharply climbed up with
hourly peaks of over 140 μg m−3. Heavy pollution lasted till 4 May.
The daily PM10 average concentration and the highest concentration
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Fig. 9. Concentrations of biomass burning derived K+ in the PM2.5 samples collected at the Shanghai City. Biomass burning-derived potassium can be calculated by K+
BB = KT − KD − KS .
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were 449 and 699 μg · m− 3 on 3 May, respectively, nearly 3 times
higher than Grade (II) of National Ambient Air Quality Standards
(NAAQS) in China (150 μg · m−3). Afterwards, particle concentrations,
especially PM10, started to decrease quickly. During this period, PM2.5
and PM10 averaged 125.9 and 435.6 μg m−3, respectively. Compared
to the previous period, PM2.5 increased about 1 fold while PM10 increased almost 4 folds. And the ratio of PM2.5/PM10 reached the lowest
value of 0.19 over the whole study period, indicating the characteristic
of coarse particle pollution. Al is a good trace element for mineral aerosol and its abundance could be used to quantify the intensity of the
mineral source (Fu et al., 2010a, 2010b). Corresponding to the high pollution on 1–4 May, Al also presented very consistently high peaks and
temporal variation with that of PM10, and the average Al during the pollution episode reached 5.7 μg m−3.
Fig. 2 shows the hourly surface meteorological parameters, including
wind speed, wind direction, relatively humidity, dew point and atmospheric pressure. Surface meteorology showed a dominant northwest
wind and air backward trajectories starting at three altitudes of 200,
500 and 1000 m, most of which ﬂowed from Northern China and passed
over the Gobi Desert in Mongolia and Inner-Mongolia during 1–4 May
(shown in Fig. 3b). The air masses at 500 m and 1000 m fell and
moved very slowly when they arrived at Shanghai, and may impact
the ground-level air quality in Shanghai. The average wind speed reached
as high as 3.0 m s− 1 in Shanghai with gust speeds over 9.0 m s− 1.
Relative humidity and dew points both had abrupt decreases during
1–4 May, indicating the advent of a cold front (Huang et al., 2012a,
2012b). The Ca/Al ratio during 1–4 May reached a low value of
0.58, while in the other period it was mainly larger than 2.0. The relatively high Ca/Al ratios were attributed to the frequent construction
activities in Shanghai (Huang et al., 2013). The signiﬁcant drop of the
Ca/Al ratio during 1–4 May conﬁrmed that the local air quality have
been impacted by outside sources (Huang et al., 2012a, 2012b).
Thus, all of the evidence above indicated that this coarse particle pollution was probably caused by the entrainment of dust aerosol via
the long-range transport. The elemental ratio of Ca/Al also can be
used to characterize the sources of the Asian dust (Fu et al., 2010a,
2010b). Elemental ratios of Ca/Al of dust aerosol in the three major
dust source regions of China, i.e. Gobi Desert, Loess Plateau, and Taklimakan Desert, were 0.52 ± 0.05, 1.09 ± 0.13, and 1.56 ± 0.14, respectively (Huang et al., 2012a, 2012b). Combined with the backward
trajectory, we could propose that the dust aerosols during 1–4 May
could originate from Gobi Desert.
Fig. 2 depicts the regional distribution patterns of PM10 concentration during 1–3 May. On 1 May, high pollution (PM10 N 200 μg m−3)
can be seen in Northern China, mainly in Beijing, Inner-Mongolia,
Shanxi and Shandong Province, but the Eastern and Southern China
was virtually dust-free. On the next two day, abundant particles
moved to major areas of central China including Zhejing, Jiangshu Province and Shanghai city, and stretched to the eastern coastal regions. As

for Shanghai, our monitoring station observed that the dust entrainment actually had the most signiﬁcant impacts on local air quality.
The highest PM10 concentration reached 922 μg m−3, while the concentrations of ﬁne particles and pollutant gases stayed at low values, which
was due to the dilution effect of dust on local pollutant. During the period of 1–4 May, the daily concentrations of SO2, NOx, O3 and CO peaked
at 30, 63, 36 mg m−3 and 0.69 μg m−3, respectively, which were much
lower than that of the dust-free days. Till 5 May, the particle concentrations in Northern China had sharply declined. In Shanghai, there was a
signiﬁcant decreased PM10 concentration and an increased PM2.5/
PM10 ratio over 0.50, indicating the re-dominance of ﬁne particles
after the pass of dust storm (Huang et al., 2012a, 2012b).
3.2. Morphology and speciation of Fe-bearing aerosols
Four major categories of particles have been differentiated under the
SEM: mineral particles, ﬂy ash, soot clusters, and organic carbon, as
shown in Fig. S3. Soot aggregates were characterized by chain-like and
“ﬂuffy” appearance, coal ﬂy ash by a smooth spherical shape and mineral particles by irregular shape. Organic carbon typically displayed
rounded, relatively non-descript shapes. The bulk of such particles
were that the sum of the C and minor O and/or N, K contents was
more than 90% in atomic fraction (Ault et al., 2012; Fu et al., 2012b).
Number percentages of different types of particles in the samples
were obtained based on X-ray spectral data. The particles collected at
3 May during DSE was dominated by mineral particles (85%), followed
by soot (10%), organic carbon (3%) and ﬂy ash (2%). As for the 30 April
sample before DSE, soot aggregates occupied 68% by number, followed
by mineral particles (18%), organic carbon (9%) and ﬂy ash (5%). Furthermore, mineral particles collected at this period contained higher
sulfur content than those collected during the dust episode, which
could be transformed from SO2 by a heterogeneous process at the particle surfaces (Huang et al., 2012a, 2012b). Thus contributions from anthropogenic emissions were signiﬁcant during NDS.
To further distinguish morphology and speciation of Fe-bearing
aerosols, the TEM analysis was also performed in detail. The result
is shown in Fig. 4. Based on their morphologies and components, the
Fe-containing particles during the sampling were categorized into
the following classes: mineral dust, ﬂy ash, Fe/FeOx agglomerates, and
Fe–Ca/S mixtures. Mineral dust particles were characterized by high
fractions and intensities of aluminum and silicon, along with other
crustal elements including Mn, Ca, K, Na, Cl, Ti and Fe. The mineral
dust class showed a great deal of variability in composition, and the
class shown here represents a combination of two different clusters:
aluminosilicate dust (O ~ 50%, Al + Si N 20%) and calcium-rich dust
(Ca N 15%). The mineral dust particles displayed an irregular and
rough morphology due to a mixture of different mineral crystals within
a single particle. The elemental maps for mineral dust show a
heterogeneous distribution of different minerals within individual
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particles (Fig. 5a and b). Aluminosilicate dusts were encountered much
more frequently than Ca-rich dusts. Among the observed 252 mineral
particles during DSE, aluminosilicate dust occupied 90% by number.
The Fe content within these grains was in the range 0.8–14.7% by
mass, and 26 of these particles were entirely free of iron. Intense EDS revealed that iron was unevenly distributed in mineral dusts (Fig. 4a and
b). Mineral dusts were readily recognized and seldom internally mixed
with the other particles during DSE, while they were often attached to
or mixed into other components during NDS (Fig. 4c and d). At a
single-particle level, the average Ca/Al ratio was 0.47, which was close
to that of the dust aerosol originating from Gobi Desert, in agreement
with the ICP measurement (Huang et al., 2012a, 2012b). Typical aluminosilicates come in compositional units of the following stoichiometry:
[AlSiO4]−, [AlSi2O6]−, [AlSi4O10]−, [Al2Si2O8]−, and [Al2Si3O10]2−. This
leads to an expected range of Si/Al ratios between 1 and 4 (Cwiertny
et al., 2008). Based on the component data, 95% of aluminosilicate
dust particles fell within this compositional range, consistent with Fe
being predominantly substituted into aluminosilicate minerals
(Cwiertny et al., 2008). However, a few of particles with very high
relative Fe content (N 30%) and minimal Si and Al (b10%) were also
observed. These data likely pertained to a smaller fraction of particles containing Fe in some other form such as oxides (Cwiertny
et al., 2008).
The ﬂy ash class was characterized by quite spherical morphology
under the TEM (Fig. 4e) and contained an even distribution of iron
throughout (Fig. 5c and d). The particle with sphere morphology is common produced by a gas-to-particle transformation followed by condensational growth under high-temperature environment (Ault et al.,
2012). The Fe-bearing ﬂy ash particles were subdivided into two different types based on the X-ray spectral data. The ﬁrst class was characterized by high fractions and intensities of aluminum and silicon, along
with highly varying Ti, Ca, K, and Fe (b 10%), which was often denoted
as “aluminosilicate glassy sphere” (Chen et al., 2004). Such particles
could be originated from coal-ﬁred power plant. A small fraction of ﬂy
ash particles contained high O and Fe content (N 30%) with low Mn
and/or Cr inclusions, which agreed with previous measurements of ﬂy
ash particles emitted from steel facilities (Ault et al., 2012; Ebert et al.,
2012). The spherical shape is due to the molten nature of the material
at high temperatures when the particles are formed during steel production (Ault et al., 2012). In the most case, the Fe–Mn/Cr ﬂy ash particles tended to form nanosphere aggregates, and internally mixed with
other components, such as soot, organic carbon and S-rich particle
(Fig. 4f and g). The SAED pattern indexed the nanosized Fe-rich spheres
as multicrystal iron oxides (Fig. 4f).
Though less frequent, Fe/FeOx agglomerates shown in Fig. 4h and i
were observed as well. Enlarged TEM image shows such agglomerates
contain aggregated small the Fe-rich particles with sizes of several
nanometres. The O content of the particle shown in Fig. 4i ﬂuctuated
greatly from 0 to 43%, suggesting that the Fe/FeOx mixture could be an
incomplete oxidation product from pure Fe. Such particles were typically incorporate trace amounts of other elements such as Ba and Sb, which
has been used as a ﬁngerprint of the trafﬁc origin (Hjortenkrans et al.,
2007). After asbestos were replaced by the new material in brake linings
in the 1980s, both iron ﬁlings and steel wood were widely applied as
heat-conducting materials in the trafﬁc-related brake system, such as
automobile (Hjortenkrans et al., 2007). Based on a quantitative single
particle analysis, abundant particles with chemical composition of
Fe/FeOx have been identiﬁed at the subway system in Seoul (Kang
et al., 2008).
The last category was denoted as Fe–Ca/S mixtures herein. The Ca/Srich particles were often distinguished as CaSO4 crystals (PDF 030163),
as conﬁrmed by the inset SAED patterns and EDS data. Fig. 4j–n show
that a few of Fe-rich particles with irregular shapes were hosted by
round Ca-rich particles with larger sizes. The Fe, S and Ca contents
were varied in the different place within the host particles. In a recent
study, the ﬂy ash particles with irregular shape have been identiﬁed

near a steel factory, which may be produced by a mechanical process
(Ebert et al., 2012). Strictly speaking, the Ca–S agglomerate class can
fell into the class of ﬂy ash. Ault et al. recommended that Ca–S containing agglomerates were an important class of the Fe-bearing particles in
the Cleveland atmosphere (Ault et al., 2012). Such particles could be
originated from slag, a byproduct of steel production (Ault et al.,
2012). Continuous desulfurization of SO2 emission from power plants
is widely being performed to improve air quality in metropolises of
China (Huang et al., 2013). Limestone–gypsum wet ﬂue gas desulfurization technique is present being performed in coal-ﬁred power plants
(Ochoa-González et al., 2013). The Fe-bearing particles emitted from
this industrial process may be a potential supplier for atmospheric Fe.
Also, Ca and S are markers for slag and cement production, as has
been shown elsewhere (Ault et al., 2012). A Fe oxide particle with perfect crystalline structure (Fig. 4o) indexed as Fe3O4 by the SAED measurement (PDF 7650985), was often encountered on the special days,
which can fall into the Fe-rich ﬂy ash. Finally, it should be noted that
particles containing iron that did not ﬁt into one of these four classes
were not discussed in detail, such as a shell-like particle shown in
Fig. 4p, as they had highly varying composition and was much less frequent under the TEM.
3.3. The trend of iron solubility
Temporal variabilities of total Fe content (FeT), soluble Fe (FeS),
and fractional solubility of aerosol Fe (%FeS) during the sampling
are shown in Fig. 6. The daily average concentration and the highest
concentration of Fe T, FeS and %FeS were 1.53 ± 1.30 μg m− 3, 14 ±
4 ng m − 3 and (3.0 ± 3.5)%, and 4.59 μg m − 3 , 21 ng m− 3 and
14.0%, respectively. The mean concentrations of FeT , FeS and %FeS
during DSE and NDS were 3.2 ± 0.9 μg m − 3 , 15.5 ± 3.7 ng m− 3
and (0.5 ± 0.1)%, and 1.0 ± 0.9 μg m− 3 , 15.6 ± 2.4 ng m − 3 and
(3.7 ± 3.7)%, respectively. A signiﬁcant amount of variability was
observed in FeT ranging from 0.08 to 4.57 μg m− 3, while FeS varied
slightly in the range 10.8–21.1 ng m− 3 among all of the samples, suggesting that a large amount of dust Fe loading during DSE have not
enhanced Fe solubility markedly. The concentration of soluble Fe at
this work displayed the same order of magnitude as the reported
data by the ﬁeld measurements on East St. Louis, Cheju, Dearborn
and Atlanta (Chuang et al., 2005; Oakes et al., 2010; Majestic et al.,
2007).
A striking result for the iron solubility measurements was the apparent hyperbolic relationship between the percent solubility of aerosol
iron and the total aerosol iron concentration. The trend deﬁned herein
by the %FeS versus FeT data (Fig. 7a) resembles a rectangular hyperbola
of the form y = k/x + a (k = 56.8, a = 0.42, R2 = 0.989), while there
was a signiﬁcant linear correlation between %FeS and 1/FeT (R2 =
0.967, Fig. 7b). The calculated %FeS values ranged from 0.4% to 14.0%,
and the %FeS values decreased sharply from 14.0% to 2% at the low end
of the observed aerosol iron loadings, as the FeT values increased from
0.3 μg to 4.5 μg. Hence the solubility of aerosol iron was highest when
total aerosol iron loadings were low, as was the case for the aerosol samples collected on 5 May, whereas the aerosol samples collected during
DSE have %FeS values of less than 1.0%. In all of the samples, no relationship was found between Fe solubility and either the concentrations of
−
acidic species (SO2−
4 and NO3 ), suggesting that acidic process on aerosol
surfaces were not involved in the trend of iron solubility. The ﬁeld measurements on Atlanta have shown the evidence for enhancements of
aerosol solubility in acidic sulfate plumes (Oakes et al., 2012a). Secondary sulfate is a signiﬁcant portion of particles mass in the Southeastern
US, which can form sulfuric acid in the absence of sufﬁcient neutralizing
cations (Oakes et al., 2012a). This case is consistent with the report of
Cwiertny et al. (2008) who emphasized that %FeS in aerosols is highly
sensitive to particle acidity. However, acid-processing mechanisms
may not play a vital role in the present study. China is a large agricultural country with an enormous animal population, tremendous nitrogen
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fertilizer consumption and, consequently a large emission of NH3
(9.8 Tg in 2006), which plays an important role in buffering and neutralizing the acidity of aerosol over East China (Huang et al., 2012a, 2012b).
It was well known that the enhancement of ammonium is the major
cause for the increase of sulfate and nitrate in Yangtze River delta. The
90% increase of NH3 emissions during 1990–2005 in China resulted
in ~ 50%–60% increases of SO24 − concentrations (Wang et al., 2011).
Based on the ion analysis, the normal concentration of [Ca2+ + NH+
4 ]
on average was 0.130, which was much higher than 0.07 of [SO24 −
+ NO−
3 ], suggesting that the aerosol particles collected during the sampling present basic surfaces. Recently, we also conﬁrmed that sulfuric
acid mainly exists in the form of ammonium sulfate in the Shanghai atmosphere (Fu et al., 2012b).
Instead, the fact that the highest %FeS values are associated with the
non-dust air masses suggested that the observed range of %FeS values
reﬂected real, innate differences in the fractional solubility of iron in
our aerosol samples. The low iron loadings associated with the nondust air were typically accompanied by elevated V/Al (0.02), Fe/Al
(1.99), and V/Mn (0.22) mass ratios in the bulk aerosol, relative to the
dust aerosols collected on DSE (0.002, 0.59 and 0.16), which were indicative of anthropogenic fuel-combustion products (Trapp et al., 2010;
Sedwick et al., 2007). The data presented by a few researchers for aerosols collected over the Atlantic and North Paciﬁc, respectively, deﬁne
trends that are qualitatively consistent with our results: that is, elevated
aerosol iron solubility tends to be associated with low anthropogenic
aerosol iron loadings (Trapp et al., 2010; Sedwick et al., 2007; Baker
et al., 2006b). Chuang et al. (2005) found that soluble iron in East Asia
is strongly connected to anthropogenic activity and not connected to
mineral dust emissions. Baker et al. (2006b) demonstrated that observed differences in operational iron solubility were the result of differences in the character of the aerosol samples. This and a lack of
correlation between iron solubility and acid species concentration led
them to conclude that differences in the relative solubility of iron in
aerosols over the Atlantic Ocean are primarily controlled by the source
and chemical nature of the aerosols, rather than the effects of atmospheric chemical processing (Baker et al., 2006b).
3.4. Investigating factors that control fractional Fe solubility
A signiﬁcant linear relationship of R2 = 0.870 was found between
FeT and Al, which was in agreement with the TEM observation. The
TEM analysis shows that the major iron-bearing class was the aluminosilicate dust during DSE, while the Fe-bearing aerosols were dominated
by coal ﬂy ash, followed by a minority of iron oxides during NDS. Oakes
et al. have shown that Fe in coal ﬂy ash present mainly as the aluminosilicate phase, as does mineral dust, both of which were found to have
the similar fraction Fe solubility level (b1%) with the Fe in oxide forms
(Oakes et al., 2012a,b). Thus, various mixtures of these three phases
were not expected to yield large ﬂuctuations in solubility (Oakes et al.,
2012b). However, this case was not consistent with our data where
%FeS was much higher and presents a great variability in the range of
0.4%–14.0%. Furthermore, a poor relationship of R2 = 0.113 between
Al/FeT and %FeS was observed (Fig. 8a), suggesting additional processes
and/or sources may contribute to Fe dissolution. Based on a ﬁeldmeasurement of Okinawa Island, located at the downwind of Shanghai,
Furutani et al. recommended that the Fe-bearing aerosols from both
biomass burning and the V-type oil ash from ship emission were two
important types of the Fe aerosols in Asian outﬂow (Furtutani et al.,
2011). Also, our simulated research have conﬁrmed that the combustion source particles from these two classes of Fe-bearing particles dissolves faster and to a much a greater extent relative to the mineral
dust and coal ﬂy ash, because they host the more soluble Fe forms,
such as Fe sulfate or amorphous Fe phase (Fu et al., 2012a). The importance of fuel oil combustion and biomass burning sources in the increased soluble aerosol Fe composition has been reported recently by
several ﬁeld measurements (Sholkovit et al., 2009; Paris et al., 2010).
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To identify the role of biomass burning on iron solubility, the concentration of biomass burning were ﬁrst calculated. Water soluble potassium is a good tracer for aerosols formed from biomass burning
(Deng et al., 2011). Sources of total potassium ion (K+
T ) in aerosols
might be attributed to biomass burning, sea salt, and crustal dust on
our sampling site. It was reasonably assumed that K+T is the sum of
+
dust-derived potassium (K+
D ), sea-salt-derived potassium (KS ), and
+
+
+
+
biomass burning-derived potassium (KBB), i.e. KT = KD + KS + K+
BB
(Virkkula et al., 2006). The biomass burning potassium can be calculated
+
+
+
+
as K+
BB = KT − (KD + KS ). Assuming Na in aerosol is from crust and
+
+
+
sea salt only, i.e. NaT = NaD + NaS , where Na+
T is the concentration of
Na+ in the aerosol sample, and Al in aerosol is originated from crust
+
+
only, thus, K+
D and KS can be estimated through the ratios of K /Al
and Na +/Al in the aerosol sample and the ratio of K +/Na + in sea
+
+
+
+
salt, i.e. K +
D = (K /Al) D × Al D and K S = (Na T −(Na /Al) D × Al D )
+
+
+
+
× (K /Na )S. The ratio of K /Na in those particles from sea salt
has a constant value of 0.037, whereas the ratios of K + /Al (0.10)
and Na+/Al (0.23) in crustal dust were different between the samples collected from different sites because of the different background and the different inﬂuence of the human activities on
each site (Deng et al., 2011; Virkkula et al., 2006; Chester, 1990).
+
We herein estimated K +
BB using the minimum ratios of K /Al and
+
Na /Al among all samples collected to calculate the background
+
value of K + and Na + in crust dust, then K +
BB is given from K BB =
+
+
+
+
−
(K
+
K
),
where
K
=
(K
/Al)
×
Al
,
Al
is
the
K+
T
D
S
D
Aero
Aero
Aero
Al concentration measured in PM2.5. The temporal K+
BB value during
the sampling is shown in Fig. 9.
Based on the calculated K+
BB value, we analyzed the relationship be2
tween K+
BB/Al and %FeS, and a good correlation of R = 0.888 was
found (Fig. 8b). Usually, vanadium was used as a tracer of oil ash particles from ship emission (Trapp et al., 2010). To further explore the role
of oil ﬂy ash on the fraction Fe solubility, the relationship between V/Al
and %FeS was also analyzed, and a moderate correlation of R2 = 0.736
was established (Fig. 8c). One can see that the highest %FeS of 14.0%
on 5 May just corresponded to the maximum values of both V/Fe and
K+
BB/Fe, suggesting that the two classes of Fe-bearing aerosols may be responsible for the marked ﬂuctuation of the %FeS values on the day. The
backtrajectories on 5 May (Fig. 3c) shows the air mass traveled a long
pathway passing through Yellow Sea and Ease Sea, then returned to
the land from Zhejiang province, and ultimately reaching Shanghai.
Thus, Shanghai was most likely the recipient of the mixed air masses
emitted from both oceanic ship emission and the surrounding biomass
burning by means of regional transport (Furtutani et al., 2011). Speciﬁcally, no signiﬁcant correlation was observed between K+
BB and FeS, and
only a moderate correlation of R = 0.602 was found between V and FeS,
reﬂecting that Fe mobilization from these two sources did not play a
critical role. Apart from Fe mineralogy within the aerosols, the FeS
value is also dependent on both the relative source strength and total
Fe content in the source particles. Our previous studies have found
that oil ash contains signiﬁcant amounts of iron, ca. 10% by mass, as
does coal ﬂy ash, which is much higher than 0.4% of iron in the biomass
burning source (Guieu et al., 2005; Fu et al., 2012a). On the other hand,
a poor correlation of R2 = 0.015 between K+
BB and black carbon was
also found, suggesting that biomass burning was not a primary air
mass relative to the other diverse sources, although there were intense ﬁre spots around Shanghai city during the sampling (Fig. S4)
(Huang et al., 2012a, 2012b). It should be noted that the Fe-bearing
particles from either biomass burning or oil ash were not almost
found under the TEM, which was likely due to low iron content in
such particles, or low collection efﬁciency for these ﬁne particles
from the anthropogenic sources (Fu et al., 2012b).
4. Conclusions and atmospheric implications
Data presented herein revealed that iron solubility in the Shanghai atmosphere was dependent on particle sources. Although a
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large amount of Fe was loaded during DSE, while the soluble iron
was not enhanced markedly, reﬂecting that Fe mobilization was
not controlled by dust particles, even during a serious DSE. Noting
the apparent relationship between %Fe S and the calculated K+
BB /Fe
and V/Fe, fractional iron solubility could be controlled by both biomass burning and oil ash, both of which contain iron that was highly soluble relative to the Fe in the aluminosilicate dust, coal ash
particles and Fe oxides, agreeing with both our recent laboratory
studies and the ﬁeld measurements (Fu et al., 2012a; Oakes et al.,
2012b). These ﬁeld data further reinforce the idea that the combustion source aerosols could not be considered as a generalized classiﬁcation when mentioned as a potential supplier of soluble iron
(Fu et al., 2012a). Clearly, the Fe in coal ﬂy ash exists as the aluminosilicate phase, as does mineral dust, play a similar role on iron
solubility. Furthermore, our result conﬁrmed that the unique
sources with highly labile Fe may play a central role on controlling
iron solubility, although these sources are insigniﬁcant relative to
the main Fe suppliers, such as coal ﬂy ash.
In particular, our work highlighted that biomass burning could be an
important source of soluble iron to East China in summer. In the farmlands near Shanghai, most wheat straw is burned intensely in the ﬁeld
within one week after harvesting in preparation for rice cultivation during May and June (Wang et al., 2009). Also, the bioavailable Fe may be
perturbed heavily by ship emission in this region. Commercial shipping
mostly consumes heavy fuel oil and it has been estimated that shipping
generates 16% of the sulfur emissions and 1.7% of carbonaceous aerosols
on the global scale (Eyring et al., 2009). East China Sea around Okinawa
is a region with heavy ship emissions (Eyring et al., 2009). As conﬁrmed
by Furtutani et al. (2011), contribution of the Fe-bearing particles from
ship emission in this region reaches up to 50%.
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