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Abstract

We present examples of the application of synchrotron-based spectroscopies and microscopies to environmentally relevant samples. The exp
iments were performed at the molecular environmental science beamline (11.0.2) at the Advanced Light Source, Lawrence Berkeley Natione
Laboratory. Examples range from the study of water monolayers on Pt(1 1 1) single crystal surfaces using X-ray emission spectroscopy and tt
examination of alkali halide solution/water vapor interfaces using ambient pressure photoemission spectroscopy, to the investigatia@spf actinid
river water biofilms, Al-containing colloids and mineral-bacteria suspensions using scanning transmission X-ray spectromicroscopy. @he results
our experiments show that spectroscopy and microscopy in the soft X-ray energy range are excellent tools for the investigation of environmentall
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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inants in the environment. Synchrotron-based spectroscopiesn be studied in thermodynamic equilibrium with their vapor.
enable the study of, e.g., aqueous solute complexes, amorpholtigs also a powerful method for studying the initial stages of
and crystalline materials, solid/liquid, and liquid/vapor inter- water adsorption on surfaces under ambient conditions, e.g.,
faces, as well as the interaction of heavy metals with biofilms andetermining the number of monolayers of water on the surface
plants[1]. With the growth of the MES community, the demand as a function of relative humidity. The combination of PES with
for dedicated beamlines and endstations for conducting MESES and NEXAFS provides information about the electronic
research has been increasing over the last decade. The MBS8d geometric structures of water layers on solid surfaces, in
beamline atthe Advanced Light Source (ALS), Lawrence Berkeparticular the chemical bonding of water molecules to the sub-
ley National Laboratory, was designed with the goal of providingstrate and the hydrogen bonding network within the water layer
access forthe MES community to different kinds of synchrotron{8].
based techniques in the soft X-ray energy range (75-2150 eV), Another area of special importance to MES is the investiga-
in particular scanning transmission X-ray microscopy (STXM),tion of radioactive materials, in particular actinides, to under-
ambient pressure photoemission spectroscopy (PES), near-edgfand the sequestration of these materials in complex natu-
X-ray absorption fine structure (NEXAFS) spectroscopy, andal environments. STXM offers the opportunity to investigate
X-ray emission spectroscopy (XES). The energy range of theadioactive samplesin an efficient and safe way, since the amount
MES beamline coincides with the K-edges of the most abundardf material that is needed in the experiments is on the order of
elements on Earth’s surface (C, N, O, Na, Mg, Al, and Si) ancbnly 10 fg.
the L-edges of all the important transition metals (Ti, V, Cr, Mn,  In the following section, we discuss the setup and proper-
Fe, Co, Ni, Cu, and Zn) as well as the L-edges of P, S, Cl, K, andies of the beamline and the dedicated endstations. In the main
Ca. For the heavier elements there are other absorption edgesrt of the manuscript, we present examples for the application
which can be accessed at the MES beamline. The three permaf synchrotron-based soft X-ray spectroscopy and microscopy
nent endstations at the beamline allow investigations of samplde the study of environmental materials and processes. The
under different environments, from UHV surface-science-examples cover a wide range of MES research, among them
type studies of well-defined surfaces, to spectromicroscopjundamental studies of well-defined adsorbate layers on single
studies of complex samples, including mixtures of inorganiccrystalline surfaces under ultra-high vacuum conditions, alkali
solids, natural organic matter, and microorganisms under wetalide solutions in the presence of water vapor, uranium oxide
conditions. particles, as well as biofilms, bacterial-mineral samples, and alu-
One of the areas of special importance for MES is theminum flocs in agueous solutions.
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 surfdea]. 2. Description of experimental facilities
Water plays a very important role in the distribution of con-
taminants and pollutants that originate from, e.g., agriculture2.1. Beamline
mining, industrial production, and radioactive waste disposal
sites. Most of the chemical reactions that are important for The design and the properties of the ALS-MES beamline
environmental processes take place at the solid—liquid interfackl.0.2 will be explained in detail in a forthcoming paper. Here,
between water or aqueous solutions and metals, minerals, soilsg describe the main design features of the beamline in brief. A
and rocks. The water solubility of contaminants and pollutantschematic overview of the main beamline components is shown
also greatly influences their mobility. An important task for thein Fig. 1L The MES beamline uses photons from an elliptically
MES beamline is therefore the investigation of environmentallypolarizing undulator with a 5 cm perigé]. With the Advanced
relevant samples under “wet conditions”, which is also essentidlight Source operating at an energy of 1.9GeV it provides
for the study of biological samples that can be kept fullyphotons in the energy range from 75 to 2150 eV. The photons
hydrated if they are mounted in an aqueous solution. STXMrom the undulator are focused vertically by a sagittal cylin-
[4] is ideally suited to investigate small particles, membranesgder mirror onto the pre-mirror of a SX700 style plane-grating
or even cells and whole bacteria immersed in agueous solutiomonochromatof9—11]. There is no entrance slit in front of the
Since photons have an attenuation length in liquid water omonochromator. The monochromator is equipped with two grat-
the order of several hundred nanometers at energies below aimjs (150 and 1200 lines/mm). The whole monochromator tank
above the oxygen K-edge, imaging samples in bulk solution iss moved when the gratings are changed. The light from the
possible, if the thickness of the sample is in the sub-micrometamonochromator is focused by either of two toroidal focus mir-
range. STXM also allows one to obtain NEXAFS spectra withrors that generate a stigmatic focus at the exit slits of either
a spatial resolution of 30 nrfb], so that the chemical state the STXM or the spectroscopy branch line. The branch line is
and the morphology of the sample can be directly correlatedselected by the position of the spectroscopy mirror either in or
In addition to STXM, XES[6] as a photon-in-photon-out out of the beam path. The exit slits are illumination sources for
technique is well suited for studies of bulk aqueous solutiorthe zone plate of the STXM, or a pair of Kirkpatrick—Baez (KB)
samples in an atom-specific way. Ambient pressure PES mirrors in the spectroscopy branch line. The KB mirrors (hori-
on the other hand, is an excellent tool for the investigation okzontal and vertical) are able to focus the spot in the experimental
the solution/vapor interface, where aqueous solution sampleshambers down to £m x 10um.
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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 tt3. Ambient pressure photoemission spectroscopy
STXM is permanently installed at its dedicated branch line, thgAPPES) endstation
two spectroscopy chambers (ambient pressure photoemission
and wet spectroscopy endstation) are mounted on platforms The ambient pressure photoemission spectrometer allows
that can be moved on air bearings. The endstations can hevestigation of samples at pressures of up to 10 Torr. The key
switched between the on-beam and off-beam positions in aboiart of the spectrometer is a differentially pumped electrostatic
30 min without breaking vacuum. External user endstations calens system that separates the sample chamber from the hemi-
be mounted on a separate platform that can then be broughpherical electron analyzer (Phoibos 150, Specs). The principle
into the on-beam position. The three dedicated endstations acé this type of spectrometer is described in R&i. Incident

described in the following section. X-rays from the beamline are admitted to the ambient pressure
cell through a silicon nitride window (thickness 100 nm, active
2.2. Scanning transmission X-ray microscope (STXM) window area 1 mnx 1 mm). The sample is placed at a distance

of ~0.5mm from an aperture with 0.3 mm diameter, which is

The STXM endstation[4] is located on the optimized the entrance to the differentially pumped lens system. Electrons
microscopy branch line in an isolated area (8ige 1). Photons  and gas molecules escape through this aperture into the differ-
are admitted to the STXM chamber through a silicon nitrideentially pumped lens system. The electrons are focused in the
window. The photon beam is focused onto the sample by a zorést differential pumping stage onto a second aperture (diam-
plate with a working distance of 0.5-9 mm, depending on photoeter 2mm), and in the second differential stage onto a third
energy. An order-selecting aperture (OSA) is placed betweeaperture, also with a 2 mm diameter, before entering a final lens
the zone plate and the sample. The sample is scanned retage and being eventually focused onto the entrance slit of the
tive to the focused X-ray beam, and the transmitted intensitjiemispherical analyzer. The pressure differential between the
is recorded as a function of sample position using a photomulambient pressure cell and the hemisphere is about eight orders
tiplier tube or a photodiode. The zone plate can focus the beawf magnitude.
down to a spot size of 25 nm, for a maximum spatial resolution of For the investigation of samples in a controlled humidity
30 nm. Several different zone plates are used depending on phatmosphere up to the condensation point of water, the sample
ton energy, required spatial resolution and minimum workingsurface has to be the coldest point in the chamber. We have
distance. The maximum energy resolutiéf\E is better than  developed a transferable sample holder cooled by a two-stage
7500, and a resolution better than 3000 is achieved at a photdreltier element, which is isolated from the chamber atmosphere
flux of 1B-1Ps! in the sub-50 nm focused beam at ener-[12]. This sample holder, combined with a stand-alone chiller
gies of about 200-1600 eV. The maximum raster scan range fer temperature control of the sample holder docking station,
20 mmx 4 mm, while the minimum step size is 2.5 nm. Imageswhich acts as a heat sink for the hot side of the Peltier element,
with up to 3000x 2000 pixels can be acquired at any spatialallows control of the sample temperature from 220 to 350K.
size regime meeting these limits. The very wide dynamic rangé&or surface-science-type experiments, a button heater combined
of the spatial scanning system, achieved with continuous intewith liquid nitrogen cooling provides a temperature range from
ferometric feedback of positioning with an accuracy of 5nm100 to 1000 K.
is a very powerful aspect of the MES STXM. The available Besides the ambient pressure cell, the ambient pressure PES
energy range is 90-2150 eV. Typical dwell times per pixel areendstation has a preparation chamber which is equipped with a
0.1-1.0ms. 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 prepa-
ration chamber is equipped with a plasma source and a sputter
gun for sample cleaning, and a LEED/Auger system for sam-
ple 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 Sourcp 3,14]is used for X-ray emission spec-
troscopy. The sample temperature can be varied from 10 to
1400 K. The WES endstation is currently used mainly for stud-
ies under ultra-high vacuum conditions, but it will be outfitted Fig. 2. Schematic picture illustrating the local probe character in XES for N

with an environmental cell for photon in-photon out studies onadsorbed on a surface. From the total charge density (gray envelope) valence

quuids or at elevated pressures in the near future electrons with p-angular momentum (contour lines) decay into the N 1s core
) hole.

3. Results and discussion
molecular adsorption comple¥ig. 3 shows the polarization

Inthe following, we present recent data from experiments thatlependent X-ray emission O, C, and N spectra of glycinate
were either performed at the MES beamline or that exemplifyadsorbed on Cu(1 1 ()6]. These data were measured at beam-
the types of research that will be done in the near future on thikne 8.0 at the Advanced Light Source in Berkeley. Upon adsorp-
beamline. We start with studies on the basic interaction of watetion of the amino acid glycine on Cu(110), the amino group
with single-crystal metal surfaces, then describe measurememntsmains intact whereas the acidic hydrogen on the carboxyl
ofions at the solution/vapor interface, and afterwards discuss thgroup is removed, leaving behind adsorbed glycinate. While
application of STXM to the investigation of actinides, minerals,the tunability of the incident photon energy is used to select a

biofilms, and mineral-bacteria suspensions. specific atom of glycinate by its core binding energy, the polar-
ization of the emitted radiation provides directional sensitivity
3.1. Chemical bonds at surfaces and interfaces probed with to the bonding. The molecule is oriented perpendicular to the Cu
X-ray emission spectroscopy (H. Ogasawara, K. Andersson, rows on the two-fold symmetric surface allowing for projection
A. Nilsson) of the 2, 2p, and 2p valence orbitals by means of orienta-

tion dependent studies. Combined with theoretical calculations,

Most of the important chemical reactions related to environ-details in the surface chemical bonding can be obtained from
mental processes take place at surfaces and interfaces. If we caurch studies. It is shown that the electronic structures of these
understand how chemical bonds are formed and transformed danctional groups are affected not only by the surface but also
surfaces during a chemical reaction, it will be possible to controby hydrogen bonding to neighboring molecules.
and modify these processes. There are, however, a large num- Recently, an X-ray emission spectroscopy study of a water
ber of atoms involved in these processes at the interface amdonolayer showed how water molecules are bound to Pt(111)
it has been an experimental challenge to obtain atom-specifi8]. Water molecules adsorb intact on Pt(11 1) and form an in-
information on surface chemical bonds. plane two-dimensional hexagonal hydrogen bond network. In

X-ray emission spectroscopy (XES) has the unique abilitythe layer, water molecules are alternately bonding to the sur-
to provide an atom-specific probe of chemical bonds [6]. It  face through either oxygen or hydrogen atoms. X-ray emission
allows us to spotlight one specific atom on the surface at a timespectra for oxygen-bonding or hydrogen-bonding water were
Fig. 2illustrates the X-ray emission process for an adsorbgd Nrecorded in a site-specific way by tuning the photon energy of
molecule on a surface. The atomic sensitivity arises because tlegcitation Fig. 4). The bonding mechanism shown in the insert
core hole created in the nitrogen K-edge absorption process is proposed based on the analysis of spectral features in XES
filled only by valence electrons in the proximity of the excited combined with the electronic structure calculati@8is
atom. The valence electronic structure is projected on a specific Under some circumstances, adsorbed water decomposes,
atom. XES is therefore an experimental analog of the lineasplitting one of the internal @4 bonds to produce adsorbed
combination of atomic orbitals (LCAO) approach for molecularhydroxyl and hydrogen as depicted assuming the potential
orbital theory. Furthermore, the chemical shift in the N 1s coreenergy diagram shown ifig. 5. There is an activation bar-
level allows a selective probing of the two inequivalent nitrogenrier that kinetically hinders the decomposition of water. This
atoms[15]. kinetic barrier can be overcome if sufficient thermal energy, e.g.,

We can now study how molecular orbitals of a specific sym-temperature, pressure, is added to the system. On Ru(001), a
metry are distributed over different atomic sites in a complicatedlissociated layer is thermodynamically favorable, however it is
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Fig. 3. Molecular adsorption structure of glycinate adsorbed on Cu(110) with XES spectra measured in three directions on all four C, N, and Otetsmic cen
(taken from Hasselstrom et §1.6]).

not observed at 150 KHg. 5 [17]. To overcome the kinetic question is the concentration of ions at the solution/vapor inter-
barrier for dissociation it is necessary to introduce water at temface, since this has a strong influence on reaction rates between
peratures above the desorption temperature of the intact layer ghs phase molecules and the ions in the solution. The conven-
160 K. This result demonstrates the importance of studying théonal view, until recently, was that the vapor/solution interface is
solid—water interface under various thermodynamic conditionsgevoid of ions due to image charge repuldib8]. The observed
since there are wide ranges of thermal and pressure conditiomsaction rates between alkali-halide salt solutions and gaseous
encountered in nature, producing various phases of water laye€> and Bp however indicate that Cland Br~ ions exist at the

with different physical and chemical properties. interface of the solutiof19,20]. Non-linear optical spectroscopy
experiments have also inferred the existence of anions close to
the interface of salt solution21-23] In addition, molecular
dynamics simulations for 1.2 M sodium halide solutions have
predicted that large, polarizable anions, such as&8rd I, seg-
regate to the surface, while the sodium ions remain in the bulk of

The interfaces of aqueous solutions are playing an importarthe solution, essentially forming an electric double layer at the
role in atmospheric and environmental chemistry. An importangolution—vapor interfacf24,25] Previously X-ray photoemis-

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)
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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 interfac6-28}

We have used ambient pressure PES to directly measure the

ion concentration at the vapor/solution interface of potassium § 4000f- RH=5%
halide solutions. KBr and Kl single crystals were cleaved inside £ s at deliquescence
the vacuum chamber, or directly before introduction to the vac- 2
uum chamber. The crystals were then exposed to water vapor at SZ 2000 x5
a pressure of 1.5 Torr. The relative humidity (RH) at the sam- 4000
ple surface was controlled by changing the sample temperature. €
When a salt sample is exposed to water vapor, at a certain humid- & 0 [t - A f
ity it reaches its deliquescence point where the solid salt, water B R AR EENRIELEE N
vapor, and a layer of saturated solution on the salt surface are in 30 b Relative binding energy (V)
equilibrium. For KBr and Kl the deliquescence point is reached :
for a RH of 81 and 75%, respectively. Care has to be taken in 05 |- é
the experiments to minimize the exposure of the sample sur- P
face to the intense incident photon beam, since this can lead to 45 |- i 3
the depletion of mainly the halide ions at the sample surface. o g
Each spectrum was therefore taken at a new sample locationto & } @
minimize radiation damage. = R | 8
From the results of the molecular dynamics simulations it @ | =
is expected that for a KBr or Kl solution the anion/cation stoi- 0FE @ ® ¢ $ O
chiometry deviates from the bulk value of 1 in favor of the anion ¢ ¢ § § §§ QI
at the solution/vapor interface. The results of our photoemission 0.5 [ !
experiments for the case of a KBr crystal are showkign 6 [29] |
All spectra were measured at the same kinetic energy (160 eV), 0.0 H | | | |i
which assures that the effects of scattering of electrons by gas 0 20 40 60 80
molecules are the same for both K 3p and Br 3d photoelec- Relative humidity (%)

trons, and that contributions from the lens transmission function

cancel out. The spectra were normalized by the incident pthig. 6. Bromine-to-potassium ratio as a function of relative humidity for a
KBr(100) surface. The Br 3d and K 3p photoemission spectra for RH 5% and

ton flux which was measured using a calibrated phOto dIOdeat the deliquescence point are also shown. All spectra were taken for a kinetic

and by the photoemission cross-sect[80]. The Br/K ratio  gnergy of 160 eV and are normalized for incident photon flux and photoemission
remains constant around an average value oftM8. during  cross-section, so that the peak areas of the Br 3d and K 3p spectra can be com-
the increase of the relative humidity to just below the deliquespared directly. At 5% RH the Br/K ratio shows the expected value of=00L
cence point. However, at the deliquescence point, when avisibl%“_’ does not change signifjcantly, until the de.liquescence point is reached. At
droplet of KBr solution is formed at the KBr surface, the Br/K ?_E"q.”escgnce the Br/K ratio shows a strong increase to a value af(®

A L. e intensity of the spectra at deliquescence is multiplied by a factor of 5. The
ratio increases to 2:5 0.2. A similar change was also observed genyation of the Br 3d and K 3p signal is due to the adsorption of water at the

in the case of Kl (data not shown), where the K/I ratio increasedurface.



92 H. Bluhm et al. / Journal of Electron Spectroscopy and Related Phenomena 150 (2006) 86—104

0.85[

o
©
=)

0.75[

Absorption

070

0.65 . . - -
72 730 740 750 760 770

Photon energy (eV)

Fig. 7. Normal absorption contrast image obtained at approximately 700 eV ppdiicles (left panel) and the NEXAFS spectrum collected at theds 4dge
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from 1 below the deliquescence point to 3.4 at the deliques- Soft X-ray STXM is potentially well suited for the investiga-
cence point. Measurements of the absolute atomic concentratidion of actinide or other radioactive materials since the amount
in the interface region from the Br 3d (and | 4d, respectively),of material required is conservatively estimated to be on the
K 3p and O 1s spectra showed that the concentration of botbrder of 10fg for a particle. This simplifies safety considera-
bromine and iodine ions at the interface is enhanced by at leatbns since the corresponding total activity would be well below
a factor of 2.5 compared to the expected value in the absen@epicocurie (pCi) if a single particle could be successfully iso-
of ion segregation at-10°C (Br/K/O(H20) =5.5:5.5:89, and lated and mounted in the STXM sample holder for even the most
I/K/IO(H20) =10:10:8031]). These findings prove that anions radioactive of the common actinide nuclides. The radioactive
are present at the solution/vapor interface and therefore are liketpaterial can be safely and permanently enclosed between two
participants in chemical reactions between gas molecules ar®h nm thick silicon nitride windows to form a sample package
solutionions. We should note that in carrying out experiments osuitable for STXM experiments. In practice, multiple particles
solution interfaces, it is impossible to completely avoid contam-are dispersed within the silicon nitride sample package. The
ination of the interface with impurities. In our experiments, theoverall safety envelope of the radioactive STXM experiments
liquid/vapor interface contains small amounts (sub-monolayeris further enhanced since the ALS-MES STXM end station is
of carbonaceous material. The anion/cation ratios that we measolated from the ALS storage ring vacuum by a silicon nitride
sure are insensitive to these amounts of carbon at the interfacerindow, which permits the operation of the STXM under an
Our present study was limited to saturated solutions; it willambient helium atmosphere, thereby avoiding problems that
be important to investigate the absolute concentration of ionmight arise from the exposure of the sample package to a vac-
at the solution/vapor interface at lower bulk concentrations. lruum. A prerequisite for STXM samples is that they have an
addition, we will study the influence of carbonaceous materialsaccessible thickness of a few hundred nanometers depending on
which will always be present under realistic conditions at thethe elemental cross-section, energy of the absorption edge, and

interface, on the properties of solution/vapor interfaces. local elemental concentration.

The actinide elements have several electron core levels that
3.3. Scanning transmission X-ray microscopy of uranium reside in the soft X-ray energy regime. The most well known
oxide particles (T. Tyliszczak, D.K. Shuh) of these actinide element thresholds are thg.5b that lie in

the range of 90-150eV for the lighter actinides and have giant

The emergence of microspectroscopic and fluorescenceross-sectiong36]. These are similar to the giant resonances
based technigues has permitted investigations of actinide matet the lanthanide element 44 3,2 edges that are also found in
rials at sources of soft X-ray synchrotron radiati@?2-34]  approximately the same energy range but extend to higher ener-
Spectroscopic techniques with fluorescence-based detection aes as the lanthanide period is traversed. However, the strong
particularly useful and have immediate utility for actinide inves-absorption in the silicon nitride windows at about 100eV (Si
tigations since they are sensitive to small amounts of material,-edge) limits the usefulness of the STXM around this energy.
can be bulk or surface sensitive, thereby avoiding complicationghe routine energy range for samples enclosed in silicon nitride
of clean surface preparation and the associated safety consigindows is therefore 130-2150 eV. For uranium, this includes
erations. However, the use of spectromicroscopy to investigatine entire Ny edge series (4s, 4p 32 402 5/2 415/2,7/2).
prototypical uranium oxide particulates in the ALS-MES beam-  Uranium oxide of nominal compositigiitUO; (Alfa Aesar,
line STXM has been a recent development. The performancdohnson Matthey) was ground into a powder. The resulting
characteristics of the ALS-MES STXM permit spatial imaging particles were dispersed onto a 50 nm silicon nitride window
with a resolution of approximately 30 nm and NEXAFS spec-in the Heavy Element Research Laboratory of LBNL. A sec-
troscopy with a tunable energy resolution of better than 750@nd 50 nm window was epoxied and sealed to the first and
[4,35]. the sample package transported to the ALS in accordance with
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Fig. 8. Higher magnification normal absorption contrastimage obtained at approximately 700 eV oftharti@es shown ifrig. 1 (left panel) and the NEXAFS
spectrum collected at the U gg edge from a 35 nm edge region of one of the particles (right panel).

ALS/LBNL radioactive materials handling protocols. Radioac-NEXAFS [38]. During these investigations, there was no evi-
tive sample package holders were handled, loaded, unloadedence for sample radiation damage.The oxides of the actinide
and the ALS-MES STXM certified as non-radioactive follow- elements are currently of great scientific interest and are of crit-
ing the completion of the experiments under the supervision of &cal technological importance; thus, the ability to successfully
LBNL radiological control technician. Allimages and NEXAFS probe the oxygen K-edge as a function of spatial position would
spectra were recorded with the ALS-MES beamline ellipticalprovide a new and unique method to study these mat¢&8]s
polarization undulator in the horizontal mode. The oxygen K-edge NEXAFS spectrum collected by STXM
The left panel ofig. 7shows a wide field image obtained of spectromicroscopy technigues from the 4 ample are shown
the first radioactive U@ particles examined at the ALS-MES in Fig. 9. The NEXAFS spectrum obtained is similar to those
STXM. Higher spatial resolution images were collected andbtained from regular NEXAFS methods of well-characterized
used to select appropriate regions for NEXAFS measurementslO, [40]. There were variations in the oxygen K-edge spec-
Examination of each respective U, electron energy level trum as a function of position on the YQarticle. As NEXAFS
showed that the useable absorption edges for the STXM wergpectra were frequently measured at or near the particle surface
the U 4d2 32 thresholds. The right panel &fig. 7 presents a to obtain a proper thickness for the oxygen absorption mea-
U 4ds;2» NEXAFS spectrum obtained from a single scan in thesurements, there may have been thickness effects that made
line scan mode from an edge region of thedffarticle thatwas normalization difficult or slight stoichiometry differences that
subsequently normalized to a region of the sample that had nmoth could have induced some amplitude changes in the spectra.
uranium response. A higher magnification image of a differenOxygen K-edge spectra have also recently been obtained from
UQO; particle is displayed in the left panellbig. 8along withthe  the common uranium oxides,3Qg and UQ;, and clear differ-
corresponding U 4gb NEXAFS spectrum that was collected in ences between the spectra, similar to those observed in bulk
the same manner as its spin-orbit partnefig. 7. The resolu- NEXAFS spectra, are observgtil].
tion for the spectra collected in this investigation was estimated The initial actinide measurements employing the ALS-MES

at~5000 based on the slit widths employed. STXM demonstrate the usefulness and promise of soft X-ray
One noticeable feature common to both NEXAFS spectra at
the U 4d edges is the large overall width of the absorption feature 06

(~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 spec- 0.4 |
troscopy so that chemical state mapping can be performed, not
just elemental mapping. Preliminary investigations of the other
common uranium oxides, 40g and UQ, at the U 4d), edge
have yielded small but reproducible charge state shifts from UO 0.2 |
(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 e SRS S F PRSP
materials at the tens of nanometers level. Additional, recent 525 530 %35 %40 45 550 S
STXM investigations of non-oxide based uranium systems have Photon energy (eV)

also shownthatthe U cha_rge stat_e Sh_ifts provide ausefulandrelg 9. oxygen K-edge transmission NEXAFS spectrum collected from the UO
able method for ascertaining oxidation states by gAeddge particle.

Absorption
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STXM spectromicroscopy for the investigation of actinide-range of Fe(ll)/Fe(lll) ratios and interlayer spacings have been
related science. The operational characteristics of STXM permidentified mainly depending on anions used during synthesis or
the safe handling of the radioactive materials from an experianions being present in soil or sediment pore waé8}. To
mental perspective on the floor of the ALS and simplify sampledate rather incomplete information is available on the electronic
preparation as well. It is envisioned that the solid state studstructure of such compounds.

ies may be extended to actinide sample packages containing We have determined the sub-micron distribution of charge
wet pastes or perhaps even liquids. From these initial results #itates of iron in single platelets of sulfate green rustusing STXM.
appears that reliable chemical information can be obtained frorMapping of the Fe(ll)/Fe(lll) ratio of a single hexagonal platelet
STXM NEXAFS measurements atthe actinidg4édge, albeit of SOs-green rust revealed considerable heterogeneity and devi-
the energy shifts between oxidation states is small for uraniumation from the expected ratio of Fe(ll):Fe(lll) of 2 in this type
The actinide N-series edges, other than the 4d’s, do not haw green rust, especially near the particle edges, where Fe(lll)
sufficient photoabsorption cross-sections to be utilized in condominates (seEig. 10. Contrary to magnetite (5®4), NEX-
junction with STXM based on the response of the correspondind\FS extracted from different areas of the sample could be fitted
uranium edges. Of particular importance is the capability of théy a linear combination of single valent model spectra.
ALS-MES STXM to probe the K-edges of the lighter elements  This gives first evidence for a unique electronic structure
such as C, N, and O that have deterministic influences on thef green rust, where formal charge states of the iron cations
chemistry of actinides. Similarly, the energy resolution and senare not smeared out by electron delocalization like in large
sitivity to the transition metal L-edges, present an opportunitysingle crystal magnetite. It might also shed some light on pre-
to understand further the actinide—transition metal/transitioderred reaction sites on green rusts and indicates that reaction
metal oxide interactions. Combined with the nanometer spatiahechanisms derived from bulk stoichiometry might be too
resolution characteristics, the spectroscopic versatility of ALSsimplistic.

MES STXM offers a unique tool to investigate the chemistry

of actinide species in colloids, particulates, biological materi-3.5. Structure and chemistry of Al-rich precipitates from

als, microorganisms, the heaviest actinides, actinide chemicatid environments (J. Majzlan, S.C.B. Myneni)

reactions at specific surfaces including oxides at the nanoscopic

level, and in an array of additional actinide systems from which  Acidification of natural systems caused by anthropogenic
one may develop a further understanding of 5f element chemgctivities is a serious environmental problem. The anthropogenic

istry. sources of acidity are two-fold: acidic rain caused by the con-
densation of air-borne SCand NQ pollution, and acid mine

3.4. Charge state distribution of iron in synthetic green drainage caused by the weathering of sulfidic minerals (mostly

rusts (K. Pecher, H.-Ch. Hansen, E. Kneedler, B. Tonner) pyrite, Fe$). These acidic solutions interact with minerals,

organic compounds, and biota, and significantly impact vari-

Green Rust is the name for a class of mixed valent iron comeus biogeochemical processes in the environment. One of the
pounds that recently became known for being strong reducingomponents commonly found in acidic waters is aluminum, a
agents for organic as well as inorganic pollutants in anoxigrincipal constituent of many rock-forming minerals, such as
environmental compartments. Their crystallographic structuréeldspars, micas, and clays. Although Al is highly toxic to biota
is defined by brucite-like sheets of Fe(ll) and Fe(lll) octahe-in certain forms, such as aqueous [A}Bl)s]3*, its speciation in
drons being intercalated by charge compensating anions aratidic environments and the influencing environmental variables
water molecule§4?2]. Different forms of green rust with a wide are not well understood.
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Fig. 10. Spatial distribution of Fe(ll)/Fe(lll) ratio in a single particle of S@een rust. The- andy-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 antérns of several samples, although a major fraction of each
solid phase speciation of aluminum in the presence of differentf these samples is still amorphous or poorly crystalline. The
co- and counter-ions, which are common in acidic natural envienly exception is the sample prepared from a solution consist-
ronments. Although previous studies (e.g., R¢44,45) ana-  ing of Alx(SOy)3 and KOH, which re-crystallized mostly to
lyzed the Al precipitates (gels) using X-ray diffraction (XRD), alunite (KAl3(SO4)2(OH)g) upon ageing. The ATR-FTIR spec-
these studies were limited to the bulk speciation of dry samtra of gels prepared from A(SQ4)3 shows a distinct band at
ples. While nuclear magnetic resonance (NMR) spectroscopy 1100 cnt?, which is caused by the asymmetric stretching of
is a versatile technique for studying the coordination environsulfate. These spectra are similar to that of acidic Al+S@lu-
ment of Al-precipitate$46], it is difficult to examine variations tions.
in the coordination of Al using this technique. We are employ- The X-ray microscopy studies allowed the direct investiga-
ing NEXAFS at the Al K-edge, and X-ray spectromicroscopy totion of the state of coagulation or dispersion of wet synthetic gels.
understand the speciation of Al in solid phases, and the morpholFhe gels are composed of particles with poorly defined shape
ogy and chemical heterogeneity of the precipitates. We are alsand dimensions. The only exception is the sample prepared from
complementing these studies with attenuated total reflectanad 2(SOy)3—KOH solutions, which primarily consists of round
Fourier-transform infrared (ATR-FTIR) spectroscopy, XRD and5 pm plate-like particles (se€ig. 11). As mentioned before, this
NMR. The X-ray spectromicroscopy and Al NEXAFS spec- sample consisted mostly of alunite. The AI-NEXAFS spectra of
troscopy studies were conducted at the ALS-MES beamline. Thall amorphous (based on the XRD results) gels are similar, and
XRD patterns were collected on a Scintag PAD V diffractome-exhibit two maxima. Their energy and relative intensity slightly
ter with Cu Ka radiation. The ATR-FTIR spectra were collected varies from sample to sample. Nevertheless, the similarity of
with a Bruker IFS 66 V/s FTIR spectrometer. In all cases, thehese spectra indicates that the different anions used in the study
gels were analyzed without drying, in contrast to all previous(Cl—, NOs~, S;42-), and the different hydroxides used in titra-
studies. tion (NaOH, KOH) have little influence on the local environment

Aluminum gels were synthesized by titrating solutions of of Al. Within the uncertainty of the measurement, all aluminum
AICl 3, AI(NO3)3, or Al(SOy)3 (all 0.5M Al) by 2M KOH or s octahedrally coordinated. The measured spectra resemble the
NaOH solutions to a pH value between 3.5 and 5.5. The gelboehmite spectra measured by lldefonse #dll and Yoon et
were aged for 2 weeks in the solution from which they wereal. [35].
precipitated. During the ageing, pH values dropped slightly. The The AI-NEXAFS spectra of the natural Al-flocs differ sig-
gels were either separated from their solution by centrifugatiomificantly from the spectra of the synthetic gels. The white
(for XRD and FTIR), or used with their solution (NEXAFS). line is broad; and the doublet seen in the spectra of synthetic
Natural Al-oxyhydroxide and -sulfate samples were also col-gels is poorly resolved for the natural samples (Bag 11).
lected at a discharge of an abandoned anthracite mine (aroufithese spectral differences between the synthetic and natural
Tamaqua, PA) and analyzed using NEXAFS spectroscopy. Theamples suggest that the synthetic gels are only approximate
acidic discharge at this site is treated by limestone gravel, whicmodels for the samples that exist in field settings. The influ-
precipitates abundant iron and aluminum-rich flocs. These flocance of other factors, such as cations and anions, time, seasonal
cover the limestone gravel as well as aquatic flora. The samplegetting and drying, should be considered when comparing the
investigated in this study came from the crusts on limestonstructure of natural and synthetic gels. Studies are in progress
gravel and the particles attached on the algae. to evaluate these factors, and X-ray spectromicroscopy facili-

The fresh synthetic Al-precipitates are X-ray amorphousties offer unique ways to probe the chemistry of natural wet
However, with ageing, diffraction peaks appeared in XRD pat-Al-gels.

59
49
39
29

J@

0.9 privetiased

Absorption intensity (arbitrary units)

0.1 (@
1550 1560 1570 1580 1590 1600
Photon energy (eV)

Fig. 11. Left panel: STXM image of Al-precipitates formed in the presence’ofid SQ2~. Right panel: AI-NEXAFS spectra of natural (a) and synthetic (b)
Al-precipitates. The AI-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 concen-
trations 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 opti-
mized biofilms as an approach to sequestration and remediation
of contaminated sites. Optimization of the culture and nutri-
ents 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 rep-
resent a major structural component of biofilms and are known
to be responsible for sorption processes used to provide nutri- :
ents to the I|V|ng.ent|t|es and to help CoerI exppsure to tOXIcFig. 12. Bioreactor (at NWRI, Saskatoon) used to grow biofilms under con-
metal and organic substandd8-50] Particularly in complex  trolled conditions on silicon nitride membranes embedded in polycarbonate
environmental systems, the EPS are difficult if not impossiblerowth plate.
to chemically map without the use of analytical microscopies.

X-ray microscopy using wet cell techniques is particularly pow-cific bio-species. Identical regions of the biofilms are studied by
erful since it allows measurements to be performed on fullyCLSM and STXM[58,59] STXM is used to acquire images
hydrated biofilms, which are very close to the conditions ofat photon energies that highlight specific species; to acquire
undisturbed growth. The intrinsic X-ray absorption propertiespoint spectra or linescan spectra at locations of interest; and,
of the species — both bio-macromolecules and metal compounds the most powerful implementation, image sequer[6€3,

— are used as the analytical signal. Full field transmission X-rayhich, after appropriate analysis, provide quantitative maps of
microscopy (TXM) has been used for a number of studies of biothe biotic and abiotic components of biofilms. We have mapped
logical and environmental systems, such as work on early stag@otein, nucleic acids, lipids, and polysaccharides in riverine
Pseudomonas putida biofilms [51]. However, existing TXM  biofilm systemd58], Ca and K in the same systerjl], and
instruments have relatively limited spectroscopic capabilities. I'we have studied the distribution of metal species in cultivated
contrast STXM, particularly on high-resolution beamlines like biofilms which were exposed intentionally to low concentrations
the ALS-MES beamline, provides the full analytical power of of nickel chloride[62].

X-ray absorption spectroscopy. STXM has been used by Tonner Fig. 13illustrates our approach, as well as the complexity and
and co-workers for studies on bio-generated Mn nodules andiversity of these sampleBig. 13 is a low resolution STXM

Fe mineralg52,53] Chan et al. have used X-ray photoemissionimage of the full (100@um x 800m) window area of the wet
electron microscopy to investigate iron biomineraliza{is4). cell. Fig. 13 is an image of a 4am x 40um region recorded

We are using STXM on both the ALS 5.3.2 bending magnefat 705 eV, just below the onset of the Fe 2p absorptamn. 13
beamling55,56]and on the undulator 11.0.2 MES beamline tois an image recorded at 708.7 eV (un-calibrated energy), at the
guantitate and speciate metals in natural and metal challengedaximum of the Fe 2g, signal.Fig. 13 is the difference of
riverine biofilms. The biofilm samples are grown on silicon these two absorption images, which provides a qualitative map
nitride membrane windowfs7] embedded on polycarbonate of the iron distribution. The latter can be readily converted to a
support plates in bioreactors at the National Water Reasearajuantitative map as outlined elsewhg8@]. Although specia-
Institute Laboratory in Saskatoon (sB@. 12). After appro- tioninformationis at bestincomplete, image differences provide
priate maturation and exposure to specific metal species, thesgapid way to locate regions with interesting distributions of spe-
membranes are removed from the bioreactor, capped with @ific species. It works best with elements having strorg d
second silicon nitride membrane window, sealed with siliconeesonances (Ca 2p, K 2p, metal 2p edges). Measurements on/off
or epoxy to form a wet cell, transported cooled to the ALS,the strong C 1s> = (amide) signal at 288.2 eV is very useful
and recorded with as minimum a delay as possible (1-3 day$p map the biotic entitief61]. Once one has identified an inter-
with the bioactivity suspended by reduced temperature). In mossting area, such as that indicated from the Fe mapping shown
cases, the samples are exposed to fluorescent stains and confandfig. 13 one can zoom in and record image sequences at high
laser scanning microscopy (CLSM) is performed to identify spespatial 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 densiof image
the indicated (4@.m x 40m) region at 705eV (MES STXM). (c) Same area at 708.7 eV. (d) Difference of (o), indicating optical density associated with
absorption by iron species. They grayscale is optical density (b and c), or difference in optical density (d).

Fig. 14presents component maps and color coded composrganic material, suggests that the microbes were using the Fe
ites derived from Ca 2p, K 2p, Mn 2p, Fe 2p, and Ni 2p MESspecies as an energy source via electron transfer mechanisms.
STXM measurementgig. 14a is an OD image at 279 eV (non- The Ni originated from NiCl added to the biofilm whereas the
organic) of a wet river water biofilm. Several diatom skeletonsMn was probably present in the original environment. The close
dominate the landscap€ig. 14 is a composite map where association of the Ni with the Mn suggests a primarily chem-
the grayscale images the bio-organic components as visudkal mechanism for its sequestration. Since the natural biofilm
ized by the difference of PD images at 288.2 eV (protein) andenvironments are so varied, it is important to examine a num-
279 eV (non-organic)lfss. 2 — I279), combined with maps of Ca ber of other metal-rich areas of similar bio-films to build a
(Iss2 — I350) (green) and Klboge — I295) (blue). The K and C&*  sense of the common motifs of biologically mediated deposits
signals are highly localized in the regions of specific bacteof this type. These results demonstrate the potential of STXM
ria. Fig. 14c is an image of the Mn signal map in the region to provided detailed information relating to bio-mineralization
just below the vertical diatom skeleton indicatedFig. 14, and the accommodation of biofilms to potentially toxic metal
obtained by fits of a Mn 2p image sequence to the Mn signal irspecies.

Fig. 14. Fig. 14 is a composite map of the Fe(ll) and Fe(lll)

signals.Fig. 14e is composite map of two apparently differ- 3.7. In situ characterization of aluminum-containing

ent Ni 2p signals, which have rather similar spectra and thugiineral-microorganism aqueous suspensions (T.H. Yoon,

may differ only in ligand environment and not oxidation state.X. Benzerara, T. Tyliszczak, G.E. Brown, Jr.)

In the case of the metal 2p signals, the reference spectra were

obtained by extracting the spectra of metal-rich regions from Knowledge of the identity and stability of natural colloids
the image sequence itself. The extracted spectra for the Mn, kender hydrous conditions is essential for understanding their
and Ni 2p are plotted ifrig. 14. A detailed interpretation of ability to transport pollutants in natural watg68—65] Due to
these results requires comparison of the characteristic spectiteir ubiquitous presence in the Earth’s crust, aluminosilicate
to those of likely mineral specig62]. Quantitative mapping minerals such as clays are major components of natural inor-
and spectral comparisorj§8,62] indicate that, in the region ganic colloids in many natural setting86]. However, to our
studied in detail irFig. 14 both Fe(ll) and Fe(lll) species are knowledge, there have been no spectroscopic or microscopic
present with partly overlapping but mostly adjacent spatial discharacterization studies of Al-containing colloidal systems in
tributions, and that the Fe(ll) species is likely associated withthe presence of bulk water, mainly due to the lack of appropriate
polysaccharides. The presence of large amounts of both Fe(lihethods for probing sub-micron-sized Al-containing particles
and Fe(lll) (and possibly mixed valence) species, complexed tih 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 magnid bio-org
(I288.2— 1279) (grayscale), CH (I352 — I350) (green), and K ((Iags — I295) (blue). () Mn map in indicated region. (d) composite map of Fe (l11) (red), Fe (lI) (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 fpcgepersint

maps contributing to parts (c—e).

We have used the MES STXM end station to investigate synfy-Al,03, corundum, boehmiteytAIOOH), and hydrotalcite
thetic Al-containing mineral colloid systems, including those (MggAl 2(CO3)(OH)16-4H20)] at pH 6.0 are shown ifrig. 15
with bacteria and water present, as atest of its capabilities. Aquevhich also compares STXMimages collected at several different
ous suspensions of Al-containing mineral mixtured @/l for  energies (A-D) and NEXAFS spectra extracted from different
each mineral) were prepared in 0.01 M NaCl, with the pH ofpositions (a—e) of these image stacks.
the solution being adjusted to 6.0 by adding 0.1 M NaOH and As can be seen fronkig. 138-D, STXM images col-
HCI. Approximately ul of each suspension was sandwichedlected at different energies can be used to distinguish dif-
between two 100 nm thick silicon nitride membraf€g, which  ferent Al-containing mineral phases, especially those with
were then sealed with epoxy resin to maintain a fully hydratedlifferent Al first coordination numbers. The image col-
environment during STXM analysis. The STXM sample cham-ected atE=1565.4eV (corresponding to the first peak of
ber is He-filled to minimize attenuation of the soft X-rays. Al y-Al,03 NEXAFS spectrum[Fig. 15B) shows only several
K-edge STXM images and NEXAFS spectra have been meay-Al,03 particles (2—3wum in diameter). As the incident X-
sured for synthetic mineral colloid mixtures under hydrousray energy is increased to the positions of the corundum
conditions and analyzed using previously collected Al K-edgeand boehmite Al K-edges (1567.5 and 1571.8eV, as shown
NEXAFS spectra of selected reference minefa67,68] In in Fig. 15C and D, respectively), a large number of small
addition, bacteria—mineral suspensions in agueous solution haparticles (100—200 nm in diameter) become apparent in the
beenimaged just above the carbon K-edge £88.8eV)and Al mapped area. These small particles most likely consist of
K-edge E£=1571.6eV) in a study of bacteria—mineral colloid corundum, boehmite, and/or hydrotalcite. However, without
interactions. NEXAFS spectral processing and comparison (or deconvo-

STXM images collected for a mixed aqueous suspeniution) with reference spectra, it is difficult to distinguish
sion consisting of four finely ground Al-containing minerals 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 measuretl=al$8y.8 eV, (B)E =1565.4eV
(energy corresponds to the first peak of f1él,03 NEXAFS spectrum), (CE=1567.5eV (energy corresponds to the first peak of the corundum NEXAFS
spectrum), and (D¥=1571.8 eV (energy corresponds to the third peak of the boehmite NEXAFS spectrum). Each NEXAFS spectrum was collected from are

indicated by (a—e).

Fig. 16. STXM images of &aulobacter crescentus-mineral mixture (corundum and montmorillonite) in an aqueous suspension measured in the vicinity of the
carbon K-edgeff =288.8 eV (a and c)] and the aluminum K-ed@s[1571.6 eV (b and d)].
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coordination number from the images collected at differentC. crescentus [70,71], we suggest that these adhesive holdfast
energies alone. organelles as well as EPS produced®ycrescentus bind the
Further processing of image stacks and resulting NEXAF®acteria to the clay and corundum particles. The formation of
spectra was performed to distinguish the particles shown ilEPS-mediated flocs is likely to have a significant impact on the
Fig. 15C and D Fig. 15A is a STXM image of the same mineral physical stability of colloidal particlelg2].
colloid mixture taken at an incident X-ray energy of 1567.8 eV.
Also shown inFig. 15 are Al K-edge NEXAFS spectra cor- 3.8. STXM study of calcium phosphate biomineralization
responding to regions ‘a—e’. NEXAFS spectra from region aby Caulobacter crescentus (K. Benzerara, T.H. Yoon, T.
showed the same spectral features as those of-tieOg3 ref- Tyliszczak, G.E. Brown, Jr.)
erence material (see RdB5]), while the NEXAFS spectra
from regions b and c are very similar to those of the corundum Calcification, i.e., the precipitation of Ca-containing min-
and boehmite reference materials, respectiy@]. Although erals, is a ubiquitous process at the Earth’s surface impacting
we added the same concentrations of each reference mineglbbal geochemistry73] and is an important issue for human
phase (1 g/l) to this colloidal suspension, hydrotalcite was rarelyealth as well, either as an essential process (e.g., bone forma-
observed in this sample, except in the small area around ‘d’, ason [74]) or as the cause of several diseaf&s]. Microbes
indicated by the peak maximum at 1571.4 eV. This is probablyare often associated with Ca-containing minerals in the environ-
due to the relatively low aluminum content@wt%) in this  ment, but it is usually difficult to decipher if these organisms
mineral phase and its very fine grain size and/or its dispersedre directly involved in the precipitation process, if they simply
nature under the aqueous conditions utilized in our study. Wenodify the chemistry of the medium (e.g., pH), or if specific
also observed unusual NEXAFS features in region e, which isnolecules assist the precipitation and nucleation of minerals.
a composite spectrum afAl,03 andy-Al,03, resulting from  Moreover, the relative importance in nature of proteins, polysac-
clusters of smallx-Al,O3 particles 150 nm) associated with charides, or lipids as potential frameworks for the precipitation
a largery-Al 03 particle in the sample volume probed by the of calcium-containing minerals is yet to be determifiég].
X-ray beam. STXM proves to be well suited to study biocalcified samples,
Fig. 16 shows STXM images obtained in situ from a pre- which gather diverse organic molecules and poorly crystallized
pared aqueous suspension of mineral particles [corundum am&nometer-sized minerals. Such samples are difficult to study
montmorillonite (Na, Cay)3(Al, Mg) 2SizO10(OH)-nH20)]and by other techniques like transmission electron microscopy, for
the bacteriumCaulobacter crescentus, which is intended to example. In a recent study7], we showed that the Capls-
mimic the complexity of natural biocolloidszig. 16a and ¢ edges for hydroxyapatite [GdPO4)30H)], calcite (CaCQ),
are STXM images taken near the carbon K-edge (288.8 eV)aterite (.-CaCQ), and aragonite (CaC{p are unique and
whereasFig. 18 and d are STXM images of the same areascan be used as probes to detect these different mineral phases
taken near the aluminum K-edge (1571.6eV). The C K-edgé€data not shown), which are the most common in biomineraliz-
STXM images show rod-shaped bacter2@m long and ing systems. We then used high spatial and energy resolution
0.5pm wide) as well as sub-micron-sized dark spots within theNEXAFS spectra at the C K-edge and the Cazledge on
bacteria, which are consistent with polyhydroxybutyrate (PHB)Caulobacter crescentus cells biomineralized under laboratory
granules observed i@. crescentus by TEM [69]. These gran- conditions.Fig. 17a showsC. crescentus cells incubated for 3
ules are used by the bacterium as carbon and energy reservageks in a growth medium supplemented with calciGhtres-
In Al K-edge imagesKig. 1& and d), these bacterial compo- centus cells are kidney bean-shaped of dimensiopsr2long
nents (i.e., cells and dark spots within cells) are not visibleand 0.7um wide Fig. 17a). The Ca map shows that Ca is dis-
while many dark patches observed outside the bacterial cells itnibuted throughout the cell§ig. 1 7). The Ca concentration is
Fig. 16a and c are still visible iffig. 16 and d, suggesting that estimated to be 10**gum=2 in the cells depicted iffig. 17c
these dark patches are rich in aluminum. STXM images atthe Adnd is up to 1013gum=2 in more mineralized cells. The Ca
K-edge (sedig. 1 and d) allow the carbonaceous particles toL, 3-edge NEXAFS spectra measured on different cells were
be distinguished from the Al-containing colloidal components.identical and characteristic of hydroxyapatitédd. 17e). This
Furthermore, Al K-edge NEXAFS analyses of the dark and graystudy, like several previous ong8], unambiguously shows that
areas shown irFig. 1@ confirm that the small (<500nm in calcium phosphate precipitation occurs on or inside the cells.
diameter) dark clusters irig. 16 and d are corundum particle The C K-edge spectra were measured on the same cells and
clusters, whereas the larger and more diffuse objeec2qumin  display at least five peakBi@. 17). Using the reference spectra
diameter) are montmorillonite particles. Itis further observed inof Lawrence et al[58], these peaks can be assigned to different
the STXM images that the bacterial cells and mineral particle€-containing functional groups. The peak at 285.2 eV is related
are closely associated, forming relatively large bacteria—minerab aromatic groups in proteinig9]. The peaks at 286.8 and
flocs. Interestingly, however, the bacterial cell wall surfaces ar@88.2 eV likely correspond to phenolic groups and/or ketonic
not in direct contact with the corundum or montmorillonite par- groups[80] and to amide carbonyl groups in proteins, respec-
ticle surfaces in the aqueous solutions used in this study (plively. The peak at 289.5eV is at the same energy position as
7, minimal growth medium). Because production of EPS andhat of the GO groups in nucleic acids. Finally, the peak at
attachment to various surfaces via an adhesive holdfast organe80.3 eV was observed only@ crescentus cultured in a growth
located at the end of the stalk has previously been observed medium supplemented with calcium and is indicative of carbon-
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Fig. 17. Spectromicroscopy ah crescentus incubated for 3 weeks in calcium-rich growth medium at the calciyrg-édge. (a) STXM image taken at 288.2 eV
showing the kidney bean-shaped cells. (b) STXM image of the same area at 349.3 evd@gel. (c) Calcium map showing the calcium enrichment of cells. (d)
Carbon K-edge NEXAFS spectra ofacrescentus cell (spectrum 1), and the EPS (spectrum 2) resulting from the image stack on the area depicted in (a). Referenc
spectrg58] of DNA, albumin (taken as a model for protein), and alginate (taken as a model for acidic polysaccharides) are shown for comparison. (e) Calciu
L2 3-edge NEXAFS spectra of@ crescentus cell shown in (b). The spectra were identical for all the areas tested. Peak positions were 347.1, 347.7, 348.2, 348.¢
349.3, 351.5, and 352.6. A reference hydroxyapatite calcipgddge NEXAFS spectrum is shown for comparison and displays the same peaks (see arrows).

ate groups, which are incorporated into hydroxyapatite structurare thought to do so by creating microenvironments in which
A C-containing polymeric material bridging between two cellspH and other solution variables can dramatically differ from
can be seeniRig. 17a. The C K-edge NEXAFS spectrum from bulk conditions[82,83] The pathways of microbially medi-
this area shows a peak at 288.5 eV, which corresponds to caated Fe-silicate dissolution reactions in nature remain, however,
boxylic groups in polysaccharides. This extracellular polymenargely unexplored, particularly at the nanometer scale. We have
thus likely corresponds to EPS, which has been shown to besed STXM, coupled with transmission electron microscopy, to
produced by this straifr1]. No carbonate peak was observed examine bioweathering products on an Fe—Mg-silicate (orthopy-
in this area. The ability of STXM to characterize the speciationroxene) colonized by a microorganism and exposed atthe Earth’s
of carbon in mineralized cells provides a unique signature fosurface for 70 years. The microorganism is in contact with
microorganisms versus simple macromolecules like proteins dhe orthopyroxene and is bordered by a cluster of nanometer-
polysaccharides and brings new insight to the fate of organisized rod-shaped calcite single crystafsg( 18a). Using an
compounds at a single-cell scale during the biomineralizatiomltra-thin (80 nm) cross-section through the microorganism,
process, showing that proteins, polysaccharides, and nucleibe calcite crystals and the pyroxene STXM was used to per-
acids are still detected in mineralized cells. Moreover, STXMform NEXAFS spectroscopy at the Fe-edge[84], which

may be a unique technique for detecting unambiguous evidenadlowed us to determine the Fe oxidation stf§®&] in the

of ancient life in rocks. microorganism—calcite—pyroxene microcodrig( 18 and c).

Iron spectra taken on the pyroxene (area 1) showed a major peak
3.9. Iron oxidation at a microorganism—mineral interface at 707.8 eV, indicative of ¢ (Fig. 1&). Iron-rich particles in
(K. Benzerara, T.H. Yoon, T. Tyliszczak, G.E. Brown, Jr.) the calcite cluster (area 2) displayed a major peak at 709.5eV,

which indicates that iron was oxidized after its release by dis-
The role of microorganisms in the dissolution of silicates andsolution of the pyroxenerjg. 18). In the microorganism (area
in the cycling of Fe has been the focus of many experimentaB), however, the Fe 4-edge shows a mixed iron valence fFe
studies[81], some of which have shown that microorganismsand Fé*) (Fig. 1&). One possible explanation for heteroge-
can radically modify the dissolution rates of Fe-silicates. Theyneous 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) BEqdikalent
image at 707.8 eV. (c) Irond-edge NEXAFS spectra from the pyroxene (area 1), the calcite cluster (area 2), the microorganism (area 3), and reference hematite,
representing the Bé& endmember. Dashed lines represent the positions o fedxima for Fé* and Fé* at 707.8 and 709.5 eV, respectively.

microenvironment with a particular pQand/or modifies the tive samples. Ambient pressure PES compliments the more
pH, resulting in slower oxidation of iron. Another possibility is bulk-sensitive techniques (XES, STXM) since it is an excel-
that organic molecules produced by the microorganism stronglient method for the investigation of liquid/vapor and solid/vapor
bind dissolved F& and thus inhibit its oxidation. Whatever interfaces at Torr pressures. Combined, the three dedicated end
mechanisms are involved in iron redox behavior, the microorstations at the ALS-MES beamline provide the opportunity to
ganism heavily impacts iron oxidation in a microenvironment,study a wide variety of samples under different conditions, from
resulting in a likely major modification of pyroxene reactiv- well-defined single crystal surfaces in ultra-high vacuum to bac-
ity compared with a purely abiotic environment. This studyteria in aqueous environments.

provides unambiguous evidence for the existence of nanoenvi-

ronments created by a microorganism. Such nanoenvironments

have been suggested by a number of previous studies but hatknowledgements
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