c17.indd 723

SYNCHROTRON-BASED NEAR-EDGE
X-RAY SPECTROSCOPY OF NATURAL
ORGANIC MATTER IN SOILS AND
SEDIMENTS

J. LEHMANN AND D. SoLoMoON
Department of Crop and Soil Sciences, Cornell University, Ithaca, New York

J. BRANDES
Skidaway Institute of Oceanography, University of Georgia, Athens, Georgia

H. FLECKENSTEIN AND C. JACOBSEN
Brookhaven National Laboratory, SUNY Stony Brook, Stony Brook, New York

J. THIEME
Institut Fiir Rontgenphysik, University of Géttingen, Gottingen, Germany

17.1. Introduction 723
17.2. Principles 725
17.2.1. Synchrotron Facilities 725
17.2.2. NEXAFS 725
17.2.3. NEXAFS Techniques and Instrumentation 729
17.2.4. Sample Preparation 732
17.3. Data Analyses 735
17.3.1. Spectral Features and Peak Assignments 735
17.3.2. Quantification of Bonds and Compounds 742
17.3.3. Spatial Analyses 744
17.4. Composition of Natural Organic Matter in the Environment 749
17.4.1. Natural Organic Matter Properties in the Environment 749
17.4.2. Relationship with Other Methods 754
17.4.3. Spatial Distribution of Natural Organic Matter in Aggregates and
Colloids 759
17.5. Conclusions 764
References 765

Biophysico-Chemical Processes Involving Natural Nonliving Organic Matter in Environmental
Systems, Edited by Nicola Senesi, Baoshan Xing, and Pan Ming Huang
Copyright © 2009 John Wiley & Sons, Inc.

723

2009-5-7 10:39:37



c17.indd 724

724  SYNCHROTRON-BASED NEAR-EDGE X-RAY SPECTROSCOPY
17.1. INTRODUCTION

Spectroscopic techniques have received increased attention for the study of natural
organic matter (NOM) over the past decades (Hatcher et al., 2001; Abbt-Braun
et al., 2004). Such techniques allow the determination of molecular speciation in
many cases without the need for extractions, derivatization, or hydrolysis. Spectros-
copy is generally less selective in nature than for example chemical extraction
techniques, even of chemically or thermally recalcitrant compounds (Frimmel et al.,
2002; Haberstroh et al.,2006), though important restrictions for specific bonds apply
for some spectroscopic techniques. Equally important are the potentials to investi-
gate the spatial relationships between NOM and mineral phases, surface properties
and alteration, and micro-scale heterogeneity within NOM. With improved capabili-
ties and access to synchrotron facilities, worldwide efforts in applying an entire
range of powerful spectroscopic tools have proliferated in all areas of science.

In this chapter, we discuss near-edge X-ray fine structure (NEXAFS) for the
study of elemental speciation and distribution that are most relevant to the study
of NOM in soils and sediments (carbon, nitrogen, oxygen, phosphorus, and sulfur
with brief mentioning of metals) and will use the term NEXAFS rather than X-ray
absorption near-edge structure (XANES), which is more often used for hard X-ray
(e.g., sulfur and phosphorus). NEXAFS (Stohr, 1992) involves excitation of core-
level electrons to unoccupied or partially occupied molecular orbitals and uses a
variety of resulting phenomena such as absorption of energy, fluorescence, or emis-
sion of photons for the assessment of the bonding environment of a specific element
(Hitchcock et al., 2008). NEXAFS spectroscopy, microspectroscopy and the devel-
opment of NEXAFS spectromicroscopy (explained in Section 2.3) have been one
of the most promising tools for the study of soils and sediments since its develop-
ment in the 1980s (Kirz et al., 1995; Ade and Urquhart, 2002), but was only more
widely used for investigations of NOM since the mid-1990s. The scope of studies
has included contaminant and metal speciation, uptake, and distributions (Schulze
et al., 1995), model humic and natural substances (Vairavamurthy et al., 1997,
Plaschke et al., 2004 2005; Rothe et al., 2004), microorganisms (Thieme et al., 1994;
Lawrence et al., 2003; Liang et al., 20006), soils (Schmidt et al., 2003; Kinyangi et al.,
2006; Schumacher et al., 2005; Lehmann et al., 2007; Wan et al., 2007) and
soil extracts (Solomon et al., 2005a 2007a, b), dissolved organic matter (DOC)
(Schumacher et al., 2006), sediments (Schéfer et al., 2005; Benzerara et al., 2006;
Haberstroh et al., 2006, Brandes et al., 2007) or aquatic colloids (Niemeyer et al.,
1994; Thieme et al., 1998; Rothe et al., 2000; Brandes et al., 2004), and DNA (Ade
et al., 1992). NEXAFS has also been successfully used for the environmental study
of coal (Cody et al., 1998), plant fossils (Boyce et al., 2002) or soot (Braun et al.,
2007), which are not the subject of this contribution. Other synchrotron-based tech-
niques for the study of NOM chemistry such as Fourier-transform infrared spectros-
copy (FTIR) (Solomon et al.,2005a; Lehmann et al.,2007) have also been used with
great success but will not be discussed in this chapter.

NEXAFS methods can be applied to nearly all elements, is not restricted to
certain isotopes, does not typically exhibit interferences (e.g., paramagnetic iron
with nuclear magnetic resonance (NMR) spectroscopy), and does not necessarily
require sample drying (Williams et al., 1993; Kirz et al., 1995). An additional advan-
tage is the ability of NEXAFS to directly interrogate the composition of minor or
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trace elements in NOM without extraction or chemical modifications (Brandes
et al., 2007). For example, NEXAFS has provided an entirely new approach to the
study of organic sulfur compounds in soils that was not possible before (Xia et al.,
1998; Prietzel et al., 2003; Solomon et al., 2003).

What has proved especially useful is the coupling of NEXAFS with imaging in
an approach called spectromicroscopy in X-ray imaging (Ade et al., 1992; Jacobsen
et al., 2000; Hitchcock et al., 2008; detailed description in Section 2.3) or spectrum
imaging in electron microscopy (Jeanguillaume and Colliex, 1989; Hunt and
Williamds, 1991). With spectromicroscopy, entire areas of soils and sediments can
be measured by NEXAFS with very high spatial resolution (Jacobsen et al., 2000).
Both soils and sediments are complex assemblages of minerals, living and dead
organic matter, water, and pore space filled with various gases. The notion that the
spatial organization of all these components holds the key to an understanding of
processes controlling NOM quantity and quality is gaining more and more attention
(Young and Crawford, 2004). The spatial information obtained by scanning entire
areas within organo-mineral assemblages of soils (Kinyangi et al., 2006; Lehmann
et al., 2007), sediments (Neuh&usler, 1999), and suspended colloids (Rothe et al.,
2000; Schumacher et al., 2005) affords an important step forward in gaining critical
insight into the biogeochemistry of NOM in the environment.

In the following sections, we explain the basic principles of NEXAFS, methods
of data acquisition and analysis, and its application to NOM.

17.2. PRINCIPLES

17.2.1. Synchrotron Facilities

Synchrotron radiation is produced by relativistic electron or positron beams being
forced to radiate when traveling through strong magnetic fields. Beginning in the
late 1970s, a growing number of facilities dedicated to the production of synchrotron
radiation have been developed worldwide. A comprehensive listing is provided by
www.lightsources.org. Compared to laboratory X-ray sources such as X-ray tubes,
synchrotron radiation is (by many orders of magnitude) brighter and more readily
tunable. Along with developments in high spatial resolution X-ray optics, this has
enabled the development of X-ray microscopes with spatial resolution in the 30- to
300-nm range and with spectromicroscopy capabilities as noted above (detailed
description in Section 2.3). Most spectromicroscopy studies are carried out using
scanning microscopes or microprobes, where the X-ray beam is focused down to a
small spot through which the sample is scanned at each desired photon energy (see,
e.g., Kirz et al., 1995). In these scanning microscopes, fields of up to several milli-
meters can be examined, though high resolution scans are typically carried out on
field sizes of several micrometers.

17.2.2. NEXAFS

In the historical Bohr (Niels Bohr, 1885-1962) model the atom is pictured as having
electrons in circular orbits surrounding a small, positively charged nucleus, to which
the electrons are attracted by the electrostatic Coulomb force. These orbits have
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discrete radii indexed by a principal quantum number n = 1,23 ..., and discrete
binding energies for single-electron atoms of E, = —E,Z*/n* where Z is the atomic
number and E, = 13.6¢eV (see Figure 17.1). When the energy of incident photons is
increased to match the binding energy of an electron, the photon absorption prob-
ability suddenly increases in what is called an X-ray absorption edge (step function
in Figure 17.2, which is at about 290 eV for carbon), so that the electron is completely
removed from the atom in an ionization event (absorption edges are also labeled
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Figure 17.1. Atom in the Bohr model. The electrons surround the nucleus. An incoming
photon can lift an electron to a not fully occupied, higher orbital or remove it entirely from
the atom.
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Figure 17.2. Carbon NEXAFS spectrum of NOM from the Suwannee River (IHSS standard
humic acid mounted on indium foil; total electron yield using a dwell time of 200 msec and
an exit slit of 50 um, calibrated to CO at 287.38¢eV, Canadian Light Source SGM beamline
11-ID.1) to show pre-edge features and the so-called “edge”. The spectrum is deconvoluted
using a series of Gaussian curves (G) at energy positions of known transitions, along with a
step function at the edge as described by Solomon et al. (2005).
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as K edges when the n = 1 electron is excited, or L edges when the n = 2 electron
is excited, and so on). At an energy just below the absorption edge, however, the
energy is not sufficient to remove the electron from the atom entirely but instead
it may be promoted to a weakly bound orbital. The probability for this will depend
on the degree of occupancy of this orbital. Since chemical binding energies are in
the range of about 2-10eV, the occupancy of orbitals within ~2-10eV of the absorp-
tion edge is in turn modified by the chemical binding state of the atom. These
pre-edge resonances (peaks between 284 and 290¢eV in Figure 17.2) are known as
near-edge X-ray absorption fine structure (NEXAFS) or X-ray absorption near-
edge structure (XANES). Their narrow width of ~0.1-0.2eV in carbon is determined
by a combination of the relatively long core hole lifetime and the shorter lifetime
of the excited state that it is coupled to. Finally, in addition to these pre-edge reso-
nances from coupling to bound states, the inner-shell electron can also be promoted
to classically unbound states (such as the 1s — ¢* transition that will be noted in
carbon NEXAFS spectra shown below) that have broad energy widths of several
electron volts due to their short lifetime.

The Bohr model of the atom is an oversimplification that has been supplanted
by Schrodinger equation solutions for electron wavefunctions in the presence both
of the Coulomb potential of the nucleus, and the distributed charge of other electron
wavefunctions in the atom or molecule. Once wavefunction solutions are known,
the energy position and strength of NEXAFS resonances can in principle be calcu-
lated from the overlap of wavefunctions in the presence of an incident photon of a
particular energy. In practice, calculations of this sort are guided by observing the
trend of the appearance of NEXAFS resonances in simple molecules with various
chemical functional groups (Stéhr, 1992). In complex molecules both multiple, par-
tially overlapping NEXAFS resonances and even a slight shift in the ionization
potential can be observed as the configuration of outer electrons affect the charge
seen by inner-shell electrons. The challenge in NEXAFS analysis is to interpret the
observed absorption spectrum as a sum of all resonances plus the ionization step of
the atom, as is shown in Figure 17.2.

At photon energies above the absorption edge, the liberated electron has a de
Broglie wavelength given by its kinetic energy (the photon energy minus the ioniza-
tion potential). This electron can undergo partial reflection from the charge distribu-
tion of other nearby atoms and can then interfere with itself. This effect, called
extended X-ray absorption fine structure (EXAFS) (Teo, 1986), manifests itself in
subtle “wiggles” in the absorption spectrum at energies of tens to hundreds of elec-
tron volts above the absorption edge due to alternating constructive and destructive
self-interference of the ejected electron. EXAFS spectroscopy is typically used to
study minority atoms at higher energies where one can better separate EXAFS and
NEXAFS features, and it has been used for sulfur. It is of less use in the case of
organic molecules (Teo, 1986) and will not be discussed further here.

The discussion above has considered only what happens to the electron that is
removed from an inner shell. An atom with an inner-shell electron removed is
unstable, and an electron from a higher orbital will soon fill the inner-shell void.
Therefore, the energy difference between these two orbitals must be emitted by the
atom (called a secondary process). This can occur by two competing processes: (a)
emission of a fluorescent photon or by (b) Auger electron emission (Stohr, 1992:
pl116). If the atom in question is at a surface, the energy of the Auger electron can
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be directly measured in an electron spectrometer (this is done in scanning photo-
electron microscopy (SPEM) (Ade, 1998), in X-ray photoelectron spectroscopy
(XPS) (Gerin et al., 2003), and in some photoelectron emission microscopy systems
(PEEM)). If the atom is more deeply buried (about 10nm or more, depending on
density of the material and elemental content), the Auger electron will undergo
multiple inelastic scattering and information on its initial energy will be lost; however,
one can still measure the total electron yield which is proportional to X-ray absorp-
tion. The relative probability of the fluorescence versus Auger process is given by
the fluorescence yield of the atom in question. This quantity has been tabulated
(Krause, 1979) and is shown in Figure 17.3. As can be seen, for low-Z atoms such
as carbon, nitrogen, or oxygen, the fluorescence yield is exceedingly low, but is more
frequently used for phosphorus and sulfur.

Radiation damage is possible for some compounds in NOM and requires pre-
liminary tests where no prior experience for a beamline and a certain NOM fraction
is available. The hierarchy of radiation induced modifications includes: (i) incapaci-
tation of biological function; (ii) organizational changes that affect inter-molecular
organization and orientation; (iii) chemical transformation such as bond breaking,
formation, and reorganization; and (iv) mass loss (Ade and Hitchock, 2008). Amino
groups appear to be especially sensitive to beam damage, and appearance of spectral
features of heterocyclic nitrogen forms were reported by repeated measurement of
pure amino acid standards (Zubavichus et al.,2004; Leinweber et al.,2007). Interest-
ingly, such beam damage caused by repeated measurement is less apparent in
NOM-mineral mixtures such as soils than in pure substances (Leinweber et al.,
2007). In general, beam damage is less of a problem in NEXAFS than, for example,
in electron microscopy (Rightor et al., 1997, Hitchcock et al., 2008). The level of
radiation that does not cause damage also depends on whether the specimen is dry
or wet (Kirz et al., 1995) and increases in a wet stage due to the diffusion of radicals
(Williams et al., 1993). Measurements under cryo conditions decreases morphologi-
cal changes and mass loss, but has little effect on reducing beam damage of the
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Figure 17.3. Fluorescence yield, or fraction of core-level ionization events resulting in emis-
sion of a fluorescent photon, for all elements as a function of their atomic number (Z). K, L
and M refer to the atomic shells. Data from Krause (1979).

2009-5-7 10:39:39



c17.indd 729

PRINCIPLES 729

functional group chemistry (Beetz and Jacobsen, 2003). Beam damage can be
reduced for example by decreasing the dwell time or by defocusing the beam when
measuring in transmission. In spectromicroscopy, sequential images at different
energy levels also pose lower risks of beam damage than line scans or point spectra,
due to lower exposure times at similar spectral quality (Ade and Hitchock, 2008).

17.2.3. NEXAFS Techniques and Instrumentation

NEXAFS experiments on NOM can be conducted in several modes that differ in
the type of detected particle and objectives of the experiment: transmission (X rays
transmitted through the sample), fluorescence (fluorescent X rays due to absorption
of the X-ray beam), or electron yield (photo-emitted electron) (Sparks, 2003).
Alternatively, the techniques can be divided into full-field applications such as
transmission X-ray microscopy (TXM) and X-ray photoemission electron micros-
copy (PEEM), in comparison to scanning techniques such as scanning transmission
X-ray microscopy (STXM) and scanning photoemission microscopy (SPEM) that
provide spatial information of elemental forms.

Low-Z elements such as carbon have low fluorescence yields (Figure 17.3) as
mentioned above and the spectral resolution and therefore quality of the spectra
therefore can but does not have to be limited (Stohr, 1992). These fluorescence
experiments at the carbon K edge are often carried out under high vacuum. A
possible challenge may pose evaporation losses, if volatile compounds are to be
measured.

Compared with total electron yield, which is a fairly surface-sensitive (~10nm)
technique, fluorescence yield spectroscopy is much more bulk sensitive and can be
used to probe deeper (~100nm for C 1s excitation and proportional to photon
energy and elemental content) into the sample. The low depth of excitation is a
limitation when information about bulk properties of a sample is desired. Thorough
grinding of the sample prior to measurement is then important. Yet, in some
instances, surface properties may be of interest, such as in aggregate studies. In these
cases, intact aggregates can be compared with ground samples to obtain information
about aggregate surfaces.

In a transmission experiment using STXM, the X-ray intensities incident on
the sample (/;) and transmitted through the sample () are recorded as a function
of the incident X-ray energy E to yield an absorption spectrum. Because of the
Lambert-Beer Law for X-ray absorption of I = [pe™ where W is a linear absorption
coefficient (e.g., in cm™) and ¢ is the specimen thickness (e.g., in cm), it is common
to express the result of the transmission measurement as an optical density
OD = ut = —In(1/1,). This optical density as a function of energy OD(E) is what is
usually plotted for absorption spectra such as in Figure 17.2. The development of
X-ray spectromicroscopy (such as scanning transmission X-ray microscopy, STXM)
means that from a series of images at different X-ray energies one can obtain a
measurement of the absorption spectrum at each pixel in the image set. Therefore,
entire regions can be mapped for their NEXAFS properties (as shown below and
in Section 17.4.3). At present the highest-quality spectra are delivered by scanning
(STXM) microscopes. State-of-the-art scanning transmission X-ray microscopes
(STXMs) for soft X rays are, for example, found at the National Synchrotron Light
Source (NSLS) (Feser et al., 1998), the Advanced Light Source (ALS) (Kilcoyne
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et al., 2003), the Advanced Photon Source (APS) (Bluhm et al., 2006), BESSY
(Wiesemann et al.,2003), the Canadian Light Source (CLS) (Hitchcock et al.,2008),
or the Swiss Light Source (Flechsig et al., 2007) (see Table 17.1 for a list of beam
lines often used for NOM research). In soft X-ray STXMs up to 2keV, wet speci-
mens with a thickness up to a few micrometer can be examined for elements such
as carbon, nitrogen, oxygen, iron, calcium, aluminum, silicon, or potassium at a
spatial resolution of about 35nm at present (with advances being currently made),
with an energy resolution of about 0.1eV. In the hard X-ray range above 2keV, only
a few beamlines offer STXM capabilities for measurement of, for example, phos-
phorus and sulfur (e.g., ID-21 at the European Synchrotron Radiation Facility
(ESRF)), while others operate with fluorescence to obtain spatial data (e.g., APS
XOR-2-1D-B; Table 17.1).

Figure 17.4 shows an example layout of a beamline equipped for NEXAFS, here
depicted in combination with STXM. At beamline X1A of the National Synchrotron
Light Source (NSLS) an undulator (a device made up of pairs of permanent magnets
stacked with interchanging polarity, located in a straight section of the storage
ring) can be tuned to generate a bright beam of soft X rays between 250 and 800eV.
The spherical grating monochromator in the following beamline section disperses
the X rays into a horizontal rainbow of “colors,” from which a set of entrance
and exit slits sorts out partially spatially coherent X rays of a small energy range
(Winn et al., 2000). A Fresnel zone plate then focuses the X rays onto the sample.
Zone plates are circular diffraction gratings. Modern “phase zone plates” have
transparent zones alternating with zones of a phase shifting material (typically
nickel or gold) to improve efficiency compared to “amplitude zone plates” (alternat-
ing transparent and opaque zones). The zone plates for soft X rays commonly used
in STXM have diameters of 80, 160, or 240um and an outermost zone width of
30-40nm and are produced with a central stop. If a pinhole [called the order sorting
aperture (OSA)] is matched to the central stop in size and a position is placed
between zone plate and sample, only the first diffraction order can pass onto the
sample.

The sample is then raster scanned through the focus spot, and the transmission
in each image pixel is recorded. Among the variety of soft X-ray detectors are pro-
portional counters and phosphors with photomultipliers. A recent development is
a silicon detector with a segmented chip (Feser et al., 2003) allowing for dark and
bright field as well as differential phase contrast imaging.

For the precise positioning and scanning of the sample, a combination of motor-
ized stages is used. The NSLS STXM employs a stack of three stepping motor stages
for the selection of sample areas and coarse overview scans. The stepping motors
have a sufficiently large travel range and a step size of 1 um in the transverse direc-
tion (imaging plane) and below 0.1 um in the longitudinal (focusing) direction. Since
the focal length of a zone plate grows linearly with the X-ray energy, it is necessary
to re-position the sample relative to the zone plate at each new wavelength with
sufficiently high step resolution. On top of the stepping motors sits a two-axis piezo
stage for high-resolution imaging of 10um and below. The travel range of the piezo
stage in each transverse direction is limited to about 80-100 wm.

The most advanced STXMs presently use laser interferometers to reduce the
effect of imperfections in sample positioning during NEXAFS scans (Kilcoyne
et al., 2003). High-precision mirrors attached to the sample and the zone plate
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TABLE 17.1. Selection of Synchrotron X-ray Beamlines Commonly Used or Projected to
Be Used in the Study of NOM as of 2007

Microscopy Supported and
Spatial Resolution

Beamline Energy Range (Y: Yes; N: No)
ALS 532 250-700eV Y, 35nm

ALS 10.3.1 3-20KeV Y, lum

ALS 10.3.2 2.5-17KeV Y, Sum

ALS 11.0.2 90-2150eV Y, 35nm

APS XOR-2-ID-B 1-4KeV Y, 50nm

APS XOR-2-ID-D,E 1-30KeV Y, 200nm

APS XOR/PNC-20-BM-B 2.7-25KeV N

APS XOR/PNC-20-ID-B,C 11-50KeV Y, Sum

APS MR-CAT-10-ID-B 15-90KeV N

APS GSECARS-13-ID-C,.D 4-45KeV N

AS BLS5 5-45KeV N, under construction
AS BL6 90-2000eV N, under construction
AS BL9 4-12KeV Y, under construction
CLS SGM-111D-1 240-2000eV N

CLS SM-101D-1 100-2500eV Y, 35nm

CLS SXRBM- 06B1-1 1.7-10KeV under construction
DIA 118 2-20KeV Y, 1um

ESRF ID-21 2-8KeV Y, 0.3-1 um

NSLS X1A 250-800eV Y, 40nm

NSLS X15B 1-10KeV N

NSLS X26A 3-30KeV Y, 10pum

NSLS X27A 4.5-20KeV Y, 10um

NSLS X11 4.5-35KeV N

NSLS X18B 4.8-40KeV N

NSLS X19A 2.1-17KeV N

SLS X03MA 400-1800eV N

SLS X07DA 200-1200eV Y, 35nm

SLS X07MA 0.8-8KeV Y, 1um

SLS X11MA 90-2000eV Y, 100nm

SPRING-8 BL17SU 300-1800eV under construction
SPRING-8 BL47XU 5-37KeV Y, 1 um, under construction
SOLEIL Antares 10-1000eV under construction
SOLEIL Lucia 0.8-8KeV Y, Sum

SOLEIL Galaxies 2-12KeV N

BESSY various various

SSRL BL 2-3 2.4-30KeV N

SSRL BL 6-2 2-5KeV Y, 0.5um

ALS: Advanced Light Source at Lawrence Berkeley National Laboratories (www.als.Ibl.gov)
APS: Advanced Photon Source at Argonne National Laboratories (www.aps.anl.gov)

AS: Australian Synchrotron (www.synchrotron.vic.gov.au)
CLS: Canadian Light Source (www.lightsource.ca)

DIA: Diamond Synchrotron Facility (www.diamond.ac.uk/)

ESRF: European Synchrotron Radiation Facility (www.esrf.eu)

NSLS: National Synchrotron Light Source at Brookhaven National Laboratory (www.nsls.bnl.gov)

SLS: Swiss Light Source (sls.web.psi.ch/view.php/about/index.html)
SOLEIL: SOLEIL Synchrotron (www.synchrotronhyphen;soleil.fr)

SSRL: Stanford Synchrotron Radiation Laboratory (wwwhyphen;ssrl.slac.stanford.edu/)
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detector

transmission
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Figure 17.4. Schematic of a scanning transmission X-ray microscope. This setup uses soft X
rays (250-800eV) from an undulator on beamline X1A of the National Synchrotron Light
Source in Brookhaven National Laboratory, Upton, NY.

mount reflect parts of a divided laser beam. The interference information from the
reflections is used to correct the sample position relative to the zone plate.

In imaging mode the sample is scanned in the two transverse directions, whereas
in spectrum mode the monochromator is moved to scan the X-ray energy while the
sample simultaneously follows the focus position in the beam direction. The com-
bination of the two modes is referred to as spectromicroscopy. Typically, a series of
images of the same specimen area is acquired over a range of energies. The resulting
data set with a full spectrum in each image pixel can be analyzed to show a map of
the sample’s chemical composition. Important here is the alignment between images
that may be necessary due to small shifts between images at different energy levels.
The spatial resolution can be adjusted, and beamlines offering the highest resolution
reach about 35 nm. For overviews to identify regions of interest, a lower spatial reso-
lution can be chosen, which increases the step size between measurement spots, but
not the size of the focal spot. In some cases, defocusing to a spot size of a few
micrometers helps to obtain information for a larger area at the expense of spatial
resolution, but this is a more representative measurement for heterogeneous samples
such as NOM.

Spatial information of elemental distribution can be obtained not only by trans-
mission experiments but also by using fluorescence. This technique is mainly used
for high-Z elements such as phosphorus and sulfur due to the low fluorescence of
low-Z elements. However, at this point of the development of the technique, spectral
features can not be obtained for entire maps, since the acquisition time for each
energy level is too long to allow stacks to be measured.

17.2.4. Sample Preparation

The preparation of samples can be the most daunting step in obtaining NEXAFS
measurements. The precise technique to be used will vary significantly between
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samples, at different beamlines, the NEXAFS experiment (i.e., fluorescence, total
electron yield, or transmission) and for the element(s) and spatial resolution to be
examined. Some general differences exist between analyses of bulk samples and
spatially explicit analyses. Sample carriers should be very low in the element(s) to
be analyzed, especially when fluorescence or total electron yield is used. In transmis-
sion, carriers may contain the investigated element in a homogenous and stable
form, which can be deducted by choosing an appropriate I, and with an optical
density that still allows the sample to be clearly detected. This is typically verified
in advance. If bulk properties of a sample are measured using fluorescence or total
electron yield, finely ground samples are often mounted onto adhesive material or
contained within a thin foil to keep the sample in place. For example, adhesive
material such as carbon tape or indium is often used where ultrahigh vacuum is
applied, whereas mylar or regular Scotch tape is used when the chamber is flushed
with helium. However, transmission experiments (for example) with STXM requires
a sample holder that the X rays can penetrate with as little loss as possible, and
often silicon nitride or silicon monoxide are used.

Sample thickness plays a critical role for obtaining good spectra. This applies to
fluorescence or total electron yield as well as to absorption using X-ray transmission.
Humic extracts or standard materials such as glucose measured in transmission have
to be sufficiently dilute to be penetrated by the X ray, and background measure-
ments need to be collected next to the sample. Microorganisms can very often be
measured without sectioning in their hydrated stage (Thieme et al., 1994). Individual
colloids or soil particles can in some instances also be measured by transmission
without pretreatment (Prietzel et al., 2003). More difficult is the measurement by
transmission of mixtures of NOM and minerals or particulate NOM in their natural
assemblage. Either sufficiently thin particles have to be chosen or the sample has
to be thin-sectioned. In many instances, sectioning is required to obtain information
about the spatial distribution in micro-assemblages because unsectioned specimen
invariably contain areas that cannot be penetrated by the beam (Wan et al., 2007).
Sectioning also allows interior regions of aggregates and pores to be examined and
reduces the bias created by variable thickness and complexity. The thickness to
which a sample has to be sectioned depends on its optical density, X-ray flux, detec-
tor sensitivity and headroom, and the concentration of the element measured. A
general challenge is posed by the heterogeneity of environmental materials (Hitch-
cock et al., 2005a), which often contain not only biological but also mineral matter.
Ade et al. (1992) recommended a sample thickness between 40 and 800nm for
biological materials. When minerals are present or when carbon is present in high
concentrations, samples should preferably have a thickness of less than 200nm,
whereas analyses of the mineral elements (Al, Si) may require slightly thicker
samples. Successful measurements were conducted with a thickness ranging from
80nm for sediments (Benzerara et al.,2005), 100-200 nm for black carbon (Lehmann
et al., 2005; Liang et al., 2006), to 300-800nm for soils (Kinyangi et al., 2006;
Lehmann et al., 2007). However, it is important to realize that sectioning, even with
a diamond knife, does not yield samples of uniform thickness. Both sample deforma-
tion and sample density differences can generate such variations.

If samples have to be sectioned, for transmission experiments the type of embed-
ding medium is important. Epoxy embedding media traditionally used in soil or
sediment investigations (Tippkotter and Ritz, 1996) contain carbon and nitrogen
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compounds and are therefore not suitable for organic matter studies. Lehmann
et al. (2005) introduced an embedding approach for black carbon particles using
elemental sulfur based on prior research that was done on interplanetary dust
(Bradley et al., 1993; Flynn et al., 2004). The spatial integrity of entire aggregates is
better preserved, however, when they are misted, frozen, and cryosectioned either
with (Kinyangi et al.,2006) or without (Lehmann et al.,2007) additional embedding
in elemental sulfur. Cryosectioning was also successfully applied to black carbon
particles (Ghosh et al., 2000). Key to the success of cryosectioning is rapid freezing
of the moistened samples to prevent the build-up of ice crystals. Liquid N, has been
used in several studies (Ghosh et al., 2000; Kinyangi et al., 2006), but liquid ethane
is preferable due to its higher heat capacity despite the higher boiling point. The
temperature at which the specimen is cut varied from —150°C (Ghosh et al., 2000)
to —55°C (Kinyangi et al., 2006). Another recently developed method is the focused
ion beam (FIB) technique, which allows very thin sections to be obtained and does
not require embedding (Langford, 2006).

Rapid freezing is also important for preserving the spatial integrity of samples.
If the sample is mounted on a rotating stage, three-dimensional measurements can
be taken (Johansson et al., 2007). Such spatially explicit analyses of both colloids
and aggregates provide exciting perspectives for understanding the biogeochemistry
of NOM.

The necessity of keeping strict anoxic conditions during sampling of anoxic soil
horizons is seen for example by comparing two NEXAFS spectra taken at the
K-absorption edge of sulfur from a haplosaprist soil horizon, as seen in Figure 17.5
(Thieme et al., 2006). The two peaks representing reduced and oxidized sulfur
species are visible. However, for the sample taken without maintaining anoxic condi-
tions, their ratio is shifted, favoring the oxidized species at higher energy levels as
expected. A significant error would have occurred when extracting the relative
amount of each sulfur species using only the oxidized sampling procedure.

As the sample has to be supported with thin carrier foils, the question arises
whether they can act sufficiently as a barrier for oxygen. The time lag ¢ for the first

Oxic sampling Anoxic sampling
1.0 1.0
F] E]
0.8 0.8
z z
e e
S5 061 8 06
£ £
@ ]
o [*]
S 044 S 04+
[*] [*]
7] 7]
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S o024 S 021
™ i
0.0 7 ! ! ! : 0.0 . : : : :
2460 2465 2470 2475 2480 2485 2490 2460 2465 2470 2475 2480 2485 2490
Energy/ eV Energy / eV
(a) (b)

Figure 17.5. Spectra of the same sampling position, but taken under oxic (a) or anoxic (b)
conditions (data from Thieme et al., 20006).
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TABLE 17.2. Time Lag for two Polymers and Silicon (Kjeldsen, 1993)

Diffusion Coefficient

Material (cm?s™) Thickness (um) Time Lag (s)
Polyethylene 0.30 x 1077 4 0.89
Polypropylene 0.29 x 1077 4 0.92
Silicon 0.15 x 107 0.1 1.11 x 10*

molecule to travel a specified distance through a barrier with a thickness d is
described as

2

N =

where D is the diffusion coefficient. In Table 17.2 the results for two polymers and
for silicon, which was used to approximate Si;N,, are listed. The thicknesses were
chosen according to normal experimental conditions. The table explains clearly that
polymer foils are not efficient to keep anoxic conditions and SizN, is required.

17.3. DATA ANALYSES

17.3.1. Spectral Features and Peak Assignments

One of the current challenges in the application of synchrotron-based NEXAFS
techniques in bioorganic objects is the complexity of the molecular composition
of the target object. Unlike studies of polymers and other man-made materials,
the structural complexity of NOM makes it impossible to use spectral modeling
approaches to determine absolute molecular structure. Nonliving organic matter is
a heterogeneous mixture composed of organic molecules representing both com-
pounds released from living plant and microbial cells (e.g., extracellular enzymes,
surface-active proteins, chelating compounds, etc.) to complex plant, animal and
microbial residues ranging in size and complexity from simple monomers or organic
acids to mixtures of complex biopolymers. The chemical composition of NOM can
be transformed by degradation reactions into different groups of complex organic
compounds. The amount, chemical composition, and polyelectrolytic characteristics
of the resulting organic C compounds may also vary considerably, depending on the
origin, age of the organic material, and the environment under which it is found
(Chen et al., 2002). It is these changes and heterogeneities along the molecular
structure and size continuum that create significant analytical problems and that
have made structural and functional characterization of NOM challenging.

Nonetheless, the ability of combined spectromicroscopic NEXAFS studies to
elucidate composition and structure in NOM is unparalleled as pointed out in Sec-
tions 17.3.2 and 17.4.3. These sections illustrate one significant fact: NOM is often
heterogeneous at the submicron level. Thus all other spectroscopic techniques of
lower spatial resolution will “spatially average” NOM composition.

Simple model compounds provide first insights into peak assignments as demon-
strated for carbon in Figure 17.6. Citric acid shows only one sharp peak at around
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Figure 17.6. Experimental C (15) NEXAFS spectra of reference organic C compounds using
STXM (D. Solomon et al., unpublished data 2007). Energy levels are indicated above major
peaks. Measurements were made at beamline X1A1 of the National Synchrotron Light
Source, by adding dissolved standards to 100 nm thick silicon nitride windows, defocusing the
beam to 10um, and moving the grating from 280 to 310eV on a single spot with a 0.1eV
energy step and 120msec dwell time. The monochromator was calibrated using the CO,
adsorption band at 290.74eV.
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288.7¢eV most likely derived from carboxyl carbons (lower energy levels indicating
N-substitution for example at 288.2e¢V). Histidine additionally shows a well-
developed peak at 287.2 eV which may indicate aliphatic carbon but also n* features
shifted to higher energy by nitrogen. Aromatic carbon around 285.0eV typically has
strong bands as shown for vanillin and thymine, as does oxygen- and nitrogen-
substituted aromatic carbon at 286.6¢V, often attributed in NOM studies to lignin-
derived phenol groups but possibly representing other carbon bonds in aromatic
rings. Peak attribution is challenged by the complexity of NOM and overlapping
energy regions of different bonds. Few model compounds relevant to NOM have
been published to date, while much more information is available about biopolymers
(e.g.,database for gas-phase molecules by A. Hitchcock: http://unicorn.mcmaster.ca/
corex/cedb-title.html). The study of such model compounds enables us to develop
peak assignments and relate those to the chemical environment of the excited atom
with its neighboring atoms (Tables 17.3-17.7). Assignments for peak positions for
carbon are listed in Table 17.3. These are based on a range of studies and provide
guidelines for interpretation of NEXAFS spectra. From this list, it can be seen that
these broad peak assignments are not unique and still comprise very different types
of compounds, depending for example on the chemical neighborhood of a specific
bond (Hitchcock and Ishii, 1987). For example, De Stasio et al. (2005) showed a sig-
nificant shift of the carboxyl peak of a peptide from 288.4eV to 288.6eV by binding
to calcium. With more research and combination of carbon with oxygen and nitrogen
or metal NEXAFS, it will be possible to obtain more refined information.

In Table 17.4, we present the relative energy position and structure of representa-
tive sulfur compounds relevant to NOM studies. Based on information gathered
from the literature, the different oxidation states in NOM and the organic sulfur
functional moieties associated with them fall in to three major groups: (i) C-bonded
organic sulfur in its strongly reduced state (e.g., polysulfides, disulfides, thiols, mono-
sulfides, and thiophenes), (ii) C-bonded organic sulfur in its intermediate oxidation
state (e.g., sulfoxides and sulfonates), and (iii) organic sulfur in its strongly oxidized
state (predominantly ester sulfates).

Tables 17.5-17.7 show literature assigned NEXAFS peak positions for nitrogen,
oxygen, and phosphorus, respectively. The theory and application of NEXAFS
measurements to studies of these three elements lags considerably behind that of
carbon and sulfur. There have been a few notable studies of N-NEXAFS in NOM
(Vairavamurthy and Wang, 2002; Jokic et al., 2004a b; Leinweber et al., 2007), and
this technique represents perhaps in principle the best method for examining pyri-
dine, pyridone, pyrrazole, or pyrrole nitrogen in NOM, because NMR is relatively
insensitive to heterocyclic nitrogen (Smernik and Baldock, 2005). However, energy
ranges for amide nitrogen significantly overlap with those of most nitrogen hetero-
cycles, making a full distinction between amino groups and nitrogen-substituted
heterocycles difficult without additional information about the sample or comple-
mentary analyses by other techniques. Presently, only spectral features with peak
positions below 400.0eV can be unambiguously interpreted as non-amide nitrogen
such as pyridine nitrogen (six-ring heterocycles with one nitrogen atom). Possibly
pyrrole nitrogen (five-ring heterocycles with one nitrogen) may be separately quan-
tified once more information about NOM is available.

Oxygen is the least well explored common element in NOM, and O-NEXAFS
studies suffer from a lack of a consistent effort in developing both a standards
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TABLE 17.3. C (1s) NEXAFS Approximate Transition Energy Ranges and Assignments
of Primary Absorption Peaks

Organic C Forms

Bond

Examples

Transition

Peak Energy (eV)

Aromatic C and
quinone C

Aromatic C and
double-bonded
alkyl C

Aromatic C with
side chain and
N-substituted
aromatic C

Aliphatic C

Carboxylic C

O-alkyl C

C=0

R-COOH
COO0

Cc=0
(NH2)-C-O
R—(NH2)-R’
C-OH

Quinone-type C
Protonated and
alkylated
aromatic C
Heteroatom
substituted
aromatic C
Protonated and
alkylated
aromatic C
Carbonyl
substituted
aryl C
Alkene C
Carbonyl C in
aromatic ring
Aromatic C
attached to
amide group
Phenol C
Carbonyl C
Pyrimidine C
Aliphatic C of
CH,;, CH,,
and CH
nature
Carboxylic C
Carboxyamide
C
Carbonyl C

Polysaccharides,
alcohols, and
other
hydroxylated-
and ether-
linked C

1s—m*

1s—m*

1s—m*

1s-3plc*

1s—m*

1s-m*/1s3p/c*

283.0-284.5ekaty

284.9-285 .Sb,f,kj,m,n,r,t,v

286.0-287 .4h,j,k,o$n,u.s.t.v

287.0-288.5"eiokay

288.0-288 -7c‘d.k4,o,q,s,u‘l‘v

289.2-289,5¢ikla

Peak assignments were based on data collected by *Hitchcock et al. (1986), "Hitchcock et al. (1987), “Hitchcock
and Ishii (1987), “Ishii and Hitchcock (1987), “Ishii and Hitchcock (1988), ‘Robin et al. (1988), eFrancis and
Hitchcock (1992), "Hitchcock et al. (1992), Hitchcock and Mancini, (1994), ‘Boese et al. (1997), *Cody et al.
(1996, 1998), 'Scheinost et al. (2001), ™Stohr et al. (2001), "Ade and Urquhart (2002), °Kaznacheyev et al. (2002),
PJokic et al. (2003), 9Schifer et al. (2003, 2005), *Cooney and Urquhart (2004), *Hitchcock et al. (2005b),

‘Lehmann et al. (2005), *Schumacher et al. (2005), and *Solomon et al. (2005a, 2007).
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TABLE 17.5. Characteristic Energies of the Main Peaks in Nitrogen NEXAFS and Peak

Assignments

Peak Energy

Nitrogen Forms Structure Example Transition (eV)
Pyridine AN Quinoline 6-carboxylic 1 s—m* 398.6-399.94 4k
| acid, 6-
N hydroxyquinoline,
acridine
Oxidized AN Pyridine 2-5-carboxylic 1s-m* 398.7-401.4"%
pyridine | _ OH acid, 2,3-
derivatives N pyridinedicarboxylic
0 acid
Pyridone @ 2-Hydroxypyridone 1s-m* 401.0-401.9%
N~ O
Nitrogen gas N, 1s—m* 401.10°
Indol Tryptophane 1s—m* 401.7"
\
II\T
H
Pyrrole / \ 2-Phenylindole, pyrrole-2- 1s—m* 401.1-403.24<"
carboxylic acid,
N carbazole
Imidazole N Histidine, imidazolelactic 1s—m* 400.0-402.5%4
/ » acid
N
|
H
Amide/amine 0 Glucosamine, arginine, 1s—m* 400.7-402.55
/&\ _R” histidine, lysine, alanine,
R ITI proline, chitine
RI
v\ "R®
R \Rz
Pyrazine N Pyrazinecarboxylic acid, 1s—m* 398.7-398.8*
| ~ pyrazinecarboxamide
=
N
Pyrimidine N Pyrimidine-carbonitrile, 1s-m* 398.8-402.2*
| J cytosine, thymine,
N7 histidine
Imine NBS Arginine 1s—m* 401.7!
|
Rl)\Rz
Saturated N AN N Tri-benzyl-hexa-hydro- 1s-m* 407.1¢
Amine triazine
N
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TABLE 17.5. Continued

Peak Energy

Nitrogen Forms Structure Example Transition (eV)
Nitrile C=N Carbonitriles 1s—* 399.4-399.9¢4
Nitro 9 4-Nitrophenyl acetic acid, 1s—m* 403.8-404.8"
compounds R—N/ nitrophtalic acid
\
0]
All amino Alanine, histidine, 1s—o* 405.5-409.78%
compounds phenylalanine

Peak positions were compiled from literature data collected by *Sodhi and Brion (1984), "Mitra-Kirtley
et al. (1992), ‘Apen et al. (1993), ‘Mitra-Kirtley et al. (1993), “Hennig et al. (1996), "Vairavamurthy
and Wang (2002), #Zubavichus et al. (2004), "Zubavichus et al. (2005), 'Otero and Urquhart (2006),
iLeinweber et al. (2007), and *Vall-Tlosera et al. (2008).

TABLE 17.6. O (1s) NEXAFS Approximate Transition Energy Ranges and Assignments of
Primary Absorption Peaks

Organic O Forms Bond Examples Transition Peak Energy (eV)

Ketones, C=0,HC=0 Vanillin 2s5-m* 530.6-531.3
aldehydes

Carboxylic acids, COOH, CONH  Alanine, cysteine, 2 s—T* 532.0-532.73bce
carbox-amides hydroxamic acid

Alcohols C-OH, C-N-O Ethanol 1s—o* 534.1¢%¢

Ethers C-0O-C,O0-C-N  Diethylether 1s-0* 535.4-535.6%¢

Water H,O 1s—-o* 535,537-54241

Peak assignments were based on data collected by “Myneni (2002), "Urquhart and Ade (2002), “Zubavichus
et al. (2004), “Cappa et al. (2005), “Edwards and Myneni (2006), ‘Takahashi et al. (2006), and ¢Cody et al. (2008).

TABLE 17.7. Peak Energies for P (1s) NEXAFS Approximate Transition Energy Ranges and
Assignments of Primary Absorption Peaks

Organic P
Forms Bond Examples Transition Peak Energy (eV)
Phosphines (C)3-P,R; 5P  Tri-butyl phosphine, 1s—m* 2145°
tri-naphtyl phosphine
Phosphinic 0] Phenylphosphinic acid 1s—m* 2148.8°
acids ll’l
R™¢ >on
H
Phosphonate ﬂ o-Aminoethylphosphonate 1s—m* 2150-2151**
R~ OH
OH
Polyphosphate =~ C-O-P-O-P-  ATP, ADP 1 s—* 2152°
Phosphates C-O-PO3" Phospholipids, RNA, 1s—m* 2152°
DNA

Peak assignments were based on data collected by *Myneni (2002) and "Brandes et al. (2007).
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database and examples of standard NOM spectra. The best constrained peak in
Table 17.6 is that for carboxylic and peptide oxygen, at 532eV (Urquhart and Ade,
2002; Figure 17.7). The other peak assignments primarily come from data presented
in Myneni (2002), and they remain unconfirmed and are contradicted in some cases.
For example, Lawrence et al. (2003) list a lipid O-NEXAFS peak at 534V, which
should according to Table 17.6 be due to alcohol groups. The presence of large water
peaks on NOM can obscure the presence of ether moieties and can also preclude
the use of combined carbon, nitrogen, and oxygen NEXAFS to measure NOM
elemental ratios. However, the potential ability to characterize oxygen speciation in
NOM at submicron scales, in tandem with carbon and other element NEXAFS
studies on the same material, remains a strong incentive to develop this field. As
noted above, carbon and sulfur NEXAFS typically have distinctive and well-spaced
spectral features that aid in identification of NOM composition as shown for
the Suwannee River NOM in Figure 17.7. Fewer peaks are present with oxygen
and nitrogen NEXAFS because these elements are generally associated with
carboxylic (O) and amide (N) moieties. However, note that in the N-NEXAFS
spectra shown in Figure 17.7 a small peak at 399.1eV is due to the presence of
aromatic nitrogen.

Phosphorus NEXAFS has been used primarily to examine organic phosphorus
in amended soils and animal manure (Peak et al., 2002; Beauchemin et al., 2003;
Shober et al., 2006). The high phosphorus content of these samples allowed for the
use of NEXAFS techniques, but phosphorus typically exists in very low concentra-
tions within natural soils and sediments. With the advent of scanning fluorescence
X-ray microscopes capable of conducting fluorescence (functionally equivalent to
absorbance) spectroscopy, low phosphorus abundance samples can be examined
(Brandes et al., 2007). Organic phosphorus X-ray spectra are very similar among
different compounds, exhibiting a single peak at 2152eV and a broader resonance
in the 2165- to 2175-eV region (Beauchemin et al., 2003). There is some evidence
to suggest that differences exist between mono- and poly-phosphorus compounds
in the higher 2160-eV region (Brandes et al., 2007); but if spectral differences exist
between phospholipids and other mono-esters, they will require instruments with
greater energy resolution and stability than currently present. Currently, the most
promising use for P-NEXAFS and fluorescence spectroscopy is in separating organic
phosphorus from inorganic phases and in identifying the interactions of phosphorus
with other elements. Phosphorus minerals and salts have distinctive secondary peak
features that can identify elemental interactions on submicron scales. For example,
the presence of small features at lower energy levels (to the left of the primary peak
in Figure 17.7) are indicative for the presence of Fe- and Ca-associated phosphorus
(see below). In the future, phosphorus L-edge in addition to K-edge NEXAFS may
be useful to explore in NOM studies with high P concentration, because it is superior
in differentiating chemical environments and may offer prospects for organic phos-
phorus speciation.

17.3.2. Quantification of Bonds and Compounds

The functional group chemistry of samples with unknown composition have been
inferred from the spectral features of well-characterized reference compounds such
as the ones shown in Figure 17.6 by comparing band height and shapes in a qualita-
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Figure 17.7. Carbon, nitrogen, oxygen, phosphorus, and sulfur near-edge fine structure of a
standard humic substance obtained from the Suwannee River (IHSS) measured by fluores-
cence (carbon and oxygen, mounted on indium; phosphorus and sulfur, mounted in mylar
bags) or by total electron yield (nitrogen, mounted on indium). Carbon, nitrogen, and oxygen
measured using total electron yield with a dwell time of 200msec and an exit slit of 50um,
Canadian Light Source SGM beamline 11-ID.1. Phosphorus and sulfur measured by fluores-
cence yield at beamline X15B at the National Synchrotron Light Source (see Solomon et al.
(2003) and Sato et al. (2005) for information on experimental details).
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tive way. In addition, synchrotron-based NEXAFS spectroscopy has also been effec-
tively employed to study structural composition of NOM, including semiquantitative
approaches to speciate NOM composition (Scheinost et al.,2001; Gleber et al.,2003;
Jokic et al., 2003; Schifer et al., 2003, 2005; Solomon et al., 2003, 2005a, b, 2007a, b).
Such approaches involve principal component analysis (Beauchemin et al., 2002),
deconvolution (Scheinost et al., 2001), or least-squares linear combination fitting
(Hutchison et al., 2001).

Spectral deconvolution uses a series of Gaussian or Lorentzian functions to
describe pre-edge peaks and arctangents functions to describe the edge (Figure
17.2). Good knowledge about peak positions and identity of peaks are required to
successfully deconvolute spectra. This has mostly been done for carbon and
sulfur NEXAFS data in NOM studies (Scheinost et al., 2001; Solomon et al., 2003,
2005a, b). Least-squares linear combination fitting is often done for phosphorus
NEXAFS spectra using a range of standards spectra that are fitted to the spectrum
of the sample (Hutchison et al., 2001; Sato et al., 2005). Programs that can be
used for quantification and for spectral transformation include Athena (Ravel
and Newville, 2005), Peakfit (Systat Software Inc., San Jose, CA), Kaleidagraph
(Synergy Software Co., Reading, PA), WinXAS (WinXAS Software, Hamburg,
Germany), aXis2000 (http:\\unicorn.mcmaster.ca\axis2000.html), or Microsoft Excel
Solver.

Energy calibration is crucial to obtaining reliable data for quantification. Slight
shifts in peak positions can also be used for identification of chemical forms and are
an important tool in interpreting ecological changes of NOM. For example, shifts
in peak position were used to discern between oxidized black carbon and organic
matter adsorbed to black carbon surfaces (Lehmann et al., 2005; Liang et al., 2006).
Energy calibration is, for example, done using CO, for carbon [with characteristic
7*, 35, and 3 p peaks at 290.7,292.74, and 294.96 eV, respectively (Sham et al., 1989;
Ma et al., 1991)] and oxygen [with characteristic ©* and 3s peaks at 535.0 and
539.3¢V, respectively (Sham et al., 1989), and 535.4 and 539.0eV (Hitchcock and
Ishii, 1987)], using N, for nitrogen [with a characteristic 1s — n*(v = 1) peak (second
large peak) at 401.10eV (Sodhi and Brion 1984)], using variscite [2149eV (Beauche-
min et al., 2003)] for phosphorus, and elemental sulfur [2872eV (Hutchison et al.,
2001; Solomon et al., 2003)] or calcium sulfate (2482.5eV) for sulfur NEXAFS.
Careful measurement of standard substances, explicit mentioning of the energy
position to which a standard was calibrated is essential to working with and report-
ing NEXAFS results.

17.3.3. Spatial Analyses

In transmission experiments using STXM but also with fluorescence experiments,
entire maps from sample regions can be obtained. Such maps can be taken at one
or multiple energy levels, and several different opportunities exist to analyze these
data. As described in Section 17.2.2 the absorption coefficient varies considerably
between energy levels in the proximity of absorption edges. A simple way to
probe for a known element—for example, carbon—is to take images below and
above its K-edge. In Figures 17.8a and 17.8b the image was taken at an energy below
and at an energy above, respectively, the carbon K-edge at 284.2eV. The carbon-rich
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Figure 17.8. Optical density maps of a thin section from a topsoil obtained from the Arnot
forest, Upstate New York. (a) STXM image below the carbon K-edge at 280eV. (b) STXM
image above the carbon K-edge at 310eV. (¢) Difference map (subtracting images at energy
levels of 280-282 eV from images at energy levels of 308-310eV). White color in (c) indicates
areas of high carbon concentration. Black color in (a) indicates areas of minerals (J. Lehmann,
unpublished data 2006, measured as described in Lehmann et al., 2007).

areas, which are little absorptive at 280eV in image (a), show up dark at 310eV in
image (b). The carbon distribution in the sample can be visualized by forming a
difference map. Image (c) in Figure 17.8 shows the difference between images from
308-310eV and images from 280-282eV. Carbon-rich areas show up as white in this

image.
We can collect STXM images at many energy levelsn =1, ..., N across the K-edge
of a specific element with p = 1, ..., P pixels each. In simple cases an open area in

the sample can be chosen to extract the flux without sample during data acquisition
and calculate the optical densities according to Eq. (17.3). In organo-mineral speci-
mens, where open areas are rarely found, it may be appropriate to choose areas
dominated by minerals instead. Kinyangi et al. (2006) found that by choosing mineral
matter as I, features hidden in the original analysis appeared in the spectra as well
as peaks that were better expressed.

With the appropriate incident flux, we can process our recorded data to form a
matrix of optical densities ODyp. In this matrix, the individual images of our
data set are reformed in single lines P (while preserving the overall order of
pixels in the images). The spectra at each of the pixels form rows N in the same
matrix. If all spectra in the matrix py.s are known, the thickness maps t5p can be
calculated via

Lsxp = (Myxs )_1 -OD yyp (17.2)

This is commonly not true for complex specimens. In the case of environmental
samples, we often deal with mixtures of many NOM types, for which the complete
set of spectra is a priori unknown. So other approaches have to be used, such as
principal component analysis (PCA).

PCA finds a representation of a data set according to its most significant varia-
tions (Osanna and Jacobsen, 2000). The matrix of optical densities OD is factorized
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into a product of two matrices with a number of m = 1, ..., M (M < N) abstract
components:

ODyxp = Cyxum - Ruxp (17.3)

where the columns of Cy,y, are so-called eigenspectra and the rows of R eigenim-
ages of our M components. The spectra in the columns of Cy,y, are the eigenvectors
and the eigenvalues found in the same eigenvalue equation are measures for the
significance of the individual components.

It is important to note that the abstract components are not physical spectra
present in our data set and therefore cannot be used to identify chemical compo-
nents in the sample and the eigenimages are not their thickness maps. In fact the
principal components may contain parts of various spectral signatures. Components
with lower eigenvalues usually contain noise, which we eliminate by forming a
reduced data set.

The following data were obtained from a soil sample collected from a Dystro-
chrept on bedrock and glacial till parent material in the Arnot Forest near Ithaca,
New York. Figure 17.9 shows the eigenvalues of all abstract components. This plot
suggests reducing our data set to the first five components, since their eigenvalues
are significantly higher than those of the other components. Whether the eigenim-
ages and eigenspectra of individual components contain valuable information or
appear to be noise helps in deciding which subset of components to keep. Figure
17.10 shows eigenimages and eigenspectra of the first five components and the
component number 20. It is obvious in this case that we want to keep the first five
components, but not the 20th. The first component is an average of all spectra
present and is typically a function of the sample thickness, which is of little interest

108 T T T T
10°F + .
10°F .

10%F

Eigenvalue

+
+
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+
10°F %

102k M

10" L . . .

0 350 100 150
Component number m

Figure 17.9. Eigenvalues for the Arnot forest data set. The first five eigenvalues (marked by
larger symbols) are significantly higher than the rest. This suggests reducing our data set to
five principal components (J. Lehmann, unpublished data 2006, measured as described in
Lehmann et al., 2007).

2009-5-7 10:39:46



c17.indd 747

DATA ANALYSES 747

;9’0
57

2

a component 1

.

Figure 17.10. Eigenimages and eigenspectra for the first five components and component 20
of the Arnot Forest data set. Unlike the other shown components, image and spectrum of
component 20 appears to be composed of noise (J. Lehmann, unpublished data 2006, mea-
sured as described in Lehmann et al., 2007).
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for the analysis of environmental samples that have been sectioned. So it may be
advisable to discard the first component as well.

Cluster analysis as an approach to find spatial groupings of the real absorption
spectra has been used by Lerotic et al. (2004). Since computing time still is an issue
in this method, a reduced data set from PCA is used. All data points are fanned out
in a multidimensional space, with one dimension for each principal component. The
algorithm then throws in a number of cluster centers at random positions in this
multidimensional space and iteratively moves them closer to neighboring data
points with similar spectral characteristics, until they finally mark an average of data
points that have a similar component coefficients and therefore often similar chemi-
cal composition. The groups of data points can be shown in a color-coded map along
with their average spectra as shown in Section 17.4.3. These maps then allow spatial
associations to be discussed for example in the context of questions about organo-
mineral interactions or the exudation and habitat of microorganisms in soils and
sediments. In most analyses, the number of clusters would then be further reduced
to decrease redundancies while taking care that minor but ecologically important

®
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clusters (such as a single microorganism in a larger aggregate section) are not
grouped together in larger clusters.

One shortcoming of these cluster maps is that every image point is identified with
one spectrum only—the average spectrum of all pixels in the cluster. An approach
to overcome this limitation is to map thickness variations as shown by Lerotic et al.
(2004). In this approach, the cluster spectra—and other spectra if known—can be
used as target spectra to a singular value decomposition (SVD) calculation to find
thickness maps (see Figure 17.11). These target maps show the distribution of
organic species better than cluster maps, because they allow for characterization of
the same areas by different spectral signatures. Since NOM in mineral assemblages
is commonly present as both organic matter adsorbed to minerals as well as organic
matter occluded in pore space, multiple characterization of small areas are advanta-
geous. However, the set of target spectra will generally not be usable in a direct
calculation of thicknesses as given in Eq. (17.2). The maps from our approach
contain negative thicknesses (shown in red). It is therefore not possible to interpret
these pseudo-thicknesses directly as physical thicknesses.

a target 1

b target 2

c target 3

280 285 290 295 300 305 310
Energy [eV]

Figure 17.11. Pseudo-thickness (target) maps and associated spectra from singular value
decomposition (J. Lehmann, unpublished data 2006, measured as described in Lehmann
et al., 2007).
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Another powerful application of SVD is that known spectra of measured
compounds can be fed into the calculation to trace these compounds in the
complex mixture. This procedure requires knowledge about the sample and its
composition, but can in many cases be useful for identifying location of defined
substrates.

As described above, the factorization of the data matrix by PCA does not lead
to physical spectra or thickness maps. The abstract spectra and eigenimages
for example can have negative values, while real spectra and thicknesses are
strictly positive. And while the results of clustering are averages of measured absorp-
tion spectra, they generally arise from mixtures of several chemical species.
What we are actually interested in is the factorization of our data into real
spectra and thickness maps of individual chemical components. So-called non-
negative matrix factorization (NMF) is an iterative algorithm to break up a matrix
into a product of two factors under non-negativity constraint (Lee and Seung, 1999).
The iteration is driven toward optimizing the value of a function that describes
how far the computed factor product is from the actual data (Lee and Seung,
2001).

The correct number of chemical components in the sample is generally unknown,
so that the iteration has to be started with a sufficiently large number of components
which is reduced as computation progresses. Spectral components that are close to
identical can be merged and their thicknesses are added, while components that are
obviously noise can ultimately be ignored in further calculations.

Another improvement to the algorithm is curve smoothing, since absorption
spectra of real chemical components generally have a smooth moving trend. Smooth-
ing at each iteration reduces variations in the spectra, but a number of cycles without
smoothing can be added to the end of a calculation to restore peaks to their full
height. Measurement and photon noise in the data set can make it hard for the
algorithm to converge. Using PCA to find a noise reduced version of our data can
help to find a better factorization.

In Figure 17.12 we see four NMF thickness maps and spectra found in a highly
weathered soil from a forest site in Kenya. While especially the regions found in the
first shown component seem to be of special interest, the spectra need to be evalu-
ated with caution. It is often unclear if the NMF algorithm found the global extre-
mum of the cost function or did not move beyond a local extremum. The spectra
found may not be close to reality. While the results can be better in many other
cases, it is always worthwhile to compare them with the results of other methods or
verify against additional information one might have.

17.4. COMPOSITION OF NATURAL ORGANIC MATTER
IN THE ENVIRONMENT

17.4.1. Natural Organic Matter Properties in the Environment

NEXAFS is a useful tool for comparative studies of NOM in the environment.
Spectral properties show characteristic fingerprints of organic matter types under
investigation. For example, spectra of black carbon exhibit characteristic aromatic
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Figure 17.12. Four components found by NMF in an oxisol obtained from a forest site in
Western Kenya (J. Lehmann, unpublished data 2006, for site description see Kinyangi et al.,
2006). (a) Mineral matter with low contents of organic carbon; (b) organic carbon dominated
by aliphatic and carboxylic forms; (¢) organic carbon dominated by aromatic forms;
(d) organic carbon dominated by carboxylic forms. Arrows in map (b) point to carbon fea-
tures that share structures characterized by spectrum (b), and the feature at the horizontal
arrow also contains aromatic carbon in contrast to the feature at vertical arrow.

carbon features with peak positions below 285eV (Figure 17.13). In comparison,
peak height in the aromatic region obtained from a leaf litter sample containing
lignin structures was much lower and at slightly higher energy level (Figure 17.13).
Spectral signatures of bacteria are dominated by carboxyl (possibly lipid-rich)
or carboxamide carbon at energy levels of 288.6 and 288.2e¢V (Hitchcock et al.,
2005a,b), respectively, which is also characteristic for bacterial exudates (Lawrence
et al.,2003). Spectral features vary significantly between these components of NOM
and can be used not only in quantification of NOM properties, but also in identifica-
tion of different regions within the small-scale assemblage of NOM when spectro-
microscopy is used in conjunction with NEXAFS.

Despite these large differences in spectral properties between components of
NOM, the spectral properties of C (1s5) NEXAFS for humic substances extracts
from different grasslands and forests soils were remarkably similar (Figure 17.14).
They showed peaks at 285.2eV indicating aromatic carbon, at 286.7eV indicating
phenolic carbon, and at 288.6eV indicating carboxyl C. These peak positions were
also found in the river NOM of the IHSS standard (Figure 17.7 in Section 17.3.1)
and have been reported for a wide variety of NOM (Rothe et al., 2000; Scheinost
et al.,2001; Schifer et al.,2003). Also, a significant decline in total soil organic matter
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Figure 17.13. Stacked C (1s) NEXAFS spectra of NOM from various sources and environ-
ments showing molecular-level structural and compositional heterogeneity. The spectra were
recorded in transmission mode (fungi, bacteria, fresh charcoal, black C particle from Liang
et al., 2006; black-C rich humic substance from Solomon et al., 2007b; litter: J. Lehmann,
unpubl. data).

from more than 10% to about 1% did not change the peak positions in a chrono-
sequence study in Western Kenya (Solomon et al., 2007a). The positions of these
three dominant peaks appear to be constant across a wide climatic, edaphic, and
degradational gradient.
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Figure 17.14. Carbon (15) NEXAFS from STXM of humic substance extracts obtained from
different soils. Kenyan and South African soils are from Solomon et al. (2007a); soils from
the United States and Brazil are described in Lehmann et al. (2007).

The relative peak heights were almost identical between different forest soils
(Figure 17.14). The available data from grassland soils may indicate a slightly lower
proportion of phenolic carbon compounds (Figure 17.14). With progressive degra-
dation, Solomon et al. (2007a) found a clear relative decrease in phenolic carbon
and increase in aromatic carbon as well as the most oxidized carbon forms (compare
agricultural and forest soil from Kenya in Figure 17.14). A greater oxidation through
longer agricultural activity was also observed for organic sulfur forms in grassland
soils from South Africa (Solomon et al., 2005b). The increase in aromatic features
at the K-edge of carbon is related to its recalcitrance and could indicate black
carbon residues.

Extraction of humic substances has been a useful way of characterizing NOM
properties by NEXAFS. In those cases where the element studied also has signifi-
cant inorganic fractions such as sulfur in submerged soils and sediments, or phos-
phorus in most mineral soils and sediments, an extract appears to be the only
approach to obtain meaningful information about NOM. Often, it was found that
the spectra have a lower background and can be more easily analyzed quantitatively
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for example by deconvolution (Solomon et al., 2003). It has to be recognized,
however, that humic substances extractions such as those using NaOH typically
extract only a portion of total NOM, with values ranging widely from 20-80%. An
extraction may also not necessarily capture a representative portion of total NOM,
because stable compounds such as strongly adsorbed NOM or black carbon may
not dissolve to the same extent as more readily available NOM forms. It can there-
fore be desirable to analyze the soil without prior extraction. However, direct mea-
surements of the entire soil will necessarily capture inorganic species in addition to
carbon and nutrients in NOM. This is not a constraint for carbon in noncalcareous
soils and for nitrogen or sulfur in well-drained soils, but will include inorganic
species of phosphorus in all mineral soils and sediments and of sulfur in sediments
and water-logged or submerged soils. In such cases, measurements of humic sub-
stances extracts may in fact be preferable to obtain information about organic forms
only.

Terrestrial humic substances showed greater proportions of reduced organic
sulfur forms compared to humic substance extracted from mineral and organic soils
(Xia et al., 1998). A generally greater amount of reduced organic sulfur was also
found in temperate forest soils (Prietzel et al., 2003) or wetlands (Jokic et al., 2003)
than in well-drained agricultural soil (Solomon et al., 2003, 2005b). Forms of organic
sulfur appear to react significantly to the oxygen environment, with the lowest
degree of oxidation in submerged soils and the highest in agricultural soils (Zhao
et al., 2006). Yet these changes do not seem to occur over very short time frames as
shown by aeration experiments (Hutchison et al.,2001). It should be noted, however,
that a significant amount of ester sulfate can even be found in marine sediments
(Vairavamurthy et al., 1997).

Different physical fractions of soils showed clear trends in NOM speciation. Clay
size separates (<2 um) had more reduced organic sulfur (12-28% of its total organic
sulfur contents) than did silt size fractions (2-20um) (7-15%) (Solomon et al.,2003)
and had more aromatic carbon (11-16% of total organic carbon) than did silt size
separates (6-8%) (Solomon et al., 2007a) regardless of vegetation cover. Density
separates obtained from a Kenyan Hapludox showed little difference in peak heights
at the carbon K-edge between free light, intra-aggregate light, and organo-mineral
fractions (Nal at 1.8gcm™; Lehmann et al., unpublished data 2007). However, we
observed a significant peak shift from 286.7¢eV to 287.3eV from heavy to light frac-
tions. Such a shift may indicate a greater contribution of aliphatic carbon in plant
litter and more phenolic carbon in organic matter associated with mineral surfaces.
Such spectral differences between density fractions were much less pronounced
than typically shown by NMR (Sohi et al., 2001).

Sulfur K-edge NEXAFS also detected significant differences between oxidation
states in hydrophobic and hydrophilic organic matter (Hundal et al.,2000). Oxidized
organic sulfur forms were dominant in the hydrophilic fraction, whereas reduced
sulfur forms were dominant in the hydrophobic fraction.

Information about nitrogen is still very scarce, and only a few works have been
published so far on NOM (Vairavamurthy and Wang, 2002; Jokic et al., 2004a,b).
The primary challenges here are the lack of a standards database and the low
abundance of nitrogen in NOM, which results in poor signal-to-noise ratios of
spectra. Research on nitrogen using NEXAFS is at present mainly concerned with
characterization of organic nitrogen. The incentive for employing nitrogen K-edge
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spectroscopy is the opportunity to investigate the proportion of heterocyclic organic
nitrogen, which is difficult to assess with other spectroscopic techniques such as
NMR (Smernik and Baldock, 2005).

Similarly, few studies of oxygen NEXAFS in natural samples have been con-
ducted. Here there have been several high-quality standards papers (Ade et al.,
1997) as well as a limited amount of studies of biofilms and extraterrestrial organic
matter (Flynn et al., 2003; Lawrence et al., 2003). For NOM, one difficulty with
oxygen NEXAFS studies stems from the presence of water, which generates a large
peak in the 534- to 544-eV region. This water peak can obscure features in this
region, especially those associated with carbonates, and precludes the use of
NEXAFS to generate C:N:O elemental ratios. However, several diagnostic features
in the 530- to 540-eV range have been identified (Ade et al., 1997) and can be used
to verify features observed in carbon K-edge NEXAFS spectra that may have
ambiguous interpretations. For example, a sharp peak at 286.5eV can be either
phenolic carbon, ketone, aldehyde, or cyano group (Lawrence et al., 2003).

Phosphorous NEXAFS studies have concentrated on soil and animal litter
samples with high levels of phosphorus (Peak et al.,2002). While organic and phos-
phate phosphorus (V) compounds have very similar spectra and are thus difficult
to differentiate, P NEXAFS of mineral phases have distinctive secondary
features and reduced phosphorus compounds such as phosphonates have 1- to 5-eV
shifts in primary peak positions (Figure 17.15). Additionally, iron, magnesium, and
several other alkaline earth or transition metal-phosphorus interactions generate a
distinctive pre-edge feature in NOM (see Figure 17.7), and calcium phosphates
exhibit a strong shoulder above the primary absorption or fluorescence peak (Figure
17.15).

17.4.2. Relationship with Other Methods

In addition to NEXAFS, several approaches using modern and fairly effective ana-
lytical techniques have been available for the characterization of NOM. For organic
carbon, the techniques involve the use of (i) chemolysis (Kogel-Knabner, 1995;
Zhang and Amelung, 1996; Solomon et al., 2002), (ii) thermochemolysis (del Rio
et al., 1998; Chefetz et al., 2002), and (iii) pyrolysis (Saiz-Jimenez, 1994; Leinweber
and Schulten, 1998), as well as advanced ex situ invasive spectroscopy techniques
such as X-ray photoelectron (XPS), AES (Auger electron spectroscopy), and SIMS
(secondary ion mass) spectroscopy (McKeague and Wang, 1980; McHardy and
Robertson, 1983; Yuan et al., 1998) to obtain information about the chemical com-
position, microheterogeneity, and physical location of organic and mineral materials
in soils (Kogel-Knabner, 2000; Scheinost et al., 2001). The disadvantage of these
methods is that they often involve invasive oxidative treatments or other degrada-
tive wet-chemical techniques or the experiments must be performed under adverse
experimental conditions (e.g., sample drying, ultrahigh vacuum, heating, or particle
bombardment). Such conditions do not simulate most natural conditions in the
environment. They can also alter the nature of samples, yielding misleading data as
a result of experimental artifacts (Sparks, 2003). Such limitations have led to the use
of noninvasive in situ magnetic [solid-state nuclear magnetic resonance (NMR)] and
vibrational [conventional and synchrotron-based Fourier transform infrared (FTIR)]
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Figure 17.15. Phosphorus (1s) fluorescence spectra from chemical and mineral standards.
The dashed line represents the edge position (2152eV) of inorganic phosphorus (V) com-
pounds (redrawn after Brandes et al., 2007).

spectroscopy techniques. However, while the rich spectral features from these tech-
niques compared to NEXAFS enabled researchers to get detailed information
about the chemical composition of NOM, they offer no information about the
micro-scale lateral distribution, heterogeneity, and physical allocation of NOM on
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soil aggregates, mineral surfaces, or sediments. Thus it is not possible to decide
whether the organic compounds are in a continuous layer of dispersed coatings or
accumulated in distinct patches or microsites (Ransom et al., 1997; Mayer, 1999).
Moreover, while these techniques provide atomic-level information, they do not
always provide precise information about the local structure of a sorbed species.
Synchrotron-based STXM can circumvent these problems.

Despite the wide range of origin and chemical heterogeneity of the samples
investigated, several studies (Scheinost et al., 2001; Schéfer et al., 2003; Solomon
et al.,2005a,2007a) showed that the semiquantitative results generated from C (1)
NEXAFS spectra compared very well with the results of the more established NOM
characterization techniques such as *C NMR (Figure 17.16) and FTIR spectroscopy.
Despite clear evidence that the different spectroscopic techniques used in these
investigations have variable degrees of sensitivity for the different organic carbon
functionalities, Figure 17.16 shows that the characteristic band positions of NEXAFS
spectra were sufficiently separated to allow discrimination and quantification of
organic carbon functional groups from heterogeneous NOM sources. The goodness
of fit shown in Figure 17.16 are lower than the values reported for aliphatic C (cor-
relation coefficient r = 0.99), aromatic C (r = 0.95), phenolic C (r = 0.99), and car-
bonyl C (r = 0.98) by Schifer et al. (2003) for four fulvic acid samples extracted
from ground water, but compare very well with the values reported from six humic
acid, fulvic acid and NOM samples by Schumacher et al. (2005). Similarly, Solomon
et al. (2007a) observed good correlation coefficients between the organic C func-
tional groups identified by C (1s) NEXAFS and Sr-FTIR-ATR spectroscopy
(r = 0.70 for aromatic C, r = 0.45 for phenolic C, r = 0.42 for aliphatic C, r = 0.67 for
carboxylic C, and r = 0.62 for O-alkyl C, respectively, for humic substances extracted
from soil samples collected from undisturbed tropical forest and subtropical grass-
land ecosystems; N = 17), indicating the complementary nature of these spectro-
scopic techniques in investigations involving the speciation and structural chemistry
of NOM and their usefulness in providing process-oriented data for soil carbon and
ecosystem models.

Although both Hl-reduction (Freney et al., 1975; Neptune et al., 1975) and S
NEXAFS spectroscopy (Morra et al., 1997; Xia et al., 1998) were used in the past
to speciate sulfur in environmental and geochemical samples, there are only few
studies that attempt to compare the conventional wet-chemical technique with
NEXAFS spectroscopy in soils and humic substances. Recently, Hundal et al. (2000)
found that the relative proportions of reduced and oxidized sulfur species deter-
mined by selective dissolution and by NEXAFS spectroscopy were of similar mag-
nitudeinbiosolid-derived fulvicacid,and they concluded that the two sulfur-speciation
methods are in close agreement. Prietzel et al. (2003) reported that the average
proportion of reduced organic sulfur analyzed by NEXAFS agreed with that
obtained by wet-chemical analysis for organic horizons collected from Schluchsee,
Germany. However, these authors did not observe this similarity for organic hori-
zons sampled from Rotherdbach, Germany. Similarly, Solomon et al. (2003, 2005b)
reported a poor relationship between the relative proportions of organic sulfur
species identified by NEXAFS spectroscopy in the humic substances and by degra-
dative wet-chemical fractionation techniques of the bulk soils (ester SO,~S as
revealed by NEXAFS versus HI fractionation, » = 0.27; N = 9). Solomon et al.
(2005b) showed that the proportion of ester SO,~S measured by wet-chemical
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Figure 17.16. Correlation plots of organic C functional groups as a fraction of total carbon
(in %) identified by C (1s) NEXAFS and “C NMR spectroscopy of humic substances from
native and less disturbed tropical and subtropical agroecosystems [N = 17, P < 0.05; data
recalculated from Solomon et al. (2005a, 2007a) and D. Solomon et al. (unpublished data

2007)].

analysis from the bulk soils (11-30% ) was generally less than the proportion of ester
SO,-S determined by NEXAFS spectroscopy (39-55%). In order to compare the
two sulfur speciation techniques on a similar matrix, these authors also determined
the proportions of ester SO,~S and C-bonded sulfur in the humic substances
extracted from the bulk soils using the degradative wet-chemical technique. The
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results showed that C-bonded sulfur was the major form of organic sulfur associated
with the humic substance extracts, representing 58-72% of the total organic
sulfur. The proportion of ester SO,—S accounted for 28-42% of the total organic
sulfur. As for the bulk soils, the proportion of ester SO,—S measured by wet-chemical
reduction from the humic substances did not correlate significantly with the
proportion of ester SO,-S identified by S NEXAFS spectroscopy (ester SO,~S as
revealed by NEXAFS spectroscopy versus HI fractionation, r = 0.39). These results
agree, in turn, with our previous findings using both differential sulfur reduction
and NEXAFS spectroscopy (Solomon et al., 2003), where the solid-state spectro-
scopic technique determined a larger proportion of strongly oxidized sulfur species
compared to wet-chemical fractionation. The discrepancy in these sets of values
could be caused by limitations in the comparability of the two sulfur speciation
techniques for different subgroups of organic sulfur fractions. Prietzel et al. (2003)
and Solomon et al. (2003) suggested that the wet-chemical technique relies on the
differential reduction of organic sulfur compounds to H,S and thus it might not
recover all the organic sulfur fractions compared to NEXAFS, which is a more
direct and nondestructive technique. The shortcoming of sulfur K-edge NEXAFS
spectroscopy, however, is its inability to discriminate precisely between soil
organic sulfur forms with an oxidation state of 0 to +1 (polysulfides, disulfides, thiols,
monosulfides, and thiophenes). Sulfur L-edge NEXAFS spectroscopy could
provide complementary information to identify these sulfur moieties (Kasrai et al.,
1996), but this technique only works well for samples that have large amounts of
sulfur such as in coal (M. Kasrai, personal communication), and our attempt to
resolve the organic sulfur species in humic substance extracts using S L-edge
NEXAFS spectroscopy did not provide satisfactory results (D. Solomon, unpub-
lished data 2005).

While NEXAFS studies of organic phosphorus are rare (Toor et al., 2005; Sato
et al., 2005), Beauchemin et al. (2003) and Lombi et al. (2006) demonstrated that P
K-edge spectroscopy has great potential to investigate inorganic phosphorus species
in long-term-fertilized, P-rich soils differing in pH, clay, and organic matter. In an
experiment conducted in conjunction with wet chemical techniques to characterize
the dominant solid-phase species of phosphorus, Beauchemin et al. (2003) also
showed that the results obtained by NEXAFS spectroscopy for calcium (r = 0.87)-
related and aluminum or iron (r = 0.99)-related phosphorus species correlated very
well with the HCI extractable and NaOH extractable inorganic phosphorus species
obtained from sequential phosphorus fractionation technique, respectively. Although
chemical fractionation results indicated that some soil samples contained up to 26 %
of total phosphorus as organic phosphorus (NaHCOs;-Po and NaOH-Po), none of
the organic phosphorus standards included in the fitting of NEXAFS spectra were
able to explain the variation in the spectra recorded by these authors. This result
may be partly explained by the absence of strong and unique spectral features in
the spectrum of certain organic phosphorus species such as inositol monophosphate,
which is considered the most important fraction of organic phosphorus in soils
(Harrison, 1987), or by the presence of organic phosphorus species at concentrations
below detection, despite a unique spectral feature. The detection limit of the tech-
nique was not yet tested using carefully controlled standard mixtures. Beauchemin
et al. (2003) suggested that organic phosphorus species can be detected if they rep-
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resent more than 10-15% of total phosphorus and if they additionally have a spec-
trum that is unique from other standards. For this reason, these authors suggested
that other complementary techniques such as NMR spectroscopy (in iron depleted
samples) might prove to be better suited for direct soil organic phosphorus specia-
tion than NEXAFS spectroscopy.

Nitrogen NEXAFS spectroscopy method avoids the use of more traditional wet-
chemistry methods for organic nitrogen speciation in soils where the material is
treated with hot mineral acids/bases to liberate nitrogenous constituents, thereby
primarily identifying the amino compounds. These compounds have been grouped
as acid-insoluble nitrogen, NH;—N, amino acid nitrogen, amino sugar nitrogen, and
hydrolyzable unknown nitrogen (Sowden et al., 1977). NEXAFS is able to minimize
the possible artifactual formation of heterocyclic organic nitrogen at high tempera-
ture in methods such as analytical pyrolysis by dissociation or rearrangement of
the original structures (Vairavamurthy and Wang, 2002). In addition, NEXAFS is
expected to provide information complementary to that provided by nondestructive
techniques such as NMR which have inadequate sensitivity due to low abundance
of "N in NOM. At the present stage, no data have been published which directly
relate NEXAFS with other techniques for NOM. Relationship between oxygen
spectra and other techniques have also not been attempted.

17.4.3. Spatial Distribution of Natural Organic Matter in Aggregates
and Colloids

The combination of scanning X-ray microscopy with NEXAFS offers the possibility
to map the spatial association between NOM and mineral matter and between
NOM compounds on a very fine spatial scale. This requires that the preparation of
the specimen preserves the spatial assemblage. Suitable methods for sample prepa-
ration are described in Section 17.2.4.

Organic matter is generated with nanoscale heterogeneity by bacteria, auto-
trophs, and heterotrophs. As diagenesis progresses, evidence suggests that such
heterogeneity is not lost and may in fact play a role in NOM preservation (Lee et
al., 2004). Consider the example of North Sea suspended particulate marine NOM
shown in Figure 17.17. Although there are no intact organisms visible, NOM in the
sample has a high amount of structure and chemical heterogeneity. Domains con-
taining both protein-like (in yellow), lipid-like (red), and carbohydrate-like OM are
present and distinctive. Both associations with mineral matter and encapsulation of
hydrophobic mineral phases are observable in this sample. This high degree of het-
erogeneity has also been observed in deep sea NOM (Brandes et al., 2004).

Similarly, organic carbon in an acid forest soil from upstate New York (Figure
17.18A) was unevenly distributed throughout an approximately 30-um microag-
gregate. This confirms earlier results for three forest soils from the United States,
Kenya, and Brazil (Lehmann et al., 2007). A detailed observation of a portion of
the microaggregate showed an even greater variation in NOM forms which was
visualized by principal component and cluster analysis (Figure 17.18D). The carbon
properties ranged from highly oxidized (e.g., cluster 8) or aliphatic (e.g., cluster 2)
to highly aromatic (clusters 14 and 19, Figure 17.19).
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Figure 17.17. Principal component analysis map of sample (left) and color-coded spectra

(right) from a sample of marine suspended particulate matter. The lower three spectra are

characteristic of low organic mineral phases, while the upper three organic phases have dis-
tinctively different C-NEXAFS spectra. Background regions are shown in black (J. Brandes,
unpublished data 2007).

The number of clusters obtained depends on the inherent variability. In the
example shown here, a relatively uncommon spectral property still provided eco-
logically useful information as seen from cluster 19.

Typical acquisition areas range from ~1 to ~10*um?®. Such areas are limited by (i)
the microscope stage, (ii) the chosen spatial and energy resolution, (iii) the dwell
time for each pixel, and (iv) the time available for measurement. Individual STXM
images at one single energy level can take from 3-60s (80 x 80 pixel) to 0.5-10 min
(250 x 250 pixel) or more, depending on the beamline design and capabilities.
Because stack data sets contain 50 to >100 individual STXM images, a detailed
analysis can require several hours. Fluorescence images take significantly longer
because of the time needed to collect enough detector counts (1-5s a pixel, 8h for
a 100 x 100 pixel map) but have the advantage of mapping several elements at once.
Thus there is a tradeoff between sample detail and sample area (or number of
samples) which must be considered when analyzing NOM. The newest generation
of STXM has a much shorter acquisition time, which is expected to decrease even
further. If the instrument allows it, individual point spectra or spectra collected
along 1-D lines can significantly accelerate the exploration of sample composition.
Coarse or low dwell time overview scans can also be conducted to determine regions
where more detailed analyses are warranted. For example, the entire aggregate in
Figure 17.18A was measured with a step size of 500nm, whereas the detailed inves-
tigation of a portion of the aggregate in Figure 17.18B was done using a spatial reso-
lution of 50nm. This strategy allows us to economize valuable measurement time
and to maximize the success to answer specific questions that require finding certain
features that can typically not be discerned from a map at one energy level or from
difference maps. For example, microbes or their metabolites are difficult to discern
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Figure 17.18. (A) Carbon contents in an entire microaggregate from an alfisol at Arnot
Forest in Upstate New York (500-nm resolution). (B) Detail of the microaggregate (red box
in A) (50-nm resolution). (C) X-ray map of B. (D) Cluster map [3 components, 20 clusters,
without first component; PCA_GUI 1.0 developed by Lerotic et al. (2004)]. (E) Individual
clusters from D; numbers in each cluster map correspond to spectra shown in Figure 17.19
(J. Lehmann, unpublished data 2006, measured as described in Lehmann et al., 2007).

in complex assemblages unless both spectral and morphological features are
available.

Because fluorescence analyses require significantly more time than transmission,
the approach taken by the investigator in such studies needs to be modified. Data

2009-5-7 10:39:53



c17.indd 762

762 SYNCHROTRON-BASED NEAR-EDGE X-RAY SPECTROSCOPY

30F
asb 288.6

2867, 28856 1 bol 2873 {2893
10F 285.0 289.3 1 : 286.7

I 1 PR T T
: 10+ P
15F . 251

®wE2 v s %

10
20F

15
10f 3 M-'\_\'\—\_\A,_ 15F
0™ 10F 43 B e NI

20t 0.5 o
15 “M'\_\V\\__\/\,- - /\

15F
0F 4 ; va M\'\—\_\M
[ S— or
20F

osh 14

20 287.3
15F

ol /w’m\,\_\“’w ol
>
= 10f 15F
@ 5 2 15 —--“‘m’\/\/‘
S osp i~ o
a8 20F 2 sl
© 15F o 8 20F
5} =
g tor 6 ¥ g 151
O osp— .t = 10 16 i
25 O osf N

20k 20}

15F

15 .
1.0 7 / M\_\'\-\_\N‘ 10F 17 //'.—/‘""‘M—“’\-\_,_\A/-

25} ] S
20l 20F

15k 151

;] 5 —% 10+ -
;g- ost 18 _\// \w

15k 25F

wor ol w\/"fwm
o5+ 9 __,/’"M er 19 /

1.0

251 20F

201 15

e L/‘ﬁ”m or - W\‘_\"—\_\_\____V___

1.0F 05+ 20

280 285 290 295 300 305 310 280 285 290 295 300 305 310
Energy [eV] Energy [eV]

Figure 17.19. Carbon (1s) NEXAFS spectra of clusters obtained from principal component
analysis. Cluster maps are shown in Figure 17.18. Further reduction in the number of clusters
will reduce redundancy, but can mask minor features such as those in cluster 19 (J. Lehmann,
unpublished data 2006, measured as described in Lehmann et al., 2007).

stack collection is impractical because individual fluorescence images can require 8
or more hours to collect. One approach is to conduct an overview scan at moderate
resolution (e.g., 1 or 4um? pixels) followed by detailed small area scans and
spectra collected at individual points in the image. Ideally X-ray focus should be
adjusted so that the spot size illuminated is roughly equal to the pixel size. Figure
17.20 shows a fluorescence elemental covariance map of a marine sediment sample
(Brandes et al., 2007). It is easily apparent that phosphorus is heterogeneously dis-
tributed within the sample and is not covariant with silicon or sodium. Follow-up
P-fluorescence spectra collected on individual regions identified them as being
either calcium phosphate (specifically the mineral apatite) or organic (possibly
polyphosphates given the size and density in an aquatic medium) (Figure 17.20).
This approach has also been used successfully for sulfur studies. As with the other
spectromicroscopy techniques discussed in this chapter, phosphorus spectromicros-
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Figure 17.20. Phosphorus covariance map and fluorescence P-NEXAFS spectra collected
from a coastal marine sediment (Brandes et al.,2007). Covariance map is color-coded: Green
represents P, blue represents Si, and red represents Na fluorescence signals. Regions 1, 3, and
5 have spectra consistent with organic phosphorus or polyphosphate, while regions 2 and 4
closely match calcium phosphate, specifically the mineral apatite.

copy represents a unique window into the biogeochemistry of this element in
natural systems.

Not only the spatial distribution of NOM between pores or surfaces is important,
but also the specific association with certain minerals. Some minerals such as short-
range order aluminum oxides are known for their ability to stabilize large amounts
of organic matter (Torn et al., 1997). NEXAFS spectroscopy may be able to provide
clues as to the binding mechanisms between certain minerals and NOM. Similar to
organic carbon, also the distribution of iron, aluminum, silicon, calcium, or potas-
sium are very heterogeneous (Figure 17.21). In this example from a cambisol (Wan
et al., 2007), carbon appears to be spatially associated with iron rather than alumi-
num or silicon. Further research is needed to more clearly investigate which NOM
forms are spatially associated with different mineral phases.
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Figure 17.21. Distribution of carbon and mineral elements in an unsectioned micro-
assemblage of a cambisol. The outline of the micro-assemblage is shown by the optical density
map obtained at 710eV (Wan et al.,2007). Observe the silicon- and aluminum-rich areas that
could not be penetrated by the beam at the carbon edge in this unsectioned sample.

The next stage in the development of spatially explicit analyses of NOM is
to move from two- to three-dimensional mapping. Three-dimensional NEXAFS
chemical information can be obtained by serial sectioning, measurement of two-
dimensional maps, and computer reconstruction (Hitchcock et al., 2003). This
requires multiple sections to be obtained and measured posing a significant chal-
lenge to widespread application, but is most likely the only solution for NOM-
mineral mixtures. NOM samples with lower optical density such as suspended
organic colloids with little mineral admixture may be measured by tomography
using STXM, which was done for low-density latex particles at the oxygen K-edge
(Johansson et al., 2007). The sample stage is rotated and multiple two-dimensional
images are obtained and subsequently combined using suitable software applica-
tion. This procedure may offer exciting perspectives for chemical speciation of the
three-dimensional nature of suspended NOM and should be explored in the future.

17.5. CONCLUSIONS

NEXAFS and spectromicroscopy are relatively new techniques for the study of
environmental samples and NOM. While still in early stages of application, these
methods have unique advantages over other spectroscopic techniques such as NMR,
FTIR, Raman-IR, or mass spectrometry. Sample preparation can be very simple
and does not require extraction, although thin sectioning and embedding are often
needed for spatially explicit analyses of light elements. Interferences are quite rare
and do not lead to signal loss as in the case of NMR and paramagnetic elements.
The opportunity to map and chemically characterize very fine-scale spatial distribu-
tion of a wide variety of elements is unparalleled and is a tremendous asset for
environmental science studies. For many elements there are no alternative methods
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that can provide speciation information in context with the sample matrix. This is
particularly true for organic matter studies, where NEXAFS can provide detailed
information on functional group abundance distributions with 35nm (e.g., a few
hundred atoms wide) detail. Finally, conducting multi-element and possibly three-
dimensional NEXAFS mapping of NOM holds the promise of deconvolving complex
and challenging NOM compositions.

No analytical method is perfect. Spectral interpretation is still difficult, and stan-
dard spectra databases are scarce. The issues of quantification, comparison with data
collected by other methods, and “scale up” are important, especially in spectromi-
croscopy studies. Radiation damage and sectioning artifacts can make analysis of
susceptible samples difficult. The biggest obstacle to widespread use of NEXAFS
spectroscopy, microscopy, and spectromicroscopy in environmental studies remains
the extremely limited number of such instruments. Typically, each beamline alloca-
tion committee receives 2 or 3 times as many requests for time as is available.
Studies, when granted, are usually for 2-5 days every 4-6 months. Thus, scientists
have to be very selective about the types of questions and samples that they choose
to examine using these techniques. Continued pressure and education from the
scientific community will be needed to increase the number of beamlines suitable
for NOM studies in the future, even as new synchrotron facilities are planned or
built.
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