
eprints@whiterose.ac.uk
https://eprints.whiterose.ac.uk

Universities of Leeds, Sheffield and York

Deposited via The University of York.

White Rose Research Online URL for this paper:
https://eprints.whiterose.ac.uk/id/eprint/125447/

Version: Published Version

Article:

SANDERSON, P N, Su, Dang Sheng, Chang, I T H et al. (2016) Characterisation of iron-
rich atmospheric submicrometre particles in the roadside environment. Atmospheric 
Environment. pp. 167-175. ISSN: 1352-2310 

https://doi.org/10.1016/j.atmosenv.2016.05.040

Reuse 

This article is distributed under the terms of the Creative Commons Attribution (CC BY) licence. This licence 
allows you to distribute, remix, tweak, and build upon the work, even commercially, as long as you credit the 
authors for the original work. More information and the full terms of the licence here: 
https://creativecommons.org/licenses/ 

Takedown 

If you consider content in White Rose Research Online to be in breach of UK law, please notify us by 
emailing eprints@whiterose.ac.uk including the URL of the record and the reason for the withdrawal request. 

mailto:eprints@whiterose.ac.uk
https://doi.org/10.1016/j.atmosenv.2016.05.040
https://eprints.whiterose.ac.uk/id/eprint/125447/
https://eprints.whiterose.ac.uk/


Characterisation of iron-rich atmospheric submicrometre particles in
the roadside environment

P. Sanderson a, S.S. Su b, 1, I.T.H. Chang b, J.M. Delgado Saborit a, D.M. Kepaptsoglou c,
R.J.M. Weber d, Roy M. Harrison a, *

a School of Geography, Earth and Environmental Sciences, University of Birmingham, Edgbaston, Birmingham, B15 2TT, United Kingdom
b School of Metallurgy and Materials, University of Birmingham, Edgbaston, Birmingham, B15 2TT, United Kingdom
c SuperSTEM, SciTech Daresbury Campus, Keckwick Lane, Daresbury, WA4 4AD, United Kingdom
d School of Biosciences, University of Birmingham, Edgbaston, Birmingham, B15 2TT, United Kingdom

h i g h l i g h t s

� Airborne particles sampled with nano-MOUDI impactor.

� Many particles with high and moderate Fe content.

� Clusters comprised of primary particles of 20e30 nm diameter.

� Iron oxides are identified by TEM-EELS and are externally mixed.
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a b s t r a c t

Human exposure to ambient metallic nanoparticles is an area of great interest owing to their potential

health impacts. Ambient metallic nanoparticles found in the roadside environment are contributed by

combustion engines and wear of brakes, tyres and road surfaces. Submicrometre atmospheric particles

collected at two UK urban sites have been subject to detailed characterisation. It is found that many

metallic nanoparticles collected from roadside sampling sites are rich in iron. The Fe-rich nanoparticles

can be classified into (1) high Fe content (ca 90 wt%) with each alloying element less than 1 wt%; and (2)

moderate Fe content (<75 wt%) with high manganese and silicon content. Both clusters contain a var-

iable mix of minor constituents, Mn, S and Si being most important in the high-Fe group. The moderate

Fe group also contains Zn, Cu, Ba, Al and Ca. The Fe-rich nanoparticles exhibit primary particle sizes

ranging between 20 and 30 nm, although some much larger particles up to around 100 nm can also be

observed, along with some very small particles of 10 nm or less. These tend to agglomerate forming

clusters ranging from ~200 nm to 1 mm in diameter. The iron-rich particles observed are oxides, taking

the form of spheres or multifaceted regular polyhedra. Analysis by EELS shows that both high- and

moderate-Fe groups include particles of FeO, Fe3O4, a-Fe2O3 and g-Fe2O3 of which g-Fe2O3 is the most

prominent. Internal mixing of different Fe-oxides is not observed.

© 2016 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

Iron is often present in substantial concentrations in airborne

particulate matter (e.g. Harrison et al., 2004). This is significant

because iron rich particles exert an important role in some atmo-

spheric chemical reactions, including the oxidation of S(IV) com-

pounds such as SO2 to S(VI) compounds such as H2SO4 (Grgi�c et al.,

1996), and on biogeochemical cycles e deposition of atmospheric

iron influences marine productivity and therefore has a marked

influence on the global carbon cycle (Mahowald et al., 2005).

Atmospheric iron is also known to have adverse effects on hu-

man health, being associated with inflammation and DNA damage

via oxidative stress caused by generation of free radicals and
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reactive oxygen species (Gurzau et al., 2003). As the population are

exposed to inhalable atmospheric iron from many sources, and

given that iron is known to be biologically active and potentially

harmful, its presence is a public health concern. Establishing the

physical and chemical characteristics of the atmospheric iron

burden, such as size distribution, particle morphology, chemical

composition and oxidation state will therefore underpin assess-

ments of the risks to human health from exposure.

Iron in atmospheric particulatematter originates from a number

of crustal and anthropogenic sources (Sanderson et al., 2014). These

include industrial and metallurgical processes (Buonanno et al.,

2011; Cernuschi et al., 2012; Reinard et al., 2007), combustion of

fossil fuels (Linak et al., 2007), emissions from transport sources

such as diesel emissions (Liati et al., 2012; Patel et al., 2012), tyre

wear (Adachi and Tainosho, 2004), brake wear (Kukutschov�a et al.,

2011), shipping (Moldanov�a et al., 2009) and resuspension of

crustal materials and road dust (Amato et al., 2011). Use of iron

compounds as catalytic additives in automotive engines will also

lead to emissions of iron. Although these reduce the total particu-

late emission from the engine, metallic oxides have been reported

to be included in the soot emitted when such additives are used

(Lee et al., 2006; Song et al., 2006).

Moreover, each of these sources contributes iron with differing

physical and chemical properties resulting from the effect of their

different formation processes. Previously reported examples

include nanoparticulate g-Fe2O3 from fly ash (Linak et al., 2007),

nanoparticulate Fe3O4 from in-cylinder melting of engine wear

fragments (Liati et al., 2015), various oxides, silicates and W and Cr

alloys from waste-to-energy plants (Buonanno et al., 2011) and

agglomerates of nanoparticles of Fe2O3 and Fe3O4 from brake discs

and pads (Kukutschov�a et al., 2011).

The project was established with a view to characterisation of

metallic nanoparticles, with a particular interest in Fe because of its

apparent biological activity (Zhou et al., 2003; Mahmoudi et al.,

2012) and cerium which is used as a nano-particulate motor fuel

additive, hence requiring evaluation of its environmental and hu-

man health consequences. Our results for cerium have been pub-

lished elsewhere (Gantt et al., 2014, 2015). This paper aims to

present comprehensive characterisation data for submicrometre

atmospheric iron particles collected at two UK urban sites,

including physical structure and morphology, and chemical

composition, using analytical Transmission Electron Microscopy

(TEM) techniques; namely Energy Dispersive Spectroscopy (EDS)

and oxidation state data from Electron Energy Loss Spectroscopy

(EELS). These are all important parameters influencing the inter-

action of these particles with biological systems.

2. Methodology

2.1. Details of sampling sites

Samples for electron microscope analysis were collected at two

sampling sites in urban locations:

Bristol Road Observatory: This site is a traffic roadside site located

at the South Entrance to the University of Birmingham campus,

Edgbaston, adjacent to the A38 main road (approximately 4 m

distance). Size segregated bulk filter samples and samples for TEM

were collected here by nanoMOUDI. There is a large four-way

intersection adjacent to the site controlled by traffic lights e

consequently the traffic is frequently stopped directly adjacent to

the sampling location. The most recent figures from the Depart-

ment for Transport record an average annual daily flow (AADF) of

27,265 vehicles in 2011. HGVs account for 1.46% of this traffic and

buses/coaches 2.4%. The site is slightly elevated relative to the road

so the inlet was approximately 3e4 m above the road surface.

Newcastle Civic Centre: The Automatic Urban and Rural Network

(AURN) station at Newcastle Civic Centre, Newcastle-upon-Tyne

was used as a traffic roadside site to collect nanoMOUDI and

MOUDI bulk filter and TEM grid samples. The site was chosen

because Newcastle’s public buses are run by a company which used

cerium oxide fuel additives (Envirox) in their fleet in this area at the

time of sampling. The physical and chemical composition of these

samples would therefore make a useful comparison to the site in

Birmingham, where cerium oxide additives are not used by the

major local transport operators. No traffic flow data are available for

the site.

2.2. Sample collection procedures

A nanoMOUDI-ii 125R cascade impactor (MSP Corporation) was

used to collect size resolved particulate matter samples. The in-

strument has thirteen stages with nominal 50% cut-points of

10,000, 5600, 3200, 1800, 1000, 560, 320, 180, 100, 56, 32, 18 and

10 nm when operated at an inlet flow rate of 10.0 L/min. The

impactor was paired with a Leybold SV 16 rotary vane oil pump in

Newcastle, and a slightly more powerful SV 25 pump in Birming-

ham, although the difference in flow-rate between these pumps

was negligible; the TEM samples were collected at ~9.5 L/min in

both cases, whichwouldmakeminimal difference to the stated cut-

points.

The instrument separates particles into a series of logarithmi-

cally equal size fractions based on atmospheric diameter, by

accelerating particles through a fine jet and impaction upon a filter

substrate mounted below on a rotating plate which collects the

heavier particles while the lighter ones follow in the gas streamline

to the next stage. In practice the cut-off diameters can be affected

by particle bounce and particle blow-off leading to larger than

expected particles being detected in the lower stages. Some evi-

dence of this has been seen in these samples.

The experimental set-up at the sampling sites had the impactor

and pump housed in a cabinet, with an inlet at the top of the

housing covered by a rain hood. Two fans were positioned next to

the pump to keep it as cool as possible during operation, but

nevertheless temperatures in the region of 40e45 �C during oper-

ation were still recorded, particularly during the summer months.

This would have the effect of reducing the mass of semi-volatile

material collected by this method in bulk samples, requiring long

collection times.

TEM samples were collected by affixing conventional 3 mm

copper support grids, with lacey or ultra-thin carbon films, to

aluminium filter substrates, then sampling at the normal rate for

the instrument. Sampling at Newcastle was carried out using one

set of films over three sessions totalling 8 hwhichwas found to give

suitable particle number density on the smaller stages below

180 nm. The 2014 Birmingham samples were initially collected for

three hours; this proved inadequate despite the higher concen-

trations at this site, so they were reloaded and sampled for an

additional three hours. At both sites sample collection was carried

out in the afternoon. The trade-off for getting useful particle

numbers in the ultrafine/pseudo-ultrafine range was that particles

in the fine and coarse range were somewhat too dense, with par-

ticles overlaying each other on the grid surface. However, the

analysis of submicron particles was the priority of the project. In

both cases samples were collected outside rush-hour in cold winter

weather. The data presented in this paper derive from compre-

hensive evaluation of one nano-MOUDI sample per site, collected

over three separate afternoons.
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2.3. TEM-X-EDS analysis

TEM imaging of samples was carried out using a Tecnai F20

Transmission electron microscope. For identifying likely particles

the scanning (STEM) mode of the instrument was used in

conjunction with high angle annular dark field (HAADF) imaging.

Single particle chemical analysis was carried out using EDS, using

an Oxford Instruments detector with ZAF quantification.

2.4. EELS analysis

STEM-EELS experiments were carried out using the Nion

UltraSTEM™100 aberration-corrected dedicated STEM, equipped

with a Gatan Enfina spectrometer. The microscope was operated at

100 kV acceleration voltage with a convergence angle of 30 mrad,

corresponding to a probe size ~0.9 Å probe (full width at half-

maximum). Commercially available Fe oxide standards were used

to compare to the ambient particulate samples and thereby confirm

the valence states. Further detail is given in the Supplementary

Information.

2.5. ICPMS analysis

Filter samples were subjected to an acid leaching extraction

procedure based on the method described by Harper et al. (1983)

and used for several previous studies relating to brake wear par-

ticles (Gietl et al., 2010; Harper et al., 1983; Harrison et al., 2012).

This used a reverse aqua regia solution prepared by mixing 66 mL

HCl with 189 mL HNO3 and made up to 1000 cm3 with 18.2 MU

deionised water. The filters were placed in 4 mL Nalgene vials and

immersed in 2 mL of the extract solution, then heated to 100 �C in a

water bath for 30 min, then sonicated at 50 �C for 30 min. The

heating and sonicating steps were repeated, before the extract was

transferred to a clean 30 mL vial and the extract vial washed with

4 mL deionised water twice, which was also transferred to the

30 mL vial to make up a total solution of 10 mL. Samples were

stored at 5 �C prior to analysis.

Analysis was carried out on an Agilent 7500ce ICP-MS with an

Octopole reaction system (ORS) which is used to remove poly-

atomic interferences such as ArO at mass 56 (Fe). The plasma runs

with an RF power of 1500 W. A Miramist nebuliser is used for

sample introduction. Detection limits are approximately 10 times

lower than the reporting limits i.e. the detection limit for Fe is about

0.05 ng cm�3 giving a reporting limit of <0.5 ng cm�3 in solution.

For a typical nanoMOUDI 7-day air sample (~90 m3) this equates to

0.055 ng m�3 in air.

2.6. Data processing and visualisation methods

A distance matrix was calculated for the combined Birmingham

and Newcastle datasets. Hierarchical cluster analysis was then

employed to visually inspect the similarity between EDX elemental

weight percentage data.

3. Results and discussion

3.1. Particle size distributions

Mass size distributions collected at the Birmingham roadside

site demonstrated that particles in the 320e560 nm size range

were highly abundant (see Fig. 1), which led to a decision to pri-

oritise this size fraction.

ICP-MS analysis of nanoMOUDI samples from the Birmingham

roadside site showed that Fe was the most abundant metal, as

shown in Fig. 2. The mass-size distribution of Fe is illustrated in

Fig. 3.

The bulk of the Fe is in particles above 1 mm aerodynamic

diameter, but is not the focus of this study, which aims to charac-

terise submicron particles. Iron is clearly present in the submicron

fraction, in particular the 320e560 nm and 560e1000 nm size

ranges.

3.2. Particle classification by cluster analysis

Cluster analysis was performed on the combined Newcastle and

Birmingham roadside datasets to classify the collected particles by

the weight percentage of each detected element, once elements

associated with the grid (Cu, Au, C, O) had been subtracted.

The clustering of the SEM-EDX data revealed two major classes

of iron-dominated particles (not including particles where another

metallic element such as Pb was dominant): a high-Fe type (Fe ca.

90%/wt) (Fig. 4) and a moderate-Fe type (Fe ca. 75%/wt) which

contained amuch higher proportion of Mn and Si (Fig. 5). Themean

composition of these classes varied slightly between the two sites,

but the pattern was generally similar and so this may not be highly

significant. The data from which the pie charts are constructed

appears in Tables S2 and S3.

The particles clustered into the high-Fe group consist of on

average 91.4% Fe by weight, with a variable composition of minor

and trace constituents together totalling slightly less than 10% by

weight. Mn, Si and S are the most important of these constituents.

Most of these elements are either associated with crustal origin or

with abrasive emissions (road dust and tyrewear components), but

some elements do appear for which exhaust emissions are likely

sources in this size range. Ni and Zn in this size fraction are likely to

be related to traffic exhaust. A variety of sources are probably

represented by these elements.

The average composition of the moderate-Fe cluster showed a

much lower weight percentage of Fe, with Mn and Si being the

most important minor constituents, followed by Zn. Many of the

same elements are classified among the trace constituents found in

this cluster (not all present in every particle). Two rare earth ele-

ments (La and Ce) appear in this cluster. Cu and Ba appear as trace

constituents. Some crustal/resuspension elements (Al, Ca, La)

appear too. Zn is more prominent than in the high-Fe group.

There are some differences between the two sites. At Newcastle

the high-Fe type represented 70% of the sampled Fe-rich particles.

At the Birmingham Roadside site, this figure is 48%. Fe content in

this cluster is slightly higher in Birmingham than in the corre-

sponding class for Newcastle e 96.0% compared to 89.9%. Many of

the trace elements are the same but Ba, Al and Cawere not detected

in the Newcastle high-Fe cluster.

A wider range of trace constituents were found at both sites in

the moderate-Fe-Mn cluster compared to the high-Fe cluster, but

Mn and Si are still the principal alloy elements. Fe content is again

slightly higher in Birmingham than in the corresponding Newcastle

cluster e 74% compared to 70%. This cluster incorporates both

combustion (Ce) and brake wear (Cu, Ba) associated elements.

The high-Fe cluster in the Newcastle samples had fewer

detectable trace components than that of the Birmingham samples

(see Table 1). Unlike the latter, it contains Cr, but the most impor-

tant minor constituents are still Mn/Si/S. The moderate-Fe group at

Newcastle also contained fewer minor elements than the Bir-

mingham group. Si and Mn were present in similar proportions to

the Birmingham particles, but Zn was more prominent at

Newcastle.

Both particle groups at both sites contain an interesting mix of

elements. The common local source at both sites is traffic and most

of the elements in these clusters are known to be associated with

vehicle emissions. Fe, the dominant element in these samples, is

P. Sanderson et al. / Atmospheric Environment 140 (2016) 167e175 169



associated mainly with wear from brake components, both pads

and rotors although recent results published by Liati et al. (2015)

confirm that wear to engine components is also an important

source, and the particles produced in that process are similar in

many ways to the ones reported here (Liati et al., 2015). Brake wear

is also the main source of Cu, Sb and especially Ba in roadside

Fig. 1. Total particle mass-size distribution at roadside site in Birmingham (average of 10 samples of 7 days each).

Fig. 2. Pie chart showing abundance of the analysed metals (PM18) as a percentage of the sum of masses of those metals (ICP-MS data).

Fig. 3. Iron size distribution in sample collected at Birmingham Roadside analysed by ICP-MS, dated 2/11/11.

P. Sanderson et al. / Atmospheric Environment 140 (2016) 167e175170



environments (Thorpe and Harrison, 2008). Zn is associated with

multiple sources, including tyres, brakes and exhaust emissions

from trace levels in lubricating oils (Thorpe and Harrison, 2008). Al

and Ca are associated with crustal origins, but in particles in this

size range it is likely that lubricating oils in engines are responsible,

at least for Ca (Harrison et al., 2004).

3.3. Oxidation states

In previous studies it has generally been found that Fe(III) is the

predominant oxidation state among atmospheric iron particles,

although the picture is complicated because Fe participates in re-

actions with organic compounds which can lead to the reduction of

Fe(III) (Erel et al., 1993). Fe and Mn are prone to undergo oxidation

reactions during atmospheric transport and smaller particles are

more likely to be found at higher oxidation states which have been

found to have an average state between Fe(II) and (III) (Marris et al.,

2013). A 2009 study on simulated atmospheric aging of Fe-Cr-Mn

particles by Nico et al. (2009) reported that Mn in mixed metallic

particles had the effect of capturing oxidative potential and passing

it on to other components, leading to enhanced oxidation of Fe and

Cr (Nico et al., 2009). The results presented in Fig. 6 support this

contention, as a higher proportion of the Fe-Mnmixed particles are

in the more oxidised states compared to the high-Fe type.

Our data confirm the presence of Fe(II) and (III) oxides, with

Fe(III) being much more frequently observed. Analysis by EELS

showed that both high- and low-Fe groups include particles of FeO,

Fe3O4, a-Fe2O3 and g-Fe2O3 of which g-Fe2O3 is the most numerous

in both groups, FeO being much less abundant than the other forms

(see Fig. 6).

Forty-six EELS spectra were collected from two grids collected

concurrently in Birmingham. Grid areas were randomly selected

and likely particles in these areas were identified visually. Although

the number of spectra and the sampled areas of the grid are small,

Fig. 4. Pie chart average of High-Fe particle composition from EDX weight percentage data (Table S2), both roadside sites combined (n ¼ 48).

Fig. 5. Pie chart of average composition of moderate -Fe particle group from EDX weight percentage data (Table S3), both roadside sites combined (n ¼ 28).
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the selection of sampling area is random and therefore results may

be considered representative of the Fe particles. Of these spectra,

there were 25 spectra taken from the high-Fe and 21 from the

moderate eFe groups. g-Fe2O3 is the most frequently observed

oxidation state in both composition types accounting for 45% of the

Fe-Mn spectra and just over 50% of the Fe spectra. Fe3O4 accounts

for a far greater proportion (>30% compared to < 15%) of the spectra

from the high-Fe group than the moderate-Fe group. a-Fe2O3 ac-

counts for around 25% of each particle class e a slightly higher

percentage in the moderate-Fe group and slightly lower in the

high-Fe group. FeO is the least common accounting for around 5% of

each particle class.

The ratio of Fe (II): Fetotal in our EELS data is 0.043. This is at the

lower end of the ratios measured in fog and cloudwater at two sites

in the Los Angeles basin by Erel et al. (1993), which varied between

0.02 and 0.55 (Erel et al., 1993). Other previous studies are also in

agreement. d’Acapito et al. (2014) reported that Fe (II) was below

detection limits of X-ray absorption spectroscopy (less than 5% of

total Fe) in urban PM2.5 and Fittschen et al. (2008) also found Fe (II)

at similar levels across four size fractions from 15 nm to 16 mm

(d’Acapito et al., 2014; Fittschen et al., 2008).

Kukutschov�a et al. (2011) reported that Fe was the dominant

metallic element in ultrafine brake wear particles occurring pri-

marily as agglomerates formed from nanoparticles of 20 nm up-

wards. In terms of particle size and structure these features are

similar to the environmental particles we describe. Nanoparticle

generationwas reported to be negligible when the friction interface

was cold, but became highly significant at rotor temperatures above

300 �C. Diffraction analysis showed the presence of Fe3O4

(magnetite) as well as both g-Fe2O3 and a-Fe2O3 in these nano-

particles (Kukutschov�a et al., 2011).

By comparison, Liati et al. (2015) made observations of engine-

derived agglomerated nanoparticles which only included Fe3O4,

which was attributed to the short residence times of the primary

Table 1

Table of elemental weight percentage data from EDX (n.d. denotes not detectable).

High-Fe Fe-Mn

Element Combined Bham Newcastle Element Combined Bham Newcastle

Fe 91.44 96.04 89.91 Fe 73.11 74.29 72.08

Mn 1.97 0.38 2.50 Si 9.17 8.42 9.82

Si 1.92 0.79 2.30 Mn 8.54 9.48 7.72

S 1.80 0.68 2.18 Zn 3.26 1.07 5.16

Cr 0.87 n.d. 1.15 S 1.66 1.10 2.15

Zn 0.53 0.42 0.56 Na 0.87 n.d. 1.63

K 0.50 0.15 0.62 K 0.68 n.d. 1.27

Ni 0.39 0.05 0.50 Ca 0.63 1.35 n.d.

Na 0.21 n.d. 0.28 Mg 0.58 1.24 n.d.

Ba 0.18 0.73 n.d. La 0.38 0.83 n.d.

Ca 0.17 0.68 n.d. Al 0.33 0.70 n.d.

Al 0.01 0.05 n.d. P 0.29 0.41 0.18

Cl 0.01 0.04 n.d. Ce 0.16 0.35 n.d.

Cu 0.16 0.33 n.d.

Ba 0.09 0.20 n.d.

Cl 0.09 0.18 n.d.

Fig. 6. Percentage of total number of spectra (n ¼ 46) assigned by EELS to each oxidation state, for both particle groups (Samples collected at Birmingham Roadside).

P. Sanderson et al. / Atmospheric Environment 140 (2016) 167e175172



particles in the high-temperature environment not allowing the

slower formation of the more stable Fe2O3 structures (Liati et al.,

2015). However, these particles also bear a morphological resem-

blance to the ambient particles observed in this study, opening the

possibility that particles of a similar type are being sampled in the

environment having undergone oxidation post-emission.

Nanoparticulate g-Fe2O3 is reported to be a prominent constit-

uent of <500 nm diameter fly ash from coal burning (Linak et al.,

2007). Reinard et al. (2007) also stated that iron is present in fly

ash of all size ranges, including ultrafine ash in the form of nano-

particulate g-Fe2O3. These particles are often associated with

carbonaceous soot and are assumed to have formed through the

oxidation of FeS2 during combustion (Reinard et al., 2007).

Bardelli et al. (2011) reported that the iron speciation in road

dust samples collected from the Traforo del San Bernando tunnel

was dominated by the Fe3O4 and FeCl3 forms, attributed respec-

tively to exhaust emissions and salt to prevent icing on the road.

Zhang et al. (2014), analysing fine particulates in Shanghai, re-

ported that high levels of iron oxides (assumed to be principally

Fe2O3, Fe3O4 and FeO(OH)) were associated with periods where

emissions from iron/steel metallurgical sources were impacting on

the sampling site. Using Mossbauer Spectroscopy, a study in

Zakopane, Poland distinguished bulk crustal iron compounds (py-

roxene, hematite and sulphides) and anthropogenically sourced

ultrafines (oxides and oxyhydroxides). Urban aerosol was found to

be dominated by local sources. Iron oxides and hydroxides (mostly

a-Fe2O3 with some Fe3O4) were present all year round and an

automotive source inferred. During winter, iron sulphides attrib-

uted to domestic coal-burning were also reported (Kopcewicz and

Kopcewicz, 2001).

As shown in Tables 2 and 3, there is not a clear relationship

between size and oxidation state, either for the Fe oxide particles,

or for those which also contain Mn. Previous studies have indicated

that smaller primary particles are associated with higher oxidation

states, owing to the greater surface area relative to volume available

to react with oxidising gases in the atmosphere (Marris et al., 2013).

The small sample size, especially for FeO and Mn-alloyed Fe3O4,

makes it difficult to draw any statistically robust conclusion from

our data.

There is considerable variability of size and shape of both pri-

mary particles and agglomerates in the dataset. For the most part,

the iron particles observed appear to be oxides, taking the form of

spheres or multifaceted regular polyhedra, as can be seen in images

7(a) and 7(c). The primary particles are mainly in the range of

20e40 nm although some much larger particles up to around

100 nm can also be observed, along with some very small particles

of 10 nm or even less. As can be seen in Fig. 7, the primary particles

in the high-Fe group have a smaller median diameter, along with a

bimodal distribution in which the main peak occurs at 20 nm and a

much smaller second peak at 60 nm. This feature is not shared by

the moderate-Fe group, in which the distribution curve is broader

peaking at a higher diameter. They also agglomerate readily,

forming irregular agglomerates of many primary particles. The

agglomerated particle in Fig. S1(b) illustrates these features well.

Fig. S1 illustrates typical particles of both types and shows how

similar the physical appearance of the two types is. In both cases a

large number of spherical and near-spherical primary nano-

particles form irregular agglomerates in excess of 200 nm diameter.

Primary nanoparticle size can be somewhat variable in both cases

but is generally 20e40 nm. The particle shape is indicative of a

high-temperature formation process.

Kukutschov�a et al. (2011) reported that Fe was the dominant

metallic element in ultrafine and submicron brake wear, primarily

as agglomerates formed from nanoparticles of 20 nm upwards.

Such agglomerates would be similar to the observed environmental

particles, but smaller particles can also be observed in some ag-

glomerates. From this source, nanoparticle generationwas reported

to be negligible when the friction interface was cold, but became

highly significant at rotor temperatures above 300 �C. Mosleh et al.

(2004) reported that a population of particles rich in Fe, C and O

was generated with an approximate average diameter of 350 nm,

this composition showing the particles were generated from the

cast-iron disc (Mosleh et al., 2004). This class was not dependent on

sliding speed or load, which suggests that the formation process is

temperature-dependent rather than load dependent. The approx-

imate agglomerate size and composition would fit with the parti-

cles observed in the environment.

Liati et al. (2015) reported that Fe3O4 nanoparticles generated by

melting and recooling of engine wear fragments were mostly

40e60 nm in diameter for spheres, but smaller particles showing

cubic structures were also in evidence. These often appeared

rounded at the edges but not spherical, possibly caused by heating

(Liati et al., 2015). The particles reported by Liati et al. (2015) bear

many morphological similarities to those we report although the

size distributions are not identical.

Iron has also been detected in ultrafine particle emissions from a

waste-to-energy plant as amorphous alloys with W and Cr, and in

oxides (rounded, aggregated and suspended on phyllosilicates)

which sometimes included one or both of these elements

(Buonanno et al., 2011). Iron silicates with Al and Cr were also

detected at the stack. Al and Cr are present in both particle classes

we report but are not prominent, being only trace constituents. W

was not observed in any of the particles which were analysed. Chen

et al. (2006) report that iron-rich particles are an abundant

component of airborne metals. Using electron diffraction, they

demonstrated the presence of hematite. Iron was also found in

combination with minor amounts of other metals typically man-

ganese and zinc (Chen et al., 2006).

Iron bearing particles from diesel engines using fuel additives

have been reported to consist of nanoscale primary particles

(5e10 nm) incorporated within complex carbon soot agglomerates.

Particles of Fe included in carbonaceous soot in this fashion have

not been observed in our ambient measurements, most Fe particles

appearing in the form of agglomerates with similar particles,

although some agglomerates are attached to larger particles. It has

been reported that at higher doping levels, primary particles

become larger and iron nanoparticle clusters begin to form (Miller

et al., 2007). Nash et al. (2013) reported that iron represents around

0.1% of the total mass of diesel soot from undoped fuel. Introducing

iron into the fuel changes the size distribution by increasing the

nanoparticle component. In small particles (18 nmmean) spherical

nanoparticles and irregular clusters are present. At 100 nm mean

Table 2

Mean diameter (±s.d.) of primary spherules in iron phase particles.

Oxide High-Fe mean (nm) High-Fe stdev N Moderate-Fe mean (nm) Moderate-Fe stdev N

FeO 26.35 0.00 n ¼ 1 18.77 0.00 n ¼ 1

Fe3O4 26.97 20.88 n ¼ 8 20.49 1.13 n ¼ 3

g-Fe2O3 32.28 22.34 n ¼ 11 22.97 7.98 n ¼ 11

a-Fe2O3 13.14 11.61 n ¼ 5 33.56 39.90 n ¼ 6
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diameter, iron is mostly present as inclusions and surface deposits

on carbon soot particles (Nash et al., 2013). By contrast the majority

of Fe oxide particles we have observed in the environment are

agglomerates of Fe particles, not inclusions or surface deposits. This

suggests that they form in an iron-rich environment, rather than

having coagulated in the atmosphere where particle composition is

very diverse.

4. Conclusions

It has been confirmed that iron particles are present in

submicrometre atmospheric particulate matter in urban environ-

ments, mostly in the form of agglomerations of nano-scale primary

particles formed of iron oxides. There are a range of different

internally mixed composition types incorporating a number of

different alloying elements which fall into two main categories, a

high-Fe class where Fe accounts for ~90% of the total weight

(excluding C and O), and a moderate-Fe class where Fe accounts for

~75% of the total weight (excluding C and O). This indicates a range

of sources may be contributing iron particles to the environment,

but it is not easy to assign sources to the ambient particles.

Comparing the ambient particles to particles observed in

Table 3

Primary particle and agglomerate sizing data.

High Fe Moderate Fe

Combined Birmingham Newcastle Combined Birmingham Newcastle

Primary particle size (nm) 24 24.7 18.3 14.9 34.2 12.1

Cluster size (nm) 400 690 248 204 177 225

Total number 1� particles in analysed areas 225 74 151 107 25 92

Number of spectra 48 12 36 28 13 15

Fig. 7. Bright-field TEM images of (a) high-Fe and (c) moderate-Fe agglomerates with size distribution plots for primary particles of (b) high-Fe and (d) moderate-Fe below.
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previous studies, both direct from sources and in the environment,

leads to an inconclusive picture concerning potential sources. Given

that similar particles have been observed at two widely separated

sites in which road traffic is the most important common source, it

would be reasonable to assume that road traffic is the source, and

the spherical/near-spherical morphology probably indicates an

origin in high-temperature processes in an iron-rich environment.

This seems most likely to be associated with the engine cylinder or

the brakes. No firm conclusion can be drawn over the presence of

the two particle types, but presumably these reflect the composi-

tion of the bulk material (e.g. engine block) fromwhich they derive.
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