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ABSTRACT

Comprehensive understanding of organic and inorganic compounds in atmospheric particles of different size fractions
ranging from coarse to ultrafine is essential for assessment of the impact of particles on the radiation balance. In this work
the size resolved atmospheric particles were collected in the vicinity of three iron and steelmaking sites and one urban
background site in Australia using an eight staged micro orifice uniform deposit impactor (MOUDI) sampler. The sampled
particles were assessed using FTIR technique to determine the dominant functional groups, and XRD technique for
determining the mineral content of the inorganic compounds. This study revealed variable distributions between and among
bonding groups in urban and industrial areas. The hydroxyl (-OH) group (in alcohol compounds, surface OH on crystals,
salt hydrate), aliphatic carbon (—CH,) group (in methylene compounds, n-alkane), carbonyl (—CO) group (in acid halide,
aryl carbonate, ketone, conjugated ketone), and amino (—NH,) group (in primary amino compounds such as n-butylamine)
in atmospheric particles were identified and most likely originated from combustion processes (industrial, transport, and
domestic), sea spray, long range transport particles, and secondary organic particles sources nearby industrial and urban
areas. Hematite mineral in the inorganic fraction of the atmospheric particles was found predominantly in the vicinity of

the iron and steelmaking industries, which most likely originates from raw materials handling and process emissions.
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INTRODUCTION

Atmospheric particles released from industrial sectors
are posing significant challenges to the surrounding air quality
and the climate change. Industrial atmospheric particles
are complex and heterogeneous and may contain numerous
organic and inorganic compounds, which vary according to
the particle size fraction. The level of toxicity also increases
with the decrease of particle size, especially for fine and
ultrafine particles (Braakhuis et al., 2014). Most of the
particle characterisation studies are limited to mass and
elemental concentration of the PM,yand PM, s particle size
range (Hibberd et al., 2013; Cohen et al., 2014; Karlson et
al., 2014) and few studies have been performed for elemental
composition of size resolved atmospheric particles (Radhi
et al., 2010; Mohiuddin ez al., 2014a, b). Although elemental
compositions of particles provide the assessment of
environmental exposure and associated risks, further analysis
on bonding structure and mineral content is required,
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especially for the impact assessment of particles on radiative
forcing.

Organic compounds (carbonaceous and nitrogenous
molecules) in atmospheric particles can have negative impacts
on human health (Dockery et al., 1993; Alcock, 2003; Shah
and Balkhair, 2011), ecosystem (Cupr ef al., 2013) and the
radiation balance (Hallquist ef al., 2009; Ehn et al., 2014).
These compounds can be generated from both natural
(secondary organic particles from biogenic sources) and
anthropogenic (industrial process, vehicle exhaust, wood
heaters) sources. Organic compounds can be examined using
elemental analysis or gas chromatography—mass spectrometry
(GC-MS), however, about hundred thousand acyclic possible
structures can be arranged for the same organic compound
due to the diversity of carbon bonding (Roos, 1997). The
behaviour of organic compounds also depends on the types
of bonding structures. These structural bonding properties
of both organic and inorganic compounds in atmospheric
particles can be identified and semi-quantified using Fourier
Transform Infra-Red (FTIR) technique (Allen et al., 1994,
Maria et al., 2002; Ghauch et al., 2006). There are many
studies focused on bonding structure in PM;y and PM;
using FTIR method (Ghauch et al., 2006; Coury and Dillner,
2008, 2009), however, unregulated submicron (PM;) and
ultrafine particles (PMy,) are potentially the most hazardous.
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This study is the first attempt to analyse the bonding
structure and their distribution in size resolved atmospheric
particles, including particles within the PM; and PM,; size
range, collected nearby Australian blast furnace and electric
arc furnace steelworks using the FTIR technique.

Inorganic compounds in atmospheric particles can be
constituted of both amorphous and crystalline materials.
The elemental composition study of inorganic compounds
in atmospheric particles can only provide the total elemental
content, which may also originate from amorphous and/or
crystalline materials. For example, total iron content in
atmospheric particles can be contributed from amorphous
metals and crystalline iron minerals, such as hematite,
goethite, and magnetite. However, the behaviour of inorganic
compounds is highly dependent on mineral phases (Calvo
et al., 2013; Reynolds ef al., 2014). A variety of minerals
could be identified and semi-quantified by examining the
unique characteristics (diffracted X-ray beam by crystalline
atoms) of crystalline phases in atmospheric particles, which
can originate from both natural and anthropogenic sources.
Study of iron minerals in industrial atmospheric particles is
essential as the radiative forcing characteristics (both direct
radiative impact and role as a cloud nuclei) of atmospheric
particles is highly dependent on the iron mineral content of
atmospheric particles (Claquin ef al., 1999; Sokolik et al.,
1999; Meland et al., 2011; Journet et al., 2014). Some studies
focused on mineral analysis of bulk samples of atmospheric
particles (TSP, PMj,) (Ohmsen, 2004a, b; Lu et al., 2007;
Hleis et al., 2013), however mineral types and quantity can
vary significantly with different size fractions of atmospheric
particles. The process efficiency and environmental
performance of iron and steelmaking industries are also
dependent on emission of crystalline minerals generated
from fugitive (raw materials handling) and point sources of
high temperature processing plants, such as blast furnace,
basic oxygen furnace and electric arc furnace, because
releasing these minerals at any stage of the steelmaking
process could affect the production performance. Hence, it
is essential to examine the mineral content of size resolved
atmospheric particles in the vicinity of Australian iron and
steelmaking industries using X-Ray Diffraction (XRD)
technique.

This study was devoted to analyse the bonding structures of
organic compounds and the mineral contents of inorganic
compounds, including their distribution in size resolved
atmospheric particles. The Fourier Transform Infra-Red
(FTIR) and X-Ray Diffraction (XRD) analysis were
performed for ten different particle size ranges collected from
three Australian industrial sites in the vicinity of iron and
steelmaking industries and one urban background site. The
outcome of this study will provide improved understanding of
organic and inorganic compounds in atmospheric particles,
and their importance on the radiative forcing of atmospheric
particles.

MATERIALS AND METHODS

Sampling Details
Three industrial sites, highly influenced by iron and

steel processing industries, and one background site, where
little or no industrial influence is expected, were selected to
sample the size resolved atmospheric particles in a sampling
protocol and for meteorological conditions described
previously (Mohiuddin et al., 2014a, b). Fig. 1 shows the
locations of all sampling sites. Four sets of samples (ten
samples per set) were selected for the FTIR and XRD
analysis. Cringila (CR) site (34.4702°S, 150.8728°E) was
located in the residential area in New South Wales (NSW)
(about 0.5 km away from the ocean) with highly industrial
influence in surrounding areas including the Wollongong
integrated blast furnace — basic oxygen furnace (BF-BOF)
steelworks. Whyalla (WH) site (33.0360°S, 137.5861°E)
was located in the residential area in South Australia (about
0.5 km from the long bay and 300 km away from the ocean),
and in proximity to the Whyalla integrated BF-BOF
steelworks. CR and WH steelworks have the same integrated
BF-BOF process of iron and steel production with an
exception of the pellet plant at WH steelworks instead of
the sinter plant at the CR steelworks. Rooty Hill (RT) site
(33.7669°S, 150.8484°E) in NSW was located in the
industrial area (about 40 km away from the ocean) nearby the
electric arc furnace (EAF) steelmaking plant. The background
Macquarie Park (MQ) site (33.7653°S, 151.1176°E) in NSW
was located near the Macquarie University sports field
surrounded by mainly residential areas (about 20 km away
from the ocean). An eight staged Micro Orifice Uniform
Deposit Impactor (MOUDI) sampler with Teflon substrate
was deployed in the sampling sites to collect the atmospheric
particles for at least 24 hrs sampling duration. Mass
concentration (ug m) of sampled particles at each stage
of SO to SP is shown in Table 1. Further analysis regarding
mass and elemental distribution at CR, RT, WH, and MQ
sites was found elsewhere (Mohiuddin et al., 2014a, b).

FTIR Analysis

Attenuated Total Reflectance (ATR) technique equipped
with ZnSe-Diamond crystal was applied using Nicolet
6700 series Fourier Transform Infra-Red (FTIR) spectrometer
to analyse the collected atmospheric particles. 32 scans with
4 cm™' spectral resolution over the range of 4000500 cm ™
were used to prepare the FTIR spectra for the atmospheric
particle samples. The blank Teflon substrate was also tested
by FTIR technique to confirm the Teflon bond structure and
eliminate the overlapping spectra with the particle samples.
During the sampling campaign, the atmospheric particles
were deposited onto the surface of the Teflon substrates.
Small portions in thickness of the Teflon substrate were
subjected to the FTIR scan. IR beam (1 mm diameter) was
passed through particle samples collected on Teflon filters
to acquire FTIR scans. It was difficult to subtract the blank
Teflon spectra from the Teflon containing the particle
samples, as the IR transmittance through particle samples
depends on the thickness of the samples under the FTIR
investigation. For this reason, the Teflon spectral peaks were
excluded from bonding structure analysis of the atmospheric
particle samples. The blank Teflon spectra had strong peaks
at 1203.6, 553.5, 505.1 cm ' position and bonding structure
was matched with the reference Teflon structure [n(—CF,-)].
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Fig. 1. Map of the sampling sites.

Table 1. Mass concentration (ug m ) of sampled particles at each stage of SO to SP.

S0 S1 S2 S3 S4 S5 S6 S7 S8 SP
CR 14 24 4.0 5.1 2.8 1.8 14 1.6 2.6 1.7
RT 3.8 23 2.6 3.5 2.2 1.2 0.3 1.3 1.6 0.2
WH 32 5.8 4.6 4.8 4.7 1.6 0.9 0.9 1.0 2.0
MQ 0.5 0.9 0.6 0.9 0.8 1.4 0.7 1.4 1.9 1.7

The Omnic spectra software was used to perform the FTIR
scan analysis, including baseline corrections, spectra
normalisation and peak integration.

XRD Analysis

The atmospheric particle samples on Teflon substrate
were examined for mineralogical composition using X-Ray
Diffractometry (XRD). The Teflon substrate was placed on
a Si-crystal low background holder to avoid the diffraction
peaks generated from aluminium based sample holder.
PANalytical X’Pert Pro MPD diffractometer was used to the
settings on the sample stage (reflection-transmission spinner),
Cu Ka radiation, X’Celerator detector, Bragg Brentano
geometry, scan range (18.5-80° 20), generator (40 mA,
45kV), scan type (continuous), divergence slit type (fixed),
divergence slit size (1°), and a high resolution scan using step
size of 0.02 20 with scan per step of 200 s. 20 mm square
beam was used for XRD analysis to acquire XRD scans.
Mineral identification and semi-quantification was performed
using PANalytical’s Highscore Plus software v2.2.4, coupled
with ICDD PDF2 and PAN-ICSD mineral databases. The

systematic Reitveld refinement technique was applied to
identifying minerals using Highscore Plus software.

RESULTS AND DISCUSSION

FTIR Analysis

The spectra of the size resolved atmospheric particles
collected from CR, RT, WH, and MQ sites are shown in
Fig. 2. The qualitative absorbance frequencies in the coarse,
fine, intermodal and submicron size particles at all studied
sites are presented in Table 2. The interpretation of the
spectra was limited to the selected organic absorbance groups
as mentioned below.

Aliphatic Carbon (—-CH3) Group

The aliphatic carbon molecules can constitute of —CH3,
—CH,, and —CH carbon bonds which may include n-alkanes,
branched alkanes, carbonyl containing molecules, alkanes
and aromatics aliphatic substituents (Roos, 1997). The
characteristic IR spectra of aliphatic carbon bonds occur in
the region of 2850-3000 cm . The absorption at 2918 and
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Fig. 2. HYSPLIT back trajectories of sampling sites (CR, RT, WH, & MQ sites) during sampling period.

Table 2. Absorbance observed in the FTIR spectra of air particles.

Absorption Samplin Presence in air particle samples
Functionality frequencies pHng Coarse Intermodal ~ Submicron Ultrafine
(cm™) site >25um’  1-25um™  0.18Ium  <0.18 um
CR H H H nd
Aliphatic RT I H H H
—CH, carbons 2850-3000, 1410 WH I H L nd
MQ L H L H
3250-3650, o i a L nd
—-OH Hydroxyl 1400-1450,
1000-1050 WH ! H L nd
MQ M H M H
3300-3500, R M H L nd
N, A 15501650, Lt b Ll L i
660-900 WH M H M H
MQ M H M H
CR Nd H L H
Carbonyl RT L H nd H
—€0 carbons 1640-1850 WH nd H M H
MQ I nd M H

" particle size range of > 1.8 pm was considered as coarse particles for qualitative analysis;

™ particle size range of 1-1.8 pm was considered as intermodal particles for qualitative analysis; Occurrence frequency
High, H: > 75%; Moderate, M: 50-75%; Intermediate, I: 25-50%; Low, L: < 25%, and nd: not detected.
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2850 cm™' (Table 2, Fig. 3) is attributed to —CH, asymmetric
vibration. In addition, the absorption at 1410 cm ' is assigned
to the bending vibration with —CH, deformation, which
indicates the organic compound could originate from aliphatic
compounds (Coates, 2000). This aliphatic carbon bond was
identified in the atmospheric particle size ranges from 0.18—
10 pm at all four sampling sites. The stretching vibration at
2850-3000 cm ' was selected for the relative quantification
of the —CH, group.

Hydroxyl (-OH) Group

Hydroxyl group mainly occurs at the 3250-3650 cm™'
absorption range. Moderate to strong, and broad stretching
vibrations were observed at 3350 and 3390 cm ' in this

study (Table 2, Fig. 3) which may be depicted as free OH and
hydrogen bonding of an alcohol functional group (Coates,
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2000) in addition to the IR bands of surface OH on crystals
and salt hydrates. Moderate bending vibrations were also
found in the region of 1400-1450 and 1000-1050 cm'
which can be assigned to OH bending of phenol or tertiary
alcohol (Coates, 2000). Thus, aromatic compounds with
OH groups, such as phenol, could exist in atmospheric
particles. From the structural point of view, these alcohols
may be derived by replacing the H-atoms from a parent
water molecule by a C—based alkyl group. The structural
modification of organic compounds, such as alcohol and
ether, may also result in significant changes in physical and
chemical properties of these compounds, depending on their
hydroxyl content and ability to participate in the H-bonding.
The surfaces of crystals are also covered with hydroxyl
groups, the vibration of which may appear at 3250-3650
cm . For example, goethite (FeO,H) shows —OH vibration
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Fig. 3. FTIR scans for size resolved aerosol samples at CR and RT sites.



Mohiuddin et al., Aerosol and Air Quality Research, 16: 1638-1650, 2016 1643

> 18um

10-18 ym

5.6-10 um

3.2-5.6 ym
1.8-3.2 um

m

R

0.56-1 um
TS

0.32-0.56 um

0.18-.032 um MW

<0.18 um

—

1000 3600 3200 2800 2400 2000 1600 1200 800 400

Webnumber (cm'1)
(c) WH site

> 18um

—

10-18 um

5.6-10 um

3.2-5.6 um

1.8-3.2 um

T Ty

1-1.8 um

e P

0.56-1 um

|

0.18-.032 ym

e

<0.18 um

e ——

4000 3600 3200 2800 2400 2000 1600 1200 800 400

Webnumber (cm'1)
(d) MQ site

Fig. 3. (continued).

band at 3484 cm' (Cornell and Schwertmann, 2006).
Furthermore, the —OH stretch vibrations were reported for
hematite (Fe,0s), although hematite contained no structural
OH groups (Rochester and Topham, 1979). Goethite was
detected in the atmospheric particles sampled at the CR and
WH sites while hematite was detected in the atmospheric
particles sampled at the CR, RT and WH sites (Table 3). In
addition, water strongly adsorbed on aerosol salts absorbs
at 1600-1700 cm ' and broadly at 3100-3600 cm ' (Allen,
1994). Halite was detected in the atmospheric particles
sampled at the CR, RT and MQ sites (Table 2). This hydroxyl
bond was mainly observed in the particle size ranges of 1—
18 um at all studied sites. The vibrations at 32503650 cm '
were used to calculate the relative quantity of organic -OH
group in the atmospheric particles by subtracting fraction
of inorganic —OH groups from goethite (FeO,H) and halite.

Amino (-NH3) Group

Amino (-NH,) group is regarded as an amino substituent
derived from ammonia (NH3), and has similar sp’ structural
features. Amino (—NH,) group can occur in different
vibrations from 3300-3500, 1550-1650 and 660-900 cm . It
appears that weak N-H bond overlapped and disappeared
when the strong O—H bond was identified in 3300-3500 cm .
The medium to strong bending vibration at 1621 cm ™' (Table
2, Fig. 3) was attributed to the —-NH, scissoring, and vibration
at 873 cm ' was assigned to NH, wagging, indicating these
organic compounds may originate from the primary amino
compounds in addition to the IR bands of organonitrates,
such as RONO,, which may also absorb around 1631 cm!
(Allen et al., 1994). Organonitrates are expected to contribute
for the secondary organic aerosol formation. This group was
mainly observed in the particle size range of 0.56-10 pm at
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all four sampling sites. The bending vibration at 1600—
1660 cm ' was selected for relative quantification of the
organic —NH, group by subtracting the relative contribution
of organonitrates in atmospheric particles (< 0.1 pm).

Carbonyl (—CO) Group

The structural features of the carbonyl group can be
found in several classes of organic compounds which impose
very specific planar geometry associated with sp2 hybridised
carbon and oxygen, such as aldehyde (R—-COH), ketone
(R—CO-R) and carboxylic acid (R—COOH). This group
can blend with other functional groups resulting in properties
and reactivities of combined functional groups. Carbonyl
group can appear in a broad frequency range of 1640—1850
cm ' (Table 2, Fig. 3) with specific peaks from low to high
frequencies depending on various functional groups from
amide to open-chain acid anhydride. The absorption bands
found at 1794 cm™', 1714 cm™', and 1695 cm™' match well
with the reactive carbonyl compound (acid halide and aryl
carbonate), simple carbonyl compound (ketone) and conjugated
carbonyl compound (conjugated ketone), respectively,
(Coates, 2000) in the particle sizes below 1.8 um for all
four sampling sites. The vibration at 1680—1720 cm ' was
assigned to the relative quantification of —CO group.

Functional Group Distribution

The strength, occurrence and modality type of functional
groups, are essential to understand the behaviour of organic
compounds in atmospheric particles, which are independent
of the calibration value. Fig. 4 shows the distribution of
hydroxyl, aliphatic carbon, carbonyl and amino functional
groups in the size resolved atmospheric particles collected
from the four sampling sites. Functional group distribution
as a function of particle size revealed that elevated level was
found for -OH, —CO and —NH, groups at CR and MQ sites,
and —CH, group at RT and MQ sites. The functionality
distribution was found variable between mass and bonding
groups, among bonding groups, and among urban and
industrial areas. Single mode distribution was found
predominantly in -OH, —CH,, —CO, and —-NH, groups at all
three industrial CR, RT, and WH sites whereas bimodal
distribution was observed for -OH, —CH,, and —CO groups
at the urban background MQ site. The high absorption peak
occurred in the particle size range of 1.4-4.4 um (-OH),
0.78-1.4 um (—CHy), 0.10-0.78 pm (—CO), and 0.78-4.4 pm
(-NH,) (Fig. 4).

The hydroxyl (-OH) group (in alcohol compounds, surface
OH on crystals, salt hydrate), aliphatic carbon (—CH,) group
(in methylene compounds, n-alkane), carbonyl (—CO) group
(in acid halide, aryl carbonate, ketone, conjugated ketone),
and amino (—-NH,) group (in primary amino compounds such
as n-butylamine) in atmospheric particles in the industrial
areas at the CR, RT and WH sites can be attributed to mainly
anthropogenic sources, which include iron and steelmaking
industries (Environment Protection Authority, 2013) and
motor vehicles exhaust (Schauer and Cass, 2000; Xie et
al., 2009). These compounds can also originate from long
range transport particles (Radhi et al., 2010), microbiological
processes of biogenic sources (Kavouras et al., 1999) and
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wood heaters (Environment Protection Authority, 2013),
especially in the winter period. The increasing amount of
organic compounds in atmospheric particles in the urban
background site compared to the industrial sites (Fig. 4) may
be due to the strong influence of local biogenic emissions of
isoprene and pinenes due to long subsidence period (~72
hrs) leading to trapping of these particles from surrounding
plants. The variation in bonding group distribution can also
be influenced by atmospheric conditions and formation of
secondary organic aerosols by atmospheric photochemical
reactions.

Functional Groups Fraction

Fig. 5 shows the relative percentage of functional groups
in the coarse, intermodal and submicron particles in urban
and industrial areas. The —OH group is strongly associated
with the coarse particles, which may suggest possible
contribution of salt hydrate, such as halite, at CR, WH, and
MQ sites, and surface OH on crystals, such as goethite, at
CR and WH sites, whereas the -CH, group is associated with
intermodal particles (at WH site) and submicron particles
(at RT site). The salt hydrate in atmospheric particles
could originate from sea spray and long-range transport
particles (Radhi et al., 2010). The back trajectories of WH
and MQ sampling sites using HYSPLIT model, shown in
Fig. 2, also indicate the contribution of halite from the ocean.
The —CO group is predominantly associated with submicron
particles at all sampling sites. The -NH, group is found
substantial with submicron particles (at RT site), and
intermodal particles (at WH site). The strong association of
bonding groups with submicron particles may be associated
to the vehicle exhaust, and secondary organic particles
from atmospheric photochemical reactions.

XRD ANALYSIS

Mineral Identification and Composition

The XRD analysis was performed on the atmospheric
particles (0.10 < Dp < 18 um), and the dominant minerals of
quartz (Si0,), hematite (a-Fe,0;), calcite (CaCOj3), goethite
(FeO,H), magnetite (Fe;0y,), halite (NaCl), maghemite (y-
Fe,03), ilmenite (FeTiO3), and franklinite (ZnFe,O,) were
identified in the inorganic fraction of the samples. Fig. 6
shows the typical XRD pattern of the size resolved
atmospheric particles in one of the industrial (WH) sites.
Fe-containing minerals (hematite, goethite, magnetite,
maghemite, ilmenite and franklinite) dominate the atmospheric
particles in the vicinity of iron and steelmaking industries
at the CR, RT, and WH sites, whereas the background MQ
site contained primarily quartz, calcite, and halite. Calcite
minerals can originate from steelmaking sources, as they
are used as fluxing agents, in addition to the natural mineral
sources. Halite could originate from the sea spray at the CR,
WH, and MQ sites; however the RT site was not influenced
by the halite minerals, possibly due to the prevailing
atmospheric conditions and further distance from the ocean,
comparable to the other three sites. Iron titanium oxide
(FeTiO;), and franklinite (ZnFe,O4) were found at the RT
site where electric arc furnace steelmaking processes are
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Fig. 5. Coarse, intermodal and submicron PM functional group fractions.

operating. Maghemite was found at the WH site where
integrated BF-BOF steelmaking process is operating, and the
surrounding soils also contain a variety of iron minerals.
Table 3 shows the mineral content (in percentage) of size
resolved atmospheric particles considering total crystalline
materials found in the particles apart from the amorphous
materials. For this, the mineral content (Table 3) represents
the relative percentage among all minerals identified and
quantified in a particular atmospheric particle sample. It is
observed that the increasing percentage in the different
particle size fractions does not necessarily indicate the higher
mineral mass. For example, hematite is found in S2 stage
(26%), and S5 stage (79%) at the WH site, but the mass
concentration of hematite might be higher in the S2 stage
compared with the S5 stage. The relative mineral content can
be discussed and compared based on the total crystalline
materials in each sample set to 100%, regardless of their
mass concentration. Hence, careful consideration is necessary
for reporting the mineral quantification, especially for the
size resolved atmospheric particles. Ohmsen (2004b) reported
that air-fall dust at Whyalla Wall Street contains about 18—
45% hematite, however, these values represent the percentage
hematite content in total crystalline materials where the
mass of total crystalline materials is unknown. In this case,
the lower percentage of mineral content may represent
higher significance in terms of their implication and effect

on human health and the environment.

The results of the XRD analysis of size resolved
atmospheric particles (Table 3) showed the abundance of
quartz, calcite, halite and hematite minerals. Hematite was
found dominant mineral in the vicinity of iron and
steelmaking sites (CR, RT and WH sites), whereas the
background MQ site contained quartz, calcite and halite
minerals, most likely from the natural soil dust and sea spray.
Apart from hematite minerals, a considerable amount of
goethite, magnetite, iron titanium oxide, franklinite and
maghemite were found nearby the steelmaking industrial
sites, indicating strong influence of iron and steelmaking
processes on surrounding atmospheric particle mineralogy.

At stages S0-S1 (> 10 pm) halite (up to 91%) was found
dominant at the background MQ site. Calcite (up to 38%)
and quartz (up to 80%) minerals were found at all sampling
sites. The Fe-minerals hematite (up to 76%), goethite (2%)
and magnetite (11%) were dominant at the WH site,
indicating the increasing amount of iron crystalline materials
originating from raw materials handling. At stages S2—S4
(1.8-10 pum) the atmospheric particles contained both
background and iron bearing minerals. These stages are
particularly important as the dominant mass and elemental
concentration occurred within these particle sizes at all
sampling sites. The iron bearing minerals at the RT site
contained hematite (up to 17%), goethite (11%), ilmenite
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QO: quartz; C: calcite; H: hematite; M: magnetite; Mm: maghemite;
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L: halite; G: goethite; T: Teflon substrate

0.56-1 pm

0.32-0.56 pm

0.18-0.32 pm
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20 ()
Fig. 6. Typical XRD diffraction pattern of size resolved atmospheric particles at WH site.

(50%), franklinite (up to 40%) and magnetite (14%) minerals,
which shows the diverse crystalline materials originated from
electric arc furnace (EAF) steelmaking processes compared to
blast furnace-basic oxygen furnace (BF-BOF) steelmaking
processes. Hematite was absent at the background MQ site,
indicating the importance of distance between industries and
receptor sites on the composition of the surrounding
atmospheric particles. Halite (up to 72%), quartz (up to
16%), and calcite (up to 35%) were found in the particle size
range of 1.8 — 10 um at all sampling sites. At stages S5-S7
(0.32—1.8 pum) halite crystal phase was absent at all sampling
sites. Fe-containing minerals at WH site constituted of
hematite (up to 79%), and maghemite (up to 84%). The
mass concentration in these particle sizes was found to be
substantially lower compared to coarse particles. Among
the crystalline materials, hematite (up to 99%) was found
predominantly at the RT site, whereas both hematite (up to

68%), and goethite (up to 16%) were found significant at the
CR site. At stages S8-SP (< 0.32 pm) minerals are not detected
in most samples, possibly due to the lower concentration
of crystalline materials in these particle sizes.

The variation in the crystalline phases and their contents in
industrial atmospheric particles could result from a number of
factors, such as the distance between the industrial sources
and receptor sites, prevailing atmospheric conditions
including wind speed and direction, raw materials variation
in EAF and BF-BOF steclmaking processes, processing
variations, such as pellet plants at WH site and sinter plant
at CR site, the production and variability of emissions from
iron and steelmaking point sources. The overall crystalline
phases show the dominant iron crystalline materials originate
from fugitive and point sources at the steelmaking sites
CR, RT, and WH. The fugitive emissions can be reduced
significantly by introducing advanced dust free raw materials
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Table 3. Mineral content (%) as a function of total crystalline materials in size resolved atmospheric particles at CR, RT,

WH, and MQ sites.
N 2 Q 8 ° § o ‘Q-'E) 2 *é
i ' > g= = §= 2 = = b
Stage no Particle Size, Site g g 5 % = g —E S qéo 8
pm & [5) 3 Q T = O g 8 &
= © g & = 2
CR 80 20
RT 39 24 38
S =1 WH 21 76 1 2
MQ 9 91
CR 12 42 29 17
RT 39 32 28
S1 10-18 WH 21 21 15 32 11
MQ 14 23 64
CR 10 21 33 36
RT 15 35 50
52 =T WH 16 26 29 30
MQ 15 13 72
CR 9 34 21 11 25
RT 15 17 28 40
83 3.2-5.6 WH 14 17 14 55
MQ 4 24 72
CR 10 53 13 24
RT 18 17 26 25 14
S L= WH 14 16 21 49
MQ 9 29 63
CR 8 51 42
RT 20 57 2 21
S5 1-18 WH 10 79 1 11
MQ 43 58
CR 13 87
RT 92 2
S6 0.56-1 e 13 "
MQ 54 46
CR 68 20 13
RT 99 1
S7 0.32-0.56 WH 2 76
MQ nd
CR 58 26 16
RT 99 1
S8 0.18-0.32 o nd
MQ nd
CR nd
RT nd
SP <0.18 WH nd
MQ nd

nd: not detected.

handling operations. The Fe-nanocrystalline phases in
atmospheric particles (y-Fe,O; or Fe;O, nanocrystals of
approximately 10 nm in size) (Tartaj et al., 2004; Ge et al.,
2007), could be generated from high temperature combustion
processes in iron and steelmaking industries, but in this study
they were mostly not detected, likely due to the insufficient
amount of crystalline material present in the inorganic
compounds of the ultrafine particles. The dominance of iron
minerals, especially hematite, in the vicinity of iron and

steelmaking industries showed the importance of mineral
analysis for anthropogenic contribution to the radiative
forcing of atmospheric particles.

CONCLUSIONS
Bonding structure and mineral content of atmospheric

particles in the vicinity of Australian electric arc furnace
and integrated steelmaking industries were investigated in
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this work, focusing on different size fractions from coarse
to ultrafine particles for improved understanding of radiative
forcing of atmospheric particles. The hydroxyl (-OH) group
(in alcohol compounds, surface OH on crystals, salt hydrate),
aliphatic carbon (—CH;) group (in methylene compounds,
n-alkane), carbonyl (—CO) group (in acid halide, aryl
carbonate, ketone, conjugated ketone) and amino (—NH,)
group (in primary amino compounds such as n-butylamine) in
atmospheric particles at all sampling sites were detected in
this study. The functional group distributions were found
variable between mass and bonding groups, among bonding
groups, and among urban and industrial areas. These
functional groups in organic compounds at the three
industrial sites can be attributed to the influence of iron and
steelmaking industries and motor vehicle exhaust, whereas
strong influence of organic functional groups at the urban
background MQ site can be assigned to the local biogenic
emissions. The —OH group was mostly associated with
coarse particles, whereas —CH,, —CO, and -NH, groups were
mostly associated with submicron particles, indicating strong
influence of fine particle sources of combustion process, car
exhaust, domestic wood burning and biogenic emissions.
Hematite mineral was found predominantly in the vicinity of
iron and steelmaking industries, which likely originates from
the raw materials handling and high temperature combustion
processes, whereas the background minerals, such as quartz,
calcite and halite, were found predominantly at the urban
background site. The nanocrystalline iron minerals in
ultrafine particles were not detected, which requires further
investigation for comprehensive understanding of the
atmospheric particle characterisation. The presence of
hematite content as major mineral species can provide
improved understanding of radiative forcing of the mineral
component of atmospheric particles.
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