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ABSTRACT 

 
Air pollution is a growing problem mainly in metropolitan areas in the world. The atmospheric pollutants are 
responsible for various environmental problems including the human health. Among the pollutants, the 
particulate matter is important, since it has a heterogeneous composition. The goal of this work was to analyze 
quantitatively the particulate matter in Limeira city, São Paulo State, Brazil. The sampling was made using a 
sequential filtering system, containing two filters putted in series, to collect fine and coarse fractions. After a 
removal in an acid medium, with ultrasound bath, the samples were analyzed by Synchrotron Radiation Total 
Reflection X-Ray Fluorescence (SR-TXRF). The results obtained for PM10 were in agreement with the 
standards defined by the Brazilian legislation and also with the standards established by USEPA. In all analyzed 
samples S, K, Ca, Ti, V, Cr, Mn, Fe, Ni, Cu, Zn, Br, Rb, Sr, Ba and Pb were quantified. Employing multivariate 
statistical analysis (principal component and cluster analysis) was possible to identify the emission sources. For 
coarse fraction the main emission source was soil dusty responsible for 57% of the total in the coarse fraction, 
followed by vehicular emission with 30% and industrial 13%. In the fine fraction soil dusty was the mainly 
emission source contributing with 79% of the total, followed by vehicular emission with 13% and finally the 
industrial emission responsible just for 8%. 
 
 

1. INTRODUCTION 

 
The concern of politicians, scientists and the wider community with the air quality has been 
increasing in recent years. This is because air quality is closely linked with the life quality 
and health of the population. Air pollutants are associated with various environmental issues 
like global warming, acid rain, smog, etc.  
 
The unchecked growth of population, development of industrial parks, the numerous fires and 
even the growth in the number of cars are causing an increased emission of greenhouse gases 
in the atmosphere, which may change, which is already being observed. 
 
Air pollution contains various gases and substances, present in high or low concentrations. 
One of the most common types of pollution is the particulate matter, composed of various 
substances in solid or liquid phase, which can join.  
 
Among environmental pollutants, particulate matter is presented as one of the most 
significant and important since it is emitted through several sources whether anthropogenic or 
natural, and also due to the non-uniformity on its composition therefore it is important to 
quantify and verify its composition. Thus, the particulate matter is not composed of a single 
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substance, but its aggregate a great number of substances in different sizes, phases and 
chemical characteristics. 
 
The non-uniform composition of the particulate matter makes its relationship with the 
environment very complex, since it was not possible to establish a pattern influence of the 
particulate matter in the atmosphere [1]. Therefore, it is extremely important to quantify and 
analyze the components of particulate matter for each region, not just the determination of the 
coarse and fine fractions. 
 
Particulate matter is generally separated into two fractions, fine known as PM2.5 in which 
particles have an aerodynamic diameter smaller than 2.5 µm, and the coarse fraction known 
as PM2.5-10 containing particles with an aerodynamic diameter of 2.5 up to 10 µm.  The PM10 
is the sum of the fine and coarse fractions, including all particles with aerodynamic diameters 
below 10 µm and includes all inhalable particulate matter [2]. 
 
The PM2.5 fraction is of the greatest concern because it is the lower respiratory tract inhalable 
fraction, that is, it is the fraction that is able to penetrate the pulmonary alveoli and thus can 
cause the most serious diseases [3]. Various studies have confirmed that particulate matter is 
intimately tied to diverse health problems, such as respiratory  and cardiovascular diseases, 
problems with fetal development, and low birth weights, etc. [4-7]. 
 
The objective of this study was evaluate the air quality in Limeira City, determining the 
elemental concentrations of the particulate matter using Synchrotron Radiation Total 
Reflection X-Ray Fluorescence analysis (SR-TXRF) and using multivariate statistical 
analyses, such as, principal component and cluster analysis, in order to determine the 
probable emission sources of the particulate matter in the two fraction, coarse and fine. 
 

2. MATERIALS AND METHODS 

 
2.1. Sampling 

 
Samples were collected at the Technology Department of the University of Campinas 
(UNICAMP) in Limeira city. The Limeira city is located in Southeastern Brazil, in the State 
of São Paulo, 22º33'54" S and 47º24'09" W. The Limeira city is located 154 km northwest of 
São Paulo, in eastern São Paulo State, belongs to the Administrative Region of Campinas. Its 
economy is based on diversified activities such as agriculture, industry, trade and services 
associated with the ironworks, jewelry & veneers and derived from citrus. The population of 
Limeira city is approximately 180 000 inhabitants, unequally distributed in 581 km2 area. 
Ninety-five percent of the population of Limeira city is located in the urban area, which 
occupies only a third of the territory. 
 
The particulate matter sampling system adopted was sequential filtration, consisting basically 
of a filter support, a vacuum pump with an air handling capacity of 25 L·min-1, a kitassato 
flask to control moisture in the system, a volume totalizer for measuring the air volume 
filtered and a timer that was programmed to connect and disconnect power to the pump at 
pre-set dates and times [8]. 
 
The coarse aerosol fraction was collected on 8 µm porous diameter filters (for the collection 
of particles with aerodynamic diameters between 2.5 and 10 µm), and the fine fraction on 0.4 
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µm porous diameter filters (for collection of particles with aerodynamic diameters below 2.5 
µm) [8]. Particulate matter weight was determined by gravimetric analysis, by weighing the 
filter before and after sampling. 
 
Particulate matter samples were collected weekly and the duration of each sampling was 24 
hours, as established by the São Paulo State Environmental Authority (CETESB). Sampling 
started on August 4, 2008, and ended on January 5, 2010, and thus 52 samples of each 
fraction, fine and coarse, were collected, totaling 104 samples. 
 
 
2.2. Sample Preparation 

 
 
For the SR-TXRF analysis, the particulate matter deposited on the filters was submitted to an 
acid digestion. The sample filter was placed in a bécker, to which was added 1 mL of 
concentrated nitric acid (HNO3) and 3 mL of concentrated hydrochloric acid (HCl). Next, the 
bécker containing the filter was placed in an ultrasonic bath to remove the particulate matter. 
After complete removal of the particulate matter from the filters in the ultrasound bath, the 
suspension was maintained at 100°C during 2 hours. The resulting material was recovered in 
10 mL of de-ionized and de-mineralized water. 

 
Next, 1 mL of each sample was taken and 100 µL of gallium solution (102.5 mg.L-1) used as 
internal standard was added. After this procedure, five microliters were putted onto a Perspex 
(Lucite) support and dried with an infrared lamp. All samples were prepared in triplicate, 
minimizing errors from contaminations from sample supports as well as pipetting errors. In 
addition, analytical blanks using clean filters were submitted to the same digestion procedure 
for all measurements. 
 
After an acid digestion, the measurements were performed at the Brazilian Synchrotron Light 
Laboratory (LNLS). Samples were measured for 100 seconds, and a polychromatic (white) 
light beam was utilized for excitation, in the energy range of 4-22 keV. X-rays were detected 
with a Si(Li) semiconductor detector with 165 eV resolution at 5.9 keV. The spectra were 
analyzed by Quantitative X-ray Analysis System for Windows (WinQxas) software provided 
at no charge by the International Atomic Energy Agency (IAEA).  
 
 
2.3. Statistical Analysis 

 
 
In this study, we used multivariate statistical techniques to group the elements in order to 
explain the possible main sources of particulate matter. Multivariate analysis refers to all 
statistical techniques that simultaneously analyze multiple measurements of individuals or 
objects under investigation.  Thus, any simultaneous analysis with more than two variables 
can be considered in principle as multivariate [9]. 
 
The statistical tools employed to identify and measure the contribution of the primary 
particulate matter emission sources included principal components analysis (PCA), with 
Varimax rotation, and cluster analysis, which used the hierarchical method, with Ward’s 
algorithm [9-15]. 
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3. RESULTS AND DISCUSSION 

 
 
3.1. Relative Sensitivity 

 
 
In order to calculate relative sensitivity, standard solutions in triplicate were used for each 
series, K and L, containing known elements and at different increasing concentrations adding 
gallium (Ga), utilized as an internal standard. Standard solutions were measured for 100 
seconds in the D09B-XRF beam line at the Synchrotron Light Source Laboratory. 
 
In order to obtain a sensitivity curve as a function of the atomic number for elements in the 
energy range of interest the experimental values were fitting. For the elements not present in 
the standards sensitivity was calculated by interpolation. Equations 1 and 2 showed the fitting 
curve for K and L series, respectively. 
 

 
( ) 99670.025402.2347257.102328.0exp 22 =−+−= RZZS i  (1) 

( ) 99922.091717.3182099.000558.0exp 22 =−+−= RZZSi  (2) 

 
 
3.2. Minimum Detection Limit 

 
 
The minimum detection limit (MDL) is the least quantity that can be statistically 
discriminated from the background [8,13]. The minimum detection limit can also be used to 
compare diverse analytical methodologies. 
 
Table 1 gives the values for the minimum detection limits for the elements present in 
particulate matter samples for 100 s measuring time. The detection limits for SR-TXRF are in 
the range of few nanogramas per cubic meter, enabling the determination of trace elements 
present in the particulate matter. 

 

 

 

Table 1. Minimum Detection Limit (MDL) of elements present in the particulate matter 

as determined by SR-TXRF. 

 

Element S K Ca Ti V Cr Mn Fe 

Detection Limit  

(ng.m
-3

) 
0.6440 0.1638 0.1067 0.0466 0.0344 0.0227 0.0177 0.0155 

Element Ni Cu Zn Br Rb Sr Ba Pb 

Detection Limit 

 (ng.m
-3

) 
0.0131 0.0126 0.0132 0.0333 0.0626 0.0895 0.0670 0.0545 
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3.3. Fine, Coarse and PM10 Fractions Analysis 

 
 
The concentrations of both fractions (fine and coarse) were obtained by gravimetric analysis. 
It was observed that in most of the samples collected, the greatest contribution to the PM10 
content was coarse fraction. Tables 2 and 3 show the concentrations of fine and coarse 
fractions and PM10 concentration for 2008 and 2009 years, respectively. 
 
 
 

Table 2. Concentrations of fine and coarse fractions, and PM10, during 2008 (µg.m
-3

). 

 
Sampling Date Fine Fraction Coarse Fraction PM10 

4-Aug-08 15.96 13.16 29.12 
14-Aug-08 8.26 13.69 21.95 
29-Aug-08 5.98 15.16 21.15 
5-Sep-08 25.67 19.91 45.58 

14-Sep-08 2.03 13.61 15.65 
22-Sep-08 8.61 9.70 18.31 
30-Sep-08 11.79 11.79 23.57 
2-Oct-08 8.64 17.07 25.71 

16-Oct-08 6.00 15.00 21.00 
24-Oct-08 7.17 3.98 11.15 
1-Nov-08 7.87 9.97 17.83 
9-Nov-08 4.84 17.43 22.28 

13-Nov-08 12.73 7.54 20.27 
7-Dec-08 5.03 7.65 12.68 

15-Dec-08 4.85 10.71 15.56 
23-Dec-08 13.22 6.32 19.53 

 
 
 
The Brazilian national allowable standard [16] for total suspended particles, which is 150 
µg·m-3 and the same value is established by the United States Environmental Protection 
Agency (USEPA) [17], was not exceeded in any of the samples analyzed. The greatest 
concentration of the PM10 observed occurred on February 15, 2009, when it reached 56.27 
µg·m-3. The least concentration observed was on April 27, 2009, when it reached 7.72 µg·m-3. 
 
Concerning the limits established for PM2.5, there are no limits in the Brazilian legislation so 
the values obtained were compared to the limits established by USEPA, which is 15 µg·m-3 
annual average. In this case, the average for the two years was 9 µg·m-3 and so the EPA limit 
was not exceeded. The other value adopted by the USEPA is a maximum value of 35 µg·m-3 
for samples collected over 24 hours, which also was not reached during the studied period. 
The maximum value obtained in this work for both years (2008 and 2009) for PM2.5 was 26 
µg·m-3. 
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Table 3. Concentrations of fine and coarse fractions, and PM10, during 2009 (µg.m
-3

) 

 
Sampling Date Fine Fraction Coarse Fraction PM10 

22-Jan-09 11.94 11.19 23.13 
30-Jan-09 10.81 23.69 34.50 
15-Feb-09 15.16 41.11 56.27 
23-Feb-09 13.78 15.98 29.76 
3-Mar-09 21.68 18.97 40.65 

11-Mar-09 6.65 6.87 13.52 
19-Mar-09 12.23 4.55 16.78 
19-Apr-09 7.60 2.96 10.56 
27-Apr-09 6.00 1.72 7.72 
5-May-09 4.06 7.90 11.96 

13-May-09 3.01 7.23 10.24 
29-May-09 4.52 4.93 9.45 
6-Jun-09 2.47 8.04 10.52 

22-Jun-09 2.50 5.43 7.93 
30-Jun-09 7.08 10.83 17.91 
8-Jul-09 16.26 17.62 33.88 

16-Jul-09 5.53 4.30 9.83 
24-Jul-09 11.99 13.23 25.22 
1-Aug-09 9.41 9.01 18.41 
9-Aug-09 11.81 12.61 24.41 

17-Aug-09 25.75 16.37 42.11 
25-Aug-09 8.53 10.67 19.20 
2-Sep-09 18.31 10.73 29.04 

10-Sep-09 6.23 5.16 11.39 
18-Sep-09 5.69 4.84 10.53 
10/42009 7.71 8.57 16.27 
12-Oct-09 5.39 13.37 18.76 
20-Oct-09 6.11 9.90 16.02 
28-Oct-09 5.55 6.19 11.74 
5-Nov-09 11.88 8.96 20.85 

13-Nov-09 6.90 7.94 14.84 
21-Nov-09 5.24 13.22 18.46 
7-Dec-09 6.61 6.18 12.79 

15-Dec-09 5.73 9.34 15.07 
23-Dec-09 8.22 10.54 18.76 
5-Jan-10 6.75 2.74 9.49 

 
 
 
3.4. Analysis of the Concentration and the Elemental Composition 

 
 
Based on analyses of the coarse and fine particulate matter fractions by SR-TXRF performed 
at the Synchrotron Light Source Laboratory, 16 elements were detected: S, K, Ca, Ti, V, Cr, 
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Mn, Fe, Ni, Cu, Zn, Br, Rb, Sr, Ba and Pb. The minimum, mean and maximum 
concentrations for each element in both fractions are given in Table 4. 
 

Regarding Pb, the results obtained in this study were compared to USEPA legislation that 
established the value of 1.5 µg.m-3 for three-month average and the greatest value obtained in 
this work was 0.04 µg.m-3, for the months of October, November and December of 2009, and 
therefore smaller than the limit set by USEPA. 
 
 
 

Table 4. Minimum, mean and maximum concentrations (ng.m
-3

) for the elements 

detected and quantified, in the fine and coarse fractions by SR-TXRF 

 
Concentration (µµµµg.m

-3
) 

Fine fraction Coarse fraction 
Element 

Minimum Mean Maximum Minimum Mean Maximum 

S 0.04478 0.52980 1.36164 0.01189 0.75929 2.25793 
K 0.01007 0.92136 4.66820 0.00877 1.49302 12.0589 
Ca 0.05453 2.65254 12.77747 0.10399 2.44589 7.67530 
Ti 0.00579 0.05587 0.22159 0.00398 0.09574 1.39716 
V 0.00171 0.00503 0.01272 0.00161 0.00455 0.00884 
Cr 0.00057 0.45503 7.08766 0.00531 0.05234 0.27365 
Mn 0.00376 0.03246 0.78414 0.00048 0.01930 0.27386 
Fe 0.00028 0.63976 2.68340 0.00884 0.63032 3.54470 
Ni 0.00310 0.03309 0.22152 0.00379 0.03952 0.69539 
Cu 0.00060 0.02127 0.09485 0.00199 0.03244 0.27930 
Zn 0.00034 0.15626 0.72998 0.00240 0.20776 0.75132 
Br 0.00022 0.01584 0.03891 0.00085 0.01558 0.04837 
Rb 0.00245 0.00663 0.01228 0.00357 0.01588 0.09681 
Sr 0.00732 0.01544 0.03111 0.00129 0.00987 0.02183 
Ba 0.00421 0.01084 0.02464 0.00231 0.01570 0.06188 
Pb 0.00342 0.02627 0.31642 0.00306 0.01740 0.10970 

 
 
 
3.5. Identification and Contribution of Emission Sources 

 
 
Statistical Analysis Software (SAS) version 8 was used for the statistical analyses. To carry 
out the Principal Component Analysis (PCA), 17 variables were utilized, 16 of them referring 
to elemental concentration of S, K, Ca, Ti, V, Cr, Mn, Fe, Ni, Cu, Zn, Br, Rb, Sr, Ba, and Pb, 
and the last variable used was the total concentration of each fraction (coarse or fine). After 
Varimax rotation, factor loadings matrices were obtained for the coarse and fine fractions of 
particulate matter. 
 
Figure 1 gives the dendrograms obtained for the coarse (a) and fine (b) particulate matter 
fractions, respectively. 
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The dendrogram for coarse fraction (Figure 1a) shows the formation of four groups. One of 
these groups is constituted by Ca, Fe, K, and S, which are elements characteristics of soil 
dust. Sulphur also can be associated with sugar cane burning. Another group was formed by 
Ni and Zn, which are characteristics of industrial emissions. The third group was formed by 
V, Cu, Br, and Ti along with coarse fraction concentration (MPG), characterizing vehicular 
emissions and some industrial contaminants. The last group was formed by Cr, Pb, Mn and 
Ba, wherein the elements Mn and Ba are most closely linked to soil dust and the elements Cr 
and Pb may be linked to industrial and/or vehicle emissions sources. 
 
For fine fraction the dendrogram (Figure 1b) shows three groups. One of them was 
constituted by Fe, K and Ca, which are associated with soil dust. The second group is formed 
by S and Cr, which are readily associated with industrial emissions. The last group 
constituted by Ni, Pb, Ti, Br, Cu, Mn, Ba, and fine fraction concentration (MPF). The 
elements Ni, Cu, Zn, Br and Pb were associated to industrial emissions whereas Ti, Mn, and 
Ba may be associated with soil dust source. 
 
 
 

  

 (a) 
(b) 

 
Figure 1. Dendograms for coarse (a) and fine (b) 

fractions 

 
 
 
Based on the factor loadings, fraction concentrations (fine or coarse) and the concentration 
for each element was possible to determine the contribution of each emission source. Figure 2 
shows the contribution of each source to the formation of the coarse (a) and fine (b) fractions. 
 
In the coarse fraction, high concentrations of the elements S, Cu, Br and Ba were associated 
to industrial emissions. The elements Ca, Cr, Mn, Fe, and Ni can be associated to soil dust, 
and finally S, Cu, Br and Ba with industrial emissions. 
 
Soil dust contributed with 57% in the coarse fraction, the second major contribution (30%) 
was vehicular emission, and the last source was associated industrial emissions (13%). 
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(a) (b) 

 
Figure 2. Contribution of the emission sources to 

coarse (a) and fine (b) fractions. 
 
 
 
In the fine fraction, the elements K, Ca, Ti, Fe, Br and Ba were associated with soil dust 
source, S, Mn, Ni, Cu and Zn with vehicular emissions and lastly, Cr and Pb with industrial 
emissions. 
 
The mainly emission source for fine fraction was soil dust (79%) whereas vehicles 
contributed with 13% of the emissions, and the contribution of industrial source was 8%. 
 
 

3. CONCLUSIONS  

 
 
The average of the Pm10 concentration in the city of Limeira, was 20 µg.m-3, very lower than 
the limit established by CETESB, which is 150 µg.m-3. 
 
Using SR-TXRF quantitative analysis, it was possible to group the chemical elements found 
in the two, fine and coarse, particulate matter fractions. By employing principal component 
analysis (PCA) and subsequently cluster analysis, it was possible to infer from the results, the 
distinct sources of pollutant emissions. 
 
In the fine fraction, the mainly emissions source was soil dust, contributing with 79%, 
followed by vehicular emissions (13%) and industrial emissions (8%). 
 
Soil dust also was principal emission source for the coarse fraction, contributing with 57% of 
the total. The second major source was vehicular, contributing with 30%, and finally 
industrial emission contributing just with 13%. 
 
The PM10 concentration measured by CETESB in the city of Limeira during the winter of 
2003, showed two occasions which daily air quality standards (150 µg.m-3) were exceeded.  
In this work the PM10 concentration measured in 2008 and 2009, showed that the daily 
standard was not exceeded. In the same year (2003), the annual average of PM10  measured 
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by CETESB was 58 µg.m-3, exceeding the annual air quality standard (50 µg·m-3); however, 
in this study the annual averages of PM10, in 2008 and 2009, were equal to 21 and 19 µg.m-3, 
respectively, indication an improvement in air quality in the city of Limeira. 
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