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ABSTRACT 23 

Single particle analysis of an industrially polluted atmosphere in Port Talbot, South Wales, United 24 

Kingdom was conducted using Aerosol-Time-of-Flight Mass Spectrometry (ATOFMS). During the 25 

four week sampling campaign, a total of 5,162,018 particles were sized in the size range 0.2 to 1.9 26 

µm aerodynamic diameter. Of these, 580,798 were successfully ionized generating mass spectra. K-27 

means clustering employed for analysing ATOFMS data utilized 96% of the hit particles to generate 28 

20 clusters. Similar clusters were merged together and 17 clusters were generated from which 7 29 

main particle groups were identified. The particle classes include:  K-rich particles (K-CN, K-NO3, 30 

K-EC,  K-Cl-PO3 and K-HSO4), aged sea salt (Na-NO3),  silicate dust (Na-HSiO2), sulphate rich 31 

particles (K-HSO4), nitrate rich particles (AlO-NO3), Ca particles (Ca-NO3), carbon-rich particles 32 

(Mn-OC, Metallic-EC, EC, EC-NO3 and OC-EC), and aromatic hydrocarbon particles (Arom-CN, 33 

Fe-PAH-NO3 and PAH-CN). With the aid of wind sector plots, the K-Cl-PO3 and Na-HSiO2 34 

particle clusters were related to the steelworks blast furnace/sinter plant while Ca-rich particles 35 

arose from blast furnace emissions. K-CN, K-EC, Na-HSiO2, K-HSO4, Mn-OC, Arom-CN, Fe-36 

PAH-NO3, and PAH–CN particles were closely linked with emissions from the cokemaking and 37 

mills (hot and cold) steelworks sections. Na-HSiO2 particles were also associated with the blast 38 

furnace and crustal matter. The source factors identified by the ATOFMS were compared with 39 

those derived from multivariate analysis using Multilinear Engine (ME-2) applied to filter samples 40 

analysed off-line. Both methods of source apportionment identified common source factors 41 

including those within the steelworks (blast furnace, sinter, cokemaking), as well as marine, traffic 42 

and secondary particles, but quantitative attribution of mass is very different. 43 

 44 

Keywords: 45 

Single particle; steelworks; wind sector; source contribution; ME-2; ATOFMS 46 

47 
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1. INTRODUCTION 48 

Aerosol Time-of-Flight Mass Spectrometry (ATOFMS) provides continuous, real-time detection 49 

and characterization of single particles from polydisperse samples, supplying information on 50 

particle size and composition. (Gross et al., 2000; Gard et al., 1997: Prather et al., 1994). It is a 51 

technique well suited to determine the size and composition of large numbers of particles (Sullivan 52 

and Prather, 2005). The advantage of ATOFMS over other methods of source apportionment is its 53 

ability to identify associations among chemical species within individual particles. This association 54 

can be related directly to source apportionment (Kelly et al., 2003). However, the key disadvantages 55 

are the cost of instrument purchase, and interpretation of the spectra which requires a steep learning 56 

curve (Kelly et al., 2003). The deployment of ATOFMS for both outdoor and indoor pollution 57 

studies has been widely reported in published work (Held et al., 2002; Dall’Osto et al., 2004; 2007; 58 

2008; 2012; Gross et al., 2000; Healy et al., 2013; Smyth et al., 2013). Despite the numerous studies 59 

conducted around the world on single particle measurement, only a few have been carried out in the 60 

vicinity of steel industries (Dall’Osto et al., 2008; 2012). 61 

 62 

The ATOFMS instrument has proved its ability to resolve particles in emissions associated with 63 

different fuel-types. In Northern Mexico City, Moffet et al. (2008) were able to measure ambient 64 

aerosol in the industrial and residential areas of the city using ATOFMS. Their findings indicated 65 

that biomass burning and industrial emissions made significant contributions to primary particle 66 

loadings in Mexico City, exhibiting strong correlations with local meteorology. Results also showed 67 

that the majority of particles in the submicrometre range comprised emissions from biomass/biofuel 68 

burning (40%) and aged organic carbon (31%), internally mixed with oxidized OC (C2H3O, m/z = 69 

43), nitrate, sulphate and ammonium. The study demonstrated the value of the ATOFMS as a tool 70 

for identifying biomass markers and also for the apportionment of particulate matter. 71 

 72 
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Dall’Osto and Harrison (2006) employed the ATOFMS instrument for single particle analysis of 73 

PM in Athens (Greece). A unique ‘car particle’ due to signals at m/z 54 (54[Fe]+), 56 (56[Fe]+), 88 74 

[FeO2]
+, 138 [Ba]+ and 154 [BaO]+ was identified as a traffic fingerprint. Five broad classes of PM 75 

identified during the study were sea salt, dust, carbon, inorganic and K-rich particles. Secondary 76 

carbonaceous particles which could have been difficult to detect by other means were also revealed 77 

in the study. Sullivan et al. (2007) also adopted ATOFMS for online characterization of the 78 

composition of particles from the marine environment. ART-2a software used for classification of 79 

particles showed that nitrate and sulphate made up 60-80% of PM in the super-micrometre size 80 

range. The observed nitrate and sulphate were associated with mineral dust particles emitted during 81 

dust events. Giorio et al. (2012) applied three different techniques to analyse ATOFMS data 82 

collected in London, UK. The data analysis techniques used were PMF, ART2a and k-means 83 

clustering (in the ENCHILADA package). Among the components revealed by ATOFMS were 84 

fresh and aged EC, organics, sodium chloride, sulphate, nitrogen and potassium. This showed that 85 

the ATOFMS is capable of identifying aged and freshly emitted particles. With an ATOFMS 86 

instrument, Smyth et al. (2013) in their recent study at a sampling site in Milwaukee, USA 87 

attributed emissions of Se, Cd, Sb and Mo to a coal-fired plant. Bromine containing compounds that 88 

could have been difficult to determine with offline instrumentation were also revealed by 89 

ATOFMS.  90 

 91 

Studies involving source apportionment of single particles have been reported in several published 92 

works (i.e. Owega et al., 2004; Bein et al., 2006; 2007; Reinard et al., 2007; Eatough et al., 2008; 93 

Snyder et al., 2010; Ault et al., 2010; Healy et al., 2009; 2011; McGuire et al., 2011). For instance, 94 

Eatough et al.  (2008) has applied a Positive Matrix Factorization (PMF) model to identify and 95 

apportion single particles collected in Riverside, US. Sources identified were diesel, secondary 96 

nitrate, ozone –related secondary aerosol, basin transported source and organic emissions. The PMF 97 

model was also applied to filter-based measurements. Source apportionment of the two types of 98 
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measurements were consistent in the identification of emission sources in the study area.  A related 99 

study by Snyder et al. (2010) identified metals including Ca, Co, Fe, Pb, Ni, K and Zn in single 100 

particles collected in East St. Louis, Illinois, US. These metals were closely linked to sources such 101 

as: petroleum refineries, power plants, cement kiln, and waste incinerator.  High loadings of Sb, Ba, 102 

Cd and Se were found for the power plant. Application of PMF to single particles has also been 103 

reported in a study conducted in Toronto, Canada (Owega et al., 2004). Sources identified were 104 

biogenic, crustal, organic nitrate, construction dust, soil/road salt, secondary salt, wood burning, 105 

inter-continental dust and an aluminium-fluoride source.  The study by Ault et al. (2010) has 106 

identified a unique plume particle (OC-V-Sulphate- that represented a 10-34% source contribution) 107 

in the port of Los Angeles, US. 108 

 109 

In the present study an ATOFMS instrument was used alongside filter-based samplers and 110 

continuous analysers in a campaign-based study of a steelworks in South Wales, UK.  An analysis 111 

of particle size distributions has already been reported (Taiwo et al., 2014a), as has a receptor 112 

modelling study with the Multi-linear Engine, ME-2 model (Taiwo et al., 2014b). 113 

 114 

2. MATERIALS AND METHODS 115 

2.1  The Study Area 116 

Port Talbot (PT) is a coastal industrial town with a population of approximately 35,000, located in 117 

South Wales (51° 34' N and 3° 46' W). The Tata steelworks complex located in Port Talbot is the 118 

main industry in the study area and a major source of PM emissions (AQEG, 2011). The site covers 119 

approximately 28 km2, contains ~50 km of roads, 100 km of railway, and has 25,000 vehicle 120 

movements per day. The production capacity is around 5 million  tonnes per year with the main 121 

processes in the steelworks being iron-making (sintering, blast furnace and raw materials), steel-122 

making (basic oxygen steel-making (BOS) and coking) and rolling mills (hot and cold mills) 123 
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(Moreno et al., 2004; Dall’Osto et al., 2008). Figure 1 shows the sampling site (Fire Station) in Port 124 

Talbot where the ATOFMS instrument was located.  125 

 126 

2.2  Aerosol Sampling and Instrumentation 127 

Single particle sampling during the four-week campaign (April 18-May 16, 2012) at Port Talbot 128 

was carried out using the TSI ATOFMS (Model 3800-100 fitted with an aerodynamic lens inlet). 129 

The ATOFMS instrumentation has been well described by Gard et al. (1997).  Particles passing the 130 

aerodynamic lens are accelerated into a vacuum, their transit time between two low powered lasers 131 

giving a measure of particle size.  The particles are then ionised by a Nd:YAG laser at 266 nm, the 132 

ionised fragments entering positive and negative time-of-flight mass spectrometers. Size calibration 133 

was achieved by ranges of polystyrene latex spheres (PSL) in the diameter range 0.1-1.3 µm. These 134 

were introduced from a medical  atomizer. Mass-to-charge (m/z) calibration was done with NaCl 135 

and graphite powder. A solution containing Li, Na, K and Pb was also introduced for mass 136 

calibration. Upon calibration, the data is loaded into the MS Analyse program to obtain a better fit 137 

curve for both size and mass.  138 

 139 

During the four week campaign, 5,162,018 particles were sized of which 580,798 were successfully 140 

ionized (hit particles). Successfully ionized particles were imported into the ENCHILADA software 141 

(Gross et al., 2000; Giorio et al., 2012) for analysis. 142 

 143 

Size distribution of ATOFMS counts were scaled with Grimm optical particle (model 1.108) 144 

counter operated simultaneously with the ATOFMS instrument at the same sampling site (Fire 145 

Station). The Grimm data was used for inlet efficiency (inverse transmission efficiency, E) 146 

calibration.  The scaling is spread across the entire ATOFMS data generated during the campaign. 147 

Inverse transmission efficiency, E is calculated therefore as:  148 

 149 
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E = NGrimm/NATOFMS  150 

 151 

where, NGrimm is the Grimm particle number concentration, NATOFMS is ATOFMS particle number 152 

concentration. ATOFMS particles are defined by number counts of total hit and missed particles 153 

that correspond to same size range as the Grimm particle counter. The size range of ATOFMS 154 

particles during the campaign is 0.2-1.9 µm while the total size range of the Grimm was 0.3-20 µm. 155 

The particle sizes where E was calculated to fit with the Grimm size range are in the intervals 0.3-156 

0.4, 0.4-0.5, 0.5-0.65, 0.65-0.8, 0.8, 1.0, 1.0-1.6 and 1.6-2.0 µm. The inverse transmission 157 

efficiency curve follows an inverse power law pattern within the particle diameter range of 0.39-1.8 158 

µm, in line with the findings of Dall’Osto et al. (2006). 159 

 160 

Mass concentrations of the particle clusters were calculated from the scaled ATOFMS particle 161 

counts assuming spherical geometry and a density depending on the particle type. In the published 162 

literature, some authors have used a common particle density value to quantify the single particle 163 

mass (Prather, 1998; Healy et al., 2013). In this study, we adopted different density values to 164 

calculate mass concentrations because PM in Port Talbot is influenced by multiple factors including 165 

the steelworks, sea salt, crustal, traffic and long range transportation (AQEG, 2011). These values 166 

were selected from the published work of Phillips and Perry (1995) and Chemical Book (2008).  167 

The values of particle density were 1.55 g cm-3 for K-CN, 2.11 g cm-3 for K-NO3, 2.56 g cm-3 for K-168 

Cl-PO4, 2.26 g cm-3 for Na-NO3 g cm-3, 2.61 g cm-3 for silica dust, 2.66 g cm-3 for K-HSO4, 1.72 g 169 

cm-3 for AlO-NO3, 2.50 g cm-3 for Ca-NO3, 2.1 g cm-3 for EC or black carbon, 6.89 g cm-3 for Mn-170 

OC and 5.0 g cm-3  for Fe-PAH-NO3. The densities of aromatic and polyaromatic hydrocarbons 171 

were obtained from Mackay et al. (2006) as 0.78 and 1.27 g cm-3 respectively. The value of OC was 172 

also taken as 1.40 g cm-3 (Gysel et al., 2007). 173 

 174 

 175 
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3. RESULTS AND DISCUSSION 176 

3.1  ATOFMS Chemical Composition 177 

The chemically analysed (hit particles) represented 11.2% of the total sampled particles. Out of the 178 

total ionized particles, ENCHILADA utilised 96% (555,798 particles) in a k-means clustering 179 

program to generate 20 clusters which were reduced to 17 clusters (by merging similar clusters with 180 

related spectral peaks and diurnal or temporal variations). The scaled mean diameters as well as 181 

percentages represented by these particle clusters are reported in the Supplementary Information, 182 

Table S1. Most of the particle classes defined by the clusters exhibited mean particle diameter (Dp) 183 

less than 1.0 µm (scaled mean diameter), except Na-NO3, which occurred at Dp >1.0 µm. These 184 

clusters were categorized as: (1) K-rich particles which comprised K-CN, K-NO3, K-EC, K-Cl-185 

PO3, and K-HSO4) classes, (2) Silicate Dust, Na-HSiO2, (3) Ca-rich particles, Ca-NO3, (4) 186 

Carbon-rich particles, Mn-OC, Metallic-EC, EC and OC-EC and (5) Aromatic Hydrocarbon 187 

(Arom) and PAH particles, Arom-CN, Fe-PAH-NO3 and PAH-CN,  (6) Aged Sea Salt, Na-NO3, 188 

and (7) Al Nitrate-rich particles, AlO-NO3. The mean mass spectra of all the particle clusters 189 

identified are shown in Figure 2. The polar plots of individual particle types that are related to the 190 

steelworks emissions are shown in Figure 3, while other polar plots are depicted in Figure S1 in the 191 

Supplementary Information.  The polar plots show particle abundance as a function of wind 192 

direction (angle from centre) and wind speed (distance from centre of plot) and are a valuable aid to 193 

identifying particle sources. 194 

 195 

3.1.1  K-rich particle types  196 

This category includes K-CN, K-NO3, K-EC,  K-Cl-PO3, and K-HSO4, and comprised 40% of the 197 

total ionized particles. The high abundance of the K-rich particles is partially explained by the 198 

extreme sensitivity of the ATOFMS instrument to K (Healy et al., 2013).  199 

 200 
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The K-CN particle class is characterised by an elevated positive ion signal at m/z +39 [K]+ and 201 

intense negative signal at m/z -26 [CN] -, Other weaker peaks are found at m/z +23 [Na]+, m/z -46 202 

[NO2]
-, m/z -62 [NO3]

 -, m/z -97 [HSO4]
 -, m/z -35 [Cl]-, m/z -42 [CNO]- m/z -48 [C4]

-, m/z -60 203 

[C5]
- and m/z -72 [C6]

-. The polar plot shows multiple source areas for this particle class suggesting 204 

much influence from diffuse local sources (Figure 3). Evidence for a steelworks contribution can be 205 

seen in the elevated concentration of the cluster towards the south-easterly and southerly wind-206 

direction. The mills (hot and cold) and cokemaking units of Port Talbot steelworks are located in 207 

the 150-190o wind sector. Table 1 shows the wind sectors linking different steelworks processes 208 

with the Fire Station monitoring site where the ATOFMS instrument was located. Contributions 209 

from the steelmaking section were indicated for this particle type. K is a notable biomass 210 

burning/woodsmoke marker but has also been reported from the steelworks sinter plant (Hleis et al., 211 

2013).  An ATOFMS K-CN particle sampled in Athens, Greece, by Dall’Osto and Harrison (2006) 212 

was attributed to vegetative debris. The [CN]- ion, as suggested by Tao et al. (2011), might not 213 

necessarily indicate the presence of cyanide but of carbon and nitrogen within an organic particle. 214 

In this study the CN- ion may have an origin in cokemaking emissions. Wastewater from 215 

cokemaking at the steelworks has been reported to contain significant amount of cyanide and 216 

thiocyanate (http://www1.eere.energy.gov/manufacturing/resources/steel/pdfs/roadmap_chap4. 217 

pdf).   218 

 219 

The K-NO3 particle class showed strong peaks for potassium (m/z +39) and NO2
- and NO3

- (m/z -220 

46 and -62).  Smaller peaks were also present for [CN]- (m/z -26), [Cl]- (m/z -35),  and [HSO4]
- 221 

(m/z -97).  The polar plot reveals that the origin of K-NO3 particles is located to the north of the 222 

sampling site. This may be related to traffic emissions from the major roads as well as residential 223 

woodsmoke (see Port Talbot map in Figure 1).  224 

 225 
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The K-EC particle class shows strong peaks for potassium (m/z +39) and elemental carbon, EC 226 

(m/z [Cn]
-, n=2-9). Smaller peaks from nitrite and nitrate (m/z -46 and -62), sodium (m/z +23) and 227 

[C5]
+ (m/z +60) are also observed in this class. The polar plots of the K-EC and K-CN clusters are 228 

very similar suggesting a common emission source type. However, the temporal correlation 229 

between the two clusters is weak (r2 = 0.13). K is a widely used tracer of woodsmoke while EC is 230 

emitted from traffic and coal combustion (Dan et al., 2004; Harrison et al., 2012a) as well as in 231 

woodsmoke. The wind sector plot (Figure 3) suggests contributions from the mills (cold and hot) as 232 

the largest emitter of K-EC particles. Possible emissions from the cokemaking ovens and residential 233 

combustion to the north and west are also suggested by the polar plot. The earlier work at Port 234 

Talbot did not report the K-EC particle (Dall’Osto et al., 2012). This particle type was however 235 

reported by Healy et al. (2013) at an urban background site in Paris and was attributed to local 236 

biomass combustion. The study of Bi et al. (2011) in the Pearl River Delta urban area also attributed 237 

this particle type to biomass combustion.   238 

 239 

The K-Cl-PO3 particle class is characterized by strong peaks observed at m/z 39 [K]+, m/z -35 240 

[Cl] -, m/z -79 [PO3]
- and m/z -96 [HPO3]

-. Possible sources are the sinter plant or biomass burning 241 

(Li et al., 2003; Dall’Osto et al., 2008, Hleis et al., 2013). The recent work of Hleis et al. (2013) has 242 

reported KCl as a good indicator of sinter plant emissions. The polar plot also established the sinter 243 

plant (located between 190-270o of the sampling site, Table 1) as the most likely source. The source 244 

of phosphate is unknown. The study by Dall’Osto et al. (2008) linked phosphate emissions to the 245 

rolling mills which is not consistent with the wind sector polar plot in this study.  246 

 247 

K-HSO4 particle type 248 

The sulphate-rich particle class is characterised by an elevated negative peak of m/z -97 [HSO4]
- 249 

plus other weak peaks at m/z -26 [CN]-, -46 [NO2]
 -, -62 [NO3]

 - and -80 [SO3]
 -. The positive 250 

spectrum is dominated by the presence of m/z +39 [K]+ and other smaller peaks at m/z +23 [Na]+, 251 
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+43 [AlO]+ and +59 [AlO2]
+. This class constituted 5.4% of the total analysed particles. The polar 252 

plot (Figure 3)  suggests the steelworks cokemaking section as the major source of this particle 253 

class. There also appear to be significant contributions from the sinter and blast furnace plants 254 

evident in the polar plot, and elevated concentrations of this particle observed at the north-easterly 255 

wind sector are suggestive of long range transport of secondary sulphate (Figure 3). Sulphate has 256 

also been linked to cokemaking emissions (Konieczynski et al., 2012; Pancras et al., 2013). 257 

 258 

3.1.2  Silicate dust particle 259 

The Na-HSiO2 particle class occupies 5.2% of the total particles.  It is characterized by intense 260 

signals at m/z +23 [Na]+ in the positive spectrum and m/z -61 [HSiO2]
- in the negative spectrum 261 

(Figure 2).  Evidence of internal mixing of this particle with EC was found with smaller peaks 262 

occuring at m/z -36, -48, -72 and -144. Nitrate peaks (m/z -46 [NO3]
- and -142 [NH4(NO3)2]

-), and 263 

peaks at m/z -16 [O]-, -79 [PO3]
-, and -97 [HSO4]

- were also identified in this spectrum. Multiple 264 

emissions of this particle class from sources such as the blast furnace plant, mills and crustal matter 265 

are suggested by the polar plot (Figure 3). Silica is a raw material used in a relatively small 266 

proportion (0.3-0.9%) in a blast furnace during steel production (Ricketts, 2013). Silicate particles 267 

could originate from erosion and abrasion of local geological materials as well as construction 268 

activities (Moreno et al., 2004). The previous work at Port Talbot by Moreno et al. (2004) using 269 

scanning electron microscopy revealed silicate particles to constitute 2 and 12% of the total mass of 270 

PM2.5 and PM2.5-10, respectively.  271 

 272 

The polar plot of the Na-HSiO2 particle (Figure 3) shows that the presence of this type of particle is 273 

associated with higher windspeeds than the Na-NO3 particle type.  The main particle size is 274 

intermediate between that of aged sea salt (>1 µm) and the combustion-generated particles  275 

suggesting that marine aerosol as well as the resuspension of crustal material may be a contributory 276 

source.  277 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

12 

 

3.1.3  Ca-rich particle type 278 

The calcium-rich particle class constituted 2.8% of the total analysed particles. This particle type 279 

shows intense spectral peaks at m/z +40 [Ca]+, -46 [NO2]
- and -62 [NO3]

-. The particle is internally 280 

mixed with elemental carbon: m/z -24 [C2]
-, -36 [C3]

-, -48 [C4]
-, -60 [C5]

-, -72 [C6]
-, -84 [C7]

-, -108 281 

[C9]
-, organic carbon: -m/z  -43 [C2H3O]-, phosphate: m/z -79 [PO3]

- and sulphate: m/z -97 [HSO4]
-. 282 

A relatively smaller sodium peak m/z +23 [Na]+ occurs in this cluster. The polar plot suggests the 283 

blast furnace steel production unit as the main contributor to this particle class. Limestone (CaCO3) 284 

and dolomite (CaMg(CO3)2) are key raw materials used in the basic furnace unit of the steel 285 

industry (Machemer, 2004).  286 

 287 

3.1.4  Carbon-rich particle types 288 

The carbon-rich particles comprise the following particle classes: Mn-OC, OC, Metallic-EC, OC-289 

EC, EC and EC-NO3 and account for a total of 24% of analysed particles. The mean aerodynamic 290 

diameters of carbon class particles are less than 1.0 µm (Table S1).  291 

 292 

The Mn-OC particle class is characterized by strong positive peaks at m/z +39 and +55. A lone 293 

strong negative peak was observed at m/z -26, attributed to [CN]- (Figure 2). Manganese is a 294 

notable emission from the steel industry from the ironmaking production unit (Dall’Osto et al., 295 

2008; Mazzei et al., 2008).   296 

 297 

However, the spatial pattern of emissions is more consistent with a distributed local low-level 298 

source (Figure S1). The spectral peaks at m/z +39 and +55 could possibly be due to hydrocarbon 299 

fragments of [C3H3]
+ and [C4H7]

+, and this seems more plausible than a steel industry source. 300 

Published work has reported m/z +55 as an organic signature co-existing with peaks such as m/z 301 

+27 [C2H3]
 +, +43 [C3H7]

 +, +63 [C5H3]
 + and +77 [C6H5]

+ (Bi et al., 2011; Dall’Osto and Harrison, 302 

2012). Occurrences of m/z +39 [K]+ and +55 [Mn]+ peaks in particles sampled in Shanghai, China 303 
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have been attributed  to biomass burning (Tao et al., 2011). The origin of this particle type, which 304 

has a mean diameter similar to the other carbonaceous particle types (Table S1), remains obscure. 305 

  306 

The Metallic-EC particle class shows positive spectral signals at m/z +23 [Na]+, +27 [Al]+, +48 307 

[Ti] +, +56 [Fe]+, +59 [AlO2], +72 [FeO]+ and +84 [ZnO]+. An elevated peak observed at m/z +41 308 

might be related to organic carbon [C3H5]
+. The negative spectrum is characterized mainly by 309 

elemental carbon [Cn]
- where n=2-9. This particle-type may be related to emissions from the hot 310 

and cold mills as indicated by the polar plot (Figure 3).  311 

 312 

The EC particle class shows notable peaks at m/z [Cn]
± (n = ±2-10). Other peaks occur at [Cn]

+ 313 

(n=11 and 12) and m/z +23 [Na]+. Among the carbonaceous species, the EC particle class is the 314 

most abundant. This particle has a chemical signature (Figure 2) and a polar plot (Figure S1) highly 315 

consistent with a source in local traffic emissions. 316 

  317 

The EC-OC particle class exhibits notable characteristic peaks at m/z  ±36 [C3]
±, +48 [C4]

+,  ±60 318 

[C5]
 ±, -47 [C3H11]

-, -72 [C6]
-, -94 [C7H10]

- and -97 [HSO4]
-. The presence of m/z -47 and -94 could 319 

also suggest signatures of carbon-containing-halogen particles which are [CCl]- and [(CCl)2]
-. See 320 

further discussion in the Supplementary Information (Table S2)  321 

  322 

The EC-NO3 particle class is another particle observed within the carbonaceous species. The peaks 323 

of this particle type occur at m/z ±36 [C3]
±, ±48 [C4]

±, ±60 [C5]
±, -24 [C2]

-, -46 [NO2]
-, -62 [NO3]

-, -324 

72 [C6]
- and -97 [HSO4]

-. This particle type is moderately correlated the with the EC class with 325 

correlation (r2) of 0.45. The polar plot  (Figure S1) indicates traffic as the probable source with a 326 

possible influence from NOx emissions from the ironmaking section of the steelworks.  327 

 328 

 329 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

14 

 

3.1.5.  Aromatic hydrocarbon (Arom) and PAH particle types 330 

Three particle classes are found within Arom and PAH particle types (Aromatic-PAH-CN, Fe-331 

PAH-NO3 and PAH-CN) which constitute 12.3% of analysed particles.  332 

 333 

The Aromatic-CN particle class is characterised by significant spectral signals at m/z +39 [C3H3]
+, 334 

+51 [C4H3]
+, +63 [C5H3]

+, +74 [C4H12N]+, +87 [C5H13N]+, -26 [CN]-, -35 [Cl]-, -42 [CNO]-, -46 335 

[NO2]
-, -49 [C4H]-, -62 [NO3]

-, -73 [C6H]- and -97 [HSO4]
-. This particle class shows peaks 336 

characteristic of an amide functional group at m/z +74, +87, -26 and -42. The occurrence of m/z -49 337 

and -73 in this particle class also indicates fragmentation of PAH and unsaturated organic carbon 338 

(Silva and Prather, 2000; Dall’Osto and Harrison, 2012). Traces of PAH could be seen in this 339 

cluster at m/z > 100. The m/z +39, +51 and +63 might also suggest the presence of [K]+, [V]+ and 340 

[Cu]+. The polar plot of this particle (Figure 3) shows a clear steelworks emission from the blast 341 

furnace (BF) plant (190-270o) and possible contributions from the cokemaking and basic oxygen 342 

furnace steelmaking (BOS) sections (170-190o, Table 1).  The presence of V might be indicative of 343 

a contribution from shipping in the docks area.  344 

 345 

The Fe-PAH-NO3 particle class: Elevated peaks of m/z +23, +43, +56, +63, +189, +202, +215 and 346 

+226 are found in the positive spectrum of this cluster while the negative spectrum has peaks at m/z 347 

-35, -46, -62, -79 and -97. This particle class shows low intensity signals for PAH (m/z>100) but 348 

strong peaks for Fe (m/z +56), nitrate (m/z -46 and -62) and sulphate (m/z -97). The previous study 349 

at Port Talbot reported strong m/z peaks for Fe and PO3 (FeP particle), which was attributed to 350 

emissions from the rolling mill section (Dall’Osto et al., 2008). In the Fe-PAH-NO3 particle class, 351 

there is also evidence of internal mixing of Fe with PO3 (m/z -79); though the phosphate peak is 352 

weak. A relatively weak peak at m/z +207 appearing in this particle cluster is suggestive of Pb 353 

which has been reported by Dall’Osto et al. (2008). The directional dependence of this particle type 354 

(Figure 3) is similar to that of the Arom-CN particle from the steelworks. Temporal correlation is 355 
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also quite strong between the Fe-PAH-NO3 and Arom-CN (r2 = 0.64) particle classes. PAH 356 

emissions have been associated with steelworks emissions in many published studies (Tsai et al., 357 

2007; Baraniecka et al., 2010; Brown et al., 2013; Jang et al., 2013). Fe is also a notable emission 358 

from the blast furnace (Oravisjarvi et al., 2003; Machemer, 2004; Moreno et al., 2004).  359 

Characterisation of particles sampled downwind of an industrial area using a combination of single 360 

particle techniques has revealed a particle type composed of an internal mixture of iron oxides and 361 

marine-derived particles coated with an organic layer (Sobanska et al., 2014). 362 

 363 

The PAH-CN particle class: This particle class has a resemblance to both the Arom-CN and Fe-364 

PAH classes (temporal correlation coefficients, r2 of 0.57 and 0.87, respectively) but with a strong 365 

m/z signal at +202, +226, +252, -26, -46 and -97. Peaks are also clearly observed at m/z +43, +63, 366 

+189, +215, +276, -35, -49, -62 and -73. This particle is a typical PAH cluster internally mixed with 367 

inorganic constituents.  368 

 369 

The PAH species represented by m/z +202, 226 and 252 are most likely to be pyrene (mass=202), 370 

chrysene (226), benzo[a]pyrene (252), benzo[k]fluoranthene (252) and benzo[b]fluoranthene (252). 371 

Some of these PAH constituents have also been reported to be associated with emissions from 372 

diesel engines, wood and coal combustion (Lakhani, 2012). The polar plot of the PAH-CN particle 373 

class shows an association with steelworks (BF and BOS) emissions and no evidence of a traffic 374 

contribution. These similarities among the Arom-CN, Fe-PAH-NO3 and PAH-CN classes suggest 375 

common emission sources with probable origins from the blast furnace, sinter, BOS and 376 

cokemaking sections of the steelworks. 377 

 378 

3.1.6 Aged sea salt particles 379 

The Na-NO3 particle class represents 5.3% of the total hit particles. It has a mean aerodynamic 380 

diameter greater than 1.0 µm (Table S1) and is dominated by sodium (m/z +23) in the positive 381 
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spectrum and nitrates in the negative spectrum (m/z -46 and -62). Smaller peaks are also found  at 382 

m/z +39 [K]+, +62 [Na2O]+, +81 [Na2Cl]+, -16 [O]-, -35 [Cl]-, -93 [NaCl2]
-,  -120 [NaClNO3]

- and -383 

147 [Na(NO3)2]
-. See detailed discussion in the Supplementary Information (Table S2). 384 

 385 

3.1.7  Al-Nitrate (AlO-NO3) particle type 386 

Abundance of nitrate spectral peaks at m/z -46 [NO2]
- and -62 [NO3]

 - as well as m/z +43 [AlO]+ are 387 

features of this particle class (Figure 2). Smaller peaks are also observed at m/z -97 [HSO4]
- and 388 

m/z +137 [Ba]+. This particle accounted for 4.9% of the total analysed particles. The evidence for a 389 

mixed source of secondary nitrate and crustal matter is peculiar to this particle type. Some 390 

published work has interpreted m/z +43 as oxidized organic matter [C2H3O]- or nitrogen-containing 391 

organics [CHNO]+ (Dall’Osto et al., 2007; Dall’Osto and Harrison, 2012; Smyth et al., 2013) but 392 

the unique m/z +137 [Ba]+  occurring in this cluster could also suggest a crustal or traffic source. 393 

Further discussion can be found in the Supplementary Information (Table S2) 394 

 395 

3.2 Comparison with Previous Studies at Port Talbot 396 

A summmary of particle types observed in this present study and that of previous studies is shown 397 

in Table S3. Comparing this study with the previous studies involving ATOFMS in Port Talbot 398 

(Smith, 2007; Dall’Osto et al., 2008; 2012), newly observed particle types in this study were: K-EC, 399 

Mn-OC, metallic-OC, and AlO-Nitrate. The FeP particle type reported by Dall’Osto et al. (2008) 400 

has many mass spectral peaks in common with the Fe-PAH-NO3 particle type observed in this 401 

study.  However, the Pb, Zn, Fe-rich and Ni particle types reported by Dall’Osto et al. (2008) have 402 

no direct analogues.  This is surprising especially for the Zn particle type, as elemental analysis 403 

revealed significant emissions of this element.  Substantial improvements to the emission abatement 404 

processes on the steelworks have been implemented over the period since the work of Dall’Osto et 405 

al. (2008) and may account for some of the differences. The m/z signals occurring at m/z +43 406 

[AlO] +and 59[AlO2]
+ are also new (from different particle classes) in this present study compared to 407 
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Dall’Osto et al. (2008; 2012). However, an Al particle was reported in the Smith (2007) study. 408 

Commonly observed particle types in all these studies are sulphate, aromatic and PAH particles. 409 

The evidence of internal mixing of Fe and Mn was not found in this study as also observed in the 410 

previous studies possibly due to the instrument low detection efficiency for Mn (Dall’Osto et al., 411 

2008).   412 

 413 

3.3  Temporal Variations and Polar Plot of Total Particle Number Concentration 414 

Figure S2 shows the temporal variation of total particle number concentration over the four week 415 

campaign. Periods with elevated particle counts (greater than 2000 per hour), highlighted with the 416 

red circles, were observed on April 19-20, 23-24, 25-26, May 1-2, 6-7 and 9-10. The time series 417 

plot of the particle number concentrations for individual particle type is shown in Figure S3. 418 

Episodes driven by K-rich particle types appear throughout the sampling period. Four notable peaks 419 

were observed for carbonaceous particles on April 19 and 24, and May 2 and 4. Distinctive episodes 420 

were also observed for Arom-PAH particle classes. Peaks in the sea salt and silicate dust classes 421 

appeared together during some, but not all periods. These results indicate the episodic nature of 422 

particle pollution in Port Talbot, and the polar plot of the total ATOFMS particle counts shown in 423 

Figure S4 highlights the multiple emission sources of particles.  Elevated concentrations observed 424 

in the northerly wind sector suggest traffic and residential emissions. At the centre, a high 425 

contribution to total particles indicates local traffic emissions. The high particle count in the SE 426 

sector suggests steelworks emissions from the hot and cold mills, while elevated particle 427 

concentrations from the SW wind sector signify emissions from the steelworks ironmaking section 428 

as well as fresh marine aerosol. 429 

 430 

3.4  Source Contributions by ATOFMS Particles  431 

A summary of particle classes identified by ATOFMS is presented in Table 2. The table also 432 

includes the most probable particle sources. 433 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

18 

 

From Table 2, the sources of the ATOFMS particle classes can be broadly categorised into 434 

steelworks, traffic, marine, crustal and secondary aerosols. Source contributions of these particle 435 

clusters were calculated from their scaled mass concentrations calculated as: Mass = density x 436 

volume, assuming spherical particle geometry. Scaling was carried out as described by Dall’Osto et 437 

al. (2006) and outlined in the experimental section of this paper.  Detailed procedures of mass 438 

reconstruction of single particles outlined in Dall’Osto et al. (2006), were not applied to individual 439 

chemical elements. Results for the source contributions to the sampled particles are shown in Figure 440 

4. The combined steelworks (BF/Sinter+/Mills/Cokemaking+Mills) shows the highest contribution 441 

(45%) to the total (ATOFMS) particles followed by traffic (28%) and marine sources (14%). The 442 

Al-Nitrate(Al-NO3) account for a total contribution of 4%. As depicted in their polar plots (see 443 

Figure S1) nitrate particles were related with traffic emissions. Crustal matter contributed 9% to the 444 

total single particles during the sampling. Such results are inevitably subject to much uncertainty as 445 

many of the particle types reflect mixed sources contributing to a single particle, or multiple sources 446 

of a particle type. 447 

 448 

3.5  Comparison of ATOFMS with Receptor Models 449 

ME-2 receptor modelling of filter-based measurement data (Partisol and Streaker) has been reported 450 

elsewhere (Crawford et al., 2005; Amato et al. 2010; Amato and Hopke, 2012), and this method has 451 

been applied to data from the Port Talbot steelworks (Taiwo et al, 2014b).  452 

 453 

The ME-2 source apportionment study was based upon hourly data derived from samples collected 454 

on a Streaker sampler and daily samples collected with a Partisol instrument co-located with the 455 

ATOFMS at the Fire Station site.  The mass concentration of PM2.5 derived from the Partisol filters 456 

was 7.4 µg m-3 averaged over the entire campaign. In comparison, the sum of particle masses 457 

derived from the ATOFMS data amounted to 9.8 µg m-3 indicating a reasonable agreement but 458 

some over-estimation in the ATOFMS data. Since the largest particles measured by the ATOFMS 459 
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were 1.9 µm aerodynamic diameter and the Partisol size cut was at 2.5 µm, it would be expected 460 

that the Partisol measurements would be somewhat higher than those estimated from the ATOFMS 461 

although the proportion of PM10 mass in the 1.9-2.5 µm diameter range was relatively small (Taiwo 462 

et al., 2014a).  The over-estimation from the ATOFMS data most probably therefore relates to the 463 

choice of density for the various particle types, perhaps allowing inadequately for the internal 464 

mixing of the metallic particles.   465 

 466 

It is not straightforward to compare the ATOFMS mass assignments to those derived from the ME-467 

2 source apportionment since the particle classes are different.  Particle classes which might be 468 

expected to be comparable between the ATOFMS and ME-2 data are the traffic and marine particle 469 

classes.  The ME-2 analysis attributed 13% of PM2.5 mass to the traffic source whereas the 470 

attribution from the ATOFMS data is 28%.  A slightly better agreement is seen for marine aerosol 471 

with 20% from ME-2 and 14% for the ATOFMS.  A large difference is seen in relation to emissions 472 

from the steelworks, although a definitive comparison is not possible as the ME-2 results attribute 473 

27% of PM2.5 mass to a mixed ammonium sulphate and steelworks factor.  ME-2 also attributes 474 

14% of PM2.5 mass to other steelworks sources while the ATOFMS attributes in total 45% of 475 

measured mass to the steelworks sources.  Consequently, even if the ammonium 476 

sulphate/steelworks factor from the ME-2 were to be assumed wholly from the steelworks, it would 477 

still give a lower estimate of the mass contribution from the steelworks than from the ATOFMS 478 

data.  The largest difference relates to the secondary component.  The ME-2 analysis attributes 20% 479 

of PM2.5 mass to ammonium nitrate and 27% to the mixed ammonium sulphate/steelworks factor 480 

giving a potential total of 47%.  However, the ATOFMS results show the presence of sulphate and 481 

nitrate in many of the particle classes including particularly those attributed to road traffic and to 482 

emissions from the steelworks.  Consequently, the attribution of mass to secondary particles based 483 

upon the ATOMFS data is very small (4%) and clearly a very substantial under-estimate of the 484 
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secondary particle contribution which is known to be substantial at this site (see e.g. Taiwo et al., 485 

2014a).   486 

 487 

The ATOFMS instrument has assisted in identifying important steelworks marker elements which 488 

have been used for source apportionment by filter-based measurement. Fe, Mn and Ca are important 489 

steelworks emissions from the BF plant (Machemer, 2004; Mazzei et al., 2008; Hleis et al., 2013). 490 

Ca-rich particles were identified by the ATOFMS instrument with the polar plot revealing the blast 491 

furnace unit as the source. A Ca-rich particle type represented approximately 3% of the total 492 

analysed ATOFMS particles (Table 2), and was comparable with the blast furnace factor of the 493 

Streaker ME-2 for PM2.5. Ca is the third most abundant element (18% of ME-2 modelled 494 

concentration) apportioned to the blast furnace factor after Fe (52%) and Mn (51%). The scaled 495 

ATOFMS mass size distribution of Ca shows two peaks in the fine and coarse modes indicative of 496 

emissions from the steelworks and crustal sources respectively. However, the elevated fine peak of 497 

Ca demonstrates dominance of steelworks emissions (from the blast furnace). This trend was 498 

observed for silica particles but with a relatively small peak in the fine mode probably due to the 499 

relatively small use in steel production (Ricketts, 2013). The Fe-PAH-NO3 particle type was also 500 

identified by the ATOFMS and indicated BF/Sinter emissions. Fe and Mn might not have occurred 501 

in the same particle type with Ca but not be detected due to low detection efficiency of the 502 

instrument for these metals compared to Ca (Dall’Osto et al., 2008). It should be however, noted 503 

that the ATOFMS instrument was able to identify Mn and Fe spectral signals in other particle types 504 

(e.g. Mn-OC and Fe-PAH particles). 505 

 506 

The carbon and aromatic/polycyclic aromatic hydrocarbon particle groups accounted for 24% of the 507 

number of classified particles (Table 2). Most of the carbon type particles were associated with 508 

local traffic emissions.  The aromatic/PAH particle groups revealed the cokemaking and BOS 509 

sections of the steelworks as the major emitters. These organic constituents were not included in the 510 
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analysis of Partisol filters and hence do not allow direct comparison with ATOFMS apportioned 511 

particles. However, the evidence for steelworks emission of organics such as aromatic and 512 

polycyclic aromatic hydrocarbon from the ATOFMS instrument is strong. A number of studies 513 

based on filter and single particle measurements have previously reported elevated concentrations 514 

of organics around steelworks sites (Yang et al., 2002; Manoli et al., 2004; Liberti et al., 2006; Choi 515 

et al., 2007; Tsai et al., 2007; Dall’Osto et al., 2012).  516 

 517 

4. CONCLUSIONS 518 

Single particle analysis using the ATOFMS is useful for source identification and apportionment of 519 

particulate matter. With the assistance of ENCHILADA software, 20 clusters, which were 520 

subsequently grouped into 17 clusters, were identified. These clusters were classified into 8 particle 521 

groups viz: K-rich, sea salt, silica dust, sulphate, nitrate, Ca-rich, carbonaceous and Arom/PAH, 522 

which accounted for 96% of successfully ionized particles. Among the species identified by 523 

ATOFMS, K-rich particles represented the highest percent (52%), followed by carbon-rich particles 524 

(24%). Arom/PAH, aged sea salt, silica dust, sulphate, nitrate and Ca particles constituted 12, 5, 5, 525 

5, 5 and 3%, respectively.  This apportionment is, however, likely to be influenced by the extremely 526 

high sensitivity of the ATOFMS to potassium, which has not been controlled for. The polar plots of 527 

individual clusters indicate that fine PM in Port Talbot is mainly from marine, steelworks, traffic 528 

and mineral dust sources. The steelworks showed the greatest contribution to ATOFMS particles 529 

representing 45% of the apportioned particles. Out of the 17 particle clusters, 11 exhibited a 530 

signature associated with the steelworks; these include: K-CN, K-EC, K-Cl-PO3, K-HSO4, Ca, Mn-531 

OC, Metallic-EC, Arom-CN, Fe-PAH-NO3 and PAH-CN. The unscaled ATOFMS particle number 532 

concentration showed temporal variations largely driven by K-rich particles. The single particle 533 

analysis using ATOFMS has provided further information on the contribution of the steelworks to 534 

PM pollution in Port Talbot with BF/Sinter  plants representing the major emission sources. 535 

Emissions from the steelworks cold and hot mills section, which had not been identified with the 536 
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ME-2 receptor model, were clearly revealed by ATOFMS. The rapid response of the ATOFMS 537 

allowing particles to be associated with specific wind directions is a major benefit compared to bulk 538 

analytical methods.  539 

 540 

The comparison of the source apportionment of particle mass from the ATOFMS data with that 541 

derived from application of the ME-2 receptor model to simultaneously collected chemically 542 

speciated PM2.5 data reveals important differences.  Most importantly, the extensive internal mixing 543 

of sulphate and nitrate with other constituents in particles detected by the ATOFMS makes it very 544 

difficult to identify clearly a contribution of secondary particles to the ATOFMS mass data.  Both 545 

constituents are regularly measured but the nitrate is frequently associated with carbonaceous 546 

particles with an evident traffic source. Sulphate appears in many particle types including a number 547 

which originate from the steelworks and it is unclear to what extent the mass should be attributed to 548 

the local steelworks source or to regional transport of sulphate aerosol. As a consequence the 549 

ATOFMS attributes a greater percentage of measured mass to the traffic source than the ME-2 550 

receptor model while ME-2 identifies a substantial ammonium nitrate contribution to mass which 551 

far exceeds the secondary nitrate contribution suggested by the ATOFMS data.  The attribution of 552 

mass to marine aerosol is broadly similar between the two methods.  It would appear that the main 553 

strength of the ATOFMS when combined with wind sector analysis is in identifying particle types 554 

originating from the steelworks.  However, due to substantial internal mixing of particles, 555 

quantitative attribution of particle mass at the measurement site to steelworks emissions remains 556 

extremely difficult.  Judging from the comparison with the ME-2 receptor model data, the 557 

ATOFMS attribution of particle mass to the steelworks is probably substantially over-estimated. 558 

 559 
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TABLE LEGENDS 826 

Table 1:  Wind sectors linking the steelworks processes with the ATOFMS sampling site. 827 

 828 

Table 2:  Summary of the particle cluster emission sources. 829 

 830 

 831 

 832 

FIGURE LEGENDS 833 

Figure 1:   Port Talbot sampling station and the steelworks processing unit. 834 

 835 

Figure 2:  Attribution of particle clusters to source categories 836 

 837 

Figure 3: Polar plots of steelworks particle clusters 838 

Figure 4:  Source contribution of particles derived from ATOFMS types. 839 
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 841 

Table 1: Wind sectors linking the steelworks processes with the ATOFMS sampling site 842 

 843 

Sector/plant Fire Station 
 

Ironmaking  
Sinter plant 

Blast furnace  
Raw materials 

 

 
190–270◦ 

 
Steelmaking/cokemaking  

BOS plant 
Cokemaking 

 

 
170–190◦ 

 
Mills  

Hot mill 
Cold mill 

 

 
150–170◦ 

 844 

845 
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 846 

Table 2: Attribution of particle clusters to source categories.    847 

 Particle 
Classes 

Clusters All Emissions Sources Strong Emissions 
Sources 

% of 
Particles 

1 K-rich K-CN Cokemaking/Mills Cokemaking/Mills 11.4% 
2 K-NO3 Traffic/Biomass Traffic 16.6% 
3 K-EC Cokemaking/Mills/ 

Biomass 
Cokemaking/Mills 7.2% 

4 K-Cl-PO3 BF/Sinter/Mills BF/Sinter 11.1% 
5 Sea Salt Na-NO3 Marine Marine 5.3% 
6 Silicate Dust Na-HSiO2 Crustal Crustal 5.2% 
7 Sulphate K-HSO4 Cokemaking/Mills/ 

Secondary 
Cokemaking/Mills 5.4% 

8 Nitrate AlO-NO3 Traffic/Secondary Traffic 4.9% 
9 Ca-rich Ca BF/sinter BF/sinter 2.8% 

10 Carbonaceous Mn-OC Cokemaking/Mills Cokemaking/Mills 0.3% 
11 Metallic-EC Mills Mills 3.7% 
12 EC-OC Traffic Traffic 2.6% 
13 EC Traffic Traffic 9.1% 
14 EC-NO3 Traffic Traffic 2.0% 
15  

Arom-PAH 
Aromatic-
CN 

BF/Sinter/BOS/ 
Cokemaking 

BF/Sinter 4.5% 

16 Fe-PAH-
NO3 

BF/Sinter/BOS/ 
Cokemaking 

BF/Sinter 4.5% 

17 PAH-CN BF/Sinter/BOS/ 
Cokemaking 

BF/Sinter 3.3% 

 BF-blast furnace, BOS-basic oxygen furnace steelmaking 848 

 849 
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 854 

Figure 1:  Port Talbot sampling station and the steelworks processing units 855 
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Figure 2: Mean mass spectra of particle clusters derived from the k-means clustering 
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Figure 3: Polar plots of steelworks particle clusters 865 
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Figure 4:Source contribution of particles derived from ATOFMS data 867 
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HIGHLIGHTS 
 

� ATOFMS used to characterise over 500,000 single particles. 
� Clustering revealed 17 distinct particle classes. 
� Polar plots reveal source locations and identities. 
� Estimate of steelworks contribution is compared to independent datasets. 
� Cokemaking and blast furnaces contribute substantially to particle 

loadings. 
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Table S1: Abundance, size-association and notable mass spectoral peaks of particle classes. 

 
 

Particle 
Classes 

Clusters Notable Peaks Scaled 
ATOFMS 
aerodynamic 
diameter 
(µm) 

Number 
of 
Particles 

% of 
Particles 

1  
 
 
K-rich 

K-CN m/z  +23, +39, -26, -46, -62, -97  0.44 63459 11.4% 

2 K-NO3 m/z  +39,  -26, -46 , -62, -97 0.37 92318 16.6% 

3 K-EC m/z +23, +39, +60, -24, -26, -46, -48, -
60, -62, -72, -84, -96, -108 

0.42 39931 7.2% 

4 K-Cl-
PO3 

m/z +23, +39, -35, -46, -60, -62, -79, -
96 

0.49 61513 11.1% 

5 Sea Salt Na-NO3 m/z  +23, +39,  -62, -46, -120, -147 1.05 29394 5.3% 

6 Silica Dust Na-
HSiO2 

m/z  +23, +39, -16, -26, -36, -46, -48, -
61, -72, -79, -97, -142, -144 

0.82 29137 5.2% 

7 Sulphate K-HSO4 m/z  +23, +39, +43,  -26, -46, -62, -80, 
-97 

0.37 29845 5.4% 

8 Nitrate AlO-
NO3 

m/z +43, +137, -46, -62, 97 0.35 27358 4.9% 

9 Ca-rich Ca m/z  +23, +40, -26, -36, -46, -47,  -60, 
-62, -72, -79, -84, -97, -108 

0.41 15303 2.8% 

10  
 
 
 
 
Carbonaceous 

Mn-OC m/z  +39, +55, -25 0.49 1742 0.3% 

11 Metallic-
EC 

m/z  +23, +27, +41, +48, +56, +59, -
24, -36, -48, -60, -72, -84, -96, -108 

0.43 20339 3.7% 

12 OC-EC m/z  ±36, ±60, +48, -24, -47, -72, -94, 
-97 

0.49 14619 2.6% 

13 EC m/z  ±36, ±48, ±60, ±72, ±84, ±96, 
±108, ±120, +132, +144, -24 

0.42 50657 9.1% 

14 EC-NO3 m/z ±36, ±48, ±60, +39, -24, -46, -62, 
97 

0.51 10953 2.0% 

15  
 
 
 
 
Arom-PAH 

Aromati
c-CN 

m/z  +39, +51, +63, +74, +87, +98, -
26, -35, - 46, -49, -62, -73, - 97 (for 
m/z>100, strong peaks were + 188 
+200, +202, +224, +250) 

0.34 25242 4.5% 

16 Fe-PAH-
NO3 

m/z  +56, -46, -62, -97, (for m/z >100, 
strong peaks were +226, +250,  +202, 
+250) 

0.34 24980 4.5% 

17 PAH-
CN 

m/z +39, +43, +63, +152, +165, +189, 
+202, +215, +226, +239, +252, +276, -
26, -35, -46, -48, -62, -73, -80, -97 

0.35 18460 3.3% 

Total     555,250  
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Table S2: Particle types of Na-NO3, Al-nitrate, EC, OC-EC and OC-NO3 during Port Talbot 
campaign 

The EC-OC particle 

Halogenated carbon has proved very difficult to observe in the negative spectrum and has been 

rarely observed in the positive spectrum (Silva and Prather, 2000). EC-OC exhibits a closer 

temporal relationship with metallic-EC (r2=0.80) than any other carbonaceous particle class 

suggesting a common emission source. The EC-OC class shows a relatively weak association with 

the OC particle class (r2 = 0.22) and a moderate relationship with EC-NO3 (r
2 = 0.33). The polar plot 

is very similar to that of the EC class, and is strongly suggestive of a traffic source. 

The Aromatic-CN particle 

Traces of PAH could be seen in this cluster at m/z > 100. The m/z +39, +51 and +63 might also 

suggest the presence of [K]+, [V] + and [Cu]+. The polar plot of this particle shows a clear steelworks 

emission from the blast furnace (BF) plant (190-270o) and possible contributions from the 

cokemaking and basic oxygen furnace steelmaking (BOS) sections (170-190o, Table 1). The 

presence of V might be indicative of an emission from shipping in the docks area. 

Aged sea salt particles 

The strong nitrate and weak chloride peaks are reflective of considerable aging of the particle type.  

The chloride depletion in sea salt calculated from MOUDI samples (Gard et al., 1998; Taiwo et al., 

2014) was 70%, supporting this interpretation. The spectral characteristics displayed by this cluster 

are related to features of fresh and aged salts described by Dall’Osto et al. (2004). However, the 

polar plot (Figure S1) indicates a range of wind directions and suggests that the particle is mainly of 

aged sea salt and may have been long-range transported. 

Al-Nitrate (AlO-NO3) particle type  

Barium and aluminium could be associated with traffic emissions from brake wear and dust 

resuspension respectively (Gietl et al., 2010; Harrison et al.,  2012b). The small elevation in 

concentration of this cluster at the centre of the plot is often indicative of local traffic emissions (see 
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below) (Figure S1). A higher concentration of these particles to the north-east suggests traffic 

emissions from the local major highways. AlO-NO3 particles show a strong temporal relationship 

(r2=0.70) with K-NO3 particles consistent with a common emission source, but its identity is 

unclear. 
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Table S3: Comparison among particle classes observed in Port Talbot from 2004-2012. 

 Particle Type Smith, 2007 Dall’Osto et al., 
2008* 

Dall’Osto et al., 
2012* 

This Study 

1 K-CN Х ⩗ Х ⩗ 

2 K-NO3 ⩗ ⩗ Х ⩗ 

3 K-EC Х Х Х ⩗ 

4 K-Cl-PO3 Х ⩗ Х ⩗ 

5 Na-NO3 ⩗ Х Х ⩗ 

6 Na-HSiO2 ⩗ Х Х ⩗ 

7 K-HSO4 ⩗ ⩗ ⩗ ⩗ 

8 AlO-NO3 Х Х Х ⩗ 

9 Ca ⩗ Х Х ⩗ 

10 Mn-OC Х Х Х ⩗ 

11 Metallic-EC Х Х Х ⩗ 

12 EC-OC ⩗ Х ⩗ ⩗ 

13 EC ⩗ Х Х ⩗ 

14 EC-NO3 ⩗ Х Х ⩗ 

15 Aromatic-CN ⩗ ⩗ ⩗ ⩗ 

16 Fe-PAH-NO3 ⩗ ⩗ ⩗ ⩗ 

17 PAH-CN ⩗ ⩗ ⩗ ⩗ 

18 S Х Х ⩗ Х 

19 HOC-Cl Х Х ⩗ Х 

20 Zn Х ⩗ Х Х 

21 Pb ⩗ ⩗ Х Х 

22 Ni Х ⩗ Х Х 

23 FeP ⩗ ⩗ Х Х 

24 Amine ⩗ Х Х Х 

25 Be-Sea Salt ⩗ Х Х Х 

26 Mg Dust ⩗ Х Х Х 

* These papers are complementary as they report the metallic (2008) and non-metallic (2012) 
constituents respectively. 
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a-Ironmaking, b-Steelmaking/cokemaking, c-Mills 

 

Figure S1: Polar plots of particle clusters 
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Figure S2: ATOFMS total particle number concentration [Red circles indicate the periods with 

elevated particle counts (> 2000/hr)]. 
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Figure S3: Temporal variations of hourly counts of particle classes. 
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Figure S4: Polar plot of ATOFMS total particle counts 
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