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Scanning transmission x-ray microscopy (STXM) combines x-ray microscopy and near
edge x-ray absorption fine structure spectroscopy (NEXAFS). This combination provides
spatially resolved bonding and oxidation state information. While there are reviews relevant to
STXM/NEXAFS applications in other environmental fields'™ (and magnetic materials’) this
chapter focuses on atmospheric aerosols. It provides an introduction to this technique in a
manner approachable to non-experts. It begins with relevant background information on
synchrotron radiation sources and a description of NEXAFS spectroscopy. The bulk of the
chapter provides a survey of STXM/NEXAFS aerosol studies and is organized according to the
type of aerosol investigated. The purpose is to illustrate the current range and recent growth of
scientific investigations employing STXM-NEXAFS to probe atmospheric aerosol morphology,

surface coatings, mixing states, and atmospheric processing.

Submitted chapter for book “Fundamentals and Applications of Aerosol Spectroscopy” to be

published by Taylor and Francis Books, Inc. in 2010 (editors Jonathan Reid and Ruth Signorell)
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I. Synchrotron Background

Scanning transmission x-ray microscopy (STXM) is performed at synchrotron light
sources, which produce intense and tunable x-ray beams. An exceptional reference is provided
by Attwood,® hence, only a few basic concepts are presented here. Workshops and introductory
short courses are often available to introduce those unfamiliar with the field, and interested
readers should consult websites for individual light sources.
1. Storage Rings and Insertion Devices
1.1 An Electron’s Life in the Synchrotron

Electrodynamics tells us that a charged particle under the influence of a magnetic force
emits radiation. Synchrotrons exploit this by subjecting relativistic electrons (i.e. those traveling
at 99.999985% of the speed of light) to magnetic fields thereby, causing them to emit radiation.
Electrons produced by an electron gun are contained in an ultra high vacuum tube (to minimize
their loss via collision with gas species) and are accelerated to relativistic velocities using radio
frequency cavities. Electrons are subjected to magnetic forces as they pass through an insertion
device resulting in emission of synchrotron radiation in a cone tangent to the trajectory of the
electron. From each insertion device the photons are emitted and directed down a beamline to an
experiment. A spread of photon energies are produced in the insertion device and a
monochromator provides additional energy selection. Depending upon the monochromator (and
gratings) the energy resolution may vary by an order of magnitude or more. Typically STXMs
are on beamlines with resolutions on the order of 20-40 meV (at ~300 eV). At the end of each
beamline there may be one (or more) experiments (endstations) either permanently attached to
the beamline or temporarily attached for a specific set of experiments. The schematic in Fig. 1
shows a synchrotron, an insertion device (undulator), and the primary components of a STXM.
More specific details on synchrotrons and insertion devices are available in Attwood® as well as

on individual synchrotron websites. The following section discusses only the most relevant



concepts for atmospheric (or environmental) scientists wishing to understand or pursue

STXM/NEXAFS experiments at a synchrotron.

1.2 Synchrotron Operation Modes

Synchrotrons operate in a variety of modes: multi-bunch, top-off, and 2-bunch. In multi-
bunch mode a set number of electron bunches are in the synchrotron (~300). For most
experiments, the timing between these bunches is short (~few nanoseconds) compared to the
timescale for detection and the synchrotron is treated as a continuous photon source. As
electrons pass through an insertion device they lose energy as synchrotron radiation (emit
photons). This energy is then replenished to the electrons using radio frequency cavities. The
time between electron bunches is determined by the frequency used to accelerate the electrons.
Over the course of several hours (4 to 12) the electron beam current decreases due to collisions
with gas molecules and other loss processes. The decreasing number of electrons within bunches
produces a corresponding decrease in photon flux.

When the photon flux is sufficiently low the electron beam is forcibly lost (“dumped”)
and the synchrotron is “injected” with new bunches of electrons resulting in an increase in
photon flux. In two-bunch mode there are only two bunches of electrons circulating in the
synchrotron. The time between these two bunches is larger and is often used for experiments in
which time is a parameter (for example, time of flight coincidence experiments). Due to fewer
electron bunches in the synchrotron the photon flux is also correspondingly lower. Several
synchrotrons now operate in top-off mode where injection of new electrons into the synchrotron
is quasi-continuous. In this mode, fresh electron bunches are injected into the ring approximately
every half minute to replenish any decrease in electron current. Top-off mode significantly
increases the average photon flux available as the beam current remains roughly constant over a
period of approximately a week. Additionally, unlike multi-bunch mode there is no downtime
for injecting fresh electron bunches into the synchrotron. Hence, several hours per day

previously used for “injection” are recovered as usable experimental time. Due to the higher



average photon flux, particular care must be taken to minimize any potential radiation damage to
samples. STXM/NEXAFS data on atmospheric aerosols is generally acquired using multi-bunch
or top-off mode; the low flux during two-bunch mode would result in prohibitively long data
acquisition times.
1.3 Insertion Devices

To produce synchrotron radiation several types of magnetic structures (discussed in
detail in Attwood®) are used: wigglers, bending magnets and undulators. Insertion devices differ
in spatial focusing, energy spread and polarization. Undulators and bending magnets are
employed in current STXM instruments. There are a few important differences between these
two insertion devices. A bending magnet emits radiation in a wider angle than an undulator.
Undulators produce highly collimated, partially coherent radiation with a narrower energy range
(frequency spread) having higher photon fluxes than bending magnets. Depending upon the
insertion device, the contribution from higher harmonics (photons whose frequency is a multiple
of the fundamental frequency) can vary significantly. In addition, the broader energy range
produced by a bending magnet makes the alignment of some of the STXM optical components
more stringent. Another important difference is that the linear polarization of the synchrotron
radiation is fixed for a bending magnet and can be rotated for an undulator (which can also
produce circularly or elliptically polarized light).
1.4 Beamline Optical Components

Key optical components between the insertion device and a STXM are indicated in Fig. 1.
The monochromator is an important beamline component for STXM/NEXAFS studies.
Depending upon its design, there may be entrance and/or exit slits, or it may be slitless.
Monochromators can have a single grating or multiple gratings blazed onto a single substrate
and the gratings switched depending upon the relative importance of energy, flux or spectral
resolution in a particular experiment. A fundamental difference between optics in other energy
regions, such as visible or infrared is that all optical components can absorb x-ray radiation. As

reflectivity is enhanced at oblique angles, beamline optics are normally employed in a grazing



incidence configuration. Typically, STXMs are coupled with high spectral resolution
monochromators that enable functional groups within carbon spectra to be resolved. Depending
upon the energy region of interest, energy calibration is performed with gaseous CO,, O; or Na.
To maintain photon beam alignment, slits and positioning mirrors (not shown in Fig. 1) are
coupled by a feedback system. Although Fig. 1 indicates a single endstation, some beamlines
have a mirror that directs the photon beam into separate experiments. Specific synchrotron
websites normally contain datasheets for each beamline providing information about the
endstations, insertion devices, energy range, and monochromators.
1.5 Beamline Carbon Contamination

Since carbon is a major component of atmospheric aerosols, the STXM has filled a
unique niche by providing detailed information at the carbon K-edge (290 eV). However, one
critical issue that arises in examining carbonaceous samples is that often beamline components
(gratings, zone plates, mirrors) are contaminated with carbon. This arises from the materials
used to manufacture the beamline components and by deposition of carbon onto the optical
components during the initial building, development, and commissioning of a beamline.
Therefore special measures must be taken to ensure the lowest levels of carbon contamination.
Any carbon contamination effectively absorbs photons emitted from the insertion device causing
a decreased flux in the energy region where carbon absorbs. At best, the majority of the photon
flux is not absorbed and at worst only a fraction (< 5%) of the photons are transmitted to the
STXM. In this event, it is nearly impossible to obtain quantitative carbon spectra. Although
some degree of carbon contamination is always present, selecting a beamline with low levels of
contamination is critical for obtaining high quality (and quantitative) carbon spectra. Over time,
within the STXM itself, carbon will deposit onto optical elements such as the zone plate.
Examining the background absorption spectra (photons detected in the absence of a sample) is
critical to ensure that absorption by carbon on beamline optical components does not

compromise the measured NEXAFS spectra.



I1. The STXM/NEXAFS Technique

Soft x-ray scanning transmission microscopy, STXM, was developed by Kirz, Jacobsen,
Ade and coworkers’ at the National Synchrotron Light Source, NSLS, (Brookhaven, USA)
during the late 1980’s. During the early years a number of developments were also underway at
Daresbury (United Kingdom).® In the following years, STXM instruments at the Advanced Light
Source, ALS, (Berkeley, USA), went through several iterations. The Advanced Photon Source
(Argonne National Laboratory, Argonne, USA)’ STXM operates in the higher energy region
(0.8 k eV-4 keV). To date, the majority of STXM experiments in the soft x-ray region (~100 eV
— 1000 eV) have been at the ALS or NSLS. Several new instruments are either operational or
anticipated in the next few years: Diamond Light Source (United Kingdom),'® Canadian Light
Source (Saskatoon, Canada),'' BESSY II (Berlin, Germany),'? Swiss Light Source (Paul
Scherrer Institut, Villingen, Switzerland),”® Elettra (Trieste, Italy),14 European Synchrotron
Radiation Source (France),'> SOLEIL II (France), Pohang Light Source (Korea),'® Shanghai
(China), Stanford Synchrotron Radiation Laboratory (USA), as well as a third STXM at the ALS
(USA).
2.1 Scanning Transmission X-ray Microscope (STXM) Description

The STXM spatial resolution is determined by the x-ray spot size at the focal point. For
visual light microscopes, the diffraction limited spatial resolution is on the order of 200 nm. As
soft x-rays have much shorter wavelengths (1 - 10 nm), they can be focused to a smaller spot
size (Rayleigh criterion). Rather than focusing using refraction, zone plates focus
monochromatic x-rays with a circular diffractive grating (called a Fresnel zone plate). As shown
in Fig. 2, zone plates consist of variable width concentric gold rings (zones) on a thin transparent
silicon nitride support. Zone plates are manufactured using lithography to create high-aspect
ratio zones. The zone-width (width of the gold zone) decreases with increasing radial distance
from the center of the zone plate. The width of the outermost zone determines the largest
diffraction angle and plays a critical role in obtaining the best spatial resolution. The spatial

resolution depends on the coherence of the x-ray radiation incident on the zone plate and the



quality of the zone plate. Spot sizes of 25 nm are routinely achieved, although 15 nm spot sizes
are reported.'” Future improvements in the quality of zone plates are expected to further
decrease the spot size. Zone plates are designed such that diffracted light from each of the zones
constructively interferes at the focal point. As shown in Fig. 2, STXM instruments employ zone
plates with a central stop to prevent unfocussed incident x-rays from impinging on the sample.
Typical zone plates have diameters of ~ 120-240 um, with 100’s to 1,000’s of zones, central
stops with diameters of 50 — 90 um, and the width of outermost zone ranges from 20-50 nm. The
zone plate focal length is a function of photon energy and varies from ~1200 um at 280 eV to
~3000 pm at 700 eV.

Light incident on the zone plate can contain significant levels of higher order diffracted
light from the monochromator that can decrease the spatial resolution and contaminate spectra.
To mitigate these effects, an order sorting aperture (OSA) is used. The OSA indicated in Fig. 2
is a pin hole 40 - 60 um in diameter. When placed at the proper distance between the sample and
the zone plate, higher order diffracted light is eliminated and only first order diffracted light is
transmitted to the sample. The correct alignment of this aperture both in distance between the
sample and zone plate (z) and in the X, y plane is important for obtaining quantitative spectra.
The importance of the OSA alignment is somewhat dependent upon the insertion device used at
the beamline. Due to the larger energy spread produced by bending magnets, the possibility of
focusing higher harmonics onto the sample is increased and the correct OSA alignment is more
critical.

Typically, the sample is held on a set of piezo fine stages operating over a range of ~60
microns. These fine stages are mounted onto a set of coarse stages with a range of motion in
10’s of millimeters. Hence, a plate containing multiple samples can be loaded and individual
samples selected by positioning the coarse stages. The fine stages, used for the majority of data
acquisition, are monitored using laser interferometers to accurately determine their position.
Additional information and more detailed description of microscopes at the ALS and NSLS are

provided elsewhere.'*°



Images are obtained at a given photon energy by raster scan the sample through the focal
point while measuring the transmitted x-rays. To obtain spatially resolved spectral information, a
sequence of images is measured as a function of photon energy. This sequence of images is
referred to as a “stack”. From this three dimensional data set a spectral image is obtained with
the spatial resolution determined by the zone plate. As the zone plate focal length is proportional
to the incident x-ray photon energy, during acquisition of a “stack”, each time the energy is
changed, the distance between the zone plate and the sample (z) changes to keep the sample in
focus.

A variety of detection techniques are used in scanning transmission X-ray microscopy:
gas flow proportional counters;*'** diode detectors with segmentation;> avalanche photodiodes
run in pulse-counting mode;”° fluorescence detectors;'> charge-coupled-device (CCD)
detectors;”* and differential phase contrast and dark field imaging.” To date, most atmospheric
aerosol STXM studies have used a detector consisting of a phosphor coated Lucite pipe coupled
to a photomultiplier for single photon counting.'®*°
2.2 Background on NEXAFS Spectroscopy
2.2.1 Electronic Transitions Probed

When inner (core) shell electrons absorb a soft x-ray photon several processes such as
excitation to a bound or continuum state can occur. Depending upon the type of information
desired, for example surface vs. bulk and elemental vs. chemical, different experiments measure
absorbance, fluorescence, partial or total electron yields. For low atomic number (Z) elements,
fluorescence yields are small (Stéhr pg 117).%” The amount of absorption depends upon photon
energy, elemental composition, sample thickness and density. If an electron is completely
removed from the atom, ionization occurs. At energies just below the ionization threshold,
photon absorption excites inner shell electrons into unoccupied valence orbitals. For a specific
element, the sudden increase in absorption is referred to as an absorption edge. Table 1 lists
elements typically present in environmental samples with absorption edges lying in the soft x-

ray region.



Most STXMs operate in the soft x-ray region - an energy range exceptionally well suited
for probing natural materials.”® Several STXMs have extended energy ranges approaching 2000
eV. First row elements possess a single core level transition in the soft x-ray region: the K-shell
or 1s orbital. {Note: Chemists refer to electron orbitals as s, p, or d while x-ray notation refers to
them as K, L, and M, shells (or edges), respectively}. Environmental samples typically contain
carbon, nitrogen, and oxygen, for which the 1s electron binding energies are about 290 eV, 400
eV, and 530 eV, respectively. Hence, in the water window (the region between ~280 eV to ~525
eV) water is essentially transparent but carbon and nitrogen absorb. In this window, high
contrast images can be obtained when probing systems containing carbon such as aerosols, soil
samples, biofilms or biological systems without interference from water.

The transition metal L-edges are also accessible in the soft x-ray energy range. L-edge
excitation probes 3d valence orbitals that provide metal oxidation state information.”® They arise
from the dipole-permitted transitions from the 2p core level to the 3d valence level. For
transition metals, probing the L-edge is preferred over the core shell (K-edge) because the
outermost (valence shell) electrons are most sensitive to the bonding environment.

Fortuitously, atmospheric aerosols have sizes ideal for STXM measurements. Soot and
black carbon particulates are in the fine and accumulation modes. Hence, the most strongly
absorbing (in the soft x-ray region) particulates are typically in a size range where they are
partially transparent to the incident x-ray photons. In addition, the penetration depth is a few
microns at the carbon K-edge (~300 eV) allowing the soft x-rays to penetrate the entire particle
volume. Larger particles, mineral dusts, sulfates, and sea salts, typically contain less carbon and
it is possible to measure carbon spectra on particles with diameters from ~ 100 nm to 10’s of
microns. In Fig. 3, the calculated mass absorption in the soft x-ray region is plotted for 100 nm
thick samples of mineral dust, sea salt residue, and secondary aerosols. As seen in this figure, the

soft x-ray region is ideal for probing a variety of common atmospheric aerosol constituents.



2.2.2 Conversion to Optical Density
Quantitative analysis is obtained by converting the transmitted intensity signal into
absorbance (commonly referred to as optical density, OD, in the soft x-ray energy region), a
dimensionless quantity, given by the Beer-Lambert’s law:
I(d
A:OD:—ln(I—) = pud = od I
0

where |, is the incident flux transmitted through a sample free region of the substrate, 1(d) is

the flux transmitted through the sample, p is the sample density, p is the mass absorption

coefficient, d is the sample thickness, and o is the absorption cross section. The decrease in
flux is due to absorption through the sample column and is a bulk measurement. However,
STXM samples are typically thin (80-200 nm) and the surface contribution is significant. One
advantage of the conversion into OD is that absorption from a uniform homogeneous substrate
(carbon thin film or silicon nitride window) is eliminated. For a sample containing several
different chemical components, the optical density is given by the sum of the optical densities of
the individual compounds. A common assumption is that at energies sufficiently far from the

ionization threshold, the material may be modeled as a collection of non-interacting atoms. The
mass absorption coefficient, #(E) (cm®/g), depends upon the incident photon energy, E, and
atomic number, Z. For a material composed of a single element, A, the mass absorption

coefficient is directly related to the total atomic absorption cross section, &, (cm’*/atom) by

N
,u(E)=7AGA 1l

were N, is Avogadro’s number. Tabulations of atomic absorption cross sections are found in

Henke et al.” and in the X-ray Data Booklet.*® Transmission can be calculated from these or by
using the website maintained by the Center for X-ray Optics (CXRO).>' Spectra of known

elemental composition can be calculated to estimate an appropriate sample thickness.
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Alternatively, these spectra can be normalized to a specific thickness and used to quantify their

contribution in an unknown sample32 or to derive quantitative composition maps.32'34

2.2.3 Carbon NEXAFS

Carbon NEXAFS spectra are rich in details and can provide insight into the molecular
nature of the carbonaceous material present in aerosols. The book by Stohr, a critical reference
in this field, covers theoretical and experimental considerations related to carbon NEXAFS
spectroscopy.”’ Carbon NEXAFS spectra contain features dependent upon bonding and
unoccupied molecular orbitals. Figure 4 schematically illustrates the core-level transitions
producing the absorption spectrum. Energy levels of unoccupied valence orbitals provide
information on the chemical bonding environment, for example, carbon functional group
bonding and oxidation states.

Core-level spectroscopy is a powerful technique both because it is element specific and
because the localized chemical bonding environment has a significant effect on spectral features.
Spectra from carbon 1s electrons are in the energy region of ~280-320 eV. At photon energies
close to the absorption edge, sharp peaks can be observed in the NEXAFS spectra. These peaks
arise from electronic resonance transitions of different functional groups and involve both 1s —
n and/or Is — & transitions (denoted as © and 6~ throughout this chapter). The transition peak
width is governed by the Heisenberg uncertainty principle. Therefore, absorption features arising
from excitation to short-lived states produce wider peaks in the absorption spectra and those to
long-lived states result in sharp and narrow peaks such as the exciton peak observed in highly
oriented graphite. Peaks arising from o transitions are usually broader than peaks from 7"
transitions and may be superimposed on the photoionization continuum. The peak positions can
shift depending upon the local coordination environment around different atoms (electron-
donating or electron-withdrawing groups). NEXAFS peak positions and intensities are used to
determine functional groups and ultimately provide quantitative information on the functional
groups present. Since the fine structure in the NEXAFS region above the ionization potential is

broad with overlapping o transitions, usually only resonance transitions below the ionization
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potential are used to quantify chemical composition. Broad peaks can also arise from multiple
electronic transitions that are close in energy and overlap with one another.

Specific peak positions are often noted in the literature; however, caution is necessary
when assigning transitions based on specific positions. Urquhart and Ade™ examined carbonyl
7* transition energies as a function of different bonding environments and observed that
transition energies for a particular electronic transition can vary significantly. The transition
energy depends upon a range of variables that affect the molecular orbital energies. These
variables include neighboring electron withdrawing or donating groups, the presence of long
range order or extensive bond conjugation or resonance. For complex environmental samples, an

3637 rather than a specific peak

approach that assigns functional groups based on an energy range
position is preferred. While not exhaustive, Fig. 5 provides guidance in assigning peaks to
specific functional groups. Obtaining NEXAFS spectra at additional edges can provide further
confirmation of peak assignments. For example, carbonyl (C=0) groups will exhibit a *
transition at both the carbon and oxygen K-edges (denoted by C 1s—n*gc+-o)r and O 1s—n*
R(C=0%)R, Tespectively). The presence of these two peaks can be spatially correlated with one
another to confirm an assignment.*® Spectra from standards of known chemical composition can
also aid in peak assignments.
2.3 Polarization

Although not discussed explicitly in the STXM/NEXAFS aerosol literature, polarization
effects may be observed for crystalline and highly structured materials. While a detailed
discussion is beyond the scope of this chapter, electronic transitions are polarization dependent
and the reader is referred to Stohr.”’ The polarization dependence arises due to the directionality
of chemical bonds and molecular orbitals. For K-shell excitation, the spatial orientation of the
molecular orbital relative to the electric vector of the incident radiation determines the angular
dependence. In a single bond, the o* orbital is localized along the internuclear axis. Double
bonded species, such as C=C or C=0, have both the o* as well as a n* orbital. NEXAFS spectra

measured from highly oriented pyrolytic graphite display strong polarization dependence.
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Depending upon the insertion device employed, different polarizations may be produced; linear,
circular or elliptically polarized.

If sample collection resulted in a preferential orientation of aerosols on the substrate,
polarization dependence could be observed. In many atmospheric field campaigns the particle-
to-particle spectral variation would make it difficult to ascertain the presence of more subtle
polarization effects. Soot, the atmospheric substance most likely to exhibit polarization
dependence at the carbon edge is fortuitously constructed of spherically symmetric spherules.
These are the spherules formed by graphitic soots and black carbons consisting of small sheets
of graphite, stacked to create symmetric spherules on the order of 15-70 nm in diameter. These
spherules then combine in fractal-like structures forming larger particles. Given the spherical
symmetry, atmospheric black carbons and soots should not exhibit polarization dependence.
However, if during combustion (or other processes) small sheets of oriented graphite are formed,
they could exhibit polarization dependence. Evidence for this has been observed when
examining changes in carbon bonding upon laser irradiation.” Thus far, little evidence for
polarization dependence has been observed in carbonaceous atmospheric aerosols.

2.4 Aerosol Technique Comparison

Figure 6 illustrates the different capabilities of a variety of electron, photon and ion
imaging techniques used to study atmospheric aerosol particles. By far the most widely used
techniques for aerosols are x-ray and electron microscopies; these offer the best combination of
chemical information and spatial resolution. Transmission electron microscopy (TEM) offers
high spatial resolution and a variety of different chemical detection schemes; however it is time
consuming and not well-suited for analyzing organic species. Scanning electron microscopy
(SEM) provides the advantage of high counting statistics but is limited to quantitative elemental
analysis of heavy elements (Z > 11) with a lower spatial resolution than TEM. Micro-Raman and
Fourier transform infrared (FTIR) spectroscopy provide more bonding information, but at the
expense of lower spatial resolution. Micro x-ray fluorescence (XRF), x-ray absorption (XAS)

and proton induced x-ray emission (PIXE) are typically used for time-resolved bulk analysis of
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small amounts of particulate matter collected on filters. Secondary ion mass spectrometry
coupled with a time-of-flight mass analyzer (TOF-SIMS) can perform elemental analysis while
obtaining limited bonding information with a spatial resolution of ~200 nm.

While the spatial resolution of STXM is lower than TEM and SEM, it has several
advantages over electron microscopy including: 1) chemical specificity, 2) higher energy
resolution, 3) lower excitation energy (100-2000 eV versus 50 -200 keV), 4) reduced radiation
exposure (discussed in more detail in a following section), and 4) no ultra-high vacuum
requirements. Therefore, STXM provides an enhanced chemical sensitivity for obtaining
chemical bonding, speciation, and oxidation state information compared to electron microscopy.

Braun et al. examined SLX-25 graphite using STXM/NEXAFS and high resolution
electron energy loss spectroscopy (EELS).*’ As seen in Fig. 7, several carbon functional groups
observed in STXM studies were not apparent in the EELS spectrum (dotted line). In the
STXM/NEXAFS spectra shown in Fig. 7 (solid line), the C 1s—n*rc*=c)r peak at 285 eV is
sharp and more intense than the 292 eV (C 1s—c*) peak. Whereas in the EELS spectra, the 285
eV peak is significantly broader and the 292 eV peak is more intense.*’ Katrinak et al.*' were
also unable to observe oxygen functional groups in uncoated soot using EELS, while in contrast,
Hopkins et al.** observed oxygen in every uncoated soot/soot surrogate examined using
STXM/NEXAFS. Hence, the EELS data is inconsistent with the STXM/NEXAFS studies.
Braun et al. concluded that EELS was unable to detect carbonyl or carboxyl groups in soot.*’
Hitchcock et al. showed that spectra obtained using TEM-EELS, partially due to the lower
energy resolution, exhibit much less structural information than those obtained using
STXM/NEXAFS.*

2.5 Potential for Radiation Damage

Detailed mechanisms of x-ray damage are uncertain and the topic of current research;* '
a journal issue was recently devoted to this topic.”® However, it is clear that exposure to
radiation can change bonding within a sample. Soft x-ray photons are much lower in energy

(~300 eV at the carbon K-edge) than the 50 keV - 100 keV electrons used for TEM or SEM.
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Further, it is thought that a significant amount of sample damage results from dissipation of heat
energy from energetic electrons and electron collisions. Generally, x-ray damage from STXM is
considered to be at least two orders of magnitude lower than electron microscopy.”” This
potential for less sample damage motivated some of the first STXM experiments on soft matter

such as polymers.” Several studies have been performed on radiation sensitive systems either by

32,54 51,55

taking images at only a few key energies,””"or with the intention of patterning a sample.

Radiation damage is often manifested as a decrease or increase in the intensity of a peak
as a function of radiation exposure. For example, Braun et al. examined soot extracts with
increasing x-ray exposure and noted an increase in the C 1s—n*c+03 (~290.2 eV) peak and a
corresponding decrease in the C 1s—n*grcx0)on 288.5 eV peak.46 The radiation dose employed,
10° Gy (Gy or Gray is the unit of the absorbed radiation dose of ionizing radiation), lies within a
normal range for STXM experiments. The authors speculated that atmospheric oxygen present
in their STXM experiments (not within a sealed chamber) could have contributed to the spectral
changes observed.*® Attempts by our group to induce bonding changes in the carbon K-edge
NEXAFS spectra from mixed composition aerosols containing soot (Mexico City samples),
were unsuccessful. This could be due to the fact that the ALS STXMs are contained within an
evacuated chamber and backfilled with helium. This is in contrast to the open STXM used by
Braun et al. which was purged by a helium flow.*® Nevertheless, systematic examination for
changes in bonding with radiation dose is a critical component in obtaining quantitative data.
Because each electron absorbs x-ray photons, the absorption cross section increases with
increasing atomic number. Hence, absorption increases across a row in the periodic table as well
as down.” This is consistent with experimental observations that sulfur containing aerosols were
more sensitive to radiation exposure than carbonaceous aerosols.’® If a sample is radiation

32,54

sensitive, images can be taken at a few chemically selective energies,”””" short dwell times used,

or spectra measured using a defocused mode.
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2.6. Practical Sample Considerations
2.6.1 Sample Preparation and Collection

While the broad categories of STXM aerosol experiments are deferred to section III, here
a few brief remarks are made about samples and substrates. Although STXM measurements
require only a single particle, most studies examine a large number of particles. Typically,
samples are collected throughout a field campaign. Depending upon the research group’s
preference, samples are sealed and either stored at ambient temperatures or frozen. Atmospheric
aerosols are often collected via impaction onto substrates. For maximum time resolution,
impaction can be done using a time-resolved aerosol collector (TRAC)’’ or multi-sample
impac:tor.58 Time resolved samples are collected for 2-20 minutes depending upon location of
collection (ground based site or during flight) and local aerosol concentration. Regardless of
lower aerosol concentrations, shorter collection times are often used during flights due to the
rapid change in location and local conditions. For studies on cloud drop residuals, TRAC
samplers can be located downstream of a counterflow virtual impactor (CVI), followed by a
heater to selectively collect particles that formed droplets. Occasionally STXM substrates are
taped to filters in a MOUDI cascade impactor (Micro Orifice Uniform Deposit Impactor,
Applied Physics Co., Niwot, CO, USA).

Obtaining samples with good particle coverage (for example 6 or more particles in an 8
micron square region) with distinct individual particles is critical to optimize data acquisition. In
the initial stages of a campaign a few samples are collected and inspected with a visual light
microscope (VLM) or an SEM coupled with energy-dispersive x-ray spectroscopy (SEM/EDX)
to ensure an appropriate level of sample loading on the substrates and alignment of the impactor
nozzle. This pre-screening aids in developing protocols for collection under different aerosol
loading conditions. Ideal impaction includes a region of the sample, where particles are distinct
and separated (non-overlapping), yet closely spaced so time spent acquiring data on regions that

are sparsely loaded is minimized.
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The VLM is also used prior to STXM data acquisition. Samples are photographed, the
images calibrated to the STXM coordinates and read into the STXM data acquisition program to
directly guide data acquisition. As time allocated on the STXM microscopes is normally limited,
this step saves significant time in locating sample regions for potential data acquisition.

A variety of artifacts can influence the measured chemical composition and morphology
of collected aerosols. For example, liquid droplets containing salts could dry upon collection and
the relative solubility of each salt present will affect the final particle morphology. When using
the TRAC or MOUDI impactor, impacted particles are exposed to reduced pressure conditions
for up to 6 hours during collection with the MOUDI, or 48 hours with the TRAC sampler. Hence,
a basic assumption is that all semi-volatile organics evaporate during collection. In addition, the
STXM instrument is routinely either flushed with helium or partially evacuated to ~ 80 mTorr
and backfilled with helium, both of which could result in additional losses of semi-volatile
components. Therefore, STXM measurements provide a lower limit for organics.

For comparison with atmospheric samples, standards are prepared by a variety of
impaction techniques or by a gentle contact of the silicon nitride membrane to a fine powder.
Liquid standard samples are prepared by micro-pipetting a dilute solution onto the corner of the
membrane and allowing the liquid to dry on the membrane. If wet samples are desired a
sandwich surrounding the liquid can be formed by attaching a second silicon nitride window.
Although not generally used for atmospheric aerosols, samples prepared by focused ion beam
milling (FIB)* or microtomed samples embedded in epoxy or sulfur® work for STXM.
Generally, samples suitable for SEM or TEM also work well for STXM experiments. The most
fundamental requirement for STXM measurements is that the absorption lies within the linear
regime of Beer Lambert’s law (approximately 30 — 80% absorption or OD 0.4 to 1.5 on a natural

logarithmic scale).

2.6.2 Substrates

Several types of substrates are frequently used to collect atmospheric aerosols (or for

standards) for STXM experiments. Silicon nitride windows (Si3Ny4) have a thin membrane (50 —
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100 nm thick) placed on a silicon wafer. The wafer is then etched away to reveal an area
containing only the thin membrane film. These have advantages of being relatively optically
transparent in the soft x-ray region as well as being a uniform film. One major disadvantage is
that they are quite fragile and easily broken. Hence, the failure rate is high due to particle
impaction when sampling in a region with large, dense particles with a relatively high inertia.
Carbon coated TEM grids have a higher survival rate under these conditions. However, these
films are composed of carbon and some oxygen and absorb in the energy range of interest. In
our experience, these films are relatively uniform and with careful normalization can be used
successfully in studies on carbonaceous aerosols. Silicon monoxide coated TEM grids are
occasionally used when trying to minimize nitrogen absorption from Si3N4 windows. Holey
carbon films are another type of coated TEM grid; however, they are probably the least desirable.
Often aerosols appear to spread along the holey carbon web and the non-homogenous thickness
of the carbon web may result in a larger uncertainty in the spectral analysis.
2.7. Data Analysis

Several software programs are commonly used to analyze STXM data: AXIS 2000,%!
singular value decomposition analysis,** a cluster analysis program,” > and MATLAB based
scripts. As aerosol studies examine a large number of spectra from individual particles, or
statistically examine specific spectral components within particles, Moffet et al.°® developed a
series of openly available MATLAB scripts.®’ In practice, data analysis often combines several
of these methods and software. Regardless of which analysis program is used, several basic steps
are required: image alignment, selection of a background region for Iy, and conversion of the
transmitted flux data into optical density, OD. Beyond these basic steps a range of techniques
are used to extract, map, and quantify spectra from individual pixels as well as individual
particles. A detailed description of the analysis is beyond the scope of this chapter and is

provided both in individual publications, as well as in references to the software programs.

18



111. STXM/NEXAFS Aerosol Studies

The primary advantages of STXM/NEXAFS over electron microscopies are: the ability
to distinguish between carbon functional groups, the higher spectral energy resolution of
STXM/NEXAFS, the reduced radiation exposure and subsequent sample damage, and
(depending upon the insertion device) the capacity to change the polarization of the incident
photons. Disadvantages include limited access to the STXM, fewer samples can be studied than
automated microscopies, and obtaining the full elemental composition is impractical. Soil
scientists, marine biologists, astrophysicists, and atmospheric scientists share common interests

in naturally occurring carbon, minerals and their chemical processing. Hence, results from other

34,68-76 45,77-85

environmental fields on humic and fulvic acids, soils and clays, , marine and aquatic

samples,86 natural organic mattter,45 7387 plack carbons,gl’g&89 char,* minerals,77’90 bioﬁlms,34’91'

60,103-108 105-107,109,110

1% interstellar dust and particles, and meteorites may be of interest to
atmospheric scientists.

Aerosols may be studied on a single particle basis or results combined with data from
larger numbers of particles to provide statistical evidence to support broader conclusions.
Typical atmospheric field campaigns employ a suite of measurements examining particle
concentrations, size distributions, light absorption and scattering, composition, and meteorology.
Results from these measurements can guide sample selection and help focus the scientific
questions for STXM investigation. Research on atmospheric aerosols using STXM is currently
limited and falls into a few categories; characterizing black carbons and light absorbing
components within aerosols, characterizing organic carbons and chemical speciation of a variety
of elements other than carbon (S, Fe, Zn).

This section begins with research on black carbons/soots, light absorbing carbon, and
biomass burn particulates. These studies provide the foundation for evaluating changes in
carbonaceous aerosol mixing states and atmospheric processing of black carbons. In this section,

details on analysis are provided that further illustrate the development (and limitations) of

current analysis techniques. The progression has been to probe aerosols in a statistically
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representative manner by connecting STXM/NEXAFS results with collocated measurements
and complementary spectromicroscopy measurements. It also reflects the growth in STXM
research from more well-defined laboratory samples (polymers and magnetic samples) to
complex and often poorly characterized environmental samples. The next section emphasizes
research focused on the organic composition of aerosols and their processing. Both of these
sections begin with studies on a handful of particles and grow to encompassing much larger
numbers of samples and incorporate STXM measurements more fully within a larger picture.
This organization allows the reader to develop an understanding of the method as well as the
development of the analysis from a single sample to a statistical analysis. Next, we explore the
more limited studies on chemical speciation of sulfur containing aerosols, and the identification
and quantification of oxidation states for elements such as Fe, S and Zn. Finally, we survey
recent studies on cloud droplet residuals and interstitial aerosols. The chapter closes with a brief
discussion of recent and future developments of interest to the atmospheric community.
3.1 Soot/Black Carbons/Brown Carbons

Although its definition differs across fields, black carbon plays a critical role in nearly

every environmental field. STXM work on black carbons explore the chemical inhomogeneities

111-115 80,83-85

of carbonaceous samples including coals, soils, absorption of chemical species,®

carbon bonding changes from charring plant biomass,’® interplanetary dust particles,' %1016

60,103,104 86,89

stardust comet samples, and marine sediments, as well as aerosol studies presented

here. Many of the early STXM studies on soot, diesel exhaust, and black carbons focused on

non-atmospheric samples. Early work on coal'''"'"

showed the potential for using
STXM/NEXAFS to examine diesel exhaust particulate. Braun et al. examined diesel exhaust
particulates for the purpose of source apportionment.''” Building on the concept of source
apportionment, Vernooij et al. studied wood combustion and diesel combustion samples.”’
However, they concluded that unequivocal source assignment based on NEXAFS spectra was

unlikely due to the influence of atmospheric processing. With the eventual goal of monitoring

changes in mixing states of aerosols containing black carbons (and light absorbing carbons),
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their atmospheric evolution, and in situ reactivity, Hopkins et al.** sought to identify the ranges
in bonding and composition of atmospheric black carbons and the variation in laboratory black
carbon surrogates. They observed a significant range in the carbon bonding of these surrogates,
but determined that it was much less than that in atmospheric light absorbing aerosols. This large
variation in carbon bonding for light absorbing atmospheric aerosols was also seen in a study
focused on aged tar balls.*® Laboratory generated biomass burn particulates were examined for
carbon bonding, which was then correlated with measured optical properties.''® These studies
provided the foundation to distinguish soot/black carbons from organic carbons and to monitor
changes in mixing state with particle growth and age.'" Current, unpublished work on black
carbons includes the influence of charring cellulose (with and without added salts) on carbon
bonding as well as field studies on atmospheric processing.

The early STXM study of Braun et al. on diesel soot initially pursued source
identification,'"” it clearly indicated the potential of STXM for distinguishing graphitic carbon
from hydrocarbons, organic or inorganic carbon, and indirectly motivated studies monitoring the
evolution of the mixing states of carbonaceous aerosols. Diesel exhaust was collected onto filters,
dispersed in acetone, ultrasonicated and deposited onto silicon nitride membranes.''” STXM
images taken below the carbon absorption edge (<283 eV) showed much lower absorption than
images acquired at the peak of the C 1s—n*rcs=c)r peak (~ 285 eV). In higher energy images
(>288 eV) more diffuse particle edges were observed. Although these particulate samples had
been mixed in acetone, they clearly illustrated the ability of STXM to distinguish between
graphitic and non-graphitic regions of carbonaceous particles with a spatial resolution of ~50

nm.""” Comparing flame soots and field collected biomass particles, Gilles et al.'*’

reported
enhanced oxygenated peaks and decreasing graphitic content for some biomass samples.
Subsequent STXM work by Braun examined NEXAFS spectra from a range of deposited
combustion products: creosote (wood smoke deposits) from chimneys and wood burners,

particulates from engines, and a NIST standard reference material (SRM 1648 Urban PM).'*!

Spectra from the wood smoke deposits and the NIST Urban particulate matter exhibited minor C
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Is—m*Rrcx=c)r peaks and were dominated by C 1s—n*rcxony and C 1s—n*rc-0)on peaks.
These initial studies by Gilles and Braun indicated that biomass burn particulates could have
significantly different chemical bonding than fossil fuel combustion.
3.1.1 Black Carbon/Soot Single Energy Images and Spectra

With an ultimate objective of identifying black carbons/soots/light absorbing carbons in
atmospheric aerosols using STXM/NEXAFS, Hopkins et al.** examined a variety of laboratory
surrogates for black carbons. For the black carbon surrogates, specifically flame generated soots,
particles were not visible in images taken at the carbon pre-edge (280 eV). This is in contrast to
the pre-edge images of diesel soot, where absorbance (possibly due to the sample preparation or
from non-carbonaceous components in the original sample) was observed.''” The lack of
absorbance at energies below the carbon pre-edge (< 280 eV) and strong absorbance around
285.4 eV is one of the identifying features for black carbon. Fig. 8 displays single energy images
of particles collected during the MILAGRO field campaign.'” These images were recorded at
the A) 278 eV (carbon pre-edge), B) 285.4 eV C 1s — n*gc+=c)r, C) 288.5 eV carboxyl C
Is—m*r(c*=0)on, and D) 320 eV at the carbon post-edge region. A subtraction map of total
carbon shown in Fig. 8E is obtained by subtracting the pre-edge image (A) from the post-edge
image (D). The component map shown in (F), discussed in a later section, identifies regions
containing soot (EC), organic carbon (OC) and non-carbonaceous inorganic (IN) material. The
particle indicted with a an arrow in (A) shows a stronger absorbance (relative to other particles)
at the pre-edge indicating the presence of an element other than carbon, such as metals, mineral
dust, salts and/or sulfur. In (C) this particle displays its strongest absorbance in the 288.5 eV
image, indicating a large carboxyl peak. In the total carbon map (E), the same particle indicated
in (A) and (C) appears dark in the center with a brighter surrounding region. Hence, this particle
appears to contain a crystalline inorganic inclusion surrounded by organic carbon.

The particle indicated with an arrow in Fig. 8B does not appear in Fig. 8A. The image
recorded at 320 eV shows a stronger absorbance for this particle compared to the image at 280

eV as a result of high carbon content in the particle. This pattern is consistent with carbonaceous
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particles containing considerable C=C bonds, and may be an indicator of soot. The difference
map in (E) represents the total amount of carbon in the sample. This proves to be a useful tool
for a preliminary identification of a particle as soot/black carbon particles or as a soot/black
carbon inclusion. Black carbon has a density of ~1.8 g cm™ whereas organic compound densities
are closer to ~1 g cm™. Hence, at the carbon K-edge, a 100 nm thick black carbon particle will
absorb nearly a factor of two more strongly than organic carbon simply due to the difference in
carbon density. Thus, even without examining the NEXAFS spectra, the first indications that a
particle contains soot/black carbon are single energy images at 280, 285.4, and 320 eV. Particles
should have little or no absorbance in the 280 eV image and the 285.4 eV and 320 eV images
should have strong absorbance (of similar values). For soots/black carbons, absorbance should
increase more strongly as a function of particle size than organics.
3.1.2 C:0O Atomic Ratios

Figure 9 displays representative carbon and oxygen K-edge spectra for diffuse flame
generated soot using methane for the fuel. The most prominent peaks in the carbon spectrum, C
Is—m*p(c*=c)r and 1s—c*c+c are indicated. The pre-edge backgrounds (280 eV for carbon and
525 eV for oxygen) arise from the photoionization of valence electrons and the weak, but finite,
absorption and scattering of other elements present in the sample. The difference between the
post-edge and pre-edge absorbance represents the total amount of a particular element in a
sample. For a two component carbonaceous system, calculating the C:O ratio is relatively
straightforward.38 These calculations neglect interactions between atoms and assume that at
energies sufficiently far away from valence transitions, tabulated atomic cross sections are valid.
Absorption edges for other elements are far away and neglected for these calculations as they

would contribute only minor amounts to the observed difference between post-edge and pre-

edge absorbance. Therefore, the total number of carbon, X., and oxygen, X,, atoms in the sample

1s calculated using:38,42
Xo _ OD, 2. )
XC ODC ILIO ZO
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where o, Zo and Hc, Z¢ are the mass absorption coefficients and atomic masses for oxygen and
carbon atoms, respectively. The difference in optical density, 320 eV- 280 eV, is used to
calculate the total carbon. Similarly the total oxygen can be calculated using pre and post-edge
energies of 525 eV and 550 eV, respectively. The values of ODg and OD¢ are obtained from the
difference in the post-edge and pre-edge absorbance in the oxygen and carbon NEXAFS spectra
measured over the same particle region. For the flame soots, n-hexane, ethylene and methane,
C:O ratios were ~ 85:15, which compares well with the elemental compositions of Akhter et
al 122

To further evaluate the approximations used for calculating C:O atomic ratios, aerosols
of azelaic acid, isophthalic acid, glucose, ascorbic acid and malic acid were generated and
impacted onto silicon nitride substrates. The NEXAFS spectra were measured at the carbon and
oxygen K-edges and the C:O atomic ratios calculated from the spectra in a blind study. The
resulting C:O atomic ratios, as well as that calculated from the chemical formulas, are shown in
Fig. 10. The difference between the measured C:O and calculated atomic ratios was largest for
malic acid (-36%) and smallest for glucose (6%). This method is useful for determining the
relative amount of oxygen in single particles and in different types of particles within a sample.
This method differs from mass spectrometric methods that can determine C:O for organic,
inorganic or both species, but not for soots/black carbons.'* STXM/NEXAFS determines C:0
for the total particle (inorganic + organic + soot/black carbon). For samples containing
significant amounts of other elements determining the C:O ratio is further complicated as their
often non-linear pre-edge and post-edge absorbance in the energy region where carbon and
oxygen absorb, must be considered.
3.1.3 Identifying Black Carbon/Soot via NEXAFS Spectra

The carbon NEXAFS spectra of surrogate soots shown in Fig. 11 are scaled to a
thickness of 100 nm and density of 1.8 g cm™ using carbon mass absorption coefficients.” This
normalizes the spectra to the same total carbon and allows a more meaningful comparison. (The

maximum OD measured for these samples was 1.2; clearly in the linear regime of Beer
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Lambert’s law.) A magic angle spectrum of highly oriented pyrolytic graphite (HOPG) is
included for comparison. All of these spectra display a strong peak at ~285.3 eV, arising from
the C 1s—n*g(c+=c)r transition, and a broader peak at 292 eV corresponding to the C Is—c*c+.¢
transition. A valley is observed between these two peaks. This valley varies substantially due to
overlapping peaks from multiple transitions and differences in bonding. As seen in Fig. 5,
typical transitions in this energy region include aliphatic C-H groups, ketones or carboxylic acid
carbonyl peaks, ethers, and alcohols. Aside from hydrogen, a primary component of black
carbon is oxygen. The flame generated methane soot oxygen K-edge spectra (Fig. 9) has a pre-
edge OD at 525 eV, about a factor of two larger than observed in the carbon pre-edge. This
enhanced absorbance arises from the extended tail of the carbon absorption spectrum as well as
atomic scattering. The oxygen spectra contains a distinct peak at ~ 531 eV due to the O
Is—m*c-o+ carbonyl transition. The presence of this peak in the oxygen spectra confirms that
the carbonyl group should be present in the carbon spectrum, even if too weak to be resolved.
Measuring spectra at multiple edges provides confirmation for spectral peak assignments.
Although there are differences in the absorption spectra shown in Fig. 11, all of these (except
perhaps the amorphous carbon) would be suspected of a black carbon/soot origin rather than
organic or inorganic species in atmospheric aerosols. The dominant peak, C 1s—n*g(c+c)r, With
an intensity approximately equal to or greater than the absorbance at 320 eV, the disappearance
of the particle in the pre-edges images with a strong absorbance at the post-edge, all indicate the
possibility of a black carbon or soot.
3.1.4 Spectral Deconvolution

More quantitative information is obtained by spectral fitting of the NEXAFS spectra.
Fitting routines employ an arctangent function for the ionization step at ~ 290.3 eV combined
with the minimum number of Gaussian, Lorentzian, or Voigt,124 functions required to fit the
observed spectra. Peak energies are set at the peak maxima of distinct spectral features and
additional non-resolved peaks may be required to fit the measured spectrum. Spectral fitting

programs typically minimize the y* value by adjusting peak positions and peak widths are either

25



fixed, or allowed to vary. For environmental samples, these fits provide a semi-quantitative
method to compare samples of complex compositions. To ensure that changes in peak intensity
are not a function of sample thickness, peak areas are normalized to the integral of the spectrum
over the energy range for the particular edge. Studies may employ the approximation that the
area under the peak for a particular functional group is representative of the number of bonds.
For example, the percentage that a particular functional group contributes to the total carbon in
the sample is estimated from the ratio of the integral of an individual peak (n* or 6*) to the
integral of the spectrum over the energy range 280-320 eV (some researchers integrate over
smaller energy ranges). Additional uncertainty arises due to ambiguous peak assignments in the
carbon NEXAFS spectra. As indicated in Fig. 4, multiple transitions can occur in a similar
energy region resulting in poorly resolved spectral features. Comparison of transitions occurring
in both the C and O (or C and N) NEXAFS spectra can confirm the presence of specific
functional groups. While not a rigorous treatment, given the chemical complexity of aerosol and
of environmental samples in general, this may be the most reasonable method to compare
relative compositions and provide additional insight into the nature of these samples.
3.1.5 Quantifying the Graphitic Nature: sp® Hybridization

The relative amount of graphitic sp® carbon can be estimated from the ratio of the area
under the C 1s—n*gc+=c)r peak (Ac=c) to the overall area of the spectrum, for example in the

region between 280 and 310 eV (Azgo-310) according to:

i Ac_c |AY/

® A2807310

Similar to Lenardi et al.'® this can be referenced to the corresponding ratio for the HOPG magic

angle spectrum, assuming a 100% abundance of sp® carbon using:

HOPG
f soot _ Acce Axosi Vv
sp2 - A HOPG *
280-310 -c

The area under the spectrum Apgp-310 is obtained by numerical integration of the experimental

data, and the area under the ©* peak Ac=c can be calculated by fitting this transition to a
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Gaussian function and integrating the area under the peak.”®****'"® The black carbons and soots
in Fig. 11 are ordered by their graphitic content; highly ordered pyrolytic graphite (top) has the
highest amount (100%) and amorphous carbon (bottom) has the least (41%). As noted above, if
these spectra were observed in atmospheric samples, with perhaps the exception of amorphous
carbon, they would all be identified as black carbon/soot.

This determination of the sp? hybridization is considered relative and semi-quantitative.
Depending upon whether a single peak is fit to the area under the curve for the C 1s—n*grc+c)r
peak, or if the entire spectrum is deconvoluted, the sp? value may differ by as much as 15%.
Some additional uncertainties could arise due to possible polarization effects. Other methods for
determining variations in carbon bonding include examining intensity variations*' in the ©* peak
versus the o* in EELS spectra or by examining the sp®/sp® ratios by fitting the region below 287
eV as 7* and those between 294 and 301 eV as o*."*® Each of these methods contains its own
set of problems; none is perfect. A study combining Raman spectroscopy, another method used
to estimate the graphitic nature of carbon, with STXM/NEXAFS could provide insight into
systematic uncertainties in determining carbon bonding.

3.1.6 Biomass Burn Aerosols

Aerosols containing biomass burn particulate matter show a wider range in their carbon
K-edge spectra than that observed for the black carbon/ soot surrogates.* Anthropogenic
combustion sources often exhibit a higher percentage of sp2 bonded carbon compared to biomass
burn particles.37’42 They also often exhibit a shoulder at ~284.2 eV attributed to a C=C bond in
the ring of quinone (C 1s—7* ginone(c*=c)). Occasionally the sharp exciton peak is observed in the
carbon spectrum. Several studies report biomass burn influenced samples with a higher
proportion of oxygen containing functional groups than those produced via anthropogenic
combustion or even similarities between biomass burn particulates with humic-like substances
or fulvic acids. Keiluweit et al. also recently observed significant changes in carbon bonding

upon charring plant biomass.”
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Hopkins et al. examined biomass burn particulate matter combining SEM/EDX and
STXM/NEXAFS measurements produced from about a dozen fuels.''® The SEM images,
elemental composition, and carbon K-edge NEXAFS spectra showed surprising variability.
These range from fuels from semi-arid regions that contain salts and produce spectra, sp>
hybridization, and C:O ratios nearly indistinguishable (aside from the K doublet) from methane
flame soots. Other samples were dominated by the presence of mixed carbonaceous and
inorganic salts or produced a liquid/oily organic carbon with fractal inclusions. Hopkins et al.
showed that the sp” hybridization was correlated with the measured optical absorbance at visible
wavelengths. As Bond'?” has shown, these types of correlations are clearly expected.

Vernooij et al. examined particulates from a village where ambient particulate matter is
dominated by wood stove emissions and a sampling site dominated by traffic using TEM and
STXM/NEXAFS.*” Diesel soot contained a C Is—=7* quinone(c*=c) peak (~284 eV), the C 1s —
T*r(c*=c)r peak (~285 eV) and a shoulder at ~291 eV resulting from the corresponding c*
transitions. The wood smoke particulates had a signature phenolic peak at ~287 eV with a
smaller contribution from the C 1s — m*gcx=c)r peak, however only ~60% of the particulates
were identified as wood smoke soot. The range and variation in particulates produced from
biomass burning, the dependency on flaming versus smoldering conditions, and the propensity
of specific fuels to flame or smolder are all poorly understood and ripe for additional studies.
3.1.7 Tar balls

Tar balls are amorphous carbonaceous spheres, with a structure distinctly different from
soot, and have been observed in numerous field campaigns.'**"*° Hand et al. performed
extensive single particle analysis on samples collected at the base of Yosemite National Park
during transport of an air mass impacted by forest fires in Oregon."' The highest concentrations
of light absorbing carbon were correlated with periods when SEM/EDX analysis indicated that
tar balls dominated the particle samples. Tivanski et al. employed the results from the detailed
particle analysis of Hand et al. to guide selection of samples from specific collection times for

STXM experiments. The goal of STXM/NEXAFS in these experiments was to examine the
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carbon bonding and determine if there were any similarities with soots/black carbons that would
account for their absorption of solar radiation in the atmosphere.

In Fig. 12, three different types of particles observed in this study are shown: the
particles within circles are tar balls, the solid-line square surrounds an organic particle, and a
dotted-line square indicates an agglomerate. Although not shown in this image, occasionally,
particles were observed with a fractal structure of soot (and corresponding NEXAFS spectra). In
this image, the organic particle, although larger in diameter, is lighter in color (less absorbing)
than the smaller tar balls. To determine if the particles identified as tar balls were spherical,
Tivanski et al. combined the 2-dimensional STXM/NEXAFS measurements with a model that
allowed determination of a 3-dimensional particle shape.”® The averaged absorbance signal
<OD(d)> through a spherical particle of uniform density p and diameter d was determined from

the following equation:
d/

29 d
(OD(d)) = q £2ﬂpx/(d /2)" =x*dx = 2%(1) = Apud VI

where x was the radius variable and A = 1/2sin(1) = 0.59 for a perfect sphere. The maximum
optical density, ODy,x(d) = ppd, corresponds to the absorption through the center of the sphere.
Thus for a spherical particle, a plot of the particle’s average absorbance versus its maximum
absorbance yields a line with slope A = 0.59 and an intercept of zero. Figure 13 displays the
measured averaged absorbance versus the maximum absorbance for the C edge at 320 eV. The
mean absorbance value for ~7 particles in ~50 nm wide bins (based on their diameters) is
represented by each cross. A fit to the data yielded a slope of 0.59 + 0.03. Although not shown
here, the analogous plot at the O edge at 550 eV yielded a slope of 0.6 £+ 0.05. Both of these
slopes are in excellent agreement with the predicted slope of 0.59, implying that tar balls are
essentially perfect spheres of uniform densities, and that the majority of C and O atoms are
homogeneously distributed throughout the tar ball. (A discussion below considers an
inhomogeneous surface coating with a thickness similar to the spatial resolution of the

STXM/NEXAFS experiments.) If the particles had been shaped like a flat disc (pancake), the

29



maximum optical density would be equal to the averaged optical density. Hence, although
STXM/NEXAFS is strictly a 2-dimensional imaging technique some information on the 3™
dimension is obtained.

The fact that tar balls are perfect spheres of uniform densities with homogeneous
distribution of C and O atoms uniquely allows a quantitative determination of their elemental
composition and particle density. Tivanski et al.*® developed an analytical model that predicts
linear relationship between the averaged total carbon (oxygen) absorbance and tar ball diameter
with the slope that depends on atomic carbon to oxygen ratio and the particle density. Using the
model and measured size-dependent total carbon and oxygen absorbencies, the atomic ratio of C
to O was determined to be 1.2 (55% C, 45% O), with a total density of 0.75 g/cm’.*®

One of the primary interests in tar balls is that they are correlated with the absorption of
long wavelength solar radiation. Typically soots and graphitic carbons are the most strongly
absorbing species at long wavelengths in the visible spectrum. NEXAFS spectra of ~150 tar
balls were measured and compared to spectra of black carbons and humic-like substances.
Figure 14 displays a representative tar ball spectrum as well as spectra for soot (measured in the
same samples as the tar balls), humic and fulvic acids. Tar ball spectra were unique in that
unlike most atmospheric samples, there was almost no particle to particle variation in the
spectra. As previously reported,**"*! tar balls were extremely insensitive to radiation exposure.
Spectra measured on samples that had been examined via SEM analysis were identical to those
measured using very low radiation STXM scans. A single particle was scanned repeatedly, for a
total of ~5 times at normal radiation exposure and the spectra did not vary. Tar ball spectra
measured on samples from African biomass burn were identical to those reported by Tivanski et
al.*® Vernooji et al. report tar ball spectra with greatly reduced carboxyl carbonyl intensity.”’
While this discrepancy could be due to the different types of fuel (dried wood versus live
biomass) it is unclear if they rigorously determined that the particles they observed were

spherical.
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The tar ball C edge spectrum contains four sharp resonance transitions at 285.1 (C Is —
T*R(c*=C)r, 286.7 (possible transitions: C 1s — n*rcx=0)r, C IS = T*quinone(c=0), C 1s —
T* phenolic(C*-0H)), 288.5 €V C 1s — n*r(cx=0yon and 289.5 eV (possible functional groups; C 1s
—3p/6*ro(c*-n)r, C 15 — T¥*rrN(c*=0)NrR (carbamide). For tar balls, the intensity of the 288.5 eV
and 289.5 eV peaks were strongly correlated. A weak (R ~ 0.4) correlation between the peak at
286.7 and the 531.8 eV peak (O 1s — mw*g(c=0#r) in the oxygen spectra indicates at least a
partial contribution from a ketonic carbonyl. However, comparison of the spectra shown in Fig.
14 indicates that tar ball bonding is different from soot and more similar to humic and fulvic
acids. The spectra from these acids and the tar balls all contain relatively small contributions
from aromatic carbon (C=C), ketonic carbonyl and a large contribution from carboxylic
carbonyl. Additional insight into the nature of tar balls was obtained by normalizing the
functional group intensities to the total carbon and plotting this as a function of diameter. An
example of this is shown for the carboxylic carbon in Fig. 15. If a specific functional group is
more concentrated at the surface at smaller particle diameters, its contribution will be enhanced,
similar to the surface limited oxidation described in Maria et al.,'** described in a following
section. While the carboxylic and O-alkyl-C functional groups display a dependence on particle
diameter, the aromatic and ketonic carbonyls showed no dependence on particle diameter. These
results indicate the presence of an oxygenated layer at the surface of the tar balls that is thinner

than the STXM spatial resolution (35 nm for this study).

3.1.8 Evolution of Aerosol Mixing States

Applying the soot identification method of Hopkins et al.,** Moffet et al. performed an
analysis of particles collected from three sampling sites located progressively farther from the
Mexico City center: TO, T1, and T2."" The sample date was selected to coincide with a time of
air-mass transport from the city center toward the peripheral sites. Soot was identified by
identifying particles that contained regions with > 35% sp? hybridized carbon. Figure 16
demonstrates how C K-edge NEXAFS spectra change by selecting only regions having a %sp2

above a specific value. From Fig. 16, it is clear that organic coatings are visible below 35% sp?;
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at and above 35% sp® only particle cores are visible. In Fig. 11, all soots had C 1s — TT*R(C*=C)R
peak intensities greater than the absorbance due to total carbon at 320 eV. In Fig. 16, below a
threshold of 35% sz, the absorbance at 285 eV (C 1s — m*gr(cx=c)r) is less than that at 320 eV.
Additionally, both the total carbon and the intensity of the C 1s — n*g(c+—c)r peak rapidly
increase above 35% sz, consistent with previous measurements of soot spectra. Inorganic,
predominantly non-carbonaceous, regions within particles were identified by a pre-edge (278-
280 eV) to post-edge (320 eV) ratio of 0.6. Organic regions were identified by absorption at the
energy of the C 1s — n*rc*=0yon peak.®® The assignment of inorganic regions was confirmed
with CCSEM/EDX;; as in samples from other sites, the large pre-edge absorbance could be
attributed to salts and mineral dust.*® Each of the identifying components — soot (EC-elemental
carbon), inorganic (IN), and organic (OC) - were used to label particles in order to quantify
trends in particle type number fractions. These components were used to derive singular value
decomposition maps of particles from the three sampling sites as shown in Fig. 17 (T0, T1 and
T2 are shown in panels A, B and C, respectively).

Fig. 17 demonstrates the complex, internal heterogeneous mixtures of components within
particles at TO. Farther from the city center, the number fraction of homogenous organic
particles (OC) lacking both soot and inorganic inclusions (Fig. 17) increased. Although these
particles lacked organic inclusions, by examining the sulfur edge it was determined that
inorganic sulfate was homogenously mixed with the organic material.

As shown in Fig. 17, NEXAFS spectra for the organic carbon indicated a relative
increase in all carbon functionalities (increased spectral congestion) with the exception of sp2
hybridized carbon. The decrease in sp® with distance from the city center was determined to be
either from condensation and/or oxidation processes. All of the soot inclusions identified in
Mexico City had a strong contribution from COOH groups, indicating possible surface reactions
or rapid photochemical oxidation and condensation of gas phase species. As with the organic

carbon, the %sp’ of the soot inclusions decreased with increasing time and distance from the
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urban center. However, these heterogeneous processes could not be decoupled from the
condensation of gas phase organics.

Fig. 18 presents number fractions of particles containing combinations (or absence-
NOID) of these three components, EC, OC, and IN, at each sampling site. The increase in
organic carbon particles without inorganic or soot inclusions as a function of distance from the
city center was attributed to the growth of ultrafine particles by secondary aerosol condensation.
This observation was confirmed by demonstrating that the average size of the homogeneous OC
particles increased with distance from the urban center. This study from Mexico City is the first
STXM investigation to account for multi-component particles containing soot, non-
carbonaceous inorganic species, and organic carbon. These results clearly indicate that the
mixing state of the particles changed with plume age. Such changes are expected to strongly
influence chemical and physical properties such as hygroscopicity and optical properties.

Knopf et al. used samples collected at the same locations and similar times as those

119 133
1.

analyzed by Moffet et al.”~ to examine their ice nucleation activity. *~ The particles collected
from Mexico City nucleated ice under cirrus cloud temperatures and relative humidities. This
finding is notable because the STXM/NEXAFS showed they have a large organic content.
Presumably even dust particles, which normally make efficient ice nuclei, would be coated with
organics and thought to be rendered inactive with respect to ice nucleation. Previous ice
nucleation studies have suggested that organic dominated particles would not serve as ice nuclei

under cirrus cloud conditions.

3.2. Organic Carbon

Russell et al.*®

were the first to use STXM to map a variety of organic functional groups
on individual aerosol particles. Ratios of carboxylic to aliphatic compounds on individual
particles indicated surface coatings of shorter chains or more oxygenated groups. This
observation indicated that the particles underwent heterogeneous surface oxidation. This study

provided a first glimpse of the variable nature of organics in single particles at an unprecedented

spatial resolution. Maria et al."** demonstrated the utility of STXM/NEXAFS for determining
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organic aerosol growth processes by exploiting particle size resolved organic composition. The
size dependence of the functional group mass ratio with respect to either total mass or total
carbonaceous mass was used to infer organic growth mechanisms. Total mass was assumed to
be proportional to the optical density of the region between 278-280 eV. Carbon mass was taken
to be proportional to the difference between the absorption at 303-305 eV and 278-280 eV. As
illustrated in Fig. 19, if particles undergo surface limited oxidation, the ratio of oxidized
functional group to total carbon will be enhanced for smaller particles due to their larger surface
to volume ratio. Conversely, if particles undergo volume limited oxidation, the spatial
distribution of carbonyl groups should be uniform due to fast diffusion of reactants compared to
the kinetics of reaction. In the case of a volume limited reaction, the oxidized functional group to
total carbon mass ratio would not be size dependent. Using this approach for atmospheric
samples, surface limited reactions were found to occur for particles sampled in low relative
humidity environments and for particles that likely contained insoluble compounds. Volume
limited reactions were found to occur for particles sampled under high relative humidity
conditions. By combining the STXM/NEXAFS results with additional information provided by
FTIR and air-mass back trajectories, it was concluded that the oxidation rate used in current
models was three times faster than the observations.

Incorporating data from several field campaigns, Takahama et al."** demonstrated the
first use of spectral cluster analysis to identify individual particle types using the carbon K-edge
NEXAFS spectrum. Particle cluster analysis performs an automated grouping of similar spectra
based on mathematical criteria. Individual particles were grouped into fourteen different particle
types, shown in Fig. 20. The most abundant particle type (a), presumably secondary organic
aerosol (SOA), was dominated by the carboxylic peak. This observation highlighted the ubiquity
of carboxylic acids in particles sampled over different geographical regions. Furthermore,
organic classes indicated in Fig. 20 (panel 2) had little contribution from the C 1s — n*rc*=c)r
peak. Other particle types were defined based on the abundance of C=C (C 1s — nt*rc*=c)r),

COs (C 1s — m*c+03), and K (L2 2pip, 32 — o). Particle types with large contributions from
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C=C most likely contain soot (Fig. 20, panel 1); within soot particle types, there are different
amounts of oxidized functional groups presumably due to differences in atmospheric processing.
The presence of K in the particles (Fig. 20, panel 2) may be indicative of either dust or biomass
burning. If particles contained both K and COs (Fig. 20, panel 3) they were classified as dust
based on their similarity with the pine ultisol soil NEXAFS spectrum.’

132
1.

The approaches of Maria et al. °~ and Takahama et al. 1% were combined in the analysis

of airborne samples taken as part of the INTEX-B field campaign.'*> INTEX-B covered the

western Pacific Ocean as well as California, Oregon and Washington,'*>!?*!13°

The majority of
particles observed during INTEX-B were attributed to SOA formation processes based on the
submicron size and dominant contribution from carboxylic acid. The methods of Maria et al.'*
were employed to show that growth of organic aerosol occurs via both condensation and surface
limited processes.135

As part of the INTEX-B campaign, a separate study focused on the analysis of dust

transported from Asia.'*®

Dust plumes observed at Whistler, British Columbia were associated
with an increase in sulfate, indicating anthropogenic influences. These plumes occurred with a
very low concentration of accumulation mode organics. Half of the NEXAFS spectra sampled
during the Asian dust event indicated characteristic peaks for dust (K and COs3) in addition to a
well defined carboxyl peak. This finding was corroborated by ion chromatography of water
extracted filters, which showed significant concentrations of coarse mode formate (CHO;"). The
mixing of carboxylic acids and dust within a particle indicates that the mineral dust acts as a
condensable surface for organics. The authors concluded that the condensation of organics on
large dust particles may diminish their indirect radiative forcing while potentially enhancing
direct forcing.

To analyze particles from Mexico City, Liu et al."*” followed a method similar to
Takahama et al.,"** but used positive matrix factorization in addition to k-means clustering.

Samples were collected aboard an aircraft on a high altitude mountain and at an urban site.

Three main aerosol types were classified based on their carbon K-edge spectra. By number, soot
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particles were most abundant (70% of the total number) followed by biomass burning and
processed/secondary particles. Biomass burning particles had spectra similar to those of fulvic
acid and tar balls.*® The secondary/processed particle type had a dominant carboxylic acid
contribution, consistent with the studies outlined previously. Although distinct differences were
seen in the number fractions of different particle types, the positive matrix factorization (PMF)
factors exhibited approximately equal contributions from three factors, biomass,
secondary/processed, and soot. This difference may arise because while there were more soot
particles than organic particles, the organic particles contained more mass.
3.3 Inorganic Species

The potential to explore chemical bonding and oxidation states of sulfur and transition
metals is of interest to atmospheric and environmental scientists because they provide insight
into branching ratios and chemical processing. Ultimately, aerosol toxicity may be related to
specific oxidation states, hence, such studies could be important to understand health affects of
aerosols. To date, only a few studies have focused on speciation of metals, such as manganese,
iron, or sulfur, in environmental samples.77’94’96’138 This section discusses STXM/NEXAFS
studies characterizing the bonding and oxidation states of metals (Zn and Fe) and sulfur
partitioning in the marine boundary layer.
3.3.1 Speciation of Zn containing aerosols

Historically, ambient aerosol measurements in Mexico City have indicated elevated Pb,
Zn and Cl levels in some neighborhoods. During the MILAGRO campaign, single particle mass
spectrometry measurements indicated a daily cycle of internally mixed Pb, Zn, and CL.'**
Combining the chemical evidence with the observation that the daily cycle was suppressed over
weekends and holidays, it was concluded that their source was likely to be either industrial
smelting and/or garbage burning. Because of the widespread nature of these particles and the
increased blood lead levels in children residing in these neighborhoods,'*’ the speciation and
morphology was pursued using STXM/NEXAFS and CCSEM/EDX. Microscopic information is

important since particle morphology and speciation controls uptake by the human body.
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CCSEM/EDX measurements indicated that particles containing the characteristic mixture of Pb,
Zn, and Cl generally had two morphologies: compact structures and needle like structures.
Based on their tetrahedral morphology and chemical composition some needle-like particles
were hypothesized to be ZnO. As shown in Fig. 21, STXM/NEXAFS measurements at the Zn L-
edge confirmed the presence of needle-like ZnO particles. An additional particle type composed
of Zn(NO3), was also observed. Representative Zn L-edge NEXAFS spectra for both ambient
particle classes along with standards (Zn(NOs3),*6H,0 and ZnO) are shown in Fig. 21. The
comparison with the ambient particle spectra with the standard spectra in Fig 21 provide clear
chemical identification. Zn(NOs3), may be formed from the reaction of ZnCl, with HNO;. Mass
spectrometry measurements showed the replacement of Cl by NOj; on particles containing Zn,
Pb and CI. Presumably, PbCl, undergoes a similar reaction to form Pb(NO),. Measurements at
the carbon K-edge confirmed the single particle mass spectrometry observation that metals were
internally mixed with soot, indicating a combustion source. This study illustrates the capacity for
transition metal speciation using STXM/NEXAFS, as well as the benefits of combining STXM
with other micro-spectroscopic (CCSEM/EDSX) and mass spectrometric techniques.
3.3.2 Fe Speciation

It is estimated that the majority of bioavailable iron in the ocean comes from aerosols.
Hence, understanding the origins, transport, and eventual fate of iron is of interest in several

environmental fields. Several groups have explored iron speciation in oceans, *''*!

91.93.96.99.142-145 and aerosols,'*® using STXM. Although dust dominates Fe containing

biofilms,
aerosol, anthropogenic/industrial sources can also be important. As demonstrated in Fig. 22,
using the methods of Dynes et al.”® and Takahama et al.'*® using STXM at the Fe L edge,
spatially resolved Fe speciation for nanometer to micron sized particles are obtained. Takahama
et al.'* determined Fe oxidation states using analysis methods established by Dynes et al.” and
references therein. In Takahama et al.,'*® 63 particles (from a variety of samples) indicated Fe

(IT) fractions from 0-0.73. The absence of a strong correlation between Fe (II) fraction and

distance from the particle surface indicated that surface reactions did not control Fe speciation.
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Furthermore, no correlation between organic carbon and Fe (II) fraction was observed, implying
that organic ligands did not play a noticeable role in determining Fe speciation. However, a
group of spherical particles (collected during the ACE Asia campaign) had both high Fe(II)
fraction and organic carbon content; it was hypothesized that these particles were associated
with biomass burning.
3.3.3 Marine Boundary Layer Sulfur Speciation

Although more bonding information is obtained at the L-edge, there are only a few

147148 and most sulfur NEXAFS spectra have been measured at the K-edge.l

studies at this edge
During the Marine Stratus Experiment (MASE), dry residue particles from individual cloud
droplets and interstitial aerosol were analyzed using an array of complementary micro-
spectroscopic techniques at the Environmental Molecular Science Laboratory (collaboration
with A. Laskin) combined with sulfur L-edge STXM/NEXAFS from the ALS. This study was
aimed at chemical speciation of particulate sulfur.>®

CCSEM/EDX provided microscopic particle imaging and quantitative elemental
compositions. Analysis of ~10,000 particles indicated two prominent particle classes: sea salt or
sulfur-rich (S-rich) particles. S-rich particles were submicron in diameter and spherical. Sea salt
particles were cubic-shaped crystals, with diameters larger than 1 pm, surrounded by irregularly
shaped residues. TOF-SIMS showed that sea salt particles contained both CH3SO5™ and SO.>
while S-rich particles were composed of a mixture of HSO4 and (NHy4),SO..

STXM/NEXAFS analysis sought to quantify CH;SO; /SO,*™ ratios within individual sea
salt particles because this ratio is indicative of different chemical processes in the marine
boundary layer. (Note: the STXM/NEXAFS measurements list only the anion as several cationic
species could be paired with these species.) Figure 23 shows a representative STXM carbon K-
edge image (290.8 eV) indicating two particle classes: circles for S-rich and squares for sea salt.
Maps generated by principle component analysis (PCA) of STXM/NEXAFS spectra taken at the
carbon (B), nitrogen (C), and sulfur edges (D) are shown. These maps indicate that particles may

contain carbon or nitrogen, but do not contain both. The PCA maps indicate two different types
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of sulfur; one component associated with carbon (grey) and a different component associated
with nitrogen (black). This is consistent with particle compositions of either mixed sea
salt/CH3SO5/S04” (grey) or mixed H,SO4/(NH4),SO4 (black). For comparison, reference sulfur
L-edge NEXAFS spectra of Na;SO4, (NH4),SO4, and CH3SO3;Na were measured. Sulfur spectra
recorded from (NH4),SO4 and Na,SOq, were identical to one another with three distinct peaks.
However, the CH3SOsNa spectrum had no resolvable peaks. Particles containing nitrogen
(black) display a sulfur L-edge NEXAFS spectrum indicative of SO4> (consistent with mixed
H,S0O4/(NH4),SO4 composition). Particles indicated with grey had sulfur L-edge spectra that
were intermediate between CH3SO5™ and SO42' NEXAFS spectra (consistent with a mixed sea
salt/CH3SO5/SO4> composition). Combining the Na,SO4 and CH3SO3Na spectra would both
broaden the resolved peaks and alter relative peak intensities. Using linear combinations of the
Na,SO4, and CH3SO3;Na reference spectra, a calibration curve was generated for the peak
heights. Spectra from ~100 individual mixed sea salt/CH3SO; /non-sea salt-SO427 particles were
measured and their CH;SO; /total-SO4*” ratio determined using the calibration curve. The
CCSEM/EDX, TOF-SIMS and STXM/NEXAFS data are all consistent with one another and
indicate enhanced formation of particulate CH3SOj; in sea salt droplets and particles. This
unique combination of single-particle measurements enables quantitative assessment of
CH3S0; /non sea salt-SO,* ratios in individual particles. On the basis of particle morphology,
chemical composition and chemical bonding, two types of sulfur containing particles were
identified: chemically modified or aged sea salt particles and sulfate particles. Previously, only
bulk measurements, which are an average over all particle types, had examined sulfur
partitioning of methanesulfonate and sulfate.
3.4 Other Studies
3.4.1 Power Plant Plume Processing: Presence of Organosulfates?

Particles collected downwind of a power plant plume were examined using
STXM/NEXAFS combined with CCSEM/EDX.'* NEXAFS spectra of particles at the three

locations chosen progressively further from the power plant, PO, P1, and P2, were recorded at
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the carbon, nitrogen, oxygen, and sulfur edges. Unlike most field collected aerosol samples,
spectra (within each specific location) were extremely homogeneous both within individual
particles and from particle to particle. Therefore, at each location, spectra were averaged over
~50 individual particles. All carbon K-edge spectra exhibited a weak peak at 285.15 eV arising
from the C 1s — m*r(c*=c)r transition. Three distinct peaks were observed in the sulfur L-edge
spectra. STXM/NEXAFS indicated that both carbon and sulfur were homogeneously distributed
within individual particles and were not inclusions (for example (NH4)>,SO,) within the particles.
Hopkins et al. observed that spectra from (NH4),SO, and Na,SO4, were indistinguishable at the
sulfur L-edge.’® However, ammonium sulfate is widely known to be very sensitive to x-ray
exposure (as indicated by the growth of a peak at 401 eV or evaporation in a TEM). However,
the nitrogen spectra from the power plant plume samples did not vary with exposure to x-ray
radiation. Based on the homogenous distribution of carbon and sulfur and the insensitivity to x-
ray exposure, the observed sulfate bonding was tentatively assigned to organosulfates.

150 While the exact

Organosulfates could be produced via secondary chemistry with organics.
formation mechanisms are currently being investigated, some laboratory evidence exists for the
formation of organosulfates and nitroxy organosulfates from reaction of acidic sulfate particles
with isoprene, as well as photooxidation products such as pinonaldehyde and dihydroxyepoxides,
under conditions similar to those found in the nocturnal power plant plume investigated in this
study.

Using the carbon spectra, the sp? hybridization at each location downwind of the power
plant plume was estimated using the C 1s — mw*g(c*=c)r peak intensity (as discussed previously).
The calculated % sp? hybridizations were approximately 8%, 4% and 1.6%, respectively, for the
locations PO, P1 and P2. The decrease from 8% to less than 2% indicates a loss of C=C bonds
along the plume trajectory. One possible explanation is that heterogeneous reaction between

elevated levels of the NO; radicals present in the power plant plume with the C=C bonds leads

to the observed loss.
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3.4.2. Ice Nucleation and Cloud Condensation Nuclei

Many recent aerosol studies have examined how aerosols affect clouds, i.e. the aerosol
indirect effect on climate. Aerosol indirect effects have a potentially large, but extremely
uncertain effect on climate. STXM/NEXAFS was used to analyze particles collected using a
counterflow virtual impactor (CVI) in several field campaigns. CVI impactors are designed to
sample only cloud droplets or crystals while excluding interstitial aerosol. By sampling cloud
droplet residues and comparing their chemical composition with interstitial aerosols, links
between particle composition and cloud nucleating ability are studied.

During the ice in clouds experiment — layer clouds (ICE-L), the impact of playa (dry
lakebed) dust as ice nuclei was explored in wave clouds consisting primarily of ice."”' A CVI
sampled cloud drops which were subsequently heated and collected. Single particle mass
spectrometers indicated the presence of playa dust in ice clouds while bulk aerosol mass
spectrometers indicated highly oxygenated organics were present. These measurements of
clouds over Wyoming implied that desert playa dust advected over the western United States
made efficient ice nuclei. Based on the characteristic markers of Na, Ca, K, Cl and Mg, the
single particle mass spectrometer identified periods of high playa dust ice nuclei. Although the
single particle mass spectrometer measured some minor peaks for organics the presence of
organics within the playa dust remained uncertain due to possible matrix effects. Based on
STXM/NEXAFS measurements of C, K and Ca edge spectra that identified internally mixed
COs, K, Ca and COOH, STXM/NEXAFS confirmed that organics were present within single
cloud particle residuals. These findings indicate that the mixture of both dust and organics may
contribute to ice nuclei. These results are in contrast with the hypothesis that organics inhibit ice
nucleation by occupying active sites where ice nucleation would occur.

CCSEM/EDX and STXM were combined to study mixed phase (ice and liquid) clouds
during the indirect and semi direct aerosol campaign (ISDAC) conducted over Barrow, AK.
Interstitial acrosol and cloud drop residuals were characterized.'”* Based on the carbon

STXM/NEXAFS analysis, samples taken from a period of high ice nucleation contained
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enhanced fractions of coated carbonate and elemental carbon particles (compared to interstitial
aerosol). STXM measurements indicated that COOH and COs were internally mixed (consistent
with ICE-L and INTEX-B findings). By examining the pre-edge to post-edge ratio at the carbon
K-edge, it was concluded that non-carbonaceous species were enhanced during the CVI
sampling periods. SEM/EDX measurements showed enhanced Mg in cloud drop residuals
(relative to interstitial aerosols), thus confirming the STXM/NEXAFS results. NEXAFS spectra
of interstitial aerosol showed two types of organic carbon: one with a relatively high carboxylic
acid content, and the other with a larger contribution in the region specific to R-OCH;-R (the
carbon adjacent to the oxygen in an ether) groups. Organic carbon containing more ROCH,R
was also found in a Siberian biomass burning plume sampled during the same campaign. The
enhanced organics in the interstitial acrosol and enhanced Mg in the cloud drop residuals
indicate that inorganic species are more efficient condensation nuclei / ice nuclei than organic

species.

IV. Opportunities for Future Applications and Developments

4.1 Combining Complementary Microscopic and Spectroscopic Techniques

One of the most difficult aspects of studying natural samples is defining the scientific
problem narrowly enough for focused experiments. Focusing on a specific scientific problem is
simplified when the chemical composition is known, such as polymer or magnetic systems. In
contrast natural samples are incredibly complex with poorly characterized chemical
compositions. As only a limited number of samples can be examined using STXM they must be
chosen carefully, often based upon data and insight obtained from other methods. For example,
x-ray fluorescence,''” SEM,*® and mass spectrometry,'*’ can guide STXM measurements. In
addition, atmospheric samples should be statistically representative. Using CCSEM/EDX or
single particle mass spectrometry, to sample thousands to millions of particles provides a
38,56,118,119,139,149

statistical analysis for development of a classification scheme for particle types.

The particle types can then be examined in greater detail using STXM/NEXAFS. These results
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can then be linked back to SEM/EDX and mass spectrometry data to provide more
representative results.

In environmental science, STXM/NEXAFS can be combined with other microscopy and
spectroscopy methods to exploit the strengths of each method. As the number of STXM
instruments increases, more investigations will combine multiple techniques. Transmission
electron microscopy (TEM) has been used in combination with STXM/NEXAFS to examine
environmental samples including biofilms,’* fossil spores,'>> marine sediments,” meteorites, >

143155 and nanoparticles in drinking water.'>® Numerous investigations have

biomineralization,
employed other complementary techniques such as micro-FTIR,” Raman imaging,'>* Atomic
Force Microscopy (AFM),* %1515 and TOF-SIMS. '

Although very few studies have employed multiple techniques in combination with
STXM/NEXAFS on atmospheric aerosol samples,38’56’“8’l19’139 a variety of applications are
apparent. One limitation of STXM/NEXAFS is that the measured absorbance is the product of
particle density times its thickness. Separating these two requires knowledge of the particle
shape. For understanding chemical and physical properties knowing the aerosol density and
morphology is useful. By performing AFM and STXM measurements on identical particles,
their 3-D shape, size, height, density, and total atomic absorbance (mass) can be quantified. The
Tivanski research group has used this approach to determine, for the first time, single particle

densities for various atmospherically-relevant organic compounds, such as low molecular weight

dicarboxylic acids and natural fulvic acid."

4.2 Development of in situ Techniques

Controlled in situ studies relevant to aerosols, such as those reported in catalysis'®'* are

certain to develop in the coming years. Ideally, aside from temperature control (heating and
cooling), and reactive gas flow, reliable humidity control is desired. This would allow the
reactivity of a single particle to be monitored for changes in chemical bonding and oxidation

states using STXM/NEXAFS.
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Several research groups have been exploring STXM/NEXAFS for studies on water vapor
uptake. Ghorai and Tivanski have developed a novel approach based on STXM/NEXAFS for in
situ studies of the hygroscopic properties of individual submicron aerosols.'® In particular,
several inorganic aerosols (NaCl, NaBr, Nal and NaNO3) deposited on silicon nitride
membranes were characterized using STXM/NEXAFS at varying relative humidities, up to 90%.
The amount of water absorbed by a single particle during hydration/dehydration cycle was
measured as a function of relative humidity and the measured hygroscopic properties were in
excellent agreement with results determined by established techniques. Zelenay et al. recently
incorporated an in situ reactor to examine the variations in oxygen NEXAFS spectra and
changing particle morphology of individual mixed particles of adipic acid/ammonium sulfate as

a function of relative humidity.'®*

Hence, future studies are expected to include atmospherically
relevant aerosols, ambient aerosols, and organic/inorganic mixtures as well as improvements in
controlling and measuring the relative humidity. The ability to probe organic/inorganic mixtures
is particularly important due to the extremely limited knowledge of how the type and degree of
mixing, and aerosol microstructure influence their hygroscopic properties.

Other potential in situ experiments could combine irradiation (with UV or laser light)
with STXM to monitor chemical changes or the extent of progression of a reaction with time.
Depending on experimental settings, STXM can be used to follow time-resolved chemical
changes with a temporal resolution of several milliseconds. Several groups have combined
STXM with UV/Visible light irradiation to examine chemical changes upon light exposure112 or
to provide experimental confirmation of the sample heterogeneity and spatial distribution of
different components within the sample.”

Although the NSLS cryo-STXM has been in existence for years,”” and Tzvetkov and
Fink recently examined the temperature dependent phase changes in polymers,'® cooling
techniques for STXM are not fully developed. Thibault et al. imaged a zone plate buried beneath

layers of gold by combining elements of scanning microscopy with coherent diffraction resulting

in reconstructed images with higher resolution than the focused spot size.'®® Several groups are
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developing techniques of contrast imaging, fluorescence detection, and tomography for STXM.
These techniques along with improved in Situ capabilities will ultimately enhance the ability to
probe environmental samples.

Although a relatively new technique for atmospheric research and environmental science,
STXM/NEXAFS applications have grown from examining laboratory samples of soots and
mapping functional groups on just a few particles to detailed experiments on hundreds of
particles. Initially, a very limited number of STXM instruments were available and the data
acquisition and analysis were labor intensive. However, the number of instruments available
worldwide is increasing rapidly, and top-off mode has significantly improved data acquisition.
The development of software focused on statistical analysis has decreased the time required for
data analysis. Combined with other imaging techniques (SEM/EDX, TEM, EELS, AFM),
spectroscopic techniques (FTIR, Raman, TOF-SIMS) and technological advances (in situ cells,
improved temperature and humidity control and measurement) we anticipate a rapid increase
both in the number and type of scientific investigations in atmospheric and environmental

sciences that employ STXM/NEXAFS.
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VII. Tables

Table 1. Core absorption edges typically used in the soft x-ray region

Binding Energy Edge
150 - 500 eV
, C, N, Mg, Al, Si Kls

Lo 2p12 & Lo 2p3p2

B, C,
S, Cl, Ar, K, Ca, Sc, Ti
Y, Zr, Nb, Mo, Tc, Ru, Rh, Pd, Ag, In, Sn

My 3d32 & Ms 3ds),

500 - 1000 eV

O, F, Ne

K1s

V, Cr, Mn, Fe, Co, Ni, Cu

Lo 2p12 & Lo 2p3p2

Sbh, Te, I, Xe, Cs, Ba, La, Ce, Pr

My 3d32 & Ms 3ds),

1000 - 1500 eV

Na, Mg

K1s

Zn, Ga, Ge, As, Se

Lo 2p12 & L2 2p3p2

Nd, Pm, Sm, Eu, Gd, Th, Dy, Ho, Er,
Tm, Yb

My 3ds2 & Ms 3ds)2

1500 - 2000 eV

Al, Si

K 1s

Br, Kr, Rb, Sr

L2 2p12 & L2 2pap

Lu, Hf, Ta, W, Re, Os

My 3d32 & Ms 3ds),
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Figure 1. Schematic of a synchrotron (not to scale) showing a single insertion device
(undulator) and beamline with an x-ray monochromator for energy selection. The STXM
instrument includes the Fresnel zone plate for focusing, an order sorting aperture (OSA) to
eliminate unfocused and higher-order focused x-rays, a sample, and the detector. The sample is
located at the focal point and raster scanned to obtain an image. Figure adapted from

Maser et al.%°
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Figure 2. Right) Schematic of a Fresnel zone plate showing the central stop and the series of
zones having decreasing width with increasing distance from the center. Left) Schematic of a
zone plate (rotated 90°) with the proper positioning of the order sorting aperture (OSA) to
prevent 3" order diffracted light from impinging on the sample. The sample lies in the focal
plane for 1* order diffracted light. The zero-order (non-diffracted) light is eliminated by the zone

plate central stop.
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Figure 3. Calculated mass absorption for a 100 nm thick sample of common atmospheric
aerosols: mineral dust (calculated using the elemental abundance of the earth’s crust,
O¢3S121AlgFe,Mg,CasNasK  and the density of SiOy, 2.6 g/cm3 ), sea salt residue (calculated
using the formula Nag»0ClaooMgsoCa 0K 0(SO4)25(HCO;3), and the density of NaCl, 2.2 g/cm3)
and secondary aerosols consisting of a mixture of 0.25 mole (NH4),SO4, 0.25 mole (NH4)NOs,
and 0.5 mole palmitic acid, CH3(CH,)4CO,H (where the density was determined from their
respective mole fractions).
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Figure 4. Left) Schematic energy level diagram showing the highest occupied molecular orbital

(HOMO), the lowest unoccupied molecular orbital (LUMO), and the ionization potential.
Typically, for unsaturated compounds the LUMO is a * molecular orbital, such a transition is
indicated. Right) Example of a resulting NEXAFS spectrum.
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Figure 5. Approximate range of transition energies for organic functional groups in the carbon

K-edge NEXAFS spectra. Potassium L-edge transitions are also indicated.
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Figure 6. Analysis of capabilities (x-axis) of imaging techniques (y-axis) used to analyze
atmospheric aerosol. The grey scale corresponds to analysis capability which is classified as
strong, medium or weak. Acronyms are as follows: TEM/EELS/EDX/SAED: Transmission
Electron Microscopy/Electron Energy Loss Spectroscopy/Energy Dispersive X-ray/Selected
Area Electron Diffraction, SEM: Scanning Electron Microscopy, FTIR: Fourier Transform
Infrared Spectroscopy, XRF/XAS: X-ray Fluorescence/X-ray Absorption Spectroscopy, PIXE:
Proton Induced X-ray Emission and TOF-SIMS: Time-of-Flight Secondary lon Mass
Spectrometry.
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Figure 7. Spectra of SLX-25 graphite taken using electron energy loss spectroscopy, EELS,
(dotted line) and STXM/NEXAFS (solid line). The n* peak at 285 eV is much broader and less
intense in the EELS spectra than observed in the NEXAFS spectra. The improved energy
resolution of STXM/NEXAFS results in structural features that are not observed in EELS

spectra. Figure adapted from Braun et al.*
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Figure 8. Single energy STXM images (6 um x 6 um) shown on the same optical density scale
(0-1.8): A) 278 eV, B) 285.4 ¢V, C) 288.5 eV, and D) 320 eV. The difference image, E),
obtained by subtracting the pre-edge (278 eV) from the post-edge (320 eV) where each is first
converted into optical density (shown on OD scale -0.2 — 1.4). The particle indicated in (A)
absorbs at 278 eV (the carbon pre-edge), indicating the presence of non-carbonaceous species
(such as inorganic salts); the area surrounding this region shows stronger absorption at 288.5 (C)
than at 285.4 (B), indicating an organic coating. The particle indicated in (B) has little or no
absorption at the carbon pre-edge (A) and strong absorption at 320 eV (D), 285.4 eV, and in the
difference map (E), indicating a carbonaceous (potentially soot) particle. Panel (F) is a map
showing the components, elemental carbon or soot (EC), inorganic carbon (IN) and organic
carbon (OC).
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Figure 9. NEXAFS spectra for flame generated methane soot taken at the carbon and oxygen K-
edges. Spectra are raw data without any pre-edge subtractions or scaling. The small pre-edge
absorbance for carbon (OD < 0.1) and strong total carbon absorption (absorption at 320 eV -
absorption at 280 eV) is often observed for aerosols consisting primarily of carbon and oxygen.
Note the higher pre-edge at the oxygen edge (~ 0.25 OD) arises from absorption and scattering
of atoms other than oxygen (including carbon).

Figure 10. C:O atomic ratios
determined (see text) from
NEXAFS spectra of compounds
3. + Measured C:0 containing carbon and oxygen
= Theoretical C:0 (neglecting hydrogen).
Compounds measured include:
azelaic acid (HO,C(CH,);7)CO;H),
isophthalic acid (CgHgO4),
glucose(C¢H ,0g), ascorbic acid
(C¢HgOg) and malic acid (C4HgOs).
C:O atomic ratios determined from
the molecular formula are
indicated as theoretical values.
azellaic isophlthalic gIU{':ose asccleric mallic Error bars represent the standard
acid acid acid acid deviation taken from four
independent measurements.
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Figure 11. Carbon K-edge NEXAFS spectra from a variety of laboratory generated black
carbons (soots) and purchased carbonaceous materials. Indications of black carbon are the
intense * peak with a peak intensity similar to the post-edge absorbance, a high absorption for
the particle size (due to the increased density of carbon), and a valley in the energy region ~286-
290 eV. Except for amorphous carbon, all of these spectra would indicate the presence of black

carbon in atmospheric samples.
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Figure 12. Single energy (320 eV) STXM image of representative particles from an aged
biomass burning event. Circles indicate tar balls, the solid square is an organic particle, and an
agglomerate is indicated by the dotted square. The tar ball appears darker than the organic
particle, indicating increased x-ray absorption.
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Figure 13. Averaged absorbance versus the maximum absorbance from the C K-edge spectra at
the post-edge (320 eV) for tar balls. Each data point represents the mean absorbance value for
~7 particles in ~50 nm wide bins (based on their diameters). A fit to the data yields a slope of
0.59 £+ 0.03. Although not shown here, the analogous plot at the O edge at 550 eV yields a slope
of 0.6 £ 0.05. These slopes are in excellent agreement with slope of 0.59 calculated for perfect
spheres.
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Figure 14. Spectra of tar balls, soot (measured in the same sample as the tar balls), humic, and
fulvic acids. Although tar bars are correlated with long wavelength absorption in the visible
region, these spectra show that the carbon bonding in tar balls is much more similar to humic
and fulvic acids than soots or black carbons.
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Figure 15. Carboxylic carbonyl absorbance (normalized to the total carbon) plotted as a function
of tar ball diameter. The increased contribution of the carboxyl group at smaller particle sizes
indicates a surface enhancement.
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Figure 16 Left) Carbon NEXAFS spectra from a Mexico City sample obtained by setting
different threshold values for sp? hybridization. Vertical gray dotted lines at 285.4 (C 1s —
T*r(c*=c)r) and 288.6 eV (C s — m*r(c*=0)on). Right) White regions indicate particle regions
above the threshold value. Non-carbonaceous, inorganic regions are masked to highlight organic
coatings. At > 35% sp? the intensity of the 285.4 peak is equal to or greater than the total
absorbance at 320 eV, similar to soots/black carbon samples previously reported. White scale
bar is 3.2 pm.
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Figure 17. Left) Singular value decomposition (SVD) maps of particles from the three sampling
sites showing soot (red), inorganic regions (blue) and organic regions (green). Panels A, B and C
refer to sampling sites TO, T1, and T2 located progressively farther from the urban center of
Mexico City. Soot was defined as regions with > 35% sp? hybridized carbon, inorganic regions
were defined as having a pre-edge (278-280 eV) to post-edge (320 eV) ratio of 0.6 and organic
regions contained absorption at the COOH peak. Right) Spectra used to produce SVD maps
shown on the left.
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Figure 18. Percentage of particle
types, by number, for samples
from the three sites, TO, T1, and
T2 located progressively farther
from the Mexico City urban
center. Particle types are
indicated with labels: IN for
inorganic, EC for elemental
(soot) carbon, OC for organic
carbon. Combinations of these
are used to indicate particle
mixing state. Particles that did
not fit into any of these
classifications are denoted NOID
(not identified). Farther from the
city center, the number fraction
of homogenous organic particles
(OC) lacking both soot and
inorganic inclusions increased.
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Figure 19. Particles undergoing surface limited oxidation contain an oxidized functional group

ratio to total carbon that would be enhanced for small particles due to their larger surface to
volume ratio. If particles underwent volume limited oxidation, the spatial distribution of

carbonyl groups would be uniform due to fast diffusion of reactants compared to the kinetics of
reaction. In the case of a volume limited reaction, the oxidized functional group to total carbon
mass ratio would not exhibit a size dependence. Particles formed via condensation would also
not exhibit a size dependence for organic functional groups. Figure adapted from Maria et a
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Figure 20. Spectra derived from k-means clustering of ambient-collected particles from
Takahama et al."** Clusters are organized into panels as follows: 1) soot, 2) organic, and 3)
inorganic. Dotted lines indicate: 285 eV (C 1s — mt*r(c*=c)r), 286.8 eV (C 1s — m*r(c*=0)r),
288.6 eV (C 1s — m*r(c*=0yon), 289.6 eV (unassigned), 297.1 eV(K L, 2p;», — ¢*), and 299.8

eV(K L, 2p3, — %) eV. For dust, a line at 290.5 eV was added for the C 1s — m*c+o3 transition.
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Figure 21. Zn spectra from ambient particle from Mexico City compared with standard spectra.
A) representative Zn L-edge NEXAFS spectra for particle type A and Zn(NO3),6H,0 standard
and B) spectra from a second particle type, B, and spectra from ZnO standard. Spectra measured
for ZnS, ZnSO4 and ZnCl, did not match either type A or B.
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Figure 22. A) a single energy STXM image taken at 708.1 eV (at the peak of the Fe L; edge),
with numbers indicating bright regions containing Fe. B) Spectra taken from regions indicated in
A and C. Differences in Fe(Il) fraction is indicated by changes in the relative heights of the
peaks occurring between 705 and 710 eV. C) Fe(Il) fraction indicated by the grayscale with non-
Fe containing regions masked in black and the particle perimeter indicated by the dotted line.
Region 1 is Fe(II) rich while regions 2 and 3 contain less Fe(I).
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STXM image Carbon map

Nitrogen map Sulfur map

Figure 23. Single energy (290.8 ¢V) STXM image (12 um x 12 pm) of externally mixed sea
salt/CH3SO5/SO4” (squares) and H,SO4/(NH,4),SO; (circles) particle residuals (left top).
Principal component maps at the Carbon K-edge (right top), Nitrogen K-edge (left bottom), and
Sulfur L-edge (right bottom). Two types of sulfur spectra were observed: one consistent with
H,S04/(NH4),SO4 (measured on nitrogen containing particles) and a second (measured on
carbon containing sea salt particles) that is consistent with a mixture of CH3SO3/SO4>.
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