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Abstract: The existing forms of Fe are of great interest since they have a profound effect on
the biological availability of Fe. In this work, aerosol samples collected in different seasons
and at different locationsin the Qingdao region were examined by means of extended X-ray
absorption fine structure (EXAFS) K-edge analysis of Fe, X-ray diffraction (XRD) and Fe
content analysis. The results showed that an iron ion in aerosol particles is surrounded on
average by 5.8 (coordinated) O ions. For the six samples examined, the coordination number
of thefirst Fe-O coordination subshell isalways 3 with acoordination distance (with O) in the
range of 1.952~1.966+0.002 A, while the coordination number of the second subshell varies
from 2.2 to 3.0 with a coordination distance of 2.108:0.002 A. The coordination is
approximately consistent with that of a-Fe,Os, suggesting that iron in aerosol samples is
mainly present in the form of a-Fe,Os. The fact that the coordination number in the second
subshell is smaller than that of a-FexO3 might be an indication that there is a small amount of
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FeO mixed with a-Fe,O; in aerosol particles. Existence of FeO is confirmed by alater XRD
experiment.
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Introduction

Atmospheric aerosols are particles and/or droplets suspended in air [1]. They play very important
roles in atmospheric processes [2], environmental quality [3], and the biogeochemical cycles of trace
elements and conpounds [4], even though they contribute very little to the atmospheric constituents of
the earth.

Trace metal elements loaded in aerosol particles are of great interest since they have profound
effects on the geochemical cycle of metals and on the marine ecosystem. Recent research showed that
atmospheric dry deposition is one of the mgor paths for the input of trace metals to waters [5-7]. The
environmental effect isdirectly determined by the aerosol composition, concentration and chemical
species of metals in aerosol particles. Iron in seawater is especialy important for the oceanic ecosystem,
because the primary oceanic productivity is actually limited in many cases by iron in addition to
nutrients [8,9]. Therulesof transfer and transformationand the biological availability of iron in waters
depend on its form and chemical species present [10-12], not on its total concentration. Therefore, it is
important to study iron speciation and transformation.

It is very difficult for conventional X-ray diffraction (XRD) method to detect the local structures of
iron in aerosol particles because of its low content. Fluorescence spectrum of EXAFS was developed in
recent years, and it can obtain local structure information for samples whose concentration is no less
than about ten ppm. It can therefore be used to study crystal and non crystal samples, including solids,
liquids and even gases [13, 14]. In thiswork, the characteristics and variation of the local iron structures
for aerosol samples collected in different seasons (spring and summer) and at different sites in the
Qingdao area were examined by means of Fe K-edge EXAFS andysis.

Experimental
Sample collection

Three sampling sites, Yangkou, Baguanshan and Cangkou, denoted as sites #1, #2 and #3
respectively, are located near the coast of the Qingdao area. These sampling sites represent different
functiona districts and environmental settings. Y angkou (#1) lies near the shore of the Yellow Sea, at
the foot of Laoshan Mountain, and there is smaller anthropogenic influence owning to less pollution
emission sources. The Baguanshan site (#2) islocated on the top of a hill, on the downtown campus of
Ocean University of China, and represents a utility and residential area The Cangkou sampling site (#3)
is surrounded by industria estates (such as Qingdao Stedworks, Qingdao Chemica Plant, etc.).
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The corresponding TSP (total suspended particles) of samples collected at these three sites during
the spring season were denominated as Spr-1, Spr-2 and Spr-3 respectively. At site #2, we collected
PM 1o (particles with aerodynamic diameter less than 10mm) samplesin spring and summer, represented
as Spr-2P and Sum-2P respectively. Sample collection was carried out using a KB-120 air sampler, and
the ambient particles were separated on 0.4mm pore size Nuclepore filters. The sampler was mounted
and secured at a high platformduring the entire sampling period, and the volume of air sampled was
monitored by using a flowmeter, which was calibrated by a qualified organization The sampler was
operated for a 20-h period during each sampling to collect about 100 n of air. A clear plastic nipper and
disposable plastic gloves should be used during the whole process to avoid external pollution. The
plastic nipper and filter containers were soaked for two weeks in a 50% HCI bath, and then rinsed with
sub-boiling water. The filters were aso pretreated with 15% HCI solution for 48h and rinsed at a clean
bench in the laboratory. For the transport to and from the sampling stes, the sampling materials were
kept insgde adouble plagtic bag which was aso pretrested with dilute HCI solution

EXAFS

The EXAFS experiments were carried out in fluorescence mode on Beam 4WB1 at the Beijing
Synchrotron Radiation Facility BSRF). The storage ring was operated with an electron energy of
2.2GeV and a typica current of 50mA was used during the experiment. A Si(111) double crysta
monochromator was employed. Higher harmonics were rejected by detuning the Bragg angle of the
second crystal of the monochromator. The samples were placed with an angle of 45%against incident
X-rays. The fluorescence signal was detected by a Lytle fluorescence ionization chamber. Interference
of dispersion was eliminated by using aMn filter. The K-edge of iron element positioned at 7112 eV
was used for calibration. The filter membranes with aerosol particles were folded in haf (with a
detection area of 0.5 x 1cm) and mounted on a sample holder with Scotchtape. The absorption spectra
of a-FexOs and six aerosol samples were collected. Fine powder of a -Fe>Os was chosen as stardard and
measured in transmisson mode. The detection limit of iron with fluorescence method is about 20 ppm.

A blank filter membrane was examined to clarify the possible interference caused by filters. The result
showed that the interference is negligible.

XRD

The XRD patterns were obtained on a refitted Rigaku 12kW rotating anode X-ray diffractometer
using CuK , radiation (I =0.1541nm). A voltage of 40kV and a current of 120mA were employed. The
samples were scanned from 520 6572q) stepwise a 0.0229)/step.

Iron content measurements

The aerosol samples loaded on filters were dried in a desiccator until the weights were constant, and
were then weighed. The iron content in aerosol samples was determined by means of atomic absorption
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spectrometry (AAS). Prior to the analysis, a sample was digested with ultrapure HNO; (2.0 mL) HCIO4
(2.0 mL) and HF (2.0 mL) in a Teflon bomb for 3 to 4 hours at 160°C. The solution was then heated
until it was completely dry, followed by cooling for a period of 1 hour. Next, the residue was dissolved
with 1.0 mL ultrapure HNO3 and transferred into a 10mL colorimetric tube. The volume of the resulting
solution was fixed to 10 mL with sub-boiling water.

Samples were subsequently analyzed with graphite-furnace atomic absorption spectrometry. The
sample injection volume is 10 L, with the flow rate of argon gas being 200mL>min™. The precision of
this method was 3.2 (RSD%), whereas the detection limit and the recovery efficiency of iron were
0.0087ny/10mL and 95.1% respectively. The resultsare givenin Table 1.

Results and Discussion
EXAFSdata analysis

The EXAFS function ¢(k) iscusomarily expressed as following:

TISMIRe ™ e ™ V(2R 41 (K) D

c()=4 (

where K is the photoelectron wave number and S(k) is a dimensionless functio n of k assigned to the
attenuation of the EXAFS signal due to multiple excitation effects; F; (k), Fj, s, | (k) are the jth atoms¢
backscattering amplitude function, energy dependent phase shift in the photoelectron wave,
Debye-Walker factor and the photoelectron mean free path respectively; R;, N; are the mean internuclear
distance between the central atom and the atoms of thejth neighbour shell and the coordination number
of the jth shell respectively. The aim of EXAFS data analysis is to obtain these unknown parametersin
above formula namdy R, Nj and s;.

The EXAFS data analysis was performed according to conventional procedure [15], and was
accomplished by applying NSRLXAFS software developed by XAFS Station of Hefel Synchrotron
Radiation Fadility, Universty of Science and Technology of China.

The experimental data were first converted into absorption curve M{E)-E. Figure 1 shows the
absorption curve of a-Fe,03 standard and aerosol samples. The New Victoreen formula (with photon
energy E and parameters a, b, ©),

= aE 3+bE*+c @)
was used to remove the pre-edge background. The post-edge background was fitted by three section
cubic spline function. After the removal of the post-edge background, the atomic absorption coefficient
my isthen obtained.
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Figure 1 Fe K-edge absorption spectra of a-Fe,O3 (a) and aerosol samples (b).

To eliminate the effect caused by samples with different thickness, the data must be normalized first.
The normalization factor is the height of the absorption edge, which is generally determined by the
height difference between the pre-edge and post-edge curves. Thefunction ¢(E) can then be derived by
usng the following formula

m- no
Dmy

c= ®3)

where Dy is the dtitude of transmission jump at absorption edge M.

The EXAFS basic formula, ¢(k) (Equation 1) is a function of photoelectron wave number k),
instead of a function of energy (E). Therefore, it is necessary to convert the derived EXAFS (Equation 3)
from energy space into wave number space as afunction of k, whichisgiven by

K J2m(E - Eo)

T @

where m is the electron mass and Ey is the threshold excitation energy of the photoelectron 7 is the
normalized Planck constant. The EXAFS spectra ¢ (k)~k were then obtained, and a weight factor of k2
was gpplied to compensate the swing atenuation effect.
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Figure 2 The RDF of a-Fe2O3 (a) and the samples(b).
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To extract the structural signals from the background, the next step in the analysis is to Fourier
transform (FT) the k®-weighted EXAFS signal (k°c (k)) using the region from 3.0~11.0A™%. This converts
the data from a representation in terms of k to that in terms of coordinate space Rand gives an overview
of the average radial distribution(RDF)in material. Typical results of FT(k?c) for the a-Fe,Os standard
and aerosol samples are presented as solid linesin Figure 2. The first peak on the RDF at 1.9A (Figure 2)
corresponds to the contribution of O ligands in the first coordination sphere of Fe atom (RDF distance
was not corrected for phase shift). The contribution at higher distance (2.9~3.5A) corresponds to the
Fe-Fe bond in the second sphere. To obtain the EXAFS signa of the first coordination sphere of the
absorption atom(solid lines in Figure3), the first RDF peak was selected using a window function, then
filtered and back Fourier transformed intok space.

In order to calculate the local structure parameters around the absorption atom using EXAFS basic
formula (Equation 1), two key parameters, i.e. phase shift F (k) and backscattering amplitude F(k),
must be known in advance. These two parameters in this work were gnerated by FEFF6 software
package [16].

We first fitted the data using single oxygen atomic shell, but no reasonable results were obtained. It
occurred to us that the Fe-O coordination of the samples couldrit be explained with one single Fe-O
coordination shell.

The space group of a-FexOs is R3c. Feis octahedrally coordinated with 6 (coordinated) O ions.

There are 3 long Fe-O bonds and 3 short ones, with bond length being2.115 A and 1.945 A respectively.
Considering the coordination state of Feion in a-Fe,Os, we assume that O ions around Feion in aerosol
samples aso lie in two coordination shell of different distances. The fitting was then performed using
two oxygen atomic shells with the nonlinear least square method, and a very much better result was
obtained. Figure3 shows the fitting plot of the calculated spectra (open circle) and the experimental
spectra (solid line) for a -Fe,O3 and aerosol samples
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Figure 3. k*Weighted EXAFS and the fitting curve for iron K-edge of Fe-O coordination
ddl of a-FexO3 (a) and aerosol samples (b).
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EXAFS analysis results

As shown in Figure 3, the fitting resultsare good. The large noise of the EXAFS signals, which are
caused by the low content of total iron in our aerosol samples, might be responsible for the fitting errors
Table 1 gives the results of all samples collected in spring and summer along with an a -FeO3 standard.
The results indicated that each Fe ion in the nearest coordination shell is surrounded on average by 5.8
(coordinated) O, forming an aberrant octahedron. Three of the oxygen atoms are located at a distance of
1.959+0.002 A and 2.8 at 2.108+0.002A. For the six samples examined, the coordination number of the
first Fe-O coordination subshell is aways 3 with a coordination distance (with O) in the range of
1.952~1.966+0.002 A, while the coordination number of the second subshell varies from 2.2 to 3.0 with
acoordination distance of 2.108+0.002 A. The coordination state is approximately consistent with that
of a-Fex0z3, and this suggests that iron in aerosol samples mainly presents in the form of a-FeOs. We
also found that in aerosol samplesthe number of O neighbors around Fe in the second subshell is lower
than that for a-Fe;Os, which might be an indication that there is a small amount of FeO mixed with
a-Fe,03 in aerosol particles. The smilar result was dso found inironloaded cod chars[17].

Table 1 Iron contents and coordination parameters of Fe-O coordination shell
for a-Fe,O3 and aerosol samples.

Fe content First subshell of Coordination Second subshell of Coordination
Sample (%) Fe-O coordination | number of the first | Fe-O coordination number of the
R.(A) subshell, N, R.(A) second subshell, N,
a-Fex0s3 1.945 3 2.115 3
Spr-1 177 1.966+£0.002 3.05+0.05 2.108+0.02 3.01+0.05
Spr-2 3.18 1.956+£0.002 3.05+0.05 2.108+0.02 3.01£0.05
Spr-2P | 2.76 1.952+0.002 3.05+0.05 2.108+0.02 2.91+0.05
Spr-3 3.10 1.960+£0.002 3.02+0.05 2.108+0.02 2.91+0.05
Sum-2 0.82 1.963+0.002 3.05+0.05 2.108+0.02 2.67+0.05
Sum-2P | 0.68 1.958+0.002 3.05+0.05 2.108+0.02 2.19+0.05

An XRD experiment for aerosol samples was carried out later. The diffraction pattern of one of the
samples was displayed in Figure 4. We can find that the Nuclepore filter loaded with aerosol particles
owns a strong diffraction signal and interferes with the signals of FeO and a -Fe;Os. Thisresults in the
poor diffraction pattern Computerized qualitative analysis according to JCPDS powder diffraction files
showed that there are a-Fe, O3, FeO and Al(OH)3 in the sample. It illuminates that iron lies in aerosol
particle not only in the form of a- Fe,O3 but dsoin the form of FeOin ameasure.
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Figure 4. The XRD spectra of an aerosol sample.

For the TSP and PM;o samples collected at sampling site #2 during spring and summer, the
coordination of the first Fe-O subshell is similar, but the coordination number of the second subshell for
PM 19 islower than that for TSP. Thisis probably caused by the higher content ratio of FeO: a-Fe;Os in
fine particles than in coarse particles. This inference needsto be further confirmed by means of other
Speciation methods,

Summary and Conclusons

In this paper, we obtained the near-neighbour coordination parameters of Fe ions by analysis of Fe
K -edge fluorescence EXAFS spectra for aerosol samples collected in the near shore region of Qingdao.
In aerosol particles, iron is mainly present in the form of a- Fe;Os, with asmall amount of mixed FeO.
Iron concentration in aerosols collected in Qingdao region, especially for those collected in summer, is
very low. This leads to the large noise in the EXAFS signalsand causes difficulties for structural
parameter determination and gives limited information. The EXAFS technique would provide more
useful structural information for iron(l11) and iron(I1) in aerosol particles if high-dust samples with
higher iron content were collected.
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