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In order to characterize the magnetic properties and trace sources of household dust particles, magnetic mea-
surements, geochemical and SEM/TEM analyses were performed on vacuum dust from 40 homes in Shanghai,
China. Iron-containing magnetic particles (IMPs) in the household dust were dominated by magnetite, while
maghemite, hematite and metallic iron were also present. The IMPs were mainly composed of coarse-grained
particles (e.g., >0.1 pm). Ultrafine superparamagnetic (SP) grains (<30 nm) increased proportionately with
the abundance of the total IMPs. Household dust had more and coarser IMPs than background soil, but less and
finer IMPs than street dust and industrial emissions (coal combustion and metallurgy). Metallic Fe and spherical

IMPs, originating from brake wear abrasion and coal combustion, respectively, have been observed using the
SEM/TEM. Contents of magnetic particles were positively correlated to Mo, Ni and Sb, while HIRM was asso-
ciated with As, Mo, Pb and Sb. The multiple lines of evidence including magnetic measurements, geochemical
and SEM/TEM analyses suggested that industrial and traffic emissions and street dust were dominant contrib-
utors to the IMPs. Such an approach can help to establish more precisely the sources of household dust particles
and could be applied to other indoor contexts and further urban environments.

1. Introduction

Iron-containing magnetic particles (IMPs), such as metallic iron,
magnetite and hematite, are widespread in the environment. They may
derive from both natural processes (e.g., rock weathering and erosion
processes) and human activities (e.g., coal combustion, traffic emis-
sions) (Snowball et al., 2014; Hofman et al., 2017; Zhang et al., 2020).
Anthropogenic IMPs have been observed widely, including those origi-
nating from metallurgy, vehicle exhaust emissions, vehicle brake and
tire wear and emissions from coal combustion (Gonet and Maher, 2019).
For example, IMPs generated at rail-wheel-brake and the overhead
catenary—pantograph interfaces are enriched in subway airborne par-
ticulate levels especially at underground stations (e.g., Zhang et al.,
2011; Jung et al., 2012; Moreno et al., 2015; Cui et al., 2016). Spherical
IMPs, typically produced by coal combustion, are found in fluvial

sediments, street dust and urban surface soil (Petrovsky and Ellwood,
1999; Mitchell and Maher, 2009; Wang et al., 2018, 2019). Magnetic
measurements that examine the abundance of IMPs, their particle size
and mineralogy have been widely used to reflect heavy metal contam-
ination and trace particle sources as a rapid, economic and
non-destructive approach (e.g., Maher and Thompson, 1999; Zhang
et al., 2011; Chaparro et al., 2017; Ge et al., 2017; Hatfield et al., 2019;
Wang et al., 2018, 2019; Wang et al., 2020; Li et al., 2021). In recent
years, the exposure risk of IMPs themselves, especially for nano-sized
particles (<100 nm) has drawn public concerns (Maher et al., 2016;
Calderén-Garciduenas et al., 2019; Lu et al., 2020; Liu et al., 2021).

In terms of the potential adverse effects of IMPs on human health,
studies examining the mineralogy, abundance and sources of IMPs in
atmospheric particulate matter have recently been conducted (e.g.,
Zhang et al., 2020; Pattammattel et al., 2021). However, the occurrence
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and characteristics of IMPs, especially nano-sized iron-containing mag-
netic particles (NIMPs) in domestic indoor environments, are hitherto
poorly understood. There are numerous studies showing that the indoor
environment can be important in terms of exposure to environmental
contaminants (e.g., Turner, 2011; Zhao et al., 2021). The potential
health effects associated with household indoor IMPs, especially for
those nano-sized particles, cannot be ignored.

Shanghai is one of the most developed and densely populated cities
in China. According to statistics in 2018, vehicle ownership in Shanghai
reached 4 million (Shanghai Municipal Bureau of Statistics, 2019). The
city’s coal consumption was approximately 33 million tonnes in 2018
and accounted for approximately 29% of the city’s total energy con-
sumption (Shanghai Municipal Bureau of Statistics, 2019). Meanwhile,
there were about 5 million people over 60 years old (34% of the total
population) in Shanghai in 2018 (Shanghai Municipal Bureau of Sta-
tistics, 2019) and therefore more vulnerable to the neurodegenerative
and cardiovascular diseases that are potentially linked to IMPs exposure.
Household dust is effectively a reservoir of indoor contaminants and has
been widely used to study exposure risk of contaminants in the indoor
environment (e.g., Ao et al., 2017; Bu et al., 2020; Zhao et al., 2020). In
Shanghai, studies have characterized the organic/inorganic pollutant
composition of household dust (e.g., organophosphorus flame re-
tardants, PAHs and metals) (Peng et al., 2012; Li et al., 2019). Magnetic
measurements have been successfully used to examine the concentra-
tion, mineralogy, and grain size of IMPs deriving from traffic and in-
dustrial emission sources (e.g., coal combustion, metallurgical
manufacturing) in various environmental samples in Shanghai,
including atmospheric particles (Shu et al., 2000, 2001), street dust
(Yang et al., 2016; Wang et al., 2019), top soil (e.g., Jaffar et al., 2017;
Wang et al., 2018) and subway dust (Zhang et al., 2011). However, the
characteristics of IMPs in household dust in Shanghai remain unknown.
In this study, we have applied magnetic methods in combination of
geochemical and SEM/TEM analyses with the aim to provide a detailed
magnetic characterization of Shanghai’s household dust. By comparing
studies of indoor dust elsewhere in the world, other environmental
samples (e.g., surface soil and street dust) in Shanghai, we discuss the
concentration, mineralogy and magnetic grain size of IMPs and their
sources. Finally, specific attention has been paid to the identification of
ultrafine magnetite by the SEM/TEM, due to the considerable health
risks associated with the nano-sized fraction of IMPs.

2. Samples and methods

Non-smoking homes were invited to participate the vacuum dust
sampling campaign in this study. Indoor floor dust samples were
collected from untouched areas in the living rooms of 40 randomly
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recruited homes in Shanghai using a vacuum with an high-efficiency
particulate absorbing filter between October 2019 and January 2020
(Fig. 1). Detailed information about samples is summarized in Table S1.
In the laboratory, the dust samples were sieved to < 250 pm before
analysis (U.S. EPA, 2000). Low- and high-frequency magnetic suscepti-
bility (y: yir 0.47 kHz; yns 4.7 kHz) was measured using a Bartington
Instruments Ltd. MS2 magnetic susceptibility meter. An anhysteretic
remanent magnetization (ARM) was acquired in a 0.04 mT direct cur-
rent field, which was super-imposed on an peak alternating field (AF) of
100 mT and expressed as susceptibility of ARM (yarm). Isothermal
remanent magnetization (IRM) was imparted in a forward field of 1 T
and one reversed field (—300 mT) sequentially using an MMPM10 pulse
magnetizer. The remanences were measured with an AGICO Dual Speed
Spinner Magnetometer (JR6). The IRM imparted with a 1 T field is
referred to as saturation IRM (SIRM). The S ratios (S.3qo) is calculated as
S300 = 100 x (SIRM-IRM._3p0mT)/(2 XSIRM) (Bloemendal et al., 1992).
Hard isothermal remanent magnetization (HIRM) is calculated as
HIRM= (SIRM+IRM.30om1)/2 (Bloemendal et al., 1988). The frequency
dependent susceptibility was calculated as yg%= 100 x (pg)nf)/Xif
(Maher, 1986).

Selected samples were subject to thermomagnetic analysis using a
Variable Field Translation Balance (VFTB) with a heating temperature
up to 800 °C. The magnetization field was set at 36 mT. Magnetic hys-
teresis, IRM acquisition curve and first-order reversal curve (FORC)
were measured using a Lakeshore 8604 Vibrating Sample Magnetometer
(VSM). IRM acquisition curves were acquired in 60 fields ranging from
10 mT to 1 T. The field intervals were approximately equidistant on a
log scale. IRM acquisition curves were unmixed using the fitting pro-
tocol of Kruiver et al. (2001). For FORC measurements, the maximum
applied field is 500 mT with field increments up to 1.57 mT resulting in a
total of 140 FORCs. FORC diagrams were calculated using FORCinel
software v3.06 (Harrison and Feinberg, 2008). These samples were
processed with the VARIFORC smoothing parameters S o = 8, S¢;1 = 10,
Sb,o =7, Sp,1 =10, and A= Ap= 0.1 (Egli, 2013). To reflect the pro-
portion of SP grains, normalized ferrimagnetic susceptibility is calcu-
lated as yz/Ms= (x -xp)/Ms (Hunt et al., 1995), where y¢ represents the
purely ferrimagnetic susceptibility, y, represents paramagnetic suscep-
tibility and is obtained from the high-field slope of the hysteresis curves
(Hunt et al., 1995) and Ms represents saturation magnetization.

To identify the morphology and composition of magnetic particles in
the dust, magnetic particles were extracted from bulk samples by
adapting the methods of Petersen et al. (1986). Dust sample (~0.2 g)
was dispersed in Milli-Q water and ultrasonized for 30 min (Zhang et al.,
2020), then a rare-earth magnet wrapped in a plastic film was used to
extract IMPs. The extracted IMPs were washed into an evaporating dish
and dried at the room temperature before further analysis. Extracted
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Fig. 1. The location of sampling sites in Shanghai (a) and Putuo district (b).
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magnetic particles were analyzed using a TALOS F200X transmission
electron microscope (TEM) and a MIRA3 scanning electron microscope
(SEM) with an energy dispersive X-ray analyzer (EDS).

About 0.5g of the prepared dust sample was digested with a
concentrated HNO3-HClO4-HF-HCl mixture at the ALS Laboratory,
Guangzhou. The concentrations of metal(loid)s (i.e., As, Cd, Cr, Cu, Mo,
Ni, Pb, Sb and Zn) in the digested solution were determined by an
inductively coupled plasma-mass spectrometer (ICP-MS). Duplicate
analysis of samples returned an average relative standard deviation
(RSD) < 6% for all elements. Recovery rates were measured using the
Certified Reference Materials GBM908-10 and MRGeo08 with recovery
rates ranging 92-104% and 90-107% for all elements, respectively.
Correlation between the concentrations of heavy metal(loid)s and
magnetic properties were analyzed using the statistical software SPSS
23.0.

3. Results
3.1. Magnetic properties of bulk samples

The magnetic properties of household dust are presented in Table 1.
x of household dust ranges from 50.0 x 10~ m®kg ! to 684.2 x 1078
m®kg~!, with a mean value of 187 + 111 x 1078 m®kg ™. y is signifi-
cantly correlated with SIRM (Fig. 2a) indicating that y is dominated by
ferri(o)magnetic minerals. Likewise, the mean S.3oo value of the
household dust sample is 96.8 & 2.1%, which also suggests the domi-
nance of ferri(o)magnetic particles as magnetic carriers. % ranges
from 0.0% to 4.7%, with mean value of 1.7 &+ 1.5%, indicating a small
contribution by superparamagnetic (SP, e.g., <30 nm for magnetite)
grains to the total magnetic susceptibility (Dearing et al., 1996).
¥arM/SIRM and yarm/y are commonly used as a grain size indicator of
magnetic particles. Mean yarm/SIRM  andyarm/) values of
17.8 £ 5.6x 107> mA™! and 2.3 + 0.8, respectively, suggest that the
magnetic grains are predominantly pseudosingle domain (PSD, e.g.,
70 nm-10 um for magnetite) and multidomain (MD, e.g., >10 um for
magnetite) in size (Dekkers, 1997). The bi-plot of SIRM vs yarm/SIRM
shows that household dust samples with higher SIRM have a coarser
grain size, while IMPs of those samples with lower SIRM are finer
(Fig. 2b). In addition, a significant positive relationship has been found
between yarm/SIRM and yarm/ for the household dust, confirming that
¥ is not significantly influenced by superparamagnetic particles (Fig. 2c).
In general, HIRM shows a positive relationship with SIRM, which can
enable two groups of samples identified (Fig. 2d).
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3.2. Thermomagnetic analysis

The heating curves show a rapid drop in magnetization at around
~585 °C indicating that magnetite is the dominant magnetic carrier in
our household dust samples (Fig. 3b, d, f, h). There is a decline in
magnetization between ~300 and 400 °C, which probably indicates the
conversion of maghemite to hematite (Fig. 3; Deng et al., 2001; Gao
et al., 2019). The hump around 500 °C suggests the transformation of
weakly paramagnetic minerals to a ferrimagnetic mineral (Fig. 3). Some
of the samples show a continuing decline in magnetization beyond
~700 °C on the heating curves. This indicates a second Curie tempera-
ture above 700 °C and the presence of metallic iron in the dust
(Fig. 3a-b,e-f,g-h; Zhang et al., 2011; Gorka-Kostrubiec et al., 2019).

3.3. Day plot and IRM unmixing

The hysteresis loops show closure in the fields beyond 300 mT
indicating that the magnetic particles in the household dust in the study
primarily consist of low coercivity components such as magnetite
(Fig. 4b and d). On the Day plot, the samples are located in the PSD-MD
field, which suggests that magnetic grains were coarse (Fig. 4a; Day
et al., 1977; Dunlop, 2002).

Unmixing of IRM acquisition curves of the two selected samples D-21
and D-25 according to the Day plot (Fig. 4a) show three components:
low-coercivity (~20 mT), medium-coercivity (~50 mT) and high-
coercivity (~300 mT) (Fig. 4c, e), which usually represent coarse
magnetite, fine magnetite/maghemite and hematite, respectively
(Kruiver et al., 2001; Yamazaki and Ikehara, 2012). Clearly, the
mid-range coercivity component is dominant in terms of the SIRM
contribution. As shown in Fig. 4, sample D-21, which is located closest to
the SD field, has relatively higher coercivities than D-25 does. The latter
shifted towards to an MD field and therefore is coarser than sample
D-21.

3.4. FORC diagrams

The FORC diagrams for our household dust samples indicate a
mixture of low-coercivity magnetite as the main magnetic fraction
(Fig. 5). The magnetite consists of a mixture of SD and PSD (or vortex)
sizes (Roberts et al., 2018). The coarsening trend from sample D-21
(Fig. 5a) to D-25 (Fig. 5¢) is consistent with the results from the Day plot
analysis (Fig. 4).

Table 1
Magnetic properties of household dusts and its comparison with outdoor dust and soil in Shanghai.
Sampling site XIf(lo’s xa(%) )(ARM(10’8 SIRM HIRM S. XARM/ X Y arm/SIRM References
m’kg ™) m’kg™h) (10~°Am’kg ™) (107°Am%kg™") 300 (%) (10°mA™)

Indoor dust (mean+SD) 187 + 111 1.7+1.5 408 + 206 24,535 + 16,326 724 £ 503 96.8 £ 2.1 23+08 17.8 £ 5.6 This study

Indoor dust (median) 178 1.8 391 21,075 554 97.4 2.2 17.3

Indoor dust (25th 125 0.0 248 14,905 367 96.6 1.9 15.7
percentile)

Indoor dust (75th 233 2.9 505 30,414 948 97.9 2.5 19.7
percentile)

Shanghai background soil 29 2.1 103 2371 344 85.5 3.6 44.0 Hu et al.
(mean) (2007)

Shanghai urban topsoil 188 2.4 590 26,019 879 93.0 3.1 24.0 Wang et al.
(mean) (2018)

Shanghai street dust 810 2.4 1120 89,800 1377 96.5 1.5 13.0 Wang et al.
(mean) (2019)

Dust samples from 1100 + 320 19+1.3 1500 + 460 140,000 + 48,000 3300 + 2000 97.6 £ 1.6 1.4+0.2 109+ 1.7 Zhang et al.
subway platforms (2011)
(aboveground)
(mean=+SD)

TSP from industrial zone 757 5.8 675 112,079 6189 95.0 0.9 5.9 Shu et al.
(mean) (2000)
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Fig. 2. Relationship between magnetic susceptibility (y) and SIRM (a), SIRM and yarm/SIRM (b), xarm/x and yarm/SIRM (c), SIRM and HIRM (d) in Shanghai
household dust and comparison with outdoor dust and soil in Shanghali, e.g., Shanghai background soil (Hu et al., 2007); Shanghai urban topsoil (Wang et al., 2018);
Shanghai street dust (Wang et al., 2019); Dust samples from Shanghai subway platforms (aboveground) (Zhang et al., 2011); TSP from industrial zone (sites 6-11) (e.

g., coal combustion and metallurgical manufacturing) (Shu et al., 2000).

3.5. SEM and TEM observation

Spherical, irregular sheet-like or blocky magnetic particles with a
size ranging 10-50 ym have been found in the household dust samples
(Fig. 6). TEM analysis confirms the presence of clumped nano-sized iron-
rich particles (10-100 nm) (Fig. 7), which is consistent with the pres-
ence of SP and SD grains indicated by the magnetic measurements.
Elemental mapping and EDX analysis confirm that the magnetic parti-
cles in household dust are mainly composed of Fe and O. Lattice spacing
and electron diffraction analysis results are consistent with a magnetite
crystals structure (Fig. 7k, 1, o and p). Together these results identify the
extremely fine particles (<30 nm) as predominantly magnetite.

3.6. Heavy metal(loid)s in bulk samples and their relationships with
magnetic properties

The heavy metal(loid)s concentrations and their relationships with
magnetic parameters are shown in Table 2 and Table S2. All the
analyzed heavy metal(loid)s concentrations (i.e., As, Cd, Cr, Cu, Mo, Ni,
Pb, Sb, and Zn) of the household dust samples are higher than those of
Shanghai background soil samples (Cheng et al., 2014). The maximum
values of heavy metal(loid)s in household dust samples are about 2-76
times the values of background soil (Table 2). In general, yif, yarm and
SIRM correlate with Mo, Ni and Sb, while HIRM is significantly associ-
ated with As, Mo, Pb and Sb (Table 2).

4. Discussion
4.1. Mineral composition and sources based on magnetic measurements

Our analysis indicates that magnetite is the dominant magnetic
mineral in the dust collected from 40 Shanghai homes. The thermo-
magnetic data and IRM unmixing analysis also suggest the presence of
hematite and maghemite (Figs. 3 and 4). The decrease in magnetization
up to 700 °C observed in sample D-2 suggests the presence of metallic Fe
(Fig. 3a-b, e-f,g-h; Fig. 6g-1; Fig. S1 d-f).

Compared to total suspended particles (TSP), street dust and urban
topsoil in Shanghai (e.g., Shu et al., 2000, 2001; Hu et al., 2007; Zhang
et al., 2011; Wang et al., 2018, 2019), the concentrations of ferri(o)
magnetic minerals (e.g., magnetite) in household dust are higher than
those of urban topsoil, but lower than those of street dust, TSP from an
industrial zone and dust from subway platforms (Table 1; Fig. 2a). In
comparison to the Shanghai background soil, household dust samples
have a higher concentration of not only ferri(o)magnetic minerals but
antiferromagnetic minerals (e.g., hematite) (Fig. 2d). The relationship
between HIRM and SIRM shown in Fig. 2d suggests that high-coercivity
magnetic mineral (e.g., hematite) of household dust is a mixture of
Shanghai background soil with traffic and industrial emissions. Street
dust, TSP samples from an industrial zone and dust from subway plat-
forms are enriched with coarser ferri(o)magnetic particles, while the
grain size of the IMPs in household dust is finer (Fig. 2b). This implies
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Fig. 3. Representative temperature-dependent magnetization (a-h) curves of selected household dust samples from Shanghai with the red and blue lines representing

heating and cooling processes, respectively.

that the coarser particles of street dust and airborne particulates emitted
by industrial activities (e.g., coal combustion and metallurgical
manufacturing) are selectively removed during transport from their
sources into the indoor environment (Fig. 2b, ¢). Meanwhile, most of
household dust samples have coarser IMPs than the urban topsoil
(Fig. 2b, c), suggesting that track-in activity is a possible transport
pathway of soil particles into the indoor environment in addition to the
resuspension.

In summary, magnetic properties suggest that indoor dust has a
mixture source of natural and anthropogenic origin (Fig. 2). Street dust
and airborne particulates emitted by industrial activities and traffic
seems to make a considerable contribution to household dust in the city
according to the Fig. 2.

4.2. Identification of sources in consideration of SEM/TEM images and
geochemical data

The SEM images (Fig. 6g-1; Fig. S1 d-f) further confirm metallic Fe
particles in the household dust, which is consistent with the thermo-
magnetic results. These metallic Fe particles are irregular sheetlike or
blocky and reported by other studies (Zhang, 2011; Gorka-Kostrubiec
et al., 2015; Moreno et al., 2015; Gorka-Kostrubiec and Szczepaniak,
2017; Jelenska et al., 2017). Jelenska et al. (2017) found angular,
metallic Fe particles in office dust in Warsaw (Poland) and considered
that these particles were possibly generated by the abrasion of vehicle
suspension components. Meanwhile, metallic Fe particles also contain
other heavy metals, such as Cr, Cu and Mn (Fig. 6¢; Fig. S1 d-f). Previous
studies indicate that elements Cr and Cu could be used as key tracers of
non-exhaust vehicle emission (e.g., abrasion of brake wear) (Ozaki et al.,
2004; Adamiec et al., 2016). Scratches, likely caused by the braking are
clearly observed on the surface of the metallic iron particles (Fig. 6g-i).

Therefore, the irregular sheet like or blocky metallic Fe particles are
likely sourced from abrasion of brake wear.

In addition to the irregular sheet like and blocky metallic Fe parti-
cles, spherical IMPs are also shown in the SEM images (Fig. 6; Fig. S1).
These particles have a wide particle size range (2-30 ym) (Fig. 6;
Fig. S1), which is also consistent with the size of PSD/MD magnetic
grains. These spherical IMPs in the indoor dust are similar to magnetic
particles in fly ash that are generated during coal combustion (e.g.,
Wang et al., 2019; Zhang et al., 2020). Previous studies have revealed
that spherical, IMPs occur in subway dust, topsoil and street dust in
Shanghai, implying a widespread distribution of fly ash in the urban
environment (Zhang, 2011; Yang et al., 2016; Wang et al., 2019). This
suggests that coal combustion, in addition to non-exhaust vehicle
emission (e.g., abrasion of brake wear), contributes to the IMPs load of
the dust in homes in Shanghai.

Considering the geochemical data, the enrichment of Sb in house-
hold dust samples (Table 2) supports the view that non-exhaust vehicle
emissions (e.g. brake wear, tire wear) contributes to household dust
according to Yan et al., 2020. The enrichment of Mo (Table 2), which is
regarded as an indicator of coal combustion (Zhu et al., 2013), also
suggests that the coal combustion contributes to the household dust
samples. The association between HIRM and As, Mo, Pb and Sb implies
that the high-coercivity magnetic particles (e.g., hematite) are contrib-
uted by industrial emission (e.g., coal combustion, metallurgical
manufacturing) and non-exhaust vehicle emissions according to previ-
ous studies (Zhu et al., 2013; Teran et al., 2020; Yan et al., 2020).
Moreover, the Pb isotopic data of household dust samples presented in
another manuscript under preparation shows similar compositions with
outdoor PM; o/PM; s and urban surface soil (Fig. S2), which confirms the
contribution of outdoor air, street dust and urban topsoil to household
dust. Tobacco smoking and domestic biomass fuels consumption (e.g.,
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Fig. 4. Day plot (a), hysteresis loops (b, d), and IRM gradient curves (c, e) of the two selected samples D-21 and D-25 based on the Day plot.
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coal, wood) usually considered as indoor sources of IMPs (e.g., Jorda-
nova et al., 2006; Maher et al., 2021) are not likely to make considerable
contributions in this study. The investigated homes in this study are
non-smoking. Meanwhile, in these homes cooking is undertaken using
natural gas and therefore domestic sources of IMPs are minor in this
study.

Above all, a multiple lines of evidence approach using a combination
of magnetic methods, SEM/TEM and geochemical data reveals a mixed
magnetic mineralogy in our samples, which is consistent with the nature
of Shanghai’s characteristics as a city with heavy traffic and significant
emissions from industrial (e.g., coal combustion and metallurgical
manufacturing) emissions. The difference in IMPs in particle size and
mineral assemblage may be due to local environmental conditions such
as the surroundings of particular houses e.g., the proximity to main

TR S Fig. 5. FORC diagrams of the representative
(c) household dust samples (a) D-21, (b) D-24 and
(c) D-25, which represent mixture of SD and
_ 200 pSD (a-b) and MD (c), respectively. In order to
i demonstrate the results of the Day plot, the
50 EORC was also performed on the same two
100 samples D-21 and D-25. Another sample D-24
r adjacent to D-21 in the Day plot was also
P 20 analyzed. VARIFORC parameters used for
smoothing the PCA solution are Sco =8, S

L | [© =10, Sb0=7, Sb1 =10, and A= k= 0.1.

Am?/T?
D-25

20 40 60 80 100
B.(mT)

roads, age and ventilation of individual houses.
4.3. Comparison with indoor dust elsewhere

In comparison to indoor dust characteristics determined in other
cities (Jordanova et al., 2012; Goérka-Kostrubiec et al., 2014; Gorka--
Kostrubiec, 2015; Kelepertzis et al., 2019, 2021; Maher et al., 2021),
Shanghai has similar y values to those reported in Athens (Greece)
(Kelepertzis et al., 2019) and Warsaw (Poland) (Gorka-Kostrubiec,
2015), but lower levels than in Volos (Greece), Sofia and Burgas
(Bulgaria) (Jordanova et al., 2012; Kelepertzis et al., 2021). However,
dust in Warsaw has a higher proportion of iron, as indicated by the
stronger decline in y between 580 °C and 780 °C in the thermomagnetic
curves (Gorka-Kostrubiec, 2015).
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Fig. 6. SEM images and element mapping of household dust samples. (a-c) SEM images and element mapping of magnetic extracted samples; (d-f) spherical
magnetite particles; (g-i) Scratches on the surface of metallic iron particles likely caused by the braking; (j-1) SEM images of irregular sheet like or blocky iron

particles (samples D-2 and D-40).

Using Ms as an indicator of magnetic mineral concentration, this
study found that indoor dust of Shanghai had higher values than indoor
PM; 5 and PM;g 55 in Ireland (Maher et al., 2021). Furthermore, ac-
cording to the differences in mean yarm/SIRM and yarm/x and the SEM
observations of spherical particles (Table 1; Fig. 6; Fig. S1), the grain size
of magnetic mineral in dust in Shanghai is finer than that of indoor dust
in Warsaw (Table 3). A possible explanation for this difference may be
the distance between the sampling sites and the emission sources. In
Shanghai, the dust samples were mainly collected in Putuo District,
where there are no significant local industrial contamination sources. In
Warsaw, indoor dust was collected from the city center close to a power
plant or suburbs 10 km from the city center (Gorka-Kostrubiec, 2015).

4.4. Implication of environmental health

The association between magnetic properties and heavy metal(loid)s
(Table S2) suggests that heavy metal(loid)s were emitted into the

environment along with the IMPs or absorbed by these particles (Zhang
et al.,, 2018), which may cause negative effects on human health.
Moreover, some studies have shown that fine and ultrafine magnetic
particles in dust can be damaging to human health through neuro-
degeneration and cardiovascular disease (Singh et al., 2010; Maher
et al., 2016, 2021; Sutto, 2018; Calderon-Garciduenas et al., 2019). The
potential toxicity of magnetic particles is directly related to concentra-
tion, particle size and mineral species. Using Ms as an indicator of
concentration of magnetite, and assuming that magnetite accounts for
100% of the magnetic particles, it is estimated that household magnetite
concentration in Shanghai is approximately 0.3 wt%. This rough esti-
mation is in the same range as the magnetite concentration reported for
PMj; 5 in Beijing (Zhang et al., 2020). Magnetic minerals of different sizes
and compositions may present different toxicity risks. Particle size de-
termines whether magnetic particles can cross the blood-brain barrier,
the placenta barrier, or enter cells through pinocytosis. We found
fine-grained magnetic particles of < ~100 nm in our dust samples.
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d(440)=1.43 A

Fig. 7. Structural and elemental fingerprinting of household dust in Shanghai. (a,e) TEM image of magnetite; (b, f) HAADF-STEM image of magnetite; (c-d, g-h) EDX
mapping of Fe and O for the particles in (b) and (f); (i-k) Atomic resolution HAADF-STEM image of particles in (e); (1) Electron diffraction pattern of particles in (e)
with lattice spacing of 1.20, 1.43 and 2.04 A from inner to exterior, which match the [533], [440] and [400] lattice planes of magnetite; (m-n) TEM image of
household dust composed of iron oxide nanocrystals; (0) Atomic resolution HAADF-STEM image of particles in (n); (p) Electron diffraction pattern of particles in (o)
with lattice spacing of 1.61, 2.42 and 4.87 A from inner to exterior, which match the [511], [222] and [111] lattice planes of magnetite.

Dearing et al. (1997) suggests that y¢q% may be used semi-quantitatively
to estimate the proportion of SP in samples, where values of 2%, 8% and
10% are roughly equivalent to >10, >50 and >75% of
frequency-dependent SP grains, respectively. It is estimated that SP
grains accounted for 0-20% of total magnetic particles in this study
(Fig. S3). The general positive relationship between the proportion of SP
grains, reflected by y¢/Ms and y (Fig. 8; Hunt al, 1995), implies that more
ultra-fine nanoparticles are present in the more magnetic samples.
Magnetic measurements can provide an efficient semi-quantitative
characterization of iron-containing particles in a rapid and
cost-effective ~ way. The significant relationships between
concentration-related magnetic parameters and metal(loid)s in the

household dust (Table S2) confirms that a magnetic method can be used
for monitoring and assessing metal pollution status in urban environ-
ment. Furthermore, this approach, in combination with other chemical
methods, has great potential in the assessment of the toxicity of indoor
dust, including its nano-particle size range.

5. Conclusion

Magnetic measurement and SEM/TEM observations were used to
characterize the magnetic mineralogy of dust from homes in Shanghai.
The results show that the magnetic particles in this dust are dominated
by magnetite, together with varying levels of maghemite, hematite and
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Table 2
Heavy metal(loid)s concentration (mg/kg) of household dust from Shanghai.

Journal of Hazardous Materials 424 (2022) 127212

Mean (SD)? 25 percentile Median 75% percentile Range Shanghai background soil® Maximum/ background soil®
As 7.7 £ 4.0 5.4 7.3 10.0 0.2-16.5 7+1 2
cd 1.7 +1.2 0.7 1.2 2.5 0.5-5.1 0.12 + 0.0 43
Ccr 112 + 42 80 109 131 57-265 88 + 4 3
Cu 210 +115 129 174 252 74-647 28 +3 23
Mo 4.3+20 3.0 3.7 5.5 1.4-11.7 0.5+ 0.1 23
Ni 59 + 24 40 54 70 24-126 37+5 3
Pb 194 +128 108 146 252 53-661 27 +£2 25
Sb 15+8 11 14 19 545 0.6 £0.1 76
Zn 975 + 555 645 826 1140 420-3610 107 +9 34
@ Standard deviation in parenthesis.
b Values of Shanghai background soil (Cheng et al., 2014).
¢ Maximum values of elements divided by Shanghai background soil values.
Table 3
Comparison of magnetic properties of indoor dust in Shanghai and elsewhere.
Sampling site Description of dust type e (1078 SIRM Ms (Am?/ Magnetite concentration Xarm (1078 References
m3kg 1) (10"°Am%kg™1) kg) (Wt%) m3kg 1)
Shanghai, Indoor dust, urban areas 186.9 24535 0.3 0.3 408.3 This study
China
Ireland Indoor PMj, 5 (burning peat)  / 3790 / 0.005-0.006 / Mabher et al. (2021)
Indoor PM; ¢ 5 5 (burning / 3830 / 0.05-0.063 /
peat)
Indoor PM; 5 (burning / 7780 / 0.01-0.013 /
wood)
Indoor PM;¢_z 5 (burning / 6210 / 0.043-0.102 /
wood)
Indoor PM; 5 (burning coal) / 8920 / 0.12-0.15 /
Indoor PM;¢_z 5 (burning / 19100 / 0.25-0.31 /
coal)
Warsaw, Indoor dust, heavy traffic 163.4 / 0.2 / 114.3 Gorka-Kostrubiec,
Poland areas 2015
Indoor dust, suburbs 146.1 / 0.1 / 114.3
Athens, Indoor dust, urban areas 181.3 21840 / / / Kelepertzis et al.
Greece (2019)
Volos, Greece Indoor dust, heavy 244.0 / / / / Kelepertzis et al.
industrial areas (2021)
abundance. A multiple lines of evidence approach using a combination
16 of magnetic measurements, geochemical analyses and SEM/TEM
° observation reveals that industrial emission (i.e., coal combustion and
. =0.0001x+3.1189 #7 ; ; - P
14 )1;2 0 741 : P metallurgical manufacturing) and non-exhaust traffic activity make a
— > . . . . .
. 7411 7 considerable contribution to household dust in Shanghai. Such an
12 outliers 7 . .
o~ - approach can help to establish more precisely the sources of household
< {19 -~ dust particles and could be applied to other indoor contexts and further
= 10 A e .
£ 4 urban environments.
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Fig. 8. Relationship between saturation isothermal remanent magnetization
(SIRM) and normalized ferrimagnetic susceptibility (y¢/Ms). The outliers as
indicated in the plot were excluded from the regression analysis.

metallic Fe. The estimated magnetite content of our dust samples is
0.3%. Most of the IMPs in our samples are larger than 100 nm. However,
nano-sized IMPs with a size of < ~100 nm are evident and tend to in-
crease proportionately in samples with a higher magnetic particle
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