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Abstract

:

The future megacity of Faisalabad is of prime interest when considering environmental health because of its bulky population and abundant industrial and anthropogenic sources of coarse particles (PM10) and fine airborne particulate matter (PM2.5). The current study was aimed to investigate the concentration level of PM2.5 and PM10, also the characterization of carbonaceous aerosols including organic carbon (OC), elemental carbon (EC) and total carbon (TC) in PM2.5 and PM10 samples collected from five different sectors (residential, health, commercial, industrial, and vehicular zone). The data presented here are the first of their kind in this sprawling city having industries and agricultural activities side by side. Results of the study revealed that the mass concentration of PM2.5 and PM10 is at an elevated level throughout Faisalabad, with ambient PM2.5 and PM10 points that constantly exceeded the 24-h standards of US-EPA, and National Environment Quality Standards (NEQS) which poses harmful effects on the quality of air and health. The total carbon concentration varied between 21.33 and 206.84 μg/m3, and 26.08 and 211.15 μg/m3 with an average of 119.16 ± 64.91 μg/m3 and 124.71 ± 64.38 μg/m3 for PM2.5 in summer and winter seasons, respectively. For PM10, the concentration of TC varied from 34.52 to 289.21 μg/m3 with an average of 181.50 ± 87.38 μg/m3 (for summer season) and it ranged between 44.04 and 300.02 μg/m3 with an average of 191.04 ± 87.98 μg/m3 (winter season), respectively. No significant difference between particulate concentration and weather parameters was observed. Similarly, results of air quality index (AQI) and pollution index (PI) stated that the air quality of Faisalabad ranges from poor to severely pollute. In terms of AQI, moderate pollution was recorded on sampling sites in the following order; Ittehad Welfare Dispensary > Saleemi Chowk > Kashmir Road > Pepsi Factory, while at Nazria Pakistan Square and Allied Hospital, higher AQI values were recorded. The analysis and results presented in this study can be used by policy-makers to apply rigorous strategies that decrease air pollution and the associated health effects in Faisalabad.
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1. Introduction


In many developing countries, increasing industrialization and overpopulation becomes the reason for escalating air pollution [1]. According to various researches conducted in high-income countries situated in the Asian region, the level of many air pollutants is normally beyond the ambient air quality standards and WHO guidelines. In many developing countries, the use of non-renewable fuel like biomass and diesel is associated with the increasing level of air pollution at the regional level. Airborne particulate matter is abundant in the atmosphere and is the foremost indicator of the quality of air in a specified area. Chemical composition, concentration and size of particulate matter varied widely and are delimited universally under acceptable standards built on size elements ranging from PM2.5 to PM10 to Total Suspended Particles (TSP), while PM4 was also identified as the respirable size fraction [2]. Particulate matter instigates from a diversity of anthropogenic (e.g., rapid industrialization, agricultural activities, refineries, waste incineration, biomass burning, motor vehicles, utilities, brick kiln, industrial emissions power plants, factories, large population and heavy traffic) are responsible for bad air quality in the cities due to elevated levels of gaseous and particulate pollutants [3] and natural (e.g., dust storm and sea spray) sources, besides secondary formation processes. However, also mineral dust transport from deserted areas is considered a significant source for regional pollution in Asia [4]. Henceforth, for the air quality management and epidemiological studies, the assessment of the concentration of atmospheric particulate matter (PM) and its associated toxic constituents is a prerequisite [5]. It was consistently confirmed by epidemiological studies that there is a strong association between ambient particulate matter comprising toxic components and cardiovascular- and respiratory-related upsurges in mortality and morbidity, particularly in urban areas [6]. This connection has been revealed to be stronger for PM2.5 rather than for PM10 or total suspended particles since PM2.5 can infiltrate deep into the alveolar areas of the human lungs [6]. The transport and distribution of particulate matter in the atmosphere are distinctly allied with meteorological parameters such as air temperature, relative humidity, atmospheric pressure, wind direction, speed, and rainfall [7]. In various parts of the world, different monitoring programs on atmospheric PM have been directed which exposed varied instabilities and disproportions among the trace element constituents and particulate matter [8].



Components of carbonaceous aerosol, elemental carbon (EC) and organic carbon (OC), account for a large element of atmospheric particulate matter and, on average, subsidize 20–35% of coarse particulate and 20–45% of fine particulate [9]. Carbonaceous aerosols have a chief role in the interactions of light-particles within the atmosphere and are one of the significant components of fine and coarse particulate matter; they are therefore associated with the negative climatic and environmental impacts and the worsening in public health and air quality [10]. Elemental carbon is often used as a substitute for black carbon (BC) and is discharged into the atmosphere mostly through the processes of combustion [11]. Elemental carbon is primarily accountable for the absorption of light in the atmosphere, which sturdily influence the radiative balance of the earth [12]. The six main sources of elemental carbon have been recognized using organic tracers as coal combustion, biomass burning, vehicle exhaust, cigarette smoke, cooking and vegetative detritus [13]. Carbonaceous aerosols were found dominant in PM2.5 (which is attained from agricultural waste and wood-fuel burning) and have a strong effect on the decline in visibility and air-quality and also stimulates radiative forcing on a regional scale [14].



In Pakistan, control of air pollution has not yet become a democratic issue because of a lack of suitable information for policy and decision-makers, though some infrequent reports that identify airborne particulate matter as a great health and environmental concern in urban regions of Pakistan are present [15]. Generally, the concentration of particulate matter is many folds higher than the acceptable limits documented by the World Health Organization (WHO), National Environmental Quality Standards (NEQS) and the United States Environmental Protection Agency (US-EPA). According to the World Bank [16], the annual burden of health because of particulate matter was 1% of the GDP and is accountable for 700 deaths among children and 22,000 premature deaths amongst adults in Pakistan. However, due to the absence of air quality management competencies, the country is suffering from the deterioration of air quality. Evidence from many international bodies and governmental organizations has indicated that air pollution is a momentous risk to the health of residents, environment and quality of life [17]. According to a study directed by the World Health Organization, Bombay, Calcutta and Tehran were found to be the most contaminated cities in Asia [18]. Similarly, Faisalabad (the textile city of Pakistan) is also highlighted to be an extremely polluted city in this study. Due to increased industrialization and construction of commercial zones and rapid urbanization, the atmosphere of the city is getting worst day by day [19]. This state of concern stimulated us to conduct a comprehensive study on the status of air pollution in Faisalabad. As a result of the burning issue of air pollution and associated health impacts, a study was planned to examine the quality of air in Faisalabad city for which 12 different sites were selected and categorized as residential, commercial, industrial, and health centers.



Keeping in view the facts discussed above, the present study was conducted with the following objectives: (a) to measure the quality of air with its allied consequences within varying activity zones of Faisalabad city; (b) to compare the ambient air quality of Faisalabad with air pollution indexes such as NEQS -Pakistan, National Ambient Air Quality Standards (NAAQS)-US-EPA and WHO; and (c) to provide an opportunity to conduct additional studies on source identification, impact assessment, and trend analysis for this zone. It is expected that the current study will be supportive for designing and establishing emission regulations and abatement strategies in the future.




2. Methodology


2.1. Study Area and Sampling Sites


Faisalabad is the third-largest city of Pakistan and a major industrial hub (dominated by textile and chemical industries); consequently, the air quality of the city is a major environmental problem. It covers an area of 1230 km2 and is occupied by more than four million people. The summer season is very hot with a humid climate while a cold winter (falls to 0 °C some days) is experienced by the Faisalabad city. The climate of the city touches extreme hotness and humidity during summer and cold during winter. The sampling sites were banquets around Faisalabad and its vicinities. Twelve sampling sites were nominated based on current anthropogenic activities accountable for atmospheric pollution, and the dominant direction of wind for pollutant dispersion and distribution in the area. The locations were selected based on the zones in the city. The selected locations are comprised of medical units, residential areas, commercial areas, industrial areas, and automobiles rich areas. The average wind speed of 3–6 km in winter and 6–13 km in summer was observed. The map showing the locations on the Faisalabad (Figure 1) represents the coordinates of the location within Faisalabad geography.




2.2. Data Collection


Data of meteorological parameters were obtained from Agromet. The PM concentrations were determined by the first author herself. We took the samples from all the locations and then measurements were made in the Lab. We took sample readings sector-wise and readings for all the residential sites were taken at the same time. A similar trend was followed for commercial, industrial, health, and automobile sites. At Provincial and Federal EPAs, Data Logging systems retrieve the data about the quality of ambient air from air monitoring stations with the help of data processing software. The seasonal average was intended to find out the difference in the mass concentration of PM2.5 in summer and winter seasons. For this study, 12 discrete sampling sites under five diverse sectors (residential, health, commercial, industrial, and automobile vehicles) were selected for the evaluation of PM2.5 and PM10 with the help of high air volume sampler. The interpretations were taken at three diverse times (morning, noon, and evening) daily from November 1 to December 31 for winter and from May 1 to June 30 for summer. It should be noted that wind speed and direction influence the rate of diffusion of pollution. The temperature inversion is also directly linked to solar radiation making the air softer, hence the air converts into fog because pollutants and dust are no longer raised from the surface. This can become a problem in metropolises where numerous pollutants exist. The data of temperature and radiation used in this study was collected from the Agricultural Metrological Cell Agromet Bulletin.




2.3. Sample Analysis (Chemical, Gravimetric, and Carbonaceous Aerosols)


After sample collection, the filter papers were kept in exact environmental conditions at a relative humidity of 30–40% and temperature of 20–23 °C for 24 h as per the US-EPA standard. Before mass analysis, the filter paper with fine and coarse particulates samples was equilibrated for 24 h in silica gel desiccators to abolish the effect of humidity and to attain accurate particulate matter measurements. The PM2.5 and PM10 masses of each sample were determined gravimetrically by deducting the initial average mass of the blank filter from the final average mass of the sampled filter. Gravimetric analysis is the determination of particulate concentration based on weight difference. Individual filters (Teflon®, 46.2 mm) were weighed on an electronic micro-balance pre and post field sampling. Particulate matter ˂2.5 µm was collected from ambient air on the filters throughout the sample duration of 24 h. The net variances between pre- and post-sampling filter weights were used to estimate the mass concentration in the ambient air of the city. After post weighing, filters can be stored for a minimum of one year. Using the post-sample and pre-sample filter weights, the total filter mass gain (PM2.5) and the concentration of PM10 were respectively calculated from Equation (1) and Equation (2):


PM2.5 = (MPost − MPre)(103)/MPre



(1)






PM10 = (Wf − Wi)(106)/V



(2)







Here PM2.5 is the total mass gain in µg, MPost is the post sample filter weight in mg, MPre is the pre-sample filter weight in µg, Wf is the filter paper weight, Wi is the initial mass of filter paper, and V is the total air sampled in m3. In the current study, elemental carbon was determined by a two-step combustion method described by [20]. Filters were heated for 2 h at 340 °C in an oxygen atmosphere to remove organic carbon (OC). The calibration procedure was done using tartaric acid dyed in aluminum foil. While, total carbon was determined by a combustion method, where all material on the filter is combusted in pure oxygen at 1000 °C and the resulting CO2 is measured by non-dispersive IR photometry (NDIR, Maihak) [21].




2.4. Air Quality and Pollution Index


An Air Quality Index is defined as a complete scheme that converts the weighed values of parameters related to individual air pollution (e.g., the concentration of pollutant) into a sole number or set of numbers [22]. Air Quality Index (AQI) is a tool to detect the present scenario of air quality. AQI was calculated based on the arithmetic mean of the ratio of the concentration of pollutants to the standard value of that pollutant such as PM10, PM2.5, NO2, and SO2. The average is then multiplied by 100 to arrive at the AQI index. The pollutant AQI and the pollution index (PI) of the potentially noxious element were respectively derived from Equations (3) and (4):


  AQI =    W ∗ C  / Cs    



(3)






  PI = Cn / Bn  



(4)




where W is the pollutant weighted, C is the observed value (PM2.5, PM10, SO2 and NO2), Cs is the CPCB standard for the residential area [23], Bn is the background concentration, and Cn is the measured concentration of the element. It should be noted that in Pakistan, the National Air Quality Index is followed. Moreover, it should be highlighted that the pollution index of the potentially contaminated elements is the ratio between the concentration of toxic elements and the reference background concentration of the consistent elements obtained from a previous published study [24].





3. Results


3.1. Mass Concentration of PM2.5 and PM10 in Winter Season


The results of the present investigations in Faisalabad city for which 12 different sites were selected and categorized as residential, commercial, industrial and health centers are presented (Figure 2). The concentration of PM2.5 had the following decreasing order in the air samples collected near medical centers of Mian Trust Hospital (38.50 ± 0.30 μg/m3), Ittehad Welfare Dispensary (37.35 + 0.45 μg/m3), Allied Hospital (36.65 ± 0.27 μg/m3). While, in residential areas, the highest concentration of fine particulate was found in Ghulam Muhammad Abad (39.1 ± 0.50 μg/m3) followed by Raza Abad (35.2 ± 0.23 μg/m3), Saleemi Chowk (33.83 ± 0.74 μg/m3), Kashmir Road (32.25 ± 0.14 μg/m3). In the selected commercial areas, Nazria Pakistan (43.63 ± 0.59 μg/m3) was the most polluted site of the city. The average concentration of PM2.5 in small industrial estate was recorded as (37.93 ± 0.19 μg/m3) followed by Pepsi factory area (37.17 ± 0.62 μg/m3); while in and near transport station (35.08 ± 0.61 μg/m3) was analyzed. In contrast, the highest concentration level of PM10 was found in the samples collected from Nazria Pakistan (800.85 ± 0.93 μg/m3) followed by Mian Trust Hospital (586.6 ± 3.88 μg/m3), Allied Hospital (584.62 ± 3.41 μg/m3), Small Industrial Estate (469.1 ± 0.57 μg/m3) and Ghulam Muhammad Abad (440.2 ± 0.10 μg/m3); while the lowest concentration was analyzed in the ambient air of Saleemi Chowk (280.18 ± 0.12 μg/m3). The average particulate concentration can be compared with guideline values proposed by WHO, US-EPA and NEQS. During the present study, the concentration of PM2.5 was within the guideline value of the US-EPA and NEQS (35 μg/m3) but still higher than the WHO guideline value of 25μg/m3 [25] for 24 h average, while coarse particles were drastically exceeding the safe limits of all the quality standards. The composition of particulate matter is strongly reliant with its sources, i.e., anthropogenic or natural (Figure 2).




3.2. Mass Concentration of PM2.5 and PM10 in Summer Season


Figure 2 shows the mass concentration of fine (PM2.5) and coarse (PM10) particles calculated from the samples collected during the winter (Dec 2016 to Jan 2017) and summer (May to June 2017) seasons from different selected areas of Faisalabad. It was clear from the results that the concentration levels of both particulates were lower in the summer season as compared to the winter season. According to the results, it was cleared that the contamination level that the concentration level of both particulates was lower in the summer season as compared to the winter season. According to the results, the highest concentration of PM2.5 was found in the air samples collected from Nazria Pakistan (42.5 ± 0.57 μg/m3) followed by a Ghulam Muhammad Abad (38.4 ± 0.34 μg/m3), Mian Trust Hospital and Small Industrial Estate air samples (36.9 ± 0.34 μg/m3). While, the mass volume of PM2.5 was lower in the air samples of Station Chowk (33.5 ± 0.35 μg/m3), Raza Abad (34.2 ± 0.28 μg/m3), Saleemi Chowk (31.8 ± 0.94 μg/m3) and Kashmir Road (31.2 ± 0.21 μg/m3) when compared with US-EPA and NEQS guidelines rather than WHO safe limits. The rest of the areas were slightly higher in PM2.5 concentrations than US-EPA and NEQS safe limits but still highly polluted if compared with WHO guidelines. Table 1 represents the concentration values of coarse particles obtained after analysis. The decreasing order was followed as Nazria Pakistan (800.6 ± 2.16 μg/m3), Allied Hospital (477.4 ± 3.7 μg/m3), Mian Trust Hospital (477.3 ± 0.82 μg/m3), Small Industrial Estate (465.4 ± 1.16 μg/m3), Ghulam Muhammad Abad (440.1 ± 0.13 μg/m3), Raza Abad (380.1 ± 0.08 μg/m3) with the lowest value obtained at Kashmir Road (297.3 ± 0.50 μg/m3). According to the results, the mass concentration of PM10 is exceeding the safe guidelines of all the selected air quality standards throughout the study area.




3.3. Seasonal Impact on PM2.5 and PM10 Concentration


Figure 2 represents the average concentration of PM2.5 and PM10 in the long summer and winter seasons during the study period. Figure 2 shows the highest fine particulates concentration in a commercial area on the average 39.18 ± 4.70 µg/m3 and 40.73 ± 2.9 µg/m3 with the lowest obtained concentration in the residential sector ranging from 33.91 ± 3.27 µg/m3 and 35.1 ± 2.93 µg/m3 for summer and winter season, respectively. The WHO safe limit for PM2.5 is 25 µg/m3 and for PM10 is 50 µg/m3 (WHO, 2005). Similarly, the US-EPA and NEQS safe limit for PM2.5 is 35 µg/m3 and PM10 is 150 µg/m3 [26,27]. Coarse particles (PM10) were similar in trend as shown by PM2.5 with decreasing trend as commercial areas, hospital areas, industrial areas, automobile station and residential areas were in the range of 575.19 ± 66.26 μg/m3, 499.81 ± 148.62 μg/m3, 409.63 ± 59.44 μg/m3, 379.63 ± 0.81 μg/m3 and 350.98 ± 74.29 μg/m3 in winter and 573.14 ± 321.64 μg/m3, 427.52 ± 86.30 μg/m3, 405.63 ± 84.49 μg/m3, 349.41 ± 74.48 μg/m3 and 349.46 ± 74.49 μg/m3 in the summer season, respectively. Correspondingly, Figure 2 showed a strong positive correlation between PM2.5 and PM10 in both winter and summer seasons on average.




3.4. Analysis of Carbonaceous Aerosols in fine (PM2.5) and Coarse Particulate (PM10) Samples


The concentration level of carbonaceous aerosols is presented in Figure 3, Figure 4 and Figure 5 for summer and winter seasons. It was clear that concentration of EC and OC was higher in winter (Figure 3 and Figure 4) which was quite similar with previous studies. According to the results, EC was found in low concentration on average in the samples of fine particles collected from Kashmir Road (8.56 ± 1.86 μg/m3) in summer season while highest EC contamination was found in the ambient air of Nazria Pakistan (89.67 ± 1.52 μg/m3). A similar trend was found for OC with the lowest concentration in the PM2.5 samples collected from Kashmir Road (19.93 ± 0.42 μg/m3) categorized as one of the residential sites, while the highest values were obtained in the ambient air of Nazria Pakistan (178.4 ± 3.51 μg/m3) nominated as the busiest commercial zone of Faisalabad with a variety of businesses (Figure 4).



When considering TC for the investigated sites (Figure 5), it was observed that Nazria Pakistan was heavily contaminated (268.08 ± 5.03 μg/m3) followed by Small Industrial Estate (248.23 ± 5.79 μg/m3), Fish Farm (235.68 ± 5.02 μg/m3), Allied Hospital (224.34 ± 3.62 μg/m3), Vehicular station (223.21 ± 3.82 μg/m3), Mian Trust Hospital (202.77 ± 8.42 μg/m3) and Pepsi Factory (184.84 ± 4.27 μg/m3) with positive OC/EC correlation which indicates the common source of emission of TC in these zones. While, residential areas (G.M Abad, Saleemi Chowk, Raza Abad and Kashmir Road) were less contaminated (114.71 ± 2.76 μg/m3; 64.97 ± 3.58 μg/m3; 51.16 ± 3.14 μg/m3; and 28.49 ± 2.27 μg/m3, respectively), as compared to the other sites indicating negative OC/EC correlation. While samples of fine particulates collected in the winter season from the same investigating sites were analyzed for carbonaceous aerosol concentration. The levels of EC and OC were higher in winter as compared to the summer season. This may be due to the more wood and fossil fuel burning to warm up the surroundings as well as extra consumption of diesel and petrol by vehicles to warm up the engines in sizzling cold weather. The concentration of TC was much higher in the ambient air of Nazria Pakistan (277.5 ± 4.9 μg/m3) followed by Small Industrial Estate (262.01 ± 3.68 μg/m3), Fish Farm (248.07 ± 5.28 μg/m3), Allied Hospital (237.13 ± 2.89 μg/m3), Vehicular Station (234.4 ± 4.08 μg/m3), Mian Trust Hospital (215.97 ± 8.82 μg/m3), Pepsi Factory (194.27 ± 4.30 μg/m3) and Ittehad Welfare Dispensary (142.58 ± 7.69 μg/m3). On the other side, mix community of domestic zones showed less concentration of both EC and OC but still falls in contamination categories that are not safe for human health. Kashmir Road was detected with the least concentration of TC (38 ± 3.43 μg/m3) while Ghulam Muhammad Abad was higher in TC (130.04 ± 2.6 μg/m3) concentration in the residential zone. A positive OC/EC correlation was observed in the maximum of the investigating sites in the winter season. Samples of coarse particulate were also analyzed to evaluate the concentration level of carbonaceous aerosols collected from the investigating sites of Faisalabad city for summer and winter seasons, respectively.



We found similar trends of concentration level as experienced with aerosols available in fine particulates but higher in concentration than observed in PM2.5 samples. Commercial areas of Faisalabad were enriched with TC (289.21 ± 2.75 μg/m3 and 300.02 ± 3.25 μg/m3 for Nazria Pakistan and 253.06 ± 5.59 μg/m3 and 264.36 ± 4.16 μg/m3 for Fish Farm) at an elevated level among all the sites. Coarse particulate samples collected from the Small Industrial Estate were also found to be extremely high (267.19 ± 4.28 μg/m3 and 277.28 ± 3.16 μg/m3) after Nazria Pakistan followed by Vehicular Station (243.75 ± 3.66 μg/m3 and 252.85 ± 2.9 μg/m3), Allied Hospital (242.58 ± 5.24 μg/m3 and 251.93 ± 4.44 μg/m3), Mian Trust Hospital (221.4 ± 6.51 μg/m3 and 228.27 ± 5.53 μg/m3) and Ittehad Welfare Dispensary (151.28 ± 12.09 μg/m3 and 167.31 ± 4.57 μg/m3) for summer and winter seasons, respectively. Concentration level of carbonaceous aerosol was higher in Ghulam Muhammad Abad (132.62 ± 3.4 μg/m3 and 142.95 ± 3.65 μg/m3) while considering the residential zone of the city followed by Saleemi Chowk (76.95 ± 4.87 μg/m3 and 76.95 ± 3.9 μg/m3), Raza Abad (61.57 ± 3 μg/m3 and 74.4 ± 2.32 μg/m3) and Kashmir Road (34.52 ± 2.02 μg/m3 and 44.04 ± 1.97 μg/m3) for both the seasons accordingly.




3.5. Air Quality and Pollution Index


The air temperature of the study area fluctuated between 18–25 °C in winter which is considered a typical range while the trend in May–June 2017, as shown in Figure 6, showed an increase to 37.2 °C on average. Figure 6 also demonstrates the trend of relative humidity with a mean value of that varies from 39.45% in summer to 60.4% in winter. Table 1 presented the categories of air quality according to the AQI while Figure 7 illustrates the AQI index of selected sites of Faisalabad city with detrimental outcomes. It was found that the ambient air of Faisalabad city ranges from moderately polluted with the sequence of Ittehad Welfare Dispensary > Saleemi Chowk > Kashmir Road > Pepsi Factory, while severely polluted air was found in the vicinity of Nazria Pakistan Square, followed by Allied Hospital. The air quality of Mian Trust Hospital and the Small Industrial Estate was categorized as very poor besides GM Abad, Raza Abad and Station Chowk where the air quality was poor. The overall air quality of Faisalabad city was not good for health and other activities that require urgent attention from Government institutes and ministries involved in making and implementing policies to safeguard the environment.



The average values of pollution index (PI) for each potential toxic element at selected sites of Faisalabad city for both seasons have been shown in Figure 8. In some residential areas, PI of PM2.5 was found in the average level of pollution. While the PI of PM10 was estimated for the same areas showed a middle level of pollution 1 < PI ≤ 2, and sample site which is located near Nazria Pakistan Square suggested a high level of environmental pollution PI > 4. The PM2.5 concentrations for almost all the sampling sites also showed a low level of environmental pollution of PI ≥ 1. At Saleemi Chowk, Fish Farm, and Kashmir Road, the PI of PM10 showed a low level of environmental pollution PI ≤ 1, while samples collected in the vicinities of Ittehad Welfare Dispensary, Pepsi Factory, Station Chowk, Raza Abad, GM Abad, and Mian Trust Hospital showed the middle level of pollution (2 < PI ≤ 3) in the environment. It should be noted that the samples of Allied Hospital and Nazria Pakistan showed the highest environmental pollution level of 3 < PI < 4. This can be due to the toxic elements in urban dust which accumulate and originate mainly from traffic, paint, and many other nonspecific urban sources in the megacity.



In order to show the difference between the mass concentrations of PM2.5 and PM10 were statistically significant between the 12 locations, four sets of null hypotheses with H0:   μ   L o c a t i o n 1   = μ   L o c a t i o n 2   = … = μ   L o c a t i o n 12     were tested against the alternative hypotheses that the means of mass concentrations in the 12 locations were not equal. Based on the very small p-value that resulted from the one-way analysis of variance tests (p < 0.0001), all null hypotheses were rejected at any significant level and we concluded that the difference between locations was statistically significant. This result has been also shown in Figure 9 by means of the four scatter plots that demonstrate a visual comparison between the mean values of PM2.5 and PM10 data in the 12 locations with respect to the daytime (morning, afternoon, evening) and season (summer or winter). Taking plot labeled (c) of Figure 9 as an example (mean of PM10 data in summer), the difference between morning concentrations of PM2.5 in the 12 locations is clearly visible. It should be noted that for 61 days of winter the total number of measurements was 549. That is 61 days multiplied by 3 daytime (morning, afternoon, and evening) multiplied by 3 replications for each time.





4. Discussion


Usually, the sources of gaseous pollutants are measured in three categories: natural emission mechanism, combustion sources and industrial manufacturing processes. Industrial sources of particulates, like steel, heavy traffic loads, indiscriminate burning of solid wastes and cement factories are the main sources of PM [2,28] besides gaseous and noise pollutants. The increasing air pollution is, after losses of properties, crops and increased health care costs. Airborne particulate matter is abundant in the atmosphere and varies extensively (temporally and spatially) in size, chemical composition and concentration. Emissions of particulate matter towards air are the focal environmental challenges for the transport and industrial sectors [4]. According to the WHO report, South Asia has developed as one of the most polluted zones in the globe because of its increasing population and rapid industrialization. Acquaintance to PM leads to more appointments to the emergency room or doctor. Health effects include premature deaths with existing lung and heart diseases, lung damage, coughing, aggravated asthma, wheezing and shortness of breath. Specifically, in the dry and cold season in major urban areas of Pakistan, people of almost all ages suffer from throat infections as reported [2,4,17]. In Pakistan, like the other developing countries, the emissions from vehicles have been conquered by emissions from poorly maintained and old vehicles that subsidize to heightened mass concentrations of carbon monoxide and fine particulates [17,28].



The current study focused on particulate volume has reported the highest concentration of PM2.5 and PM10 in a commercial area on the average 39.18 ± 4.70 μg/m3, 573.14 ± 321.64 μg/m3 and 40.73 ± 2.9 μg/m3, 575.19 ± 225.66 μg/m3 for summer and winter, respectively (Figure 2). While, the lowest concentration of PM2.5 and PM10 was obtained in the residential sector ranging (33.91 ± 3.27 μg/m3), (35.1 ± 2.93 μg/m3) and (349.46.75 ± 74.49 μg/m3), (350.98 ± 74.29 μg/m3) for summer and winter season correspondingly with a strong positive correlation between PM2.5 and PM10 in both seasons on average. According to the guidelines, the reference value for PM2.5 and PM10 are WHO (25 µg/m3 and 50 µg/m3) [17,25], NEQS and US-EPA (35 µg/m3, 150 µg/m3) [26,27] and most samples examined in the present study had values higher than the reference values. Elemental carbon is discharged from a variety of ignition procedures, categorized as a short-lived climate forcer that put up to atmospheric warming and also allied with human mortality and morbidity [28]. Common sources of atmospheric primary and secondary organic carbon antecedents are biomass burning, vehicular exhaust, biogenic emission and industrial emissions [29]. During the winter season, a higher level of pollutants especially the mass concentration of PM2.5 persists in the ambient air of Faisalabad, owing to reduced atmospheric dispersion due to high relative humidity. Similarly, it was observed that PM2.5 and PM10 sources were frequently localized as depicted by high concentrations at low wind speeds, mostly by the emissions from road vehicles [2,29]. This demonstrates the fact that PM2.5 and PM10 concentrations were lower in summer than in winter (Figure 2) due to an increase in wind speed and temperature.



Prior studies conducted in the carbonaceous aerosols were assessed to account for about 50–60% of the total mass of PM2.5 in metropolises in Jordan, Israel and Palestine [30]. Not unexpectedly, since production and processing of oil was prevalent transversely in the Middle East, substantial oil burning was valued to contribute 18% to total mass of PM10 and 69% to the total mass of PM2.5 in Jeddah, Saudi Arabia [31]. Likewise, in Faisalabad, Pakistan, the quality of air not only reflects the impact of regional and local dust but also momentous local sources which include numerous industries and a heavy traffic weight. In municipal areas, the higher concentrations of PM2.5 and PM10 are symbolic of the higher density of traffic as presented in the current study (Figure 2 and Figure 4). Additionally, the burden of particulates is higher in the daytime than nighttime one, demonstrating more urban activities throughout day time. In Faisalabad, the textile industry, the topographical configuration and the geographical location make the problem of air pollution so perilous that it is very crucial to study it (Figure 5). The current study aimed at finding out whether or not the situation of air pollution in Faisalabad was previously seriously abundant to warrant the establishment of a regular air quality management system through which intercession measures can be premeditated and executed. The analysis result of ambient air samples of selected sites of Faisalabad city displays that the level of particulate matter in most of the areas of the city is above the indorsed levels of the WHO, NEQS and US-EPA. Most of the city’s commercial and residential areas are within the sensitive zone with the maximum concentrations of PM, which is constant with their proximity to the city’s industrial areas.



When compared with the other studies conducted in other cities, it was found that the PM2.5 level at Industrial Estate I-10 and IJP Road has reached the critical level (>35 μg/m3) whereas at Industrial Estate I-9 it was moderate to the high level (31.9 μg/m3 to 41.1 μg/m3) [27]. While, the mean concentration of PM2.5 and PM10 for Peshawar city during the study period has been calculated to be respectively 172 μg/m3 and 480 μg/m3 [32]. A similar high mass concentration of particulate matter was observed by [33] at Lahore, Pakistan and documented that the average PM2.5 mass was 190 μg/m3, and ranged from 89 μg/m3 to 476 μg/m3, far over US-EPA standards. Much higher PM10 mass concentration was experienced in Faisalabad when compared with other megacities [34], In addition, the PM10 concentrations were quite higher than the annual mean PM10 concentrations in Eastern Mediterranean and Africa [35,36] (WHO. Ambient (outdoor) 2014), Malaysia [34] and Bogota, Egypt, Los Angeles and Mexico [34]. It was also identified that PM10 is the dominant pollutant in the index value [37]. While, according to the results obtained after the analysis of particulate matters samples, the highest concentration of elemental carbon was 103.12 ± 1.46 μg/m3 and the highest concentration of organic carbon was 196.9 ± 1.79 μg/m3. While, 300.02 ± 3.25 μg/m3 was the highest TC concentration found in the samples of coarse particulate matter collected in the vicinity of Nazria Pakistan (Figure 3). When compared, it was found that these concentrations are comparatively higher than in other metropolises in the areas like Punjab, India (116 μg/m3), Hangzhou, China (119 μg/m3), Kolkatta, India (197 μg/m3), New Delhi, India (219 μg/m3) and Lahore, Pakistan (233 μg/m3) [38,39,40]. For elemental carbon, a large number of sources are identified, e.g., biomass and coal-fired power plant, two-stroke vehicles, fossil fuel burning, diesel engines and low burning efficiency. Elemental carbon is also utilized as a tracer for vehicular emission [17,40]. It was stated by [41] that diesel and gasoline motor vehicles and traffic exhaust are key sources of elemental carbon, followed by biomass burning. Organic carbon can be released straight from sources identified as primary carbon as a result of biomass and fossil combustion or can be formed as a result of a chemical reaction recognized as secondary organic carbon [42]. Temperature means are also under the normal limit but the increasing trend shows the alarming state of affairs and the same case is with radiations. Relative humidity has a value that is normal and considered healthy but a decreasing trend precedes the deterioration of ambient air quality. AQI and PI indicated that the ambient air quality of Faisalabad city falls from poor to severely polluted categories which are not safe to breathe and perform our daily activities.




5. Conclusions


Studying particle matters with aerodynamic diameters below 10 μm and 2.5 μm have received research attention for atmospheric pollution characteristics due to their severe effects on the human health issue. In this paper, we studied PM10 and PM2.5 and highlighted that atmospheric pollution has become a significant issue as a result of growing industries in the megacity of Faisalabad, leading to the increased risk factors for chronic respiratory diseases in elderly and accelerated loss of lung function in newborns. To determine the pollution characteristics of particular matter, as well as the source and factors affecting them, we concentrated our study on 12 different sites that were selected and categorized as residential, commercial, industrial and health centers. Results of our study showed that the PM concentrations measured during current study periods (Dec 2016–Jan 2017) at various zones of Faisalabad were surprisingly higher than summer (May–June 2017). The enormous difference between fine (PM2.5) and coarse (PM10) particulate specifies that Faisalabad is inclined by a high loading of “coarse” particulate dust. Commercial areas are heavily polluted with fine and coarse particulate pollution. The average levels of pollution for fine and particulate matter were recorded as 39.18 ± 4.70, 573.14 ± 321.64 and 40.73 ± 2.9, 575.19 ± 225.66 during summer and winter, respectively (values in μg/m3). The average PM2.5 and PM10 concentrations were higher as compared to other major cities like Islamabad, Lahore, and Peshawar. The quality of ambient air of Faisalabad has deteriorated beyond the safe limits set by WHO, US-EPA and NEQS. We also concluded that carbonaceous aerosols are in higher concentration in the air of the study sites. The air quality of Faisalabad city ranges from poor to severely polluted category which is highly unsafe for human health. These demands for an effort to introduce appropriate pollution control and management plans such as plantation and green belts for the betterment of civic life. A sustainable solution to improve air quality in Faisalabad would be to reduce emission by replacing high-energy consuming industries with renewable and clean energy sources, besides other strategies that reduce the use of fossil energy. Future studies may involve the use of wavelet analysis to explore the temporal characteristics of PM2.5 and PM10, or to investigate the relationship between meteorological factors and PM10.
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Figure 1. Study sites within the Faisalabad city and location of the city within the political map of Pakistan. 
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Figure 2. Average mass concentrations of PM2.5 and PM10 in long summer and long winter in Faisalabad city. 
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Figure 3. Concentration of carbonaceous species—elemental carbon (EC) in PM2.5 in summer (a); PM2.5 in winter (b); PM10 in summer (c); PM10 in winter (d). All units are expressed in μg/m3. 






Figure 3. Concentration of carbonaceous species—elemental carbon (EC) in PM2.5 in summer (a); PM2.5 in winter (b); PM10 in summer (c); PM10 in winter (d). All units are expressed in μg/m3.



[image: Applsci 10 08864 g003]







[image: Applsci 10 08864 g004 550] 





Figure 4. Concentration of carbonaceous species—organic carbon (OC) in PM2.5 in summer (a); PM2.5 in winter (b); PM10 in summer (c); PM10 in winter (d). All units are expressed in μg/m3. 
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Figure 5. Concentration of carbonaceous species—total carbon (TC) in PM2.5 in summer (a); PM2.5 in winter (b); PM10 in summer (c); PM10 in winter (d). All units are expressed in μg/m3. 
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Figure 6. Relation of weather parameters in summer and winter seasons. 
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Figure 7. Air Quality Index (AQI) of Faisalabad city after analysis. 






Figure 7. Air Quality Index (AQI) of Faisalabad city after analysis.



[image: Applsci 10 08864 g007]







[image: Applsci 10 08864 g008 550] 





Figure 8. Pollution index flow diagram of PM2.5 and PM10 in Faisalabad. 
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Figure 9. A comparison between mean values of PM2.5 and PM10 data with respect to the daytime (morning, afternoon, evening) and season (summer or winter) in the 12 locations for (a): PM2.5 in summer, (b): PM2.5 in winter, (c) PM10 in summer, (d) PM10 in winter. 
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Table 1. (National Air Quality Index, CPCB, October 2014).
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	Category
	Range





	Good
	0–50



	Satisfactory
	51–100



	Moderately Polluted
	101–200



	Poor
	201–300



	Very Poor
	301–400



	Severe
	401–500
















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
Mmam

700

$ 2% 88 =
(g-wBn) xoput Aupenb






media/file4.png
PM 2.5 (ug/m?)
N
)

w
=}

40

PM 2.5 (ug /m?)

30-

800

PM 10 (pg /m’)
o)
)
=}

400

200

800

PM 10 (ug /m’)
o)
)
=}

AN
)
)






nav.xhtml


  applsci-10-08864


  
    		
      applsci-10-08864
    


  




  





media/file18.png
. v 7
W Y
ot \
' '

27 -

22

850 -

~ 750 -

250 7 winter

150

Morning ----@-- Afternoon ---@-- Evening

\ Y
i \

) \
tae i \
B K !
) , ..
' H '
' . !
] i

' ' ’
> I <

Summer

/
/
! ’
k. !

(S

e
o]

T
|Kg]
<+

=)
<

LN )
o™ o™

(g_wbm) Sepyq

20
950

850 -

~~ 750 -

250 1 symmer

150






media/file16.png
Pollution Index (PI)

PI of PM2.5 in Faisalabad
PI of PM10 in Faisalabad

T
o> \‘,5&@ . {g& 5 é‘%
< K K
N\ ‘2‘0 “2‘0
& L s
3 o &
B N &S
N ¥
W






media/file2.png
!

.5?
w&#

@V‘\ﬁ

v - N "
] ’-., _v..s., ’.,f., M.MA‘“
4= |/ . ’
TEANE
Py b

)

25

0

i)
£
[e]
a
()]
T & 8 o &
c o x O &
Q
o
Q
-
=
[+'4
o.“
N
ot
=
wn






media/file5.jpg





media/file3.jpg





media/file1.jpg





media/file7.jpg





media/file10.png
a Raza Abad, Fish Farm, Kashmir Ittehad Raza Abad, Fish Farm, Kashmir Ittehad b
34.34 176.29 Road, 21.33 Welfare 40.29 180.63 Road, 26.08 Welfare
Dispensary, _ ) Dispensary,
Railway 103.20 Pepsi lgi“lt‘_"’ay 109.31
Station, Factory, ation, Pepsi Factory,
165.47 i : 120.62 169.94 : Pl2691
I /
k . Nazria \
Pakistan
Small Square, Small Nazria
Industrial 206.84 Industrial Pakistan
Estate, Estate, Square,
187.42 191.99 211.15
Mian Trust G.M.Abad, Allied Mian Trust C-M-Abad, Allied
Saleemi Hospital, 77.28 Hospital, Saleemi Hospital, Hospital,
Chowk, 33.06 141.17 162.94 Chowk, 39.72 146.99 169.15
Raza Abad, Fish Farm, Ittehad Pepsi Factory, Raza Abad, Fish Farm, Kashmir Ittehad
61.57 253.06 . Welfare 203.81 74.40 264.36 Road, 44.04 Welfare
Kashmir Dispensary Dispensary
Rai Road, 34.52 151 28 167.31  PepsiFactory,
ailway 212.12
Station, Railway
243.75 ;
Na.zrla Station,
Pakistan 259 g
Square,
/ Nazria
Small Pakistan
Small Allied Industrial Square,
Industrial Hospital, Estate, | 300.02
Estate _ 242.58 277.28 G.M.Abad
’ Saleemi . G.M.Abad, T ’
267.19 Chowk, 76.95 Mﬁan "I.“I[‘ulst 132,62 Mian Trust 142.95  Ajlied
o ospital, Saleemi Hospital, Hospital, d
22140 Chowk, 76.95

228.27 251.93





media/file12.png
- —@- — Summer season

Air Temperature (°C)

Wind speed (km/h)

40

o
W

-3 -

,.’... /.LQ
.\././(.‘\.‘ \\ .,. ‘\"

Winter season

Days index

Air Pressure (mbar)

Relative humidity (%)

—_ [\ w N W *N) ~
o & & & & & o
T

1020
1015
1010
1005

1000 |-

O O O
0 O \O
wn O W

- _
T raasa

a |
sl /’ 00e¢ 040 .‘/.\Q\ |
v L

25 30

Days index





media/file9.jpg





media/file0.png





media/file14.png
>
£ &
k= o
= o %
7 mvo (g
&x
.
- @,
<b) > »_wu
= Y,V
= 0,
3 “
G %
X & ¥






media/file8.png
Fish Farm, Kashmir Ittehad Pepsi
Raza Abad, 167.74 Road, 19.93 Welfare Factory,
32.37 Dispensary, 119.50
a 101.89 Nazria
Pakistan
Railway Square,
Station, 178.40
150.42

Allied

Hospital,
144.87
Small
Industrial
Estate, Mian Trust G.M.Abad,
164.82 Saleemi Hospital, 73.12
Chowk, 31.63 133.40
Raza Abad, Fish Farm, Kashmir Ittehad Pepsi
38.17 175.62 Road, 24.26 Welfare Factory,
Dispensary, 130.85
109.96
Railway
Station,

Nazria
Pakistan
Square,
191.46

161.26

Small
Industrial Allied
Estate, Hospital,
176.70 154.94
Mian Trust
C Saleemi Hospital, G.M.Abad,
Chowk, 37.30 144.05 82.93

Raza Abad, Fish Farm, Kashmir Ittehad Pepsi b
37.87 173.74 Road, 25.42 Welfare Factory,
Dispensary, 124.48
106.51 Nazria
Railway Pakistan
Station, Square,

155.94 183.40

Small Allied
Industrial .
Hospital,
Estate, 151.97
171.52 Mian Trust '
Saleemi Hospital, G.M.Abad,
Chowk, 39.08 140.06 80.34
Raza Abad, Fish Farm, Ittehad Nazria
43.53 181.43 ) Welfare Pakistan
Kashmir Dispensary, Square,
| Road, 2938 117.45 " pepsi Factory, 196.90
Railway 136.05
Station, '

167.28

Small
Industrial Allied
Estate, Hospital,
182.30 Mian Trust 159.67
Saleemi Hospital, G.M.Abad, d
Chowk, 37.30 147.81 88.85





media/file11.jpg
- & - Summerseason  ~ = Winter season

gel e et

§o
;%u

ErEE2e

¥

=

Wind speed (i)






media/file6.png
a Fish Farm,

Kashmir [ttehad _
67.94 Road. 8.56 Welfare Pepsi Factory,
Raza Abad, T Dispensary, 65.34
18.79 3373
Nazria
Railway

Pakistan
Square, 89.67

=
—\—

Station, 72.79 \g

Small
Industrial
Estate, 83.41

n

Allied

Hospital,
Mian Trust 79.46
Saleemi Hospital, G.M.Abad,
Chowk, 33.34 69.37 41.58
RazaAbad, FishFarm, Kashmir Rd, [ttehad
23.40 77.45 10.26 Welfare
Small Dispensary,
IndustrEstate 41.32
» 90.49 Railway Pepsi Factory,
Station, 82.50 72.96
Nazria
Saleemi Mian Trust Pakistan
Chowk, 39.65 . Square, 97.75
Hospital,
77.36
G.M.Abad, HA““?d
ospital,
C 49.69 87.64

Small Railway Raza Abad, Fish Farm,
Industrial Station, 78.46 25.47 74.33
Estate, 90.49 Kashmir
Road, 12.58
Saleemi
Chowk, 41.39

G.M.Abad,
49.71

Mian Trust
Hospital,
75.92
Pepsi Factory,
Allied 69.78 \I/\t/tel}flad
Hospital, : A
Nazria Dispensary,
85.16 .
Pakistan 830.45
Square, 94.10
Raza Abad, Ittehad Pepsi Factory,
30.87 . Welfare 76.07
<h Kashmir  pispensary,
FishFarm,  Road, 14.66 494
82.93 )
_ Nazria
Railway Pakistan
Station, 85.57

Square,
103.12

2=

Small _ Allied
Industrial Hospital,
Estate, 94.98 92.26
Mian Trust
Saleemi Hospital, G.M.Abad,
Chowk, 39.65

80.46 54.10 d





media/file15.jpg
Pl ofPM2.5 in Faisalabad

PLofPM10 n Faisalbad






media/file17.jpg
Nﬁ"f’ff fff*" N?fff fff






