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Abstract

Particulate matter with an aerodynamic diameter below 2.5 pm (PM,;), present in polluted air,
has been associated with a large spectrum of health impairments, mainly because of its deep de-
position into the lungs. Araraquara City (Southeast Brazil) is surrounded by sugar-cane planta-
tions, which are burned to facilitate the harvesting; this process causes environmental pollution
due to the large amounts of soot that are released into the atmosphere. In this work, the elemental
composition of PM;; was studied in two scenarios, namely in sugar-cane harvesting (HV) and in
non-harvesting (NHV) seasons. The sampling strategy included one campaign in each season. PM; 5
was collected using a dichotomous sampler (10 L-min-1, 24 h) with PTFE filters. Information con-
cerning the bulk elemental concentration was provided by energy-dispersive X-ray fluorescence.
Enrichment factor analysis indicated that S, Cl, K, Cr, Ni, Cu, Zn, As, Cd and Pb were highly enriched
relative to their crustal ratios (to Al). Principal component analysis was used to get some insight
about the sources of the elements. Principal component 1 (PC1) explained 30.5% of data variance.
The elements that had high loading (>0.7) were: S, Cr, As, and Pb; these are associated with com-
bustion of fossil fuels. In principal component 2 (PC2), Cl, Cu, Zn, and Cd showed high loadings;
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these elements are associated with biomass burning. The Ni concentration found is three times
larger than the threshold of risk for lung cancer, as recommended by the World Health Organiza-
tion.
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1. Introduction

Araraquara City, located in the central area of Sdo Paulo State (Brazil), has 222,000 inhabitants and it is sur-
rounded by sugar-cane plantations (49,000 hectares of total cultivated area, in the crop year 2013/2014) [1]. In
the harvest season, from May to November, each year, the crops are burned to facilitate the process of manual
harvesting. Burning protects the workers from the sharp leaves (because of biogenic silica naturally found in
grasses) and snakes, and increases the sugar content by weight due to water evaporation [2]. This process causes
environmental pollution from the large amounts of soot released into the atmosphere [3] [4].

Humans are exposed to various chemicals, through various routes, and from several sources which are ubi-
quitous in the environment; these sources are linked to from natural and anthropogenic activities [5] [6]. Air-
borne particulate matter with diameters smaller than 2.5 micrometers (PM,s) has a large atmospheric residence
time, enough to interact with the human body, and it may reach the bronchi and alveoli [7]. Metals contained in
airborne particulate matter may bind to tissues of the lungs during the breathing process causing health risks for
short-term effects (premature mortality, hospital admissions) and long-term or cumulative health effects, such as
morbidity, lung cancer, cardiovascular, and cardiopulmonary diseases [8]. Anthropogenic burning processes
such as engine motor exhaust (fossil fuels) and agricultural burning processes (at sugarcane harvesting, for ex-
ample) release metals into atmosphere above natural levels [9]-[11]. Airborne particulate from the streets con-
tributes mostly in quantities of oxides of Al, Si, Ca, Ti, Fe and others, depending on the study area [12]. Because
of this, several studies involving the determination of elements in particulate matter have been published. Some
of these studies have been conducted in Brazil. Ref. [13] evaluated the presence of metals in different fractions
of atmospheric dust at three different sites in Salvador City (NE, Brazil). The authors found Fe, Zn and Cu in
higher levels, whose sources were attributed to mining activities and vehicular traffic. Godoi et al. [11] deter-
mined 16 elements in total particulate matter (Araraquara City, SE, Brazil) for a week in August 2004 and iden-
tified the presence of three main groups. The first group, including Al, Si, Ti, Fe and Ca was attributed to soil
aerosol particles. The second group was represented by P, S and Cl, indicating the presence of bioorganic aero-
sol components. The third group was characterized by the presence of Cr, Cu, Mn, Ni, Pb, V and Zn. Cu, Mn
and Zn are essential elements that are absorbed by sugar cane (Saccharum officinarum L.) [14] and can be re-
leased from the burning of leaves into the atmosphere. Ref. [15] investigated the presence of water-soluble in-
organic ions and metals from total airborne particulate matter in three cities of Sdo Paulo State (S&o Paulo, Ara-
raquara and Piracicaba). The highest concentrations for NO;, SOf{ , and K were found in Araraquara City
and the authors attributed them to motor vehicle exhaust emission and biomass burning. In all papers about su-
garcane burning, the sampling was done only in the harvesting season. Chemical composition of aerosol par-
ticles from emissions of vegetation fires in the Amazon [16] and cerrado [17] points to some elements such as K,
Cl, Zn as responsible for the variability of the data set, indicating that the source is biomass burning.

Several statistical tools and models have been used to determine the sources of PM, when elemental composi-
tion is the input data of choice [18]. The most used statistical tools, for this propose, have been multivariate sta-
tistical analysis, like hierarchical cluster analysis (HCA) and principal component analysis (PCA) [12] [19] [20].

We have studied the polycyclic aromatic hydrocarbons (PAHs) composition of atmospheric particulate matter
over Araraquara City [3] [4] and the PAHSs data (PMy, and PM, ) showed a high positive correlation to sugar-
cane burning, indicating an increased cancer risk and mutagenicity of PM. Additionally we have done an initial
study on the elemental composition of TSP (Total Suspended Particle) from Araraquara City [11] in the sugar-
cane burning season; the results pointed out a strong contribution with sugarcane burning for some elements (P,
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S, Cl, Cu, Zn). The main focus of our studies is environmental health, and thus this work presents the data ob-
tained for the elemental composition for PM, 5 in both sugarcane seasons (harvesting and non-harvesting), aim-
ing to investigate the inorganic contribution to this PM that is important for human health concern.

2. Experimental
2.1. Sampling

Sampling was conducted by a dichotomous sampler type “Havard”, operated with a flow of 10 L-min *. Each
filter (PTFE, 37 mm, 2 um in pore size, Pall Corporation, New York, NY, USA) was exposed for 24 h. Samples
were taken in two different seasons: 10 samples corresponding to the months of January and February 2009
(non-harvest) and 10 samples corresponding to the months of May and June 2009 (harvest). The sampler was
placed at a height of 2 m (664 m above sea level) at the Institute of Chemistry of Universidade Estadual Paulista
(UNESP, 21°4820.57"S and 48°11'30.44"W), in a suburban area of Araraquara City. The closest sugar-cane
fields are approximately 5 km distant (Figure 1).

2.2. Elemental Analysis

The PM,5 elemental analysis was investigated by X-ray fluorescence using an energy-dispersive spectrometer
PANalytical, model Epsilon 5 HE-P-EDXRF, equipped with an X-ray tube of 600 W as excitation source, and a
three-dimensional geometry, defined by three orthogonal axes. The measurements were performed on this
equipment with three-dimensional geometry of polarization with 13 secondary targets (W, CeO,, Csl, Ag, Mo,
Zr, KBr, Ge, Co, Fe, Ti, CaF,, Al) and two Barkla targets (Al,O3 and B4C). The characteristic X-ray radiation
was detected by a Ge detector (PAN 32) with a width at half maximum resolution of 165 eV, performing non-
destructive quantitative analysis of elements from Al up to U. To evaluate the accuracy and precision of data
generated by EDXREF, certified reference material of the National Institute of Standards and Technology (NIST)
(SRM 2783—particulate material on filter) was used.

2.3. Statistical Analysis

HCA and PCA were performed using Statistica 7.0 software [21]. For HCA, we used standardized data matrices
and the Ward method where the Euclidean distance was applied. The numbers of principal components (PCs)
extracted were analyzed according to the Kaiser criterion [22]. This criterion retains only factors with eigenva-
lues > 1 of the complete data set of elemental concentrations.
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Figure 1. Sampling location in relation to area of burning sugar cane.
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2.4. Enrichment Factors (EF)

To assess the contribution of anthropogenic versus crustal sources, we calculated enrichment factors (EF). The
EF calculation is done using the concentration of an element found in the airborne particulate material, relating
it with an already established pattern of concentration for this element in nature [23]. Thus, it is possible to dis-
tinguish whether an analyte is natural or anthropogenic [23] [24].

Several elements for the crustal enrichment factor are being reported in the literature such as Al, Fe, Sc, Si,
and Ti [23] [25], of which Al is used in the majority of the studies [23]. Elements with enrichment factor values
above a threshold of 4 are considered enriched [26].

3. Results and Discussion

To evaluate the precision and accuracy of the EDXRF technique, certified reference material of NIST 2783 was
used; these results (including limits of detection) are presented in Table 1.

The results obtained by EDXRF analysis for each filter, expressed in pg-cm 2 were as multiplied by the filter
area (8.00 cm?) and divided by the air sampling volume (in m®).

Table 2 and Figure 2 show elements concentrations in non-harvest and harvest seasons.

It is observed in Figure 2, e.g., that K has a profile of variation in different concentration in both seasons,
with non-harvest and harvest of the sugar-cane. K has been reported as emitted from biomass burning [11] [15].
The elements that showed enrichment factor > 10 were: S, Cl, K, Cr, Ni, Cu, Zn, Cd, and Pb, indicating that the
source is anthropogenic. The predominant wind direction is not a relevant datum for this study, because the
sampling site is surrounded by sugar-cane plantations at a distance of 5 km at the most. The sugar-cane burning
events occur randomly in the fields, and therefore on all the sampling days, there was burning in all directions
from the sampling site [3].

Table 1. Evaluation of precision and accuracy of EDXRF for a sample of certified reference material NIST 2783 (airborne
particulate matter) (n =6, p = 0.95).

Elements Certified values (ug-cm) Found values (ug-cm?) Limit of detection (ng-m®)
Al 2.33+0.05 28+04 0.04
Si Not certified (reference value, 5.9 £ 0.2) 6.4+0.2 0.03
S Not certified (reference value, 0.11 + 0.03) 0.14 £0.04 0.01
Cl ND 0.26 +£0.03 0.006
K 0.53+0.05 0.53+0.01 0.003
Ca 1.3+0.2 1.35+0.03 0.003
Ti 0.15+0.02 0.15+0.02 0.002
Fe 27%0.2 2.73+0.04 0.02
Zn 0.18+0.01 0.18 £0.01 0.06
\% 0.005 + 0.001 0.002 + 0.002 0.04
Cr 0.014 +0.003 0.015 + 0.003 0.01
Mn 0.032 £ 0.001 0.035 +0.003 0.02
Ni 0.007 + 0.001 0.005 + 0.002 0.04
Cu 0.040 + 0.004 0.044 +0.003 0.01
As 0.0012 + 0.0001 <LOD ND
Pb 0.03+0.01 0.02+0.01 0.02

ND = not detected; LOD = limits of detection.
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Figure 2. Boxplot of Whiskers relating the concentrations found at seasons of the various elements of the
non-harvest (a) and harvest (b), n = 10 in each season. The point in the box is the median, the box represents 25%
- 75% percentiles and the whiskers are the minimum and the maximum.

Table 2. The mean, median, minimum and maximum of elemental concentrations (in pg:m3) in non-harvest and harvest

season.
Non-harvest season (ug-m %) Harvest season (ug:m )
Element
Mean Median Minimum Maximum Mean Median Minimum Maximum
Si 0.2509 0.1941 0.1021 0.7647 0.4759 0.4001 0.1376 0.9001
K 0.4452 0.4713 0.1253 0.8955 1.4595 1.5123 0.6400 2.4841
Ca 0.0821 0.0758 0.0367 0.1920 0.1479 0.1150 0.0299 0.2915
Ti 0.0255 0.0198 0.0078 0.0555 0.0474 0.0403 0.0112 0.1052
\% 0.0023 0.0010 0.0002 0.0080 0.0011 0.0008 <LOD 0.0024
Fe 0.1684 0.1438 0.0674 0.4700 0.3281 0.2863 0.0828 0.6390
Sr - - <LOD 0.0002 - - <LOD 0.0003
Cr 0.0017 0.0008 <LOD 0.0073 0.0025 0.0024 0.0005 0.0049
Ni 0.0022 0.0014 0.0002 0.0061 0.0012 0.0012 0.0003 0.0021
Mn 0.0074 0.0051 0.0023 0.0305 0.0129 0.0106 0.0042 0.0267
Cu 0.0033 0.0028 0.0014 0.0082 0.0096 0.0063 0.0016 0.0386
Zn 0.0331 0.0209 0.0069 0.1447 0.0333 0.0324 0.0173 0.0531
As 0.0023 0.0017 0.0005 0.0055 0.0022 0.0025 <LOD 0.0039
Cd 0.0002 <LOD <LOD 0.0015 0.0003 0.0003 <LOD 0.0009
Pb 0.0038 0.0027 <LOD 0.0092 0.0077 0.0067 0.0003 0.0166
Sh - - <LOD <LOD - - <LOD <LOD
Al 0.0865 0.0690 0.0415 0.2693 0.2582 0.1990 0.0380 0.5251
S 0.6278 0.4666 0.1873 1.5901 0.7120 0.6308 0.3476 1.1281
Cl 0.0138 0.0082 0.0027 0.0600 0.0373 0.0241 0.0029 0.1190

ND = not detected; LOD = limits of detection.
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HCA showed three distinct grouping for samples (Figure 3). Groups 1 and 3 (G1 and G3) are mainly samples
collected during the harvest season, while the Group 2 (G2) refers to samples collected during the non-harvest,
with the exception of two samples (S275 and S279).

The Groups E1 and E2 are characterized by S, Cl, Cr, Cu, Mn, Ni, Pb, V and Zn, where Zn and Cu are essen-
tial elements present in the fluid movement of higher plants [11] and can be released through the sugarcane
burning process. Sulfur (S) can be associated with fossil fuel burning or with particulate emission from vehicle
tires. Chlorine is frequently associated to the waste incineration process of material containing plastics (mainly
PVC) and chloride salts [27]; however in Araraquara there is only one solid waste incinerator located around 20
km away from the sampling point. Thus this source of Cl was considered not important to explain Cl concentra-
tion in the analyzed sample. The E3 group was represented mainly by Al, Si, Ti, Fe and Ca, which is the parti-
culate matter from the soil [11].

In PCA analysis, there were four components, which account for 74% of the data variability. Four PCs were
selected according to the Kaiser criterion (eigenvalue > 1). Table 3 shows the values of the loadings on the PCs
and % of total variance.

The PC1 corresponding to samples G2 (non-harvest season), indicated that it is mainly associated with emis-
sions from burning fossil fuels and particulate matter from vehicle tire wear, because it has high loads for S
(0.743), As (0.720) and Pb (0.824). Vehicle tires contain S and As compounds (As,S3) and other sulfides (PbS
and CusS) [28]. PC2, corresponding to samples G1 (harvest season), indicates an association with biomass burn-
ing. It has a high loading value for Cl (0.754), Cd (0.602), Zn (0.433) and Cu (0.465). The element Cl is an in-
dicator of the presence of bioinorganic compounds in the aerosol and Zn and Cu are essential elements present
in the fluids of higher plants [11].

PC3 and PC4 reflect a complex pattern of pollution that can originate from various sources such as vegetation
burning (K), and industrial emission in Araraquara, which is responsible for emitting about 3.2 ton of particulate
matter in the year 2009 [29].

The meteorological parameters (temperature and rainfall) were entered in multivariate analysis, and a low
correlation (<0.16) was observed with the chemical species analyzed. Ref. [12] introduced meteorological pa-
rameters in the multivariate analysis; the correlation between chemical species was not altered.

Comparing the results of harvest for the elements with greater EF obtained in this work with Godoi et al. [11]
(Table 4) in the same locality and also during the harvest season, a significant difference (T-test, a = 0.05) was
found for the elements Ni, Zn and Cl. The 2009 values were below the 2004 values for these elements. As de-
scribed earlier, Cl is a marker of bioinorganic aerosol and Zn is an essential element for higher plants. This de-
crease in concentration may be related to the reduction of burning straw cane sugar due to increased mechaniza-
tion of harvesting [30]. The number of fire foci in Brazil for the month of August 2004, sampling period by Ref.
[11] in 2004 was 38,000 [31] while in the period of June 2009 (sample period in this study) the number of foci
totaled less than 5% (1850 foci) compared with the period of Godoi et al. [11].

Table 3. Loading values with total variance (%) of their PCs.

Variable PC1 (30.5%) PC2 (17.7%) PC3 (14.3%) PC4 (11.6%)
K 0.597 0.125 -0.009 0.493
cr 0.719 -0.095 -0.072 -0.603
Ni 0.202 -0.316 0.736 0.467
Cu 0.443 0.465 -0.397 0.325
zn 0.120 0.433 0.605 -0.366
As 0.720 -0371 -0.193 -0.157
cd 0.347 0.602 0.277 -0.199
Pb 0.824 -0.007 -0.299 0.094
S 0.743 -0.416 0.379 0.022
cl 0.231 0.754 0.088 0.143

Loading values greater than 0.4 are in bold.
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Figure 3. Hierarchical cluster analysis of the samples: G1: Group 1, G2: Group 2, and G3: Group 3; and variables:
El: Elements 1, E2: Elements 2 and E3: Elements 3.

Table 4. Comparison of the values obtained in this work with Godoi et al. [11].

Element-period N# Confidence interval (—95%) Confidence interval (+95%) Median (pg-m™) p value®

K-2004 9 0.9343 1.2324 1.1000
0.09

K-2009 10 1.0270 1.8920 1.5123

Cr-2004 9 : 0.0184 0.0000
0.57

Cr-2009 10 0.0015 0.0034 0.0024

Ni-2004 9 0.0029 0.0149 0.0100
0.006

Ni-2009 10 0.0008 0.0017 0.0012

Cu-2004 9 0.0044 0.0112 0.0100
0.63

Cu-2009 10 0.0021 0.0171 0.0063

Zn-2004 9 0.0430 0.0592 0.0500
0.003

Zn-2009 10 0.0248 0.0418 0.0324

Pb-2004 9 0.0044 0.0112 0.0100
0.96

Pb-2009 10 0.0042 0.0112 0.0067

S-2004 9 0.4021 0.8535 0.5500
0.53

S-2009 10 0.5093 0.9148 0.6308

Cl-2004 9 0.0904 0.2363 0.1300
0.001

Cl-2009 10 0.0128 0.0617 0.0241

N: number of samples; ®t-test with ¢ = 0.05; “Values less than zero were omitted.

The World Health Organization apud Quitério [12] recommends maximum values for several elements con-
cerning lung cancer risk factors: for e.g. Pb (500 ng'm %), Cd (5 ng'm"?), Ni (0.38 ng'm ) and Cr (1100 ng'm )
in ambient air in order to avoid, prevent or reduce harmful effects on human health [12]. In this study the me-
dian concentrations found for Pb, Cd, Ni, and Cr in PM;5 were 6.7, 0.6, 1.20 and 2.4 ng~m’3, respectively. The
values were below the established limit for all elements with the only exception of Ni, which showed a value
three times higher than that recommended by WHO.

When comparing the present results with the data obtained in 2004, a decrease was observed in the concentra-
tion of Cl and Zn, whose occurrence may be due to the reduction of foci in the Araraquara region.
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4. Conclusions

PM, s showed different elemental compositions both in relation to qualitative or quantitative profiles. Our data
pointed out that Cl, Cu, and Zn were the elements enriched in the sugar cane burning season. Additionally, data
comparison between 2004 and 2009 samples, demonstrated diminishing concentration of elements which was
coherent with the lower number of burning foci in Sdo Paulo State, this fact was observed in studies of PAHs in
PM, s developed by this research group.

In Brazil, there are no laws that set limits for the concentration of metals/elements in airborne particulate
matter. The results for Cr, Cd, and Pb were below the level recommended by the World Health Organization
(WHO), but the Ni concentrations were three times larger than the threshold of risk of lung cancer. The data
suggest a worrying scenario for human exposure to elemental concentrations in cities surrounded by sugar cane
plantations, where the burning process is widely used. On the other hand, K, the most abundant element in su-
garcane burning season, although it is not considered as a toxic element, can cause inflammation of lung tissue;
this may be a theme of concern.
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