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Abstract
We present examples of the application of synchrotron-based spectroscopies and microscopies to environmentally relevant samples. The experiments were performed at the molecular environmental science beamline (11.0.2) at the Advanced Light Source, Lawrence Berkeley National
Laboratory. Examples range from the study of water monolayers on Pt(1 1 1) single crystal surfaces using X-ray emission spectroscopy and the
examination of alkali halide solution/water vapor interfaces using ambient pressure photoemission spectroscopy, to the investigation of actinides,
river water biofilms, Al-containing colloids and mineral–bacteria suspensions using scanning transmission X-ray spectromicroscopy. The results of
our experiments show that spectroscopy and microscopy in the soft X-ray energy range are excellent tools for the investigation of environmentally
relevant samples under realistic conditions, i.e., with water or water vapor present at ambient temperature.
© 2005 Elsevier B.V. All rights reserved.
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Molecular environmental science (MES) is an expanding
field that studies, on a molecular level, chemical and biological
processes occurring at environmentally relevant surfaces and
interfaces. Fundamental understanding of these processes is
necessary to solve important problems in environmental science
related to the speciation, distribution, reactivity, transformations,
mobility, and potential bioavailability of pollutants and contam-
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inants in the environment. Synchrotron-based spectroscopies
enable the study of, e.g., aqueous solute complexes, amorphous
and crystalline materials, solid/liquid, and liquid/vapor interfaces, as well as the interaction of heavy metals with biofilms and
plants [1]. With the growth of the MES community, the demand
for dedicated beamlines and endstations for conducting MES
research has been increasing over the last decade. The MES
beamline at the Advanced Light Source (ALS), Lawrence Berkeley National Laboratory, was designed with the goal of providing
access for the MES community to different kinds of synchrotronbased techniques in the soft X-ray energy range (75–2150 eV),
in particular scanning transmission X-ray microscopy (STXM),
ambient pressure photoemission spectroscopy (PES), near-edge
X-ray absorption fine structure (NEXAFS) spectroscopy, and
X-ray emission spectroscopy (XES). The energy range of the
MES beamline coincides with the K-edges of the most abundant
elements on Earth’s surface (C, N, O, Na, Mg, Al, and Si) and
the L-edges of all the important transition metals (Ti, V, Cr, Mn,
Fe, Co, Ni, Cu, and Zn) as well as the L-edges of P, S, Cl, K, and
Ca. For the heavier elements there are other absorption edges,
which can be accessed at the MES beamline. The three permanent endstations at the beamline allow investigations of samples
under different environments, from UHV surface-sciencetype studies of well-defined surfaces, to spectromicroscopy
studies of complex samples, including mixtures of inorganic
solids, natural organic matter, and microorganisms under wet
conditions.
One of the areas of special importance for MES is the
interaction of water with surfaces, starting from the adsorption
of monomers, to the formation of monolayers and eventually the
presence of bulk water and its reaction with the surface [1–3].
Water plays a very important role in the distribution of contaminants and pollutants that originate from, e.g., agriculture,
mining, industrial production, and radioactive waste disposal
sites. Most of the chemical reactions that are important for
environmental processes take place at the solid–liquid interface
between water or aqueous solutions and metals, minerals, soils,
and rocks. The water solubility of contaminants and pollutants
also greatly influences their mobility. An important task for the
MES beamline is therefore the investigation of environmentally
relevant samples under “wet conditions”, which is also essential
for the study of biological samples that can be kept fully
hydrated if they are mounted in an aqueous solution. STXM
[4] is ideally suited to investigate small particles, membranes,
or even cells and whole bacteria immersed in aqueous solution.
Since photons have an attenuation length in liquid water on
the order of several hundred nanometers at energies below and
above the oxygen K-edge, imaging samples in bulk solution is
possible, if the thickness of the sample is in the sub-micrometer
range. STXM also allows one to obtain NEXAFS spectra with
a spatial resolution of 30 nm [5], so that the chemical state
and the morphology of the sample can be directly correlated.
In addition to STXM, XES [6] as a photon-in-photon-out
technique is well suited for studies of bulk aqueous solution
samples in an atom-specific way. Ambient pressure PES [7]
on the other hand, is an excellent tool for the investigation of
the solution/vapor interface, where aqueous solution samples
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can be studied in thermodynamic equilibrium with their vapor.
It is also a powerful method for studying the initial stages of
water adsorption on surfaces under ambient conditions, e.g.,
determining the number of monolayers of water on the surface
as a function of relative humidity. The combination of PES with
XES and NEXAFS provides information about the electronic
and geometric structures of water layers on solid surfaces, in
particular the chemical bonding of water molecules to the substrate and the hydrogen bonding network within the water layer
[8].
Another area of special importance to MES is the investigation of radioactive materials, in particular actinides, to understand the sequestration of these materials in complex natural environments. STXM offers the opportunity to investigate
radioactive samples in an efficient and safe way, since the amount
of material that is needed in the experiments is on the order of
only 10 fg.
In the following section, we discuss the setup and properties of the beamline and the dedicated endstations. In the main
part of the manuscript, we present examples for the application
of synchrotron-based soft X-ray spectroscopy and microscopy
to the study of environmental materials and processes. The
examples cover a wide range of MES research, among them
fundamental studies of well-defined adsorbate layers on single
crystalline surfaces under ultra-high vacuum conditions, alkali
halide solutions in the presence of water vapor, uranium oxide
particles, as well as biofilms, bacterial-mineral samples, and aluminum flocs in aqueous solutions.

2. Description of experimental facilities
2.1. Beamline
The design and the properties of the ALS-MES beamline
11.0.2 will be explained in detail in a forthcoming paper. Here,
we describe the main design features of the beamline in brief. A
schematic overview of the main beamline components is shown
in Fig. 1. The MES beamline uses photons from an elliptically
polarizing undulator with a 5 cm period [9]. With the Advanced
Light Source operating at an energy of 1.9 GeV it provides
photons in the energy range from 75 to 2150 eV. The photons
from the undulator are focused vertically by a sagittal cylinder mirror onto the pre-mirror of a SX700 style plane-grating
monochromator [9–11]. There is no entrance slit in front of the
monochromator. The monochromator is equipped with two gratings (150 and 1200 lines/mm). The whole monochromator tank
is moved when the gratings are changed. The light from the
monochromator is focused by either of two toroidal focus mirrors that generate a stigmatic focus at the exit slits of either
the STXM or the spectroscopy branch line. The branch line is
selected by the position of the spectroscopy mirror either in or
out of the beam path. The exit slits are illumination sources for
the zone plate of the STXM, or a pair of Kirkpatrick–Baez (KB)
mirrors in the spectroscopy branch line. The KB mirrors (horizontal and vertical) are able to focus the spot in the experimental
chambers down to 7 m × 10 m.
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Fig. 1. Schematic layout of the MES beamline (11.02.) at the Advanced Light Source (for details see text).

The beamline features three dedicated endstations. While the
STXM is permanently installed at its dedicated branch line, the
two spectroscopy chambers (ambient pressure photoemission
and wet spectroscopy endstation) are mounted on platforms
that can be moved on air bearings. The endstations can be
switched between the on-beam and off-beam positions in about
30 min without breaking vacuum. External user endstations can
be mounted on a separate platform that can then be brought
into the on-beam position. The three dedicated endstations are
described in the following section.
2.2. Scanning transmission X-ray microscope (STXM)
The STXM endstation [4] is located on the optimized
microscopy branch line in an isolated area (see Fig. 1). Photons
are admitted to the STXM chamber through a silicon nitride
window. The photon beam is focused onto the sample by a zone
plate with a working distance of 0.5–9 mm, depending on photon
energy. An order-selecting aperture (OSA) is placed between
the zone plate and the sample. The sample is scanned relative to the focused X-ray beam, and the transmitted intensity
is recorded as a function of sample position using a photomultiplier tube or a photodiode. The zone plate can focus the beam
down to a spot size of 25 nm, for a maximum spatial resolution of
30 nm. Several different zone plates are used depending on photon energy, required spatial resolution and minimum working
distance. The maximum energy resolution E/E is better than
7500, and a resolution better than 3000 is achieved at a photon
flux of 108 –109 s−1 in the sub-50 nm focused beam at energies of about 200–1600 eV. The maximum raster scan range is
20 mm × 4 mm, while the minimum step size is 2.5 nm. Images
with up to 3000 × 2000 pixels can be acquired at any spatial
size regime meeting these limits. The very wide dynamic range
of the spatial scanning system, achieved with continuous interferometric feedback of positioning with an accuracy of 5 nm
is a very powerful aspect of the MES STXM. The available
energy range is 90–2150 eV. Typical dwell times per pixel are
0.1–1.0 ms.

2.3. Ambient pressure photoemission spectroscopy
(APPES) endstation
The ambient pressure photoemission spectrometer allows
investigation of samples at pressures of up to 10 Torr. The key
part of the spectrometer is a differentially pumped electrostatic
lens system that separates the sample chamber from the hemispherical electron analyzer (Phoibos 150, Specs). The principle
of this type of spectrometer is described in Ref. [7]. Incident
X-rays from the beamline are admitted to the ambient pressure
cell through a silicon nitride window (thickness 100 nm, active
window area 1 mm × 1 mm). The sample is placed at a distance
of ∼0.5 mm from an aperture with 0.3 mm diameter, which is
the entrance to the differentially pumped lens system. Electrons
and gas molecules escape through this aperture into the differentially pumped lens system. The electrons are focused in the
first differential pumping stage onto a second aperture (diameter 2 mm), and in the second differential stage onto a third
aperture, also with a 2 mm diameter, before entering a final lens
stage and being eventually focused onto the entrance slit of the
hemispherical analyzer. The pressure differential between the
ambient pressure cell and the hemisphere is about eight orders
of magnitude.
For the investigation of samples in a controlled humidity
atmosphere up to the condensation point of water, the sample
surface has to be the coldest point in the chamber. We have
developed a transferable sample holder cooled by a two-stage
Peltier element, which is isolated from the chamber atmosphere
[12]. This sample holder, combined with a stand-alone chiller
for temperature control of the sample holder docking station,
which acts as a heat sink for the hot side of the Peltier element,
allows control of the sample temperature from 220 to 350 K.
For surface-science-type experiments, a button heater combined
with liquid nitrogen cooling provides a temperature range from
100 to 1000 K.
Besides the ambient pressure cell, the ambient pressure PES
endstation has a preparation chamber which is equipped with a
sputter gun and a plasma source for sample cleaning, and a com-
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bined LEED/Auger instrument for characterization of samples.
A load-lock chamber allows fast exchange of samples.
2.4. Wet spectroscopy endstation (WES)
The wet spectroscopy endstation features a fast load-lock, a
preparation chamber, and a spectroscopy chamber. The preparation chamber is equipped with a plasma source and a sputter
gun for sample cleaning, and a LEED/Auger system for sample characterization. In the spectroscopy chamber, a Scienta
SES100 analyzer is used for photoemission spectroscopy, and
a soft X-ray emission spectrograph that was developed at the
Advanced Light Source [13,14] is used for X-ray emission spectroscopy. The sample temperature can be varied from 10 to
1400 K. The WES endstation is currently used mainly for studies under ultra-high vacuum conditions, but it will be outfitted
with an environmental cell for photon in-photon out studies on
liquids or at elevated pressures in the near future.

Fig. 2. Schematic picture illustrating the local probe character in XES for N2
adsorbed on a surface. From the total charge density (gray envelope) valence
electrons with p-angular momentum (contour lines) decay into the N 1s core
hole.

3. Results and discussion
In the following, we present recent data from experiments that
were either performed at the MES beamline or that exemplify
the types of research that will be done in the near future on this
beamline. We start with studies on the basic interaction of water
with single-crystal metal surfaces, then describe measurements
of ions at the solution/vapor interface, and afterwards discuss the
application of STXM to the investigation of actinides, minerals,
biofilms, and mineral–bacteria suspensions.
3.1. Chemical bonds at surfaces and interfaces probed with
X-ray emission spectroscopy (H. Ogasawara, K. Andersson,
A. Nilsson)
Most of the important chemical reactions related to environmental processes take place at surfaces and interfaces. If we can
understand how chemical bonds are formed and transformed on
surfaces during a chemical reaction, it will be possible to control
and modify these processes. There are, however, a large number of atoms involved in these processes at the interface and
it has been an experimental challenge to obtain atom-specific
information on surface chemical bonds.
X-ray emission spectroscopy (XES) has the unique ability
to provide an atom-speciﬁc probe of chemical bonds [6]. It
allows us to spotlight one specific atom on the surface at a time.
Fig. 2 illustrates the X-ray emission process for an adsorbed N2
molecule on a surface. The atomic sensitivity arises because the
core hole created in the nitrogen K-edge absorption process is
filled only by valence electrons in the proximity of the excited
atom. The valence electronic structure is projected on a specific
atom. XES is therefore an experimental analog of the linear
combination of atomic orbitals (LCAO) approach for molecular
orbital theory. Furthermore, the chemical shift in the N 1s core
level allows a selective probing of the two inequivalent nitrogen
atoms [15].
We can now study how molecular orbitals of a specific symmetry are distributed over different atomic sites in a complicated

molecular adsorption complex. Fig. 3 shows the polarization
dependent X-ray emission O, C, and N spectra of glycinate
adsorbed on Cu(1 1 0) [16]. These data were measured at beamline 8.0 at the Advanced Light Source in Berkeley. Upon adsorption of the amino acid glycine on Cu(1 1 0), the amino group
remains intact whereas the acidic hydrogen on the carboxyl
group is removed, leaving behind adsorbed glycinate. While
the tunability of the incident photon energy is used to select a
specific atom of glycinate by its core binding energy, the polarization of the emitted radiation provides directional sensitivity
to the bonding. The molecule is oriented perpendicular to the Cu
rows on the two-fold symmetric surface allowing for projection
of the 2px , 2py and 2pz valence orbitals by means of orientation dependent studies. Combined with theoretical calculations,
details in the surface chemical bonding can be obtained from
such studies. It is shown that the electronic structures of these
functional groups are affected not only by the surface but also
by hydrogen bonding to neighboring molecules.
Recently, an X-ray emission spectroscopy study of a water
monolayer showed how water molecules are bound to Pt(1 1 1)
[8]. Water molecules adsorb intact on Pt(1 1 1) and form an inplane two-dimensional hexagonal hydrogen bond network. In
the layer, water molecules are alternately bonding to the surface through either oxygen or hydrogen atoms. X-ray emission
spectra for oxygen-bonding or hydrogen-bonding water were
recorded in a site-specific way by tuning the photon energy of
excitation (Fig. 4). The bonding mechanism shown in the insert
is proposed based on the analysis of spectral features in XES
combined with the electronic structure calculations [8].
Under some circumstances, adsorbed water decomposes,
splitting one of the internal O H bonds to produce adsorbed
hydroxyl and hydrogen as depicted assuming the potential
energy diagram shown in Fig. 5. There is an activation barrier that kinetically hinders the decomposition of water. This
kinetic barrier can be overcome if sufficient thermal energy, e.g.,
temperature, pressure, is added to the system. On Ru(0 0 1), a
dissociated layer is thermodynamically favorable, however it is
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Fig. 3. Molecular adsorption structure of glycinate adsorbed on Cu(1 1 0) with XES spectra measured in three directions on all four C, N, and O atomic centers
(taken from Hasselstrom et al. [16]).

not observed at 150 K (Fig. 5) [17]. To overcome the kinetic
barrier for dissociation it is necessary to introduce water at temperatures above the desorption temperature of the intact layer of
160 K. This result demonstrates the importance of studying the
solid–water interface under various thermodynamic conditions,
since there are wide ranges of thermal and pressure conditions
encountered in nature, producing various phases of water layers
with different physical and chemical properties.
3.2. Vapor-solution interface probed with ambient pressure
photoemission spectroscopy (S. Ghosal, J.C. Hemminger, H.
Bluhm, B.S. Mun, G. Ketteler, D.F. Ogletree, M. Salmeron)
The interfaces of aqueous solutions are playing an important
role in atmospheric and environmental chemistry. An important

question is the concentration of ions at the solution/vapor interface, since this has a strong influence on reaction rates between
gas phase molecules and the ions in the solution. The conventional view, until recently, was that the vapor/solution interface is
devoid of ions due to image charge repulsion [18]. The observed
reaction rates between alkali-halide salt solutions and gaseous
Cl2 and Br2 however indicate that Cl− and Br− ions exist at the
interface of the solution [19,20]. Non-linear optical spectroscopy
experiments have also inferred the existence of anions close to
the interface of salt solutions [21–23]. In addition, molecular
dynamics simulations for 1.2 M sodium halide solutions have
predicted that large, polarizable anions, such as Br− and I− , segregate to the surface, while the sodium ions remain in the bulk of
the solution, essentially forming an electric double layer at the
solution–vapor interface [24,25]. Previously X-ray photoemis-

Fig. 4. Schematic view of water adsorbed on Pt(1 1 1) taken from Ogasawara et al. [4] showing water species O-bonding (red) and H-bonding (blue) to Pt(1 1 1)
with their corresponding XES spectra. The hydrogen atoms (white) connects the water molecules in the hydrogen bonding network but also connects the H-bonding
water species (blue) to the surface.
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Fig. 5. O 1s XPS for water (H2 O and D2 O) adsorbed on Ru(0 0 1) taken from Andersson et al. [17]. Chemical species on Ru(0 0 1) are identified with chemical shifts
in the O 1s XPS. The formation of hydroxyl at 180 K is characterized by the appearance of O 1s XPS peak at ca. 531 eV, whereas that for intact water appears at ca.
532–533 eV. The decomposition is observed for H2 O but not for D2 O due to zero point energy differences.

sion spectroscopy had been shown by Siegbahn and co-workers
to be an excellent tool for the measurement of ionic segrgation
at the liquid/vapor interface [26–28].
We have used ambient pressure PES to directly measure the
ion concentration at the vapor/solution interface of potassium
halide solutions. KBr and KI single crystals were cleaved inside
the vacuum chamber, or directly before introduction to the vacuum chamber. The crystals were then exposed to water vapor at
a pressure of 1.5 Torr. The relative humidity (RH) at the sample surface was controlled by changing the sample temperature.
When a salt sample is exposed to water vapor, at a certain humidity it reaches its deliquescence point where the solid salt, water
vapor, and a layer of saturated solution on the salt surface are in
equilibrium. For KBr and KI the deliquescence point is reached
for a RH of 81 and 75%, respectively. Care has to be taken in
the experiments to minimize the exposure of the sample surface to the intense incident photon beam, since this can lead to
the depletion of mainly the halide ions at the sample surface.
Each spectrum was therefore taken at a new sample location to
minimize radiation damage.
From the results of the molecular dynamics simulations it
is expected that for a KBr or KI solution the anion/cation stoichiometry deviates from the bulk value of 1 in favor of the anion
at the solution/vapor interface. The results of our photoemission
experiments for the case of a KBr crystal are shown in Fig. 6 [29].
All spectra were measured at the same kinetic energy (160 eV),
which assures that the effects of scattering of electrons by gas
molecules are the same for both K 3p and Br 3d photoelectrons, and that contributions from the lens transmission function
cancel out. The spectra were normalized by the incident photon flux which was measured using a calibrated photo diode,
and by the photoemission cross-section [30]. The Br/K ratio
remains constant around an average value of 0.8 ± 0.1 during
the increase of the relative humidity to just below the deliquescence point. However, at the deliquescence point, when a visible
droplet of KBr solution is formed at the KBr surface, the Br/K
ratio increases to 2.5 ± 0.2. A similar change was also observed
in the case of KI (data not shown), where the K/I ratio increased

Fig. 6. Bromine-to-potassium ratio as a function of relative humidity for a
KBr(1 0 0) surface. The Br 3d and K 3p photoemission spectra for RH 5% and
at the deliquescence point are also shown. All spectra were taken for a kinetic
energy of 160 eV and are normalized for incident photon flux and photoemission
cross-section, so that the peak areas of the Br 3d and K 3p spectra can be compared directly. At 5% RH the Br/K ratio shows the expected value of 1.0 ± 0.1
and does not change significantly, until the deliquescence point is reached. At
deliquescence the Br/K ratio shows a strong increase to a value of 2.5 ± 0.1.
The intensity of the spectra at deliquescence is multiplied by a factor of 5. The
attenuation of the Br 3d and K 3p signal is due to the adsorption of water at the
surface.
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Fig. 7. Normal absorption contrast image obtained at approximately 700 eV of UO2 particles (left panel) and the NEXAFS spectrum collected at the U 4d5/2 edge
from a 35 nm edge region of one of the particles (right panel).

from 1 below the deliquescence point to 3.4 at the deliquescence point. Measurements of the absolute atomic concentration
in the interface region from the Br 3d (and I 4d, respectively),
K 3p and O 1s spectra showed that the concentration of both
bromine and iodine ions at the interface is enhanced by at least
a factor of 2.5 compared to the expected value in the absence
of ion segregation at −10 ◦ C (Br/K/O(H2 O) = 5.5:5.5:89, and
I/K/O(H2 O) = 10:10:80 [31]). These findings prove that anions
are present at the solution/vapor interface and therefore are likely
participants in chemical reactions between gas molecules and
solution ions. We should note that in carrying out experiments on
solution interfaces, it is impossible to completely avoid contamination of the interface with impurities. In our experiments, the
liquid/vapor interface contains small amounts (sub-monolayer)
of carbonaceous material. The anion/cation ratios that we measure are insensitive to these amounts of carbon at the interface.
Our present study was limited to saturated solutions; it will
be important to investigate the absolute concentration of ions
at the solution/vapor interface at lower bulk concentrations. In
addition, we will study the influence of carbonaceous materials,
which will always be present under realistic conditions at the
interface, on the properties of solution/vapor interfaces.
3.3. Scanning transmission X-ray microscopy of uranium
oxide particles (T. Tyliszczak, D.K. Shuh)
The emergence of microspectroscopic and fluorescencebased techniques has permitted investigations of actinide materials at sources of soft X-ray synchrotron radiation [32–34].
Spectroscopic techniques with fluorescence-based detection are
particularly useful and have immediate utility for actinide investigations since they are sensitive to small amounts of material,
can be bulk or surface sensitive, thereby avoiding complications
of clean surface preparation and the associated safety considerations. However, the use of spectromicroscopy to investigate
prototypical uranium oxide particulates in the ALS-MES beamline STXM has been a recent development. The performance
characteristics of the ALS-MES STXM permit spatial imaging
with a resolution of approximately 30 nm and NEXAFS spectroscopy with a tunable energy resolution of better than 7500
[4,35].

Soft X-ray STXM is potentially well suited for the investigation of actinide or other radioactive materials since the amount
of material required is conservatively estimated to be on the
order of 10 fg for a particle. This simplifies safety considerations since the corresponding total activity would be well below
a picocurie (pCi) if a single particle could be successfully isolated and mounted in the STXM sample holder for even the most
radioactive of the common actinide nuclides. The radioactive
material can be safely and permanently enclosed between two
50 nm thick silicon nitride windows to form a sample package
suitable for STXM experiments. In practice, multiple particles
are dispersed within the silicon nitride sample package. The
overall safety envelope of the radioactive STXM experiments
is further enhanced since the ALS-MES STXM end station is
isolated from the ALS storage ring vacuum by a silicon nitride
window, which permits the operation of the STXM under an
ambient helium atmosphere, thereby avoiding problems that
might arise from the exposure of the sample package to a vacuum. A prerequisite for STXM samples is that they have an
accessible thickness of a few hundred nanometers depending on
the elemental cross-section, energy of the absorption edge, and
local elemental concentration.
The actinide elements have several electron core levels that
reside in the soft X-ray energy regime. The most well known
of these actinide element thresholds are the 5d5/2,3/2 that lie in
the range of 90–150 eV for the lighter actinides and have giant
cross-sections [36]. These are similar to the giant resonances
of the lanthanide element 4d5/2,3/2 edges that are also found in
approximately the same energy range but extend to higher energies as the lanthanide period is traversed. However, the strong
absorption in the silicon nitride windows at about 100 eV (Si
L-edge) limits the usefulness of the STXM around this energy.
The routine energy range for samples enclosed in silicon nitride
windows is therefore 130–2150 eV. For uranium, this includes
the entire NI–VII edge series (4s, 4p1/2,3/2 , 4d3/2,5/2 , 4f5/2,7/2 ).
Uranium oxide of nominal composition 238 UO2 (Alfa Aesar,
Johnson Matthey) was ground into a powder. The resulting
particles were dispersed onto a 50 nm silicon nitride window
in the Heavy Element Research Laboratory of LBNL. A second 50 nm window was epoxied and sealed to the first and
the sample package transported to the ALS in accordance with
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Fig. 8. Higher magnification normal absorption contrast image obtained at approximately 700 eV of the UO2 particles shown in Fig. 1 (left panel) and the NEXAFS
spectrum collected at the U 4d3/2 edge from a 35 nm edge region of one of the particles (right panel).

ALS/LBNL radioactive materials handling protocols. Radioactive sample package holders were handled, loaded, unloaded,
and the ALS-MES STXM certified as non-radioactive following the completion of the experiments under the supervision of a
LBNL radiological control technician. All images and NEXAFS
spectra were recorded with the ALS-MES beamline elliptical
polarization undulator in the horizontal mode.
The left panel of Fig. 7 shows a wide field image obtained of
the first radioactive UO2 particles examined at the ALS-MES
STXM. Higher spatial resolution images were collected and
used to select appropriate regions for NEXAFS measurements.
Examination of each respective U NI–VII electron energy level
showed that the useable absorption edges for the STXM were
the U 4d5/2,3/2 thresholds. The right panel of Fig. 7 presents a
U 4d5/2 NEXAFS spectrum obtained from a single scan in the
line scan mode from an edge region of the UO2 particle that was
subsequently normalized to a region of the sample that had no
uranium response. A higher magnification image of a different
UO2 particle is displayed in the left panel of Fig. 8 along with the
corresponding U 4d3/2 NEXAFS spectrum that was collected in
the same manner as its spin-orbit partner in Fig. 7. The resolution for the spectra collected in this investigation was estimated
at ∼5000 based on the slit widths employed.
One noticeable feature common to both NEXAFS spectra at
the U 4d edges is the large overall width of the absorption feature
(∼6 eV). This broadening results from known core–hole lifetime
effects at these edges. Although the broadening has little effect
on the imaging quality of the STXM, a key aspect of the STXM
is the capability to extract chemical information from the spectroscopy so that chemical state mapping can be performed, not
just elemental mapping. Preliminary investigations of the other
common uranium oxides, U3 O8 and UO3 , at the U 4d5/2 edge
have yielded small but reproducible charge state shifts from UO2
(735.1 eV) towards higher energy of 0.9 and 1.1 eV, respectively
[37]. Although the shifts are small and may not be as useful as
one might have desired, they provide a much needed, critical
analytical tool for determining the oxidation state of actinide
materials at the tens of nanometers level. Additional, recent
STXM investigations of non-oxide based uranium systems have
also shown that the U charge state shifts provide a useful and reliable method for ascertaining oxidation states by U 4d5/2 edge

NEXAFS [38]. During these investigations, there was no evidence for sample radiation damage.The oxides of the actinide
elements are currently of great scientific interest and are of critical technological importance; thus, the ability to successfully
probe the oxygen K-edge as a function of spatial position would
provide a new and unique method to study these materials [39].
The oxygen K-edge NEXAFS spectrum collected by STXM
spectromicroscopy techniques from the UO2 sample are shown
in Fig. 9. The NEXAFS spectrum obtained is similar to those
obtained from regular NEXAFS methods of well-characterized
UO2 [40]. There were variations in the oxygen K-edge spectrum as a function of position on the UO2 particle. As NEXAFS
spectra were frequently measured at or near the particle surface
to obtain a proper thickness for the oxygen absorption measurements, there may have been thickness effects that made
normalization difficult or slight stoichiometry differences that
both could have induced some amplitude changes in the spectra.
Oxygen K-edge spectra have also recently been obtained from
the common uranium oxides, U3 O8 and UO3 , and clear differences between the spectra, similar to those observed in bulk
NEXAFS spectra, are observed [41].
The initial actinide measurements employing the ALS-MES
STXM demonstrate the usefulness and promise of soft X-ray

Fig. 9. Oxygen K-edge transmission NEXAFS spectrum collected from the UO2
particle.
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STXM spectromicroscopy for the investigation of actiniderelated science. The operational characteristics of STXM permit
the safe handling of the radioactive materials from an experimental perspective on the floor of the ALS and simplify sample
preparation as well. It is envisioned that the solid state studies may be extended to actinide sample packages containing
wet pastes or perhaps even liquids. From these initial results it
appears that reliable chemical information can be obtained from
STXM NEXAFS measurements at the actinide 4d5/2 edge, albeit
the energy shifts between oxidation states is small for uranium.
The actinide N-series edges, other than the 4d’s, do not have
sufficient photoabsorption cross-sections to be utilized in conjunction with STXM based on the response of the corresponding
uranium edges. Of particular importance is the capability of the
ALS-MES STXM to probe the K-edges of the lighter elements
such as C, N, and O that have deterministic influences on the
chemistry of actinides. Similarly, the energy resolution and sensitivity to the transition metal L-edges, present an opportunity
to understand further the actinide–transition metal/transition
metal oxide interactions. Combined with the nanometer spatial
resolution characteristics, the spectroscopic versatility of ALSMES STXM offers a unique tool to investigate the chemistry
of actinide species in colloids, particulates, biological materials, microorganisms, the heaviest actinides, actinide chemical
reactions at specific surfaces including oxides at the nanoscopic
level, and in an array of additional actinide systems from which
one may develop a further understanding of 5f element chemistry.
3.4. Charge state distribution of iron in synthetic green
rusts (K. Pecher, H.-Ch. Hansen, E. Kneedler, B. Tonner)
Green Rust is the name for a class of mixed valent iron compounds that recently became known for being strong reducing
agents for organic as well as inorganic pollutants in anoxic
environmental compartments. Their crystallographic structure
is defined by brucite-like sheets of Fe(II) and Fe(III) octahedrons being intercalated by charge compensating anions and
water molecules [42]. Different forms of green rust with a wide

range of Fe(II)/Fe(III) ratios and interlayer spacings have been
identified mainly depending on anions used during synthesis or
anions being present in soil or sediment pore waters [43]. To
date rather incomplete information is available on the electronic
structure of such compounds.
We have determined the sub-micron distribution of charge
states of iron in single platelets of sulfate green rust using STXM.
Mapping of the Fe(II)/Fe(III) ratio of a single hexagonal platelet
of SO4 -green rust revealed considerable heterogeneity and deviation from the expected ratio of Fe(II):Fe(III) of 2 in this type
of green rust, especially near the particle edges, where Fe(III)
dominates (see Fig. 10). Contrary to magnetite (Fe3 O4 ), NEXAFS extracted from different areas of the sample could be fitted
by a linear combination of single valent model spectra.
This gives first evidence for a unique electronic structure
of green rust, where formal charge states of the iron cations
are not smeared out by electron delocalization like in large
single crystal magnetite. It might also shed some light on preferred reaction sites on green rusts and indicates that reaction
mechanisms derived from bulk stoichiometry might be too
simplistic.
3.5. Structure and chemistry of Al-rich precipitates from
acid environments (J. Majzlan, S.C.B. Myneni)
Acidification of natural systems caused by anthropogenic
activities is a serious environmental problem. The anthropogenic
sources of acidity are two-fold: acidic rain caused by the condensation of air-borne SO2 and NOx pollution, and acid mine
drainage caused by the weathering of sulfidic minerals (mostly
pyrite, FeS2 ). These acidic solutions interact with minerals,
organic compounds, and biota, and significantly impact various biogeochemical processes in the environment. One of the
components commonly found in acidic waters is aluminum, a
principal constituent of many rock-forming minerals, such as
feldspars, micas, and clays. Although Al is highly toxic to biota
in certain forms, such as aqueous [Al(H2 O)6 ]3+ , its speciation in
acidic environments and the influencing environmental variables
are not well understood.

Fig. 10. Spatial distribution of Fe(II)/Fe(III) ratio in a single particle of SO4 -green rust. The x- and y-lineout plots are along the respective lines in the charge state
ratio plot. The arrows correspond to the charge state ratios fitted from area averaged L-edge Fe NEXAFS.
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In this study, we have investigated the aqueous solution and
solid phase speciation of aluminum in the presence of different
co- and counter-ions, which are common in acidic natural environments. Although previous studies (e.g., Refs. [44,45]) analyzed the Al precipitates (gels) using X-ray diffraction (XRD),
these studies were limited to the bulk speciation of dry samples. While nuclear magnetic resonance (NMR) spectroscopy
is a versatile technique for studying the coordination environment of Al-precipitates [46], it is difficult to examine variations
in the coordination of Al using this technique. We are employing NEXAFS at the Al K-edge, and X-ray spectromicroscopy to
understand the speciation of Al in solid phases, and the morphology and chemical heterogeneity of the precipitates. We are also
complementing these studies with attenuated total reflectance
Fourier-transform infrared (ATR-FTIR) spectroscopy, XRD and
NMR. The X-ray spectromicroscopy and Al NEXAFS spectroscopy studies were conducted at the ALS-MES beamline. The
XRD patterns were collected on a Scintag PAD V diffractometer with Cu K␣ radiation. The ATR-FTIR spectra were collected
with a Bruker IFS 66 V/s FTIR spectrometer. In all cases, the
gels were analyzed without drying, in contrast to all previous
studies.
Aluminum gels were synthesized by titrating solutions of
AlCl3 , Al(NO3 )3 , or Al2 (SO4 )3 (all 0.5 M Al) by 2 M KOH or
NaOH solutions to a pH value between 3.5 and 5.5. The gels
were aged for 2 weeks in the solution from which they were
precipitated. During the ageing, pH values dropped slightly. The
gels were either separated from their solution by centrifugation
(for XRD and FTIR), or used with their solution (NEXAFS).
Natural Al-oxyhydroxide and -sulfate samples were also collected at a discharge of an abandoned anthracite mine (around
Tamaqua, PA) and analyzed using NEXAFS spectroscopy. The
acidic discharge at this site is treated by limestone gravel, which
precipitates abundant iron and aluminum-rich flocs. These flocs
cover the limestone gravel as well as aquatic flora. The samples
investigated in this study came from the crusts on limestone
gravel and the particles attached on the algae.
The fresh synthetic Al-precipitates are X-ray amorphous.
However, with ageing, diffraction peaks appeared in XRD pat-
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terns of several samples, although a major fraction of each
of these samples is still amorphous or poorly crystalline. The
only exception is the sample prepared from a solution consisting of Al2 (SO4 )3 and KOH, which re-crystallized mostly to
alunite (KAl3 (SO4 )2 (OH)6 ) upon ageing. The ATR-FTIR spectra of gels prepared from Al2 (SO4 )3 shows a distinct band at
∼1100 cm−1 , which is caused by the asymmetric stretching of
sulfate. These spectra are similar to that of acidic Al–SO4 solutions.
The X-ray microscopy studies allowed the direct investigation of the state of coagulation or dispersion of wet synthetic gels.
The gels are composed of particles with poorly defined shape
and dimensions. The only exception is the sample prepared from
Al2 (SO4 )3 –KOH solutions, which primarily consists of round
5 m plate-like particles (see Fig. 11). As mentioned before, this
sample consisted mostly of alunite. The Al-NEXAFS spectra of
all amorphous (based on the XRD results) gels are similar, and
exhibit two maxima. Their energy and relative intensity slightly
varies from sample to sample. Nevertheless, the similarity of
these spectra indicates that the different anions used in the study
(Cl− , NO3 − , SO4 2− ), and the different hydroxides used in titration (NaOH, KOH) have little influence on the local environment
of Al. Within the uncertainty of the measurement, all aluminum
is octahedrally coordinated. The measured spectra resemble the
boehmite spectra measured by Ildefonse et al. [47] and Yoon et
al. [35].
The Al-NEXAFS spectra of the natural Al-flocs differ significantly from the spectra of the synthetic gels. The white
line is broad; and the doublet seen in the spectra of synthetic
gels is poorly resolved for the natural samples (see Fig. 11).
These spectral differences between the synthetic and natural
samples suggest that the synthetic gels are only approximate
models for the samples that exist in field settings. The influence of other factors, such as cations and anions, time, seasonal
wetting and drying, should be considered when comparing the
structure of natural and synthetic gels. Studies are in progress
to evaluate these factors, and X-ray spectromicroscopy facilities offer unique ways to probe the chemistry of natural wet
Al-gels.

Fig. 11. Left panel: STXM image of Al-precipitates formed in the presence of K+ and SO4 2− . Right panel: Al-NEXAFS spectra of natural (a) and synthetic (b)
Al-precipitates. The Al-NEXAFS spectrum of corundum (c), which exhibits octahedral-Al only, is shown for comparison.
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3.6. Investigation of bioﬁlms using STXM (A.P. Hitchcock,
J.J. Dynes, T. Araki, J.R. Lawrence, G.G. Leppard, T.
Tyliszczak)
In many environments modified by human activity – mining,
manufacturing, vehicle exhaust, etc. – there are high concentrations of potentially hazardous metal species. Biofilms are
colonies of microbial species (bacteria, algae, fungi, diatoms,
etc.) linked by extracellular polymeric substances (EPS). They
are ubiquitous in nature, and in some cases have been found to
be surprisingly resistant to the presence of toxic metal species.
This has lead to proposals to use intentional cultivation of optimized biofilms as an approach to sequestration and remediation
of contaminated sites. Optimization of the culture and nutrients for such purposes requires improved understanding of the
interaction of biofilms and metals in the environment. Although
EPS are mainly microbial polysaccharides, other biochemical
macromolecules, such as proteins, nucleic acids, and polymeric
lipophilic compounds, have been identified and are suspected
to play important roles in metal-biofilms interactions. EPS represent a major structural component of biofilms and are known
to be responsible for sorption processes used to provide nutrients to the living entities and to help control exposure to toxic
metal and organic substances [48–50]. Particularly in complex
environmental systems, the EPS are difficult if not impossible
to chemically map without the use of analytical microscopies.
X-ray microscopy using wet cell techniques is particularly powerful since it allows measurements to be performed on fully
hydrated biofilms, which are very close to the conditions of
undisturbed growth. The intrinsic X-ray absorption properties
of the species – both bio-macromolecules and metal compounds
– are used as the analytical signal. Full field transmission X-ray
microscopy (TXM) has been used for a number of studies of biological and environmental systems, such as work on early stage
Pseudomonas putida biofilms [51]. However, existing TXM
instruments have relatively limited spectroscopic capabilities. In
contrast STXM, particularly on high-resolution beamlines like
the ALS-MES beamline, provides the full analytical power of
X-ray absorption spectroscopy. STXM has been used by Tonner
and co-workers for studies on bio-generated Mn nodules and
Fe minerals [52,53]. Chan et al. have used X-ray photoemission
electron microscopy to investigate iron biomineralization [54].
We are using STXM on both the ALS 5.3.2 bending magnet
beamline [55,56] and on the undulator 11.0.2 MES beamline to
quantitate and speciate metals in natural and metal challenged
riverine biofilms. The biofilm samples are grown on silicon
nitride membrane windows [57] embedded on polycarbonate
support plates in bioreactors at the National Water Reasearch
Institute Laboratory in Saskatoon (see Fig. 12). After appropriate maturation and exposure to specific metal species, these
membranes are removed from the bioreactor, capped with a
second silicon nitride membrane window, sealed with silicone
or epoxy to form a wet cell, transported cooled to the ALS,
and recorded with as minimum a delay as possible (1–3 days,
with the bioactivity suspended by reduced temperature). In most
cases, the samples are exposed to fluorescent stains and confocal
laser scanning microscopy (CLSM) is performed to identify spe-

Fig. 12. Bioreactor (at NWRI, Saskatoon) used to grow biofilms under controlled conditions on silicon nitride membranes embedded in polycarbonate
growth plate.

cific bio-species. Identical regions of the biofilms are studied by
CLSM and STXM [58,59]. STXM is used to acquire images
at photon energies that highlight specific species; to acquire
point spectra or linescan spectra at locations of interest; and,
in the most powerful implementation, image sequences [60],
which, after appropriate analysis, provide quantitative maps of
the biotic and abiotic components of biofilms. We have mapped
protein, nucleic acids, lipids, and polysaccharides in riverine
biofilm systems [58], Ca and K in the same systems [61], and
we have studied the distribution of metal species in cultivated
biofilms which were exposed intentionally to low concentrations
of nickel chloride [62].
Fig. 13 illustrates our approach, as well as the complexity and
diversity of these samples. Fig. 13a is a low resolution STXM
image of the full (1000 m × 800 m) window area of the wet
cell. Fig. 13b is an image of a 40 m × 40 m region recorded
at 705 eV, just below the onset of the Fe 2p absorption. Fig. 13c
is an image recorded at 708.7 eV (un-calibrated energy), at the
maximum of the Fe 2p3/2 signal. Fig. 13d is the difference of
these two absorption images, which provides a qualitative map
of the iron distribution. The latter can be readily converted to a
quantitative map as outlined elsewhere [62]. Although speciation information is at best incomplete, image differences provide
a rapid way to locate regions with interesting distributions of specific species. It works best with elements having strong p → d
resonances (Ca 2p, K 2p, metal 2p edges). Measurements on/off
the strong C 1s → * (amide) signal at 288.2 eV is very useful
to map the biotic entities [61]. Once one has identified an interesting area, such as that indicated from the Fe mapping shown
in Fig. 13, one can zoom in and record image sequences at high
spatial resolution to speciate and quantitate the metals present.
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Fig. 13. (a) Overview transmission image of the full wet cell of a river water biofilm sample recorded at 288.2 eV (BL532 STXM). (b) Optical density image of
the indicated (40 m × 40 m) region at 705 eV (MES STXM). (c) Same area at 708.7 eV. (d) Difference of (c) − (b), indicating optical density associated with
absorption by iron species. They grayscale is optical density (b and c), or difference in optical density (d).

Fig. 14 presents component maps and color coded composites derived from Ca 2p, K 2p, Mn 2p, Fe 2p, and Ni 2p MES
STXM measurements. Fig. 14a is an OD image at 279 eV (nonorganic) of a wet river water biofilm. Several diatom skeletons
dominate the landscape. Fig. 14b is a composite map where
the grayscale images the bio-organic components as visualized by the difference of PD images at 288.2 eV (protein) and
279 eV (non-organic) (I288.2 − I279 ), combined with maps of Ca
(I352 − I350 ) (green) and K (I296 − I295 ) (blue). The K+ and Ca2+
signals are highly localized in the regions of specific bacteria. Fig. 14c is an image of the Mn signal map in the region
just below the vertical diatom skeleton indicated in Fig. 14b,
obtained by fits of a Mn 2p image sequence to the Mn signal in
Fig. 14f. Fig. 14d is a composite map of the Fe(II) and Fe(III)
signals. Fig. 14e is composite map of two apparently different Ni 2p signals, which have rather similar spectra and thus
may differ only in ligand environment and not oxidation state.
In the case of the metal 2p signals, the reference spectra were
obtained by extracting the spectra of metal-rich regions from
the image sequence itself. The extracted spectra for the Mn, Fe
and Ni 2p are plotted in Fig. 14f. A detailed interpretation of
these results requires comparison of the characteristic spectra
to those of likely mineral species [62]. Quantitative mapping
and spectral comparisons [58,62] indicate that, in the region
studied in detail in Fig. 14, both Fe(II) and Fe(III) species are
present with partly overlapping but mostly adjacent spatial distributions, and that the Fe(II) species is likely associated with
polysaccharides. The presence of large amounts of both Fe(II)
and Fe(III) (and possibly mixed valence) species, complexed to

organic material, suggests that the microbes were using the Fe
species as an energy source via electron transfer mechanisms.
The Ni originated from NiCl2 added to the biofilm whereas the
Mn was probably present in the original environment. The close
association of the Ni with the Mn suggests a primarily chemical mechanism for its sequestration. Since the natural biofilm
environments are so varied, it is important to examine a number of other metal-rich areas of similar bio-films to build a
sense of the common motifs of biologically mediated deposits
of this type. These results demonstrate the potential of STXM
to provided detailed information relating to bio-mineralization
and the accommodation of biofilms to potentially toxic metal
species.
3.7. In situ characterization of aluminum-containing
mineral–microorganism aqueous suspensions (T.H. Yoon,
K. Benzerara, T. Tyliszczak, G.E. Brown, Jr.)
Knowledge of the identity and stability of natural colloids
under hydrous conditions is essential for understanding their
ability to transport pollutants in natural waters [63–65]. Due to
their ubiquitous presence in the Earth’s crust, aluminosilicate
minerals such as clays are major components of natural inorganic colloids in many natural settings [66]. However, to our
knowledge, there have been no spectroscopic or microscopic
characterization studies of Al-containing colloidal systems in
the presence of bulk water, mainly due to the lack of appropriate
methods for probing sub-micron-sized Al-containing particles
in hydrous environments.
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Fig. 14. (a) OD image at 279 eV (non-organic) of a wet river water biofilm. Several diatom skeletons dominate the landscape. (b) Composite map of bio-organic
(I288.2 − I279 ) (grayscale), Ca2+ (I352 − I350 ) (green), and K+ ((I296 − I295 ) (blue). (c) Mn map in indicated region. (d) composite map of Fe (III) (red), Fe (II) (green)
and non-Fe (blue). (e) composite map of Ni-a (red), Ni-b (green), and non-Ni (blue). (f) Spectra extracted from image sequences and used for generating component
maps contributing to parts (c–e).

We have used the MES STXM end station to investigate synthetic Al-containing mineral colloid systems, including those
with bacteria and water present, as a test of its capabilities. Aqueous suspensions of Al-containing mineral mixtures (∼1 g/l for
each mineral) were prepared in 0.01 M NaCl, with the pH of
the solution being adjusted to 6.0 by adding 0.1 M NaOH and
HCl. Approximately 1 l of each suspension was sandwiched
between two 100 nm thick silicon nitride membranes [57], which
were then sealed with epoxy resin to maintain a fully hydrated
environment during STXM analysis. The STXM sample chamber is He-filled to minimize attenuation of the soft X-rays. Al
K-edge STXM images and NEXAFS spectra have been measured for synthetic mineral colloid mixtures under hydrous
conditions and analyzed using previously collected Al K-edge
NEXAFS spectra of selected reference minerals [35,67,68]. In
addition, bacteria–mineral suspensions in aqueous solution have
been imaged just above the carbon K-edge (E = 288.8 eV) and Al
K-edge (E = 1571.6 eV) in a study of bacteria–mineral colloid
interactions.
STXM images collected for a mixed aqueous suspension consisting of four finely ground Al-containing minerals

[␥-Al2 O3 , corundum, boehmite (␥-AlOOH), and hydrotalcite
(Mg6 Al2 (CO3 )(OH)16 ·4H2 O)] at pH 6.0 are shown in Fig. 15,
which also compares STXM images collected at several different
energies (A–D) and NEXAFS spectra extracted from different
positions (a–e) of these image stacks.
As can be seen from Fig. 15B–D, STXM images collected at different energies can be used to distinguish different Al-containing mineral phases, especially those with
different Al first coordination numbers. The image collected at E = 1565.4 eV (corresponding to the first peak of
␥-Al2 O3 NEXAFS spectrum, Fig. 15B) shows only several
␥-Al2 O3 particles (2–3 m in diameter). As the incident Xray energy is increased to the positions of the corundum
and boehmite Al K-edges (1567.5 and 1571.8 eV, as shown
in Fig. 15C and D, respectively), a large number of small
particles (100–200 nm in diameter) become apparent in the
mapped area. These small particles most likely consist of
corundum, boehmite, and/or hydrotalcite. However, without
NEXAFS spectral processing and comparison (or deconvolution) with reference spectra, it is difficult to distinguish
among particles of different minerals with the same Al-
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Fig. 15. STXM image and Al K-edge NEXAFS spectra of mineral particle mixtures under hydrous conditions measured at (A) E = 1567.8 eV, (B) E = 1565.4 eV
(energy corresponds to the first peak of the ␥-Al2 O3 NEXAFS spectrum), (C) E = 1567.5 eV (energy corresponds to the first peak of the corundum NEXAFS
spectrum), and (D) E = 1571.8 eV (energy corresponds to the third peak of the boehmite NEXAFS spectrum). Each NEXAFS spectrum was collected from areas
indicated by (a–e).

Fig. 16. STXM images of a Caulobacter crescentus-mineral mixture (corundum and montmorillonite) in an aqueous suspension measured in the vicinity of the
carbon K-edge [E = 288.8 eV (a and c)] and the aluminum K-edge [E = 1571.6 eV (b and d)].
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coordination number from the images collected at different
energies alone.
Further processing of image stacks and resulting NEXAFS
spectra was performed to distinguish the particles shown in
Fig. 15C and D. Fig. 15A is a STXM image of the same mineral
colloid mixture taken at an incident X-ray energy of 1567.8 eV.
Also shown in Fig. 15 are Al K-edge NEXAFS spectra corresponding to regions ‘a–e’. NEXAFS spectra from region a
showed the same spectral features as those of the ␥-Al2 O3 reference material (see Ref. [35]), while the NEXAFS spectra
from regions b and c are very similar to those of the corundum
and boehmite reference materials, respectively [35]. Although
we added the same concentrations of each reference mineral
phase (1 g/l) to this colloidal suspension, hydrotalcite was rarely
observed in this sample, except in the small area around ‘d’, as
indicated by the peak maximum at 1571.4 eV. This is probably
due to the relatively low aluminum content (∼9 wt%) in this
mineral phase and its very fine grain size and/or its dispersed
nature under the aqueous conditions utilized in our study. We
also observed unusual NEXAFS features in region e, which is
a composite spectrum of ␣-Al2 O3 and ␥-Al2 O3 , resulting from
clusters of small ␣-Al2 O3 particles (∼150 nm) associated with
a larger ␥-Al2 O3 particle in the sample volume probed by the
X-ray beam.
Fig. 16 shows STXM images obtained in situ from a prepared aqueous suspension of mineral particles [corundum and
montmorillonite (Na, Ca)0.3 (Al, Mg)2 Si4 O10 (OH)2 ·nH2 O)] and
the bacterium Caulobacter crescentus, which is intended to
mimic the complexity of natural biocolloids. Fig. 16a and c
are STXM images taken near the carbon K-edge (288.8 eV),
whereas Fig. 16b and d are STXM images of the same areas
taken near the aluminum K-edge (1571.6 eV). The C K-edge
STXM images show rod-shaped bacteria (≈2 m long and
0.5 m wide) as well as sub-micron-sized dark spots within the
bacteria, which are consistent with polyhydroxybutyrate (PHB)
granules observed in C. crescentus by TEM [69]. These granules are used by the bacterium as carbon and energy reserves.
In Al K-edge images (Fig. 16b and d), these bacterial components (i.e., cells and dark spots within cells) are not visible,
while many dark patches observed outside the bacterial cells in
Fig. 16a and c are still visible in Fig. 16b and d, suggesting that
these dark patches are rich in aluminum. STXM images at the Al
K-edge (see Fig. 16b and d) allow the carbonaceous particles to
be distinguished from the Al-containing colloidal components.
Furthermore, Al K-edge NEXAFS analyses of the dark and gray
areas shown in Fig. 16b confirm that the small (<500 nm in
diameter) dark clusters in Fig. 16b and d are corundum particle
clusters, whereas the larger and more diffuse objects (∼2 m in
diameter) are montmorillonite particles. It is further observed in
the STXM images that the bacterial cells and mineral particles
are closely associated, forming relatively large bacteria–mineral
flocs. Interestingly, however, the bacterial cell wall surfaces are
not in direct contact with the corundum or montmorillonite particle surfaces in the aqueous solutions used in this study (pH
7, minimal growth medium). Because production of EPS and
attachment to various surfaces via an adhesive holdfast organelle
located at the end of the stalk has previously been observed in

C. crescentus [70,71], we suggest that these adhesive holdfast
organelles as well as EPS produced by C. crescentus bind the
bacteria to the clay and corundum particles. The formation of
EPS-mediated flocs is likely to have a significant impact on the
physical stability of colloidal particles [72].
3.8. STXM study of calcium phosphate biomineralization
by Caulobacter crescentus (K. Benzerara, T.H. Yoon, T.
Tyliszczak, G.E. Brown, Jr.)
Calcification, i.e., the precipitation of Ca-containing minerals, is a ubiquitous process at the Earth’s surface impacting
global geochemistry [73] and is an important issue for human
health as well, either as an essential process (e.g., bone formation [74]) or as the cause of several diseases [75]. Microbes
are often associated with Ca-containing minerals in the environment, but it is usually difficult to decipher if these organisms
are directly involved in the precipitation process, if they simply
modify the chemistry of the medium (e.g., pH), or if specific
molecules assist the precipitation and nucleation of minerals.
Moreover, the relative importance in nature of proteins, polysaccharides, or lipids as potential frameworks for the precipitation
of calcium-containing minerals is yet to be determined [76].
STXM proves to be well suited to study biocalcified samples,
which gather diverse organic molecules and poorly crystallized
nanometer-sized minerals. Such samples are difficult to study
by other techniques like transmission electron microscopy, for
example. In a recent study [77], we showed that the Ca L2,3 edges for hydroxyapatite [Ca5 (PO4 )3 OH)], calcite (CaCO3 ),
vaterite (-CaCO3 ), and aragonite (CaCO3 ) are unique and
can be used as probes to detect these different mineral phases
(data not shown), which are the most common in biomineralizing systems. We then used high spatial and energy resolution
NEXAFS spectra at the C K-edge and the Ca L2,3 -edge on
Caulobacter crescentus cells biomineralized under laboratory
conditions. Fig. 17a shows C. crescentus cells incubated for 3
weeks in a growth medium supplemented with calcium. C. crescentus cells are kidney bean-shaped of dimensions 2 m long
and 0.7 m wide (Fig. 17a). The Ca map shows that Ca is distributed throughout the cells (Fig. 17b). The Ca concentration is
estimated to be 10−14 g m−2 in the cells depicted in Fig. 17c
and is up to 10−13 g m−2 in more mineralized cells. The Ca
L2,3 -edge NEXAFS spectra measured on different cells were
identical and characteristic of hydroxyapatite (Fig. 17e). This
study, like several previous ones [78], unambiguously shows that
calcium phosphate precipitation occurs on or inside the cells.
The C K-edge spectra were measured on the same cells and
display at least five peaks (Fig. 17d). Using the reference spectra
of Lawrence et al. [58], these peaks can be assigned to different
C-containing functional groups. The peak at 285.2 eV is related
to aromatic groups in proteins [79]. The peaks at 286.8 and
288.2 eV likely correspond to phenolic groups and/or ketonic
groups [80] and to amide carbonyl groups in proteins, respectively. The peak at 289.5 eV is at the same energy position as
that of the C O groups in nucleic acids. Finally, the peak at
290.3 eV was observed only in C. crescentus cultured in a growth
medium supplemented with calcium and is indicative of carbon-
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Fig. 17. Spectromicroscopy on C. crescentus incubated for 3 weeks in calcium-rich growth medium at the calcium L2,3 -edge. (a) STXM image taken at 288.2 eV
showing the kidney bean-shaped cells. (b) STXM image of the same area at 349.3 eV (Ca L2 edge). (c) Calcium map showing the calcium enrichment of cells. (d)
Carbon K-edge NEXAFS spectra of a C. crescentus cell (spectrum 1), and the EPS (spectrum 2) resulting from the image stack on the area depicted in (a). Reference
spectra [58] of DNA, albumin (taken as a model for protein), and alginate (taken as a model for acidic polysaccharides) are shown for comparison. (e) Calcium
L2,3 -edge NEXAFS spectra of a C. crescentus cell shown in (b). The spectra were identical for all the areas tested. Peak positions were 347.1, 347.7, 348.2, 348.6,
349.3, 351.5, and 352.6. A reference hydroxyapatite calcium L2,3 -edge NEXAFS spectrum is shown for comparison and displays the same peaks (see arrows).

ate groups, which are incorporated into hydroxyapatite structure.
A C-containing polymeric material bridging between two cells
can be seen in Fig. 17a. The C K-edge NEXAFS spectrum from
this area shows a peak at 288.5 eV, which corresponds to carboxylic groups in polysaccharides. This extracellular polymer
thus likely corresponds to EPS, which has been shown to be
produced by this strain [71]. No carbonate peak was observed
in this area. The ability of STXM to characterize the speciation
of carbon in mineralized cells provides a unique signature for
microorganisms versus simple macromolecules like proteins or
polysaccharides and brings new insight to the fate of organic
compounds at a single-cell scale during the biomineralization
process, showing that proteins, polysaccharides, and nucleic
acids are still detected in mineralized cells. Moreover, STXM
may be a unique technique for detecting unambiguous evidence
of ancient life in rocks.
3.9. Iron oxidation at a microorganism–mineral interface
(K. Benzerara, T.H. Yoon, T. Tyliszczak, G.E. Brown, Jr.)
The role of microorganisms in the dissolution of silicates and
in the cycling of Fe has been the focus of many experimental
studies [81], some of which have shown that microorganisms
can radically modify the dissolution rates of Fe-silicates. They

are thought to do so by creating microenvironments in which
pH and other solution variables can dramatically differ from
bulk conditions [82,83]. The pathways of microbially mediated Fe-silicate dissolution reactions in nature remain, however,
largely unexplored, particularly at the nanometer scale. We have
used STXM, coupled with transmission electron microscopy, to
examine bioweathering products on an Fe–Mg-silicate (orthopyroxene) colonized by a microorganism and exposed at the Earth’s
surface for 70 years. The microorganism is in contact with
the orthopyroxene and is bordered by a cluster of nanometersized rod-shaped calcite single crystals (Fig. 18a). Using an
ultra-thin (80 nm) cross-section through the microorganism,
the calcite crystals and the pyroxene STXM was used to perform NEXAFS spectroscopy at the Fe L3 -edge [84], which
allowed us to determine the Fe oxidation state [85] in the
microorganism–calcite–pyroxene microcosm (Fig. 18b and c).
Iron spectra taken on the pyroxene (area 1) showed a major peak
at 707.8 eV, indicative of Fe2+ (Fig. 18c). Iron-rich particles in
the calcite cluster (area 2) displayed a major peak at 709.5 eV,
which indicates that iron was oxidized after its release by dissolution of the pyroxene (Fig. 18c). In the microorganism (area
3), however, the Fe L3 -edge shows a mixed iron valence (Fe2+
and Fe3+ ) (Fig. 18c). One possible explanation for heterogeneous iron valence is that this microorganism creates a special
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Fig. 18. (a) TEM image of a cross-section showing the microorganism (arrow), the calcite crystal cluster (Cc), and the pyroxene (Opx). (b) Equivalent STXM
image at 707.8 eV. (c) Iron L3 -edge NEXAFS spectra from the pyroxene (area 1), the calcite cluster (area 2), the microorganism (area 3), and reference hematite,
representing the Fe3+ endmember. Dashed lines represent the positions of Fe L3 maxima for Fe2+ and Fe3+ at 707.8 and 709.5 eV, respectively.

microenvironment with a particular pO2 , and/or modifies the
pH, resulting in slower oxidation of iron. Another possibility is
that organic molecules produced by the microorganism strongly
bind dissolved Fe2+ and thus inhibit its oxidation. Whatever
mechanisms are involved in iron redox behavior, the microorganism heavily impacts iron oxidation in a microenvironment,
resulting in a likely major modification of pyroxene reactivity compared with a purely abiotic environment. This study
provides unambiguous evidence for the existence of nanoenvironments created by a microorganism. Such nanoenvironments
have been suggested by a number of previous studies but have
not been confirmed in this way.
4. Summary
Through brief descriptions of the experimental capabilities
and several diverse examples we have demonstrated that the
ALS-MES soft X-ray beamline (11.0.2) is a powerful tool with
particular strength for the investigation of environmentally relevant materials under realistic conditions. STXM is capable of
providing molecular-level information on the speciation and
phase association of samples at low concentrations, under wet
conditions and with a spatial resolution of 25 nm. Due to the
small amounts of material that are needed in STXM experiments, it is also a valuable tool for the investigation of radioac-

tive samples. Ambient pressure PES compliments the more
bulk-sensitive techniques (XES, STXM) since it is an excellent method for the investigation of liquid/vapor and solid/vapor
interfaces at Torr pressures. Combined, the three dedicated end
stations at the ALS-MES beamline provide the opportunity to
study a wide variety of samples under different conditions, from
well-defined single crystal surfaces in ultra-high vacuum to bacteria in aqueous environments.
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