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Abstract 

A Dichotomous Sampler Model 241 was used to collect PM10 and PM2.5 samples, from midnight to midnight on every other 
day, from December 2009 to December 2010.  Ca, K, Mg, Na, Al, Pb, Cr, Ni, Zn, Cu, Cd, and Fe were determined by Atomic 
absorption Spectrometer (AAS).  The mass concentration ranged from 18.0 to 83.3 μg/m³, with an annual average of 37. 9 μg/m³ 
for PM10. The mass concentration of PM2.5 ranged from 3.0 to 36.0 μg/m³ with an annual average of 14.1 μg/m. Most of the 
elements in both PM fractions were abundant in the winter season.  A good correlation was observed between PM10 and 
PM2.5.Enrichment factors (EF) for elements in PM10 and PM2.5 were calculated and indicate that elements from anthropogenic 
origins such as Zn, Pb, Cu, Cr and Cd were highly enriched with respect to crustal elements Al, Fe and Ca. 
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1. Introduction 

Atmospheric pollution is a major public concern in urban areas because a number of studies have shown an 
association between pollution levels and health outcomes. Particulate matter, PM, is considered one of the most 
hazardous pollutants to human health [1]. PM10 and, in particular, fine particles PM2.5 on inhalation are capable to 
reach conductive airways of the tracheo-bronchial tree [2, 3]. There are associations between fine particles and a. 
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A number of health conditions, including asthma, bronchitis, acute and chronic respiratory symptoms, even at low 
concentrations [4,5,6].  Short-term effects of exposure to PM10 and PM2.5 have been noted on several health 
outcomes: infant mortality [7], adult mortality [8], incidence of stroke [9] and hospital admissions for cardiovascular 
diseases, especially among sensitive sub-groups of population such as patients with diabetes and chronic obstructive 
pulmonary disease [10,11]. The main sources for ambient PM at urban roadways are vehicle exhausts, emissions 
from tyre and brake wear and re–suspension of road dust [12]. Element aerosols in the urban ambient atmosphere are 
produced by various anthropogenic and natural sources. Anthropogenic sources include combustion of fossil fuels 
and wood, exhaust emission from vehicles, industrial activities, energy production, construction activities and waste 
incineration, while natural sources include volcanic activity, wind eroded soil dusts, forest fires, and sea salt spray 
[13, 14,15]. Elements associated with PM can be grouped into two major groups: earth crust elements or soil tracers, 
such as Ca, K, Mg, Na, Al and Fe or anthropogenic tracers, such as Pb, Cr, Ni, Zn, Cu and Cd.  The objectives of the 
study are to: 
 (1) Determine levels in PM10 and PM2.5 in Cardiff,  
(2) Characterize the trace elements composition Ca, K, Mg, Na, Al, Pb, Cr, Ni, Zn, Cu, Cd, and Fe,  and 
 (3) Identify the sources of the trace elements in the PM fractions.   

  

2. Methods  

2.1 Sampling Site.  
  
     Cardiff is the capital city and most populous county of Wales, UK, with a population of over 300,000. The 24-h, 
midnight to midnight, PM10 and PM2.5 sampled using a Dichotomous sampler during the period from December 
2009 to December 2010 at an urban site. The monitoring site was located in Cardiff urban area, N38°14.785´; 
E21°44.180, in a commercial, residential and industrial area.  The Dichotomous sampler was located on the second 
floor about 8m above ground level.   

  
  
  
 
2.2. Sample Collection  

  
    Four sampling periods from December 2009 to December 2010 were identified to represent winter, spring, 
summer and autumn. Particulate samples were collected using Dichotomous Sampler Model 241, which consists of 
an Omni-directional aerosol inlet, a virtual impactor assembly, two 37mm filter holders and a tripod mount. The 
dichotomous sampler 37 mm diameter dual-filter samples simultaneously PM2.5 and coarse PM10. A total of 366 
PM2.5 and PM10 samples were collected  

  
Background contamination was determined by using operational blanks (unexposed filters), which were processed 

along with field samples. Filters were conditioned in a desiccator for twenty-four hours, before and after exposure, 
and then weighed on an electronic microbalance in a temperature and relative humidity controlled environment to 
determine PM. Each filter was weighed three times, and the net PM was obtained by subtracting the pre-sampling 
weights from the post-sampling weights  

  
2.3 Extraction Procedure and Analysis  

  
During the extraction of metals, each filter was cut into two. The analytical procedures for determination of trace 
metals in filters described in Work Assignment 5-03[16] and SOP MLD061 [17] were followed. Exposed and blank 
filters were extracted in Teflon centrifuge tubes containing 25 ml of 4% nitric acid followed by ultrasonic treatment 
for 3 hours using sonication bath heated to 69ºC. After sonication, samples were allowed to cool down to room 
temperature. The samples were then filtered through a 0.22µm pore size filter and deionised water added to make up 
to a volume of 50 ml. Atomic Absorption Spectrometer (SOLAAR 969) used to analyse for Ca, K, Mg, Na, Al, Pb, 
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Cr, Ni, Zn, Cu, Cd, and Fe. For calibration, standard solutions containing all metals of interest were prepared using 
Merck certified atomic absorption stock standard solutions.  

  
3.0 Results and discussion  
  
3.1. Mass Concentrations  
  
      The PM was obtained by subtracting the pre-sampling weights from the post-sampling weights. The annual 
average concentrations of PM10 and PM2.5 were 37.9 ±11.7 µg/m³ and 14.1 ±5.9µg/m³, respectively and did not 
exceed the set limits in the air quality standard regulations 2010. These levels are below the 2005 EU annual 
standard of 40 μg/m3 for PM10 [18] and below the EU annual PM2.5 limit value of 25 μg/m3 which is to be met by 
2020[19].  

  
The mean values of PM mass concentrations in some urban areas of European countries are shown in Table 1. 
Comparing these data to the mass concentrations values of both the coarse PM10 and PM2.5 obtained from urban 
Cardiff, shows that the results were within observed PM levels for the region.  

  
    PM10 and PM2.5 mass concentrations for different seasons at Cardiff are shown in Figure 1. The average 
concentrations of PM10 was 39.7 ± 13.0 µg/m³ in winter, 34.6 ± 7.6 µg/m³ in spring, 39.0 ± 13.0 µg/m³ in summer 
and 38.4 ± 11.1 µg/m³ in autumn, respectively. While the seasonal average concentration of PM25 was 14.9 ± 6.6   
µg/m³ in winter, 13.1 ± 4.2 µg/m³ in spring, 14.0 ± 6.56 µg/m³ in summer and 14.0 ± 4.8 µg/m³ in autumn, 
respectively.  
  

Table 1. PM mass concentrations in local and European cities (µg/m3)  

N.D. = No Data  

    Over the four seasons, average concentrations of PM10 and PM2.5 were highest in winter and lowest in spring, 
although there was only a small seasonal variation over the period. During winter, PM fractions usually became 
trapped near the ground level due to lower mixing height as a result of low temperature [26]. Also, the 
concentrations of PM may increase due to additional PM sources such as higher traffic, cold start of engines, 
domestic heating [27], or perhaps due to meteorological conditions [28].  

  
    Figure 2 (a) and (b) presents a wind-rose diagram for the winter and spring seasons (2009–2010), respectively. 
During the winter, the air masses flowed more frequently from the west (W) and from the west-north west (WNW) 
with a maximum speed of more than 11 m/s. As is shown, no prevailing direction and calm conditions favoured in 
the study area for 1% of the time during winter. As a result, the highest concentrations of PM10 and PM2.5 were 
observed during the winter months (December, January and February). Pollutants can be trapped by this condition 
and delay their dispersion and allowed the accumulation of particulate emitted locally [29 ].  

   
    The relative contribution of fine and coarse particles can be assessed by looking at PM2.5/PM10 ratios. The 
annual PM2.5/PM10 ratio varied from 0.17 to 0.43 with a mean of 0.37, which indicates that PM10 contributed a 
large portion to the PM content in the studied area. High ratios of PM2.5/PM10 are attributed to vehicle emissions 
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and secondary particles formed in the atmosphere from gases [30], while smaller ratios are related to strong dust 
emissions and re-suspension due to high traffic volume [31].  
 

 
Figure 1. Seasonal variation of PM10 and PM2.5 mass concentrations with standard error bars  

  
  

  
 Figure 2a. Winter wind rose, 2009–2010             Figure 2b. Spring  wind  rose, 2009–2010  

  
Figure 3 shows the scatter plots of PM10 and PM2.5 which indicates that these two parameters are highly related,  
r²=0.7,  to one another in a linear relationship ,   
  
PM2.5 = 0.43[PM10] – 2.12.                      ( 1) 
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Figure 3. Scatter plots of PM2.5 concentration against PM10 concentration (μg/m³)  

  
3.2 Elemental Concentrations  

  
     Twelve metals were analyzed in PM10 and PM2.5 samples: Ca, K, Mg, Na, Al, Pb, Cr, Ni, Zn, Cu, Cd, and Fe. 
The concentrations of these elements varied in the PM10 and PM2.5, there was also a variation over the four 
seasons.  Of the twelve elements analyzed, in   both PM10 and PM2.5,   K, Na, Cr and Fe were observed to be 
highest in summer, while Ca, Al, Pb and Cd recorded highest values in Spring. Cu and Ni highest values were 
recorded in summer and Zn and Mg highest values noted in autumn. From the study, the total sums of toxic and 
crust metals were highest in winter compared to the other seasons, while a combined sum of crust and anthropogenic 
metals were lowest in summer. On an annual basis, PM10 and PM2.5 concentrations of crustal elements were higher 
than the anthropogenic elements. Zn was the most abundant anthropogenic element and was followed by Cu and Pb, 
while Fe, K and Ca were the most abundant crustal elements. It was observed that Fe, K, Ca, Na and Al were the 
most abundant elements in all PM10 and PM2.5, and the sum of these five elements accounts for 93% and 91% in 
the total elemental composition in PM10 and PM2.5 respectively.  

  
3.3 Sources of Trace Elements  
  
      Enrichment factor (EF) is one approach that has been used to differentiate between the metals originating from 
anthropogenic activities and those from natural procedure, and to understand the chemistry of PM [32,33]. The 
enrichment factor for any element X   relative   to   control/unpolluted references material is defined   by  

  
  EF crust, x = (X / Y) air / (X / Y) control,                             (2) 
  
Where EF crust, x is the enrichment factor of X, Y is a reference element for crustal material a (X / Y) air is the  

concentration ratio of X to Y in the aerosol sample, and (X / Y) control is the average concentration ratio of X to Y 
in control/unpolluted references (crust) material.  

  
    Elements such as Al, Si, Ti, Fe are commonly used as a point of reference for the calculation of factors, because 
they are very abundant in crustal material and are not significantly affected by pollution [34]. The EF for each metal 
in PM10 and PM2.5 samples were calculated as shown in Figure 4, using the aluminium (Al) as reference element in 
this study, based on the average elemental concentration data of the upper continental crust [35]. Six contamination 
categories of EF are recognized , which are increasing with contribution of the anthropogenic origins: < 1 
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background concentration, 1- 2 depletion to minimal enrichment, 2 – 5 moderate enrichment, 5 – 20 significant 
enrichment, 20 – 40 very high enrichment and > 40 extremely high enrichment.  

  
    According to the degree of enrichment, the studied elements were grouped as follows. As Figure 7 shows, Zn 
exhibits the highest enrichment factor (>1,000). Pb and Cu also show high enrichment factors (>40), indicating that 
concentration of these elements in particles is enriched by sources that are not of crustal origin, such as combustion 
of fossil hydrocarbons, vehicular traffic and emissions of metal-working industries [36]. Cr, Cd, Fe and K appear to 
be between significant and moderate enrichment. Other elements, such as Mg, Ni, Na and Ca, were shown to have 
low enrichment factors in PM10 and PM2.5 particles. Most of the crustal components showed smaller values of EF. 
Low EF values for crustal components were also observed by [37] in a study of field measurements of PM10 
conducted in urban locations.  

  
    Enrichment factors are also higher in PM2.5 samples than in PM10, showing that the inhalable particulate matter 
fraction is enriched in elements such as Pb, Cu, Cr and Cd, which are of health-concern. The high enrichment of 
these elements (Zn, Pb, Cu, Cr, Cd) in urban Cardiff suggests that the dominant sources for these elements are non-
crustal, i.e. a variety of pollution emissions, such as vehicles activities (brakes, oil combustion, exhaust emissions, 
rubber tyres), and mechanical erosion of metallic surfaces. The values of enrichment factors, in urban Cardiff, follow 
the sequence: Zn > Pb > Cu > Cr > Cd > Fe > K > Ca > Na > Ni > Mg >Al.   

  
  
  

 
 Figure 4 . Enrichment factors of elements in PM10 and PM2.5  

4 Conclusion  

The contributions of this study to the science of particulate and gaseous pollutant in urban area include profiling the 
seasonal means of the mass concentrations of pollutants PM10 and PM2.5 including the interaction between these 
pollutants in urban Cardiff. This has not been recently undertaken in Cardiff. PM2.5 measurements are rarely 
determined for a considerable length of time as done in this study and this is one of the very few studies that has 
determined the mass and chemical concentrations of PM2.5 in urban environments.  
  
Developments of a suitable and appropriate method to analyze anions, cations and elements for PM samples in 
Cardiff resulted in chemical analysis of the PM10 and PM2.5. Major chemical pollutants in the area identified 
included cations (Ca² , Mg² , K , Na ), crustal elements (Ca, K, Mg, Na, Al, Fe) and trace metals (Pb, Cr, Ni, Zn, 
Cu, Cd). Profiles of the crustal elements among the measured elements in PM10 and PM2.5 in urban Cardiff, 
determination of enrichment factors for the measured elements in PM10 and PM2.5 in urban Cardiff and evaluation 
of annual and seasonal variations of PM2.5/PM10 ratios in urban Cardiff are significant contribution to pollution 
science. An evaluation of how meteorological parameters affect annual and seasonal variations of PM10 and PM2.5 
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was completed  
  
In the present study the concentrations of Ca, K, Mg, Na, Al, Pb, Cr, Ni, Zn, Cu, Cd, and Fe in PM10 and PM2.5 
particles were determined in an urban area in Cardiff, during the period December 2009 - December 2010. The 
annual average concentration of PM10 (37.9 μg/m³) and   PM (14.1μg/m³) did not exceed the EU proposed annual 
limit value of 40 and 25 μg/m³ for the   PM10 and PM2.5, respectively. The PM levels were highest in winter. The 
annual ratios of fine particle (PM2.5) / coarse particle (PM10) were averaged 0.40, indicating that there was 
enrichment in coarse particulates during the different monitoring seasons. The concentrations of elements such as 
Zn, Pb, Cu, Cr and Cd had high EF values, suggesting their origins were from vehicles activities (brakes, oil 
combustion, exhaust emissions, wheels rubber) and soil dust sources.   
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