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Optimized energy dispersive X-ray fluorescence
analysis of atmospheric aerosols collected at
pristine and perturbed Amazon Basin sites
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Elemental composition of aerosols is important to source apportionment studies and to understand atmospheric processes
that influence aerosol composition. Energy dispersive X-ray fluorescence spectroscopy was applied for measuring the elemen-
tal composition of Amazonian atmospheric aerosols. The instrument used was a spectrometer Epsilon 5, PANalytical B.V., with
tridimensional geometry that reduces the background signal with a polarized X-ray detection. The measurement conditions
were optimized for low-Z elements, e.g. Mg, Al, Si, that are present at very low concentrations in the Amazon. From Na to
K, our detection limits are about 50% to 75% lower than previously published results for similar instrument. Calibration
was performed using Micromatter standards, except for P whose standard was produced by nebulization of an aqueous solu-
tion of KH2PO4 at our laboratory. The multi-element reference material National Institute of Standards and Technology–2783
(air particulate filter) was used for evaluating the accuracy of the calibration procedure of the 22 elements in our standard
analysis routine, and the uncertainty associated with calibration procedures was evaluated. The overall performance of the
instrument and validation of our measurements were assessed by comparison with results obtained from parallel analysis
using particle-induced X-ray emission and another Epsilon 5 spectrometer. The elemental composition in 660 samples
collected at a pristine site in the Amazon Basin and of 1416 samples collected at a site perturbed by land use change was
determined. Our measurements show trace elements associated with biogenic aerosols, soil dust, biomass burning, and
sea-salt, even for the very low concentrations as observed in Amazonia. Copyright © 2014 John Wiley & Sons, Ltd.
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Introduction

Quantification of atmospheric aerosol sources and processes is
important because of their direct and indirect effects on
climate.[1] The climatic effects of aerosols in Amazonia have been
the focus of recent research.[2,3] Under natural conditions,
biogenic particles dominate the picture,[4,5] with soil dust and
sea-salt being minor components in the wet season.[6,7]

Recent studies at remote sites of Amazonia, as Balbina[8] and
Rebio Cuieiras-ZF2,[9] found PM10 concentrations of about 10 to
15μgm�3 during the wet season (January to March) in agree-
ment with previous findings that these regions represent pristine
atmospheric conditions.[10] During the dry season (August to
October), however, biomass burning emissions dominate particle
population, especially in areas such as Rondônia and Pará
states,[11] emitting large amounts of fine mode aerosols[2]

disrupting the natural conditions. This large variation in aerosol
concentrations represents a challenge for the sampling
procedure and to the analysis methodology.
Various analytical methods for trace element analysis have

been applied in environmental studies, such as, inductively
coupled plasma mass spectrometry (ICP mass spectrometry),
ICP optical emission spectrometry (ICP optical emission spec-
trometry), particle induced X-ray emission (PIXE), and wave-
length-dispersive X-ray fluorescence analysis, to name a few.
These techniques have advantages and disadvantages. ICP tech-
niques have excellent detection limits (DLs) but involve sample
preparation that in general leads to the destruction of the aerosol
samples. PIXE requires a nuclear particle accelerator, a very large
X-Ray Spectrom. 2014, 43, 228–237
and expensive instrument.[12,13] Wavelength-dispersive X-ray
fluorescence analysis has a moderate cost, but in general, the
high current used in the X-ray tube can lead to losses of volatile
compounds or sample destruction. A good alternative is the
energy dispersive X-ray fluorescence (EDXRF),[14–16] a relatively
low cost nondestructive technique that does not require further
sample treatment and used in a wide range of applications
(aerosols, vegetal species, electronic components, etc.).[17]

Another advantage of EDXRF is the simultaneous measurement
of the whole spectrum and the use of the peak area to determine
the concentration of an element. The setups involve three-
dimensional geometry in combination with a polarized X-ray
beam to reduce the background signal.[18,19] This is important
because trace element concentrations in Amazonia wet seasons
are very low.[2] The Epsilon 5, a commercially available EDXRF
machine from PANanalytical, has been used for quantitative
analysis of atmospheric aerosols with samples collected in
Belgium.[20] A more recent study which compared PIXE and
Copyright © 2014 John Wiley & Sons, Ltd.
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EDXRF results for particulate matter collected in Italy showed
good agreement for Al, Si, S, K, Ca, Fe, Cu, and Zn.[21]

This paper focuses on the use of EDXRF for quantitative deter-
mination of elemental concentration in atmospheric aerosols
collected in a pristine and a perturbed site in Amazonia during
the dry and wet seasons. This study was performed with an
Epsilon 5, PANalytical B.V. instrument from the Laboratory of
Atmospheric Physics at the University of São Paulo (USP). Special
care was paid to optimizing DLs and accuracy for a large range of
trace elements determination, accomplished by tuning sampling
time, secondary target option, spectral lines used, and the current
and voltage in the X-ray tube anode. The results were compared
with those of PIXE and another EDXRF instruments.
Table 1. Measurement conditions used in the EDXRF Epsilon 5,
PANalytical B.V. instrument for the 23 elements determined in the
protocol for routine aerosol measurements

Secondary
Target

Line Accelerating
voltage (kV)

Current
(mA)

Na Al Kα 25 24

Mg Si Kα 25 24

Al CaF2 Kα 25 24

Si CaF2 Kα 25 24

P CaF2 Kα 25 24

S CaF2 Kα 25 24

Cl CaF2 Kα 25 24

K CaF2 Kα 25 24

Ca Fe Kα 40 15

Ti Fe Kα 40 15

V Fe Kα 40 15

Cr Fe Kα 40 15

Mn Ge Kα 75 8

Fe Ge Kα 75 8

Ni Ge Kα 75 8

Cu Ge Kα 75 8

Zn Ge Kα 75 8

As Zr Kα 100 6

Se Zr Kα 100 6

Br Zr Kα 100 6

Rb Zr Kα 100 6

Sr Al2O3 Kα 100 6

Zr Al2O3 Kα 100 6

Mo Al2O3 Kα 100 6

Cd Al2O3 Kα 100 6

Sb CeO2 Kα 100 6

Pb Zr Lb1 100 6 2
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Materials and methods

Aerosol samples were collected on 47 mm polycarbonate filters
using a Norwegian Institute for Air Research stacked-filter unit
[14] during the dry (August to October) and wet (January to
March) seasons in Amazonia. The combination of filters with 0.4
and 8 μm pore sizes allowed the separation between the fine
(PM2.5) and coarse (PM10) modes with a flow rate of 17 lmin�1.
The effective collection area is 14.4 cm2. The pristine monitoring
station was set up on the large-scale biosphere atmosphere
experiment site at the Reserva Biológica de Cuieiras (2°35′ 22″ S,
60°06′ 55″W) at about 80 km north of Manaus/AM. The site, oper-
ated by Instituto Nacional de Pesquisas da Amazônia (INPA), has
a total area of 22 735 ha of primary rain forest[22] with canopy
heights of 35 to 40m in the plateau region. From February
2008 to December 2011, 660 aerosol samples were collected
without interruptions. Sampling time varied from 110± 56 h
during the dry season to 120± 61 h during the wet season. The
perturbed site is located in the state of Rondônia, where signifi-
cant land use changes took place at about 10 km from downtown
Porto Velho (8°41′ 11.92″ S, 63°51′ 59.73″W). The station was oper-
ated continuously between September 2009 and October 2012,
with 1416 aerosol samples collected without interruptions.
Sampling time varied from 44± 30 h during the dry season to
100± 30 h during the wet season.

The EDXRF was applied for the determination of the aerosol
elemental composition of each sample using an Epsilon 5,
PANalytical B.V. instrument. The X-ray tube anode operates with
accelerating voltages of 25–100 kV and currents of 0.5–24mA,
with a maximum power of 600W. The primary target is Sc/W,
and 11 secondary targets (Mg, Al, Si, Ti, Fe, Ge, Zr, Mo, Ag, CaF2,
and CeO2) can be chosen for measuring different range of
elements. The tridimensional polarized-beam geometry reduces
the incidence of spurious scattered radiation from the X-ray tube
into the detector, thus reducing the background and allowing
the measurement of light and heavy elements at very low
concentrations (1–30 ng cm�2). A Si(Li) detector with a resolution
of 126 eV for Mn Kα was used. Further details are given by
Brouwer.[18,19,23]

It is important to choose a good combination of secondary
target, voltage, current, and measurement time in order to
optimize DLs for each element. The choice of secondary target
was made in our laboratory by analysing the DL and the ability
to discriminate the Kα line of interest. The measurement time
was found as a commitment between a reasonable total
measurement time and the DLs for each element. For instance,
the elements from Na to K were measured with 600 s integration
X-Ray Spectrom. 2014, 43, 228–237 Copyright © 2014 John W
time, whereas 300 s was used for elements Ca to Pb. Table 1
shows the analysis parameters for all elements. The accelerating
voltage and current were fixed for each secondary target to re-
duce the number of different irradiation conditions. This is impor-
tant as the system allows measuring several elements under the
same irradiation conditions. The total measurement time of our
tuned routine analysis is only 1 h per filter. Additionally, a careful
study of overlapping X-ray lines was carried out, aiming at
minimizing the interference between elements. For instance, as
the lines As Kα (10.53 KeV) and Pb Lα (10.55 KeV) are too close
to be resolved within the instrument resolution, the line Pb Lβ1
(12.62 KeV) was used instead in Pb concentration calculations.
The area of a peak profile, integrated over the width at half
maximum, gives the intensity which is used to calculate the
concentration of an element. This is performed automatically by
the Epsilon 5 Software, version 2.0M/ICSW 2.10, using an algo-
rithm based on analysis of X-ray spectrum by iterative least-
square fitting.[23]

The DL, the lowest measurable mass for each element
according to the specific measurement conditions (secondary
target, current, voltage, and background), is an important perfor-
mance parameter to characterize XRF instruments.[24] After the
best measurement conditions for each element were determined
and the instrument was calibrated, the DL was calculated as three
times the square-root of the background noise from the mea-
surement of ten blank filters.[20] In terms of the quantities mea-
sured at the Epsilon 5, PANalytical B.V, instrument, this is
iley & Sons, Ltd. wileyonlinelibrary.com/journal/xrs
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DL ¼ 3

si

ffiffiffiffi
rb
tb

r
(1)

where si is the sensitivity (counts per second divided by concen-
tration, for the standards), rb is the background counts per
second, and tb is the measurement time. Therefore, the DL is
given in units of concentration (ng cm�2).
The instrument calibration was performed with both single

and multi-element standards from Micromatter Inc. (Vancouver,
BC, Canada), with concentrations ranging from 5.2 to 59μg cm�2,
with 5% uncertainty in the gravimetrically determined masses.
These thin film standards, deposited on Nuclepore substrates
and commercially available for almost all the elements from Na
to Pb, are recommend by the US Environmental Protection
Agency as they closely resemble the particulate layer on a
filter.[25] However, these and most commercially available XRF
standards have concentrations significantly larger than that
found in aerosol samples from Amazonia. For element P, which
plays a fundamental role in the nutrient cycle, extra care in
obtaining its calibration curve was taken. Four extra standards
were produced in our laboratory through the nebulization of an
aqueous solution of KH2PO4, with mass concentrations of
3.41 ± 0.55, 7.3 ± 1.2, 8.2 ± 1.3, and 11.8 ± 1.9μg cm�2. The tech-
nique used is similar to other studies, e.g. Vanhoof et al.[26] The
multi-element standard NIST-2783 (air particulate filter) was used
to evaluate the accuracy of the calibration procedure.
As part of the quality assurance procedures, subsets of samples

from this study were also analysed by PIXE and a second Epsilon
5, PANalytical B.V. instrument from Companhia Ambiental do
Estado de São Paulo (CETESB), aiming to compare DLs and
concentrations. For this procedure, a subset of 140 samples from
Porto Velho was also measured through PIXE. The PIXE analysis
was performed in a dedicated 5SDH Pelletron accelerator facility,
at the Laboratório de Análise de Materiais por Feixes Iônicos in
Figure 1. Calibration curves for Fe, Na, P, Pb, Al, and Ti with fitting results, w
element MicroMatter standards. As discussed in the text, P standards were pr
outliers are old multi-elemental standards from MicroMatter.

wileyonlinelibrary.com/journal/xrs Copyright © 2014 Jo
the USP, with a proton beam of 2.6MeV. Two X-ray detectors
are used in this system, one optimized for light and the second
for heavy elements, providing better DLs and avoiding some of
the pile-up and dead time corrections. PIXE spectra were fitted
with the analysis of X-ray spectrum by iterative least-square
fitting software package.[27] Further details can be found in
Artaxo and Orsini.[12] Gerab et al.[28] discussed the validation of
PIXE results from this system using other techniques such as
particle-induced gamma emission and ion chromatography.
Results and discussion

The system was calibrated according to the discussed protocol.
The calibration curves for Na, Al, P, Ti, Fe, and Pb elements usually
present in aerosol samples are shown in Fig. 1 with the corre-
sponding linear fitting. The regressions are all statistically signifi-
cant at a confidence level of 95%, and the adjusted R-square
coefficients found are all between 0.9351 and 0.9989, which
correspond to a low root mean square error of about 0.17 to
2.3μg cm�2. The calibration coefficients for all determined
elements are shown in Table 2. The relative error from the calibra-
tion fitting is less than 4% for all elements. This error is within the
sampling errors for aerosols and is adequate for the elemental
analysis.[29] The NIST-2783 reference aerosol sample was mea-
sured ten times in order to verify the accuracy of the calibration
(Table 3). The variability of trace element determination was also
checked with this procedure. Statistical analysis using Welch’s t-
test shows that for the elements Mg, Al, Si, K, Ca, Ti, V, Cr, Mn,
Fe, Ni, Cu, Zn As, Rb, Sb, and Pb, the measured concentrations
are within NIST certified values. For the elements Na, S, and Zn,
there was a statistical disagreement between certified and mea-
sured concentrations, and a cause for this could not be identified.
hich consider a 5% uncertainty in the reported concentration from single
oduced in our laboratory and have an uncertainty better than 2%. The two

hn Wiley & Sons, Ltd. X-Ray Spectrom. 2014, 43, 228–237



Table 2. Calibration coefficients (cps mAng�1 cm2 ) for each ele-
ment, with the absolute and relative uncertainties

Calibration coefficients (cps mAng�1 cm2) %

Na 7.18E-05 ± 2.59E-06 3.61

Mg 1.39E-04 ± 3.66E-06 2.63

Al 1.79E-04 ± 4.84E-06 2.70

Si 3.48E-04 ± 1.32E-05 3.79

P 4.86E-04 ± 2.29E-05 4.71

S 1.60E-03 ± 4.04E-05 2.53

Cl 2.54E-03 ± 1.02E-04 4.02

K 4.70E-03 ± 8.38E-05 1.78

Ca 1.99E-03 ± 5.47E-05 2.75

Ti 1.42E-03 ± 2.93E-05 2.06

V 1.80E-03 ± 4.50E-05 2.50

Cr 2.50E-03 ± 6.27E-05 2.51

Mn 4.34E-03 ± 1.25E-04 2.88

Fe 5.35E-03 ± 1.27E-04 2.37

Ni 8.23E-03 ± 2.06E-04 2.50

Cu 9.22E-03 ± 1.89E-04 2.05

Zn 1.16E-02 ± 3.02E-04 2.60

Br 7.93E-03 ± 2.81E-04 3.54

Rb 1.04E-02 ± 1.48E-05 0.14

Pb 2.20E-03 ± 4.49E-05 2.04

Table 3. Comparison of the NIST 2783 reference value and the mean
value measured with the EDXRF Epsilon 5, PANalytical B.V.

Reference Measured t-test

Na 186 ± 9 131 ± 12 3.67

Mg 865 ± 43 835 ± 43 0.49

Al 2330 ± 116 2600 ± 40 2.21

Si 5883 ± 294 5780 ± 90 0.33

P ― 87 ± 2 ―

S 105 ± 5 133 ± 3 4.80

Cl ― 24.5 ± 0.3 ―

K 530 ± 26 570 ± 8 1.47

Ca 1325 ± 66 1380 ± 15 0.79

Ti 150 ± 7.5 168 ± 1 2.38

V 4.9 ± 0.2 1.6 ± 1.2 2.71

Cr 13.6 ± 0.7 14.5 ± 0.4 1.12

Mn 32.1 ± 1.6 33 ± 2 0.35

Fe 2661 ± 133 2900 ± 30 1.72

Ni 6.8 ± 0.3 6.3 ± 0.6 0.75

Cu 40 ± 2 43.3 ± 0.5 1.60

Zn 179 ± 9 220 ± 2 4.45

As 1.2 ± 1 1.9 ± 2.1 0.30

Se ― 5.3 ± 1.3 ―

Rb 2.4 ± 0.1 0.2 ± 0.9 2.43

Sr ― 0.4 ± 4.1 ―

Sb 7.2 ± 0.4 0 ± 8.6 0.84

Pb 31 ± 2 27 ± 6 0.63

Uncertainties given are the standard deviation of different
measurements. Values are in ng cm�2. Compatible values are
those for which the Welch‘s t-test score is less than 3.

Table 4. The detection limits for the EDXRF Epsilon 5, PANalytical B.V.
instrument calculated with (Eqn (1)) using the background count rate
and those determined by Spolnik et al.[20]

Detection limits (ng cm�2) 24 h Detection limits
(ngm�3)

Blank Spolnik
et al.[20]

Fitting
procedure
(see text)

Blank Fitting
procedure
(see text)

Na 28 — 48 17 28

Mg 30 — 49 18 29

Al 9 32 11 5.3 6.5

Si 7 30 11 4.1 6.5

P 2 — 5.1 1.4 3.0

S 2 8 5.7 1.3 3.4

Cl 2 6 3.4 1.0 2.0

K 1 5 2.7 0.86 1.6

Ca 2 4 5.6 1.1 3.3

Ti 3 3 3.5 5.4 2.1

V 3 2 2.2 1.8 1.3

Cr 2 5 1.9 0.92 1.1

Mn 3 4 2.6 1.8 1.5

Fe 2 8 3.6 1.1 2.1

Ni 1 3 1.9 0.66 1.1

Cu 2 3 2.6 0.94 1.5

Zn 1 4 2.3 0.75 1.4

As 4 3 — 2.6 —

Se 4 9 6.4 2.6 3.8

Br 3 — 5.5 1.8 3.2

Rb 6 — — 1.8 —

Sr 16 3 25 9.6 15

Cd 20 10 — 12 —

Sb 10 20 — 6.2 —

Pb 6 8 5.5 3.6 3.2

The fourth column shows the detection limits from the fits as
discussed in the text. The values shown in ngm�3 were
calculated for 24 h sampling time.
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The DL for each element was calculated with (Eqn (1)) from the
measurements of ten blank filters. Results for each element are
shown in Table 4. Highest values are around 45 ng cm�2, with
X-Ray Spectrom. 2014, 43, 228–237 Copyright © 2014 John W
most below 10 ng cm�2. Assuming 24 h collection time, the
atmospheric concentration corresponding to the DL was calcu-
lated and is shown in the fifth column. This result shows that
indeed, the EDXRF technique is suitable for measuring aerosol
samples from Amazonia, where very low concentrations are
found for most months of the year. For testing the background
noise distribution, the blank filters were also measured with twice
the integration time for all elements. The DL was reduced by

25 ± 6% in agreement with the expected 1=
ffiffiffi
2

p
. For comparison,

results from Spolnik et al.,[18] who used the same technique but
with a different X-ray tube (Gd tube), measurement conditions
(e.g. Ge-detector), and calibration standards, hence in a system
that was rather optimized for heavy elements, are also shown
in Table 4. Our DLs are lower for all elements except Sr, Cd, and
Pb, and we are able to measure Na, Mg, P, Br, and Rb. This was
achieved by tuning and calibrating the instrument for the typical
low concentrations found in Amazonia as described in the
previous section.

The DL can also be estimated from the analysis of the mea-
sured samples. A subset of 136 samples from Porto Velho and
51 from Manaus was irradiated three times, and the scatter plots
of the standard deviations by the average concentration for some
elements are shown in Fig. 2. As the concentration decreases and
iley & Sons, Ltd. wileyonlinelibrary.com/journal/xrs



Figure 2. Standard deviations (ng cm�2) as a function of the mean concentration (ng cm�2) from 628 samples that were measured three times
each are shown for Na, Mg, Al, P, Ti, and Fe. The adjusted R2 and fitted parameters for the empiric function used, Y= a+ b (log x)c, are shown in
each panel.
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approaches the DL, the standard deviation stabilizes as expected.
The DL is calculated as three times this limit value for the uncer-
tainty, obtained from the empirical nonlinear fit, y= a +b (logx)c,
shown in Fig. 2. The estimated values are given in the last column
of Table 4. There is a good agreement with the values from the
background noise on blank filter measurements, except for P,
Cl, V, Cr, and Pb. For these elements, the small range of concen-
trations close to the DL did not allow a reliable nonlinear fit
analysis as shown by the large uncertainty in the estimated DL.
For validating our EDXRF measurements, some samples

collected in Rondônia, with a relatively heavy loading, were also
analysed independently using PIXE. Each sample consisted of a
Figure 3. Comparison of PIXE and EDXRF results from 140 samples for Al, Si,
each panel.

wileyonlinelibrary.com/journal/xrs Copyright © 2014 Jo
fine or a coarse mode Nuclepore filter, with mass concentration
varying from 0.8 to 35μgm�3. Results of this comparison for
some elements are shown in Fig. 3. The comparison provided a
good agreement for most of the elements. Fe, for instance,
provided a slope of 1.06 and R2 of 0.96. Even an element that
appears in low concentration, such as P, had a slope of 1.04,
and R2 of 0.97, a surprising result because the P Kα line is in
between Si and S, elements that appear in high concentrations
and that makes the fitting difficult. In the case of P and Cl, for
which the NIST-2783 could not be used as a reference because
of lack of certification, the agreement between PIXE and EDXRF
indicates the proper standard preparation and calibration
P, S, Cl, K, Ca, and Fe. The intercept, slope, and adjusted R2 are reported in

hn Wiley & Sons, Ltd. X-Ray Spectrom. 2014, 43, 228–237



Optimized EDXRF analysis of atmospheric aerosols in the Amazon Basin
procedure developed for P calibration. For trace elements such as
Cr, Mn, Cu, Br, and Pb, the correlation coefficient varied from 0.72
to 0.99. For these elements that appear close to the DL and have
significant blank values, the comparison PIXE versus EDXRF was
satisfactory, taking into account all the difficulties in quantifying
elements close to the DL.[21]

A careful comparison of elemental concentrations was also
performed with a similar EDXRF instrument from the University of
Antwerp (UA), Belgium. This second EDXRF (called UA-Antwerp) has
Table 5. Comparison of elemental concentrations measured by the
EDXRF Epsilon 5, PANalytical B.V. instrument at our laboratory with
those measured at the University of Antwerp and at CETESB

UA × LFA CETESB × LFA

Al 0.80 ± 0.01 0.94 ± 0.01

Si 1.03 ± 0.01 1.00 ± 0.01

P — 1.28 ± 0.07

S 0.73 ± 0.01 1.06 ± 0.01

Cl 0.61 ± 0.06 1.16 ± 0.04

K 1.14 ± 0.05 1.01 ± 0.01

Ca 1.17 ± 0.01 1.00 ± 0.01

Ti 1.07 ± 0.02 0.96 ± 0.04

Fe 0.84 ± 0.01 1.00 ± 0.01

Cu 1.10 ± 0.07 1.44 ± 0.10

Zn 1.08 ± 0.02 1.01 ± 0.05

Values shown are the angular coefficient and uncertainty from a
linear fitting based on 24 aerosol samples collected in São
Paulo, Porto Velho, and Manaus.

UA, University of Antwerp; LFA, Laboratory of Atmospheric Physics;

CETESB, Companhia Ambiental do Estado de São Paulo.

Figure 4. Time series of fine and coarse mode aerosol mass concentrations a
from 2008 to 2011.

X-Ray Spectrom. 2014, 43, 228–237 Copyright © 2014 John W
been used for more than 10years,[20] rather for heavy element deter-
minations, and was configured and calibrated with completely inde-
pendent procedures. Particularly, it uses different secondary targets,
a 300 s integration time for all elements and the determination of
Pb and Sb is performed with different X-ray lines. Twenty-four
samples from Manaus/AM (clean and pristine), Porto Velho/RO
(biomass burning loaded samples), and São Paulo/SP (industrial
and vehicular emissions) were measured independently with
both instruments. Samples included fine and coarse mode
filters, with concentrations varying from 0.7 to 70μgm�3.
Another independent comparison was carried out with a
similar Epsilon 5, PANalytical B.V. instrument from the environ-
mental monitoring agency for the state of São Paulo (CETESB).
This CETESB EDXRF instrument is used for routine air quality
analysis and has a configuration similar to the one in this study
but was calibrated independently. Table 5 shows the compari-
son of the analyses carried out with samples analysed in our
instrument with these two other independent instruments.

With the CETESB EDXRF, the angular coefficients shown in
Table 5 are within 0.94 and 1.16, except for P and Cu that had
concentrations close to the DL. This good comparison was
expected as both instruments were similarly optimized for
measuring light elements with low concentrations. With the UA
system, values ranged from 0.61 to 1.17 with angular coefficients
closer to 1 for heavier elements and close to 0.7 for lighter
elements. The reason for these differences could be explained
by the fact that the UA instrument was optimized for heavy
elements. The agreement between the instruments is very good
overall, taking into account the differences in procedures and
differences in the configuration of the XRF instruments.

Our EDXRF system is mostly used for trace element determina-
tion for aerosol particles in Amazonia. After the calibration and
t Porto Velho perturbed site, from 2009 to 2012, and Manaus pristine site,

iley & Sons, Ltd. wileyonlinelibrary.com/journal/xrs
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Figure 5. Average aerosol equivalent black carbon concentrations for fine and coarse mode at the Porto Velho, from 2009 to 2012 and Manaus, from
2008 to 2012.

Table 6. Mean concentrations (ng m�3) of particulate matter, equivalent black carbon, and trace elements, in the fine and coarse modes, from fil-
ters collected at Manaus—Rebio Cuieiras during the dry and wet seasons are shown

Manaus—Rebio Cuieiras

Dry Season Wet Season

Fine Mode N Coarse Mode N Fine Mode N Coarse Mode N

PM 7400 ± 4200 39 6000 ± 2500 39 1900 ±1300 63 7600 ± 4500 63

EBC 574 ± 380 39 52 ± 21 39 162 ± 147 63 67 ± 33 63

Na 67 ± 43 22 72 ± 45 22 27 ± 21 32 77 ± 65 34

Mg 15 ± 8 19 25 ± 15 25 24 ± 28 38 31 ± 29 39

Al 31 ± 21 39 41 ± 28 39 76 ± 120 48 69 ± 102 48

Si 36 ± 33 39 56 ± 34 39 138 ± 204 48 140 ± 196 48

P 12 ± 6 39 21 ± 15 39 6.3 ± 3.3 48 47 ± 26 48

S 360 ± 146 39 68 ± 38 39 140 ± 80 48 71 ± 35 48

Cl 4.0 ± 3.4 19 36 ± 39 39 5.7 ± 5.5 32 111 ± 131 48

K 190 ± 115 39 78 ± 49 39 58 ± 42 48 138 ± 70 48

Ca 7.3 ± 3.9 39 19 ± 8 39 13 ± 19 48 29 ± 32 48

Ti 2.1 ± 1.4 33 4.7 ± 2.9 39 5.0 ± 6.0 43 5.3 ± 6.7 48

V 0.4 ± 0.3 15 0.3 ± 0.2 17 0.6 ± 0.7 25 0.3 ± 0.2 24

Cr 0.5 ± 0.6 23 0.4 ± 0.3 27 0.4 ± 0.4 28 0.7 ± 0.6 38

Mn 0.8 ± 1.0 30 0.6 ± 0.4 32 0.7 ± 0.7 45 1.1 ± 0.9 42

Fe 18 ± 10 39 30 ± 14 39 34 ± 52 48 41 ± 54 48

Ni 0.4 ± 0.5 31 0.1 ± 0.2 17 0.5 ± 0.7 43 0.3 ± 0.5 28

Cu 1.3 ± 4.6 30 0.5 ± 0.8 33 0.4 ± 0.6 41 0.5 ± 0.4 45

Zn 1.7 ± 1.1 39 0.9 ± 0.5 39 0.6 ± 0.4 48 1.2 ± 0.6 48

Br 1.5 ± 1.4 36 0.5 ± 0.5 24 0.5 ± 0.5 34 0.5 ± 0.4 33

Rb 0.8 ± 1.3 12 0.6 ± 0.6 8 0.6 ± 0.9 16 0.5 ± 0.5 21

Sr 2.5 ± 2.0 4 2.2 ± 0.0 1 1.0 ± 0.3 2 1.6 ± 2.0 6

Pb 1.6 ± 2.3 22 1.4 ± 1.5 14 1.4 ± 1.4 23 0.7 ± 0.7 19

PM, particulate matter; EBC, equivalent black carbon.
The reported uncertainty is standard deviation of all measurements. The number of samples measured above the detection limit is also given.
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validation of the aerosol analysis procedure, hundreds of aerosol
samples from Amazonia were analysed. The analysed samples are
from clean and pristine areas (Manaus Rebio Cuieiras) and also
from areas with heavy biomass burning (Porto Velho, Rondônia).
Gravimetric analysis was used to obtain the total mass of the fine
and coarse mode particulate matter. At the pristine site, the
average fine and coarse mode mass were 4 ± 3μgm�3 and
8± 4μgm�3, respectively, where the uncertainties correspond
to the standard deviation of the measurements. In Porto Velho,
Rondônia, fine and coarse mode aerosol mass were 21 ± 32 μg m�3

and 10 ± 8 μg m�3, respectively, indicating high impact of
biomass burning emissions. When distinguishing between the
seasons, it was found that the fine mode concentration at the
Porto Velho, Rondônia, site was 18 times larger during the dry
(37 ± 37μgm�3) than during the wet (2 ± 1μgm�3) season
because of the biomass burning aerosols contribution. For the
coarse mode, values for the dry (11 ± 10μgm�3) season are
slightly larger than for the wet (7 ± 4μgm�3) season. This picture
of aerosol concentrations is completely different at the pristine
site, which is dominated by natural biogenic aerosol particles.
Figure 4 shows the time series of fine and coarse mode mass con-
centrations for both sites. Concentrations increase only by a factor
of 2.5 for the fine mode (from 3± 1μgm�3 to 8 ± 4μgm�3),
whereas the coarse mode concentrations are slightly smaller
during the dry (6 ± 2μgm�3) than during the wet (11 ± 5μgm�3)
season because it is associated with the primary biological aerosol
particle emissions.[5] Equivalent black carbon (EBC) analysis was
performed using reflectance techniques. Figure 5 shows the time
Table 7. Mean concentrations (ng m�3) of particulate matter, equivalent b
ters collected at Porto Velho, Rondônia, during the dry and wet seasons

Porto Velho

Dry Season

Fine mode N Coarse Mode N

PM 27900 ± 34100 264 10600 ± 8500 264

EBC 2347 ± 2753 264 201 ± 210 264

Na 41 ± 50 124 39 ± 45 120

Mg 26 ± 28 67 52 ± 122 87

Al 165 ± 163 209 296 ± 303 201

Si 169 ± 163 209 357 ± 359 207

P 18 ± 12 209 29 ± 30 180

S 506 ± 446 209 110 ± 123 163

Cl 12 ± 18 87 11 ± 12 128

K 428 ± 406 209 135 ± 117 209

Ca 15 ± 13 209 39 ± 42 204

Ti 13 ± 13 209 26 ± 25 205

V 1.1 ± 1.7 67 1.4 ± 2.3 88

Cr 3.3 ± 4.7 78 2.7 ± 4.2 124

Mn 2.2 ± 3.0 119 2.5 ± 3.5 123

Fe 151 ± 147 209 292 ± 277 209

Ni 1.2 ± 2.3 75 1.1 ± 1.8 30

Cu 1.5 ± 2.4 133 1.2 ± 1.9 95

Zn 2.9 ± 2.5 170 1.8 ± 1.8 139

Br 5.0 ± 7.0 180 2.6 ± 3.7 122

Rb 2.3 ± 2.8 133 1.9 ± 3.0 139

Sr 8 ± 13 64 9 ± 14 77

Pb 5.2 ± 8.6 142 5.0 ± 8.2 147

PM, particulate matter; EBC, equivalent black carbon.
The reported uncertainty is standard deviation of all measurements. The nu

X-Ray Spectrom. 2014, 43, 228–237 Copyright © 2014 John W
series of fine and coarse mode EBC concentration for both sites. In
the fine mode filters during the dry season, it was possible to ob-
serve that Porto Velho, Rondônia, showed five times higher con-
centration of EBC (3.0 ± 2.5μgm�3) compared with Manaus
(0.6 ± 0.4μgm�3) confirming the contribution of biomass burning
aerosols. For the wet season, the concentrations are similar,
0.3 ± 0.2μgm�3 and 0.2 ± 0.2μgm�3, respectively, indicating
aerosol absorption by natural biogenic aerosol particles.[2]

The elemental composition measured with the EDXRF Epsilon 5,
PANalytical B.V. for the fine and coarse mode aerosols at the Ma-
naus site (Table 6) and Porto Velho, Rondônia, site (Table 7) are
shown separately for the dry and wet seasons. The mean
concentration of trace elements at the Porto Velho site accounted
for 8% and 10% of the total particulate matter in the fine mode
during the dry and wet seasons, respectively. In the coarse mode,
the contribution of the measured elements was 15% (dry) and 5%
(wet) of the total mass. At the Manaus site, the elemental contribu-
tion to the fine mode total mass was 10% and 20% during the dry
and wet seasons, respectively, and 7% and 7% to the coarse mode
total mass. This shows that organic aerosols dominate the elemen-
tal picture for both sites and both aerosol size fractions.[3]

The aerosol composition in Porto Velho during the dry season
is characterized by high concentrations of S and K in the fine
mode, associated with EBC, indicating the strong presence of
biomass burning aerosols. In the coarse mode, soil dust tracers
such as Mg, Al, Si, Ca, Ti, and Fe are systematically found, indicat-
ing the presence of soil dust. During the wet season, the natural
biogenic emissions are dominant, as shown by the high levels of
lack carbon, and trace elements, in the fine and coarse modes, from fil-

Wet Season

Fine Mode N Coarse mode N

1800 ± 1500 90 6900 ± 4200 90

274 ± 270 264 89 ± 58 90

7.1 ± 8.3 102 10 ± 15 106

5.1 ± 4.5 61 6.5 ± 5.7 81

17 ± 20 150 39 ± 51 142

26 ± 31 150 59 ± 62 145

5.0 ± 3.0 150 36 ± 22 150

76 ± 69 150 39 ± 27 150

1.3 ± 2.3 20 12 ± 13 147

37 ± 39 150 98 ± 57 150

3.3 ± 2.8 150 12 ± 9 149

1.2 ± 1.2 150 3.9 ± 4.6 144

0.1 ± 0.1 82 0.2 ± 0.1 84

0.4 ± 0.8 54 0.3 ± 0.3 91

0.3 ± 0.2 119 0.5± 0.3 127

15 ± 15 150 54± 63 150

0.1 ± 0.1 46 0.1 ± 0.1 27

0.7 ± 2.8 129 0.3 ± 0.2 128

0.6 ± 0.9 143 1.1 ± 2.3 147

0.5 ± 0.5 115 0.4 ± 0.3 105

0.2 ± 0.2 98 0.4 ± 0.2 99

1.4 ± 1.2 47 1.6 ± 2.0 52

0.8 ± 0.7 105 0.7 ± 0.8 93

mber of samples measured above the detection limit is also given.
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P, K, Zn, and other elements. In Manaus, high concentrations of S,
K, Zn, and P are found during the dry season, indicating a mixture
of long-range transported biomass burning and natural biogenic
emissions. The concentrations, however, are about half of those
measured at Porto Velho because of the lack of local biomass
burning aerosols which are mostly transported over large
distances. Surprisingly, during the wet season in Manaus, high
concentrations of elements associated with soil dust (Al, Si, Ca,
Ti, Mn, and Fe) were measured. This has been identified as
long-range transport from Sahara dust,[9] transported over the
North Atlantic Ocean by the trade winds, what also explains the
high concentrations of Cl and Na associated with sea-salt aero-
sols. The long-range transported dust from Sahara into Amazonia
was also observed at the same site using a Raman Lidar instru-
ment[30–32] that showed the dust mixed with biomass burning
aerosols from Africa impacting South America tropical regions.
It is important to use different techniques for ground-based
and remote sensing to identify aerosol components properly.
Conclusion

A calibration procedure for the EDXRF spectrometer of the
Laboratory of Atmospheric Physics at the USP was developed,
optimizing analysis for trace elements in aerosols. The procedure
was optimized for detection of light elements such as Na, Mg, Al,
Si, and P, which are important for the scientific issues we deal
with. Because of the lack of standards for P, calibration standards
were produced in our lab trough the nebulization of salt solu-
tions followed by drying and weighing of Nuclepore filters. A
careful calculation of errors in the calibration coefficients of the
Epsilon 5, PANalytical B.V. instrument was performed. It was
possible to achieve a standard deviation of 2% to 4% for most
elements, considering the propagation of the uncertainties in
the mass of the standards into the linear fitting of response
curves. The DL for the 22 elements measured in our routine
analysis were determined by two different methods and
compared with values reported in the literature. The proposed
methodology to evaluate DLs, on the basis of the standard devi-
ation of repeated samples measurements, has the advantage of
including most of the sources of measurement errors giving a
more robust estimate. From Na to K, our DLs values are 70% to
50% lower than reported by Spolnik et al.[20] for a similar instru-
ment (albeit optimized for heavy elements), whereas from Sr to
Pb, our values are larger by a factor of 2. The reproducibility
and accuracy of the calibration was verified by measuring several
times the NIST 2783 reference material. For most of the elements,
our measurements are in good agreement with the certified
values, exceptions for Na, S, and Zn. An evaluation of our calibra-
tion procedure was undertaken by comparing the elemental
concentration in aerosol samples measured in two similar EDXRF
instrument at the UA and at CETESB. Agreements better than
10% between these two instruments and our EDXRF were
obtained for real aerosol samples. There is an excellent agree-
ment with results from CETESB, which also tuned their Epsilon
5, PANalytical B.V. instrument for detection of light elements.
Interlaboratory comparison of EDXRF analysis carried out with
real aerosols samples is very valuable for data validation and
optimization of different instruments.
The EDXRF measurements of aerosol samples collected at a

pristine and a biomass burning impacted area in the Amazon
showed very large contributions from elements associated with
wileyonlinelibrary.com/journal/xrs Copyright © 2014 Jo
natural biogenic aerosols during the wet season in both fine
and coarse mode size fractions. A strong impact from biomass
burning aerosols associated with K, Ca, EBC, and other elements
for both sites was observed in the fine mode during the dry sea-
son. It was also possible to observe impacts of long-range
transported Sahara dust into Amazonia in the wet season for
both size fraction, fine, and coarse mode aerosols.[9]

The results from this study showed that the EDXRF Epsilon 5,
PANalytical B.V. instrument can be tuned for the measurement of
very low concentrations of trace elements typically found in atmo-
spheric aerosols samples collected in Amazonia. Because of the easy
sample handling, fast measurement time, and the matrix not being
damaged, the EDXRF technique has become our routine elemental
composition analysis that is suitable and yields a high accuracy.
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