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Oxygenated Interface on Biomass Burn Tar Balls Determined by Single Particle Scanning
Transmission X-ray Microscopy
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Carbonaceous patrticles originating from biomass burning can account for a large fraction of organic aerosols
in a local environment. Presently, their composition, physical and chemical properties, as well as their
environmental effects are largely unknown. Tar balls, a distinct type of highly spherical carbonaceous biomass
burn particles, have been observed in a number of field campaigns. The Yosemite Aerosol Characterization
Study that took place in summer 2002 occurred during an active fire season in the western United States; tar
balls collected during this field campaign are described in this article. Scanning transmission X-ray microscopy
and near-edge X-ray absorption fine structure spectroscopy are used to determine the shape, structure, and
size-dependent chemical composition~af50 individual spherical particles ranging in size from 0.15to 1.2

um. The elemental composition of tar balls4$5% atomic carbon and45% atomic oxygen. Oxygen is
present primarily as carboxylic carbonyls and oxygen-substituted alkyl (O-alkyl-C) functional groups, followed
by moderate amounts of ketonic carbonyls. The observed chemical composition, density, and carbon functional
groups are distinctly different from soot or black carbon and more closely resemble high molecular weight
polymeric humic-like substances, which could account for their reported optical properties. A detailed
examination of the carboxylic carbonyl and O-alkyl-C functional groups as a function of particle size reveals
a thin oxygenated interface layer. The high oxygen content, as well as the presence of water-soluble carboxylic
carbonyl groups, could account for the reported hygroscopic properties of tar balls. The presence of the
oxygenated layer is attributed to atmospheric processing of biomass burn particles.

Introduction absorption of solar radiation in the UV and visible range, but
also exhibits a much stronger wavelength dependence at shorter

Organic atmospheric aerosols from a variety of natural and ) i
9 P y wavelengths than black carbéh.These differences in the

anthropogenic sources account for a significant fraction of . . -
airborne particulate matter. Biomass burning is one of the major optical _propertles of t_)lack carbon a_nd_ HULIS |mply that
sources of fine organic aerosdl&ecause of their abundance, measuring the_ab;o_rptmn of solar radlatlc_)n at a single wave-
they can have substantial effects on the environment and regional€9th in the mid-visible range can lead to inaccurate estimates
and global climates. Climate effects are typically divided into ©f black carbon in the atmosphere.
direct and indirect effects. The direct effect describes the The indirect aerosol effect relates to the ability of particles
scattering and absorption of solar radiation by aerosol particles,to act as cloud condensation nuclei (CCN) and facilitate the
therefore leading to a warming of the atmosphere. Black carbon,formation of aqueous aerosol. As CCN concentrations increase,
sometimes loosely used interchangeably with “soot”, strongly the average cloud droplet size decreases, suppressing precipita-
absorbs light in the visible region of the electromagnetic tion formation. Increasing the aqueous aerosol surface area
spectrum, and its presence is typically identified by measure- subsequently increases the radiation reflected from the earth’s
ments made at a single wavelength560 nm)2 However, surface leading to atmospheric cooling. Biomass burn haze can
recent laboratory and field studies indicate that some organic be transported to high altitudes and undergo long-range trans-
aerosols efficiently absorb light in the visible and near-UV port, hence impacting the global climafe!3 Since the CCN
region of the spectrum, prompting a review of the definition of activity of organic aerosols depends strongly on the type and
black carbon based purely on the light absorption measurefénts. concentration of different organic compounds, one of the key
Light-absorbing organic aerosol is tentatively named “brown factors determining the interplay of direct and indirect effects
carbon” and may be associated with natural humic or fulvic of hiomass burn aerosols on the earth’s radiation budget is their
acids, often defined as high molecular weight humic-like chemical composition. The overall climate and environmental
substances (HULIS)/~® HULIS in atmospheric aerosols can  effects of increasing atmospheric aerosol concentrations remain
originate from primary sources, mcludlng. th_e incomplete largely unknown, primarily due to large uncertainties in the
breakdown of polymeric carbohydrates and lignin or secondary chemical composition of organic aerosols as well as a limited
sources such as OH-induced free radical polymerizatfol. —,jerstanding of the chemical transformations and atmospheric
Several studies report that HULIS not only leads to the efficient it imes of particles due to atmospheric procesétitherefore,
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To date, characterization of atmospheric aerosol organic NEXAFS Spectroscopy Using STXMSingle energy images
components has primarily involved analysis of water-soluble and carbon, nitrogen, and oxygen K-edge NEXAFS spectra were
constituents based on a combination of chromatographic separaacquired using the STXM instruments on beamlines 5.3.2 and
tion and molecular speciation by mass spectrometry and photon11.0.2 of the Advanced Light Source (Berkeley, CA) in@.5
nuclear resonance analy&tsThe chemical composition of only  atm He-filled chamber. For these measurements, the X-ray beam
the soluble fraction is determined and may not reflect the overall was focused with a custom-made Fresnel zone plate onto the
aerosol composition due to the presence of insoluble fractions.sample, and the transmitted light was detected. The diffraction
Thus, there is a clear need to develop alternative techniqueslimited spot size at the sample was determined by the width of
for the speciation of organic carbon in atmospheric aerosols. the outermost zone of the zone plate35 nm for these
Here, we develop a new approach for the direct quantitative experiments. Images at a single energy were obtained by raster-
analysis of single organic aerosols based on a combination ofscanning the sample and collecting transmitted monochromatic
scanning transmission X-ray microscopy (STXM) and near-edge light as a function of sample position. Spectra at each image
X-ray absorption fine structure (NEXAFS) spectroscopy. Com- pixel or particular regions of interest on the sample image were
bining STXM and NEXAFS spectroscopy provides a unique extracted from the “stack”, which is a collection of images
opportunity to identify functional groups within various regions  recorded at multiple, closely spaced photon energies across the
of individual submicrometer particles. absorption edge. This enabled spatial mapping of local chemical

In this study, a distinct type of biomass burn aerosol called bonding information. Dwell times used to acquire an image at
tar balls is investigated. Tar balls have been observed duringa single photon energy were typically 6:8 ms per pixel. To
biomass burn events in a number of field campaigns, in both quantify the absorbance signal, the measured transmitted
fresh and aged smoke (a few hours to a few days*§id). Tar intensity ) was converted to optical density (OD) using Beer
balls are highly spherical, amorphous, carbonaceous particles_ambert's law8 OD = —In(I/lo) = upd, wherelo is the incident
that may correspond to an intermediate stage in the aging ofphoton flux intensityd is the sample thickness, amdand p
biomass burn organic particles. Here, we present results on thegre the mass absorption coefficient and density of the sample
size-dependent structure and chemical composition of fine tar material, respectively. Incident beam intensity was measured
ball particles (diameters less than a few micrometers) collected through the sample-free region of the substrate. Particle spectra
during the Yosemite Aerosol Characterization Study of summer \yere then obtained by averaging over the particles deposited
2002 at Yosemite National PatkThe back trajectory analysis  on the substrate. Particles with an absorptior &f5 OD were
for these samples is consistent with a forest fire originating in omitted to ensure the spectra were in the linear regime of-Beer
Oregon whose plume had traveled for about 3 days to the | gmpert's law. The X-ray energy calibration (accuracy:@f 05
collection site!” Tar balls were present during episodes of high eV) was afforded by addition of GOgas (6 Torr) to the
particle light-scattering coefficients, and they were shown to sTxM chamber through comparison of the position of CO
absorb light in the UV and near-IR region of the electromagnetic Rydperg transitions at 292.74 and 294.96%8Zarbon K-edge
spectrum as determined by a dual wavelength aethalomieter ( spectra were recorded using a bend magnet beamline (5.3.2)
= 370 and 880 nm)’ In addition, the hydroscopic properties  poth with and without a nitrogen filter (which suppresses second-
displayed by tar balls make them efficient CENThe ability ~ orqer radiation), as well as with an undulator beamline (11.0.2),
of tar balls to efficiently scatter and absorb radiation as well as yhich has extremely low contributions from second-order
actas CCN has important implications in influencing incoming - radiation at the carbon K-edge. These spectra were consistent
solar radiation and consecutive climate forcing. However, the i, one another, suggesting that there was no significant

chemical composition and molecular speciation of tar balls are ¢ontribution from second-order radiation in these experiments.
not reported in the literature. Therefore, the question remains

as to the chemical identity of the species that permits tar balls
to efficiently scatter and absorb solar radiation as well as act as
CCN. We report for the first time the size-dependent chemical

composition and structure of tar balls and provide insight into

their optical and hygroscopic properties.

NEXAFS spectral features arose from transitions of a core
electron to an excited state and provided information about
chemical bonding. Spectra from 1s electrons were typically in
the energy region 0f280—-320 eV for C,~395-425 eV for
N, and~525-550 eV for O atoms. The pre-edge background
typically arose from the photoionization of valence electrons
Experimental Section and the weak but finite absorption of other species at that energy.

Materials. The time-resolved aerosol collector (TRAE), ~ The post-edge absorbance signal depended on the number of
which is a one-stage jet-to-plate impactor, was used to collect corresponding atoms at the particular edge (i.e., the number of
atmospheric samples during the Yosemite Aerosol Characteriza-Carbon atoms at C-edge or oxygen atoms at O-edge). The total
tion Study of summer 2002. Particles were deposited directly @mount of atomic C, N, or O was defined as the difference
onto 400-mesh copper mesh TEM grids coated with carbon between the correspo_ndmg post-edge and pre-edge absorbencies.
type-B (Ted Pella, Inc., Redding, CA) 50-nm-thick films. The Pre-edge gbsorbenmes at 280, 395, and 525 eV and po;t-edge
TRAC was deployed for a month (Aug $@ept 5, 2002), and absorbencies at 320, 425 and 550 eV were used to quantify the
samples were collected with a time resolution of 15 min. total amountof C, N, and O atoms.

Samples studied here were collected during episodes of high Typically, for photon energies close to the absorption edges,
particle light-scattering coefficients occurring in mid-August a number of sharp transitions arose in the NEXAFS spectra.
(day of year, DOY, 228229) during a biomass smoke/haze These transitions arose from electronic resonance transitions of
event. Standard fulvic acid (2S101F Suwannee River) and humicdifferent functional groups and involved both-1#* and/or 1s-

acid (2S101H Suwannee River) were purchased from the o* transitions. Peaks arising from transitions duestatransi-
International Humic Substances Society (St. Paul, MN). Thin tions were usually broader than th& peaks, and they were
coatings of the standard acids were deposited directly ogt Si  often superimposed on the photoionization continuum. The
windows by applying a gentle contact between the crushed fine absorbance energy positions can shift depending on variations
powder sample and the $8i; window and subsequently in the local coordination environment around different atoms
removing any loose sample. (electron-donating or electron-withdrawing groups). NEXAFS
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b Figure 2. Representative carbon K-edge normalized NEXAFS spectra

of a tar ball (black line) and an organic particle (gray line). Vertical
Figure 1. Single energy (320 eV) STXM image of representative dotted lines indicate the absorbance energies, from left to right, at 285.1,
particles. Black arrows indicate tar balls, gray arrow shows an organic 286.7, 288.5, and 289.5 eV.
particle, and an agglomerate particle is indicated by a circle.
typical agglomerate particle in Figure 1. While some agglomer-

peak positions and intensities were used to determine functionalj;oq \yere present, only individual spherical particles without

groups and ultimately provide quantitative information on the ;. usions were studied. Finally, a minor amount of scat %)

functional groups present. Since the fine structure in the \yaq 156 present as identified from NEXAFS spectra and particle
NEXAFS region above the ionization potential was usually morphology2°2L

broad with overlapping Iso* transitions, only resonance Speciation of Carbon and Oxygen Functional Groups

transitions below the ionization potential were used for subse- Using STXM/INEXAFS Spectroscopy.In this work, ~150
quent quantification of particle chemical composition. The jniiqual spherical particles were studied. The particle diameter
transition intensity for a functional group was defined as the \yas determined from the radial profile from STXM images
difference between the absorbance signal at the part!cularrecorded at the carbon post-edge energy of 320 eV. An outline
resonance energy and the pre-edge absorbance, normalized tgt the method and the resultant particle size distribution are
the difference between the corresponding post-edge and pre'presen'[ed in the Supporting Information. The range of particle

edge absorbencies. sizes studied~+0.15 to 1.5um) overlaps well with that of Hand
et all” (~0.1 to 1.5um) measured using scanning electron
microscopy (SEM). On the basis of the overlap of sizes and
Particle Types Distinguished by STXM.Nearly all aerosol that our samples and those of Hand et al. were collected either
particles collected during the biomass smoke/haze event wereimmediately before or after one another using the same TRAC,
carbonaceous with some variation in relative amounts of oxygen we assume similar particle types and distribution as Hand et al.
and carbon. A combination of STXM and NEXAFS was used Hence, we assume their results obtained on the optical and
to distinguish the main types of carbonaceous particles. Threehygroscopic properties of tar balls for a similar particle
different major particle types were observed: tar balls, organic distribution hold for our analysis. Additionally, we use their
particle (with or without) inclusions, and soot. The two most SEM with energy-dispersed X-ray (EDX) result showing that
abundant particle types, tar balls and organic particles, weretar balls consist predominantly of C, O, and N atoms. We did
distinguished on the basis of differences in morphology as well not use the identical samples studied by Hand et al. to minimize
as from their NEXAFS spectra. A representative STXM image any possible chemical changes in the tar balls that may have
recorded at 320 eV is shown in Figure 1. Tar balls (indicated occurred during electron beam exposure.
by black arrows) are dense, amorphous, spherically shaped To elucidate the chemical structure of tar balls, as well as
particles lacking inorganic inclusions. On repeated X-ray distinguish tar balls from organic particles, NEXAFS spectra
exposures, changes in particle morphology or spectra were notat the carbon (C), nitrogen (N), and oxygen (O) K-edges were
observed. This stability of tar balls to irradiation has been noted collected. Typical C K-edge NEXAFS spectra for a tar ball
previously>~17 Similar to recent field studie’$; 17 we define (black line) and an organic particle (gray line) are shown in
this type of carbonaceous particles as “tar balls” owing to their Figure 2. The constant pre-edge background is subtracted from
spherical shape, amorphous morphology, and stability to X-ray the spectra and normalized to the same total carbon absorbance.
beam exposure. The highest concentration of tar bal&0¢o Therefore, spectral differences correspond to differences in
of particles inspected here) was during episodes (DOY-228 chemical structure and not particle thickness. A number of sharp
229) where high particle light-scattering coefficients were resonances are identified clearly in the NEXAFS spectra. The
measured, which occurred during a biomass smoke/haze8vent. tar ball C-edge spectrum contains four sharp resonance transi-
The second most abundant particle type, indicated in Figure tions at 285.1, 286.7, 288.5, and 289.5 eV. Two of these
1 by a gray arrow, is more optically transparent and diffuse. transitions are clearly present in the organic particle spectrum
Although these particles tend to become more spherical when(285.1 and 289.5 eV) in addition to a shoulder at 288.5 eV.
<0.5 um in diameter, this particle type often exhibits non- Although not present in this particular organic particle, oc-
spherical morphology. These particles are often larger than tarcasionally a 286.7 eV peak is observed in organic particles. The
balls; however, they absorb more weakly and may contain distinction between these two particle types is explored in greater
inorganic inclusions of K and Ca. In the context of this work, detail in the following sections.
we define these as organic particles. This particle type accounted The NEXAFS peak assignments are based on reported
for ~15% of the inspected particles from DOY 22829. The assignment$20-31 as well as our own observations. Table 1
corresponding NEXAFS spectra are also used in this article to presents a set of four sharp C-edge transitions observed in the
distinguish between tar balls and organic particles. In addition tar ball spectrum (Figure 2) and corresponding functional groups
to tar balls and organic particles, agglomerates were presentthat can contribute to the peak intensity. The absorption band
(~5%) in samples from DOY 228229. A circle surrounds a  at 285.1 eV is unambiguously assigned to a4 transition

Results and Discussion
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TABLE 1: Set of Four Main C-Edge NEXAFS Transitions S 5.0
and Assignments for the Tar Ball Spectrum Shown in () x
Figure 2 7] .
o 4.0} x
energy, eV transition(s) functionality g .
285.1 1s— a* protonated/alkylated aromatic C = 3.0 * .
286.7 1s— o* ketone G=0, g x  *x X
carbonyl-substituted aromatic C, < 2
phenolic C-OH E 2.0 x
288.5 1s— a* carboxylic carbonyl COOH 5 * x (a)
289.5 1s— 3plo* O-alkyl-C Z21.0
1s— 7* carbamide 1 2 3 4 5

Norm. Abs. (289.5 eV)

of protonated and alkyl-substituted aromatic carbon functional
groupst820-22,25-28,30 Ketone G=0, carbonyl-substituted aro-
matic C, and phenolic €0H can all have resonances at 286.7
eV 22:25.30.31Hence, an unambiguous assignment of this peak is
not possible. However, as demonstrated below, combining the
C- and O-edge spectra provides additional information about
this transition. The strong absorption at 288.5 eV is assigned
to the 1s-z* transition of carboxylic carbonyi?2325.30.31This
is in accordance with the fact that, because of the electron-
withdrawing nature of O in the-€0O bonding, the corresponding 15 2 25 3
carboxylic group transition appears at transition energi@s Norm. Abs. (289.5 eV)
eV above the €C transition:® Finally, the resonance transition  Ejgyre 3. Correlation functions between the intensities at energies
at 289.5 eV can be attributed to oxygen-substituted alkyl carbons288.5 and 289.5 eV (a) for at+150 inspected particles and (b) for
(O-alkyl-C), representing polysaccharides and alcohol groups, ~130 tar balls. The crosses are the data, and the solid line is the fit to
or alternatively carbamide group2>31.32The organic particle  the straight line with zero intercept.
spectrum shown in Figure 2 has significantly stronger transition
intensity at 289.5 eV than the tar ball spectrum. The O-edge Is greater variability in the carboxylic carbonyl peak relative to
NEXAFS spectra collected over the same particles (Figure S1the peak at 289.5 eV, as compared to the tar ball spectra where
in the Supporting Information) show strong-1s* carbonyl the relative intensity of these two peaks is nearly constant.
peaks at 531.8 and 532.5 eV for the tar ball and the organic Therefore, the uncertainty in the morphological differences for
particle, respectively. This observation implies that the C-edge the submicrometer particles can be overcome by taking advan-
peak at 289.5 eV for the organic particle largely corresponds tage of these spectral differences, and particle types can be
to 1s—z* carbamide carbonyl transition. For the tar ball O-edge distinguished on the basis of differences in chemical structure.
spectrum, a relatively weak shoulder is evident-&32.5 eV As a result, tar balls are defined by both particle morphology
(Figure S1 in the Supporting Information), suggesting that while and chemical composition.
the peak at 289.5 eV is primarily from O-alkyl-C groups, asmall ~ Figure 3a displays the correlation between the intensities at
number of carbamide groups may also be present. As discusseenergies of 288.5 and 289.5 eV. As the intensities are normalized
below, the total number of N atoms in tar balls is significantly to the total carbon absorbance, typicat.2 to 0.3 OD, the
less than the number of carbon or oxygen atoms, which supportsnormalized absorbencies are larger than the absolute absorbance
the assignment of the 289.5 eV transition in C-edge tar ball (<1.5 OD) measured for the particles. As all spherically shaped
spectrum to O-alkyl-C functional groups. particles are plotted in Figure 3, the correlation function indicates
The detailed assignment of the resonance transition at 286.7the relative amounts of functional groups present in both particle
eV is discussed below; here, we distinguish tar balls from types, tar balls and organics. In Figure 3a, the majority of
organic particles on the basis of differences in their NEXAFS particles displays a clear positive correlation between the two
spectra. For large particles, such as those shown in Figure 1functional groups, and the correlation fits a straight line with a
the distinction between the tar balls and organic particles is zero intercept. From this correlation, and the fact that the
apparent from differences in morphology and X-ray absorption majority of the particles examined were tar balls, we conclude
signal. However, for particle sizes0.5um, the similarity in that for tar balls the ratio of peak intensities at energies of 288.5
shape makes morphological distinction challenging, if not and 289.5 eV is constant and independent of particle size. We
impossible. In contrast, as shown in Figure 2, NEXAFS spectra employ this observation to define tar balls on the basis of the
for these particle types differ significantly from one another. fixed relative intensity of these groups. By removing20
The most striking differences are the peak intensities at 288.5 particles with intensity ratios that significantly deviate from this
eV (carboxylic carbonyl) and 289.5 eV (O-alkyl-C and carba- fit, the fit of the remaining~130 tar balls has a slope of 049
mide). While the tar ball spectrum in Figure 2 is representative 0.18 and a zero intercept and is shown in Figure 3b.
for all tar balls studied, the organic particle spectra exhibit A number of different carbon functional groups have transi-
greater variability. For example, the ratio of the transition tions that can overlap in energy. To aid in peak assignments, O
intensity at 288.5 and 289.5 eV can vary by factors of 2 to 3 and N K-edge spectra were collected from the same patrticles.
for organic particles. While no peak or shoulder at 286.7 eV is This data are particularly useful to determine the functional
observed in the organic particle NEXAFS spectrum shown in group responsible for the peak at 286.7 eV. Figure @ahows
Figure 2, this peak is present for some organic particles. Hence,representative C, N, and O K-edge NEXAFS spectra acquired
a particle type distinction based on the relative intensities of from the same tar ball particle with the constant pre-edge
the 1s-7r* transitions at 286.7 eV is difficult since the intensities  background signal subtracted. The pre-edge background was
for both particle types may be similar in some cases. On the determined by linear extrapolation of the pre-edge absorbance
other hand, in the NEXAFS spectra of organic particles there signal. From the difference between the absorption at the highest
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a (b) N edge Figure 5. Correlation function between the normalized intensities of
o resonance transitions at 286.7 and 531.8 e\~@D tar balls. Data is
& 0.08 shown as crosses, and fit is shown as a solid line.
[¥]
c
8 groups3132 To determine if a correlation exists between the
§ 0.04 Y oxygen resonance transition at 531.8 eV and an absorption band
g J at the C-edge, a set of corresponding C- and O-edge spectra
0 was collected for~70 tar balls. Correlation functions were
395 405 415 425 plotted between the normalized absorbance intensity at 531.8
Photon energy, eV eV (O-edge) and that of each-1s* transition in the C-edge
0.4 spectra. Figure 5 shows the correlation with the 286.7 eV peak
a (c) O edge (C-edge) and the fit (solid line). This correlation implies that
©03 both transitions originate from the same C and O functional
8 \ groups. On the basis of the peak energy positions and this
0.2 correlation, we determined that these two peaks arise from
'g ketonic carbonyl functional groups. No correlations between the
2 0.1 O-edge peak at 531.8 eV with the remaining three peaks in the
< C-edge spectra were observed.

The relatively weak correlationRg ~ 0.4) between the
intensities of the transitions at 531.8 and 286.7 eV could be
due to several reasons. First, a shoulder at 534.5 eV (phenolic
pbcira of & tar ball. Verical dotied fines incicate the absorbance ) (1€ O-edge spectrum is consistent with some contribution
eﬁergies at 400.7, 402.7. and 405.2 eV for N-edge, and 531.8, 534.5,2L 286.7 €V in the C-edge spectrum. Second, carbonyl-
and 538 eV for O-edge. substituted aromatic C can also contribute to the observed peak

at 286.7 eV. Therefore, there may be contributions to the single

energy minus the absorption at the lowest energy for each peak aF 286.7 eV from sever'al broader pqaks overlapping from
edge, it is apparent that the absorption for N is considerably phenolic C or carbonyl-substituted aromatic carbon. I_:lnglly, th_e
less than that for C or O (a factor 6f20 less). The spectra 531.8 eV O-edge peak could be broadened and/or its intensity

presented in Figure 4 indicate a significant absorbance altered because of carbonyl functional groups other than the
for C and O. Since the mass absorption coefficients for ketone moiety. The relatively weak correlation between the peak

atomic C, N, and O are similar (the difference is less than a intens_ities at 286.7 and 531.8 eV is likely to result from a
factor of 2)3 this implies that N is a minor constituent of tar comMbination of these factors.

balls compared to C and O. This observation is useful in In summary, NEXAFS spectroscopy of the C- and O-edge
determining the elemental composition of tar balls where we revealed that tar balls primarily consist of protonated/alkylated

will neglect the N contribution to their composition, as discussed aromatic C, ketonic carbonyl, carboxylic carbonyl, and O-
below. alkyl-C functional groups, with a minor presence of phenolic

As seen in Figure 4b in the N K-edge NEXAFS spectrum, a carbon functiongl groups. The minor amount of N functional
well-defined peak at 400.7 eV, a weak shoulder402.7 ey, ~ 9roups could arise from amine and carbamide groups.
and a broad peak at405.2 eV are observed. The transitions at ~ Shape, Density, and Elemental Composition of Tar Balls.
400.7 and 405.2 eV can be attributed to amine functional The shape, density, and elemental composition of tar balls are
groups?6:3435 A shoulder at~402.7 eV likely corresponds to ~ €xamined quantitatively to understand the chemical and physical

the carbamide grou@,whose minor presence is confirmed properties that giVe rise to their ab|||ty to efﬁciently scatter and
from the C-edge NEXAFS data. We note that the peak absorb solar radiation. First, we describe experimental measure-
assignments presented here for the N_edge tar ball spectra ar@ents and theoretical models that allow determination of a 3D
based purely on the peak absorbance energies and should nd?article shape using a combination of 2D STXM and NEXAFS
be considered as absolute. Experimental studies of modelSPpectroscopy. The averaged absorbance siga(d) through
compounds, beyond the scope of the present work, would bea perfectly spherical particle of uniform densjtyaind diameter
necessary to assign these peaks unambiguously. d can be determined from the following equation

Several transitions in the O-edge spectrum are indicated in
Figure 4c, including a sharp peak at 531.8 eV, a shoulder at [pD(d)= 2 a2 2upy(dI2)? — X dx =
~534.5 eV, and a broad 1®* peak at~538 eV. The~534.5 dJo
eV shoulder can be assigned to a phenolic C functional pud  _ Aoud (1)
groupi®31The peak at 531.8 eV indicates carbonyl functional 2 sin(1)

0
525 530 535 540 545 550
Photon energy, eV
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=] of C, O, and N, with C+ O + N > 95% for the majority of tar

?,. 1 (a) balls. However, they were not able to quantify the relative

Q0.8 contributions of atomic C, O, and N. NEXAFS spectroscopy at

8 i C-, N-, and O-edges allows direct quantitative determination

5 0.6 i of these constituents. As noted above, the total O or C was

2 0.4 i typically =20 times larger than the total N present for tar balls.

g ’ Therefore, we approximate tar balls as a two-component mixture

$ 0.2 consisting of carbon and oxygen.

g C edge Generally, for a material containing atoms of type with

2 00 05 1 1.5 atomic weightZz, the mass absorption coefficiep(E) is
Maximum Absorbance, OD obtained from the atomic weight scaled sum of the mass

8 1 absorption cross sections of the constituent atont§ by

s |(b)

g 0.8 Z Zxi(E)

£0s ; e =———— ()

80.4 i Z X4

20.2

g o This approximation neglects interactions between the atoms

o edge . . . . .

> 0 in the material and is generally valid for photon energies

< 0 0.5 1 1.5 sufficiently far from absorption edgé&Assuming the tar balls

Maximum absorbance, OD contain only carbon and oxygen, eq 2 can be rewritten as the
Figure 6. Averaged absorbance versus maximum absorbance plots, fo||owing:

showing linear fits for (a) 320 eV and (b) 550 eV photon energies.

where A is the constanA = 1/, sin(1) ~ 0.59 for a perfect (E) = ZoXoto(B) + Zoxouo(E)

sphere. Since the maximum absorbance corresponds to the signal ZoXo + ZcXe

through the center of a sphere, maximum optical density is

ODpa(d) = pud. Therefore, a plot of averaged absorbance Whereuo, Zo, anduc, Zc are the mass absorption coefficients

versus maximum absorbance for a spherical particle should beand atomic weights for oxygen and carbon atoms, respectively.

linear with slopeA = 0.59 and zero intercept. As demonstrated above, a tar ball is a perfect sphere of uniform
Figure 6 plots the experimentally obtained averaged absor-density with the majority of carbon and oxygen atoms homo-

bance versus the maximum absorbance (crosses with error barsyeneously distributed throughout the particle volume. Therefore,

for both (a) C-edge at 320 eV and (b) O-edge at 550 eV. Each combining egs 1 and 3, one obtains:

cross represents the mean absorbance value for approximately

seven particles assigned t60-nm-wide bins on the basis of ZoXotto(E) + Zcxo“c(E)d

Zo¥o T ZcXe

their calculated diameters. The uncertainty is the standard
deviation of the mean. This averaging decreases uncertainty

because of small variability in NEXAFS spectra from particle Equation 4 suggests that the averaged absorbance, at energies
to particle. Standard deviations smaller than the cross size aresufficiently far from absorption edges, should have a linear
not shown. The observed dependencies are linear, consistentdependence with particle diameter. The pre-edge and post-edge
with an analytical model that assumes a perfectly spherical photon energies at 280 and 320 eV for C-edge and 525 and
particle of uniform density. Straight lines fit both plots with 550 eV for O-edge are expected to be sufficiently far from the
zero intercepts, illustrated in Figure 6. The fit to the data yields absorption edges, and no overlapping with electronic transitions
slopes of 0.59+ 0.03 and 0.6+ 0.05 for the C- and O-edges, of carbon and oxygen functional groups is expected. To
respectively. These slopes are in excellent agreement with theeliminate the pre-edge absorbance signal arising from the weak
predicted slope of 0.59. This implies that the tar balls are indeed but finite absorption of other species at that energy, the total
perfect spheres of uniform densities, without a corelike structure, carbon and total oxygen absorbencies should be considered.
and that the majority of C and O atoms is homogeneously Therefore, on the basis of eq 4, plots of total carbon and total
distributed throughout the tar ball. This analysis is not sensitive oxygen absorbance as a function of particle diameter should be
to a thin coating (on the order of the STXM spatial resolution linear with slopes dependent upon the elemental composition
~35 nm) on the particle interface. Such an interface would be and differences in the mass absorption coefficients;-328D
averaged out. Therefore, while the vast majority of O and C eV (for atomic carbon) and 55625 eV (for atomic oxygen).
atoms is distributed uniformly throughout the particle, the The mass absorption coefficients are calculated from the atomic
presence of a thin layer cannot be determined from this analysisscattering factor& For atomic carbon, one obtains the difference
alone. In a subsequent section, additional analysis demonstrateg mass absorption coefficients to ago-280= 3.8 x 10* cné/g

that a thin coating is present with a chemical composition andusso-s25= —0.1 x 10* cmé/g. Similarly, for atomic oxygen
distinctly different from that of the entire particle volume. U320-280 = —0.2 x 10* cn?/g andusso-s25 = 2 x 10* cné/g.

To quantify the elemental composition of tar balls, we first Figure 7 shows the averaged total carbon (a) and total oxygen
describe an analytical model that illustrates the relationship (b) absorbance as a function of particle diameter. The observed
between absorbance signals for a mixture of two elements. Asdependencies are linear, consistent with the analytically pre-
mentioned above, the similarity in the particle size distribution dicted dependencies in eq 4. The averaged pre-edge absorbencies
studied here and by Hand et!@lfrom samples collected 15 for both C- and O-edges increase in a manner similar to that of
min apart allows us to use their SEM/EDX results directly. In corresponding post-edge signals (results are not shown), con-
particular, they determined that tar balls consist predominantly firming that the tar balls can be estimated as a two-component

@)
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02 04 06 0.8 1.0 1.2 this work as compared with that of soot1.8 g/cnd). The

Diameter, um observed similarities in the elemental composition between tar

Figure 7. Averaged total carbon (a) and total oxygen (b) absorbance balls and HULIS provide strong evidence that tar balls belong
as a function of the particle diameter. Crosses are the data, and solickg 3 class of humic-like substances formed during biomass burn/
lines are the fit. haze events or their subsequent aging. One possible mechanism
) ) . . is based on a gas-to-particle formation mechanism that involves
system, with pre-edge signals primarily originated from the apig holymerization of OH radicals present in the atmosphere
presence of O at the C-edge and C at the O-edge, respectivelyyith phenolic acids generated during the burning of biomass,

Plots in Figure 7 are fit by straight lines with slopes and producing high molecular weight HULIS:1” However, there
intercepts equal to 0.72 0.05 ODim and—0.144+ 0.01 OD, is the possibility that some HULIS in tar balls is simply humic
respectively, for the carbon edge and 0:4%.05 ODim and matter from lofted soil.

—0.08 + 0.008 OD, respectively, for the oxygen edge. The 1 gy cidate the hypothesis that tar balls are more similar to
negative values for the intercepts at both edges are due to thg,;mic-like substances and not black carbon or soot, the
presence of minor yet accountable amounts of atoms other than\exars spectra of two standard humic and fulvic acids were
carbon and oxygen (i.e., N, H, and S as noted by Hand étal). easyred. The representative NEXAFS spectra of both standard
The following analysis uses only the fitted slopes to determine 4igs normalized to the same total carbon absorbance are shown
tar ball elemental composition. in Figure 8. In addition, a normalized representative spectrum
Combining eq 4 and the slopes from the linear fits from of a soot particl&2(a minor (<1%) yet accountable presence
Figure 7, we determined the tar ball density and the atomic ratio jn the samples collected during the peak of the biomass burn/
of C 10 O ((cio) to beycio = 1.2+ 0.1 (~55% C,~45% O) and  haze events) was recorded and is plotted in Figure 8 together
p = 0.75 £ 0.05 g/cnl. This density value could be an  with a representative spectrum of a tar ball particle. As clearly
underestimation as only carbon and oxygen constituents areseen in Figure 8, the NEXAFS spectra of tar balls and soot
considered. In addition, any volatile and semivolatile species differ significantly from each other. Particularly, the aromatic
originally present in the aerosol would evaporate upon collec- carbon peak (at 285.1 eV) for the tar balls is narrower a#dd
tion. The presence of these constituencies would act to increas@imes less intense than that for soot, while the strong carboxylic
particle density. A typical value reported in literature for the carbonyl peak present in tar balls is absent in soot. Additionally,
density of biomass burning carbonaceous aerosols-1is the soot spectrum exhibits a strong peak-@92 eV, which
glen? 2@37which is in reasonably good agreement with the value corresponds to a *s7* carbon transition with enhancement
determined here. from a sharp exciton transition at 291.7 V45 These spectral
The estimated tar ball density is significantly less than soot differences support the hypothesis that tar balls are not soot or
(~1.8 g/cn$),®8 which primarily consists of elemental carbon black carbon. The NEXAFS spectra for both standard humic
(>90%). Soot particles are often described as black carbon,and fulvic acids are more similar to that of the tar ball spectra
which is primarily responsible for absorption of solar radiation with three main transitions in the tar ball spectra (the aromatic
in the earth’s atmosphere. While tar balls can efficiently scatter C, ketonic carbonyl, and carboxylic carbonyl) present for the
and absorb solar radiation in the UV and near-IR range of the standard acid samples. These spectral similarities offer additional
solar spectra, the differences in particle density and elementalsupport that tar balls are similar to high molecular weight humic-
composition indicate that tar balls are not soot. Furthermore, like substances and not soot. The relative proportions of the
the elemental composition of tar balls is in very good agreement acid standard functional groups differ from those of tar balls.
with the literature values for HULIS that indicate mean values However, considering that humic and fulvic acids as well as
of ~55% and~36% for atomic carbon and oxygen, respectively, tar balls are not a single chemical species but rather a complex
followed by moderate amounts of atomic hydrogen (4.8%), mixture of natural material, the absence of an exact match is
nitrogen (3.6%), and sulfur (0.89%8).The literature-reported  not unexpected.
densities of HULIS samples are often in the range of 1 to 1.5 A number of studies propose that HULIS may be derived
g/cm?,*0 which is closer to the 0.75 g/chvalue obtained in primarily from biomass combustion, although conclusive evi-



Oxygenated Interface on Biomass Burn Tar Balls J. Phys. Chem. A, Vol. 111, No. 25, 2006455

0.8 g 1 intensities are indicative of the relative amounts of the corre-
607 (a) 3 (b) sponding functional group present in the tar balls.
o < 0.9 L ) : »
< 06 g As clearly seen in Figure 9a,b, the normalized intensities of
g ' ] [ IIIIIIII ,l ] G 0.8 l ] I aromatic C and ketonic carbony! functional groups are es-
€05 l'iﬁih i : :— HYH Hlili_} il sentially independent of particle diameter. Averaged values of
R 0.4 I I | 07 l “n I l l ~0.5 and~0.75 were obtained from the intercepts for aromatic
2 O=L|) { C and ketonic carbonyl normalized functional groups, respec-
0.%_2 0.4 06 08 1.0 1.2 o o.%_z 0.4 06 08 1.0 1.2 tively. These are indicated in Figure 9a,b by gray horizontal

Diameter, pm Diameter, um lines. The absence of a size dependence indicates that the

4 24 (c) g 26 (d) amount of these functional groups present in tar balls scale with
£22 42.4[ icle si milar] | carb d q -
w : 22 particle size similarly to total carbon. As demonstrated previ
g 1.8 IH g '2 i{ ously (Figure 7), the total C scales linearly with particle size
= 1'6 II I £ itk [i,T L and is uniformly distributed within the particle. Therefore, we
% 1'4 I[:;‘{i i 3 1'3 11}-} . conclude that aromatic C and ketonic carbonyl functional groups
;’1'2 X le o=b 1'4 4 ]Il are homogeneously distributed throughout the particle volume

similar to the total C. This conclusion provides additional
evidence that tar balls are highly oxygenated and that the oxygen
atoms (from the ketonic carbonyl groups in this case) are
Figure 9. Four main carbon functional groups normalized to the total homogeneously distributed throughout the particle volume.

Ei))asg ‘;:E;It'oc" (CC"; ta;nb da";?t')%r;;itgrgg:ﬁ;gya?é‘; CT(hag’ 'C‘%g;‘g;c;‘rrgotﬂg The observed trend is drastically different for the carboxylic
méan values of tﬁe measured normalized intensities, and uncertaintiesC and _O-alkyI-C_functlonaI groups Whefe a _clear size depen-
are the standard deviations of mean. Gray solid lines represent curved€nce is seen (Figure 9c,d). The normalized intensities of these
fits to the data. functional groups clearly decrease with increasing particle
diameter. Since the total C is homogeneously distributed
dence for this hypothesis has been lackitfThe current study throughout the particle volume, the observed decrease implies
confirms the HULIS nature of tar balls originating from a alayer at the particle interface containing primarily carboxylic
biomass burn. As biomass burning is one of the major sourcesC and O-alkyl-C functional groups. This can be qualitatively
of fine organic aerosols in the earth’s atmosphere, this result visualized by assuming the number of carboxylic C and
shows that biomass burning may represent a significant sourceO-alkyl-C functional groups within the layer is directly pro-
of humic-like matter in the atmosphere. portional to the particle area, while the total C is directly
As mentioned previously, tar balls are efficient at scattering Proportional to the particle volume. In this case, the ratio of
and absorbing light in the UV and near-IR region of the solar the number of functional groups to the total C is directly
spectrum. Interestingly, the wavelength dependence for tar ballProportional to the ratio of particle area to particle volume. For
absorption resulted in absorptions larger than that predicted by@ SPherically shaped particle, this ratio is inversely proportional
the usually assumett ! dependencé. Similar increases inthe 10 the partlc_:le d]ameter; therefore, if an oxygenated layer exists
imaginary part of the refractive index with decreasing wave- N the part!cle interface, a decreas.e in the ratio of the number
length are found for flame soét. However, our findings of carboxylic C and O-alkyl-C functional groups to the total C

unambiguously show that tar balls are not soot. We argue that!S €xpected.

12 " i i "
02 04 06 08 1.0 1.2
Diameter, um

1
0.2 04 0.6 0.8 1.0 1.2
Diameter, pm

the high molecular weight polymeric humic-like structure of
the tar balls may be responsible for their optical properties.
Indeed, a number of studies report that HULIS efficiently
absorbs solar radiation in the UV and near-IR region with
increasing absorption at shorter wavelengthBecause biomass

Before quantifying the oxygenated layer, we first semiquan-
titatively estimate the tar ball chemical composition. Since the
number of carboxylic C and O-alkyl-C functional groups change
with particle size, we use the most probable tar ball size%500
nm (Figure S3 in the Supporting Information). If one assumes

burning aerosols, and tar balls in particular, have progressively similar absorption cross sectidffor four main functional group
stronger absorption in the UV and are nongraphitic types of transitions, the results from Figure 9 would lead to a typical tar
carbon, the techniques commonly used to measure absorptiorball being composed 6f39% carboxylic carbonyl ane-35%

of solar radiation at a single wavelength in the mid-visible range O-alkyl-C, followed by moderate amounts of ketonic carbonyl
can lead to inaccurate estimates of the black carbon present in(~16%) and aromatic C~10%) functional groups. However,
the atmosphere. Because of the high abundance of biomasss the cross section is generally affected by the character of the
burning organic aerosols in the earth’s atmosphere and theexcited state, this estimate of the tar ball functional group

similarities of tar balls to HULIS, these uncertainties could
significantly alter current estimates of the direct forcing effects
of anthropogenic aerosols on global climate.

Tar Ball Size-Dependent Chemical Compositionln the

composition should be considered qualitative.

Quantifying the oxygenated layer requires several assump-
tions. First, the plots of averaged absorbencies versus maximum
absorbencies for both C- and O-edges (Figure 6) are linear and

following section, we quantitatively examine the size-dependent do not reveal the presence of an oxygenated layer. In the
chemical composition of tar balls. On the basis of their presence of a thin interfacial layer, the plots in Figure 6 would
calculated diameters, we grouped tar balls into bi&-nm remain linear as estimates of the total absorbencies of C and O
wide. For every bin, a mean value of the normalized (to the are obtained at energies away from the resonance transitions
total carbon absorbance) peak intensity was calculated. In Figureand would not be sensitive enough to reveal this size depen-
9, aromatic C, ketonic carbonyl, carboxylic C, and O-alkyl-C dence. Therefore, we assume that the oxygenated layer is thin
functional groups, all normalized to the total carbon absorbance, relative to the particle diameter. This assumption is supported
are plotted as a function of particle diameter. Crosses represenby the semiquantitative measurements of electron energy loss
the mean values of the measured intensities, and the error bamaps of a tar ball of Hand et dl where the O concentration

is the standard deviation of the mean. These normalized was strongly enhanced in-a30-nm-thick outer region of the
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particle. Our assumption of a thin oxygenated layer is validated From eq 6, the analytical expression for the normalized
by inspecting the ratio of single energy STXM images for the intensity of the functional groups can be compared directly with
same tar ball recorded at the photon energy of the resonancehe experimental results. The data for both functional groups
transition for the carboxylic C or O-alkyl-C functional groups are fit using the analytical expression in eq 6 and are shown as
to an image at the energy at the approximate base of the pealsolid gray lines in Figure 9¢,d. The determined slopes and
(287.3 and 289.2 eV for the carboxylic C or O-alkyl-C, intercepts from the fit (if data shown in Figure 9 would be
respectively). The ratio of single energy STXM images does plotted versus inverse diameter; data are not shown) are 0.11
not reveal a signal enhancement at the patrticle interface for theser 0.01um~1 and 1.4+ 0.1 for carboxylic C functional group
functional groups, confirming the assumption that the oxygen- and 0.1+ 0.01um*and 1.2+ 0.1 for the O-alkyl-C functional
ated layer is thin and on the order of STXM spatial resolution. group. These values are from the C-edge data. As we measure
Second, we assume that the carboxylic C and O-alkyl-C 3 column (the product of density and thickness), we cannot
functional groups are homogeneously distributed within the jngependently determine both thickness of the oxygenated layer
oxygenated layer of uniform thickness. This assumption is anq density from the fitted values. Assuming that the density
supported by the tar ball shape analysis, which indicates the ot ihe |ayer is similar to that for the total particle, eq 6 simplifies
partl_cles are perfect spheres W|_th CandO atoms homogeneoushé0 thatps/p ~ 1 and the ratio of the slope to the intercept is
distributed throughout the particle volume. Third, we assume a yjce the Jayer thickness. From this analysis, layer thicknesses
uniform thickness for the oxygenated layer for all particle sizes. of 40 + 5 nm (carboxylic C functional group data) and 42

Wht'rlf this iss?mﬁt'o?dmbay be squhs(’;lc, the term th{;:]I.(nkess nm (O-alkyl-C functional group data) are obtained. Excellent
In this-context shou € considered an average thic neSS'agreement between these two suggests that the analytical model

Flne}lly, we assume that the density of the |r_1ter!or_ part of a for the quantification of an oxygenated layer on the particle
particle surrounded by an oxygenated layer is similar to that . : . .
for the total particle. This assumption is generally valid if the interface is adequate to describe the observed dependencies. In

: - addition, this agreement confirms the assumption that both
oxygenated layer is very thin. The total averaged absorbance . o e
at the resonance energies of carboxylic C and O-alkyl-C functional groups are homogeneously distributed within the
functional groups can then be considered as a sum of two oxygenated layer at the same density.
absorbencies: averaged absorbance through the oxygenated shell The layer thickness of41 nm was obtained assuming similar
of thicknessA and densitys, and averaged absorbance through densities for the layer and overall particle. However, it is
a spherical particle of diameted (— 2A) and an averaged Plausible that the layer density might be lower or higher than
particle density. By assuming that the shell thickness is much the particle core, which would modify the determined thickness.
smaller than the particle diameter, we neglect the case whenHand et al’ observed an enhancement in the oxygen content
the X-ray beam propagates only through the shell and the at the tar ball interface and determined semiquantitatively the
averaged absorbaneeDDs(E)> at a photon energl through thickness of the layer to be30 nm. This agrees well with the

the shell can be calculated from the following equation: value determined by STXM/NEXAFS. If we consider the
semiquantitatively determined value of 30 nm to be exact, then
2 pd2 dA _ the density of the oxygenated layer required wouldohe~
OBHEF § -y Psit(E) ) m dx = 0.88 g/cni instead of the 0.75 g/chused here. A larger value
(@2) of oxygenated shell density required to obtain the same thickness
4Apu(B)A (5a) result is consistent with the literature observations of the

tendency of the density to increase with increasing oxygen
whereA is the constanf = %, sin(1) ~ 0.59 andu(E) is the content?0

difference in mass absor.ption coefficients at t.he resonance The presence of the oxygenated surface layer is indicative
energy for either carboxylic C or O-alkyl-C functional groups ¢ aimospheric processing of tar balls. As mentioned previously,
and atthe C pre-edge energy (280 eV). From eq 1, the a\_/erageqar balls sampled during the Yosemite Aerosol Characterization
absorbanceDDy(E)Lat a photon energ through the spherical - g4,y \were aged two or more days during transport to the
Interior portion of the particle with diameted - 2A) can be sampling site. Maria et al. speculated that atmospheric process-
described as ing of organic aerosols results in larger concentration of carbonyl
carbon at the particle surfaé&.This is consistent with our
finding of an enhanced concentration of carboxylic C at the tar
o ball interface and suggests that the layer originates from
By combining eq 1 for the total C absorbance dependence gimospheric processing. In addition, we performed both STXM
on the particle diameter for the overall particle with eqs 5a and 5nq NEXAFS studies of tar balls collected in plumes from
5b, the normalized (toltotal carbon) intensity of gither carboxylic southern African fire16 (data are not shown), where the
Q or O-alkyl-C funptlonal groups as a function of particle particles were sampled from fresh (a few hours old) biomass
diameter can be written as following: smoke. The NEXAFS spectral contours of a “fresh” tar ball
were similar to the acid standards (Figure 8). The O-alkyl-C
ODE) _  wuE) n 2u(BE)A[2(psfp) — 11 ©) peak, observed in the aged tar balls (Yosemite Study), was not
seen in the acid standards. Cursory analysis similar to that
performed above was applied to the fresh tar balls and no
whereE is the resonance energies for the carboxylic C and oxygenated interface layer was identified, dissimilar to the tar
O-alkyl-C functional groups. Equation 6 suggests that the plot balls from the Yosemite Aerosol Characterization Study that
of normalized intensity of carboxylic C and O-alkyl-C functional were subject to prolonged atmospheric processing. This provides
groups versus inverse particle diameter is linear with an interceptadditional evidence that the oxygenated layer is primarily due
determined by the first term in eq 6 and a slope defined by the to atmospheric processing of tar balls. The direct comparison
second term. between two types of tar balls is speculative, since the different

[OD,,(E)C= Aou(E)(d — 24) (5b)

ODygrac M320-280 ev H320-280 ev d
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formation temperatures and precursors could alter the initial (black line) and organic particle (gray line) (Figure S1). Typical

chemical composition. particle profile as a function of the radial distance from the
Owing to the polyacidic nature of HULIS, it is expected particle center (Figure S2). Particle size distribution at50

that the carboxylic carbonyl constituent of the tar bal89% spherically shaped particles analyzed here (Figure S3). This

of all C functional groups) corresponds to or is at least a large material is available free of charge via the Internet at http://

fraction of polycarboxylic acids. This assumption is supported pubs.acs.org.

by recent studies that identified polycarboxylic acids in biomass
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