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ABSTRACT  
 

Aerosol particles in different size ranges,  <0.06 μm, 0.06–0.12 μm,0.12–0.25 μm, 0.25–0.5 μm, 0.5–1 μm, 1–2 
μm, 2–4 μm, 4–8 μm, 8–16 μm and >16 μm were collected using cascade impactor in an urban area in Giza during 2010-
2011. Aerosol in size range 0.5-0.25µm was found to be dominant (22%). Synchrotron radiation micro X-ray 
fluorescence was used for the elemental analyses of the collected aerosol. It is a powerful spectroscopy technique, 
nondestructive and samples can usually be analyzed without pretreatment as well as the high sensitivity of the set-up in 
means of minimum detection limits. The elemental mapping showed the presences of Fe, Mn, Cu, Zn, Br, Sr and Co in 
ultrafine mode (<0.5µm) and Fe, Cu, Mo, Zr, K, Ti, Ni, Cr and Zn in coarse mode (>2µm), indicating that these elements 
are emitted mainly from traffic emissions and non-exhaust emissions (tire wear, braking wear). 

 Ca, Ti, Fe, P, K, Cr, V and Mn showed large distributions along size ranges. Their presence in coarse mode can 
be related to re-suspended road dust. The study showed that the main pollution sources in the studied area are the traffic 
emissions as well as commercial activity. The elemental distribution and the size distribution of aerosol enabled us to 
estimate their effects on human health. 

 
Key words: Aerosol; pollution sources; Size distribution; Elemental mapping; Synchrotron Radiation; micro X-ray 

Fluorescence (µ-XRF) spectroscopy. 

 
Introduction 
 

Particulate matter (PM) is recognized as the most important air pollutant. It can be classified according to sources; 
natural sources (volcanic activities and dust storms) or anthropogenic sources due to human activity (Godish, 2003). The 
primary particulate matters are directly formed into the atmosphere whereas the secondary pollutants consist of primary 
pollutants that have reacted with each other or with the basic components of the atmosphere to form new toxic substances 
(Anwar, 2003). Atmospheric PM is usually distinguished in three different classes according to their particle diameter 
(Dp): the ultrafine particles (UFPs) (Dp <0.1 µm), the fine particles (0.1< Dp <2.5 µm), and the coarse particles (Dp >2.5 
µm) (Kittelson, 1998). Motor vehicle exhaust is an important source of fine particles (Nolte et al., 2002). Two different 
sizes are more relevant to vehicle exhaust aerosols: the nuclei size range (Dp < 0.05 µm), consisting mainly of volatile 
particles, and the accumulation range (0.05 µm < Dp < 1.0 µm), consisting mainly of agglomerated soot particles with 
adsorbed volatile material (Li et al., 2013). Attention is going towards the finer and smaller particulates than 2.5 because 
of most of them were generated by anthropogenic activity, their long life time into atmosphere, their dangers effect on 
global climate, visibility and human health (Caggiano et al 2010; Perrone et al., 2013; Pateraki et al., 2014; Masiol et al., 
2015).  

Epidemiological and toxicological studies have shown that the elemental compositions of fine particles pose a 
harmful threat to human health, and UFP causes adverse health effects in sensitive human beings more than larger 
particles due to their increased lung deposition efficiency (Pope et al., 2009). 

 In Egypt, industrial activities, energy production, construction, urban waste treatment and motor vehicles are the 
major sources of air pollution which led to increase the emission of aerosol and metals (Abu-Allaban, et al 2007; Safar 
and labib 2010; Abdel-Latif and saleh, 2012; Hassan et al., 2013). Previous studies focused on elemental compositions of 
PM2.5 and total suspended particulate matters (TSP) using X-ray fluorescence and Atomic Absorption Spectroscopy 
techniques (Hassan et al., 2013; Shaltout et al., 2014; Shaltout et al., 2015). To detect the low mass of trace elements on 
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each individual cascade impactor samples with high sensitivity and without chemical preparation of the large number of 
collected samples, synchrotron based XRF was selected.  

Now, the application of synchrotron radiation source open the way to advanced spectroscopic investigations. The 
present study aims to determine the main pollution sources in an urban area (Dokki, Giza). This will be achieved by 
determination of the size distribution of aerosol, mass concentrations and their elemental mapping using Synchrotron 
radiation micro X-ray fluorescence (SR µ-XRF) spectroscopy. SR (µ-XRF) is a valuable tool as it allows simultaneous 
analysis of many elements with trace detection limits as well as their spatial distribution on the microscopic scale (Cozzi 
et al., 2011). Spatial information is very important for accessing the bioavailability and thus the hazard potential of toxic 
element in environmental samples. The sample can be used in its original state which is an important advantage for the 
analysis of atmospheric aerosol samples as the ones examined in this study. 

 

Materials and Methods 
 
Sampling site 

Giza lies between two huge industrial areas: Shoubra El-Khiema in the north and Helwan in the southeast (Hassan 
and Khoder, 2012). The fractionated atmospheric aerosols samples were collected from the roof of National Research 
Centre. It is located in the urban area of Giza (Dokki) and located at 3 km East-South of the centre of Cairo (Fig. 1) 
(Hassan and Khoder, 2012). It is characterized by high traffic density and close to the major traffic street in Dokki.  

 

 
Fig.1:  Map of the greater Cairo areas including the sampling site (•). 

 
Sampling  
 

Samples were collected over a periods of 48 h on a weekly basis between September 2010 and May 2011. Aerosol  
particulates were collected on polycarbonate filters (25 mm diameter, pore size 0.4 µm, Whatman, Maidstone, UK) 
loaded inside a cascade impactor (PIXE Cascade impactor type I-1 L, PIXE International Corp., Tallahassee, USA) that 
was operated at a flow of 1 L min-1(Wanger et al., 2008). The operating flow rate was recommended by the manufacturer 



Middle East J. Appl. Sci., 5(4): 1201-1210, 2015 
ISSN 2077-4613 

 

1203  

 

in order to collect atmospheric aerosol with different aerodynamic diameters ranging from >16 µm to <0.06 µm. The 
stages were arranged in descending order according to their cut-off size. The main advantages of the polycarbonate filters 
are their high particle collection efficiency, low levels of impurities, low price, ease of digestion with nitric acid, and 
good performance in previous studies (Shaltout et al., 2014, Shaltout et al., 2015). In order to avoid the influence of 
traffic as a single source, the equipment (cascade impactor, flow meter, and pump) was mounted at rooftop level, 20 m 
above the ground, and more than 50 m from the nearest main road. A critical orifice was placed between the pump and 
the cascade impactor to restrict the air flow to 1 L min−1. In order to calculate the net weight of the atmospheric aerosols, 
all the filters were weighted before and after sampling using microbalance CC50 (Sartorius, Germany). 

 
Synchrotron Radiation micro X-ray Fluorescence (SR-µXRF) 
 

Synchrotron radiation micro-X-ray Fluorescence study (SR µ-XRF) allows to confine the radiation on the samples 
to be analyzes in a tiny area on the surface or a small volume elements in case of bulk collected samples. It was 
performed in the FLUO beam line of ANKA Synchrotron facility (KIT, Germany) using an excitation energy of 17.5 
keV (Simon et al, 2003; Cozzi et al., 2011; Godelitsas et al., 2011). Synchrotron radiation (SR) is one of the few 
methods which offer sub-femtogram and sub-ppm levels of delectability combined with a completely non-destructive 
manner of probing and a high level of accuracy. The high degree of linear polarization combined with the high intensity 
of synchrotron radiation is a great advantage to perform trace-level microanalysis. SR offers quasi-parallel beam 
propagation having spatial coherence with high photon flux density (Willmott, 2011).  

The beam are emitted from a bending magnet source and monochromatized by double multilayer monochromator 
which used to suppress higher order harmonic from the synchrotron X-ray. Then the beam has been focalized to a spot 
size of a few micrometers (4×12 µm) (Simon et al., 2003;  Godelitsas et al., 2011). Figure (2) illustrates the XRF beam 
line at ANKA (FLUO). By tuning detector amplifier and employing a digital signal processor, the resolution and 
throughput of the energy dispersive Si (Li) detector increased. A resolution of 135 eV to 5.9 keV can be reached with a 
good signal to noise ratio. 

 

 
Fig. 2: XRF beam line at ANKA (FLUO). 

 
Results and Discussion 
 
Aerosol size distribution and concentrations 
 

The present cascade impactor segregates aerosol particles in different ten sizes; <0.06 μm, 0.06–0.12 μm, 0.12–
0.25 μm, 0.25–0.5 μm, 0.5–1 μm, 1–2 μm, 2–4 μm, 4–8 μm, 8–16 μm and >16 μm. The Cascade impactor stages 
function by impinging a jet of aerosol onto a collection plate (Figure 3).  

The average monthly variation of each size range during 2010-2011 is given in Table (1). For the size range (1-
2µm), the mean monthly mass concentration during the period of study was 28.80 µg/m3, the highest concentration was 
recorded in September 2010 (86 µg/m3) and the lowest concentration recorded in January 2011 (6.63 µg/m3). For the size 
range (0.25-0.5µm) the mean monthly mass concentration was 44.52 µg/m3, the highest concentration was found in April 
2010 (213.81µg/m3) and the lowest  concentration was found in March 2011 (9.92 µg/m3). Figure (4) showed a bimodal 
distribution with 2 peaks at size range (1-2 µm) and (0.25-0.5 µm), indicating that the main source of fine and ultrafine 
aerosol is from vehicular emissions (Chan et al., 2000). Samara and Voutsa, (2005) found in a typical traffic-affected 
site, the airborne PM displayed a bimodal distribution with most of the mass (52%) contained in the submicron size range 
(<0.8 µm). Rönkkö et al., (2006) found that the size distribution of diesel exhaust typically displays in fine and ultrafine 
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size. Espinosa et al., (2001) found strong peak at <0.61 µm and related it to the freshly produced engine exhaust. Charron 
and Harrison, 2003 studied the particle distribution for vehicular exhaust emissions which measured in ambient air are 
typically bimodal with one peak at 10-40 nm and another one at 50-90 nm. Kam et al., (2012) found out that PM0.25 is 
heavily influenced by vehicular emissions. Gasoline exhaust particles fall in the size range of 20-60 nm whereas diesel 
exhaust particles are in the size range of 20-130 nm (Rissler et al., 2012). 

The variations of aerosol size distribution during different seasons are presented graphically in Figure (5). Autumn 
(October-November) showed tri-modal distribution with peaks in size range >16µm, 8-4µm and 0.5-0.25 µm and their 
mass concentrations are 27.6, 27.25 and 31.17µg/m3, respectively. Cabada et al., (2004) found tri-modal distribution at 
0.1, 1 and 10 µm in autumn during his study. Winter (December-February) also shows tri-modal distribution at >16, 0.5-
0.25 and 0.12-0.06 µm with mass concentrations of 19.91, 19.35 and 15.24 µg/m3, respectively. Lawless et al., (2001) 
studied size distributions during winter, and found a dominant mode around 0.20 µm. The strong presence of ultrafine in 
winter may be due to strong humidity (Jamriska et al., 2008). Song and Gao, (2011) studied The mass size distributions 
in winter where they found a peak in the size ranges of 0.32-0.56 µm. For spring only one strong peak presents at 0.5-
0.25 µm with mass concentration 308.11 µg/m3, due to Khamasin wind. These winds are known to be frequently 
associated with dust storms affecting Egypt during spring (March–April) season (Favez et al., 2008). Summer 
(September and May) showed a bio-modal distribution with 2 peaks one at size range 16-8 µm with mass concentration 
17.35µg/m3 and strong peak at 2-1 µm with mass concentration 77.07µg/m3. This is in agreement Valenzuela et al., 
(2012) who reported that the higher contribution of coarse PM10-1 in summer can be due to the drier conditions that 
favour re-suspension of dust from roads and soils. 

 

 
Fig. 3: Image of the fractionated atmospheric aerosols with aerodynamic diameter ranging from <0.06 μm to >16 μm 

collected from Dokki during 2010-2011. 
 

 

Fig 4: Average concentrations of different aerosol size during period of study 
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Table 1: The average monthly concentrations 

Size (µm) 
2010 2011 Average 

Sept Oct Nov Dec Jan Feb Mar Apr May (µg/m3) (%) 
<0.06 11.14 32.43 14.68 8.45 7 5.21 5.79 8.49 8.99 11.35 7 
0.06-0.12 19.72 22.45 14.91 9.22 20.78 13.89 5.64 10.34 8.76 13.97 8 
0.12-0.25 21.87 21.99 13.1 7.68 18.37 15.63 12.64 10.26 10.61 14.68 8 
0.25-0.5 21.1 55.34 28.36 19.1 18.11 21.26 9.29 213.81 14.31 44.52 22 
0.5-1 21.61 18.99 12.2 13.19 10.65 12.04 7.12 24.46 14.39 14.96 7 
1-2 86 26.47 14.88 9.57 6.63 16.32 8.48 39.66 51.2 28.8 13 
2-4 19.32 22.66 17.2 17.48 11.17 9.8 10.71 13.16 12.16 14.85 8 
4-8 12.91 33.63 17.04 9.8 9.64 14.62 7.96 8.53 10.11 13.8 8 
8-16 24.33 19.45 10.86 10.96 12.04 20.1 8.83 11.54 12.69 14.53 8 
>16 47.06 32.18 20.32 30.52 16.87 13.35 9.78 12.07 9.03 21.24 11 

 
Identification of spectra 
 

The filters catching particles in the cascade impactor were analyzed using synchrotron XRF. Figure (6) shows the 
synchrotron-XRF spectrum for aerosol sample in size range (1-0.5 µm). Measurements were done on a standard 
reference material (SRM) for calibration in order to get a set of spectra to be used in identifying the elements present in 
the sample. The raw data produced were then analyzed with the help of PyMCA software to get the XRF spectra. The 
data of the fluorescence photon counts per element as well as elemental distribution maps for coarse particles (4-2μm) at 
stage 5 and fine particles (1-0.5μm) at stage 3 are shown in Figures (7a) and (7b) respectively. As the measurements were 
performed in atmospheric air, one could recognize the characteristic radiation of argon (Ar) in the spectra of the air 
particulate matter which originated from the atmospheric air. It would be mentioned that, there is no spectral interference 
between the characteristic radiation of Ar and other elements found in the present air particulate matter. 

 
Size segregated source profile 

Metals can be produced from various exhaust-related sources including fuel and lubricant combustion, catalytic 
converters, particulate filters and engine corrosion in fine and ultrafine mode, although many of these appear most likely 
to arise from non-exhaust sources in coarse mode (i.e, tire wear, braking wear, road surface abrasion and re-suspended in 
wake of passing traffic) (Pant and Harrison, 2013). Many of the elements had more than one source, complicating the 
source apportionment process (Gatari et al., 2009 and Oh et al., 2011). In the present study, the size distributions of 21 
elements (Ca, Fe, K, Mn, Rb, Sr, Ti, Br, Co, Cu, Ni, V, Zn, As, Cl, Cr, P, S, Se, Mo, and Zr) were determined using 
imaging technique combined with SR-µXRF to provide valuable information about spatial distribution of the elements on 
each filter in every size range to facilitate the identification of pollution sources.  
It can be shown that the elements Ca, Fe, K, Mn, Rb, Sr, and Ti were found in coarse (>2µm), fine (<2µm) and ultrafine 
(<0.5µm) modes at each stage. These are typical soil elements (Alekseenko and Alekseeko, 2014). Elemental markers 
which have been used for vehicular emissions include Cu, Mn, Fe, Zn, Co, Ni, Mo, Cr and Sr were found in coarse, fine 
and ultrafine size ranges (Lough et al., 2005; López et al., 2011). In the present study, the elements Fe, Mn, Cu, Zn, Br, 
Sr and Co in ultrafine fraction ranging from (0.06 to 0.5 µm) are typical road vehicular exhaust emissions. Ni was found 
in coarse (4-2, >16 µm), fine (1-2) and strong of presence in ultrafine (<0.06, 0.5 µm). This can be explained on the basis 
of different sources of Ni in the studied area, fuel combustions and fossil fuel are consider to be  the sources of fine and 
ultrafine fraction, whereas the coarse fraction could be attributed to crustal particles (shi et al., 2002). Ni and V were 
found together in size range (0.25-0.12) µm, this has also been reported to be present in emissions of oil combustion (Pey 
et al., 2010). Cu, Mn and Sr were found in the size range (0.06-0.12 µm), this can result from gasoline combustion 
(Wȁldin et al., 2006). Zn was found in fine fraction (1-2 µm) associated with Cu, Ti, and Rb, in ultrafine fraction (0.25-
0.5, 0.12-0.25 µm) and with Cu, Mn, Co, Br and Ni and not associated with any other elements in the size range (0.5-1 
µm). Zn with Ti, Rb and Cu originated from re-suspended road dust (Yenug et al., 2003) and with Ni, Br, Cu, Mn and Co 
in ultrafine range may originate from exhaust emission (López et al., 2011; Gatari et al, 2009). In the studied area there 
are small workshops for vehicle repair and tires fit and fix, where zinc (Zn) is added to tires tread as zinc oxide 
compounds to facilitate the vulcanization process (Thorpe and Harrison, 2008; Pant and Harrison, 2013) and tires wear 
has been reported to be a significant source of Zn (Ondràček et al., 2011). This explains presence of Zn not associated 
with any other elements in the size range (1-0.5 µm). Fe, Cu, Mo, Zr, K, Ti, Ni and Cr were found in the size ranges (1-2, 
2-4, 4-8 and 8-16 µm). This may be attributed to brake wear emission (Pant and Harrison, 2013). Wȁhlin et al., (2006) 
found that the mass median diameter of the major brakes source elements divides with approximately 48% in the fine 
fraction and 52% in the coarse particles. Brake wear emissions are predominantly the result of a mechanical process and 
thus expected to release particles in the coarse size fraction (2-1, 3-6 µm) (Thorpe and Harrison, 2008). Iron powder and 
steel wool used in brake linings are sources of Fe (Thorpe and Harrison, 2008), Potassium titanate fibers are used in some 
linings for reinforcement and may serve as a source of K and Ti in brake wear particles (Thorpe and Harrison, 2008). Cu 
presented to some extent in virtually all brake lining materials and emitted brake dust due to its widespread use as a high-
temperature lubricant (Thorpe and Harrison, 2008), while Ni and Cr were found in the emitted brake dust (Blau and 
Meyer, 2003). Arditsoglou and Samara, (2005) found out that road and pavement erosion was signified by the crustal 
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elements Rb, P, and Ti, associated with high loadings of  Zn, As and that was clear in the present study in size ranges (2-
4, >16  µm) and strongly in (1-2 µm). 

 In the present study elements Ca, Ti, Fe, P, K, Cr, V and Mn showed a large distributions overall size ranges. 
Their presence in coarse mode can be related to re-suspended road dust as concluded by Rodriguez et al., (2004). Exist of 
Ca-K, Ca-K-Sr and Ca-Sr-K-Rb in particulate matter is a form of geological origin and re-suspended road dust 
(Godelitsas et al., 2011). K- Sr were found in ultrafine mode (<0.06, 0.06, 0.12 and 0.5 µm). As concluded by Wanger et 
al., (2008) firework activities is the main source of ultrafine K-Sr whereas K constitutes one of the main ingredients in 
firework propellants and the bright red colour in fireworks is produced by the combustion of Sr salts (Drewnick et al., 
2006). These phenomena (fireworks) increased in Egypt atmosphere especially after revolution of 25 Jan 2011and nearly 
become like away for entertainment. So K-Sr together in ultrafine fraction can be attributed to fireworks. 

 Se appeared in the coarse size distribution >2 µm, disappears in fine (1-2 and 0.5-1 µm) then appeared in ultrafine 
fraction (0.25-0.5 and 0.06-0.12 µm) this may be to deposition of volatile spices to the surface of impactor substrates. 
Allen et al., (2001) found that Se was in coarse as well as ultrafine due to the deposition gaseous forms. The presences of 
S in fine and ultrafine mode (0.5-1 and 0.06-0.12 µm) in the present study are mainly contributed to the secondary 
aerosol compounds and are also present in heavy oil combustion (Mazzei, 2007). It can be contributed also to industrial 
boilers in Shobra El-Kheima (El Minir et al., 2006). The industrial boiler is an importance source of S in size ranges 0.3, 
0.06 and 0.02 µm (Hildeman et al., 1991). So the sampling site may be affected by emission of this kind of industry as 
Dokki is located downwind of Shobra El-Kheima industrial area.  

 

  

 

 

Fig. 5: The seasonal variation of mass concentrations (µg/m3) for different size ranges (µm) of impactor in Dokki during 
(2010-2011). 
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Fig. 6: PM1-0.5 synchrotron radiation -XRF spectrum 

 
Fig. 7a 

 
Fig. 7b 

Fig. 7: Elemental distribution map for aerosol particles using PyMCA software in temperature scale where blue assigned 
to the lowest concentration and red to the highest one; (a) Elemental distribution map for coarse particles (2-4 
μm) at stage 5, (b) Elemental distribution map for fine particles (0.5-1 μm) at stage 3. 

 
Cl was found in size ranges (0.5-1, 2-4 and >16 µm). It is more contributed to road salt as it is a dominant source 

of coarse Cl (Wȁhlin et al., 2006). The studied area is characterized by many numbers of commercial-kitchens 
(restaurants) so fine Cl is attributed to water-based cooking fumes due to the strong presence of Cl in tap water (See and 
Balasubramanian, 2008). Hildeman et al., (1991) studied the cooking fumes and their size was contributed more to 
ultrafine fraction (≤0.2µm), Cu, Fe and Zn in ultrafine was suggested to be originated from cooking fumes, also Cr, Fe 
and Ni  can be leached from stainless steel wok and spatula when subjected to high temperature during cooking (See and 
Balasubramanian, 2008). In the present study Fe- Cu and Ni-Zn were found in <0.06 µm and Cr-Ni (0.12-0.25 µm), 
where their origin can be contributed from cooking exhaust from commercial-kitchens surrounded the area of study. 

 

Conclusion 

Micro synchrotron radiation X-ray fluorescence is a powerful technique and was used for several studies on 
airborne PM. The imaging technique combined with SR-µXRF facilitated identification of the main sources of pollution 
in the studied area. The ultrafine size range (0.25-0.5 µm) was the most abundance fraction and represented about 22% of 
the collected aerosol. The elemental mapping showed a large distribution along size ranges for Ca, Ti, Fe, P, K, Cr, V 
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and Mn. Their presence in coarse mode can be related to re-suspended road dust.  Fe, Mn, Cu, Zn, Br, Sr and Co in 
ultrafine fraction (0.25-0.5 µm) contributed to exhaust emissions, whereas Fe, Cu, Zn, Ni, Cr in size range (<0.25 µm) 
which originate from cooking exhaust. Fe, Cu, Mo, Zr, K, Ti, Ni, Cr and Zn in size range (>2µm) originated from non-
exhaust emissions (e.g tire wear, braking wear).So more regulations should be taken by government to put a limit for the 
emissions of these small particulate where they can penetrate into the deepest part of the lungs and tend to enter the gas-
exchanging regions of the lungs and may pass through the lungs to affect other organs. 
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