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a b s t r a c t

A micro X-ray fluorescence (Micro-XRF) spectrometer based on a polycapillary focusing X-ray lens
(PFXRL) and a laboratory X-ray source was designed to carry out the XRF analysis of single aerosol par-
ticles. The minimum detection limit (MDL) of this Micro-XRF spectrometer was 9 ppm for the Fe-Ka. The
percentage of the particles of vehicle exhaust among aerosol particles was studied in Beijing, Chinese cap-
ital, during the test of odd–even driving restrictions for Beijing 2008 Olympics Games. This Micro-XRF
spectrometer had potential applications in the analysis of single aerosol particles.

� 2008 Elsevier B.V. All rights reserved.

1. Introduction

Single particle analysis is a useful method of identifying origins
of aerosol particles [1,2]. It can provide more detailed and reliable
information of aerosol particles than bulk analysis. The main meth-
ods of the analysis of single aerosol particles are electron probe
X-ray microanalysis (EPXMA), laser mass microanalysis (LAMMA),
micro synchrotron X-ray fluorescence (Micro-SXRF) and micro pro-
ton-induced X-ray emission (Micro-PIXE) [1–5]. The MDLs of the
EPXMA and LAMMA are higher than those of the Micro-SXRF and
Micro-PIXE. Although the Micro-SXRF and Micro-PIXE can provide
elemental analysis with lg/g sensitivity for almost all elements
even in a micrometer size samples, they are large and expensive
facilities. In fact, the XRF analysis of single aerosol particles can
be carried out by using a laboratory Micro-XRF spectrometer based
on a PFXRL [6–8]. It is well known that the distributions of the
X-ray intensity in the focal spot of the PFXRL are Gaussian distribu-
tion. This is not helpful for quantitative analysis of single aerosol
particles, because some elements are inhomogeneously distributed
over the particles with different shapes and sizes [9]. Therefore, the

studies on the application of the PFXRL in the analysis of single aer-
osol particles are now focused on how to obtain the accurate
results of the quantitative analysis. In fact, if the Micro-XRF spec-
trometer based on the PFXRL is used to identify the origins of single
aerosol particles, the quantitative analysis of single aerosol parti-
cles is not necessary. The reasons for this are as follows. In the ori-
gin identification of single aerosol particles, one is mostly
interested in whether the elemental composition of an unknown
aerosol particle is similar to that of a known origin aerosol particle,
rather than the absolute value of the elemental compositions. Pre-
vious studies have revealed that particles from different pollution
sources have different elemental composition characterized by its
characteristic X-ray spectrum [2]. The pattern of the characteristic
X-ray spectrum is considered as the chemical fingerprint of the sin-
gle aerosol particle. The origins of single aerosol particles can be
therefore identified by comparing the spectra of unknown single
aerosol particles with the spectra of single aerosol particles from
air pollution sources [2]. In our studies of the application of the
Micro-XRF spectrometer based on the PFXRL in the origin identifi-
cation of single aerosol particles, the method of directly identifying
the origins of single aerosol particles by their characteristic X-ray
spectra was used.

In this paper, the Micro-XRF spectrometer based on the PFXRL
was proposed to be used in the origin identification of individual
aerosol particles. The performances of the micro-XRF spectrometer
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based on a PFXRL were studied. As an example of the application of
the micro-XRF spectrometer based on the PFXRL in the origin iden-
tification of single aerosol particles, the percentage of the particles
of vehicle exhaust among aerosol particles was studied in Beijing,
Chinese capital, during the test of odd–even driving restrictions
for Beijing 2008 Olympics Games. The effects of air conditioning
on the indoor air quality were investigated.

2. Experiments and results

2.1. Experimental setup

The Micro-XRF spectrometer based on the PFXRL is described in
detail in [10]. The X-ray source is a Mo rotating anode X-ray gen-
erator (RIGAKU RU-200, 60 kV–200 mA) whose spot size is
300 � 300 lm2. The detector system is an XFlash� Detector 2001
RÖNTEC and RÖNTEC MAX Spectrometer. The energy resolution
of this detector system is 140 eV at 5.9 keV. The parameters of
the PFXRL are reported in Table 1.

2.2. MDLs of micro-XRF spectrometer based on PFXRL

The MDL can be calculated by the following formula [11]:

MDL ¼ 3 � CiN
1=2
B =NA; ð1Þ

where Ci is the concentration of element i in the standard sample,
NB and NA are the area of background and net peak of the analyzed
element, respectively. The MDLs of the micro-XRF spectrometer
based on PFXRL were 9 and 13 ppm for Fe-Ka and Cu-Ka, respec-
tively, which were measured using standard samples prepared by
pipetting standard solutions on a Mylar film with a thickness of
3 lm. The measurement time was 300 s when the operating voltage
and current of the X-ray tube were 23.0 kV and 60.0 mA, respec-
tively. The MDLs of the micro-XRF spectrometer based on PFXRL
were higher than those of LAMMA, Micro-SXRF and Micro-PIXE,
and lower than that of EPXMA.

3. Identification of origin of single aerosol particles

The origins of single particles were identified via the following
steps. First, numerous single particles collected from the possible
emission sources were analyzed by the micro-XRF spectrometer
based on the PFXRL one by one. Their micro-XRF spectra were re-
corded in a database as the fingerprint library of the air pollution
sources. Second, the particles collected from the environmental
monitoring site were analyzed in the same way. Their micro-XRF
spectra were recorded in another database as the fingerprint li-
brary of the environmental monitoring samples. Finally, the mi-
cro-XRF spectra in the fingerprint library of the environmental
monitoring samples were compared with those of air pollution
sources. Origins of the analyzed individual particles from the envi-
ronmental monitoring site were directly recognized.

For sampling, a Battelle-type cascade impactor was used, which
has eight size-fractionated stages with the size range of <0.25,
0.25–0.5, 0.5–1, 1–2, 2–4, 4–8, 8–16 and >16 lm, respectively.

The samples were prepared within a sampling time limit so that
the particles were well separated with a minimum separation dis-
tance which is greater than the diameter of the excitation source
beam. The aerosol particles were collected on a Mylar film with a
thickness of 3 lm. In order to avoid particles piling up on the Mylar
film, the collected samples were firstly checked with a polarizing
microscope with a total magnification of 1250.

In order to establish a fingerprints database of the air pollution
sources, some typical emission sources were sampled. These
sources were soil dust, vehicle exhaust and construction dust,
respectively. Figs. 1–3 show some XRF spectra of a single aerosol
particle collected on the stage with the size range of 2–4 lm men-
tioned above. As shown in these spectra, each emission source had
its characteristic micro-XRF spectrum, and the relative peak inten-
sities of the elements were different from each other. Therefore,
micro-XRF spectra can be used to identify the sources of each mea-
sured particle collected from the environmental monitoring site.

For each particle collected on the stage with the size range of 2–
4 lm, we recorded six X-ray spectra with the center of the focal
spot of the PFXRL locating at six different positions on the analyzed
particle, and regarded the average of these six spectra as the chem-

Table 1
The parameters of the PFXRL.

Length (mm) 86.3
Input diameter (mm) 4.5
Output diameter (mm) 3.3
Focal distance at 17.4 keV (mm) 15.1
Focal spot size at 17.4 keV (lm) 33.7
Gain in flux density at 17.4 keV 3260
Number of the capillaries composing the PFXRL 270,000
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Fig. 1. XRF spectra of a single aerosol particle of vehicle exhaust. (W-La and W-Lb
are from the contaminations on X-ray source target).
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Fig. 2. XRF spectra of a single aerosol particle of construction dust. (W-La and W-Lb
are from the contaminations on X-ray source target).
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