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[1] Small-scale heterogeneity of organic carbon (C) forms in soils is poorly quantified
since appropriate analytical techniques were not available up to now. Specifically,
tools for the identification of functional groups on the surface of micrometer-sized black
C particles were not available up to now. Scanning Transmission X-ray Microscopy
(STXM) using synchrotron radiation was used in conjunction with Near-Edge X-ray
Absorption Fine Structure (NEXAFS) spectroscopy to investigate nano-scale
distribution (50-nm resolution) of C forms in black C particles and compared to
synchrotron-based FTIR spectroscopy. A new embedding technique was developed that
did not build on a C-based embedding medium and did not pose the risk of heat
damage to the sample. Elemental sulfur (S) was melted to 220°C until it
polymerized and quenched with liquid N, to obtain a very viscous plastic S in which
the black C could be embedded until it hardened to a noncrystalline state and was
ultrasectioned. Principal component and cluster analysis followed by singular value
decomposition was able to resolve distinct areas in a black carbon particle. The core of
the studied biomass-derived black C particles was highly aromatic even after
thousands of years of exposure in soil and resembled the spectral characteristics of fresh
charcoal. Surrounding this core and on the surface of the black C particle, however,
much larger proportions of carboxylic and phenolic C forms were identified that were
spatially and structurally distinct from the core of the particle. Cluster analysis
provided evidence for both oxidation of the black C particle itself as well as adsorption
of non-black C. NEXAFS spectroscopy has great potential to allow new insight into
black C properties with important implications for biogeochemical cycles such as
mineralization of black C in soils and sediments, and adsorption of C, nutrients, and
pollutants as well as transport in the geosphere, hydrosphere, and atmosphere.
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its passage through soil [Stevenson and Cole, 1999]. Not
only the total amounts of C are relevant for the biogeo-
chemistry of C in soil, but also its forms. Black C has only
recently been recognized as an important organic C pool in
soils and sediments forming a continuum from partly
charred organic materials to charcoal, coal, soot, and graph-
ite [Schmidt and Noack, 2000]. Black C is found in any soil
analyzed for black C contents [Bird et al., 1999; Schmidt et
al., 1999; Skjemstad et al., 2002; Glaser and Amelung,

1. Introduction

[2] Organic carbon (C) in soil is the single largest pool of
C on Earth’s surface [Watson et al., 2000] and controls
much of its ecosystem services with respect to greenhouse
gas emissions (of both C and N) and C sequestration, soil
fertility and plant productivity, and filtration of water during
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2003], but questions remain about its residence time, alter-
ations, and accumulation in terrestrial and aquatic systems
[Dickens et al., 2004; Schmidt, 2004]. Given that existing
studies show both rapid [Shneour, 1966; Bird et al., 1999]
and slow [Shindo, 1991] rates of decomposition, it appears
that a large part of black C is mineralized over short
timescales, whereas a small part remains in a very stable,
highly altered form displaying greater '*C ages than the
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oldest soil organic matter fractions [Pessenda et al., 2001].
The pool size of black C was successfully used to
parameterize the inert organic matter pool of the RothC
model of C turnover in soil [Skjemstad et al., 2004],
demonstrating that soil organic matter dynamics can be
better described with an improved understanding of black
C. While Skjemstad et al. [2004] successfully treated black
C as an inert pool with respect to soil C dynamics, strong
evidence suggests that nutrient dynamics are significantly
influenced by black C [Glaser et al., 2001; Lehmann et al.,
2003a], as, for example, Sombroek et al. [1993] found a
greater cation exchange capacity in soils with larger pro-
portions of black C. Important interactions exist between
black C surfaces and inorganic as well as organic pollutants
[Ghosh et al., 2000; Accardi-Dey and Gschwend, 2002] and
dissolved organic matter [Pietikdinen et al., 2000] which are
controlled by C forms on black C particles that influence,
for example, hydrophobicity and surface charge. Abiotic
oxidation and mineralization by microorganisms first occurs
on surfaces of black C particles, and quantification of its
extent will provide important information about the longev-
ity of black C in the biogeosphere as well as the factors
influencing its disappearance. Finally, the solubility of black
C in water is highly dependent on the degree of surface
oxidation [Decesari et al., 2002] with consequences for
transport in soil and water.

[3] Previous studies of black C were restricted to analyses
of the properties of bulk black C isolates after oxidation of
non-black C using ultraviolet (UV), thermal, or chemical
oxidation [Skjemstad et al., 1999; Gelinas et al., 2001;
Masiello et al., 2002]. Surface properties of unaltered C
forms, however, may be more relevant to the study of black
C effects on soil biogeochemistry than bulk properties of
isolates as pointed out above. Owing to the alterations
during oxidative separation and the small size of black C
particles [Skjemstad et al., 1996], surface properties of black
C have to our knowledge not been investigated up to now
with respect to C compounds. Methods exist to study the
morphology of single particles and their surfaces such as
high-resolution transmission electron microscopy [Palotas
et al., 1996; Gustafsson et al., 2001], to study certain C
compounds such as PAH on black C using microprobe laser
desorption and laser ionization mass spectrometry in 50-pm
intervals or to identify C-rich patches in sediments using
infrared analyses [Ghosh et al., 2000]. Micro-raman spec-
troscopy and electron energy loss spectroscopy were used to
characterize broad categories of C forms, but were restricted
to single points of a particle [Schmidt et al., 2002]. '*C
NMR was able to resolve nano-scale spatial associations
between C forms but without the possibility to study spatial
distributions in situ [Skjemstad et al., 1997]. In contrast, the
development of a method to characterize forms of C with
high spatial resolution in sub-micrometer scale would, for
example, allow the test of hypotheses that surface functional
groups of black C particles significantly differ from those in
the center of the black C particles, and that C on black C
surfaces is more oxidized than at the center.

[4] Scanning Transmission X-ray Microscopy (STXM)
using synchrotron radiation provides this opportunity
to investigate nano-scale variations of C forms in soil
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through recent advances in X-ray microfocusing techniques
[Jacobsen et al., 2000; Scheinost et al., 2001]. Using a
tunable monochromator, Near-Edge X-ray Absorption Fine
Structure (NEXAFS) can be obtained by increasing the
photon energy through the absorption edge which is specific
for each element and increases with atomic weight (284 eV
for C) [Stohr, 1992]. First, the core electron will be excited
to the lowest unoccupied molecular orbital, while
higher energy levels beyond the ionization threshold of
C (~290 eV) will promote the core electron to continuum.
The excited stages of the inner electron are characteristic for
the geometric and electronic structure of the molecule and
can be correlated to specific C forms [Schdfer et al., 2003].
These features make NEXAFS using STXM a very
sensitive technique to distinguish between, for example,
aromatic-C, phenol-C, carbonyl-C, and carboxyl-C with a
resolution of only several tens of nanometers and are ideal
for the determination of very fine heterogeneity of C forms
in soil.

[5] The challenge is to obtain thin sections with a thick-
ness of around 100 nm that allow enough energy to
penetrate the sample for detection. Since the objective of
such an analysis would be to investigate functional groups
of C, traditional C-based embedding materials cannot be
used to obtain the thin sections as they interfere with high-
resolution C analyses. This constraint excludes all materials
that have commonly been used for embedding soil or
geological materials such as resins and epoxy. In addition
to water [Ghosh et al., 2000], elemental sulfur (S) possesses
unique properties that make it an appropriate material to
embed samples that will be analyzed for C, since elemental
S does not contain C, is liquid not too far above room
temperature (melting point at 113°C), and is solid at room
temperature. Matrajt et al. [2001] embedded micrometeor-
ites in melted elemental S encapsulated in epoxy but were
not interested in quantifying surface functional groups. A
temperature of 100°C has been shown to significantly
change C forms of humic substances [Lu et al., 2001],
and C organic chemistry on particle surfaces exposed to
liquid elemental S with temperatures above 113°C may
therefore change significantly, while C at the center of the
particle is most likely not affected. Bradley et al. [1993]
and Flynn et al. [2004] embedded interplanetary dust
particles in elemental S by super-cooling small droplets of
melted S that stay liquid for several seconds to hours
below the melting point (L. Keller, personal communica-
tion, 2002). The droplets have to be very small to remain
in this super-cooled liquid state, which requires the size
of the embedded specimen to be in the micrometer range.
Black C particles from biomass burning are usually
several micrometers large and are therefore difficult to
embed in droplets. Additionally, the crystalline nature of
the sulfur droplets after solidification poses challenges for
sectioning. These constraints required the development of
a new embedding procedure to explore the opportunities
provided by NEXAFS for soil organic matter studies.

[6] The objectives of this study were (1) to develop a new
method to embed small black C particles for the investiga-
tion of their C forms using STXM and C(1s) NEXAFS
spectroscopy and (2) to evaluate the suitability of NEXAFS
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data and cluster analyses to distinguish between surface
properties and different areas within the particles. NEXAFS
data were compared with data obtained from synchrotron-
based Fourier Transform Infrared (FTIR) spectroscopy, and
the potential of the method for examining black C within
global biogeochemical cycles is discussed.

2. Materials and Methods
2.1. Studied Organic Materials and Collection Sites

[7] Soil material was collected from different sites near
Manaus, Brazil (3°8'S, 59°52'W, 40—50 m above sea level).
The rainfall distribution in Manaus is unimodal with a
maximum between December and May (204—298 mm per
month; 73% of annual rainfall) and a mean annual precip-
itation of about 2088 mm, air temperature of 26.6°C, and
atmospheric humidity around 84% [Jose et al., 1992]. The
natural vegetation is a tropical lowland rain forest. The
studied soils are anthropic soils adjacent to naturally occur-
ring Xanthic Hapludox [Soil Survey Staff, 1997] which are
derived from Tertiary sediments. Samples from two sites
were selected for this study: Hatahara and Donna Stella
south of Manaus, Brazil, which had been influenced by
human activity at around 1000 and 6000 years BP, respec-
tively [Neves et al., 2003; E. Neves, personal communica-
tion, 2003]. The soils were collected from the subsoil at
depths of 0.43—0.69 m (Hatahara) and of about 1 m (Donna
Stella) and have high proportions of biomass-derived black
C [Glaser et al., 2001], high total P (to 9064 mg kg '), and
Ca (to 17545 mg kg~ ') concentrations typical for Amazo-
nian Dark Earths [Lesimann et al., 2003b]. For comparison,
charcoal was obtained from wood of black locust (Robinia
pseudoacacia L.) which was isothermically charred at
350°C for 40 min. NEXAFS spectra were also compared
to non-black C of extracts from a Paleudalf from Ethiopia
[Solomon et al., 2005].

2.2. Preparation of Thin Sections

[s] Biomass-derived black C particles with diameters of
5-80 pm were separated from soil using super tweezers
(N5, Dumont, Montignez, Switzerland) under a light
microscope (30x; SMZ-10, Nikon, Japan). The representa-
tiveness of the particles studied here was verified visually
for the two soils. Elemental sulfur (S) was chosen as the
embedding medium for C NEXAFS spectroscopy as the
embedding medium has to be free of C in order to not
interfere with the C analyses. Elemental S was used with
99.9% purity (Fisher Scientific, Hampton, New Hampshire)
(preferably in precipitated form and degassed to remove
H,S). The S was melted in a ceramic crucible on a hotplate
at 220°C and remained at that temperature until it turned
into a viscous and reddish-brown state (after about 2—
3 min). Elemental S melts at 113°C, but Sg-rings open only
above 159°C within a short period of time and form
diradicals. The radicals then polymerize to form long chains
(So polymers) resulting in an increase in viscosity [Steudel
and Eckert, 2003]. The polymerization is important as it
affects the properties of S after it is cooled. The viscous
S was then poured into a mold lined with aluminum foil of a
size that fitted into the sample holder of the ultramicrotome.
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In our case the designed mold was 15 mm long with a
diameter of 8 mm and was fitted with a thread and bolt at
the bottom to enable opening and removing the hardened S
block from the mold with a rod. Immediately after the S was
poured into the mold it was chilled by dipping it into liquid
N, for 50—70 s. During rapid quenching, the S becomes
amorphous (plastic S) but does not crystallize immediately
[Steudel and Eckert, 2003]. The mold and frozen S was then
left to warm under a dissecting microscope (10x, SMZ-140,
Motic, China) for about 2—4 min. Condensed water was
carefully wiped off the S block. During warming the
amorphous and polymeric S gains a very viscous state (like
soft chewing gum). Under the dissecting microscope, black
C particles were carefully placed on top of the S and the S
was pushed down with tweezers as soon as it reached the
viscous state in order to move the black C particle into the S
block. The optimum consistency for embedding only lasts
for about 10—30 s, after which the amorphous S converts to
a microcrystalline but still plastic state. The contact of S and
particle could be improved by using a hot iron pen under N,
gas flow for 2 min.

[s] The S block with the embedded particle is transferred
to a light microscope (30x) and trimmed with a razor blade
to an optimum trapeze shape for sectioning with the black C
in the middle. The plastic consistency of the S block is
meta-stable for 6—10 hours after embedding, after which it
returns to the orthorhombic state («-Sg allotrope) and could
not be cut very well. Sectioning to a thickness of 200 nm
was done with an ultramicrotome (Ultracut UTC, Leica
Microsystems Inc, Bannockburn, Illinois) using a glass
knife for trimming and a diamond knife (MS9859 Ultra
45°C, Diatome Ltd., Biel, Switzerland) for final cutting at
1.2 mms! (cutting angle of 6°) (thinner sections of about
100 nm are desirable, but are more difficult to obtain). The
receiving trough was filled with water, and the floating
sections were transferred to a Cu grid using a loop. Copper
grids that did not contain C (200 mesh, silicon monoxide
53002, Ladd Research, Williston, Vermont) were used to
improve signal-to-noise ratios. Before measurement of the
sections, the remaining S around the sections was removed
from the grids by sublimation in a vacuum oven (40°C,
—31 bar) for 1 hour.

2.3. Data Acquisition of Carbon Forms

2.3.1. NEXAFS Using Scanning Transmission X-ray
Microscopy

[10] Near-edge X-ray absorption fine structures
(NEXAFS) were obtained using Scanning Transmission
X-ray Microscopy (STXM) at beamline X1A1 of the
National Synchrotron Light Source at Brookhaven National
Laboratory. This beamline produces a soft X-ray beam from
the 2.8 GeV electron storage ring and illuminates a mono-
chromator that is tunable over 250 to 800 eV. A Fresnel
zone plate focuses the X-rays on the sample. Slits were set
to 40/25/25 pm to give an energy resolution of 0.1 eV.
Under the given slit setup and zone plate used, the
maximum spatial resolution is ~50 nm. The STXM can
be operated to obtain spectra at one particular spot of the
sample or to obtain maps of a sample at one or multiple
energy levels (the latter is also referred to as stacks). We
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acquired the so-called stacks of entire samples by taking
images at different energy levels across the absorption edge,
and aligned them using cross correlation. The monochro-
mator energy was increased from 280 to 282.5 eV in 0.3-eV
steps (dwell time 1 ms), to 292 eV in 0.1-eV steps (dwell
time 3 ms), and to 310 eV in 0.3-eV steps (dwell time 3 ms).
Smaller energy steps were chosen at levels where core
electrons of C are excited (285-290 eV). The dwell time
was increased to improve counting statistics (reduce error)
at spectroscopically interesting regions, in regions where
samples showed high absorbance, or in regions where the
incident flux is low.
2.3.2. Fourier Transform Infrared (FTIR) Analyses
[11] Fourier Transform Infrared (FTIR) analysis was done
at the beamline U10B of the National Synchrotron Light
Source at Brookhaven National Laboratory. The beamline is
equipped with a Spectra Tech Continuum IR microscope
fitted with 32x transmission/reflection and FTIR step-scan
spectrophotometer (Nicolet Magna 860, Thermo Nicolet
Corporation, Wisconsin) with a KBr beam splitter and
mercury-cadmium-telluride (MCT) detector with 500—
4000 cm ™' frequency range and 1.0 cm ™' spectral resolu-
tion. Spectra of the center of particles from Donna Stella
soil were recorded with a 10-pm aperture size from 4000 to
650 cm ™' with a resolution of 4 cm™'. Each spectrum was
composed of 512 scans co-added before Fourier transform
processing. For comparison, fresh charcoal and particulate
organic matter of adjacent soil with negligible black C was
measured in KBr pellets using 64 scans.

2.4. Data Analyses

[12] Individual maps of all energy levels measured were
stacked using Stack Analyze software (C. Jacobsen,
SUNY Stony Brook; built on IDL software, Research
Systems Inc., Boulder, Colorado). Before spectral analy-
sis, an alignment is necessary as the sample can drift
substantially throughout the scan. Maps were aligned by
using the map at 290 eV as a reference, since most of the
spatial features are well expressed at that energy level,
and was repeated until the shift was less than 0.3 pixels.
The spectra for each point are then reconstructed over the
entire region of the aligned stack [Jacobsen et al., 2000].
An area in sufficient distance from the sample (checked
for all energy levels) was defined for background correc-
tion (I0). Principal component and cluster analysis was
performed with PCA_GUI 1.0 [Lerotic et al., 2004] to
orthogonalize and noise-filter the data and to classify
regions in the sample according to spectral similarities.
Analyses with increasing numbers of components and
clusters were run to test for robustness of the results.
The first component was included in the analyses. Sub-
sequently, Singular Value Decomposition (SVD) was
performed to calculate target maps and corresponding
fitted target spectra from the spectra obtained by cluster
analysis. Those target maps which did not show spatial
patterns but were merely randomly distributed were
successively removed from the analysis until only target
maps with nonrandom distribution of spectral character-
istics remained. Spectra from the clusters and target maps
were smoothed 3 times using Spectra gui 0.99 (SUNY
Stony Brook).

LEHMANN ET AL.: CARBON NEXAFS SPECTROSCOPY OF BLACK CARBON PARTICLES

GB1013

287.3
286.7 o886
285.0 Charcoal

m

= Black C

]

a

©

E

8

o Non-Black C
e

@®

2

(o]

(%)

o)

<

280 285 290 295 300 305 310
Energy [eV]

Figure 1. C(1s) NEXAFS spectra of charcoal (Robinia
pseudacacia L.), a black C particle (from Donna Stella soil),
and a non-black C (non-black C is a soil extract from
Solomon et al. [2005]).

[13] The spectra were deconvoluted using arctangent
function for the ionization step at 290 eV with a full-width
half maximum (FWHM) of 0.4 eV to generate a continuum
of the spectrum up to 294 eV. The FWHM of the Gaussian
peaks (G) was set at 0.4 eV, and six Gaussian functions
representing the main Is-m* transitions at 284.3 (Gl),
285.1 (G2), 286.5 (G3), 287.3 (G4), 288.4 (G5), and
289.3 (G6) eV and 2 s higher (1s-27*) transitions at 289.1
and 289.7 eV (data not shown) were resolved [Cody et al.,
1998; Scheinost et al., 2001; Schdfer et al., 2003]. Addi-
tionally, two Gaussian peaks for o* transitions (o' and ¢?)
were simulated with FWHM of <1 and <2 eV using
WinXAS version 3.0 (T. Ressler, Berlin). Since the fine
structure in the C NEXAFS region above 290 eV transitions
were very broad [Cody et al., 1998; Schdfer et al., 2003],
only the main 1s-m* transitions were used for subsequent
quantification and interpretation of the C (1s) NEXAFS
results. The fit for the highly aromatic C was not satisfac-
tory, and therefore only data for regions of more oxidized C
were presented here. For the qualitative analyses of C forms
from the FTIR spectra, we subtracted the background of the
Cu grid or KBr window, automatically corrected the base-
line, and smoothed the spectra, identified the peaks, and
normalized the spectra on a reduced portion of the wave
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Table 1. Peak Assignment for C Forms Obtained From C (1s) NEXAFS and FTIR Spectroscopy

Energy Level

Carbon Forms®

C (Is) NEXAFS, eV

284.3 quinone-C, protonated aromatic-C

284.9-285.5 protonated/alkylated to carbonyl-substituted aromatic-C
286.1 unsaturated C

286.7 phenol-C, ketone C=0O

287.1-287.4 aliphatic-C, aromatic carbonyl

287.7-288.6 carboxyl-C, C=0, COOH, CH;, CH,, CH

289.3 carbonyl-C, alcohol

FTIR, cm™!

3411, 3339, 3192

OH stretching vibrations of H-bonded hydroxyl (O-H) groups

of phenols with traces of amine stretches (N-H)

3077
2922
2856
1710—-1690

CH from aromatic-C [Smith and Chughtai, 1995; Ghosh et al., 2000]
weak CHj stretch vibrations of aliphatic-C

weak CH, stretch vibrations of aliphatic-C

C=0 stretching mainly of carboxyl-C and traces of ketons and

esters [Koch et al., 1998; Pradhan and Sandle, 1998]

1630
1595
1513
1433
1393
1257
1115
1037

C=0 conjugated ketons and quinones [Haberhauer et al., 1998; Koch et al., 1998]
C=C of aromatic-C [Guo and Bustin, 1998; Haberhauer et al., 1998]

CH or NH bending, characteristic of undecomposed litter [Haberhauer et al., 1998]
CH, bending [Smith and Chughtai, 1995]

CH deformation of aliphatic-C (some C-O stretching of phenolic OH)

C-O stretching and OH deformations of carboxyl-C

OH of carboxyl-C [Pradhan and Sandle, 1998]

C-O stretching of polysaccharides [Haberhauer et al., 1998]

“Peak assignments for NEXAFS according to Cody et al. [1998], Schdfer et al. [2003], and own observations and for FTIR
according to references indicated (others: Haberhauer et al. [1998] and Smith and Chughtai [1995]).

numbers (4000 to 750 cm™ ') using OMNIC v.6.1 (Thermo
Electron Corp., Woburn, Massachusetts).

3. Results
3.1. Point Spectra of Black C and Non-black C

[14] Carbon NEXAFS was able to resolve clear differ-
ences between C forms of black C and non-black C. Spectra
of a soil with little or no black C (non-black C in Figure 1)
showed low amounts of aromatic (sum of quinone and
protonated aromatic-C around 285.0 eV) and phenol-C
(286.7 eV), but large amounts of carboxyl-C (288.6 eV;
Table 1). In contrast, biomass-derived black C in the form of
charcoal without exposure to soil was highly amorphous
with a dominant peak in the aromatic region (285.0 eV).
Black C that was deposited about 6000 years BP (Donna
Stella soil) in a covered soil profile maintained the domi-
nance of aromatic C, but the spectrum was better resolved
than the one of fresh charcoal, and a distinct peak in the
carboxylic region is visible.

[15] FTIR spectra were obtained from a black C particle
and non-black C particle mixture of Donna Stella soil as
well as fresh charcoal (Figure 2). Especially in fresh
charcoal, a dominant band was expressed at around
1590 cm™'. The bands assigned to asymmetric and sym-
metric aliphatic groups (CH; at 2922 c¢m ', CH, at
2856 cm ', C-H of aliphatic groups at 1393 cm ';
Table 1) as well as the band attributed to C-O stretching
vibrations of polysaccharides (1034 cm™") were smaller in
black C and fresh charcoal than in non-black particles
(Figure 2). Also the bands from C-O stretching and OH
deformation and from H-bonded hydroxyl (O-H) and amine
(N-H) groups were weakly resolved in black C.

3.2. Principal Component and Cluster Analysis of
Cross-Sectional Maps of Black C

[16] Cluster analysis and preceding principal component
analyses were explored using several combinations of a
number of components and clusters using a black C particle
from Hatahara soil (Figure 3). Spatial distribution of clusters
was not significantly affected by increasing the number of
principal components (compare 2/4, 3/4, and 4/4 in Figure 3).
Beyond two principal components, no new features appeared.
Increasing the number of clusters, however, changed the
shape of the distribution of C forms (Figure 3). While the
shape of clusters changed by increasing the number of
clusters, the general trend of spectral properties remained
the same between clusters (Figures 4a—4c). The aromaticity
(at lower eV) decreased from the inside to the outside of the
particle irrespective of the number of clusters. With more
clusters, however, the difference between the C forms on the
outside and inside became more apparent.

[17] Target maps were constructed from cluster spectra for
all analyzed combinations of principal component and
cluster analyses (2/4, 3/4, 4/4, 4/6, 4/10 in Figure 3), but
differed only marginally in their spatial composition (target
maps only shown for 4/4, 4/6, 4/10 in Figure 3). Irrespective
of the number of principal components or clusters, the
number of target maps with recognizable features that were
not randomly distributed was always three. More than three
target maps were not useful. In contrast to the spatial
distribution of similar C forms, the RMS error of the target
spectra significantly depended on the number of principal
components or clusters. With few components (less than
three) and few clusters (less than four), mean square errors
for target spectra were high (>0.01), and decreased when
more components were used in the analysis to <0.01 (less
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Figure 2. FTIR spectra of charcoal (Robinia pseudacacia
L.), a black C particle, and a non-black C particle mixture
(both from Donna Stella soil); numbers above the peaks
indicate wave numbers attributed to specific C-stretches
explained in the text.

with more clusters using fewer than four components).
More than four components and six clusters did not reduce
the errors further. In contrast to the error of the target
spectra, the spatial distribution of functional groups did
not change with fewer components (Figure 3). The spectral
signature of the three target maps changed slightly as a
function of the number of clusters largely related to the
reduction in error (target spectra only shown for 4/6 in
Figure 4). For our particle, an optimum of four components
and six clusters was found based on the error reduction.

3.3. Carbon Forms on Black C Surfaces

[18] The center cluster of both black C particles from
different soils analyzed here had very similar spectral
characteristics (Figures 1 and 4). The spatial analysis of
the black C particle successfully revealed a progressive
oxidation of black C from the surface with a significant
reduction of aromatic C and a proportional increase of
carboxylic C (Figure 4). Progressing oxidation did not
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penetrate the particle uniformly, but more oxidation was
observed at the lower than the upper end of the particle
(Figures 3 and 5). Singular Value Decomposition and the
target maps and spectra (Figure 5) confirmed the results of
the cluster analysis since target spectra were derived from
principal components: A highly aromatic core is surrounded
by more oxidized C forms. However, additional aspects of
the spatial features became apparent from the target maps.
Three chemically and morphologically distinct regions
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Figure 3. Cross-sectional stacked maps of similar C forms
obtained from principal component and cluster analyses
(top plots, labeled 2/4—4/10) and target maps obtained
from singular value decomposition (bottom rows, labeled
1-3) of a black C particle (from Hatahara soil); 2/4
signifies the computation of maps by using two
components and four clusters; target maps were only
shown for cluster analyses with four components and
four, six, or ten clusters (i.e., 4/4, 4/6, and 4/10); singular
value decomposition yielded three target maps regardless
of the number of components or clusters used.
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Figure 4. C(1s) NEXAFS cluster spectra of a black C particle (from Hatahara soil) by computing
three different principal component analyses with four components and either (a) four, (b) six, or (c) ten
clusters; cluster spectra organized from inside to outside of the particle corresponding to clusters in Figure 3
(Figure 4a: 4/4; Figure 4b: 4/6; Figure 4c: 4/10); vertical dotted lines indicate energy levels of 286.1, 286.7,
and 288.6 eV indicative of unsaturated, phenolic, and carboxyl-C, respectively (Table 1).
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Figure 5. C(1s) NEXAFS spectra of target maps of a black
C particle (from Hatahara soil) (maps 1-3 from cluster
analysis 4/6 of Figure 3); vertical dotted lines indicate
energy levels of 286.1, 286.7, and 288.6 eV indicative
of unsaturated, phenolic, and carboxyl-C, respectively
(Table 1).

appeared in the cross section of the black C particle in
contrast to the cluster analysis. While the aromatic core was
similar (with about 29% carboxyl and carbonyl C; see
section 2 for explanation of uncertainties), relatively highly
oxidized C (with 42% carboxyl and carbonyl) on the soil
surface appeared to be concentrated in spots and not be a
contiguous layer as the clusters suggested.

4. Discussion
4.1. Embedding of Single Soil Organic Particles

[19] The developed embedding technique proved feasible
for sample preparation that requires thin sections for trans-
mission spectroscopy of C forms within micrometer-scale
particles. This is a significant advancement over traditional
embedding procedures that use resins, epoxy, paraffin, or
other binding agents which are all C-based and would
interfere with the C measurement. Experiments using water
as an embedding medium and subsequent cryo-sectioning
[Ghosh et al., 2000] did not provide an advantage over the
method using elemental S in our study, although combina-
tions may offer opportunities for larger particles or aggre-
gates. During embedding in elemental S, the samples were
not subjected to heat above room temperature which makes
the method suitable for organic materials that change their
properties at higher temperatures. Already temperatures
below 100°C, and therefore below the melting point of
elemental S, can cause significant alterations of organic
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matter structures of humic substances [Lu et al., 2001]. If
the objective of a study is to compare the functional groups
on the surface with those at the center of particles, the
surfaces must not come into contact with melted and hot
elemental S. In the S droplet method used by Flynn et al.
[2004] and only briefly described by Bradley et al. [1993],
particles are embedded into a super-cooled S droplet at
room temperature (droplets remain liquid for a short period
of time if they are sufficiently small (L. Keller, personal
communication, 2002)) which works well for micrometer-
size particles, but is less suitable for particles larger than
20 pm.

[20] The time-consuming nature of both the embedding
and the following spectroscopic techniques is prohibitive to
the analysis of a large number of particles. This means that
inferences about biogeochemical processes in soil or else-
where have to be made from a limited number of observa-
tions. This is a constraint that has to be accepted not only for
methodological reasons but also for reasons of the hypoth-
esis tested. If the objective is to quantify changes of
chemical properties at extremely small scales, those obser-
vations are necessarily restricted to a small spatial area in
the sample and may only be representative to a very small
area in soil due to the inherent heterogeneity of soil
properties. Special attention has to be paid to the representa-
tiveness of the studied particles, which can be ensured using
appropriate optical identification and sampling methods.

4.2. Advances in Principal Component Analyses of
Small-Scale Carbon Distributions

[21] The principal component analysis provided the
unique opportunity to map the distribution of C forms for
entire organic particles according to spectral similarities.
This is a significant advancement for several reasons:
(1) Organic matter in soil (as in many other environmental
or biological systems) is very complex and the analysis of
single spectral characteristics such as aromaticity may not
provide comprehensive information about biogeochemical
processes and (2) the thickness within the section may
inevitably vary, and absolute concentration of specific C
forms may be biased.

[22] The spatial analysis of clusters and target maps was
very robust with respect to the choice of numbers of
components, clusters, and target spectra. Therefore the
results more likely represent true differences in organic
composition rather than random distributions dependent
on the analyst. Target maps revealed very interesting spatial
features such as the noncontiguous layer of the most
oxidized C at the surface of black C particles that were
not apparent in the cluster analysis (Figure 3). Quantitative
information, however, through spectral deconvolution
proved difficult for black C particles, especially for areas
with high proportions of aromatic C, and require further
experimentation.

4.3. Opportunities for the Study of Carbon Chemistry
of Black Carbons

[23] The spectral properties showed clear chemical
characteristics that were significantly different between
black C and non-black C highlighting the appropriateness
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of NEXAFS for black C studies. The bulk properties of the
studied black C particles from biomass burning remained
aromatic even after several thousand years of exposure in
soil. Their spectral signatures still resembled those of char-
coal (Figure 1) and were similar between black C obtained
from different soils (Figures 1 and 3). While similar spectral
signatures strongly indicate similar C structures, it cannot be
excluded that the proportion of some forms of C (e.g.,
aliphatic C) is changing without a clear spectral response. In
comparison, non-black C is much more oxidized (Figure 1).
High aromaticity of black C is well documented for black C
obtained after separation by UV oxidation [Skjemstad et al.,
1999]. In previous studies, however, no information was
given about the age of the black C in soil in conjunction
with chemical properties. It is generally assumed that black
C is highly stable in soil [ScAmidt and Noack, 2000], but
actual data are scarce and often contradictory [Shneour,
1966; Shindo, 1991; Bird et al., 1999].

[24] Despite the fact that black C is defined as a highly
aromatic organic matter, the degree of aromaticity may vary
according to the origin of the black C and environmental
exposure [Schmidt and Noack, 2000]. The spectral signa-
tures from the center of our black C particles very closely
resembled an example of a charcoal particle. However, the
surfaces and even large parts of the areas inside the particle
differed significantly in their chemical signature from areas
at the center or from the charcoal particle. These areas were
much more oxidized and would probably be removed by
any oxidative separation procedure using UV, high temper-
ature, or dichromate. The present method enables direct
detection and visualization of such differences at nano-scale
for intact black C particles which was not available up to
Now.

[25] A prominent absorption that can be assigned to
aromatic C bonded to oxygen [C(1s) — ©*c_opn] as found
in phenol or halogenated aromatics is located at 286.5 eV
[Cody et al., 1995]. Deconvolution procedures were suc-
cessfully applied to spectra of isolated hydrophilic organic
compounds (humic or fulvic acids) to quantify the amount
of phenol-type groups using this 286.6-eV transition [Cody
et al., 1998; Scheinost et al., 2001; Schdfer et al., 2003;
Solomon et al., 2005]. The hydroxylation associated with
aromatic C usually found in groundwater fulvic acids
derived from brown coal intercalations [Schdfer et al.,
2005] or in sub-bituminous B rank coal [Cody et al.,
1995] indicates an average hydroxylation of two hydroxyl
groups per aromatic ring.

[26] Crystalline graphite structures, on the other hand,
exhibit a broad absorption in the 285-286 eV range
comparable to the features observed in the charcoal and
black C spectra (Figures 1, 4, and 5), whereupon the
intensity of this m band (Iw*c_c transition) strongly
depends on the amount of associated hydroxyl groups
[Francis and Hitchcock, 1992] and the crystallinity of the
material [Denley et al., 1980; Comelli et al., 1988; Braun et
al., 2004]. Similar X-ray absorption features with strong
absorption peaks in the energy region of 285.9¢V and
286.2eV were also found in the fullerene molecule Cg
[Luo et al., 1995]. On the basis of these observations, we
interpret the observed spectral feature at 286—286.1 eV in
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the charcoal and black C spectra (Figures 1, 4, and 5) as ©*
resonance characteristic for unsaturated (sp or sp”) C bonds
and not as resonance from aromatic C bonded to oxygen
[C(1s) — m*c_ou]- The peak at 286.7 eV observed in the
non-black C and the outer region is most likely generated by
an abundance of phenolic C.

[27] The carboxylic peak showed small shifts for the
black C and non-black C (Figure 1) which hints at the
presence of different types of carboxylic C compounds as
found for formic acid, acetic acid, or propionic acid to be
in the range from 288.2 to 288.6 [Cody et al, 1998;
Schdfer et al., 2003; Scheinost et al., 2001]. This shift
was found to a lesser extent between regions within the
black C particle.

[28] For aromatic rings or solids, a structureless broad o*
feature is usually observed owing to the interaction of
adjacent bonds causing a splitting of resonances through
conjugation or long-range band formation. In the charcoal
and black C spectra of Figure 1, structures appear in the o*
region (>291 eV), indicating an increase in structural order.
Similar findings were observed by annealing amorphous or
hydrogenated amorphous C to graphitic C [Wesner et al.,
1983; Comelli et al., 1988] and with the increase of chain
length in polyacenes [Agren et al., 1995]. The lack of
pronounced structures in the o* region of the spectra from
the inner area of the black C (Figures 4 and 5) indicates no
unique short- or long-range order. This can be interpreted as
either a heterogeneous matrix with a partly well-defined
structure in the form of, for example, small crystallites or a
homogeneous matrix without long-range periodicity.

[29] Chemical fingerprints obtained from FTIR spectros-
copy were less characteristic for black C than those from
NEXAFS spectroscopy. NEXAFS showed clear differences
between black C and non-black C in our study (Figure 1)
and in comparison to non-black C from other studies of
humic acid extracts [Scheinost et al., 2001; Schdfer et al.,
2003] or natural organic colloids [Schdfer et al., 2003].
FTIR spectra of black C, however, were not as specific
compared to non-black C (Figure 2), partly owing to
the overlap of bands attributed to carboxyl-C and aromatic
C between 1700 and 1550 cm '. While the stretch at
1590 cm™ ! is characteristic for black C, i.e., charcoal, soots,
and coal [Smith and Chughtai, 1995; Guo and Bustin, 1998;
Koch et al., 1998], the peak assignment is not unambiguous
and can include significant amounts of conjugated carbonyl-
C [Smith and Chughtai, 1995; Pradhan and Sandle, 1998].
However, bands characteristic of carboxyl-C in non-black
organic matter appear at 1750—1600 cm™', whereas car-
boxyl-C seems to be the source of the strong absorption
band at 1595 cm ™' in our samples.

[30] Black C appears to show low absorbance of OH
stretch vibrations around 3400 cm™' compared to non-
black C (Figure 2). Soot particles obtained from sediments
were identified by a peak at 3000-3100 cm ™' [Ghosh et
al., 2000] which was only weakly expressed in our
sample. Similarly, Braida et al. [2003] did not describe
a characteristic peak indicative of aromatic C in contrast to
their NMR analyses of charcoal. Spectral characteristics
indicative of low carbohydrate contents (1034 cm™") were
consistent with expectations for black C in Donna Stella
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soil and fresh charcoal compared to non-black C, but were
also found in some humic substance extracts of non-black
C where higher carbohydrate concentrations than in black
C could be expected [Chen et al., 2002; Solomon et al.,
2005].

[31] Given the lower spatial resolution of FTIR (maxi-
mum 8—10 pm) and the ambiguity to distinguish between
aromatic and carboxylic-C in the region between 1800 and
1500 cm™ ', it appears that FTIR is less suitable than
NEXAFS for assessing oxidation of black C on surfaces
and across sections of particles in complex natural systems.
However, even NEXAFS using STXM may not be able to
resolve spatial distribution in particles that are smaller than
500 nm such as most soot black C [Braun et al., 2005].

4.4. Carbon Forms on Black Carbon Surfaces and
Implications for Biogeochemical Cycles

[32] STXM and NEXAFS followed by principal compo-
nent analysis provided the opportunity to distinguish be-
tween three spatially and chemically distinct regions in a
black C particle: a highly aromatic core, a progressively
more oxidized region partly surrounding the core, and a
noncontinuous region surrounding the two former areas that
showed higher carboxylic and phenolic than aromatic and
unsaturated C signatures (Figures 3 and 5). The central
region may correspond to a weakly altered black C material
that resembles the original material more than the other two
areas. The second region is most likely also derived from
the original black C particle, but has been progressively
altered through microbial and abiotic oxidation in soil.
Despite the fact that highly aromatic forms of black C are
very stable, they can be mineralized over long periods of
time [Schmidt and Noack, 2000]. Direct evidence exists that
microbes can metabolize black C, as microbial cell wall
material in soils containing a high proportion of lignite
displayed a radiocarbon age strongly influenced by that of
the coal [Rethemeyer et al., 2003]. Also, wood and leaf
decaying fungi have been shown to degrade brown coal
[Hofrichter et al., 1999].

[33] The spatial attributes of the surrounding and outer
region resolved by STXM may suggest that it is not
composed of oxidized organic matter derived from the
black C particle itself but of adsorbed organic matter. It
only consists of about 25% aromatic C, but 42% carboxyl
and carbonyl C as determined by spectral deconvolution
(see section 2 for uncertainties in deconvolution). While
the observed changes in C functionality provide evidence
for this conclusion, it cannot be excluded that changes in
aliphatic C structures occurred that were not detectable by
NEXAFS. Dissolved organic matter adsorbs strongly to
black C [Pietikdinen et al., 2000], and activated C has
shown to sorb microorganisms, and this adsorption was
increased with higher hydrophobicity [Rivera-Utrilla et
al., 2001]. The most likely explanation of the more
oxidized regions surrounding the particle in spots rather
than in a contiguous area is adsorption of non-black C in
the form of humified macromolecules or microbes. The
observed phenolic peak at 286.7 eV in the outer region
and the presence of the unsaturated C peak at 286.1 eV
in the two inner regions provide evidence for a different
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origin of the two more oxidized parts of the studied
particle. Further experiments will be necessary to test this
hypothesis.

[34] The spatial and chemical features shown here would
not be detectable in bulk analyses of black C isolates using,
for example, solid-state '*C NMR, because these oxidized
features constitute only a small proportion of the total mass
of the black C in soil and NMR does not at present provide
the opportunity to map cross-sectional areas of micro-scale
particles. Since the relatively highly oxidized portions of the
black C particle or its adsorbates were located on the
surface, a higher degree of oxidation than an assumed
dominance of aromatic C should actually have a significant
effect on how black C affects biogeochemical cycles in soil.
Results may be related to the high cation exchange capacity
found in certain anthropogenic soils that have very high
black C concentrations [Sombroek et al., 1993]. This would
mean that black C significantly contributes to the retention
of cations including toxic metals as well as plant nutrients
with implications for contaminant movement and soil fer-
tility. Other implications derived from the use of STXM and
NEXAFS include better estimates for black C mineraliza-
tion which may fill an important gap in the understanding of
global black C cycles [Schmidt, 2004]. Understanding
the factors controlling black C mineralization would help
explain the disparity between a high production of black C
in terrestrial systems through biomass burning [Kuhlbusch
and Crutzen, 1995] and a low accumulation in oceans
[Dickens et al., 2004] with still uncertain rates of transport
from terrestrial ecosystems to the oceans [Mitra et al.,
2002]. This technique may also open new avenues for
fingerprinting different types of black C particles in the
environment. It is widely acknowledged that black C has no
clearly defined properties due to different production con-
ditions [Schmidt and Noack, 2000]. It also has different
properties as an effect of biochemical aging in the environ-
ment, for which the proposed method will allow new
insights. Knowledge about specific chemical characteristics
and their nano-scale distribution may help in determining
the origin of particles and their behavior in soil.

5. Conclusions

[35] For the first time the submicrometer spatial hetero-
geneity of organic C forms of small particles in soil and
specifically of black C was demonstrated, which required
the development of a new sample preparation technique.
This new approach of embedding micro-scale samples in
elemental S that was melted and rapidly chilled provided
the opportunity to quantify nano-scale distribution of C
forms without contamination from a C-based embedding
medium and without the risk of heat damage to the
sample surfaces. This technique was used for C(ls)
NEXAFS spectroscopy in conjunction with STXM as
well as FTIR using synchrotron radiation but is applicable
to any analytical method that requires transmission spec-
troscopy of C forms. Such an analytical tool proved
invaluable for detecting significant variations of C forms
within a black C particle. An example showed large
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differences between a highly aromatic core to a strongly
carboxylated surface. Cluster analyses provided evidence
for biochemical oxidation of the black C particle itself as
well as for adsorption of non-black C. Such differences
have important implications for biogeochemical cycles of
nutrients or C in soil as black C was considered inert and
only adsorbing unpolar or less polar substances. This
technique will also help in understanding mineralization
and movement of black C itself in order to fill an
important gap in our understanding of global biogeochem-
ical cycles of C.
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