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Abstract

:

Airborne particulate matter (PM) pollutants were sampled from an urban background site in Sharjah, United Arab Emirates. The fine fraction (PM2.5) (particulates with aerodynamic diameters of less than 2.5 μm) was collected on 47-mm Teflon filters and analyzed using a combined set of non-destructive techniques in order to provide better understanding of the sources of pollutants and their interaction during transport in the atmosphere. These techniques included gravimetric analysis, equivalent black carbon (EBC), X-ray fluorescence, scanning electron microscopy, and X-ray diffraction. Generally, the PM2.5 concentrations are within the limits set by the World Health Organization (WHO) and the United States (US) Environmental Protection Agency. The EBC content is in the range of 10–12% of the total PM concentration (2–4 µg m−3), while S (as ammonium sulfate), Ca (as calcite, gypsum, and calcium carbonate), Si (as quartz), Fe, and Al were the major sources of PM pollution. EBC, ammonium sulfate, Zn, V, and Mn originate from anthropogenic sources such as fossil fuel burning, traffic, and industrial emissions. Natural elements such as Ca, Fe, Al, Si, and Ti are due to natural sources such as crustal materials (enhanced during dust episodes) and sea salts. The average contribution of natural sources in the total PM2.5 mass concentration over the sampling period is about 40%, and the contribution of the secondary inorganic compounds is about 27% (mainly ammonium sulfate in our case). The remaining 22% is assumed to be secondary organic compounds.
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1. Introduction


The United Arab Emirates (UAE) climate is part of the arid East Mediterranean/North African climate, with less than 5 cm of annual rain [1]. The region is characterized by large expanses of desert and frequent dust storms, and is in close proximity to the Arabian Gulf with its oil extraction and shipping activities. Furthermore, the UAE continues to undergo rapid development with mega construction, renewable energy, oil, and petrochemical projects, and heavy shipping, and air and ground transport, all resulting in an increase in anthropogenic pollutants. Heavy traffic is a major source of pollution. In the gulf region, poor air quality is apparent from ambient measurements and degraded visibility [2,3,4]. Sundvor et al. [5] reported that the average contribution of traffic to particulate matter (PM)2.5 concentrations in European cities ranges from 6 to 66%. Diesel engines that have widespread use in trucks in the UAE construction projects contribute to the emissions of large amounts of fine particles, which are suspected of causing adverse health effects [6]. These fine particles are known to be mostly soot, in addition to the semi-volatile sulfuric acid [7]. Sulfuric acid is converted to ammonium sulfate upon reaction with ammonia (NH3).



PM pollution in the region is of major concern because of its adverse health and environmental effects [4,8,9,10,11,12,13,14]. Ambient air pollution is thought to be the leading environmental risk for disease and premature mortality in the UAE, followed by indoor pollution [10,15]. The WHO reported that seven million annual deaths in 2012 were directly linked to air pollution worldwide, accounting for one eighth of the total global deaths for that year [16,17]. Of those, 3.7 million premature deaths annually were attributed to outdoor air pollution, particularly to PM2.5. About 80% of those deaths are due to heart diseases and strokes, while 20% are due to respiratory diseases and cancer. In a recent study, Wong et al. [18] reported a direct association between PM2.5 concentrations and increased risk of mortality for all cases of cancer.



Even though both natural and anthropogenic pollutants contribute to the PM concentration in the atmosphere, natural sources such as dust storms contribute more to the coarse part of the PM, while anthropogenic sources increase the fraction of fine pollutants known as PM2.5. Other natural sources of pollution, such as salts originating from sea breeze and crustal materials, contribute to both the coarse PM10 (particulates with aerodynamic diameters between 2.5–10 μm) and the fine fractions of PM [19]. The smaller PM2.5 are potentially of greater concern for human health because they can penetrate more deeply into the lungs, causing extensive damage; alternatively, they get into the bloodstream increasing the risk of cancer and respiratory, cardiovascular, and ischemic heart diseases [8,9,12].



The health consequences of air pollution in the UAE were investigated in a study by Y. Li et al. [20]. They attributed about 545 deaths in 2007 in the UAE to PM pollutants. Despite uncertainty in PM background levels in the UAE, they concluded that anthropogenic pollutants are a considerable public health risk in terms of premature deaths. Nevertheless, their study did not investigate size-resolved elemental distributions in PM. They only used PM10 data from Abu Dhabi and interpolated ambient concentrations at locations and times for which monitored concentrations were unavailable. Bener et al. [9] also reported a systematic annual increase in the PM10 levels between 2002–2005. They recommended the immediate investigation and monitoring of PM.



As noted above, there have been only a few quantitative studies on the health effects of particulate matter pollutants in the UAE (mainly PM10 and PM2.5). Only a few publications investigated the elemental composition of PM in the region. Engelbrecht et al. [21], for example, conducted a study for the United States (US) Department of Defense on the chemical and physical properties of dust collected from five deployment countries at 15 military sites in the Middle East including Iraq, Kuwait, Afghanistan, Qatar, and the UAE. Although their study is one of the major works performed in this field in the region, it investigated samples collected from only one site in Qatar, and one in the UAE. These two sites were at military bases in the desert far from urban residential areas in both countries. Urban and residential areas are more susceptible to industrial and traffic pollution. Furthermore, the study was conducted over a period of one year in 2006–2007, more than 10 years ago. Major development in the region, especially in the UAE, took place during the last 10 years, with mega construction, energy, and industrial projects that have considerable environmental impacts. An important result of the study of Engelbrecht et al. [21] is that PM10 and PM2.5 levels are considerably higher than the accepted standards. This result requires follow-up and extension to residential and industrial areas in order to make precise evaluation of PM levels. More importantly, this study focuses on the understanding of the chemistry of PM during transport in the atmosphere.



Tsiouri et al. [22] summarized the available information on the health impact and source apportionment of atmospheric PM pollution in the Middle East region. They recognized the existence of a significant problem on the quantification of PM emissions. They concluded that there is a need for more systematic data collection, source apportionment, and the assessment of PM levels to help prepare and minimize adverse health effects.



To address some of these issues, preliminary results from a recent study showed that a major constituent of the fine and ultrafine fraction of PM pollutants is ammonium sulfate [19,23,24]. Elements such as V, Ni, Cu, Zn, Cr, and Pb, which usually originate from traffic emissions, were observed in the fine and ultrafine fractions of PM. Elements from natural sources such as Si, Ca, Fe, Al, Sr, Ti, Na, Mg, K, Cl, and Br were also observed both indoors and outdoors in urban environments. In this work, we report on the results of a detailed sampling campaign to collect PM2.5 from an urban background site in Sharjah. The characteristics of this site are detailed below. The project involved gravimetric measurements, elemental distribution, and chemical analysis of the constituents of PM2.5 samples using multiple complementary techniques such as X-ray fluorescence (XRF), scanning electron microscopy (SEM/EDS), and X-ray diffraction (XRD). The rest of this paper is organized as follows: the experimental details of gravimetric, XRF, XRD, and microscopy measurements are followed by detailed results, an analysis of each, and then conclusions and acknowledgements.




2. Experimental


Sampling was performed using a low-volume double-stage station (model ISAP-1050e). The coarse fraction of PM10 was collected on 30-mm inner diameter ring films, while the PM2.5 was collected on standard 47-mm Teflon filters. PM samples were collected for 24 h once every six days, using the European standard (EN12341 2.3 m3 h−1) [25,26]. Sampling was performed between 15 October 2014 and 16 August 2015 at an urban background site, as defined by Guidelines for the Air Quality Monitoring Network [27]. The site is located at the rooftop of the main building at the American University of Sharjah, which is a secured site far enough from direct pollution sources and major highways. Local traffic is at least 200 m away from the building. The sampling station was also far away from any obstacles. Results for the analysis of 30 samples of PM2.5 are presented in this article. Sampling dates and weather conditions are detailed in the Supplementary Table S1. The samples were collected as part of an ongoing regional project on synchronized aerosol mapping in six Middle Eastern countries: Jordan, Iraq, Lebanon, Syria, the United Arab Emirates, and Yemen. The project is sponsored by International Atomic Energy Agency (IAEA).



2.1. Gravimetric and Smoke Stain Measurements


Airborne PM2.5 mass concentrations were determined gravimetrically following a standard operating procedure [26,28].



Smoke stain measurements were performed using an EEL 43M model Smoke-stain Reflectometer (M43D EEL; Diffusion Systems Ltd., London, UK). The reflectometer was calibrated before every measurement using two reference samples provided by the manufacturer.




2.2. XRF Measurements


X-ray fluorescence measurements were performed on a Horiba XGT7200 µ-XRF system, with 1.2-mm beam size, 1 mA emission current, and 50-kV excitation potential. Data were collected for 600 s at three different spots for each Teflon filter.



Micromatter thin film standards were used in order to establish single-point calibration values for the sensitivity factors (in (cps m−1A−1)/(µg cm−2)) for the following elements: Na, Cl, Mg, Al, Si, S, Ca, K, Ti, V, Cr, Mn, Fe, Ni, Cu, Zn, Sr, Ba, and Pb. Elemental compositions in µg m−3 of the 30 Teflon filters were then determined utilizing the sensitivity factor for each element.



Quantitative analysis of airborne mass concentrations was performed for 12 major elements in µg cm−2, appearing in the XRF spectra of all the filters. Other trace elements were below the detection limit of the analytical method. The sampling area on the filter was 12.9 cm2, and the collected air volume per sample was 55 m3. Airborne mass concentrations of various elements were converted to µg m−3 in order to determine the percentages of various sources of pollutants based on the total mass obtained by gravimetric measurements. Elemental concentrations for all filters are shown in the Supplementary Table S2.




2.3. XRD Measurements


X-ray diffraction measurements were performed on selected filters using a Bruker D8 ADVANCE system with a Cu tube and a linear detector (LYNXEYE XE). The measurements were performed with a step size of 0.02°, 2θ range of 5° to 55°, and time per step of 5 s. A few filters from both clear and dusty days were selected for XRD analysis.




2.4. SEM/EDS Imaging


Imaging and elemental maps were performed for selected filters on a TESCAN environmental scanning electron microscope (VEGA3 XMU). The electron beam excitation was set at 20 kV, and low vacuum (10 Pa) was used to avoid charging the filters. A few filters from both clear and dusty days were selected for SEM imaging and elemental mapping.




2.5. Quality Assurance


Quality assurance and control were performed, and the data were validated against a NIST Standard Reference Material 2783, using the same established calibration procedures mentioned above with the Micromatter standards. This Standard Reference Material (SRM) is an air particulate sample reduced in particle size to simulate airborne PM2.5 and deposited on a polycarbonate filter membrane [29].





3. Results and Discussions


3.1. Gravimetric and Smoke Stain Results


Figure 1 represents the airborne mass concentrations of aerosols obtained from gravimetric analysis. It shows that the amounts of airborne PM2.5 collected are below the WHO limits for about 30% of sampling days, and below the accepted United States Environmental Protection Agency (US-EPA) limits on more than 60% of the sampling days [30,31]. PM2.5 concentrations are above the internationally accepted limits on about 40% of the sampling days. The PM2.5 values were above the international standards only on days that had dust episodes. This is evidence that natural sources of pollutants contribute to the fine and ultrafine fractions of PM. We note here that in the event of dust episodes, the coarse ring filter, which is located above the PM2.5 Teflon filter in the sampler, gets saturated, and coarse PM in this case are deposited on the PM2.5 filter. For this reason, the airborne mass concentrations can reach values as high as twice the accepted numbers. There were two extreme dust episodes during the sampling days where the PM2.5 filter was visually observed to be loaded with coarse particles (the filter for coarse fraction became saturated). This happened on Saturday 21 February 2015, where the loaded PM on the filter was about 240 µg m−3; and on Tuesday 30 June 2015, when the loaded PM on that day was 132 µg m−3. On 16 August 2015, we experienced yet another severe dust storm in which the PM2.5 filter was overloaded with coarse particles, and we couldn’t identify the amount of PM2.5 fraction. To a lesser extent, this may have also occurred for sample 31, when the airborne mass concentration on that day was 63 µg m−3. The filters with 240 µg m−3 and 132 µg m−3 were excluded from gravimetric analysis, but they will be presented in the statistical process control chart below (Figure 2a).



Figure 2a represents the statistical process control chart for the total mass concentration of the samples. The graph measures the average distribution of the data and its variation from the mean. The black middle line is the average of the mass concentration of PM2.5. The deviation from the average is measured by three different confidence intervals. The closest lines (above and below) to the average are the upper and lower control limits within one standard deviation of the mean. The same equations were used for the other two sets of lines, but for two and three standard deviations of the means. The equations for the upper and lower control limits are as follows, where x is the confidence level [32]:


   U p p e r   C o n t r o l   L i m i t = A v e r a g e + x ∗  σ ^    










   L o w e r   C o n t r o l   L i m i t = A v e r a g e − x ∗  σ ^    











Figure 2a shows that the process is not in statistical control for two of the points that have a red square on top of them. These points fall outside of the upper and lower control limits for all of the confidence levels. However, the reason that the mass concentrations for these samples are relatively high is that there were dust storms on the days that they were collected. All of the samples that were collected on days with dust storms are circled in red. This explains the elevated mass concentration levels for these samples. After removing these points, the new statistical control chart is shown in Figure 2b The process is now in statistical control within a confidence level of 2*   σ ^   . The new average value is now 34 µg m−3.




3.2. Equivalent Black Carbon (EBC) Measurements


In a recent review, Petzold et al. [33] recommended the use of the term EBC instead of black carbon (BC) for data derived from optical absorption methods, together with a suitable mass absorption coefficient (MAC) for the conversion of light absorption coefficient into airborne mass concentration. The amount of EBC represents an important component of fine PM and requires quantification [34]. We used smoke stain reflectivity to estimate the EBC on different sampling days.



The amount of EBC in µg cm−2 is calculated using the following equation [34]:


EBCR (μg cm−2) = {100/(2Fε)} {4.61 − ln[%R]}.



(1)




EBCR represents the equivalent black carbon content in reflection mode (in μg cm−2); F is a correction factor (of order 1) to account for the sulfates, nitrates and other possible factors such as shadowing and filter loading that have been ignored, and it is assumed to be 1; ε is the mass absorption coefficient for a given wavelength in m2 g−1; and R is the white light reflectance. Cohen et al. [34] defined an equivalent, experimentally determined expression for EBCR using white light reflectance measurements on 47-mm diameter Nuclepore filters with ε = 5.27 m2 g−1 and F = 1.00. Since we are also using white light reflectance, we have used their values for both ε and F.



Figure 3 shows the airborne mass concentration of EBC in our samples calculated using Equation (2). The determined EBC varies between (2–4.7) µg m−3 during the sampling period, which represents between 10–12% of the total airborne mass concentration of the pollutants. The main source of EBC in the UAE is traffic and other transportation means such as ships and airplanes from the two nearby major airports. On clear days, the EBC concentration is usually above 3.5 µg m−3 up to about 4.8-µg m−3, while on dusty days it can be as low as 2 µg m−3. The EBC is made of carbonaceous particles, originating from incomplete combustions of hydrocarbon fuel, which can also be referred to as “soot” [35]. The amounts of EBC found here agree with those found in several regional cities in the Middle East [36]. The relatively low values of EBC are because the region does not have biomass burning or forest fires, which are the two other major sources of carbonaceous PM2.5 [22].



Statistical process control analysis was conducted for the EBC concentration values of the samples in Figure 4. This analysis shows that the process is within statistical control. Specifically, the process is well within 2*   σ ^    of the mean of the values.




3.3. XRF Results and Analysis


Typical XRF scans are shown in Figure 5 and Figure 6, which also display the scan parameter. Figure 5 shows the XRF spectrum for sample 31 that was collected on 8 November 2014, when the region was experiencing a haboob dust storm. It shows that elements originating from natural sources (Si, Ca, Fe, Al, Fe, K, Mg, and Ti) are dominant. The S peak is weaker than the major natural elements such as Si and Ca, considering the logarithmic intensity scale. These results are consistent with gravimetric results where the amount of PM2.5 on that day was among the highest (about 63 µg m−3). The only elements from anthropogenic sources visible in the spectrum are S and Mn.



Figure 6 shows an XRF spectrum for filter No. 40 sampled on 7 January 2015, which was a clear day in Sharjah. Unlike sample 31 above, Figure 6 shows that S is the dominant element, with its intensity more than an order of magnitude higher than those of Si and Ca. Figure 5 and Figure 6 show that elemental concentrations vary from sample to sample depending on the meteorological conditions and dust events. Samples collected during clear days will have more S and elements originating from anthropogenic sources such as V and Zn compared with samples collected during a dust event.



Figure 7a shows the average distribution of the airborne mass concentration in µg m−3 for the major inorganic elements obtained by XRF. Despite being an average over all of the sampling days, Figure 7a shows that sulfur (mainly from sulfates) is the major pollutant in the fine fraction of PM, followed by elements from natural sources such as Ca and Si. Traces of other anthropogenic elements are also shown.



Detailed investigations of the elemental concentrations on various days reveal correlations among various elements, as shown in Table 1. It is clear that there is a strong correlation (0.8–0.9) among Mg, Al, Si, K, Ca, Mn, and Fe, indicating that they are coming mainly from natural sources (e.g., dust storms, sea salts, or crustal materials). S, V, Zn, and Pb show poor correlations with the elements from natural sources, indicating that they are mainly from anthropogenic sources. For Ti, the correlation with elements from natural sources is about (~0.5), indicating that it can come from both natural and anthropogenic sources, such as the resuspension of dust from traffic [8,37,38]. The only correlation between elements from anthropogenic sources that can be seen in this table is the one between V and S (~0.5). S is originating from fossil fuel burning in the traffic-induced resuspension of dust and energy power plants, while V is due to fuel and oil combustion in refineries and power plants [39]. Therefore, the correlation between these two elements shows that S and V have some common sources, while S is also due to traffic emissions.



Several major, minor, and trace elements are from the earth’s crustal materials, but secondary organic compounds (SOCs), EBC, Fe, Si, and Ca could also be traffic-related products (e.g., brake wear and road surface wear [37]). The elemental increase due to road dust depends on the materials from which the road surfaces are made. For example, it was found that Fe content is enhanced due to traffic abrasion products in the United Kingdom (UK), while in Denmark, Ca content was enhanced due to the type of road surface material [37,40,41]. Many back roads in Sharjah are unpaved and cause the enhancement of Si, Al, and Fe content in the PM2.5 fraction. As it is surrounded by desert, the sand in Sharjah—which is rich in quartz—contributes significantly to road surface resuspension.



Pb did not correlate with any other element except for a slight correlation with Zn (~0.2). The average Pb concentration was found to be 0.08 µg m−3, which is well below the US-EPA and WHO limits of 1.5 µg m−3 and 0.5 µg m−3, respectively. We note that on 14 December 2014, the amount of Pb was six times higher than the average Pb content for the sampling period.



We assumed that inorganic compounds exist either as oxides, nitrates, or sulfates, and estimated the average contribution of natural sources to be about 40%, while the average contribution of secondary inorganic compounds to be about 27% of the total airborne mass load on the filters. The EBC contribution that was calculated from Equation (2) is about 11%. The remaining 22% is assumed to be due to SOCs. These results are presented in Figure 7b. The contribution of various sources can vary significantly between dusty days and clear days. On clear days, ammonium sulfate and secondary compounds are the major sources, while the contribution due to natural sources (Si, Ca, Al, Fe, Mg, and K) can reach more than 70% of airborne PM2.5 mass concentrations during dust events.



Quality Assurance and Control


Figure 8 shows the results of the analysis obtained from our procedures and the National Institute of Standards and Technology (NIST) certified values for the same elements measured with our Horiba XGT 7200. The figure includes elements with loading values above the detection limits of the analytical method. The figure shows good agreement between the certified NIST values and the measured values with our Horiba machine. We have followed the same calibration procedures for the NIST 2738 standard reference material as for our samples, as mentioned earlier.





3.4. XRD Results and Analysis


Figure 9 shows the X-ray diffraction (XRD) pattern for sample 40. The main compound present in this sample is ammonium sulfate ((NH4)2SO4), which is known as mascagnite. Other minor compounds present are calcite (CaCO3) and orthoclase (KAlSi3O8). The major compound, ammonium sulfate, is a secondary compound that forms through the reaction of the primary pollutants during transport in the atmosphere. Natural and anthropogenic primary pollutants interact during transport to form new compounds: the so-called “secondary pollutants”. For example, SO2 and NO2 are the main emissions of fossil fuel burning that interact with hydroxide, oxygen, and humidity to form nitrates and sulfates with particulates of very fine sizes. A number of new compounds can also be formed because of the interaction of quartz (from desert sand) and calcite (from building materials) with sea salts and SO2 [19,24]. Due to elevated relative humidity, which could reach above 90%, some pollutants are hydrolyzed or partially hydrolyzed, despite having low rainfall levels [1]. The interaction of natural and anthropogenic emissions and the high levels of humidity and temperatures favor the formation of sulfates over nitrates [42].



With the elevated temperatures, abundance of sunshine, and high relative humidity [19], oxidation of the SO2 gas phase by hydroxyl radical (OH) produces sulfuric acid (H2SO4). Sulfuric acid then interacts with ammonia (NH3) to form the ammonium sulfates fine particulates [2NH3 + H2SO4 → (NH4)2SO4]. SO2 gas ends up in the atmosphere either as an acid (causing acid rain), as ammonium sulfate ((NH4)2SO4), or ammonium bisulfate (NH)4HSO4, depending on the amount of ammonia in the atmosphere [43]. Our XRD and SEM/EDS maps show that on most clear days, conditions are suitable for the formation of ammonium sulfate. Therefore, chemical speciation of PM is essential to understanding the reaction and interaction mechanisms of primary natural and anthropogenic pollutants during their transport. These secondary compounds can modify the toxicity of the original primary pollutants.



Figure 10 represents the XRD pattern for sample 47, which consists mainly of natural pollutants that originated in a severe dust storm. The main compounds in this sample are calcite, quartz, and gypsum, in addition to two other minor compounds. These compounds are primary pollutants that are carried with wind to urban areas. Unlike the case of sample 40 above, the sulfur in this sample is mainly due to gypsum rather than ammonium sulfate. This may not indicate that there are no anthropogenic emissions, but the conditions may have not been suitable for the formation of ammonium sulfate from SO2 and NH3. It may also indicate that, because of the high concentration of natural emissions, calcite, quartz, and gypsum existed in very large amounts, and therefore other pollutants are not detected.



Figure 11 shows the XRD pattern of sample 31. As is the case for sample 47 above, natural pollutants are dominant in this sample. This sample has a higher quartz content than sample 47 above. Quartz originates from large desert areas that surround major cities in the UAE, including the sampling site in Sharjah. XRD results agree with the elemental analysis of the XRF results above. Due to the strong correlation among natural constituents, it is difficult to identify various anthropogenic pollution sources during dust events. The results also show the need to carry out a more extensive investigation with quantitative analysis for PM2.5 in the whole region in order to understand the reaction mechanism of pollutants and identify pollution sources.




3.5. SEM/EDS Analysis


SEM imaging and energy dispersive x-ray spectroscopy (EDS) elemental mappings were performed on several samples. We present here the results of the analysis of two samples: one collected on a dusty day (sample 31), and the other (sample 40) on a clear day. Figure 12 shows the elemental maps for sample 31, which illustrates the presence of Ca, Fe, Al, Mg, K, S, Ti, C, and O. The maps show good correlation between Si and O, confirming the presence of quartz, as shown by XRD above. Furthermore, there is a clear correlation between Ca and S, confirming the presence of gypsum (CaSO4·2H2O), which was also observed in the XRD pattern. The lack of a nitrogen signature in the maps confirms the absence of ammonium sulfate in this sample.



The formation of ammonium sulfate is directly related to both the ambient temperatures and relative humidity [19]. This sample was collected on 8 November 2014 on a windy day, as evident in the large amount of pollutants (63 µg m−3) and from the low EBC content (2.7 µg m−3). The conditions of moderate temperatures and low humidity are less suitable for the formation of ammonium sulfate. Ammonium sulfate forms as a very fine particles (less than 0.5 µm in size) [19], which can be transported long distances with the wind. Therefore, not all of the measured amounts of ammonium sulfate are of local origin.



Figure 12 also shows that Na and Cl maps correlate strongly when one focuses on a single particle, indicating the presence of an NaCl crystal. Na, Cl, Mg, and K originate from sea salts that are transported with the sea breeze from the gulf, about 10 km away from the sampling site.



Figure 13 shows SEM and EDS maps for sample 40. The sample was collected on a very clear day. XRF results above have shown that S is the major inorganic element present, and XRD has shown that ammonium sulfate was the main inorganic constituent of the sample. Most of the inorganic compounds existing in this sample are secondary compounds that are formed during the interaction of various pollutants during transport in the atmosphere.





4. Conclusions


PM2.5 was sampled weekly, over a period of 10 months, using standard protocols on 47-mm Teflon filters [44]. The filters were analyzed by combining several complementary techniques that provided a comprehensive understanding of the elemental and chemical composition of PM2.5. Gravimetric analysis revealed that the amount of PM2.5 pollution in the city of Sharjah is below international limits except on days that involved dust storms. Smoke-stain measurements show that EBC constitutes about 11% of the total mass of the PM2.5, with concentrations varying between 2–4.7 µg m−3. Statistical control analysis shows that both the gravimetric and EBC results are within a confidence level of 2*σ. XRF, XRD, and SEM/EDS results show that anthropogenic pollutants are dominant on samples collected on clear days, with ammonium sulfate as the major compound. Minor compounds originating from natural sources are also present in these samples. Other anthropogenic elements originating from traffic and industrial emissions such as Z, V, and Mn were also identified. The main elements originating from natural sources identified by XRF and SEM are Ca, Si, Al, Fe, K, Na, Ti, and Mg. XRD results show that calcite, quartz, and gypsum are the major compounds in the samples that were collected on less clear days. SEM/EDS elemental mapping have shown small amounts of sea salts such as NaCl. In summary, our results reveal that about 40% of the total mass concentration of PM2.5 is originating from natural inorganic sources, 11% is EBC, the secondary organic compounds contribution is about 27%, and the remaining 22% is assumed to be secondary organic compounds. We are currently working on a comprehensive aerosol project utilizing single stage samplers with more frequent sampling protocols. Source apportionment analysis will be performed on the measurement results utilizing the positive matrix factorization method (PMF).
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Figure 1. 24-h average airborne mass concentrations of PM2.5 obtained from gravimetric measurements. The horizontal dashed lines represent the United States Environmental Protection Agency (US-EPA) limit at 35 µg m−3 and the World Health Organization (WHO) limit at 25 µg m−3. 
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Figure 2. Statistical process control charts for the total PM2.5 mass concentrations for (a) all samples including dust episodes; (b) samples without dust episodes. 
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Figure 3. Variation of the equivalent black carbon (EBC) content on different sampling days. 
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Figure 4. Statistical process control chart for EBC concentration. 
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Figure 5. X-ray fluorescence (XRF) spectrum for Filter No. 31, showing that Si, Ca, and Fe are the dominant elements. 
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Figure 6. XRF spectrum for Filter No. 40, showing that S is the dominating element (please note the logarithmic scale). 
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Figure 7. (a) Average relative contribution of various inorganic elements in PM2.5; (b) Average relative contribution of pollution sources in PM2.5. 
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Figure 8. Consistency between NIST-certified airborne mass loading values of selected elements and values obtained with our HIORIBA XGT7200 for the NIST 2783 air particulate standard. 
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Figure 9. X-ray diffraction (XRD) pattern for Filter No. 40. The identified phases are mascagnite (NH4)2SO4, calcite (CaCO3), and orthoclase (KAlSi3O8). 
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Figure 10. XRD pattern for Filter No. 47. The identified phases are: calcite (CaCO3), gypsum (CaSO4·2H2O), quartz (SiO2), and phillipsite (Ca, Na2, K2)3Al6Si10O32·12H2O). 
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Figure 11. XRD pattern for Filter No. 31. The identified phases are quartz (SiO2), calcite (CaCO3), gypsum (CaSO4·2H2O), and cronstedtite (iron silicate mineral). 
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Figure 12. Elemental maps for sample 31. The maps show the existence of natural elements: Si, Ca, Al, Fe, Mg, K, Ti, Na, and Cl. Na and Cl exist in a single particle of NaCl crystal that is about 1 µm in diameter. 
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Figure 13. Scanning electron microscopy (SEM) and energy dispersive X-ray spectroscopy EDS maps for sample 40, showing strong correlation among S, N, and O originating from ammonium sulfates. 
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Table 1. Correlations among different elements obtained from XRF airborne mass concentration values.
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	Element
	Mg
	AL
	Si
	S
	K
	Ca
	Ti
	V
	Mn
	Fe
	Zn
	Pb





	Mg
	1
	0.93
	0.97
	0.07
	0.92
	0.88
	0.48
	0.03
	0.77
	0.97
	−0.19
	0.10



	AL
	
	1
	0.99
	−0.11
	0.97
	0.86
	0.52
	0.01
	0.85
	0.96
	−0.19
	0.01



	Si
	
	
	1
	−0.05
	0.97
	0.87
	0.52
	0.03
	0.83
	0.98
	−0.19
	0.01



	S
	
	
	
	1
	−0.12
	−0.11
	−0.09
	0.43
	−0.26
	0.06
	0.16
	−0.24



	K
	
	
	
	
	1
	0.87
	0.57
	−0.02
	0.82
	0.95
	−0.20
	−0.01



	Ca
	
	
	
	
	
	1
	0.53
	−0.16
	0.81
	0.93
	−0.17
	0.04



	Ti
	
	
	
	
	
	
	1
	−0.24
	0.57
	0.55
	−0.20
	0.00



	V
	
	
	
	
	
	
	
	1
	0.08
	0.02
	−0.26
	−0.38



	Mn
	
	
	
	
	
	
	
	
	1
	0.83
	−0.28
	0.00



	Fe
	
	
	
	
	
	
	
	
	
	1
	−0.14
	0.00



	Zn
	
	
	
	
	
	
	
	
	
	
	1
	0.19



	Pb
	
	
	
	
	
	
	
	
	
	
	
	1
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