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Abstract: Air pollution has numerous detrimental consequences for human health, visibility, 
climate, materials, plant health, and animal health. A portion of air pollution consists of metals, 
which are emitted into the environment via the combustion of fossil fuels, industrial activities, and 
the incineration of metal-containing products. In this work, the particulate matter and particle-
related metal pollution from various sources, in the Turkish province of Kayseri, were determined. 
AERMOD modeling was also used to examine the distribution of PM10 around the Kayseri 
Organized Industrial Zone (OIZ). Particulate matter (PM10) samples were collected using MCZ dust 
collecting devices at six monitoring locations mainly affected by residential heating (Hürriyet, Talas, 
and Kocasinan), industry (OIZ), and traffic (Tramway and Cumhuriyet) during the autumn/winter 
months and at three monitoring locations mainly affected by residential heating (Kocasinan), 
industry (OIZ), and traffic (Tramvay) during the spring months. ICP-MS analysis was used to assess 
the concentrations of the heavy metals (Pb, As, Cd, and Ni) in samples collected over 6 different 
time periods of 16 days each. During the autumn/winter months, the concentrations of Pb near 
roadways were found to exceed the Air Quality Assessment and Management Regulation of Turkey 
(AQAMR) limit value. During all the sampling periods, the Ni and Cd concentrations were below 
the AQAMR limit values. At the points associated with winter heating, the concentrations exceeded 
the AQAMR limit value, which may result from coal combustion. 

Keywords: particulate matter; heavy metals; air pollution; limit comparison; Kayseri; AERMOD 
model 
 

1. Introduction 
Air pollution is one of the biggest threats to our world. It is bad for all living things, 

the climate, and buildings and structures. Parallel to the rapid increase in the world 
population in the 21st century, air pollution has become a worldwide problem because of 
increasing energy use, industrial development, and urbanization [1]. To improve air 
quality, it is necessary to identify and apportion the emission sources and to determine 
and implement the most effective pollution control strategies [2]. Pollutants exist in the 
air in gaseous, liquid, or solid form. They are classified into two groups: natural and 
anthropogenic. In addition to primary pollutants, which are directly emitted to the 
atmosphere by emission sources, secondary pollutants, formed by photochemical 
reactions of these pollutants in the atmosphere, are also important for urban air quality 
[3]. Primary pollutants include sulfur dioxide (SO2), nitrogen oxides (NOx), carbon 
monoxide (CO), carbon dioxide (CO2), and particulate matter (PM), although particulate 
matter can also be a secondary pollutant [4–6]. Moreover, the impact of organic pollutants, 
such as hydrocarbons and polycyclic aromatic hydrocarbons (PAHs), on air quality and 
human health is considerable [7,8]. 
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Particulate matter (PM) is defined as a suspension formed by the fine solid or liquid 
substances in a gas, which arises from natural sources, such as the soil, the sea, and 
volcanoes, or from anthropogenic activities and is generally referred to as aerosol in the 
literature [9]. Particle sizes in atmospheric PM can vary greatly. PM10 and PM2.5 represent 
mass concentrations of particles with an aerodynamic diameter equal to or less than 10 
and 2.5 μm, respectively. PM2.5 can remain in the atmosphere for weeks or months; PM10 
can precipitate out of the atmosphere within a few hours [10]. PM has a high potential for 
adsorbing toxic metals, creating serious health problems [11]. Metal concentrations in PM 
of 30–35 μg/m3 were reported in the literature [6,12]. Manganese, copper, zinc, cadmium, 
chromium, iron, nickel, potassium, calcium, vanadium, barium, arsenic, selenium, and 
strontium are the most commonly found metals and metalloids in the pollution sources 
and have been studied widely. In Western Europe, North America, and the western 
Pacific, except for China, the annual mean total suspended particulate (TSP) 
concentrations range between 20 and 80 μg/m3 [12,13], and PM10 levels are between 10 and 
55 μg/m3. High TSP and PM10 annual mean concentrations are found in Southeast Asia 
[12,13]. Epidemiological studies have discovered a link between PM pollution levels and 
deaths from cardiovascular and respiratory diseases [14]. All metals that cause 
environmental pollution and have toxic effects are called “heavy metals”. This group 
consists of more than 60 metals, including lead (Pb), cadmium (Cd), chromium (Cr), iron 
(Fe), cobalt (Co), copper (Cu), nickel (Ni), mercury (Hg), and zinc (Zn). Heavy metals have 
cumulative effects and, even in concentrations below the limit values, can have an impact 
on human health and the environment, in the medium–long term [15]. The most 
important industrial activities that affect the release of heavy metals into the environment 
are cement production, the iron and steel industry, thermal power plants, glass 
production, garbage disposal, and waste sludge incineration plants [16]. Heavy metals 
emitted into the air eventually reach the soil as well as, from there, animals and plants, 
before moving through the food chain to reach humans. They are also inhaled by animals 
and humans as airborne aerosols. Heavy metals also reach animals and humans through 
the contamination of drinking water by industrial wastewaters or contaminated particles 
involved in pollination [17,18]. Therefore, it is significantly important to monitor the 
heavy metals found in particulate matter to identify pollution sources and take preventive 
precautions. 

Air quality distribution models are based on the calculation of the dispersion of the 
pollutant from a source to the receptor points in the impact area, under different 
atmospheric conditions, using mathematical techniques. These models are generally used 
in order to predict the possible pollution impact of the industrial facilities and to take 
preventive measures. The Environmental Protection Agency (EPA)’s AERMOD model is 
one of these models, and its data flow is provided in Figure S1 [19]. When it comes to 
predicting pollution concentrations, AERMOD has gained worldwide acceptance, 
particularly in industrialized nations [20]. The AERMOD modeling system is suggested 
for field impacts up to 50 km from a site (the emission source) [21]. There are several 
studies exploring the impacts of the dispersion of air pollutants in different types of areas. 
For example, in a study performed in the USA, the modeled hourly PM concentration was 
close to the measured PM concentrations downwind of the source [22]. In another study 
conducted in Pennsylvania, USA, by including planetary boundary layer turbulence and 
terrain effects, AERMOD could better predict how pollutants behave near their sources 
[23]. Moreover, the findings of a study carried out in Iran demonstrated consistent PM10 
dispersion in all directions, which was to be expected given the flat modeling region. The 
simulated maximum PM10 concentrations were higher than the maximum threshold in the 
guidelines for a 24 h period [24]. 

In this study, PM10 was sampled during 12 periods of the autumn/winter and spring 
seasons in six monitoring locations (each mainly affected by residential heating, industry, 
or traffic emissions), in the Turkish province of Kayseri. Moreover, the metal content of 
these samples was analyzed according to the TS EN 14902:2006 Ambient Air Quality-
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Standard Method, and the results were evaluated with respect to Directive 2008/50/EC 
and the Air Quality Assessment and Management Regulation of Turkey (AQAMR) 
annual limit values. Moreover, an AERMOD modeling study was conducted to determine 
the distribution of PM10 pollution in the study area, according to two different scenarios. 

2. Materials and Methods 
2.1. Study Area 

Kayseri is in the upper Kızılırmak portion of Central Anatolia, where the southern 
section and the Taurus Mountains meet. It is surrounded by Sivas to the east and 
northeast, Yozgat to the north, Nevşehir to the west, Niğde to the southwest, and Adana 
and Kahramanmaraş to the south. The province of Kayseri, which is located between 
34°56′–36°59′ E longitudes and 37°45′–38°18′ N latitudes, covers 2.2% of the country’s 
territory, with an area of 16,917 km2. The altitude of the city center is 1054 m above sea 
level [25]. 

Approximately 40% of the provincial area is agricultural land. Forest and heathland 
occupy the lowest ratio of land use [25]. The province has 16 districts, together with a 
central district. The map of Turkey and Kayseri Province is presented in Figure 1. 

 
Figure 1. (a) Turkey map and location of Kayseri Province; (b) districts of Kayseri [26]. 

The provincial population growth between 2009–2019 was 16.7%, and, according to 
the Turkish Statistical Institution’s 2023 projection, the population is predicted to increase 
[27]. Kayseri is a province with developed industry, transportation, and energy 
infrastructures and rich underground resources. Kayseri, which has 3 Organized 
Industrial Zones (OIZs), 16 Industrial Sites, 1 Free Zone, and 1 Technology Development 
Zone, is a production leader in many sectors. There are significant investments in the 
fields of textiles, apparel, knitting, cleaning materials, electrical and communication 
products, agricultural tools and machinery, and defense as well as automotive industry 
in Kayseri. 

The wind rose, prepared from the data of Kayseri Meteorology Station No. 17196, 
during the 1960–2015 period, is presented in Figure S2. According to this wind rose, the 
1st degree prevailing wind direction was south, and the 2nd degree prevailing wind 
direction was west–northwest. 

According to the hourly measurements performed by Kayseri Meteorology Station 
no. 17196, between 1 January 2019 and 31 December 2019, the annual average temperature 
measured in Kayseri was 11.9 °C. The highest monthly average temperature was 22.3 °C, 
in August, and the lowest monthly average temperature was −0.7 °C, in January. In Figure 
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2, the wind rose, prepared from the 2014 data of Kayseri Meteorology Station No. 17195, 
is presented, showing that the prevailing wind direction was west–southwest and east–
northeast. The annual average wind speed was 3.0 m/s, and the daily maximum wind 
speed was 4.8 m/s. 

 
Figure 2. Wind rose prepared according to the 2014 data of Meteorology Station no. 17195, in Kay-
seri Province; locations of the six sampling points [28]. 

2.2. Sampling Periods and Location of Six Sampling Points 
Sampling was performed at six points: Organized Industrial Zone (OIZ), Hürriyet, 

Talas, Kocasinan, Tramvay, and Cumhuriyet (Figure 2). The coordinates of the sampling 
points, main pollution source type, and sampling schedule are presented in Table 1. The 
sampling points were selected with respect to the predominance of different pollution 
source types (industry, residential heating, and traffic), according to the characteristics of 
the respective areas. 

Table 1. Coordinates of the sampling points, pollution source types, and the sampling schedule. 

Sampling Points Coordinates Main Pollution 
Source Type Sampling Schedule 

OIZ  
X: 38.740437 
Y: 35.375453 

Industry 
07.10.2020 to 22.10.2020 
28.05.2021 to 11.06.2021 

Hürriyet  
X: 38.714757 
Y: 35.470575 

Heating 
07.10.2020 to 22.10.2020 
19.11.2020 to 04.12.2020 

Talas 
X: 38.698954 
Y: 35.553436 

Heating 
11.11.2020 to 26.11.2020 
04.02.2021 to 19.02.2021 

Kocasinan 
X: 38.744597 
Y: 35.481918 

Heating 
11.11.2020 to 26.11.2020 
04.02.2021 to 19.02.2021 
28.05.2021 to 11.06.2021 

Tramvay 
X: 38.720589 
Y: 35.481611 

Traffic 
25.02.2021 to 12.03.2021 
28.05.2021 to 11.06.2021 

Cumhuriyet 
X: 38.721486 
Y: 35.486120 

Traffic 25.02.2021 to 12.03.2021 

  

1:100,000 
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2.3. Sampling Method 
MCZ PM10 Sampler and PTFE membrane disc filters (47 mm in diameter) were used 

in the study. MCZ—Model LVS1—Low Volume Dust Sampler is a microcomputer-con-
trolled device, and it performs sampling automatically. The gas flow is physically cor-
rected by pressure and temperature compensation and is evaluated as a correction varia-
ble by the electronic control unit. The system is controlled by the control module (Mi-
croPNS). A PM10 sampling head was used, with 2.3 m3/h flow rate, for a 24 h filter sam-
pling duration [29]. In each sampling period, 16 daily samples were collected (correspond-
ing to the capacity of the device), and samples were analyzed. 

The sampler was placed in the field, in accordance with the instructions of the man-
ufacturer, with special attention paid to the siting specifications [30]. The calibrated flow-
meter was used by performing a leak test and verifying the sampler’s flow rate at least 
once every three months, in accordance with the instructions of the manufacturer. If the 
flow rate deviated by more than 5% from its nominal value, the sampler was calibrated 
by adjusting the flow rate. Periodic filter blanks at each sampling point were taken (at 
least once for every 20 filters used). In the filter log, the complete information about each 
sample was recorded, including the stop time, the flow rate, the sample air volume (in 
m3), any mechanical or electrical failures, the meteorological conditions during the sam-
pling period, and any other information that may be relevant to a later evaluation of the 
sampling. The inlet impaction plate was cleaned and lubricated at least once every 15 days 
of sampling. In accordance with the recommendation of the manufacturer, the PM10 sam-
ple head was cleaned at least once every six months [30]. 

2.4. Chemical Analysis 
Inductively coupled plasma mass spectrometry (ICP-MS) was used in the heavy metal 

analysis, and TS EN 14902:2006 Ambient Air Quality-Standard Method was applied for the 
measurement of Pb, Cd, As, and Ni in the PM10 fraction of suspended particulate matter, by 
the Environmental Reference Laboratory of Ministry of Environment and Urbanization, ac-
credited by the Turkish Accreditation Agency (TÜRKAK) with the number AB-0262-T. 

2.4.1. Pre-Treatment Procedure 
The pre-treatment procedure was conducted at the Clean Air Center Directorate La-

boratory of the Ministry of Environment and Urbanization. 
Microwave dissolution process [30] (CEM MARS-6): In the pre-processing labora-

tory, filters were conditioned, and the particulate material on the filters was taken to the 
liquid phase using 10 mL mixture of HNO3 (10.8 M) and HCl (3.0 M). 

Microwave fractionation program: The fractionation process was conducted with an 
800 W microwave device. The device rose to 190 °C in 20 min and completed its program 
by waiting 25 min at this temperature. 

The sample extracts were stored in the refrigerator and delivered to the Environment 
Reference Laboratory of Ministry of Environment and Urbanization by cold chain. 

2.4.2. ICP-MS Analysis 
For ICP-MS analysis, a Bruker Aurora M90 ICP-MS device was used. The samples 

taken into the liquid phase were transferred to plastic centrifuge tubes and were com-
pleted to 25 mL with ultrapure water. The samples were centrifuged at 3000 rpm for 15 
min, and the filter residues were precipitated. An aliquot of 2 mL was adjusted up to 10 
mL with ultrapure water, and 100 μL of internal standard at 500 μg/L concentration was 
added and analyzed in the ICP-MS device. 

Quality control for ICP-MS device: After calibration, quality control solutions were 
created independently from the calibration solutions and analyzed to monitor the perfor-
mance of the method. 
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2.5. PM10 Determination 
Filters were weighed before and after sampling, and PM10 mass concentrations were 

determined according to the following equation: 

PM10 (μg/m3) = ሺ୆ି୅ሻ∗ଵ଴ల୕∗୲  (1)

A = weighing before sampling (g); 
B = weighing after sampling (g); 
Q = flow rate (m3/h); 
t = sampling period (24 h). 

Equation (2) was used for calculation of the metal concentrations in the sample. 

Metal concentration (μg/m3) = [ቀ ಔౝ౜౟ౢ౪౛౨ቁ୕ ൬ౣయ౞ ൰] ∗ 1/24 (2)

2.6. Inversion Intensity 
Under normal weather conditions, temperature tends to drop between 0.5 and 1.0 °C 

per 100 m of altitude [31]. “A temperature inversion” occurs when the temperature in-
creases rather than decreases with height. If the inversion begins at or near the ground, 
vertical movements are negligible, water vapor and atmospheric pollutants are unable to 
rise, there is no horizontal transport, and, as a result, pollutant concentrations in the at-
mosphere increase, and an air pollution problem may occur [31]. The severity, duration, 
thickness, and height of the inversion directly affect the intensity of the air pollution ex-
perienced. The General Directorate of Meteorology determines inversion intensity for the 
risk of air pollution in city centers and some district centers, particularly in winter, to no-
tify the public and ensure that the necessary measures are taken by the relevant institu-
tions. The inversion intensity data were provided by the directorate [31]. 

2.7. AERMOD Model 
AERMOD 9.6.0 model version [32] was used to determine the level of PM10 contribu-

tion of the industries in the OIZ. To create a model in AERMOD, the following steps are 
conducted (Figure S1 in the Supplementary Materials): 
1. Output type (concentration, dry–wet precipitation, etc.), average time option, disper-

sion coefficient, and terrain options are entered into the model. 
2. Contaminant type is selected, and pollutant sources are entered into the model. If the 

calculation is to be made for an urban area, the population value is inserted. Variable 
emissions, if any, are defined. 

3. Receptor points are identified by cartesian or polar coordinates. 
4. Meteorology files compiled by AERMET View or RAMMET View are entered into 

the model. The time interval to be modeled is selected (Table S4). 
5. The desired output types are selected. 
6. After the sources and receptor points are entered into the model, the AERMAP model 

is run. 
7. Finally, the air quality model is run. 

In the modeling, the contribution value to the 24 h average PM concentration is taken 
as the output. Seven hundred twenty receptors were considered in the model, and a dis-
tribution with a radius of approximately 11 km (uniform polar grid) was chosen. The me-
teorological and synoptic data used in modeling were obtained from the closest Erkilet 
Airport Meteorology Station (No. 17195). Two scenarios were created in the modeling 
program. The source points considered in these scenarios and their activity sectors are 
presented in Table S1 (Supplementary Materials). 

Scenario 1: The pollutants of 18 facilities with high polluting impact within the scope 
of Annex-1 of the Environmental Permit and License Regulation, located in Kayseri OIZ 
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and Kayseri Free Zone, were taken into consideration. All plants, except Erbosan, were 
selected from the plants with the highest pollution impact in the industrial area. In mod-
eling, it was assumed that the total population affected by these facilities is 150,000 inhab-
itants. It was stated in the model that the facilities operate during all months of the year 
and at all hours of the day. 

Scenario 2: Outside the OIZ and Kayseri Free Zone, 2 facilities with emissions of pol-
lutants included in Annex-1 of the Environmental Permit and License Regulation, were 
taken into consideration. In this scenario, Kayseri sugar and zinc plants, which use high 
amounts of coal in their processes, were taken into account, outside the industrial zone. 
The model was run by stating that while the zinc facility works all days of the year, the 
sugar facility operates seasonally, in November, December, and January. 

3. Results and Discussion 
3.1. PM10 Concentrations and Inversion Intensity 

The PM10 concentrations were compared with the daily limit value of 50 μg/m3, es-
tablished by the Air Quality Assessment and Management Regulation (AQAMR, pub-
lished in the Official Gazette on 6 June 2008, No. 26898) and in the EU Directive 2008/50/EC 
of 21 May 2008. The PM10 concentrations were also compared with the WHO daily guide-
line value of 45 μg/m3, which must not be exceeded more than 3–4 days per year [33]. 

The daily average concentration values at the sampling points for the autumn/winter 
and spring periods are compared in Figure 3. Daily average PM10 concentrations higher 
than the EU Directive daily limit (50 μg/m3) were observed in the autumn/winter period, 
for all locations. In each of the sampling points, the WHO daily guideline value was ex-
ceeded on 8 or more days, in the autumn/winter sampling periods (Figure 3). The highest 
PM10 concentrations were observed at the Hürriyet sampling point. The main pollution 
source type at this point is residential heating, so the results found may originate from 
combustion processes. Moreover, the results observed at the OIZ and Tramvay sampling 
points show that industry and traffic significantly contribute to PM10 pollution in the au-
tumn/winter period. In the spring period, the PM10 concentrations were similar in the var-
ious locations and were below the EU Directive daily limit, but the WHO daily guideline 
value (45 μg/m3) was exceeded on 4 or more days at each location, especially at the OIZ. 
The average concentration observed at the OIZ (93.2 μg/m3) in the autumn/winter period 
is high, when compared with similar studies conducted around industrial facilities in dif-
ferent countries. For example, the following average daily PM10 concentrations were ob-
served: 44.4 μg/m3 in Capana, Argentina [34]; 33.3 μg/m3 in Onda, Spain [35]; 54.9 μg/m3 
in Elefsina, Greece [36]; and 76.0 μg/m3 in Pohang industrial area, Korea [37]. However, 
much higher average PM10 concentrations (169 μg/m3) were detected in the industrial area 
of Rio de Janeiro, Brazil [38]. 
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Figure 3. Comparison of daily average PM10 concentrations with the EU Directive daily limit value, 
the WHO daily guideline value for PM10, and the number of exceedance days. 

The daily PM10 concentrations and inversion intensity values, for the autumn/winter 
and spring periods, are presented in Figures 4 and 5, respectively. 

 
Figure 4. PM10 daily concentrations at Kayseri sampling points and inversion intensity (au-
tumn/winter period). 
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Figure 5. PM10 daily concentrations at Kayseri sampling points and inversion intensity (spring period). 

The results indicate that, for the autumn/winter period, there is a weak or very weak 
correlation between inversion intensity and PM10 concentration at the sampling points for 
which the main pollution sources are residential heating and traffic, while, at the OIZ 
sampling point, a strong correlation was found. The OIZ is the only sampling point where 
industrial emissions predominate. The main reason for this difference might be the emis-
sions from the stacks of the facilities, because the pollutants are emitted from higher 
heights. The correlation is positive (r = 0.718), indicating that higher PM10 concentrations 
were registered for higher inversion intensities, as expected. In fact, PM typically shows 
higher levels during the cold season, due to the lower mixing layer heights and stagnant 
episodes associated with thermal inversion [39]. 

The correlation coefficient (r) was determined for each sampling location (Table 2). 

Table 2. Correlation coefficients between PM10 and inversion intensity. 

Sampling Points 
Correlation Coefficient (r) 

Autumn/Winter Spring 
OIZ 0.72 Strong 0.03 Very weak 

Hürriyet 0.33 Weak   
Talas 0.24 Very weak   

Kocasinan −0.02 Very weak 0.10 Very weak 
Tramvay 0.49 Weak 0.01 Very weak 

Cumhuriyet 0.06 Very weak   

3.2. PM10 Metal Concentrations 
The daily average metal concentrations for autumn/winter and spring periods are 

presented in Table 3. The concentrations of 18 metals and 3 metalloids in PM10 were ana-
lyzed at the sampling points. The major elements were Al, Fe, Mg, K, Na, and Ca. 

The concentration of Al was higher at the OIZ sampling point, which is mainly af-
fected by industry, which can be due to the emissions of the machine production, casting 
and metal working, cement, and chemical production facilities located in the area (Table 
S1). In fact, Al is a crustal tracer, but it can also be emitted by non-ferrous metal industries 
[40]. The concentration of Fe was higher at the Tramvay sampling point, which is mainly 
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affected by traffic, and, in fact, Fe is considered a marker of brake wear [41]. The Mg and K 
concentrations were similar at all sampling points. K is a tracer of biomass burning and can 
be emitted by other combustion processes, namely, industrial [40]. The Na and Ca concen-
trations were higher at the sampling points where the main pollution source type is residen-
tial heating, although these elements are typically not associated with combustion processes 
but with sea aerosol (Na) and soil or the cement industry (Ca). Zn concentrations were rel-
atively higher at the OIZ sampling point, probably due to the emissions of the zinc produc-
tion, casting and metal working, paint, and plastic production facilities in the area. 

 

Table 3. Daily average metal and metalloid concentrations for autumn/winter and spring periods. 

Metals and 
Metalloids 

Autumn/Winter Period Daily Avg. Metal Concentra-
tions 

Spring Period Daily Avg. 
Metal 

Concentrations 
Average 

Standard 
Devia-

tion (ng/m3) (ng/m3) 

OIZ  Hürriyet Kocasi-
nan Talas  Tramvay Cum-

huriyet OIZ  Kocasinan Tramvay 

Aluminum 
(Al) 

1119 1020 456 557 773 657 908 741 712 771 213 

Antimony 
(Sb) 

4.0 9.0 7.0 6.0 8.0 5.0 3.0 2.0 4.0 5.0 2.3 

Arsenic (As) 2.0 3.0 7.0 4.0 5.0 4.0 2.0 1.0 1.0 3.0 2.0 
Barium (Ba) 71 83 28 39 52 33 48 21 43 47 20 
Boron (B) 19 14 17 24 14 11 13 7.0 7.0 14 5.5 
Cadmium 
(Cd) 

1.0 1.0 2.0 1.0 1.0 1.0 1.0 below DL 1.0 1.0 0.5 

Calcium (Ca) 1678 3902 1631 1502 below 
DL 

below 
DL 

below 
DL below DL below 

DL 968 1347 

Chromium 
(Cr) 22 10 8.0 9.0 9.0 10 12 8.0 10 11 4.3 

Cobalt (Co) 19 4.0 1.0 1.0 1.0 1.0 3.0 1.0 2.0 4.0 5.9 
Copper (Cu) 21 24 17 23 33 27 27 12 35 25 7.3 
Iron (Fe) 1134 1395 634 1099 1634 961 1013 709 1387 1107 326 
Lead (Pb) 55 33 35 26 31 26 37 21 22 32 10.4 
Magnesium 
(Mg) 437 436 226 297 433 308 457 479 447 391 89.5 

Mangan (Mn) 40 28 16 21 29 21 38 20 26 27 8.2 
Molybdenum 
(Mo) 1.0 2.0 1.0 2.0 2.0 1.0 1.0 below DL 1.0 1.0 0.7 

Nickel (Ni) 12 6.0 6.0 7.0 10 7.0 9.0 5.0 5.0 7.0 2.4 
Potassium 
(K) 374 432 452 355 435 379 341 224 275 363 75.7 

Selenium (Se) 
below 

DL 
below 

DL 1.0 
below 

DL 
below 

DL 
below 

DL 
below 

DL below DL 
below 

DL 
below 

DL 0.3 

Sodium (Na) 158 275 37 1169 below 
DL 

below 
DL 

475 493 365 368 352.2 

Vanadium 
(V) 

3.0 3.0 3.0 5.0 6.0 3.0 2.0 2.0 2.0 3.0 1.4 

Zinc (Zn) 235 86 80 83 99 91 260 91 132 129 69.4 
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The daily average concentrations of Pb, Ni, Cd, and As were compared with the an-
nual limit values established in EU Directive 2008/50/EC (and AQAMR) [42], for the pro-
tection of human health (Table S2 in the Supplementary Materials). The average Pb con-
centration was found to be considerably higher at the OIZ in the autumn/winter period, 
relative to the other sampling points as well as to the spring period. The EU Directive 
annual limit value (0.5 μg/m3) was reached in the autumn/winter at the OIZ (Table 3). 
Moreover, the Pb concentrations measured at Tramvay and Cumhuriyet (traffic points) 
were also relatively high. 

Pb is considered a tracer of brake wear [43] and is also emitted by motor oil combustion 
[44]. In a study in Pakistan, high Pb and Zn concentrations were determined close to a bus 
station [45]. The average Ni and Cd concentrations were below the directive limit value at all 
sampling locations during both periods. The average arsenic (As) concentration at the Kocasi-
nan sampling point (which is affected by residential heating), in the autumn/winter, exceeded 
the directive annual limit value (6 ng/m3). In fact, As is a tracer of coal burning [40], so it would 
be appropriate to confirm this attribution by an analysis of the ash and coal used at Kayseri. 
Arsenic concentrations in Dhaka, Bangladesh, ranged from 4.3 ng/m3 (Dhanmondi) to 7.9 
ng/m3 (Tejgaon) [46]. Unprecedented, high As concentrations (325 ng/m3) were detected at 
four sites in the Bangkok Metropolitan Region, Thailand [47]. 

3.3. AERMOD Model 
The AERMOD distribution map created for scenario 1 is given in Figure 6. In scenario 

1, the predicted maximum daily PM10 concentration was 18.0 μg/m3, which was registered 
on 28 November 2014. At the OIZ’s AQMS station, considered as a receptor point, the 
modeled maximum daily value was 3.0 μg/m3, which was registered on 28 November 
2014. Other works used the AERMOD model for predicting the impact of the industrial 
point sources on the PM concentrations in the surrounding area. For instance, in Arak, 
Iran, the emission distribution of the power plant was modeled using AERMOD software 
over 8 h and annual average periods. The highest concentration of PM10, 12.8 μg/m3, was 
measured northwest of the power plant, 900 m from the facility [48]. In addition, Noor-
poor and Rahman [49] found that AERMOD predicted PM10 concentrations of 43.68 μg/m3 
at distances of 1500 m and 2100 m from an Iranian cement plant. Moreover, Lothongkum 
et al. published another study concerning PM10 from cement plants, where the PM10 con-
centration (just from the stacks’ emissions) was estimated as 11.40 μg/m3 [50]. 

The PM10 modeled values of 18.0 and 3.0 μg/m3 are very different from the PM10 sam-
pled values in Figure 3. Only some specific industrial point sources were considered in 
the model, ignoring the contribution of other important emission sources as traffic and 
residential heating. The modeled 1 h and 24 h PM10 levels, peak receptor coordinates, and 
peak dates/hour are presented in Table 4. 
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Figure 6. The AERMOD dispersion map created for scenario 1 (Red crosses represent the facilities 
considered in the model). 

Table 4. AERMOD modeled PM10 levels, peak receptor coordinates, and dates/hour for scenarios 1 
and 2. 

PM10—Concentration—Source Group: Scenario 1 
Averaging  
Period 

Rank PM10 (μg/m3) X  
(m) 

Y  
(m) 

ZELEV  
(m) 

ZFLAG  
(m) 

ZHILL  
(m) 

Date,  
Start Hour 

1 h 1st 52.00485 705,632.01 4,289,223.43 1047.70 0.00 1621.00 14 May 2014, 23 

24 h 1st 17.99654 705,632.01 4,289,223.43 1047.70 0.00 1621.00 
28 November 2014, 
24 

1 h 10th 49.75697 705,632.01 4,289,223.43 1047.70 0.00 1621.00 9 September 2014, 1 

24 h 10th 11.91304 705,632.01 4,289,223.43 1047.70 0.00 1621.00 
12 November 2014, 
24 

1 h 35th 45.14457 705,632.01 4,289,223.43 1047.70 0.00 1621.00 13 February2014, 18 

24 h 35th 9.46881 705,632.01 4,289,223.43 1047.70 0.00 1621.00 
11 September 2014, 
24 

1 h 50th 43.88258 705,632.01 4,289,223.43 1047.70 0.00 1621.00 16 October 2014, 1 
24 h 50th 8.87223 705,632.01 4,289,223.43 1047.70 0.00 1621.00 3 October 2014, 24 
Annual  5.64820 705,632.01 4,289,223.43 1047.70 0.00 1621.00  

PM10—Concentration—Source Group: Scenario 2 
Averaging  
Period 

Rank PM10 (μg/m3) X  
(m) 

Y  
(m) 

ZELEV  
(m) 

ZFLAG  
(m) 

ZHILL  
(m) 

Date,  
Start Hour 

1 h 1st 3.01835 696,637.22 4,287,078.26 1042.30 0.00 1042.30 
12 November 2014, 
11 

24 h 1st 1.03820 696,120.39 4,286,890.15 1053.50 0.00 1060.00 4 January 2014, 24 
1 h 10th 2.50546 696,637.22 4,287,078.26 1042.30 0.00 1042.30 5 December 2014, 10 
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24 h 10th 0.36564 697,154.05 4,287,266.37 1034.40 0.00 1034.40 
12 November 2014, 
24 

1 h 35th 1.73207 696,120.39 4,286,890.15 1053.50 0.00 1060.00 4 January 2014, 16 

24 h 35th 0.19729 696,120.39 4,286,890.15 1053.50 0.00 1060.00 
13 November 2014, 
24 

1 h 50th 1.57954 696,120.39 4,286,890.15 1053.50 0.00 1060.00 3 January 2014, 4 
24 h 50th 0.14811 697,154.05 4,287,266.37 1034.40 0.00 1034.40 24 January 2014, 24 
Annual  0.05184 696,120.39 4,286,890.15 1053.50 0.00 1060.00  

The AERMOD distribution map created for scenario 2 is given in Figure 7. In scenario 
2, the predicted maximum daily PM10 concentration was 1.0 μg/m3 on 4 January 2014. At 
the OIZ’s AQMS station, the modeled value was 0.1 μg/m3. Thus, the contribution of the 
industrial facilities outside the OIZ and Kayseri Free Zone (considered in scenario 2) to 
the PM10 levels is very small. 

 
Figure 7. The AERMOD dispersion map created for scenario 2 (Red crosses represent the facilities 
considered in the model). 

4. Conclusions 
When the average PM10 concentrations that were measured in Kayseri, in 2020/2021, 

are considered, the average autumn/winter concentrations were always higher and above 
the EU Directive 2008/50/EC daily limit value (50 μg/m3). The highest PM10 concentration 
occurred at the Hürriyet sampling point, in the autumn/winter (117.9 μg/m3), reflecting 
the significant contribution of residential heating to air pollution. The PM10 concentrations 
were higher in the autumn/winter than in the spring, for all locations: 35.7% higher at 
Kocasinan (a sampling point mainly affected by residential heating), 54.0% higher at 
Tramvay (a sampling point mainly affected by traffic), and 51.4% higher at the OIZ (a 
sampling point affected by industry). In the autumn/winter, the lowest average PM10 



Atmosphere 2023, 14, 356 14 of 16 
 

 

concentration was determined at the Cumhuriyet (traffic) sampling point (55.1 μg/m3). In 
the spring period, the highest average PM10 concentration (45.3 μg/m3) was obtained at 
the OIZ (industry) point, which was slightly above the EU Directive daily limit value and 
the WHO daily guideline value. The metal concentrations in PM10 were determined by 
ICP-MS, and the major elements were Al, Fe, Mg, K, Na, and Ca. When the concentrations 
of the heavy metals (As, Ni, Cd, and Pb) were compared to the annual limit values in EU 
Directive 2008/50/EC, Pb and As were found to be higher in the autumn/winter. While As 
was found at high levels at the Kocasinan (heating) sampling point, Pb was detected above 
the limit at the OIZ (industry) sampling point. In the AERMOD modeling, the contribu-
tion of the 18 industrial point sources located at the OIZ to the maximum PM10 concentra-
tion was 18.0 μg/m3. In spite of the recognized health impact by PM10, PM2.5 is considered 
more relevant in this respect [51]; thus, further studies should be performed focusing on 
PM2.5 in the study area. 

Supplementary Materials: The following supporting information can be downloaded at: 
https://www.mdpi.com/article/10.3390/atmos14020356/s1. Figure S1. AERMOD data flow chart; 
Figure S2. Wind rose showing dominant wind direction prepared from the meteorological data be-
tween 1960–2015; Table S1. The points used in AERMOD scenarios and their sectors; Table S2. Limit 
values for heavy metal pollution; Table S3. The PM10 emission rates (kg/h) for each point source; 
Table S4. Meteorology pathway of the AERMOD models. 
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