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a b s t r a c t

A method developed for analyzes of large number of aerosol samples using Energy Dispersive X-Ray
Fluorescence (EDXRF) and its performance were discussed in this manuscript. Atmospheric aerosol sam-
ples evaluated in this study were collected on cellulose fiber (Whatman-41) filters, employing a Hi-Vol
sampler, at a monitoring station located on the Mediterranean coast of Turkey, between 1993 and 2001.
Approximately 1700 samples were collected in this period. Six-hundred of these samples were ana-
lyzed by instrumental neutron activation (INAA), and the rest were archived. EDXRF was selected as an
analytical technique to analyze 1700 aerosol samples because of its speed and non-destructive nature.
However, analysis of aerosol samples collected on fiber filters with a surface technique such as EDXRF
was a challenge. Penetration depth calculation performed in this study revealed that EDXRF can obtain
hatman-41
irborne particles
ulti-element analysis
ethod development

information from top 150 �m of our fiber filter material. Calibration of the instrument with currently
available thin film standards caused unsatisfactory results since the actual penetration depth of particles
into fiber filters were much deeper than 150 �m. A method was developed in this manuscript to analyze
fiber filter samples quickly with XRF. Two hundred samples that were analyzed by INAA were divided
into two equal batches. One of these batches was used to calibrate the XRF and the second batch was
used for verification. The results showed that developed method can be reliably used for routine analysis

ith a
of fiber samples loaded w

. Introduction

Inorganic contents of the atmospheric aerosols can be deter-
ined by various analytical techniques, some of which require

ample preparation prior to analysis whilst some could be
mployed directly.

XRF, PIXE and INAA are all nuclear analytical techniques used
or the assessment of composition of environmental samples. All
echniques are multi-elemental and non-destructive in nature
nd provide simultaneous measurements. These techniques are
mployed for materials that are hardly taken into solution. Since
hey do not require chemical destruction prior to analysis, sample
ontamination is minimized and analytical process accelerates.
Watson et al. [1] reported minimum detection limits attainable
or various analytical measurements including INAA, PIXE and XRF
or air filter samples. It is obvious from this comparison that number
f parameters analyzed in the air filter samples was significantly

∗ Corresponding author at: Abant Izzet Baysal University, Faculty of Engineer-
ng and Architecture, Department of Environmental Engineering, Gölköy Campus,
4280, Bolu, Turkey. Tel.: +90 374 254 10 00/2665; fax: +90 374 253 4558.
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039-9140/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
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mbient aerosol.
© 2010 Elsevier B.V. All rights reserved.

higher when the INAA was selected as analytical technique. Biziuk
et al. [2] reported that 67 elements from several isotopes can be
identified and quantified simultaneously with INAA while number
of elements measured was given as 30–40 in Bode [3]. On the other
hand, some environmentally important elements such as Cd, Cu, Ni
and Pb cannot be measured or hardly measured with INAA [2].

Wang et al. [4] compared ICP-MS with XRF and INAA for the
multi-element determinations of airborne particles. Authors con-
cluded that elements such as Cr, As, V and Se cannot be determined
using conventional wet chemical analysis since these parameters
may loss from the filter matrix through volatilization and can inter-
fere with the spectral analysis. In addition, researchers proposed
that XRF can be used as a screening step prior to INAA and ICPMS
owing to its non-destructive nature to select the most interesting
samples for further analysis. Maenhaut et al. [5] have used INAA
as a complement to PIXE to measure additional elements including
the light ones (Na, Al), metalloids As, Se, In, Sn and halogen.

The most significant drawback of INAA is that it needs an atomic

reactor which increases the cost of analysis. In addition, this tech-
nique is not suitable for the determination of some elements with
very small or very high period of half-lives [6]. Moreover, mea-
surements can be extended up to one month in order to avoid
interferences associated with this technique [2,7]. Consequently,
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NAA is applied less widely than other analytical techniques. In con-
rast to INAA, analysis time is significantly reduced in XRF and PIXE.
t has been reported in the literature that 1 min is enough to obtain
low-Z’ elements concentrations in one PIXE measurement while
0–40 min is required to get the concentrations of ‘medium-high
’ elements in one XRF measurement [8].

The detection limits for PIXE and XRF analysis strongly depend
n the irradiation time of samples. As the analysis time increases,
etection limits can be lowered, which, on the other hand, increases
he cost of analysis per sample. In addition, longer irradiation time
n case of PIXE results in the loss of elasticity of membrane filters
imiting effectively the achievable detection limits. A common dis-
dvantage of XRF and PIXE is that low atomic number elements
Z < 11) cannot be accurately measured due to the absorption of the
ow energy characteristics X-rays by the filter material itself and
erosol deposits. Accurate measurements can be performed when
RF and PIXE are applied to thin film samples in which absorption
f X-ray is minimized and correctable [1].

X-ray fluorescence had found wide application in analysis of
tmospheric particulate matter, owing to its non-destructive and
ulti-element nature, but particularly owing to its speed. Analy-

is of atmospheric aerosols collected on membrane filters is highly
eliable since particles are collected on the surface of membrane fil-
ers. In contrast to membrane filters, aerosols penetrate deep into
lters consisting of irregular array of fibers. Bombardment of these
articles with an X-ray beam results in the emission of X-rays from
he interiors of the filter. These X-rays are stopped by the parti-
le deposits in the filter media itself resulting in the attenuation
f X-ray photons before they reach to filter surface and to detec-
or, resulting in underestimation of elemental concentrations [9].
or this reason, the uncertainty of results when XRF is applied to
erosol samples collected on cellulose or glass fiber filters are noted
y various researchers [6,10,11].

The speed and non-destructive nature of XRF was so attractive
hat people attempted to develop methodologies to be able to use
his powerful technique for the analysis of atmospheric particles
ollected on fiber filters. Rose et al. [12] resuspended NBS (cur-
ently NIST) urban particulate SRM (1648) and recollected them on

hatman-41 filters. These filters were then used as standard for
nalysis of air particulate samples collected on Whatman-41 filters
n Brisbane, Australia. Although this was a smart approach, since
RM 1648 was the settling dust collected at an urban area, its size
istribution and hence penetration characteristics may not be the
ame with the particles collected on filters [13].

Chan et al. [13] attempted to develop a methodology that would
llow them to analyze aerosol samples collected on Whatman-41
lters using PIXE, which is a surface sensitive technique like XRF.

n this study authors collected aerosols on PTFE membrane filters
arallel to the Whatman-41 samples. Measured elemental levels
rom PTFE filters were used to develop the calibration formulae by
egression. Calibration equation was then used to measure elemen-
al concentrations on Whatman filters.

Anselmo and Rios [14] attempted to prepare calibration stan-
ards by uniformly depositing a standard solution onto glass fiber
lters.

Thickness of the sample is very crucial in XRF analysis since
t determines the accuracy, detection limits and sensitivity of the

easurements. Al-Merey et al. [15] have reported that these fig-
res of merit could be improved particularly for light elements if
hin samples were used in XRF analysis.

Identification of pollution source types and their geographi-

al distribution is necessary in order to assess the effectiveness of
ontrol strategies taken over air pollutants. Most of the elements
easured in the aerosol samples are used as tracers of specific pol-

ution sources. For instance, Cr, Nd, Mg and Cs were found to be the
ost promising elements to distinguish Saharan dust component
3 (2011) 823–831

of aerosol from local soil [16]. Biegalski et al. [17] found that Al,
Ca, Ce, Fe, Mn, Sc, Ti and V are common crustal markers indicating
the impact of earth crust on the chemical composition of collected
aerosol samples at the Canadian air sampling stations. In addition
to source apportionment studies, identification of chemical com-
position of atmospheric particles is of particular concern for health
related issues. Lead, arsenic, beryllium, cadmium, chromium, cop-
per, selenium and zinc are considered among the potentially toxic
elements resulting in the short and long term medical problems [1].
As an example, according to Hirshon et al. [18], elevated ambient
air zinc increases pediatric asthma morbidity among the children
living in an urban area.

We had 1700 atmospheric particle samples collected onto cellu-
lose fiber filters using high-volume sampler, at a monitoring station
on the Mediterranean coast of Turkey. Because of its speed, XRF was
the preferred method for trace element analysis in these samples.
A method discussed in this manuscript was developed by taking
advantage that 200 of these samples were previously analyzed by
INAA, which enable us to determine the concentrations of remain-
ing 1500 samples with XRF.

2. Experimental

2.1. Sampling

Detailed information about sample collection and handling can
be found elsewhere [16,19], only a brief discussion will be pre-
sented here. Daily aerosol samples were collected at a monitoring
station located on Turkish Mediterranean coast (30◦34′E, 36◦47′N)
between January 1993 and April 2001. Approximately 1700 aerosol
samples were collected in this period. Sierra Andersen Model SAUV-
10 H PM10 Hi-Vol air sampler was employed to collect aerosol
particles with diameters less than 10 �m on 20 cm × 28 cm cellu-
lose fiber (Whatman-41) filter. This filter type was selected because
of its relatively low background concentrations in terms of ele-
ments and compatibility with Hi-Vol sampling [17,20]. Samples
were stored in a refrigerator at 4 ◦C prior to analysis and all sample
handling procedures were performed in a Class-100 clean room in
the Environmental Engineering Department of Middle East Tech-
nical University, Ankara, Turkey. Field and laboratory blanks were
also collected and analyzed at regular frequencies.

2.2. Sample preparation

All the collected Whatman-41 filter samples were divided into
four equal pieces and different analytical techniques were utilized
on each individual part. A total of 600 daily aerosol samples, col-
lected between March 1992 and December 1993, were analyzed in
terms of metals by INAA and AAS, major ions (NH4

+, SO4
2−, NO3

−

and Cl−) by ion chromatograhy and colorimetry and results of the
corresponding analysis were published in Güllü et al. [16], Güllü
[19], and Güllü et al. [21] where environmental issues (e.g., identi-
fication of sources and source regions of aerosols and short and long
term variations observed in aerosol composition) mainly discussed
in these studies with the exception of basic analytical concepts such
as preparation of the samples prior to analysis and operating con-
ditions of the instruments. Last piece of this 600 samples and one
piece of the remaining 1100 samples were analyzed by XRF within
the content of this study. The XRF analysis was performed on 55 mm
diameter filter discs obtained from this last archived piece of sam-

ple. These discs were punched out from sample and blank filters
using a homemade plexiglass cutter. The important point in this
step was to avoid contamination of subsample by the cutter. This
was accomplished by designing a cutting device made up of plex-
iglass, which is practically metal-free. All sample handling, which
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Table 1
Optimal excitation conditions used in the analysis of aerosols.

Parameter Condition number

1 (very light elements)
11 < Z < 19

2 (Solids) 19 < Z < 24 3 (Steels) 24 < Z < 26 4 (Medium elements)
26 < Z < 42, Z = 82

Tube voltage (keV) 5 12 15 35
Tube current (mA) 900 900 1000 494

Direct excitation (Ag type of anode)
hin Al
00
.31–5
, Ca

i
f
t

p
fi
a
t
f
n
i
l
o

2

u
a
A
c
w
c
w
w
e
o
e
t
c
K
B
A
e
a
e
r
a
T
1

e
s
f
t
1
o
t
i
o
o
(

Filter thickness None T
Analysis time (s) 150 1
Energy range analyzed (keV) 1.0–3.31 3
Elements analyzed Mg, Al, Si, P, S, Cl K

ncludes punching the disk out of filter, weighting and packaging
or transport to XRF laboratory was performed in a clean area, under
wice HEPA filtered air.

Possibility of homogeneity problem that could arise due to
unching a 55 mm disk from an arbitrary point on a 20 cm × 28 cm
lter was tested by punching several disks from the same filter
nd counting them in XRF for elements with low statistical uncer-
ainty, such as sulfur. Relative standard deviation (RSD) calculated
rom 5 counting of five filter discs punched from the same filter was
ot higher than RSD obtained by counting the same disk 5 times,

ndicating that particles are fairly uniformly distributed across cel-
ulose fiber filters. This conclusion is in agreement with the results
f similar tests reported in the literature [22,23].

.3. Analysis

Fiber filter discs, punched out from filters were analyzed by
sing an Oxford, model ED2000 Energy Dispersive XRF (EDXRF),
t the Ankara Nuclear Research and Training Center of the Turkish
tomic Energy Authority. Samples were loaded to the auto-sampler
assettes, which can accommodate eight samples at once. Spectra
ere collected using liquid nitrogen cooled Li drifted Si detector,

oupled to a DPP Pulse Processor and analyzed by XperEase soft-
are. Optimized operating conditions of the instrument, which
ere used in this study, are given in Table 1. Duration of counting for

ach excitation condition in Table 1 does not include the dead time
f the detector, which approximately equals to the analyze time for
ach condition. Irradiation of one sample at four different excita-
ion energies took approximately 15 min and one batch of sample
ontaining eight samples was analyzed in a total of 140 min. The
lines of Mg, Al, Si, P, S, Cl, K, Ca, Ti, K-� lines of Cr, Fe, Mn, Ni,

r and Cu, and L-� lines of Pb were used in this study. Pb L-� and
s K-� lines were overlapping at 10.5 keV. This spectral interfer-
nce was overcome by choosing the Pb L-� line at 12.6 keV in the
nalysis of samples in terms of lead. In this study, we did not inter-
st with the As content of the samples. X-ray spectra of individual
uns were illustrated in Fig. 1. With this procedure, on the average,
pproximately 40 samples were analyzed in a typical working day.
he irradiated area for a filter substrate of 47 mm diameter was
7.35 cm2.

Instrumental neutron activation analysis was described in detail
lsewhere [21] and only a brief discussion is presented in this
ection. One-eight of the cellulose fiber filters were folded and
ormed into 2.0-cm diameter pellets under pressure, which are
hen heat-sealed in acid-washed polyethylene bags. Approximately
0 of these pellets were fit into sample carriers (rabbits) made
f high density polyethylene and transferred into the reactor

hrough pneumatic transfer system. Filters were irradiated twice
n the 5 MW MITR-II research reactor in a thermal neutron flux
f 8 × 1012 n cm−2 s−1. First irradiation was 1 min and the second
ne was 12 h long. Irradiated samples were counted three times
5 min and 20 min after 1-min irradiation and 12 h after 12-h irra-
Thick Al Thin Ag
100 100

.41 5.41–6.40 6.40–17.5
Ti, Cr, Mn Fe, Ni, Cu, Zn, Br, Pb

diation). Gamma-ray spectra were collected using high-purity Ge
detectors coupled to a 8192-channel pulse-height analyzers (Can-
berra, CT). The spectra were analyzed using computer programs
(ND 9900 Genie system run on VMS 200, Canberra, CT) to search
for the �-peak(s) of each isotope. NIST Standard Reference Mate-
rial # 1633 (coal fly ash) was used as a calibration standard in INAA
analysis. Accuracy of the analytical technique was checked by ana-
lyzing NIST Standard Reference Material # 1571 (orchard leaves)
along with samples.

2.4. Quality assurance/quality control

Since large batches of samples were analyzed, it was significant
to establish QA/QC protocol necessary to prevent erroneous exper-
imental results systematically or occasionally. The QA/QC protocol
followed in this study included proper documentation procedures,
calculation of analytical parameters such as precision and detection
limits, daily analysis of standard reference filters, re-counting 5% of
the samples and analysis of field and laboratory blanks. Proper doc-
umentation is an integral part of any QA/QC protocol and applied
in this study as well. Daily counting of NIST standard reference fil-
ters and reanalysis of selected 5% of the samples were performed
to monitor variations in the sensitivity of the instrument in time.
If the difference between measured and certified concentrations
of elements in NIST SRM is higher than ±10%, or if the difference
between two counting of reanalyzed samples were higher than
10%, instrument is recalibrated before analyses of samples were
resumed.

Precision of the method was tested by 20 repeated counting
of a selected sample filter. Relative standard deviations of ele-
ments in these 20 counting are given Table 2 in addition to other
QA/QC parameters. Relative standard deviations are <5% for S, Ca
and Fe and between 5% and 10% for the rest of the measured ele-
ments. These RSDs indicate that repeatability of the measurements
is not a drawback in analysis of cellulose fiber filters, because
expected variability of elemental concentrations in the data set
is much higher than the variability due to repeatability of count-
ing.

Field blanks, which are the filters that were loaded to sampler
for only 1 min and no air was drawn through the sampler, were col-
lected once in every two weeks. Large number of field blanks was
accumulated in 9 years of sampling. Twenty of these field blanks
were counted and analyzed in this study. In addition to field blanks
two filters, for each batch of 100 filters, were saved and analyzed
as laboratory blank. Average sample-to-blank ratios of measured
parameters are given in Table 2. It should be noted that values given

in the table are average values. Since concentrations of elements in
atmosphere can vary by two-to-three orders of magnitude, sample-
to-blank ratios that are significantly smaller and higher than the
average value presented in the table can be seen for individual
samples.
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Fig. 1. XRF spectrum of Whatman-41 filter sample using the fixed cond
Magnesium, Cl and Si were not detected in any of the field
lanks, indicating that the contribution of blank subtraction on
ncertainty in their concentrations is small.

The element with the lowest sample-to-blank ratio is P. High P
oncentrations observed both in field and laboratory blanks can be

able 2
ummary of QA/QC parameters in EDXRF analysis.

SRM 2783 (Avg ± SD)

Certified value (ng)a Measured value

Mg 8620 ± 520 7065 ± 390
Al 23210 ± 530 19580 ± 670
Si 58600 ± 1600 59500 ± 1550
P – –
S 1050 ± 260 915 ± 165
K 5280 ± 520 4902 ± 570
Ca 13200 ± 1700 14990 ± 1650
Ti 1490 ± 240 1685 ± 270
Cr 135 ± 25 146 ± 28
Mn 320 ± 12 315 ± 20
Fe 26500 ± 1600 30310 ± 1890
Ni 68 ± 12 28.7 ± 15
Cu 404 ± 42 277 ± 53
Zn 1790 ± 130 1609 ± 123
Pb 317 ± 54 320 ± 38

a Phosphorus, Cl and Br are not certified in SRM 2783.
b Magnesium, Si, and Pb were not detected in the field blanks.
(a) very light elements, (b) solids, (c) steels, and (d) medium elements.
attributed to presence of this element in the filter matrix at consid-
erable amounts. Reliable measurement of P is not possible when
cellulose filters are used in sampling. Similar statements are also
true for Zn. Average sample-to-blank ratio for Zn is approximately
1.0. Only in 25% of the samples with the highest Zn concentra-

Sample-to-blank ratiob % RSD

(ng)

8.93
10.6 5.63

6.55
0.99 7.74

150 4.63
59 5.71
30 3.37

9.52 7.45
4.21 8.42
1.86 9.26

24 4.31
2.33 8.10
8.62 7.85
1.06 6.25

10.0
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Table 3
Detection limits of the measured analytes.

Analyte DL (�g) DLa (ng m−3) DLb (ng cm−2) U (%)

Al 0.62 6.9 36 12
S 1.0 11 58 9.4
Cl 0.31 3.4 18 3.0
K 0.67 7.4 38 6.7
Ca 0.15 1.6 8.5 12
Ti 0.12 1.3 6.8 9.8
Cr 0.088 0.98 5.1 15
Mn 0.091 1.0 5.2 16
Fe 0.21 2.3 12 8.7
Ni 0.068 0.75 3.9 32
Zn 0.060 0.66 3.4 8.2
Br 0.094 1.0 5.4 3.1
Pb 0.11 1.2 6.1 16
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The average flowrate that passed through the 47 mm diameter filter is about
0.42 m3.
b Concentration is based on 17.35 cm2 irradiated area for a filter substrate of

7 mm in diameter.

ion blank subtraction was small enough for reliable measurement
f Zn concentration. High Zn blanks in cellulose fiber filters were
lso reported in the literature [10]. Sample-to-blank ratios of the
emaining elements were high enough for reliable measurements
n most of the collected samples.

NIST standard SRM 2783 (Air Particulate Matter on Filter Media)
as repeatedly analyzed to monitor sensitivity and calibration of

he instrument. Since SRM 2783 was prepared by collecting PM2.5
articles onto polycarbonate membrane filter, it has not bearing for
he analysis of fiber filters, but it shows the general performance of
he instrument. Measured concentrations of elements in SRM 2783
nd their certified values are given in Table 2. For all the parameters
he difference between observed and certified values of elements
re smaller than ±20%. All the tests performed in section indicates
hat the XRF instrument used in this study is operating properly and
an provide reliable results if appropriate samples are introduced.

Detection limits of measurements for each analyzed parameter
ere also calculated based on the below equation:

DL = 3
m

∗
√

Nb

t
(1)

here CDL is the minimum detectable concentration of analyte (ng),
is the slope of analyte counts–concentration curve (cps/ng) and

epresents the sensitivity of the instrument, Nb is background con-
entration (cps), t is the measurement time (s) [24]. Discussion
n how to make the conversions from count rates to concen-
rations is provided in proceeding sections of this manuscript.
etection limit values of measured elements, which were calcu-

ated using above procedure are given in Table 3, both in terms
f per air volume measured and per irradiated filter surface. As
xpected, detection limit values of elements in the table decrease
ith increasing atomic mass. Jenkins [25] has formerly put forward

hat poorer detection limits of XRF are generally associated with
ong wavelength extreme of the spectrometer, which corresponds
o elements with low atomic number, due to low fluorescence pro-
uction and increased absorption. Aluminum, chloride, potassium
nd sulfur are the lightest elements in Table 3 and these elements
ith the exception of chloride have detection limit values larger

han 5 ng m−3. However, relatively poor detection limits of these
lements are not a limitation in atmospheric analysis, because their
ssociated concentrations in ambient air are few orders of magni-

ude higher than these detection limit values. Rest of the elements
iven in the table have medium to heavy Z values and low–enough
etection limits for atmospheric samples.

Relative combined uncertainty of the measured analytes was
lso tabulated in Table 3. Uncertainty arising from instrument
Fig. 2. SEM picture of aerosol loaded cellulose fiber filter; SEM picture of aerosol
loaded polycarbonate membrane filter.

stability, counting statistical error, errors that arise from the con-
version of the intensities into concentrations (calibration) and
uncertainties associated with SRM measurement (accuracy) were
considered as the uncertainty sources and propagated together to
find relative combined uncertainty. Flow measurement in Hi-Vol
sampler and weighing of the filters were not taken into account in
uncertainty estimation since these two sources of the uncertainty
had already been included in calibration. Highest uncertainty value
was obtained for Ni, which can be explained by the lowest accuracy
attained in the SRM analysis for this element as provided in Table 2.

3. Results and discussion

Scanning Electron Microscope (SEM) images of particles col-
lected on cellulose-fiber and polycarbonate membrane filters at
Antalya and Ankara stations, respectively, are illustrated in Fig. 2a
and b. Fig. 2a and b demonstrates very different particle depth pro-
files on these two types of filters and general incompatibility of
cellulose fiber filters for XRF analysis.

As pointed out in previous sections in this manuscript, there are
two important sources of uncertainty in XRF analysis on fiber fil-
ters. The first and the better appreciated source of uncertainty is

the absorption of secondary X-rays emitted from particles pene-
trated deep in the cellulose matrix by filter material and particle
deposits on the filter. [1]. However, primary X-rays have to reach
to the particle and excite atoms of elements associated with it prior
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Table 4
Specific counts of elements spiked on polyethylene sheets and Whatman filters and that found in 50 samples (cps ng−1).

Standards spiked on polyethylene sheet Standards spiked on Whatman filter Whatman-41 samples

STM-1 GSP-2 ICP STM-1 GSP-2

Mg 0.12 ± 0.39 0.019 ± 0.095
Al 0.91 ± 0.046 0.96 ± 0.079 1.4 ± 0.20 0.12 ± 0.046 0.22 ± 0.013 0.16 ± 0.08
Si 0.46 ± 0.048 0.20 ± 0.014
S 336 ± 48 11 ± 4
K 5.8 ± 1.4 7.2 ± 2.3 6.7 ± 0.60 2.9 ± 0.90 1.4 ± 0.20 0.50 ± 0.20
Ca 7.9 ± 0.36 4.6 ± 0.66 7.9 ± 1.0 3.2 ± 0.19 4.7 ± 0.59 2.6 ± 0.23
Ti 59 ± 7.2 58 ± 0.6
Cr 12 11 ± 0.90
Mn 9.7 ± 4.9 5.9 ± 0.010 15 ± 1.3 27 ± 3.5 5.9 ± 0.030 3.0 ± 1.4
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Fe 11 ± 6 20 ± 2
Ni 8.2 ± 0.070
Cu 160 ± 5 250 ± 10
Pb 88 ± 29 29 ± 0.40

o possible absorption of secondary X-rays by the particles. There is
fair chance in fiber filters that the primary X-rays from the source
ill be attenuated and cannot penetrate the filter deep enough to

xcite atoms. To test this hypothesis, we calculated penetration
epth of primary X-rays into our samples using the following rela-
ion, which was derived by the combination of equations discussed
y Szilàgyi and Hartyàni [10] and Pastuszka et al. [26]:

= 5.38 × V × C

A × � × ln
(

R0
R

) (2)

n this relation, x is the penetration depth in �m; V is the sample
olume in cubic meters, C is the particle concentration in �g m−3,
is loaded filter area in meter square, � is the sample density in
cm−3, R0 and R are the reflectance of blank and loaded filters,

espectively.
V in this study is taken as 105 m3, which is the average air flow

hrough 55 mm filter disk. Average particle concentration in our
tudy (2085 �g m−3) was used for C in the equation. Value used for
was calculated by dividing the mass of filter to the irradiated area

nd average value of the seven filters was taken as 0.0097 g cm−3.
even reflectance measurements were performed on blank and
oaded filters using 8.06 keV Cu K-� source to determine values
f R0 and R. Maximum depth where the primary X-rays can pene-
rate into Whatman-41 filters was found to be 144 �m. This value
s in agreement with the 100 �m penetration depth found in sim-
lar filters by Szilàgyi and Hartyáni [10], and suggests that the
-ray beam cannot reach to the particles deposited deeper than
50 �m of the approximately 300 �m-thick filter, which obviously

ncreases uncertainty of the XRF measurements on fiber filters. It
hould be noted that penetration depth discussed here does not
nclude the uncertainty due to absorption of secondary X-rays by
he filter media or by other particles on the filter.

This argument clearly highlights that penetration of elements
eep into the fiber filter results in a significant underestimation
f elemental concentrations. This is experimentally verified by
alculating specific count rate (counts sec−1 ng−1) for elements
piked onto pre-cleaned polyethylene films, cellulose filters, and
or samples collected on cellulose fiber filters. For the spike test,
nown amounts of elements in a mixed synthetic standard solu-
ion (Merck, ICP Multi-Element Standard Solution IV CertiPUR®)
s well as digested GSP-2 (Granodiorite Silver Plume, is a medium
rained rock containing quartz, plagioclase, microcline, biotite and
uscovite, provided by U.S. Geological Survey (USGS)) and STM-1
Syenite STM-1, a sample of peralkaline nepheline syenite, is pro-
ided by USGS) reference materials were spiked onto sets of five
re-cleaned polyethylene sheets and cellulose fiber filter discs in
clean area. Filters were spiked in several spots distributed as

moothly as possible. When droplets spiked to these points are
29 ± 4 21 ± 4
8.4 ± 0.60

170 ± 30
13 ± 5.6 12 ± 8.2

soaked by the filter they form relatively homogenous distribu-
tion of solution. It was actually not attempted to obtain highly
homogenous distribution of analyte on the filter, because whole
filter surface is exposed to X-ray beam, not a certain fraction of fil-
ter (as in microprobe). Because of this, horizontal homogeneity of
the analyte is not as important as vertical homogeneity.

Standards spiked onto polyethylene sheets formed a thin layer
on the sheet representing conditions similar to aerosol samples col-
lected on membrane filters. Standards spiked onto cellulose fiber
filter, on the other hand, approximates the aerosol samples col-
lected onto fiber filters. However, depth profiles of the elements
in these spiked fiber filters may not be exactly the same with the
depth profiles of elements in atmospheric aerosol samples collected
on fiber filters. Polyethylene and cellulose filter discs were then
dried under twice HEPA filtered air and counted. Specific count
rates of elements (cps ng−1) were calculated by dividing count rates
obtained (cps) to the amounts of elements on discs (ng). Specific
count rates for the samples collected onto cellulose fiber filters
were calculated by dividing the count rates obtained from XRF
counting with the ng amounts of elements on the filter measured
by INAA (by AAS for Pb and Ni). Results are provided in Table 4.

It is clear from the table that specific count rates of most of
the elements measured for polyethylene discs were higher than
specific count rates found in cellulose fiber discs and samples. The
difference is statistically significant within 95% confidence limit for
Mg, Al, S, K, and Ca. Generally speaking, the agreement is better for
elements with high atomic weight. Although there were differences
between specific count rates of elements spiked onto fiber filters
and specific count rates of elements calculated for aerosol samples
collected onto fiber filters, these differences were not statistically
significant at 95% confidence.

This exercise clearly demonstrated that, the analysis of 1700
aerosol samples collected on cellulose fiber filters with XRF tech-
nique was not possible using conventional calibration approaches.
A new calibration method was developed that enabled us to analyze
these 1700 samples with XRF.

Three quarters of the samples collected in 1993 were analyzed
by a combination of INAA, atomic absorption spectrometry (for
Pb and Ni) and ion chromatography (IC). There were approxi-
mately 200 such samples. These 200 samples were divided into
two batches of 100 samples each. One of these batches was used to
calibrate the instrument and the second batch was used to check
the accuracy of calibration. For calibration, XRF count rates (cps)
obtained from samples in the calibration batch were plotted against

amounts of elements (ng) measured by INAA (AAS for Ni and Pb).
The slope of the regression line was then used as the calibration
coefficient to calculate the concentration of elements in the test
batch, and in samples for which INAA data were not available.
For this, each sample was counted in XRF for about 17 min and
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Fig. 3. Scatter plots for cali

ount rates (cps) of elements obtained was divided by the slope
f the regression line acquired from the calibration batch for that
articular element. Scatter plots, and regression information for
elected elements obtained from calibration batch are given in
ig. 3, together with average concentrations of elements in the test
atch, measured by both XRF and INAA. The correlation between
pecific count rates and ng amounts of elements on filters found by
NAA (R2), were higher than 0.9 for all elements without any excep-
ion. Probability of chance correlations (P[r,N]) was less than 0.01

<1%), demonstrating reliability of the slopes used in calibration of
he instrument. The R2 values for elements that were not included
n Fig. 3, were 0.92 for Br, 0.98 for Fe, 0.94 for K, 0.90 for Mg, 0.91
or Pb, and 0.92 for S.
n of the selected elements.

The uncertainty of the slope of the regression line of an ele-
ment is important as it determines the uncertainty of calculated
concentration in samples. The uncertainties of the slopes of regres-
sion line are also depicted in Fig. 3 for the elements that are shown
in the figure. Uncertainty in the slope of the regression line varied
between 0.01% for Cl and 4.7% for Mg, indicating that slopes can
be safely used to calculate concentrations of elements using count
rates obtained from XRF analysis.

Average INAA/XRF concentration ratios of elements for selected

samples from the test batch, are depicted in Fig. 4. It is clear
from figure that the average ratio was very close to unity imply-
ing that methodology developed in this study can be reliably
used to convert the intensities into concentrations of aerosol sam-
ples.



830 F. Öztürk et al. / Talanta 83 (2011) 823–831

F
c

d
p
p
s
c
t
e
c
t
f
U
d
t
b
s
a
d
M
(
e
a
e
e
r
c
s
d

t
t
c
s
d
t
H
l
a
s
i

i
I
i
t
(
a
t
m
e
t

Table 5
Count intensity normalized to elemental mass for the elements measured in this
study, using 100 and 10 sample calibration batches.

10 Sample
counts sec−1

�g element−1

RSDa (%) 100 Sample
counts sec−1

�g element−1

RSDa (%)

Mg 0.19 ± 0.021 11.0 0.20 ± 0.033 16.8
Al 1.5 ± 0.20 10.4 1.5 ± 0.20 12.8
S 11 ± 1.1 10.3 13 ± 1.6 12.6
Cl 10 ± 0.81 8.1 9.8 ± 1.6 16.3
K 5.5 ± 1.0 19.8 5.4 ± 1.4 25.9
Ca 4.8 ± 0.25 5.2 4.6 ± 0.47 10.2
Ti 6.9 ± 0.52 7.6 6.9 ± 0.62 9.0
Cr 10 ± 0.81 8.1 9.8 ± 1.6 16.3
Mn 3.1 ± 0.46 14.7 3.2 ± 0.26 8.0
Fe 13 ± 1.0 7.8 13 ± 1.2 9.1
Ni 7.3 ± 0.70 9.7 7.4 ± 0.84 11.3
Zn 10 ± 0.18 17.6 9.8 ± 2.1 21.7
Br 13 ± 1.1 8.9 14 ± 1.4 10.0
ig. 4. INAA-to-XRF concentration ratios of elements (XRF data is generated by
alibration with the method described in this study).

The calibration approach developed in this study assumes that
epth profiles of elements do not change in time at a given sam-
ling point. This assumption needs to be checked, because depth
rofiles of elements depend on their size distributions in atmo-
phere, which can change depending on relative abundances of
rustal, marine and anthropogenic particles. Relative abundances of
hese aerosol components can vary with the origin of particles. For
xample, in the Mediterranean basin, where these samples were
ollected, transport of air masses from S, SW and SE wind sec-
ors bring coarse crustal and marine particles, whereas transport
rom W, NW and NE sectors bring fine anthropogenic particles.
nfortunately, there is no data available on how variations in size
istribution of particles would affect their depth profiles and hence
heir count rates for this study. On the other hand, size distri-
utions of trace elements in aerosol samples collected by seven
tages Hi-Vol impactor sampler at the same station were evalu-
ted by Kuloğlu et al. [27]. It has been found that mass median
iameters (MMD) of crustal elements (such as Al, Ca, Fe, K and
g) are between 3.0 and 3.5 �m, those of anthropogenic elements

such as Pb, S and Zn) are between 1.01 and 1.25 �m while MMD of
lements that have both crustal and anthropogenic sources (such
s Cr, Ni, Mn and Ti) is less than 2.0 �m. Based on the MMD of
lements, it can be concluded that pollution derived elements are
xpected to penetrate deepest into the filter material due to their
elatively small sizes. Since crustal elements have greater sizes as
ompared to anthropogenic ones, they retain close to surface of the
ubstrate. Elements with mixed sources probably penetrate much
eeper than crustal elements but not than anthropogenic ones.

One-hundred samples used in the calibration batch are dis-
ributed uniformly in the year 1993 and represent all likely air mass
ransport patterns implying that particle size distributions that
an observed in our sampling location are homogenous over the
elected samples. The variability in XRF counting statistics due to
ifferent depth profiles of particles in different samples contributes
o uncertainty of the slope of the regression line of each element.
owever, since the uncertainties of the slopes of the regression

ines of elements, which were discussed in previous paragraphs,
re low, we can conclude that the effect of variations in particle
ize distribution on XRF counting statistics is not large enough to
nduce a significant uncertainty on the concentrations.

Although the results of our calibration approach were sat-
sfactory in terms of accuracy, it is not practical, because 100
NAA-analyzed samples have to be counted at every time the
nstrument is calibrated. The method is further modified to avoid
his inconvenience. For an element, average specific count rate
cps ng−1) was calculated from 100 samples in the calibration batch

nd 20 of these samples with specific count rates that are closest to
he average were selected. The procedure was repeated for all ele-

ents. Finally a batch of 10 samples that are common to as many
lements as possible was selected and this batch was used in all fur-
her calibrations of the XRF. This approach did not yield 10 point
Pb 9.5 ± 0.55 5.8 9.8 ± 0.92 9.5

a Relative standard deviation.

calibration for all elements, because specific count rates of a par-
ticular element in this group of 10 samples may not be among the
nearest 20 to its average specific count rate. However, all elements
did have 6–10 calibration points.

The difference between 100 point and 10 point calibrations was
tested by comparing the average specific count rates obtained from
each batch. The results are given in Table 5. Ratios of average spe-
cific count rates of elements in 100 point and 10 point calibrations
varied between 0.89 for Br and 1.18 for S, indicating that results
obtained by 100 and 10 point calibrations are not different and 10
point calibration can be routinely used.

4. Conclusions

A relatively simple calibration method was developed for the
XRF analysis of 1700 atmospheric aerosol samples collected on
Whatman-41 cellulose fiber filters. It is demonstrated that concen-
trations of elements, particularly those with low atomic weights,
are severely under-predicted when the samples were analyzed
using regular XRF standards prepared by spiking known amounts
of stock solutions on thin mylar or polyethylene films. The under
predictions were attributed to penetration of particles bearing ele-
ments deep into the fiber filter matrix. A new method of calibration
was developed for swift analysis of very large number of samples.
Two-hundred samples that were previously analyzed by INAA were
used in calibration. These samples were divided into two groups
each containing 100 samples. One of the lots was used to calibrate
the instrument and the other one was used to check the accuracy
of results. The results showed that the method can be reliably used
for analysis of aerosol particles collected on fiber filters. Average
INAA-to-XRF concentration ratios of elements, which was as high
as 7 when the instrument was calibrated with regular XRF proce-
dures varied between 0.8 and 1.2 when the instrument is calibrated
with this new method.

Generated huge data set will be treated further by various
advanced statistical techniques. For instance, cluster analysis, pos-
itive matrix factorization (PMF) and potential source contribution
function (PSCF) are the tools that will be employed to identify the
sources and source regions of pollutants affecting the chemical
composition of Eastern Mediterranean aerosols collected at our sta-

tion. Since the data generated herein extended over a considerably
long period of time, trend analysis techniques will be performed to
show whether the pollutants have a well defined trends or not.
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