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ABSTRACT 
 

The urban aerosol has been studied in general and there are few detailed analyzes that determine 

the specific contribution of anthropogenic sources, we study ten industrial production process 

located in Chihuahua, City. According to the permanent report by Air-Quality-Monitoring-

System about the particulate matter level from the city, it is close to the regulatory limit level and 

missing information concerning the type of morphology and elemental composition of particles 

size minor to 1.0 μm. The main goal of this study was to characterize the individual morphology 

and elemental composition of anthropogenic particulate matter generated in this city. The 

particles samples were collected during 2009 between June and August, the monitoring time was 

around 20 minutes. We used Eight-Stage-Non-Viable-cascade-Impactor-Mark-II and selected 

aerodynamic diameter 1.1μm for study in detailed. TEM-grid was placed at this stage to 

collected sample; they were studied by transmission electron microscope model CM-200-

Philips® with elemental analysis system. The NIH ImageJ software was used for treatment and 

analyses the acquired images. From 358 particles analyzed we determined mean values for 

diameter of Feret (DF), compactness ratio (C), lacunarity (Lm and Lp), perimeter and density 

fractal dimension (Dm and Dp). From data analyzed we can classify into four morphology types, 

and they are spherical for polymeric, irregular shape for ceramic, cubic for metallic and 

aggregates for fuel oil handling. The elemental composition is related with morphologies, we 

find clearly typical morphologies categorically distinguishable. 

 

INTRODUCTION  
 

The literature report many study methods for characterized morphology and elemental 

composition of urban aerosol. These reports come from general events to specific cases, such as 

burning fuel materials, diesel, paraffin, butane, wood and other
1
; power generating equipment 

using combustion process 
2,3

; industrial areas, metallurgical plant, ceramic industrial, opencast 

coal mine, construction site, major roads, school classrooms
4-10

; and natural events fires, dust 

storms and volcanic eruption 
11,12

. According to the permanent report by Air-Quality-

Monitoring-System about the particulate matter level from the city, it is close to the regulatory 

limit level and missing information concerning the type of morphology and elemental 

composition of particles minor 2.0 μm. We examined the composition and morphology of 
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individual aerosol anthropogenic particles with techniques measure off-line, such as TEM/EDS, 

in ten industrial production processes located in Chihuahua, City. We focus on the aerosol 

around 1.0 μm and investigate changes in their morphology and composition elemental. To our 

knowledge, this is the first TEM/EDS study on aerosols anthropogenic particle from specific 

sources in Chihuahua City, México.  

 

In this paper we summarized about shape factor theory and fractal dimension. In Experimental 

section defined procedures for sampling particles; image acquisition; and treatment and analysis 

image. We show statistical analysis for shape factors and elemental composition.  

 

METHODS 
 

The electronic microscopy images studies, where grayscale images are obtained and segmented 

to binary images, for obtained area and perimeter to determined shapes factors and sizes. There 

are a variety shape factors, which provide specific information about particulate matter, such as 

irregular, compactness, rounded, texture and homogeneity. The methods are based on a region or 

edge of the particle 
13

. Generally this shape factors are referenced to a Euclidean geometric 

figures known as a rectangle or circle. For Example, the circularity compactness is the ratio 

between area A and perimeter P squared for each object, It value means if the region is compact 

or non-compact; the 1.0 value indicates a perfect circle and if the value approaches 0.0, it 

indicates an increasingly elongated shape particle 
13,14

. The regular shape particle have a higher 

thinness ratio than similar irregular shape particle ones. The inverse relation is roundness ratio 

and reflects the complexity of the object boundary 
15,16

.  

 

Other parameters are fractal dimension and lacunarity, these terms introduced by Mandelbrot 
17

. 

They  describe rough or texture (consisting of wave and rough), it depends on the observed 

property; the perimeter fractal dimension describes roughness;  the density fractal dimension 

reports how is filled in spaces characteristic 
18

 ; and the Lacunarity  is a measurement of  

invariant translational, it means measurement of the non-uniformity of structure o the degree of 

structural variance within an object 
19,20

.  

 

There are different ways to report the particle size. Mostly the diameter is reported in the 

literature, which relates properties of perimeter, area or rectangular border region. Here we report 

the diameter of Feret; it defines as the distance between pairs of parallel tangents to the projected 

outline of the particle in some fixed direction 
15,21

. 

 

EXPERIMENTAL 

Zone description 

 

The city of Chihuahua is situated in the northern part of the Mexican Republic; this city is capital 

of the Chihuahua State, geographically located at 28° 39' north latitude and 106° 05' west 

longitude. It has a population of around 748,518 inhabitants; there are seven industrial parks with 

more than 80 industrial plants, mainly in the manufacturing sector (metal products, machinery 

and equipments) 
22

. It has an average annual temperature of 18.2°C with maximum and 

minimum average 37.7 ºC and -7.4 ºC respectively, semiarid extreme climate with annual 
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average relative humidity of 49% and the annual average wind East-North-east  
23

. To the North 

it limits with Chihuahua-Sacramento Valley, to the East with the Sierra Nombre de Dios, to the 

West and South with the mountains the “Blue” and The “Mogote”, to the Northeast with a 

portion of the Tabalaopa-Aldama Valley, bounded by the mountains: “Nombre de Dios” by the 

West, “Gloria Peña Blanca” by the East 
23

. The maps are shows in Figures 1a, 1b and 1c.  

 

Monitoring site 

 

The ten selected process is locates in The Industrial Park: “Chihuahua”, “America” and 

“Intermex-Aeropuerto” at latitude and longitude 28°42'57.91" N and 106°7'59.94" W; 

28°39'6.63" N and 106°7'28.93" W; and 28°40'1.55" N and 106°0'14.83" W, respectively.  

The Figure 1d shows industrial park location. 

 

Figure 1. Sampling site locations; (a) Map of the Mexican Republic in the World; (b) Map 

of Chihuahua State in the Mexican Republic; (c) Map of Chihuahua State; and (d) Site 

locations. 

 

 
Heraldry 

 

Sample Collection 

The samples were obtained between June and December of 2009. The schedule was from 08:30 

to 09:30 a.m. The sample collection times were around 20 minutes conditioned on the particle 

concentrations directly from the sampling port in the air shaft. The Eight Stage-Non-Viable 

cascade-Impactor model Mark-II New-Star-Environmental™ was used and Cooper TEM grids 

(200-mesh) with carbon-coated Formvar films were placed in stages with cut-off diameters of 

1.1, 0.7 and 0.4 μm on polycarbonate filters. This equipment was operated at flow rate 28 l/min.  

 

TEM/EDS analyses 

The TEM grids were observed and analyzed using high resolution TEM model CM-200 

Phillips™, whose point resolution is approximately 2Åworking at 200 kV. The TEM images 

were acquired at different magnifications using CCD-digital camera with 640x480 pixels.  For 

each process, we selected individual particle and this were quantified elemental composition by 

X-ray energy dispersive technique EDS. The TEM/EDS microanalyser was operated at 

accelerating voltage of 200 kV, and the counting time of the X-ray spectrum was 30s. The 

relative elemental weight percentages were obtained and normalized 
11,12,24

. 
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Treatment and Analysis of Image 
 

ImageJ software of National Institute of Health, USA 
25

 was used for treatment and analysis of 

our images. The treatment consists as a first step to improve intensity, following sequence 

equalization of the histogram, Gaussian filter and finally sharpen 
26,27

; the second step is the 

recognition of objects, by segmentation for manual sliding threshold to obtain binary image; the 

third step is the elimination of noise and waste, applying morphological image processing 
27

. 

The analyses consist of obtaining projected properties. These were grouped into macroscopic and 

microscopic properties. The macroscopic property is roundness(R) and microscopic properties 

perimeter and density fractal dimension (Dp and Dm), perimeter and density lacunarity (L) and 

finally size with the diameter of Feret (dF). 

 

About Particles Classification 

 

Different shapes of material particulate from air shaft were classified. The individual particles 

analyzed were classified into groups based on their morphology: aggregates, irregular, spherical, 

cubic and other. Figure 2 shows finding morphologies and arrays. 

 

Figure 2. Different shape morphologies; (a) Spherical; (b) Irregular; (c) Cubic; (d) Chain 

Aggregates; (e) Compact Aggregates; (f) Cubic aggregates; (g) Compact cubic aggregates 
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RESULTS AND DISCUSSION 
 

TEM/EDS analyses 
 

The elemental composition analyses of single particles were done by TEM/EDS for all collected 

samples. They were 96 spectrums and it allowed the identification of 22 elements (Al, C, Ca, Cl, 

Co, Cr, Fe, K, Mg, Mn, Mo, Na, Ni, O, P, S, Si, Sn, Ti, V and Zn). Almost all particles were 

oxidized.  The particles from P01, P02, P08 and P09 presented rich-Si and Al elements, 

otherwise from P04, P06 and P10 showed C, Si and Al rich elements and finally, P03, P05 and 

P07 exhibited Mg-rich, Al, C and Fe elements, respectively. The Table 1 shows a brief 

description and label to identify each process during this work; at the same time it contains 

elements and morphology types. 

 

Table 1. Elemental composition of anthropogenic particles 

 
Label Process description Rich element  Elements Morphology 

P01 Tile ceramic manufacturer – clay milling Si, Al, O K, Fe Irregular 

P02 
Tile ceramic manufacturer – material 

recovery 
Si, Al, O Cl, Fe, S, Zn Irregular 

P03 Aluminum wheels for cars. 

Mg, O ---- Cubic  

Mg, O ---- Irregular 

Mg, O ---- Aggregates 

Si, O Al, Ca, Fe, Mg, S  Irregular 

P04 Paint and solvent cabin.  
C, Si, O ---- Spherical 

Si, Al, O Ca, Cr, Fe, K, Na,  Irregular 

P05 Fuel oil handling.   C, Si, O S Aggregates 

P06 
Manufacture automotive steering 

systems. 

C, Si, O ---- Spherical 

Si, O Al, Ca, Fe, Mg Irregular 

P07 
Trailers manufacture- Cleaning metal 

parts. 

Fe, O ---- Spherical 

Fe, O ---- Aggregates 

Si, O  Ca Irregular 

P08 
Tile ceramic manufacturer –recycler 

process of refractory clays. 

Fe, O 
Al, Ca, K, Cr, Co, Mo, 

Mn, Na, Ni, S,  Ti, Zn 
Irregular 

Si, O  Irregular 

P09 
Tile ceramic manufacturer – unfired clay 

dryer. 
Si, O 

Al, Ca, Fe, K, Mg, Mo, 

V 
Irregular 

P10 
Thermoplastic components and sub-

assemblies for the automotive Industry 

C, Si, O S, Ti Spherical,  

C, Si, O  Irregular 
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Si-Rich 

 

All process presented silicate particles. The P01, P02, P08 and P09 are process of dedicated to 

manufactured tile ceramic. These materials come from clay, and it is container mica, quartz, 

feldspar. The principal compounds are aluminum silicate, calcium silicate, with elements such as 

Ca, Cl, Fe, K, Mg, Mn, Na, Ni and Zn, and in minor quantities Co, Cr y Ti. The presence of 

these elements in the rest process P03, P04, P05, P06 and P10, can be consider such as 

contamination from dust soil. The Figures 3a, 3b, 3h and 3i shows mean bar chart plot with 

distribution of element and the Figure 4a, 4b, 4h and 4i shows predominant particle morphology 

and EDS analyze spectrum. 

 

C -Rich  

 

The processes involved in the manufacture of automotive parts, such as application of paint, 

solvents and fuels management (P04, P05, P06 and P10), respectively, shows particles container 

rich-C. We cannot quantify this element, because the membrane support of particles was made 

by formvar. These particles contain elements such as Ti and majority S, first used in the 

manufacture of pigments and the second comes from the cracking of petroleum. The Figures 3d, 

3e and 3j shows mean bar chart plot with distribution of element and the Figures 4d, 4e and 4j 

shows predominant particle morphology and EDS analyze spectrum. 

 

Mg and Al Rich 

 

The process P03 dedicated to the manufacture of automotive parts from aluminum-based, 

presents Mg and Al rich particles. These processes use fluxes for melting aluminum, consist of a 

mixture from chloride and fluoride salts. The principally purpose of these materials are used to 

lower the melting point and eliminate slag, minimize penetration of atmospheric hydrogen, 

silicon modify inclusions in alloys containing silicon and oxidize excessive magnesium in fusion 

process. The Figure 3c shows mean bar chart plot with distribution of element and the Figure 4c 

shows predominant particle morphology and EDS analyze spectrum. 

 

Fe- Rich 

 

The process P06 dedicated to cleaning metal parts (sand-blast), showed Fe-rich and particles and 

majority Si, from the surface to be cleaned and abrasive. The abrasive blasting or sand-blast is 

the operation of forcibly propelling a stream material against from surface under high pressure to 

clean, smooth a rough surface. Figure 3f shows mean bar chart plot with distribution of element 

and Figure 4f shows predominant particle morphology and EDS analyze spectrum. 

 

We can notice in anthropogenic particles, the presence of two or more morphologies with 

different elemental composition or similar. The Table 1 shows a summary of elemental 

composition of anthropogenic particles by process, Figure 3 shows mean bar chart plot with 

distribution of element to compare between process and Figure 4 shows predominant particle 

morphology and spectrums by each process. 
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Morphology and Size analyses 
 

The total acquired TEM images were 334, from these images we selected 358 viable particles to 

process each one. The individual particles analyzed were identified by morphology, such as 

irregular, spherical cubic and aggregates. Figure 4 shows a typical morphology type for each 

process and the Table 1 shows relation between morphology and elemental composition. 

 

Diameter of Feret (Size) 

 

The most processes showed frequency distribution curve with positive skew, presumably to a 

distribution of log-normal type. The average size range of the overall sample is 0.8 μm to 2.1 

μm, the average value of eight processes are below 1.0 μm. The P07 had the lowest value and 

P09 the higher value. Three ceramic processes (P01, P02 and P08) had an average value close to 

0.9 ± 0.5 μm and the missing process (P09) differs in the behavior of the previously mentioned 

group with a mean value greater than 2.0 μm. The polymer process P10 had an average value 

close to 0.9 μm; the other process P06 presents the second higher mean size 1.63 μm with a 

higher standard deviation than 0.9 μm. The painting management processes (P04) had an average 

value close to 0.9 μm. The melting aluminum process (P03) presented a similar behavior to 

ceramic processes. Finally the fuels management (P05) has a value below 1.2 μm. The Figure 5a 

and Table 2 shows comparative Feret diameter values between each process. 

 

Circularity Compactness Ratio 

 

The circularity value measures let study the regularity or no-regularity about particles. Three 

manufactured ceramic tile process showed an average value and standard deviation is close to 

0.5± 0.1, it means mainly irregular particles shapes and the missing process (P09) has a minor 

value compare to previous processes, this is due to change of mechanical to drying process of 

ceramic material. The processes P04, P06 and P10 showed mostly spherical particles with 

average value and standard deviation higher than 0.5±0.12, this variety is attributable to the 

presence of irregular particles. The process P03 presented three morphology types isolated cubic, 

irregular, aggregates cubic, the mean circularity value is greater than 0.5 and similar pattern to 

the three homogeneous ceramic processes. The process P05 has a mean value less than 0.2 and it 

has smaller standard deviation below 0.1; this process consists mainly of fractal-like aggregates. 

The Figure 5b and Table 2 shows comparative Circularity values between each process. 

 

Fractal Dimension and Lacunarity 

 

The values of density and perimeter fractal dimension let to study texture and corroborate the 

presence of morphology types about particles in each process. The Figure 6, Figure 5c and 5d 

show distribution density curves and average with standard deviation values, respectively. Figure 

6 shows different types curve such as unimodal, bimodal and trimodal for spherical morphology, 

irregular cubic and fractal-like aggregates. It shows the complexity of samples from each 

analyzed process. The three ceramic processes (P01, P02 and P08) shows a unimodal curve 

formed for irregular particles, for density and perimeter fractal dimension; the missing process 

P09 has two modes for density and perimeter fractal, where distinguished between irregular and 

regular particles, this is consistent with that reported by compactness ratio. The processes P04, 
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P06 and P10 contain a mixture of spherical and irregular morphologies; it can be notice bi-modal 

curves with modes in the range of 1.0 to 1.1 for perimeter and in the range of 1.68 to 1.76 for 

density fractal dimension, respectively for three processes; the behavior values shows in Figure 

5c and 5d.The processes P03, P05 and P07 shows a mixture of three morphologies, for the 

perimeter fractal dimension there is a modal curve with values of 1.05, 1.35 and 1.1, 

respectively; and for density fractal dimension is observed an average value around 1.65 for 

these processes as shows in the Figure 5d.  

 

The values of lacunarity shows spatial distribution pattern of the particles. The pattern of a 

sphere is more homogeneous than in an irregular path, even more when compared with an 

aggregate. The Figure 5e and 5f shows the perimeter and density lacunarity for all particles and 

process studies. All processes except the process P05, shows predominantly irregular and 

spherical morphology, these have a greater homogeneity with an average value close to 0.22 to 

0.4 for perimeter and density lacunarity, respectively. The P05 process show aggregates 

morphology, exhibiting an average value of 0.37 and 0.53 for perimeter and density lacunarity, 

respectively. 

 

Table 2. Morphology Parameters 

Process N DF C Dm Dp LP Lm 

P01 32 0.858±0.333     0.531±0.155      1.689±0.027 1.053±0.039    0.241±0.045 0.420±0.056 

P02 29 0.906±0.358 0.550±0.136    1.709±0.039 1.045±0.033    0.221±0.041 0.383±0.066 

P03 41 0.833±0.553    0.555±0.193    1.681±0.051 1.051±0.053    0.201±0.046   0.390±0.063 

P04 29 0.902±0.357    0.561±0.209    1.711±0.027 1.053±0.047 0.219±0.038 0.382±0.044 

P05 27 1.200±0.379    0.139±0.071    1.643±0.038 1.317±0.075 0.347±0.050 0.532±0.064 

P06 51 1.637±0.957     0.706±0.142    1.715±0.039 1.016±0.021 0.194±0.019 0.359±0.037 

P07 51 0.847±0.398       0.407±0.178    1.668±0.059 1.100±0.070    0.251±0.041 0.432±0.053 

P08 40 0.904±0.511       0.565±0.159    1.701±0.031 1.048±0.040    0.215±0.035 0.387±0.051 

P09 18 2.110±0.885     0.465±0.100    1.705±0.034 1.061±0.038 0.231±0.036 0.403±0.060 

P10 40 0.911±0.553      0.648±0.128    1.703±0.038 1.023±0.023 0.203±0.026  0.377±0.039 
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Figure 3.  Distribution of element by process. (a) P01, (b) P02, (c) P03, (d) P04, (e) P05, (f) 

P06, (g) P07, (h) P08, (i) P09 and (j) P10. 
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Figure 4.  Anthropogenic particles and spectrum TEM/EDX. (a) P01, (b) P02, (c) P03, (d) 

P04, (e) P05, (f) P06, (g) P07, (h) P08, (i) P09 and (j) P10.  
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Figure 5.  Diameter of Feret, Roundness, Compactness Ratio, Fractal Dimension and 

Lacunarity by Process 

 
 

a) 

μm 
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Figure 6.  Density Plot of Fractal Dimension 

 
 

SUMMARY 
 

We study shapes factors, fractal dimension and elemental composition for anthropogenic source 

particles from ten processes located in Chihuahua-México.  

 

All process presented silicate particles and almost all particles were oxidized.  The emissions 

from Tile ceramic manufacturer in different stages (clay milling, material recovery, recycler 

process of refractory clays, unfired clay dryer) there are majority compounds of aluminum and 

calcium silicate. The fumes from paint and solvent cabin, fuel oil handling, manufacture 

automotive steering systems and automotive thermoplastic components process contain C-rich, 

majority S and Ti elements. The particles generated from aluminum wheels for cars contain Mg 

and Al rich elements. And finally the emissions from cleaning metal parts in Trailers 

manufacture contain Fe-rich elements. 

 

We can notice in anthropogenic particles, the presence of two or more morphologies with 

different elemental composition or similar. The individual particles analyzed were identified by 
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morphology, such as irregular, spherical cubic and aggregates. All process was presented 

distribution of log-normal type and mean value size for majority process is below 1.0 μm. 

 

Three ceramic processes presented similar behavior for compactness ratio, fractal dimension and 

lacunarity and the other process P09 differs in the behavior with minor value. All particles from 

theses process have irregular shape. The polymeric processes showed major spherical and minor 

irregular shape particles, these confirm with higher value for compactness ratio, bimodal 

distribution for fractal dimension and minor values for lacunarity. The melting aluminum, sand-

blast and fuel oil handling process presented mixture of three morphologies, cubic, irregular and 

cubic aggregates; the behavior was similar among them. 
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