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Abstract

X-ray absorption fine structure (XAFS) spectra for S, Cl, V, Cr, Mn, Cu, Zn, As, Br, Cd and
Pb and Mossbauer spectra for Fe have been obtained for two National Institute of Standards and
Technology (NIST) particulate matter (PM) standard reference materids (SRMs): urban PM
(SRM 1648) and diesel PM (SRM 1650). The spectral data, complemented by information on
elemental concentrations from proton-induced X-ray-emission (PIXE) spectroscopy, were used to
interpret the speciation of these elements in these complex materials. It appears that all the
metallic elements investigated occur in oxidized forms, principally as sulfates in the diesel PM
SRM and as sulfates, oxides, and possibly other forms (e.g. clays?) in the urban PM. A minor
fraction of the sulfur and major fractions of the halogens, Cl and Br, occur as organosulfide
(thiophene) and organohalide occurrences, respectively, that must be associated with the abundant
carbonaceous matter that constitutes the major component of the two PM SRMs. Most of the
sulfur, however, occurs as sulfate in the urban PM and as bisulfate in the diesel PM. In addition,
elemental oxidation states have been determined directly by the spectroscopic techniques. Such
information is often the key parameter in determining the toxicity and solubility of specific
elements in PM, both of which are important in understanding the threat that such elements may
pose to human health. For the two HAP elements, Cr and As, for which the toxicity depends
greatly on oxidation state, the XAFS data showed that both elements are present in both SRMs
predominantly in the less toxic oxidation states, Cr(I11) and As(V). The potential of the XAFS
spectra for use as source apportionment signatures is illustrated by reference to chromium, which
exists in these two PM SRMs in very different forms. © 2000 Elsevier Science B.V. All rights
reserved.
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1. Introduction

Respirable fractions of airborne ambient particulate matter (PM), specifically those
fractions that are less than 10 um (PM,,) and more recently, less than 2.5 wm (PM, )
in size, have been identified as potential health concerns for the general public [1]. Much
of this airborne PM is thought to derive from fossil fuel combustion, either from
stationary sources such as coal or oil combustion plants for electrical-power generation
or from vehicular exhausts, particularly diesel engines. The recently revised air quality
standards proposed for ambient PM [1] have stimulated much new research on the health
and environmental problems posed by such fine airborne material [2,3]. However, the
actual deleterious agents in PM that adversely affect human health have not yet been
identified. What appears to be of greatest concern are potentially toxic species that can
dissolve in lung fluids and enter the body via the bloodstream. Such toxic species may
either be organic or inorganic in origin.

Furthermore, owing to the chemical complexity, extremely small particle sizes, and
the typically small total sample size (often no more than a few milligrams) of ambient
PM samples collected on filters, such samples can pose significant problems for
analysis, especially for speciation of the inorganics. One technique that has a significant
potential for elemental speciation of fine PM is the synchrotron-based technique of
X-ray absorption fine structure (XAFS) spectroscopy. This technique provides informa-
tion on the form of occurrence of an element in the material under investigation, which
complements compositional elemental analyses abtained by conventional methods, such
as X-ray fluorescence, instrumental neutron activation analysis, proton-induced X-ray-
emission (PIXE), etc. In addition, the XAFS technique is non-destructive, sensitive to
parts-per-million (ppm) concentration levels of many elements, and is well suited for use
directly with either bulk samples or PM filter samples.

A second aspect of the analysis of fine airborne ambient PM to which XAFS
spectroscopy may contribute significantly is source apportionment. Source apportion-
ment is likely to be an important issue in determining the relative responsibility (and
hence, also to indicate the means for reducing airborne PM) of various anthropogenic
contributions to the degradation of ambient air quality. Of particular concern is the
recognition and measurement of different contributions, both natural and anthropogenic,
to fine PM in ambient air. The spectral signatures obtained by XAFS spectroscopy for
key elements could find use for recognizing specific individual source contributions to
PM samples. However, the database on XAFS spectra of elements in both ambient PM
samples and potential emission sources of PM will need to be generated, as there is very
limited data available at this time.

In this paper, we summarize speciation data obtained from XAFS spectroscopy for
various elements and from Mossbauer spectroscopy for iron in two National Institute of
Standards and Technology (NIST) standard reference materials (SRMs) for PM: SRM
1648 Urban PM and SRM 1650 Diesel PM. Complementary analytical data from PIXE
analyses are also summarized for the two SRMs. The emphasis is placed on those
elements that are either transition metals or elements defined as hazardous air pollutants
in the 1990 Amendments to the Clean Air Act [4]. A comparison of the XAFS and PIXE
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data shown here for the bulk SRM samples with data obtained for a PM ,, filter sample
is to be presented elsewhere [5].

2. Experimental
2.1. XAFS spectroscopy

XAFS spectroscopy for S and Cl was performed at beam-line X-19A at the National
Synchrotron Light Source (NSLS), Brookhaven National Laboratory, NY, using silicon
(111) monochromator crystals, whereas the XAFS spectra for all other elements, V, Cr,
Mn, Cu, Zn, As, Br, Cd, and Pb, were measured at beam-line 1V-3 at the Stanford
Synchrotron Radiation Laboratory (SSRL), Stanford University, CA, using silicon (220)
monochromator crystals. All spectra were collected in fluorescence geometry using
either a Lytle detector [6] or a 13-element germanium detector [7]. To enhance the
signa /noise ratio, each Ge detector element was electronically gated to record just the
X-rays fluoresced by the element of interest in response to the absorption of the incident
X-rays. Typically, the XAFS data were collected from 100 eV below the absorption
edge of the element of interest to as much as 500 eV above the edge. Where possible,
each spectrum was calibrated simultaneously using a metal foil or other standard
absorber in an absorption geometry experiment located after the fluorescence experi-
ment. Also, filters and Soller dlits [8] were used as needed to enhance the signal /noise
ratio. Specific details of the XAFS experimentation are summarized in Table 1.

All spectra were obtained from samples of the urban and diesel SRMs held in the
X-ray beam in thin polypropylene bags. Except for some minimal sample pulverization

Table 1

Details of XAFS experimentation for each element

Element? Calibration Calibration Detection Filter and other
material® energy (eV)° method comments

S Elem. S (peak) 2472 Lytle None, al He path

Cl NaCl 2825 Lytle None, al He path

\ V fail 5465 13-Ge SpTi

Cr Cr fail 5989 13-Ge 3pV

Mn Mn foil 6539 13-Ge 6 pnCr

Cu Cu fail 8979 13-Ge 6 . Ni

Zn Znfail 9659 13-Ge 6 Cu

As As,0; (peak) 11,867 13-Ge 6 . Ge

Br KBr 13,474 13-Ge 6 Se

Cd Cd foail 26,711 13-Ge None

PoLy, Pb foil 13,055 13-Ge 6 nm Ge

®All elements measured at their K-edge except for lead.

PAll calibration points are the first inflection point in the XANES spectrum of the appropriate calibration
material, except for sulfur and arsenic, in which cases the actual position of the prominent white-line peak of
the calibration material was used.

“This energy is also the actual energy of the zero-points of energy for the compilations of XANES spectra
shown in various figures in this paper.
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and mixing in a mortar, nothing was done to the samples before placing them in the
bags.

The XAFS spectral data were transferred electronically to a DEC MicroVAX
computer workstation at the University of Kentucky for data analysis and reduction. The
XAFS data reduction followed well-described standard procedures [9-11]. First, the raw
spectrum was divided into separate X-ray absorption near-edge structure (XANES) and
extended X-ray absorption fine structure (EXAFS) regions. Whereas the XANES region
is used without further manipulation as a ‘‘fingerprint’’ for the occurrence of the
element in the SRM, the EXAFS region is first converted to a reciprocal space
representation and then subjected to a Fourier transform to obtain a ‘‘radial structure
function”” (RSF). The RSF is a one-dimensional representation of the local atomic
structure that surrounds the absorbing atom. Either the XANES or the RSF, or both, can
be used to infer how an element occurs in the material under investigation. However,
due to reasons of either an insufficiently high concentration of the element or an
insufficient range of energy for the EXAFS region as a consequence of the presence of
absorption edges of other elements (e.g. V, see below), the RSFs were not always
available or of useful quality.

2.2. Mésshauer spectroscopy

The speciation of iron in the urban PM sample was investigated using > Fe Mdssbauer
spectroscopy, a technique that is superior for determining iron speciation than iron
XAFS spectroscopy. The Mossbauer spectrometer consisted of a control unit and
constant acceleration driving unit supplied by Halder Electronik, that was interfaced to
an MS-DOS 286DX personal computer via MCA /PHA boards from Canberra Nuclear.
Spectra of both the unknown sample and a thin metalic iron foil for energy-scale
calibration were collected simultaneously from separate °’Co(Pd) sources attached to
opposite ends of the drive. The spectra were obtained over a period of about 48 h in
symmetric mode in acquisition groups of 1024 channels and a channel dwell-time of 100
w.S. The spectra were transferred to an archival MicroVAX work-station for data storage
and then subjected to analysis using a computerized least-squares fitting routine,
described in detail elsewhere [12]. This routine fits Mosshbauer spectra as a combination
of one-line, two-line (quadrupole doublets) and six-line (magnetic hyperfine sextets)
absorption units, each of which can be attributed to a specific iron species. The
individual lines are assumed to be of Lorentzian shape. The distribution of iron among
the different species recognized in the Mdssbauer spectrum was based on the relative
areas of the individual absorption units contributing to the overall spectrum [12]. Sample
preparation for Mdssbauer spectroscopy involved minor pulverization and mixing of the
SRM in a mortar and pestle, followed by suspension of about 500 mg in the y-ray beam
by means of a 1.5-cm diameter, thin-walled plastic holder that presents a circular, thin
aspect to the beam.

2.3. PIXE analysis

Non-destructive thick target PIXE analyses were performed on the SRM samples
using the dual-energy irradiation procedure [13]. Protons with energies of 1.6 and 2.1
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MeV, generated in a tandetron made by General lonex, were used as the excitation
source. Data analysis was performed using a modified version of the GUPIX PC-based
software package [14]. The SRM samples were pressed into coherent pellets using a
minimum of binder before being suspended in the particle beam.

2.4. Samples

NIST SRM 1648 urban PM [15] was collected in the St. Louis, MO, area over a
12-month period. It was collected in a bag-house designed especialy for the purpose.
The collected particulate material was removed from the filter bags, combined into a
single lot, screened through a fine-mesh sieve to remove extraneous materials, thor-
oughly blended in a V-blender, and then packaged into bottles. Testing on at least six
randomly selected bottles indicated no significant variation in analysis.

NIST SRM 1650 diesel PM [16] was collected from the heat-exchangers of a dilution
tube facility following 200 engine hours of particle accumulation from several direct
injection four-cycle diesel engines operating under a variety of conditions. It is consid-
ered to be representative of heavy-duty diesel engine particulate emissions.

A variety of additiona anaytical data is summarized for both SRMs in their
respective NIST certificates of analysis [15,16].

Table 2
Element concentrations in NIST SRM particulate samples by PIXE analysis (in ppm, except where indicated
as %, for wt.%)

Element by PIXE analysis Urban particulate Diesel particulate
(NIST SRM 1648) (NIST SRM 1650)

C+ (H, O, N, etc.) > 70% > 98%

Na 5000 <d

Mg 5300 <dl

Al 2.33% <dl

S 7.92% 160

P 7700 740

S 4.55% 1.45%

cl 4000 120

K 8300 <dl

Ca 5.52% 2300

Ti 3500 <dl

\ <d <dl

Cr 320 62

Mn 680 15

Fe 3.29% 690

Ni 57 50

Cu 514 50

Zn 4130 870

As <dl 30

Br 430 35

Sr 220 <dl

Cd <d <dl

Pb 6720 23

< d — Below detection limit.
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3. Results and discussion
3.1. PIXE spectroscopy

The PIXE analyses of the NIST SRMs are summarized in Table 2. More than 70 and
98 wt.% of the urban PM and diesel PM samples, respectively, are carbonaceous; that is,
they consist of carbon, oxygen, nitrogen and perhaps other elements that commonly
constitute organic matter. Sulfur is the dominant non-organic element in the diesel PM,
while the analysis of the urban PM indicates the presence of significant quantities of
aluminosilicates, possibly a K-bearing illitic clay, as well as various sulfur, iron, and
calcium phases. A wide range of minor and trace elements occurs in the urban PM;

(a) Sulfur XANES

Normalized Absorption

Energy, eV

Diesel

Urban

d?A/(dE)?
SN
1

1 A (b) 2nd Derivative

0 T T T T
-10 0 10 20 30 40

Energy, eV

Fig. 1. (2) Sulfur XANES spectra of the NIST urban and diesel PM SRMs. Note the presence of organosulfur
forms (small peaks, exaggerated by five times at about 1-2 €V) in addition to the dominant sulfate peaks at
about 10 eV. (b) Second derivative spectra of the sulfur XANES spectra shown in Fig. 2(a). Note the
asymmetry in the derivative spectrum of the diesel PM, indicating the presence of bisulfate.
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whereas, the significant trace elements in the diesel PM sample include only Zn, P, Cl,
Cr, Fe, and possibly Cu and Pb.

3.2. XAFS and *'Fe Mdsshauer data

XAFS data have been collected for S, Cl, V, Cr, Mn, Cu, Zn, As, Br, Cd, and Pb, in
the urban and diesel PM SRMs. Each of these elements will be discussed individually.
Also included in this section are speciation data for iron in the urban PM based on *'Fe
Mdsshauer data.

3.2.1. Sulfur

As shown in Fig. 1, XANES spectra were obtained for both SRM samples. Both
spectra consist of a very strong peak near 10 eV and two much weaker peaks near 1.5
and 3.5 eV. Based on XANES systematics for many sulfur compounds [17,18], the

11 4 S XANES

FCSO4.nH20

CuS0,4.5H,0

Normalized Absorption

Na,SO,.10H,0

(NHHSO,

(NH4)2804
0 T T T 1
-10 10 30

Energy, eV
Fig. 2. Suite of sulfur XANES spectra for various sulfate and bisulfate standards.
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4

Diesel PM SRM

Normalized Absorption

Energy, eV

Fig. 3. Least-squares fitted sulfur XANES spectrum of the NIST diesel PM SRM, analyzed according to the
method described elsewhere [18,19].

strong peak at 10 eV isidentified as arising from sulfate. The shapes of the sulfate peaks
differ significantly between the two samples; the peak for the diesel PM is asymmetric,
as is reflected more clearly in the second derivative spectra (Fig. 1b). A similar
asymmetry in peak shape is exhibited in Fig. 2 by the bisulfates of potassium and
ammonium, when compared to the corresponding sulfate. Hence, whereas the peak at 10
eV for the urban PM reflects predominantly a sulfate (SO; ) species, the asymmetric
peak for the diesel PM reflects predominantly a bisulfate (HSO, ) species. Based on a
comparison of the sulfur (S) XANES for the PM samples with those of the sulfate
standards shown in Fig. 2, the urban PM appears to contain a significant fraction of
CaSO,. The wesker peaks at lower energy are consistent with thiophene or similar
aromatic sulfur derivatives that are most likely associated with the abundant carbona
ceous material in both samples.

A least-squares fitting procedure, developed for analyzing sulfur forms in coal and
other fossil fuels[18,19], was used to estimate the relative proportions of sulfur formsin
the PM samples. An example of the computerized fit to the datais given in Fig. 3 for the
diesel PM, and the results of the analysis for both samples are summarized in Table 3.

Table 3

Results from least-squares fitting of sulfur XANES spectra

Sample Thiophene (%S) Sulfate (%S) Bisulfate (%S)
Urban PM SRM 1648 2 90-98 <10

Diesel PM SRM 1650 10 0-30 60-90

Estimated experimental errors are 4+ 2% for thiophene relative to the sulfate forms; however, the discrimina
tion between sulfate and bisulfate has not been quantified and semi-quantitative estimates are given for these
forms.
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Both samples contain only minor but significant amounts of aromatic sulfur forms. The
large uncertainty in the bisulfate determination is due to the lack of quantitative
information available on the S XANES of such species.

3.2.2. Halogens

The XANES spectra of chlorine and bromine in the NIST SRMs are shown in Fig. 4a
and b, respectively. The obvious difference in signal /noise ratio between the two
samples for each element reflects the different concentrations of the elements in the two
samples (Table 2). There are clear differences in the form of occurrence of chlorine in
the two samples indicated by a comparison of the chlorine XANES spectra shown in
Fig. 4a and those published in the literature [20]. The position of the first sharp peak,
below 0 eV, and the subsequent close spacing of the broader peaks above 0 eV for the

2.6
24 A
22 4
2.0 A
1.8 4
1.6 A
1.4 A
1.2 A
1.0 A
0.8 A
0.6
0.4 -
0.2 o

0 T T T T T T
-20 0 20 40

Energy, eV

Urban

Normalized Absorption

Diesel

(a) Cl XANES

1.6

Urban

Diesel

(b) Br XANES

Normalized Absorption
=
oo

0 ———TTTTT—TT—TT T T T

40 20 0 20 40 60 8 100 120
Energy, eV

Fig. 4. (@) Chlorine XANES spectra of the NIST urban and diessl PM SRMs. (b) Bromine XANES spectra of
the NIST urban and diesel PM SRMs.
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diesel PM are consistent with chlorine predominantly in an organic phase; whereas, the
spectrum for the urban PM appears to indicate an inorganic association for the chlorine,
probably as chloride anions [20].

There are fewer data available for bromine, and the bromine XANES spectra of the
SRMs (Fig. 4b) show less obvious differences than the chlorine spectra. However, as for
Cl, there is a prominent sharp low-energy peak in the bromine XANES spectrum of the
diesel PM that can be attributed to organobromine species and it can be concluded that
organobromine compounds are more prevalent in the diesel PM than in the urban PM.

3.2.3. Vanadium
The vanadium XAFS spectrum was collected from both samples, however, the
vanadium content of the diesel PM was too low to obtain a reasonable spectrum. The

78

74

Urban PM SRM
70

66

62 Ce L yredge

58

Absorption/1000

Ba Lj-edge
54 A

50 o

(a)

5450 5500 5550 5600 5650 5700 5750 5800
Energy, eV

46

1.0 4

0.8 1

0.6

V XANES

0.4 -

Normalized Absorption

(b)
40 20 0 20 40 60 80 100 120
Energy, eV

Fig. 5. (&) As-measured vanadium K-edge XAFS spectrum of the NIST urban PM SRM. Note the limited
extent of the vanadium EXAFS region due to the presence of the prominent barium L ,,-edge. (b) Vanadium
XANES spectrum of the NIST urban PM SRM.
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XAFS spectrum of the urban PM, shown in Fig. 5a, demonstrates a limitation of XAFS
spectroscopy. In chemically complex materias, such as PM, in which many elements
can be present, the EXAFS information available for a given element may be limited by
the presence of a second element. In this particular case, the presence of a strong
L ,,-edge of barium limits the EXAFS region for vanadium to about 120 eV, which istoo
short a range of energy over which to obtain a useful RSF. However, the presence of
barium does not affect the observation of the vanadium K-edge XANES region, and that
information is still available for interpretation of the speciation of vanadium.

The vanadium XANES spectrum of the urban PM that is obtained by conventional
manipulation of the XAFS spectrum is shown in Fig. 5b. It includes a pre-edge feature
at 4.4 eV that is reasonably sharp and symmetric, suggesting that vanadium is predomi-
nantly in a single oxidation state. Based on the normalized height and position of the

3
i Cr XANES
- i
.2
& 2 A Urban
8 -
Ke)
= i
= 4
8
= i
£ 1 -
o
Z b Diesel
0 ———r—Gt———rrTT—T—7T—T7—T7
-40 -20 0 20 40 60 80 100 120
Energy, eV
2000
i EXAFS/RSF
_ 1500 A
E i
=
€ ]
<
~ 1000 A
3 4
2 .
g 4
) -
= 500 -
] Diesel
0 ] T T r T T T r —
0 2 4 6 8

°

Distance, A
Fig. 6. Chromium XANES (top) and EXAFS/RSF (bottom) spectra of the NIST urban and diesel PM SRMs.
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pre-edge peak and the vanadium XANES systematics published by Wong et al. [21], the
valence state is most likely V4*. The overall shape of the XANES spectrum is consistent
with spectra of vanadyl compounds and V,0, presented by Wong et a. [21] in which
tetravalent vanadium is coordinated by oxygen anions.

3.2.4. Chromium

The concentrations of chromium in the SRMs (Table 2) were sufficient to provide not
only the XANES spectra but also the RSFs derived from the EXAFS regions that are
shown in Fig. 6. The XANES and RSF spectra are clearly quite different for the two
samples; but the lack of a significant peak at 4.0 eV that is no more intense than the
small peak at 2.0 eV in both XANES spectra shows that the oxidation state of the
chromium is predominantly (> 95%), if not entirely, trivalent in both SRMs [22].

2.8
24 4
& 20
% E Chromite
B 1.6 -
< -
)
812 -
S J
E
2 0.8 1 Cr(III) sulfate
04 -+
o+ 7171
-40 -20 0 20 40 60 80 100 120
Energy, eV
2000
e . EXAFS/RSF
2 1500 A
a .
:, -
£ ]
8 i
< 1000 4
£ - Chromite
g i
) -
p= -
500 -
] Cr(III) sulfate
0 T T T T . . T
0 2 4 6 8
Distance, A

Fig. 7. Chromium XANES (top) and EXAFS/RSF (bottom) spectra of chromium in chromite (FeCr,0,) and
chromium sulfate (Cr,(SO,);- xH,0). Note the similarity of these spectra to those shown in Fig. 7.
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Moreover, the major peak positions at about 1.6 A in the RSFs are consistent with Cr3+
in six-fold coordination by oxygen anions.

The chromium XANES of the two SRMs are quite distinctive, and by comparison
with a database of XAFS spectral data on chromium standards [22,23], a good match
was found for the Cr XANES spectra of the urban and diesel SRMs with those for Cr in
a spinel structure and a Cr3* sulfate, respectively. These comparative spectra for the
standards are shown in Fig. 7. It is reassuring too that the RSF spectra for the standards
(also shown in Fig. 7) agree closely with the observed RSFs for the SRMs. Such
distinctive chromium XANES spectra could find use as potential source signatures to aid
in the recognition of individual source contributions to ambient airborne PM.

3.2.5. Manganese

The manganese XANES spectra of the two SRMs are shown in Fig. 8. The
corresponding RSFs (not shown) were not of particularly good quality and were not
used for the interpretation. There is a pre-edge peak in both XANES spectra at about
1-2 eV; for the diesel PM, this peak is exceedingly small, but it is somewhat more
intense for the urban PM. The low energy and small intensity of such peaks suggest a
relatively low oxidation state for manganese in these materials [24]. Divalent manganese
isindicated as the dominant oxidation state for manganese in the diesel PM based on the
very small height of the pre-edge peak and the overall shape of the XANES spectrum,
which is similar to that for Mn?* in agueous solution [9,25]. However, a significant
fraction of a higher oxidation state (Mn3* or Mn**??) may be present in the urban PM
sample. Comparison of the experimenta data with published manganese XANES spectra
[9,24] has not been conclusive in identifying specific Mn forms.

3.2.6. Iron
The iron speciation in the SRMs was examined by *Fe Mssbauer spectroscopy, a
more definitive speciation technique for iron than XAFS spectroscopy. The iron content

2.6
24
2.2 4
2.0 4
1.8 Urban PM
1.6 -
14 4
1.2 A
1.0 4
0.8 -
0.6 -
04 4
0.2 A

Diesel PM

Normalized Absorption

Mn XANES

-0.2

40 20 0 20 40 60 8 100 120
Energy, eV
Fig. 8. Manganese XANES spectra of the NIST urban and diesel PM SRMs.
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Fig. 9. Mossbauer spectrum of the NIST urban PM SRM. As indicated by the bar diagrams, the spectrum is
least-squares fitted to three magnetic and three quadrupole components.

(Table 2), however, was not sufficient for a good spectrum in the case of the diesel PM
and data are presented here for the urban PM only. The Mossbauer spectrum is shown in
Fig. 9; it has been fit, as indicated, as the combination of three 6-line magnetic
contributions and three 2-line quadrupole contributions. The results of the fitting are
summarized in Table 4. The fact that one can fit the Mossbauer spectrum to six distinct
components indicates that the technique is more definitive than XAFS spectroscopy.
About 40% of the iron is present as the magnetic oxide species, magnetite and hematite;
the remaining 60% of the iron is predominantly ferric and exists either in a clay mineral
or possibly in a non-magnetic iron oxyhydroxide (FEOOH). The minor Fe?* compo-
nents would be more compatible with iron in a clay mineral; however, they could also
be independent Fe?* species. The data do not appear to be compatible with significant
iron in sulfate species, as both the ferric and ferrous isomer shift values appear too low

Table 4

Results from least-squares fitting of *" Fe Mosshavier spectrum for the urban PM

Fe species MOssbauer parameters® % Fe
IS (mm/s) QS (mm/s) MHS (kG)

Fe3* oxide? clay? 0.36 0.60 - 51

Fe?* 1.04 2.73 - 5

Fe’* 1.15 0.54 - 6

Magnetite-A 0.33 - 493 12

Magnetite-B 0.63 - 456 12

Hematite 0.38 -0.10 517 15

41S, QS, and MHS, are the Mdssbauer parameters, isomer shift, quadrupole splitting, and magnetic
hyperfine splitting, respectively.



F.E. Huggins et al. / Journal of Hazardous Materials 74 (2000) 1-23 15

for such species [12]. Additional Mossbauer work will be undertaken at cryogenic
temperatures for more definitive assignment of the non-magnetic components.

3.2.7. Copper

Copper is fairly abundant in both SRMs (Table 2), especialy the urban PM, and both
samples give reasonably good quality XANES and RSF spectra (Fig. 10). Unlike for
most of the elements discussed so far, the spectra arising from the two SRMs are not too
dissimilar. A suite of copper XANES spectra are shown in Fig. 11 for copper metal and
a variety of copper sulfides, oxides, and Cu?* standard compounds. Upon comparing
the XANES for the SRMs and those for the copper standards, it is clear that the copper
species in the two SRMs are neither metallic nor sulfidic, but appear more like the
cupric standard compounds, especialy the hydrated copper sulfate, CuSO,-xH,0,
shown in Fig. 11. The major peak in the RSFs of the SRMs occurs at 1.55—-1.6 A; such a
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Fig. 10. Copper XANES (top) and EXAFS/RSF (bottom) spectra of the NIST urban and diesel PM SRMs.
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Fig. 11. Suite of copper XANES spectra for copper metal and various sulfides, oxides, and Cu?* compounds.

peak position is compatible with six-fold coordinated Cu?* surrounded by oxygen
anions.

3.2.8. Zinc

Owing to the high concentration of zinc in the SRM samples (Table 2), well-defined
zinc XANES and RSF spectra were obtained for both samples (Fig. 12). Based on the
zinc XANES and RSF peak systematics discussed by Priggemeyer et al. [26], zinc in
both samples is predominantly in six-fold coordination by oxygen anions. Further, the
similarity of the XANES spectrum of the diesel PM to that of zinc sulfate (ZnSO, - 7H,0)
suggests that the zinc occurs as a hydrated sulfate species in the diesel PM. The Zn
spectrum of the urban PM sample is similar to that of the diesel SRM, but there are
significant minor differences that suggest the occurrence of zinc in additional forms. The
RSFs of both SRM samples are compatible with zinc in six-fold coordination by oxygen
anions.
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Fig. 12. Zinc XANES (top) and EXAFS/RSF (bottom) spectra of the NIST urban and diesel PM SRMs.

3.2.9. Arsenic

The arsenic contents of the SRM samples are relatively low (Table 2); however,
reasonable arsenic XANES spectra (Fig. 13) were obtained for both samples, and a RSF
was obtained for the urban PM (not shown). Based on the position of the major peak in
the XANES spectra [22,27], the dominant oxidation state of arsenic in both samples is
AS(V), as occurs in arsenate [AsO; ™~ ] anion species. A single peak was observed in the
RSF obtained from the urban PM; the occurrence of this peak at 1.33 + 0.03 A is aso
compatible with arsenate complexes [22,27].

As can be seen in Fig. 13a, the XANES spectra are asymmetric on the low-energy
side of the peak. By means of a least-squares fitting program, a small peak at about 0 €V
is indicated to be responsible for this asymmetry (Fig. 13b). This peak arises from a
small fraction (10 + 5%) of the arsenic present as AH(I11). This observation is significant
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Fig. 13. (@) Arsenic XANES spectra of the NIST urban and diesel PM SRMs. (b) Least-squares fitted arsenic
XANES spectrum for the urban PM indicating the minor presence of an A1) species.

because the Ad(I11) oxidation state is known to be many times more toxic than the AS(V)
oxidation state [28,29]. Hence, this small fraction of AdIIl) effectively makes the
arsenic in these two samples considerably more toxic than it would have been had all of
the arsenic been present as AY(V).

3.2.10. Cadmium

Data were also collected for cadmium in both SRMs and the XANES spectra and are
shown in Fig. 14. The spectra appear similar, but this is not unexpected because the
XANES spectra of cadmium compounds do not vary much (Fig. 15). It is therefore
difficult to make significant conclusions from the cadmium XAFS data alone. However,
it can be noted that the shape of the cadmium XANES spectra for the SRMs appears
more consistent with Cd in coordination by oxygen, as in cadmium sulfate or cadmium
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Fig. 16. Lead L ,,-edge XANES spectra of the NIST urban and diesel PM SRMs.

silicate, and the RSF data for the urban PM (not shown) is compatible with a long
Cd—O bond. Hence, although the data indicate that Cd is present in an environment of
oxygen anions, the actual speciation of cadmium in the SRMs remains ambiguous.

3.2.11. Lead

Data were also collected at the L, absorption edge for lead in both SRMs and the
XANES spectra and are shown in Fig. 16. The spectra show some minor differences that
suggest that the lead forms in the two samples may be different. But like cadmium, lead
compounds do not show much variation and it is difficult to make strong conclusions
based on relatively minor differences. Hence, the lead speciation is also ambiguous.

4, Conclusions

The speciation of elements in NIST SRMs 1648 and 1650, urban and diesel PM
samples, has been investigated by XAFS and Mdssbauer spectroscopies. Complementary
data from PIXE spectroscopy on elemental compositions have also been obtained. A
number of significant observations on element speciation in these PM SRMs have been
made; these are summarized in Table 5 on an element-by-element basis.

Invirtually all cases where an element can be found in more than one oxidation state,
the XAFS and Mosshauer spectroscopic techniques provide direct information about the
relative abundance of the oxidation states, even for elements present in concentrations
less than 10 ppm or below their detection limits for PIXE spectroscopy. We have been
able to estimate, in some cases, quantitatively, the relative fractions of different
oxidation states of sulfur, vanadium, chromium, iron, and arsenic in the two NIST
SRMs. Often, it is the oxidation state that is the most important parameter in determin-
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Table 5
Summary of speciation information obtained on NIST urban and diesel PM SRMs
Element SRM Observation on speciation
Sulfur Urban predominantly sulfate; < 5% S as organosulfur
Diesel predominantly bisulfate; 10% S as organosulfur (thiophene?)
Chlorine Urban mixture of inorganic and organic Cl forms
Diesel predominantly organochlorine forms
Vanadium Urban predominantly V4" in oxygen coordination
Diesel significant edge not detected
Chromium Urban Cr¥* in spinel [(Fe, Mg)(Al,Fe,Cr),0,]
Diesdl Cr3* in sulfate [(Cry(SO,) ;- xH,0)]
Manganese Urban mixture of low oxidation states (Mn?*, Mn®* 2, Mn** ?) matrix unknown
Diesel predominantly Mn?* in coordination by H,0?
Iron Urban predominantly Fe** (> 80%), minor Fe?* ( < 20%)
matrix consists of magnetic oxides and possibly clay
Diesel no data
Copper Urban Cu?* sulfate and minor other forms?
Diesel Cu?" sulfate [CuSO, - xH,0]
Zinc Urban Zn sulfate and other zinc forms
Diesel Zn sulfate, [ZnSO,- xH, 0]
Arsenic Urban 90% as As®* arsenate anion; 10% as As® "
Diesd 90% as As®* arsenate anion; 10% as As®*
Bromine Urban similar to chlorine?
Diesel similar to chlorine?
Cadmium Urban Cd in oxygen coordination (sulfate?, silicate?)
Diesel Cd in oxygen coordination??
Lead Urban Pb?* in oxygen coordination
Diesel Pb2" in oxygen coordination??

ing both the toxicity of an element and its aqueous solubility and, asis well known, both
of these factors are important in how an element in airborne PM interacts with the
human body via the pulmonary system. For chromium and arsenic, for which the actua
oxidation state is very critical to the overal toxicity of the element, there was no
evidence for the Cr(VI) oxidation state, and, although arsenic was shown to be present
predominantly in the less toxic AS(V) oxidation state, the observed small A(I11) fraction
may be a significant contribution to the overall toxicity of arsenic.

In addition, the spectroscopic techniques provide an indication of how the elements
occur in the NIST urban and diesel PM SRMs. For these materials, al of the metallic
elements investigated appear to occur in oxidized forms; there was no evidence for any
metallic or sulfidic occurrences of these elements. Further, most of the metallic elements
appeared to occur principally as sulfates in the diesel PM; whereas, the occurrences in
the urban PM were more varied and included oxide and perhaps aluminosilicate (clay
mineral?) occurrences, in addition to sulfate. There was an evidence for organosulfur
(thiophene?) and organohalide occurrences. A small fraction of the sulfur and perhaps
major fractions of the halogen elements, chlorine and bromine, appear to be associated
with the carbonaceous materials in these SRMs, especially the diesel PM SRM. Arsenic,
a semi-metallic element, occurred principally as arsenate and was therefore different



22 F.E. Huggins et al. / Journal of Hazardous Materials 74 (2000) 1-23

from both the true metallic elements and non-metallic elements investigated. Possibly,
such arsenate occurrences are associated with the abundant sulfate occurrences, as often
occurs in the mineral world.

Finaly, we must make note of the highly specific information obtained from
chromium XAFS spectroscopy. Using this technique, we have been able to identify
successfully specific forms of occurrence of this element in both SRMs. Indeed, the
recognition of the chromite spinel phase in the urban PM raises some very interesting
guestions concerning how such a highly refractory chromium-bearing phase could be so
prevalent in an urban environment, but such speculations are outside the scope of this
paper. In a large part, this success is due to having an extensive database of standard
spectra available for chromium, and we would anticipate similar success with other
elements, once comparable databases are established. However, it is clear that the XAFS
data for this element, and perhaps others as well, have potential for use as a characteris-
tic signature for specific sources of PM. Similarly, the Mdssbauer spectrum for iron
could aso find use as a possible source signature.

The XAFS spectroscopic technique has a significant potential for directly and
nondestructively speciating critical elements in the complex materials encountered in
ambient PM samples and PM source materials and for helping provide answers to
important questions regarding the toxicity and source apportionment of such materials.
In addition, the technique provides complementary information to that obtained by other
types of analyses that can be done on PM [2,30]. However, a much wider variety of PM
samples needs to be examined, and more data obtained with the XAFS technique before
its full potential will be realized for characterization of such complex materials.
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