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DISCLAIMER 

This report was prepared as an account of work sponsored by an agency of the 
United States Government Neither the United States Government nor any agency 
thereof, nor any of their employees, makes any warranty, express or implied, or 
assumes any legal liability or responsibility for the accuracy, completeness, or use
fulness of any information, apparatus, product, or process disclosed, or represents 
that its use would not infringe privately owned rights. Reference herein to any spe
cific commercial product, process, or service by trade name, trademark, manufac
turer, or otherwise does not necessarily constitute or imply its endorsement, recom
mendation, or favoring by the United States Government or any agency thereof. 
The views and opinions of authors expressed herein do not necessarily state or 
reflect those of the United States Government or any agency thereof. 





PREFACE 

This report is based on discussions at a DOE-sponsored workshop on "Molecular 
Environmental Science: Speciation, Reactivity, and Mobility of Environmental 
Contaminants" held on July 5-8, 1995, at Airlie, Virginia. The workshop brought 
together a diverse group of 56 scientists and agency representatives to discuss 
environmental issues that require information at the atomistic or molecular scale for 
their solutions. These issues focus primarily on chemical contaminants in natural 
waters, soils, sediments, the atmosphere, and man-made waste forms designed for the 
long-term encapsulation and storage of toxic and radioactive wastes. X-ray scattering 
and spectroscopic methods are among the most useful for providing molecular-scale 
information on chemical contaminants in the environment and the chemical, biological, 
and physical processes that control their behavior. Thus another major topic of 
discussion focused on synchrotron x-ray sources and their use and availability for 
molecular environmental science research. 

The workshop included scientists from universities, national labs, industry, and 
federal agencies with research interests in environmental science at both the molecular 
and field scales. Representatives from the four DOE-funded synchrotron x-ray sources 
were also present to provide technical information on facilities and x-ray methods. 
Information on the NSF-funded synchrotron x-ray source at Cornell University was 
provided by Bob Batterman (Director of CHESS) following the workshop. 

The workshop was organized and convened by a steering committee consisting 
of Gordon Brown, Chair (Stanford University), Russell Chianelli (Exxon Production 
Research), Leon Stock (Argonne National Laboratory), Ray Stults (Pacific Northwest 
Laboratory), Steve Sutton (University of Chicago), and Samuel Traina (Ohio State 
University). The DOE liaisons were Robert Marianelli (Chemical Sciences) and Roland 
Hirsch (OHER). NSF liaisons were Marge Cavanaugh (Chemistry Division) and 
Maryellen Cameron (Earth Sciences Division). A list of workshop participants is 
included in Appendix 1. 

• The workshop was organized around six working group topics which are listed 
below. The composition of each group is also indicated (affiliations are given in 
Appendix 1). 

(1) Speciation, Reactivity, and Mobility of Contaminants in Aqueous Systems [Robert Byrne, 
Gregory Choppin (Discussion Leader), David Clark, Steve Conradson, Larry Curtiss, 
Norman Edelstein, George Helz, David Hobart, Robert Marianelli, Cynthia Palmer, 
Linda Soderholm, Ray Stults (Steering Committee Liaison), Murthy Vairavamurthy] 

(2) The Role of Surfaces and Interfaces in Molecular Environmental Science [Gordon Brown 
(Steering Committee Liaison), William Casey, Scott Chambers, Ron Chiarello, Paula 
Davidson, Patricia Dehmer, Kim Hayes (Discussion Leader), Victor Henrich, Maureen 
McCarthy, David Morris, Neal Sturchio] 
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(3) The Role of Solid Phasesin Molecular Environmental Science [Julian Banfield (Discussion 
Leader), Jerry Bigham, Tony Hess, Gerald Huffman, Keith Keefer, Dale Sayers, Joseph 
Smith, Leon Stock (Steering Committee Liaison)] 

(4) Molecular Biological Processes Affecting Speciation, Reactivity, and Mobility of 
Contaminants in the Environment [Russell Chianelli (Steering Committee Liaison), 
Roland Hirsch, Raina Miller (Discussion Leader), James Rawson, Thomas Spiro, Olli 
Tuovinen] 

(5) Molecular Constraints on Macroscopic- and Field-Scale Processes [Paul Bertsch, Mark 
Brusseau, Bill Luth, Marty Molloy, Darrell Schulze, Alan Stone, Tetsu Tokunaga, 
Samuel'Traina (Steering Committee Liaison), John Zachara (Discussion Leader)] 

(6) Synchrotron Radiation Facilities and Molecular Environmental Science [Erik Johnson, 
Gerry Lamble, Pedro Montano, Tom Rabedeau, Mark Rivers (Discussion Leader), 
Neville Smith, Steve Sutton (Steering Committee Liaison)] 

The workshop began with presentations on each of these topics by a discussion 
leader from each working group. This was followed by break-out sessions during 
which each working group discussed their assigned topic and prepared a written 
summary of their discussions which formed the basis for Chapters 2-7 in this report. 
Integration of synchrotron radiation studies in each of these areas was aided by oral 
presentations from representatives of four synchrotron radiation facilities in the U.S. 
Also presented at the workshop were the results of an electronic mail survey on the 
current and future usage of U.S. synchrotron radiation sources by researchers working 
on molecular-level environmental problems. A copy of the survey form and a 
discussion of the results are presented in Appendix 2 of this report. 
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EXECUTIVE SUMMARY 

During the past few years there has been an explosion of interest in the 
chemistry of the environment, particularly in the following areas: (1) the basic 
processes determining the behavior of chemical contaminants .and their effects on 
human health; (2) the remediation of contaminated soils,, natural waters, and the 
atmosphere; and (3) the safe storage of toxic and radioactive waste from past and 
present weapons production in the U.S., as well as from agricultural, 
manufacturing, and mining activities. The main scientific issues concern the 
chemical forms (or speciation), distribution, reactivity, transformations among 
forms, mobility, and bioavailability of' contaminants. These issues ultimately 
depend on molecular-scale structure and properties. Basic understanding at this 
scale is essential for risk assessment, management, and reduction of environmental 
contaminants. 

The chemical processes affecting contaminants are interrelated and 
enormously complicated as illustrated in Figure 1. This is true because 
contaminated natural systems such as soils are chemically and physically 
heterogeneous mixtures containing many different solids, aqueous species, gases, 
and water. Other components can include petroleum, volatile organic compounds 
such as benzene and trichloroethylene, and a host of other organic and inorganic 
pollutants. Their behavior is dominated by chemical interactions at solid-water and 
solid-gas interfaces. Natural systems also contain a complex array of organic matter, 
plants, fungi, enzymes, and organisms which mediate these reactions and thus affect 
the forms, transformations, and transformation rates of environmental 
contaminants. 

Molecular-scale processes affecting contaminants (Fig. 1) range from 
dissolution of mineral particles in soils, which can release natural contaminants 
into pore waters as solution complexes, to the surface complexation or adsorption of 
heavy metals (M) and organics onto mineral surfaces, which can effectively 
immobilize contaminants and reduce their bioavailability. Some contaminant 
elements such as chromium, arsenic, or selenium can undergo reduction or 
oxidation when they interact with mineral surfaces or organic oxidants and 
reductants. For example, redox reactions can convert the known carcinogen Cr(VI) 
into the relatively benign form Cr(III). Organic ligands (L) released by 
microorganisms or plant roots can complex metal ions and enhance or inhibit their 
adsorption onto mineral surfaces as well as their transport in natural waters. 
Microorganisms can have a profound influence on the mechanisms and rates of 
chemical reactions occurring in the biosphere, including the transformation of toxic 
species into environmentally benign ones, which is the basis for the emerging field 
of bioremediation. Similarly, chemical reactions at solid-water interfaces can 
catalyze transformations of contaminants into non-toxic forms. Unfortunately, 
some microbially mediated reactions and some reactions occurring at solid-water 
interfaces may also transform environmentally benign species into toxic ones. Toxic 
species may occur in physical forms (e.g., in insoluble solid phases) that pose minor 
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environmental hazards, whereas others are readily bioavailable and have great 
impacts on human health. 

Plants also play a major role in environmental processes, secreting organic 
acids, sugars, and other organic compounds into the rhizosphere (the root-soil 
interface - see circled area in the soil profile in Figure 1), where the pH can be as 
much as 2 units lower, and microbial counts as much as 10 to 100 fold higher 
relative to the bulk soil a few millimeters away. As a result, the rhizosphere is the 
location of particularly intense chemical and biological activity. Thus, mineral 
weathering and the solubility of mineral components are generally, greater in 
surface soils, where plant and microbial activity are higher, than in deeper parts of 
the soil and geologic column. In addition, the ability of some plants, known as 
hyperaccumulators, to take up large quantities of toxic metals from soils is actively 
being studied as a strategy to remediate some contaminated sites. 

Planning and decision making about environmental remediation and waste 
management must include knowledge of these and other processes that affect the 
transformation, release, and movement of contaminants in the biosphere, their 
toxicity, and ultimately their bioavailability. A new interdisciplinary field, which 
we refer to as Molecular Environmental Science, has emerged in response to the 
need for long-term solutions' to environmental contamination problems. Its main 
objectives are (1) to provide information on the types, spatial distribution, and 
reactivity of contaminant species, the nature of mineral surfaces (including coatings 
that affect their reactivity) and colloidal particles, and the types and distribution of 
organic compounds and microorganisms in soils and pore waters; and (2) to provide 
a fundamental understanding of molecular-scale environmental processes, both 
chemical and biological, including dissolution, adsorption, desorption, precipitation, 
degradation, and redox reactions, and the effect of a host of variables on the 
mechanisms and rates of these processes. 

Molecular environmental science provides many opportunities for 
intellectually exciting research in developing the knowledge base required for 
solutions to major environmental problems. This knowledge base must include 
the identity of contaminants, their chemical forms, and the phases with which they 
are associated in complex natural samples. In addition, studies of simpler laboratory 
systems - i.e., isolated portions of natural systems or simplified synthetic analogs -
are essential for sorting out the effects of environmental variables on the forms and 
properties of contaminants and for developing basic principles applicable to complex 
natural systems. 

Molecular-level information of the type described above can only be obtained 
from powerful molecular-scale probes that utilize electromagnetic radiation such as 
x-rays, UV/visible light, or infrared radiation. Because of the dilute nature of many 
environmental contaminants, the radiation must be of sufficient intensity to allow 
detection of contaminant species and to permit characterization of their molecular 
structure, composition, bonding, spatial distribution, phase association, and 
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chemical reactions and transformations in both natural and synthetic samples. 
Although many different types of molecular-level probes are available, those that 
utilize the extremely intense electromagnetic radiation from synchrotron light 
sources are particularly useful in providing this type of information. Such sources 
have revolutionized the way in which scientists from many disciplines study 
materials of all types at the molecular scale, and they are beginning to have a great 
impact on molecular-scale studies of environmental materials and processes as well. 
Thus a major focus of this workshop was on the applications of synchrotron light, 
with wavelengths ranging from hard x-ray to infrared, to molecular environmental 
science problems. 

In order to bring clearer focus to this new field and to assess the needs for 
major, shared research facilities at U.S. synchrotron radiation sources in this general 
area, a DOE-sponsored workshop was held in July 1995, at Airlie Center, Virginia. 
The workshop brought together scientists from a broad range of disciplines to 
discuss research opportunities and the methods capable of providing molecular-
scale information on contaminants and the processes that affect them 

The workshop focused on six topics, all of which are areas of active research: 

(1) Speciation, Reactivity, and Mobility of Contaminants in Aqueous Systems, 
(2) The Role of Surfaces and Interfaces in Molecular Environmental Science, 
(3) The Role of Solid Phases in Molecular Environmental Science, 
(4) Molecular Biological Processes Affecting Speciation, Reactivity, and Mobility of 

Contaminants in the Environment, 
(5) Molecular Constraints on Macroscopic- and Field-Scale Processes, and 
(6) Synchrotron Radiation Facilities and Molecular Environmental Science. 

These topics span a range of important issues in molecular environmental science. 
They focus on the basic knowledge required for understanding contaminant 
transport and fate and for the development of science-based remediation and waste 
management technologies. Each topic was assigned to a working group charged with 
discussing recent research accomplishments, significant research opportunities, 
methods required for obtaining molecular-scale information on environmental 
contaminants and processes, and the value of synchrotron x-ray methods relative to 
other methods in providing this information. A special working group on 
synchrotron radiation facilities was convened to provide technical information 
about experimental facilities at the four DOE-supported synchrotron radiation 
sources in the U.S. (NSLS, SSRL, ALS, and APS) and synchrotron-based methods-
available for molecular environmental science research. Similar information on 
the NSF-funded Cornell High Energy Synchrotron Source (CHESS) was obtained 
after the workshop was held. 
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Major Findings of the Workshop 

The major findings and recommendations of the workshop are listed below 
and discussed in the following sections. The first six involve scientific issues, 
whereas the last four involve synchrotron radiation methods and needs. 

(1) The speciation or chemical form of contaminants is one of the most important 
concepts in understanding their release, mobility, toxicity, bioavailability, and 
ultimate impact on human health. 

(2) Environmental contamination is a field-scale problem; however, a detailed 
knowledge of the speciation, spatial distribution, reactivity, and chemical 
transformations of contaminants at the molecular scale is essential for devising 
effective remediation and waste management strategies and for risk assessment. 

(3) The chemical form and spatial distribution of contaminants in natural solids, 
including minerals and coal, and in solid waste forms designed to contain high-
level nuclear waste must be characterized at the molecular and microscopic levels in 
order to understand the chemical and physical factors governing their release into 
the environment. 

(4) Solid-water and solid-gas interfaces are the locations of many environmentally 
important reactions involving contaminants. Solid surfaces, or the coatings on 
them, often serve as catalysts in oxidation-reduction and other reactions that 
transform contaminants into other forms. Such surfaces and interfaces are poorly 
understood at present but can be characterized at the molecular scale using x-ray 
absorption spectroscopy (XAS), scanning force and transmission electron 
microscopies, and synchrotron-based, surface-sensitive methods such as 
photoemission, x-ray scattering, and x-ray standing waves. 

(5) Molecular-scale studies of simplified analogs of contaminated natural systems 
are essential for establishing the basic principles needed to understand these 
complex systems and to increase the effectiveness of remediation and waste 
management. 

(6) Microorganisms often play a profound role in mediating chemical reactions 
involving contaminants, affecting their rates and pathways. Little is known about 
their distribution in contaminated soils or about the molecular-scale mechanisms by 
which they transform contaminants into environmentally benign forms - a process 
known as bioremediation. Synchrotron spectromicroscopy methods should be used 
to determine the three-dimensional distribution of microorganisms, organic 
material, and a variety of mineral phases in representative environmental samples. 
These and other synchrotron methods, such as XAS, should also be used to 
characterize the mechanisms and rates of interactions between microorganisms, 
dissolved contaminants, and mineral surfaces under a variety of environmental 
conditions. 
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(7) Synchrotron-based x-ray methods, particularly x-ray absorption spectroscopy 
(XAS) and micro-XAS, are among the most useful for defining metal contaminant 
speciation and spatial distribution in complex environmental matrices, including 
those containing bulk water, under ambient, in situ conditions. Soft-x-ray and infra
red spectromicroscopies are potentially very useful for studying the speciation and 
distribution of organic contaminants in soils. 

(8) A survey of molecular environmental scientists who utilize or plan to utilize 
existing and planned synchrotron radiation sources in the U.S. shows that the 
number of available synchrotron beamlines for molecular-scale environmental 
research (the equivalent of 3.6 full-time experimental stations, nationally) is 
currently saturated by this group. It also indicates that future demands for beam 
time in this research area will double in the next three years. Completion of the 
equivalent of 3.25 planned molecular environmental science beamline stations at 
SSRL and APS over the next three years will likely not meet this increased demand 
after 1998 because of anticipated needs for service work on environmental samples 
and new research directions. 

(9) Controlled clean labs built around or adjacent to environmental science 
experimental stations at synchrotron sources are required to permit safe sample 
handling, minimal sample preparation, and safe experimental studies on highly 
toxic and radioactive samples. Funding for these labs is a high priority. 

(10) Funding for personnel at planned environmental science beamlines is needed 
to provide user support and training, technical development, equipment 
supervision and maintenance, and environmental safety arid health needs. 

Summary of Conclusions from the Individual Working Groups 

Contaminant Speciation 

The speciation of a contaminant (its composition, oxidation state, molecular 
structure, and physical form) is a key concept because speciation controls mobility 
and toxicity. For example, hexavalent chromium in water is mobile and 
carcinogenic to humans, whereas trivalent chromium is relatively immobile and 
innocuous. Also, the various forms (isomers) of tetrachlorodidibenzo-p-dioxin, all 
with the same composition, exhibit toxicity differences of over six orders in 
magnitude. Thus knowledge of the speciation of chromium, dioxins, and other 
elements or compounds, which can occur in different chemical forms, is essential 
for understanding their potential impact on human health and for devising 
remediation strategies. Thus knowledge of the speciation of chromium, dioxins, 
and other elements or compounds, which can occur in different chemical forms, is 
essential for understanding their potential impact on human health and for 
devising remediation strategies. 
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This working group concluded that a number of complementary 
experimental methods are necessary for determining the speciation of contaminants 
in natural samples because no single method can provide all of the necessary 
information. They also concluded that synchrotron-based x-ray absorption 
spectroscopy (XAS) is one of the most powerful methods for defining speciation in 
complex systems in situ, i.e., with the contaminant species in the same form and 
under the same physical and chemical conditions as in the field setting. These 
conditions often include the presence of bulk water, which makes most 
spectroscopic techniques difficult or impossible to apply. When the concentration of 
a contaminant is below about 10"5 molar, which is often the case far from the 
contaminant source, even XAS methods are not sensitive enough using currently 
available synchrotron light sources. Below this concentration level, there is 
presently no single experimental method that can provide a full description of 
speciation. This situation should improve dramatically as new high-flux 
synchrotron beamlines and faster x-ray detectors are developed. 

Recent applications of XAS to contamination problems have resulted in 
several clear successes, including: (1) demonstration that Cr(VI) was effectively 
removed by chemical separations methods from tank sludges stored at Hanford, 
Washington, but that Cr(ni) was retained in the sludge associated with an insoluble 
oxide. This information proved to be invaluable in the design of enhanced sludge 
washing techniques for chromium separation and represents a huge cost benefit; (2) 
the discovery that insoluble uranium in contaminated soils from the Feeds 
Materials Production Center in Fernald, Ohio was in the tetravalent state. Prior to 
this XAS study, the uranium was presumed to be in the hexavalent state, and soil 
washing methods were not able to separate all of the uranium. This information 
was used in developing methods for the enhanced removal of uranium from 
contaminated soils; (3) direct proof that elemental selenium, which is relatively 
insoluble and immobile, is rather quickly formed from selenate, which is soluble, 
mobile, and highly toxic, in contaminated soils from the San Joaquin Valley of 
California. 

Environmental Surfaces and Interfaces 

This working group concentrated on chemical processes at aqueous solution-
solid and gas-solid interfaces. Chemical reactions at the surfaces of natural solids 
play dominant roles in many environmental contexts and processes, including acid 
mine drainage, changes in the abundance of free radicals in the atmosphere, and the 
transport and ultimate fate of chemical contaminants and nutrients in the earth's 
near-surface environment. There are many unanswered questions about these and. 
other environmental processes, particularly about the types of contaminant species 
that form at solution-solid and gas-solid interfaces, and the mechanism(s) and rates 
of chemical reactions responsible for their formation and transformation. 

Interfacial processes in natural systems are very complex, and their study 
must be broken down into manageable pieces. In addition to fundamental studies 
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of natural interfaces (to the extent possible), studies are needed of the geometric and 
electronic structures of clean mineral surfaces (both natural and synthetic) before 
and after reaction with water, metal cations and oxoanions, and organic molecules. 
For these simpler systems, a number of state-of-the-art tools such as surface-
sensitive spectroscopies, scanning force microscopy, and high-level electronic 
structure theory can provide information on the factors that control surface 
reactivity. Molecular-scale information is also needed on the composition and 
structure of surface complexes, the mode of surface attachment (or sorption) of 
aqueous elements, ions and molecules, and the reaction pathways leading to the 
formation of surface complexes or precipitates. Surprisingly little is known about 
this important class of reactions which must be characterized if we are to develop 
accurate models of contaminant uptake and transformation on mineral surfaces 
under widely varying solution conditions. 

This working group also considered the need for detailed studies of the rates 
of surface reactions. Such studies on simplified systems are essential for developing 
principles from which rate theories for more complex natural systems can be 
developed. Quantitative knowledge about the rate-limiting steps of sorption and 
desorption reactions and of surface reactions that transform contaminants from 
toxic to innocuous forms (or vice versa) are extremely important in the remediation 
and long-term storage of wastes. This working group concluded that synchrotron-
based methods such as XAS and time-resolved XAS, surface scattering, and 
photoemission are very useful in providing quantitative information on the 
processes described above. They also concluded that synergism between experiment 
and theory is essential for fundamental understanding of these processes. The key 
issue here is choosing systems that are experimentally and theoretically tractable, yet 
still provide knowledge and principles that can be applied to more complex natural 
systems. 

Environmental Solids 

This working group focused on the complexity of natural solids and 
identified several types that are widely considered significant because they are either 
sources of contaminants or are known to react with them, controlling their 
dispersion and bioavailability. Mining and metallurgical wastes, contaminated soils 
and sludges, fossil fuels and ashes, and solid nuclear waste forms typify one class of 
solids that are very difficult to characterize. This difficulty arises because the 
hazardous components are present in frequently unknown, often multiple chemical 
forms and are distributed haphazardly on an extremely small scale throughout the 
material. Synchrotron-based x-ray imaging and XAS applied to individual, micro-
scale particles within the host material can provide much of this information at 
contaminant concentrations and geometric scales that are impressive now and will 
improve with development of higher-energy synchrotron radiation sources and 
improved x-ray detector and imaging systems. 

7 



Within these more complex systems are a number of common solid phases, 
including day minerals, oxide and carbonate minerals, the oxide or hydroxide 
coatings common on many natural surfaces, and amorphous materials. All of these 
components contribute to contaminant behavior. Transmission electron 
microscopy is the method of choice for characterizing the structural details 
(including sub unit-cell scale) of clay minerals and oxides, but it cannot provide 
much information about the reactive surfaces or interlayer positions in these solids 
or about reactions occurring at these sites. 

The interfaces between mineral particles in rocks, soils, and sediments, and 
between coatings and underlying particles were also a topic of discussion, and it was 
concluded that very little is known about these important solid-solid interfaces, 
which can have profound effects on the physical stability of sorbed materials, surface 
precipitates, and coatings. Again, x-ray imaging and micro-XAS may be capable of 
providing information on the location and speciation of contaminants in or on 
these interfaces. Time-resolved imaging and XAS can provide information on 
diffusion rates within solids and at interfaces, and synchrotron-based standing-wave 
methods should make it possible to study the structural relationship between 
coatings and the host solid surface. This working group concluded that the use of 
silicate waste forms would benefit from systematic research on the rich and largely 
unexplored field of the structural chemistry of complex and poorly ordered oxides. 

Molecular Biological Processes 

Microorganisms are important geochemical agents which can profoundly 
affect the solubility, speciation, and mobility of chemicals in the environment. 
Thus, a true understanding of biologically catalyzed molecular transformations is 
fundamental to assessing environmental risks and devising prevention or 
remediation strategies, including those employed in bioremediation and 
phytoremediation. This working group focused on several important issues, 
including the need for a better understanding of the relationship between the spatial 
distribution of microorganisms and the location of organic, plant, and mineral 
substrates in the environment. This relationship is important because it constrains 
the rates of microbial growth and substrate transformations. New laser and 
synchrotron-based microscopy and tomography techniques should make it possible 
to visualize the three-dimensional distribution of microorganisms, organic 
material, and a variety of mineral phases in representative environmental samples. 

Another issue considered by this group was microbial degradation of organic 
contaminants. Little is known about the roles of cell attachment to substrates or of 
biologically produced and synthetic surfactants in the bioavailability, uptake, and 
degradation of organic contaminants. It is likely that these microbial reactions are 
carried out by metalloenzymes, which should be isolated and expressed using 
biochemical and molecular biological techniques, and studied structurally using 
spectroscopic techniques, including XAS. 
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A final area considered by this working group was the effect of 
microorganisms on transformation rates of inorganic contaminants. There is a 
great need to characterize the mechanisms and rates of interactions between 
microorganisms, dissolved contaminants, and mineral surfaces under a variety of 
environmental conditions. Such reactions are known to oxidize or reduce metal 
ions and to facilitate dissolution or precipitation processes of minerals. Here again, 
synchrotron radiation methods can provide unique information, including the 
identification and distribution of live cells in solutions containing metal or organic 
contaminants (soft x-ray microscopy), characterization of the redox chemistry of 
metal ions in microbial cells, plants, soils, and waste materials, at high spatial 
resolutions (micro-XAS), and determination of the mechanisms and rates of organic 
reactions in cells and at cell and mineral surfaces (infrared microscopy). 

Importance of Molecular-Scale Information in Field-Scale Environmental Processes 

Environmental contamination is a field-scale problem; however, risk analysis 
and effective remediation of contaminated soils and waters depend on knowledge-of 
contaminant speciation, reactivity, and transformations. This working group 
considered many of the molecular-scale environmental processes discussed by the 
other working groups and emphasized the need to link information at different 
spatial scales in order to simulate and predict contaminant transport at the field 
scale. Further development of reactive-transport modeling of contaminants in 
groundwaters and soils is dependent upon creating models that are mechanistically 
accurate and process specific at all relevant scales. They also emphasized that the 
complexity of natural systems must be recognized in designing molecular-scale 
studies that are relevant to natural contaminated systems. One of these 
complexities is the presence of water in most natural environmental systems. 

This working group concluded that synchrotron-based methods such as XAS 
are particularly useful in speciation studies of metal ion contaminants, because, 
unlike most other surface-sensitive methods, XAS does not require drying and 
evacuation of the sample. On the other hand, XAS signals from complex samples 
contain the summed contributions from all detectable species of a contaminant, 
which is a common problem for most other spectroscopic methods as well. XAS 
studies are needed on synthetic systems with a systematically increasing complexity 
of phases, surface sites, and contaminant species to more fully understand the 
limitations of XAS in characterizing contaminant speciation. This group also felt 
that applications of synchrotron-based soft x-ray and IR microscopy techniques to 
environmental samples would enable unprecedented examination of the types and 
distribution of functional groups associated with complex humic macromolecules 
that have been very difficult to examine in situ by other methods. 
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Synchrotron Radiation Methods and Molecular Environmental Science 

This working group reviewed existing and planned experimental stations at 
the four DOE-supported synchrotron light sources that are presently used or 
potentially useful in molecular-scale environmental research. Subsequent to the 
workshop, information on similar experimental stations at the NSF-supported 
Cornell High Energy Synchrotron Source was reviewed. Three issues felt to be very 
important by this group as well as the other working groups were the need for (1) 
synchrotron beamlines with higher x-ray intensities (or fluxes) (for enhancing the 
detection and characterization of contaminant species at very low concentrations in 
natural samples), (2) synchrotron beamlines with higher flux per unit area (higher 
brightness) (for enhancing the spatial resolution possible in studies of the 
distribution of species in fine-grained natural samples), and (3) faster, high-energy 
resolution x-ray detectors (for taking full advantage of existing and planned high-
flux beamlines). They also reviewed the synchrotron-based methods that are useful 
in molecular-scale environmental research, including both hard x-ray and soft x-
ray/VUV radiation methods. 

One of the most important functions of this working group was their analysis 
of the supply of and demand for current and future beam time at existing and 
planned synchrotron radiation beamlines based on an e-mail questionnaire sent to 
120 current molecular environmental science users of synchrotron radiation sources 
and discussions with workshop participants. The present number of experimental 
station days required for molecular environmental science.research was estimated 
to be about 720/year based on these surveys, which is larger than the estimate of the 
total number of available station days made by the working group (3.3 experimental 
stations available for molecular environmental science research, or 630 station 
days). When CHESS is included, these numbers increase to 3.6 stations and 660 
station days. They also estimated a demand-doubling time for experimental stations 
in this research area to be three years, based on the e-mail survey of users. Because 
demand in this research area is rising and supply is currently stable, a shortage of 
beam time can be expected over the next several years; this problem is already being 
observed at some NSLS and SSRL beamlines. 

When the 3.25 planned molecular environmental science stations at APS and 
SSRL become fully operational in about 1998, the current supply of beam time for 
environmental research will effectively double. At the same time, however, 
demand is predicted to increase to this higher level, suggesting that the new stations 
will be fully subscribed rather quickly. The indication from this conservative 
estimate is that consideration should be given soon on how to meet the post-1998 
demand increases in terms of construction of new stations or efforts to more 
effectively use existing stations. New research directions (e.g., microbiological 
applications) and potential demand for service operations (e.g., XAS and powder 
diffraction) may produce a severe supply shortfall before the year 2000. 
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l. INTRODUCTION 

1.1 Molecular Environmental Science 

Chemical contamination of soil and groundwater is a ubiquitous problem of 
immense complexity and great national concern. Remediation of contaminated sites 
and management of hazardous waste products from past and present agricultural and 
industrial activities, mining and manufacturing, and defense operations present major 
challenges that require our most sophisticated scientific and engineering resources". 
Public lands under DOE's stewardship have been particularly impacted by the disposal 
of wastes (including radionuclides, solvents, and toxic metals) and other byproducts 
and chemicals used in weapons production, leading to human health risks and 
environmental contamination of significant magnitude. Assessment of more than 1200 
National Priority List sites, including those on DOE lands and thousands of other 
hazardous waste locations and underground storage tank sites in the United States, has 
identified an array of toxic heavy metals including Pb, Cr, As, Zn, Cu, Cd, Ba, Ni, and 
Hg and radionuclides including U, Pu, Sr, Cs, Co, and Tc, as well as potentially 
hazardous anions such as nitrite, nitrate, fluoride, cyanide, and other complex heavy 
metal anions such as selenate as important environmental contaminants. More 
materials containing these elements and anions are produced every day in this country, 
so the problem continues to grow in magnitude. The list of environmental 
contaminants of major concern is augmented by an array of organic substances, such as 
PCB's and other halogenated hydrocarbons, pesticides, and herbicides, that have been 
and are being converted to waste. 

Development of the technologies needed to address and solve these 
contamination and waste management problems requires a multidisciplinary research 
effort utilizing the approaches and tools of chemistry and chemical engineering, civil 
engineering and hydrology, earth sciences, materials science, microbiology; molecular 
biology, plant biology, soil science, and surface physics, among others. Steps in the 
remediation process include determining the concentration and nature of hazardous 
waste at a contaminated site; separating and recovering toxic metals, radionuclides, and 
various organic compounds from contaminated soils, sediments, and natural waters 
and from temporary waste storage tanks; bioremediating or converting (using, e.g., 
thermal or zero-valent metal treatment) toxic organics to innocuous gases where 
possible; packaging the separated contaminants in appropriate waste forms; and safely 
isolating the waste forms from the biosphere in long-term repositories. Each of these 
steps depends on technologies that are complicated and not yet optimized in most 
cases. For example, improvements are required in the technologies proposed for 
treating contaminated soils, such as washing and leaching, incineration and thermal 
treatment, bioremediation, and electrokinetic separation. Thus a considerable research 
and development effort is needed to provide fundamental information on the chemical 
and biological processes involved. This is particularly true of long-term waste 
management where it is essential to understand the factors controlling the stability of 
solid waste forms and the effectiveness of engineered barriers in preventing the escape 
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and dispersal of contaminants from waste repositories into the biosphere. Much of the 
required information involves a detailed knowledge of the chemical speciation and 
spatial distribution of contaminants; their reactivity with solid phases, organic 
compounds, plants, and microorganisms; and speciation changes as the remediation 
process progresses. 

Understanding the complex processes that control the types, transformations, 
mechanisms and kinetics of chemical reactions, distribution, transport properties, 
toxicity, and bioavailability of contaminant species requires molecular-level 
information. The recognition of this fact by a number of scientists in the United States 
and abroad has led to the development of a new inter- and multidisciplinary scientific 
field - Molecular Environmental Science. This new field involves the study of the 
chemical and physical forms and distribution of contaminants and pollutants in soils, 
sediments, man-made waste forms, natural waters, and the atmosphere. The chemical 
form, or speciation, of a contaminant is of key importance because speciation is a major 
factor in determining the properties and bioavailability of contaminants in the 
biosphere. Speciation refers to the composition, oxidation state, molecular-level 
structure, and type of phase in which the contaminant element or molecule occurs. 

Molecular environmental science is also concerned with the pathways, products, 
and kinetics of chemical reactions of contaminant species with inorganic and organic 
compounds, plants, and organisms in the environment. Such reactions often occur at 
aqueous solution-solid interfaces and can result in the transfer of the contaminant 
species from solution to the solid surface (adsorption), its transformation into a different 
species (e.g., oxidation or reduction), its incorporation into a solid phase (precipitation 
or absorption), or its release from the solid surface into solution (desorption). 
Interfacial reactions play a very important role in the transport and dispersal of toxic 
species in soils and natural waters, thus in their bioavailability. At present, very little is 
known about the composition, structure, and reactivity of the surfaces of natural solids 
or about the interfaces between these solids, water, and atmospheric gases. Even less is 
known about environmentally important chemical reactions that occur at solution-solid 
interfaces. Microorganisms also play an important role in the forms, reaction rates, and 
distribution of contaminant species; bioremediation using microbes is an area of active 
development. Changes in contaminant speciation caused by the action of microbes is a 
key element of bioremediation technologies, but we have little fundamental 
understanding of how microbes effect the chemical transformations necessary for 
bioremediation. 

Given our present state of knowledge of environmental contaminants, the 
processes that affect their distribution, dispersal, and bioavailability, and the 
remediation measures required to mitigate their environmental impact, it is not 
surprising that past and present environmental clean-up measures have not always 
been cost-effective or efficient and remain an area of public concern and controversy. 
Molecular-scale studies of the speciation and the chemical, biological, and physical 
processes affecting the environmental fate and bioavailability of contaminants are 
necessary to create a sound scientific basis for future remediation technologies. 
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However, one of the difficulties that molecular environmental scientists face in this task 
is the enormous complexity of environmental materials and processes. For example, 
chemical processes at interfaces between natural solids and groundwater are too 
complex to study in situ at the molecular level given current analytical capabilities. 
Instead, scientists must characterize contaminated soil-water mixtures to the extent 
possible to identify the types of solid phases present and the speciation of contaminants 
before and after various types of remediation. The study of chemical and biological 
processes occurring in these mixtures is a far more difficult prospect because of the 
number of variables and the range of spatial scales involved. An alternative approach, 
which is leading to valuable insights, is to create simplified model systems in the 
laboratory that can be studied under controlled conditions as close to those in the 
natural field setting as possible. Using this approach, one can systematically vary the 
complexity of the system and explore the variables that affect speciation and 
transformations of contaminants. The great utility of this approach, which is difficult to 
apply to natural samples, is that state-of-the-art experimental and theoretical methods 
can be combined to derive fundamental principles that govern the behavior of the 
simplified system. Predictive models based on these principles can then be applied to 
more complex natural systems and their accuracy assessed. Such models must be 
robust enough to enable accurate predictions about systems under a wide range of 
conditions. One of the major challenges of mis approach is to relate laboratory-scale 
measurements to field-scale problems. This topic is addressed below and in Chapter 6. 

1.2 Molecular Constraints on Field-Scale Processes 

The behavior of chemical constituents in the field, whether they be contaminants, 
essential nutrients, or basic geochemical components, is controlled by various processes 
manifest at different spatial scales (Fig. 1.1). Often, in the field, one wants to know 
information about the speciation of a chemical constituent (e.g., its phase association, 
extent of hydrolysis, surface and aqueous complexes), its concentration, its mobility, 
and/or its rate of transformation if it is a labile species. Such information is essential to 
understanding the basic function of natural systems, the development of integrated, 
predictive models, performance assessment of remediation methods, risk analysis of 
contaminants in different environmental settings, and environmental restoration. Many 
years of research, however, have shown that prediction of the field-scale behavior of 
chemical constituents is a challenging task as a result of (1) the integrated effects of 
different processes (chemical, microbiological, and hydrological) and (2) uncertainty in 
underlying mechanisms, reaction pathways, and reaction rates within each of these 
separate processes. Development of the appropriate knowledge base to predict field-
scale behavior requires studies of natural systems with their inherent heterogeneities 
and site-specific controlling factors and fluxes, as well as more fundamental 
investigations of model systems where selected processes may be isolated and studied 
in detail. 

Information at the atomistic/molecular, microscopic, and macroscopic scales is 
required to predict field-scale behavior of contaminants in a scientifically credible 
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Figure 1.1. Molecular Constraints on Field-Scale Processes 
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manner (Fig. 1.1). Just as molecular-scale phenomena underlie processes manifest at 
larger scales, molecular-scale information on fundamental chemical mechanisms can 
and should be used to formulate more accurate reaction-based geochemical models at 
the microscopic and macroscopic scales. Additionally, reaction parameters or 
properties measured at the atomistic/molecular scale (w) may be transferred to the 
microscopic scale, where they may be scale-modified or changed (to x) to describe 
related phenomena in mineral suspensions or complex environmental materials, and 
changed again (to y) in related studies at larger scales. Thus, linkages between scales 
are both implicit and explicit. Molecular and microscopic information are propagated 
upscale to complex environmental materials where stochastic processes may control 
process manifestation, while knowledge of the field environment is used to direct 
smaller scale studies to relevant model systems and scientific questions. Prediction and 
understanding of field-scale processes, however, ultimately requires both an 
understanding of underlying physicochemical phenomena and unique in situ aspects of 
the field environment, such as physical, chemical, and microbiological heterogeneities 
and their impact on more fundamentally understood processes. 

Synchrotron light sources (SLS) are beginning to make significant contributions 
to the understanding of field-scale processes by allowing chemical, mineralogical, and 
surface analyses of environmental materials with unprecedented specificity and 
sensitivity. Such analyses are fundamental to the understanding of geochemical 
reactivity, kinetics, and phase selectivity, and to the development of improved 
microscopic surface chemical and macroscopic reactive solute transport models. There 
are many examples. X-ray absorption spectroscopy has yielded definitive information 
on the chemical nature and number of metal ion surface complexes on mineral surfaces 
and in aqueous solution which has greatly improved microscopic geochemical 
modeling of adsorption, aqueous complexation, and dissolution reactions. X-ray 
scattering/surface diffraction studies have potential for characterizing the identity of 
reactive phases present in low concentration on geologic surfaces. These phases, which 
have defied characterization by most laboratory-based surface techniques, often exist as 
secondary mineral precipitates or alteration products in the upper tens of nanometers 
on mineral surfaces. Synchrotron-based x-ray microprobe studies have provided 
information on the valence and distribution of trace metal and radionuclide 
contaminants between different solid phases in contaminated soils and sediments. This 
information has allowed testing of geochemical reaction models and evaluation of the 
efficiency of various proposed remediation techniques. The environmental community 
is only now becoming aware of the many applications of synchrotron radiation 
methods in their research, and new scientific advances and technique development are 
occurring rapidly. Third-generation SLS facilities now coming on line will provide 
exciting new capabilities (such as enhanced spatial resolution) needed to investigate 
chemical distribution in and the mineralogical content of natural materials. 
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1.3 Purpose and Organization of the Workshop and Workshop Report 

The purpose of the DOE-sponsored workshop that led to this report was to 
discuss research opportunities and needs in environmental science that focus on 
molecular-level approaches to the above issues. Because of the complexity of these 
issues and the necessity for inter- and multidisciplinary approaches in addressing them, 
a group of 56 scientists from diverse backgrounds (chemistry, environmental 
engineering, geochemistry, hydrology, microbiology, mineralogy, soil science, surface 
chemistry and physics) was assembled to discuss common approaches and problems 
and to transfer knowledge between scientific disciplines, particularly between field and 
laboratory scientists and between experimentalists and theoreticians. A listing of all 
workshop participants and their affiliations can be found in Appendix 1 of this report. 

One of the main charges of the DOE sponsors to workshop participants was to 
evaluate the importance of synchrotron radiation methods in molecular environmental 
science research, to take an inventory of available beam lines at U.S. synchrotron 
radiation sources required for such research, and to assess the need for building future 
synchrotron radiation beam lines specifically designed for molecular environmental 
science research. About 60% of the workshop participants had significant research 
experience at synchrotron light sources. A significant amount of time was spent at the 
workshop discussing U.S. synchrotron radiation facilities and some of the techniques 
that make use of the high-intensity x-rays and vacuum ultra-violet radiation and are 
useful in molecular-level studies of natural environmental samples and simplified 
model systems which can serve as surrogates for the more complex natural systems. 

The chapters in this workshop report overlap in part because of several issues 
involving contaminants that were common to all working groups. These issue's are (1) 
contaminant speciation, (2) contaminant solubility and transport in natural waters, (3) 
the interaction of contaminant species in water and atmospheric gases with solid 
surfaces, (4) the types and stabilities of natural solids which contain contaminant 
species and with which aqueous and gaseous contaminants can interact, (5) the effect of 
microorganisms on contaminant behavior, and (6) the need to connect molecular-scale 
information obtained in the laboratory to field-scale observations. Another common 
theme was the use of advanced analytical methods, particularly those that make use of 
intense synchrotron light sources, to address these environmental issues. 

1.4 Facilities and Methods 

A major topic of the workshop involved the methods required to address 
molecular-scale environmental problems. The types of information needed include 
amounts, speciation (including molecular-level structure), spatial distribution, and 
association of contaminants, and reaction pathways and kinetics involving contaminant 
species and their transformations. Because environmental materials include aqueous 
solutions (groundwater and surface waters), atmospheric gases, natural solids, and the 
interfaces among these materials, a variety of analytical tools are required to 
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characterize them and the contaminants they sometimes contain. Because contaminant 
concentrations in these phases are often very low, the methods must be quite sensitive. 
Furthermore, because of the compositional complexity of most environmental samples 
and the fact that they are often poorly crystalline or amorphous, the methods should be 
element specific and not dependent on long-range order. In addition, because many 
molecular-level environmental processes occur at interfaces between solids and 
aqueous solutions or between solids and atmospheric gases, the methods should be 
surface sensitive, and measurements should be possible under in situ conditions, i.e., 
under the same physical and chemical conditions as in the field, which often means in 
the presence of water under ambient conditions. Other desirable features are the 
possibility for high spatial resolution measurements as well as for time-resolved 
measurements. In addition, it is essential to utilize different methods which cover 
different time domains of the physical process being probed in order to understand the 
dynamics of a molecular system at all time scales. Ideally, the methods should be non
invasive, so the contaminant species or process being probed is not altered by the 
measurement. 

The types of analytical characterization methods available are numerous, but 
few, if any, meet all of these criteria. Therefore, a combination of complementary 
methods is necessary for characterizing environmental contaminants and processes at 
the molecular level. Most involve the use of neutral or charged particles to excite atoms 
or molecules or to scatter from atoms in solids, liquids, and gases. Table 1.1 lists some 
of the methods that can be used to characterize the contaminants, phases, and 
molecular-scale processes. 

The tools of x-fay physics have played and will continue to play a major role in 
molecular environmental science studies. Extremely intense synchrotron x-ray sources 
have revolutionized x-ray scattering and spectroscopy studies of materials of all types 
including those of interest to chemists, earth and planetary scientists, materials 
scientists, structural biologists, and solid-state and surface physicists. The use of these 
synchrotron-based methods also holds the promise of revolutionizing the way we study 
environmental materials and processes. X-ray absorption spectroscopy (XAS) was 
identified at the workshop as being one of the most important of these methods because 
it is one of the few structure-sensitive methods that satisfies many of the criteria 
mentioned above. Some of the areas where synchrotron x-ray studies are having and 
will have significant impact in molecular environmental science are listed in Table 1.2' 

1.5 Outstanding Facilities Issues 

Four outstanding issues were identified during the workshop concerning the use 
of synchrotron radiation facilities in x-ray absorption spectroscopy studies of 
environmentally relevant samples. However, these issues are also of concern for other 
synchrotron-based methods. 
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Table 1.1a Summary of analytical methods listed by acronym and arranged according to the 
incident particle and detected particle (after G.E. Brown, Jr v 1990, Reviews in Mineralogy, Vol. 23, 
Mineralogical Society of America; and T.N. Rohdin and J.W. Gadzuk, 1979, The Nature of the 
Surface Chemical Bond, eds. T.N.Rohdin and G. Ertl, North-Holland). The acronyms are defined 
in Table 1.1b, although not all acronyms defined in Table 1.1b are listed in the Table 1.1a. 
Acronyms in bold-face type indicate the techniques can utilize synchrotron radiation sources. 

Detected Particle 
Incident 
Particle Electron Photon Neutral Ion Phonon E/H Field 

AEPS APS ESDN ESDI 
AEM 
AES 
DAPS 

- EELS 
HEED 

BIS 
CL 
as 
EMA 
SXAPS 

SDMM 

Electron HREELS 
IS 
LEED 
SEE 
RHEED 
SEM 
SLEEP 
STEM 
STM 
TEM 

SXES 

AEAPS ATR LMP LMP 
AEM 
AES 
PE 
PEEM 
PEM 
PES 
PRISM 
SEE 
SEXAFS 
UPS 
XEM 

ASAXS 
AWAXS 
DAFS 
ELL 
ENDOR 
ESR 
EXAFS 
GI-EXAFS 
IRAS 
IRS 
LS 

PD PD 

Photon XES 
XPS 

MOSS 
MT 
NEXAFS 
NMR 
ReOEXAFS 
SAXS 
SRS 
XAS (XANES) 
XRD(WAXS) 

SEE NIRS MBRS AHADS 
Neutral MBSS 

a(p) 

IMXA GDOS- ISD GDMS 
INS ERS SDMM IMMA 
SEE nxs ISD 

Ion ISS 
RBS 
SIIMS 
SIMS 

Phonon T£ ES 
TL 

FD SI ASW 

FEES EL RDM FJM CPD 
FEM EDS FIM-APS MS 
ITS FIS SC 
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Table 1.1b Definition of acronyms for different experimental methods used to characterize surfaces 
and chemisorbed species on surfaces. Those methods marked by an asterisk have been used to study 
sorption complexes at surfaces. Those in bold-face utilize or require a synchrotron radiation source. 

AEM- Auger-Electron Microscopy rrs- InelasticTunneling Spectroscopy 
AEPS- Auger-Electron Appearance Potential LEED- Low-Energy Electron Diffraction 

Spectroscopy LEIS- Low-Energy Ion Scattering 
AES- Auger-Electron Spectroscopy LMP- Laser Microprobe 
AFM-* Atomic Force Microscopy LS- Light Scattering 
APS- Appearance Potential Spectroscopy MBRS- Molecular Beam Reactive Scattering 
ASAXS- Anomalous Small Angle X-ray Scattering MBSS- Molecular-Beam Surface Scattering 
ASW- Acoustic Surface-Wave Measurements MOSS-* Mossbauer Spectroscopy 
ATR- Attenuated Total Reflectance MS- Magnetic Saturation 
AWAXS- Anomalous Wide Angle X-ray Scattering MT- Microtomography 
BIS- Bremsstrahlung Isochromat Spectroscopy NEXAFS-* Near-Edge X-ray Absorption Fine Structrure 
CEMS- * Conversion-Electron MQssbauer Spectroscopy NIRS- Neutral Impact Radiation Spectroscopy 
CIS- Characteristic Isochromat Spectroscopy NMR-* . Nuclear Magnetic Resonance 
CL- Cathodoluminescence (CL) NS- Neutron Scattering 
COL-* Colorimetry PAS-* Photoacoustic Spectroscopy 
CPD- Contact Potential Difference (Work PD- Photodesorption 

Function Measurements) PEEM- Photoelectron Electron Microscopy 
DAFS- Differential Anomalous Fine Structure PED- Photoelectron Diffraction 
DAPS- Disappearance-Potential Spectroscopy PEM- Photoelectron Microscopy 
AHABS- Heat of Absorption Measurement PES- Photoelectron Spectroscopy 
EELS-
EHAS-
EL-

Electron Energy Loss Spectroscopy 
Elastic Helium Atom Scattering 
Electroluminescence 

PE-* 
PRISM-
RBS-* 

Photoemission 
Paraxial Ray Imaging SpectroMicroscopy 
Rutherford Backscattering Spectroscopy 

EMA-
EMOSS- * 

Electron Microprobe Analysis 
Emission Mossbauer Spectroscopy 

ReflEXAFS-* 
RHEED-

Reflection EXAFS 
Reflection High-Energy Electron Diffraction 

ENDOR- * Electron-Nuclear Double Resonance o(p)-* Adsorption Isotherm Measurements 
ES- Emission Spectroscopy SAXS- Small Angle X-ray Scattering 
ESDI- Electron-Stimulated Desorption of Ions SC-* Surface Capacitance 
ESDN- Electron-Stimulated Desorption of Neutrals SDMM- Scanning Desorption Molecule Microscope 
ESEEM- * Electron Spin-Echo Envelope Modulation SEE- Secondary-Electron Emission 
ESRorEPR-* Electron Spin or Paramagnetic Resonance SEELFS- Surface Extended Electron Energy-Loss 
EXAFS- * Extended X-ray Absorption Fine Structure Fine Structure 
FD- Flash Desorption SEM- Scanning Electron Microscopy 
FDM- Field-Desorption Microscopy SERS-* Surface-Enhanced Raman Spectroscopy 
FDS- Field Desorption Spectroscopy SEXAFS-* Surface EXAFS 
FEES- Field-Electron Energy Spectroscopy SI- . Surface Ionization 
FEM- Field Emission Microscopy SIIMS- Secondary-Ion Imaging Mass Spectroscopy 
FIM- Field Ion Microscopy SIMS- Secondary-Ion Mass Spectroscopy 
FIM-APS- Field Ion Microscope-Atom Probe SIS-* Surface Infrared Spectroscopy 

Spectroscopy SLEEP- Scanning Low-Energy Electron Probe 
FTIR-* Fourier Transform Infrared Spectroscopy SRS-* Surface Reflectance Spectroscopy 
FYEXAFS- * Fluorescence-Yield EXAFS STEM- Scanning Transmission Electron Microscopy 
GDMS- Glow-Discharge Mass Spectroscopy STM- Scanning Tunneling Microscopy 
GDOS- Glow-Discharge Optical Spectroscopy STS- Scanning Tunneling Spectroscopy 
GIXS- Grazing-Incidence X-ray Scattering SXAPS- Soft X-ray Appearance Appearance Potential 
GI-EXAFS-* Grazing-Incidence EXAFS Spectroscopy 
HEED- High Energy Electron Diffraction SXES- Soft X-ray Emission Spectroscopy 
HEIS- High-Energy Ion Scattering TE- Thermionic Emission 
HREELS- High Resolution Electron Energy Loss TEM- Transmission Electron Microscopy 

Spectroscopy TL- Thennoluminescence 
IETS- Inelastic Electron Tunneling Spectroscopy TPD- Temperature Programmed Desorption 
URS- Ion-Impact Radiation Spectroscopy UPS-* Ultraviolet Photoelectron or Photoemission 
rrxs- Ion-Induced X-ray Spectroscopy Spectroscopy 
ILS- Ionization Loss Spectroscopy XAFS- X-ray Absorption Fine Structure 
IMMA- Ion Microprobe Mass Analysis XANES-* X-ray Absorption Near Edge Structure 
IMXA- Ion Microprobe X-ray Analysis XAS- X-ray Absorption Spectroscopy 
INS- Ion-Neutralization Spectroscopy XEM- Exoelectron Microscopy 
IPS- Inverse Photoemission Spectroscopy XES- Exoelectron Spectroscopy 
IRAS-* Infrared Absorption Spectroscopy XPS- X-ray Photoelectron Spectroscopy 
IRS-* Internal Reflectance Spectroscopy XRD-* X-ray Diffraction 
IS- Ionization Spectroscopy XSW-* X-ray Standing Wave 
ISD- Ion-Stimulated Desorption WAXS- Wide Angle X-ray Scattering 
ISN- Inelastic Scattering of Neutrons 
ISS- Ion-Scattering Spectroscopy 
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• The need for sufficient access to beam time. Unfortunately this requirement can 
become substantial when multielement speciation is required in very 
inhomogeneous samples, such as those found in mine tailings or Hanford tank 
wastes, or when a wide variety of conditions need to be probed, such as oxidation 
state and coordination of elements like As, Se, or Hg as a function of pH, ligand 
concentration and temperature in an aqueous environment. This problem may be 
further exacerbated by the low concentration of the ion of interest, which 
necessitates multiple XAS scans for each sample. One such sample may require 10 
or more hours of XAS data collection with existing synchrotron beam lines and 
detectors in order to acquire adequate signal-to-noise for detailed analysis. Access to 
sufficient beam time is often complicated by the perception that experiments on real 
and model environmental samples do not address basic science issues, and therefore 
synchrotron facilities may assign them low priority. 

Table 1.2: Some Areas in Which Synchrotron Radiation Studies Will Impact 
Environmental Science 

Mineral-water interface geochemistry 
Composition of soils at both the microscopic and molecular levels 
Fate and transport of toxins in soils 
Hydrodynamics, especially at interfaces (i.e., real-time imaging of transport in 
porous media) 

Paleo climatology 
Paleontology, paleobotany (i.e., examination of the fossil record) 

Leaching of radioactive wastes encapsulated in glasses/cements 
Efficacy of ion-exchange media 
Leaching, surfactants and other remediation technologies 
Bioremediation 

Atmospheric chemistry on aerosols and particulates 

Soil-root interfaces 
Organic-inorganic interfaces 
Biofilms 
General effects of fungi and microbes 

Fate of toxins in the biosphere, e.g., the imaging and chemical identification of 
toxins in bone, soft tissue, teeth, clam shells, tree rings, ocean-floor corings 

Scientific foundation for green technologies 
Electrochemistry (an alternative energy source) 
Structure/chemical composition of coal and coal combustion products 
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• The need for new detectors. The samples of interest may combine the features of 
small size and very low concentration; therefore detector development aimed at 
faster speeds with better energy discrimination and sensitivity is essential for XAS 
measurements in this field. Third-generation synchrotron sources are expected to 
provide a flux on a sample that may have sufficient energy to cause sample 
modification. This problem has been observed using insertion devices at second-
generation sources. For example, the measured potential when performing in situ 
electrochemical experiments has been seen to shift significantly because of radiolysis 
effects, and permanent color changes have been observed in areas exposed to the x-
ray beam when performing studies on glass matrices suitable for storing waste. 
Improvement in detectors, both through increasing their efficiencies and 
development of new detection methods, is essential to the growth of this field. 

• Samples for environmental studies are often toxic or radioactive. This toxicity 
imparts special handling requirements on the synchrotron facility experimental 
floor to assure no contamination and no danger to experimentalists. The current 
procedures require the prepackaging of samples at the home institution, with no 
provision for even cursory sample manipulation at the synchrotron site. For 
example, if a toxic sample in tertiary containment is jarred slightly out of alignment 
during transport, there is no provision to allow opening it to reposition the primary 
container. Nor is there any provision to allow the simple addition of a reagent, 
such as a solvent or an acid, to a sample at the synchrotron facility. This restriction 
greatly impacts the types of experiments that can be performed. The availability of 
special laboratories or clean rooms for limited radioactive and toxic sample 
handling' at a synchrotron facility is necessary for conducting a wide variety of 
experiments efficiently. 

• Contaminants in environmental samples are typically very dilute. Perhaps the 
most important issue involves extension of the useful concentration range over 
which XAS data can be obtained. Most of the elements in the periodic table are too 
dilute in natural waters, or even in contaminated systems, to be accessible for study. 
Furthermore in laboratory studies, limited solubility excludes many elements from 
study in solutions of interest in the environment (e.g., transition metals in sulfidic 
solutions). Advances in detector sensitivity and synchrotron source flux can help 
overcome these difficulties. Finally, improvements in our ability to interpret x-ray 
absorption spectra from mixtures of species would open the way to the study of a 
number of important problems (e.g., how an element is distributed between 
multiple ligands or between different structural sites in colloidal phases, etc.). 
While chemists currently have other means of studying mixtures in well-defined 
systems, they need better methods for studying poorly defined ligands (e.g., humic 
acids) or colloids (e.g., amorphous oxyhydroxides). 
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2. SPECIATION, REACTIVITY, AND MOBILITY OF CONTAMINANTS IN 
AQUEOUS SYSTEMS 

2.1 Introduction 

Rocks, minerals, soils, natural waters, and a multitude of other 
environmental matrices contain a wide variety of chemical and biological 
components that can significantly affect contaminant migration behavior and 
impact the ultimate toxicity risks of contaminants to humans and ecological 
systems. In order to understand the behavior of contaminants in natural matrices, a 
broad range of complex geochemical and microbiological processes must be 
understood. Sorption, precipitation/ dissolution and redox equilibria, solubility, 
radiolysis, hydrolysis, humic acid complexation, colloid generation, effects of other 
metal ions and ligands, etc. must be considered. An understanding of these 
processes is required to develop scientifically based remediation strategies and 
evaluate the need for urgency of response to an environmental insult. Decisions 
based on this information have significant technological, economic, and social 
impact. This is particularly important because some contaminants may become 
more or less toxic under varying environmental conditions. 

Speciation is the important factor influencing the behavior of contaminants 
in complex environmental matrices. There are multiple levels of information 
required to define speciation including (1) the identity of the element, (2) the 
physical state, (3) the oxidation state, (4) the empirical" formula, and (5) the detailed 
molecular structure. The nature of the environmental problem determines the 
degree or level of understanding to which the speciation needs to be obtained. 
Some typical examples follow. 

2.1.1 Elemental Identification. Identification of the types of contaminant elements 
present in an aqueous solution or soil is the starting point in determining 
speciation. For example, the presence of radionuclides such as Pu is sufficient to 
demand environmental clean-up. However, this information alone is rarely 
sufficient to identify the potential extent of the environmental insult. 

2.2.2 Physical State. Toxicity and mobility are highly dependent on the physical state 
of a contaminant (solid, liquid, gas, colloid, etc.). For example,- a toxin is expected to 
have entirely different transport properties depending on whether it exists as a 
dissolved species or an insoluble precipitate. 

2.2.3 Oxidation State. The oxidation state of a metal ion can greatly influence the 
mobility, toxicity, and reactivity. For example, chromium in the hexavalent state is 
regulated by the Resource Conservation and Recovery Act (RCRA), but is of little 
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concern in the trivalent state. Furthermore, changes in oxidation state can occur in 
the environment. 

2.2.4 Empirical Formula. The empirical formula influences the size and charge of a 
solution species and thus exerts a dominant role on species transport. For example, 
knowledge of the empirical formulas for the monomeric [UC^CCOs^]-4 and trimeric 
[U02(C03)2]3"6 hexavalent uranium carbonate complexes, which exist in aqueous 
solution, respectively, at concentrations below and above 1(H M uranium, allows us 
to understand the variation of the solubilities and complexation behaviors exhibited 
by uranium carbonate solutions as a function of concentration. 

2.2.5 Molecular Structure. Molecular structure represents the highest level of 
speciation information. For example, determination of the toxicity of dioxins in 
animal studies has shown variability in toxicity of over six orders in magnitude 
from the various isomers of tetrachlorodidibenzo-p-dioxin. 

2.2 General Speciation Techniques 

A variety of techniques can be used for the measurement of different levels of 
speciation. Table 2.1 lists a number of commonly used techniques along with their 
applicable concentration range, sensitivity, and required physical state for sample 
analysis. Speciation measurements are often made using a combination of these 
techniques, depending on the complexity of the system and the level of information 
required. Each has its own particular sensitivity, specificity, cost, and benefit. Some 
methods can be applied only to solid samples whereas others can be used for both 
solid and liquid systems. In general, techniques such as NMR spectroscopy which 
yield detailed molecular structural information require relatively large 
concentrations of the target species (10 - 3 M), whereas techniques for obtaining 
elemental composition such as neutron activation analysis can detect relatively low 
concentrations (< ppm). 

There have been considerable advances over the last several decades in the 
characterization of selected elements in complex chemical systems by the application 
of species-sensitive techniques in combination with species-determming techniques. 
For example, advances in optical spectroscopy may provide unique spectral 
signatures for a given type of species from which the presence and relative 
concentrations can be determined. The spedes-determining techniques (such as 
potentiometric titration) must identify the chemical species in such a way that its 
behavior can be understood and predicted. 
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Table 2.1 Some General Speciation Methods 

Method Approximate Lower Limiift Application^3 

Neutron Activation Analysis (NAA) 
Chemiluminescence 
Mass Spectrometry (ICP, TOF, FAB, etc.) 
Polarography 
Gas/liquid Chromatographic techniques 
Radiochemical Trace Analysis 
Atomic Absorption/Emission (AA, AE) 
Electron Spin Resonance (ESR) 
Photothermal Spectroscopy (PAS) 
Laser Induced Fluorescence (LIF) 
EMF techniques (potentiometry) 
Electronic Spectroscopy (UV-Vis-NIR) 
X-ray Photoelectron Spectroscopy (XPS) 
Vibrational Spectroscopy (Raman, FT-IR) 
Diffuse Reflectance Spectroscopy 
Nuclear Magnetic Resonance (NMR) 
X-ray Absorption Spectroscopy (XANES, EXAFS) 10"1 -10" 4 M 
X-ray and Neutron Diffraction 

(single crystal, powder) 
X-ray Fluorescence (XRF) 
X-ray Fluorescence (microprobe) 
Energy Dispersive X-ray Analysis (EDX) 
Mossbauer Spectroscopy 
Neutron and X-ray Scattering (SANS, WAXS) 

a Estimated lower limits for typical groundwater or soil samples. 
b (1) elemental identification, (2) physical state, (3) oxidation state, (4) empirical 
formula, (5) molecular structure. 

> 10-12 M 1 
> lO^O M 1,3 
> 10"9 M 1 
> 10"9 M 1,3,4 
10-6 _ io-9 M 1 
10-8 . io-l M- 1,2,3 
10-6 . IO-IO M 1 
10-5 _ io-12 M 1,3,4,5 
10-5 _ io-9 M 3,4 
10-5 . io-9 M • 3,4 
10-3 . io-8 M 4 
10-3 . io-6 M 3,4 
10"3 monolayer 1,3 
10-1 _ io-3 M 3,4,5 
10-1 -10-3 M 3,4,5 
10-1-10-4 M 3,4,5 
10-1-10-4 M 3,4,5 

IOOM 5 
<10"3 M 1,3 
<10"8 M 1,3 
<1000 ppm 1 
IOOM 1,3 
> 1 M 5 
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Solution speciation processes are often labile, and some techniques can 
perturb the system. Techniques which are neither physically nor chemically 
invasive are particularly valuable for examination of speciation. Solid phase 
speciation investigations are generally much less susceptible to perturbation than 
solution investigations. 

Speciation is often a function of analyte concentration. For example, in 
aqueous media at millimolar concentration ranges, hydrolytic metal ion oligomers 
may form in solution, whereas at submicromolar concentrations, the systems are 
frequently mononuclear. As an illustration of this point, in aqueous solutions 
containing less than 10*6 M U(VI), the first hydrolytic species is monomeric 
U04(OH)+, while at uranium concentrations above IfHM, it is generally agreed that 
the dimeric species (U02)2(OH)22+ is predominant. Even where polymer formation 
is not a serious problem, experimental data can often be interpreted with a number 
of possible species, resulting in high uncertainty in proposed speciation models. In 
these situations, unequivocal clarification of species identity requires spectroscopic 
identification or confirmation of the proposed species. Within the time constraints 
of experimentation, speciation models developed and confirmed from a variety of 
techniques have the greatest scientific credibility and applicability to fate and 
transport of contaminants in the environment. 

Natural waters contain both inorganic (hydrous silicate and oxide) and 
organic (humic material) particles having dimensions in the colloidal range, which 
can pose unique analytical problems. Sometimes these particles are better described 
as polyelectrolytic macromolecules, their size ranging down to the molecular scale. 
There are now several well documented field examples where colloids have 
facilitated transport of radionuclides or organic contaminants which were predicted 
on the basis of their intrinsic chemical properties to be immobile. 

2.3 Synchrotron Radiation Applications to Speciation Problems 

The combination of wavelength tunability and high intensity of light 
produced by a synchrotron-radiation source affords unique opportunities for 
elemental and molecular speciation. These features prove particularly 
advantageous when dealing with molecular environmental problems, where 
determination of speciation is rendered difficult by the complex, multicomponent 
nature of many of the samples. In particular x-ray absorption spectroscopy (XAS) 
and variable wavelength x-ray diffraction on small samples are currently being 
utilized to provide information not otherwise available from the analytical 
methods listed above. XAS provides unique information about oxidation state 
(XANES) and surrounding structural environment (EXAFS) of a central ion. This 
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spectroscopy can be performed on crystalline materials or non-ordered systems such 
as sorbates, solutions, slurries, or amorphous solids, and is routine for samples as 
small as 2-3 mg or concentrations down to 10 - 4 to 10' 5 M (10 - 100 ppm). In addition, 
because of the short wavelengths involved, sample color or conductivity do not 
influence the spectra. Speciation of a single element in a complex mixture can be 
probed in situ, without invasive chemical modification. XAS has been of 
substantial utility and specific advantage over other techniques described earlier, 
because it can provide unique information for systems with heavy target elements 
(P or heavier) using hard x-ray sources, and light elements such as C, N, and O using 
vacuum ultra-violet and soft x-ray sources. X-ray diffraction, which provides 
crystalline phase identification for powdered crystalline samples and three-
dimensional structural information for single crystals, becomes a much more 
powerful technique when the wavelength of the diffracting beam can be tuned to 
optimize conditions for anomalous scattering. 

XAS is a direct probe of the oxidation state and local atomic structure of the 
elements in a sample. The types of neighboring atoms and their coordination 
number around a selected element can be determined to about 25% accuracy, the 
interatomic distances (for shells of neighbor atoms out to 3-5 A from the central 
absorber) to within 0.01-0.05 A. XAS methods can detect changes in the number and 
type of ligands or oxidation state in a complex. XAS represents an excellent 
complement to other spectroscopic methods listed in Table 2.1. It is an extremely 
useful technique for determining local structures and speciation in non-crystalline 
materials or for samples where the element of interest is not part of the regular 
lattice. 

Examples of the use of XAS in speciation of complex samples include the 
following. 

• Recent studies indicated that chromium removal from Hartford waste tank 
sludges was inadequate. XAS measurements demonstrated that Cr(VI) was 
effectively removed, but Cr(in) was retained in the sludge associated with an 
insoluble aluminum or iron bismuth oxide. This information was invaluable in 
the design of enhanced sludge washing techniques for chromium separation, since 
chromium loading in the proposed glass "log" waste form is a critical limiting factor 
in determining the total volume of the waste introduced into this waste form. 
Separation of chromium from tank sludge represents a huge cost benefit. 

• Another example of XAS utility in solving environmental problems involves 
remediation of contaminated soils at the Feeds Materials Production Center in 
Fernald, Ohio. A variety of toxic materials, including natural uranium were 
released to the soil. Current plans involve removal of the entire volume of soil to 
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be packaged and shipped to a hazardous waste disposal site. Attempted soil washing 
techniques to remove the uranium presumed to be in the form of uranium(VI) 
proved to be inadequate. XAS analysis reveaied that the insoluble uranium was in 
the tetravalent state, which explained the difficulties in removal during the soil 
washing operation. This information was used in development of enhanced 
removal of uranium from contaminated soils. 

• There has been significant concern over the Se concentrations found in the 
Kesterson (CA) wildlife refuge, and its potential toxicity. Recent XAS experiments 
have provided unique information about natural cycle of Se speciation, allaying 
some of the concerns and producing information important to remediation 
strategies. 

The coupling of synchrotron methods and theory should prove to be very 
beneficial in the study of elemental speciation in aqueous and non-aqueous systems. 
For example, theoretical modeling based on a combination of electronic structure 
and molecular dynamics can give insight into transport processes and reactions in 
these systems as well as parameters for field-scale modeling. The advances in 
theoretical methodology and computer technology in the coming years should 
enhance the capabilities of this type of modeling. Synchrotron studies provide 
information such as bond distances and coordination numbers needed for testing 
the validity of theoretical predictions and developing the methodology. In another 
application of theory, electronic structure calculations of scattering cross-sections can 
be used to generate theoretical XANES and EXAFS spectra which can aid in the 
interpretation of the experimental spectra and in the resolution of spectra from 
complex mixtures. 

In summary, while many methods can and are employed in defining the 
speciation of elements in environmental systems, the techniques available with 
synchrotron sources provide unique opportunities for a more complete 
understanding of the nature of the contaminants present and of the processes 
determining their transport. They also can be used to understand the chemical 
principles which may allow the development of effective remediation processes. 
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3. THE ROLE OF SURFACES AND INTERFACES IN MOLECULAR 
ENVIRONMENTAL SCIENCE 

3.1 Introduction 

3.11 'Environmental Importance of Solid-Liquid and Solid-Gas Interfaces 

The interfaces between solids and aqueous solutions and between solids and 
gases play an enormously important role in determining the composition of the earth's 
near-surface environment. Indeed, the key mechanisms and rates by which toxins 
move from their source through the environment and ultimately into the biosphere are 
determined largely by physical and chemical processes at these interfaces. Such 
interfaces can be as conceptually "simple" as water or water vapor in contact with an 
atomically flat, defect-free surface of a simple oxide like MgO or as complex as a biofilm 
or the irregular, defective surface of a soil particle in contact with groundwater. 
Phenomena occurring at interfaces control such diverse environmental issues as 
groundwater quality, plant nutrient uptake, the toxicity of individual molecules for 
living cells, and atmospheric chemistry and air quality. For example, the breakdown of 
CFC's in the atmosphere is facilitated on the surfaces of dust and ice particles in the 
polar stratosphere clouds. Furthermore, sea salt provides a reactive surface on which 
tropospheric N O x is sorbed, resulting in the formation of HNO3 or HC1. Reactions 
between atmospheric gases and solid surfaces are also important in the water-
unsaturated zone of the earth's crust, particularly in arid regions where the 
groundwater table is very deep. This general class of heterogeneous gas-solid reactions 
has only recently been recognized as playing a dominant role in mediating the 
composition of the biosphere. 

An even more important class of interfacial reactions affecting the environment 
involves aqueous solutions reacting with mineral surfaces" in the earth's outer crust. 
Such reactions are largely responsible for the compositions of the oceans and the 
world's fresh water supplies and provide critical controls in the biogeochemical cycling 
of chemical elements and compounds. Furthermore, the release of inorganic nutrients 
to soils from such processes is essential for the growth, of plants and the production of 
much of the world's food supply. These solid surfaces also play an important role in 
filtering potentially harmful microbes, viruses, and chemical contaminants from 
groundwaters because they can chemically bind these substances to mineral surface 
sites, thus retarding their movement in groundwater. Although this "filtering" capacity 
of soils is great, there are limits which depend on the types and amounts of 
contaminants entering the soil system and the nature and properties of the soil. The 
importance of aqueous fluid-solid reactions in the environment is well recognized, as 
illustrated by the following quotation: 

"Almost all the problems associated with understanding the processes that control the 
composition of our environment concern interfaces, above all the interfaces of water with 
naturally occurring solids." (Werner Stumm, 1987) 
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3.1.2 Environmentally Important Solids and Interfaces 

The earth's outer crust, where the bulk of interfacial reactions occur, is made up 
of fractured rocks (mixtures of solid phases in intimate iritergrowth), sediments (loosely 
consolidated rock and mineral fragments), and soils (complex, heterogeneous mixtures 
of inorganic and organic materials, gases, plants and plant debris, and organisms). The 
total solid surface area exposed in this region is estimated to be >101 2. m 2 . These 
surfaces are highly reactive and continuously release chemical components to the 
environment through weathering and dissolution processes that involve their reactions 
with aqueous solutions, organic acids, atmospheric gases, plant roots, algae, and 
microbial organisms. The relevant solids comprising this reactive bed of crustal 
materials include the rock-forming minerals (primarily silicates and aluminosilicates) 
and their weathering products, metal oxides and oxyhydroxides, carbonates, sulfates, 
sulfides, phosphates, other less abundant minerals, and a variety of amorphous or 
poorly crystalline phases (e.g., hydrous ferric oxides). To complicate matters further, 
the surfaces of these solids are often coated with other solid phases (crystalline and 
poorly crystalline oxides and oxyhydroxides, clay minerals, sulfates, etc.) and/or with 
organic matter (humic and fulvic substances, which are characterized by high molecular 
weights and various types of reactive surface functional groups). In spite of their 
importance, little is known about the chemical and physical nature of mineral surfaces 
and the coatings on them. 

3.1.3 Contaminants in Soils and Sediments 

A broad range of chemical constituents have been added to soils and sediments 
as a result of human activities, including heavy metals, xenobiotic organic compounds, 
and radionuclides. In order to assess the risk to human health and the ecosystem from 
this pollution, it is essential to be able to predict the transport and transformation of 
contaminant species in the subsurface environment. The rate at which these chemical 
agents migrate through soils, their bioavailability, concentration in pore waters, and 
transformations are strongly controlled by interactions with mineral and biotic surfaces, 
indigenous inorganic and organic solutes, organic phases, and microbes. For example, 
it is known that soil chemistry can be altered to change the solid forms of Pb in soils, as 
measured by sequential chemical extractions, the Toxicity Characteristic Leaching 
Procedure, plant uptake, and animal feeding studies. At a molecular level, however, 
there is a lack of understanding of reaction pathways involving Pb, its chemical form(s) 
at the surfaces of soil particles and plant roots and in animal gastro-intestinal tracts, and 
the factors that affect the bioavailability of Pb species. With improved molecular-level 
knowledge, more accurate predictions about the potential outcomes of various 
remediation strategies on the bioavailability of contaminants like Pb will be possible. 

Activities within the DOE and DOD weapons complex have resulted in a great 
deal of subsurface contamination. Remediation efforts at these contaminated sites must 
consider a variety of issues including subsurface transport of contaminants, in situ 
barrier design, catalytic destruction of wastes, laser-based analysis and degradation of 
wastes, engineering design of thin film coatings for waste processing, and ambient 
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(indoor/outdoor) chemistry. Each of these issues is intimately related to interfacial 
chemical processes. Another major problem created by nuclear weapons production at 
DOE sites over the past 50 years is the need to isolate high-level nuclear wastes from the 
biosphere. Whatever storage repository is ultimately chosen, a key factor in protecting 
the biosphere from the dispersal of actinide elements like Pu and Np is the interaction 
of groundwater with the surfaces of waste forms and the subsequent interaction of 
released actinide elements in groundwater with man-made or natural barrier materials 
which will retard their dispersal. Such interactions will occur at aqueous solution-solid 
interfaces, and they must be understood at a fundamental level so that reliable and 
robust predictions about the distribution and transport behavior of actinides can be 
made as a function of time and changing physical and chemical conditions. 

3.2.4 Molecular-Level Characterization of Interfaces and Interfacial Reactions 

While the importance of interfaces is well recognized, the ability to characterize 
their structures and properties and the processes they mediate is an enormous scientific 
challenge. Remarkably, an understanding of interfacial phenomena at the molecular 
level remains elusive for all but the simplest systems. At the heart of the problem is 
determination of the speciation (or the chemical form) of elements involved in interfacial 
processes. The speciation of an element controls the degree to which it will complex or 
bond with other elements, and this, in turn, determines the complex's solubility, 
mobility, reactivity, and toxicity to plants and animals (see Chapter 2 of this report). 
Therefore, ideally, the study of interfacial phenomena must involve measurements that 
probe not only which elements are present at an interface but also their chemical form. 
In addition, such measurements should be carried out, where possible, in situ, i.e., with 
the solid surface in the same chemical and physical form and under the same conditions 
as when chemical reactions of interest occur at the solid surface. This is a real challenge 
because reacting surfaces in the environment are in contact with aqueous solutions, 
atmospheric gases, organic matter, organisms, and/or plant roots. Removal of these 
host phases simplifies investigation but risks altering the state of the contaminant. 

Although many experimental methods are commonly used to characterize solid 
surfaces and sorbed species, only a small number are capable of providing the types of 
measurements and information discussed above. Synchrotron-based techniques and 
scanning force microscopies are among the most important of the in situ methods, 
although the latter (including atomic force microscopy) have significant difficulty 
achieving atomic resolution when applied to the surfaces of most natural solids, which 
are dominantly insulators. Ex situ methods, such as x-ray or ultraviolet photoelectron 
spectroscopy (XPS or UPS), involve drying a contaminated natural soil or a synthetic 
sorption sample and placing it in an ultra-high vacuum (UHV) chamber for 
spectroscopic measurements. Such methods pose the risk of altering the sorption 
complex, particularly if it is weakly bonded to the surface. Although in situ 
measurements are strongly preferred where possible, ex situ methods such as UPS are 
essential for certain types of information (e.g., the electronic structure of an oxide 
surface which controls its reactivity). Synchrotron-based, surface-sensitive spectroscopic 
and scattering methods are also among the most direct ways of probing the molecular-
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level structure, composition, and properties of surfaces, the chemical species sorbed at 
these surfaces, and the reaction pathways that lead to their formation. Such information 
is extremely important in developing the mechanistic understanding needed in 
molecular environmental science to constrain macroscopic models of surface 
complexation and reactive transport (see Chapter 6 of this report). A knowledge of the 
chemical speciation will ultimately enable the most efficient control, clean-up, and 
remediation of toxic wastes by suitable technologies such as leaching, surfactants, 
and/or bioremediation. 

3.2.5 Molecular-Level Environmental Issues Involving Solution-Solid and Gas-Solid 
Interfaces 

Critical questions involving environmentally important processes at aqueous 
solution-solid and gas-solid interfaces include the following: 

• What are the compositions and structures (both electronic and geometric) of the 
surfaces of naturally ocairring solids in soils and sediments and the nature of defects 
and reactive sites on these surfaces? 

• How does water (ranging from less than monolayer coverage to bulk water) affect the 
properties of these surfaces, particularly their chemical reactivity? 

• What are the physical and chemical forms of inorganic and organic coatings on solid 
surfaces and how do they alter surface properties? 

• What are the chemical forms (species) of metal ions, oxoanions, and organic 
compounds at aqueous solution-solid, gas-solid, and gas-liquid interfaces of 
environmental importance, and how strongly are they bound at these interfaces under 
different chemical/physical conditions and over different time periods? 

• What are the molecular-level mechanisms and rates of environmentally important 
chemical reactions at these interfaces? 

Approaches to answering these questions are discussed in the remainder of this 
chapter. Table 3.1 summarizes the environmental importance of these issues and some 
of the methods required to address them. 

3.2 The Nature of Solid-Water and Solid-Gas Interfaces and Sorption Reactions 

3.2.2 Sorption of Aqueous Inorganic Species 

When aqueous metal cation and anion species partition from aqueous solution to 
a solid surface, this process is termed sorption,.and the added cation or anion is referred 
to as an adsorbate or an adion. The solid phase involved in sorption reactions is referred, 
to as the adsorbent. Sorption reactions on a mineral surface may result in the loss of one 
or more waters of hydration from the adsorbate ion and the formation of a relatively 
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Table 3.1: Molecular Environmental Science Issues, Their Importance, and Techniques Required for Their Study 

Scientific Issues Environmental Importance Techniques 

Structure, Composition, 
& Reactivity of Surfaces 

• 
Naturally occuring Solids 
(including coatings) 

• 
Synthetic Analogues 

Surfaces are where environ
mentally important reactions 
occur. 

Theory: Electronic Structure 
Calculations 

Synchrotron-based: XAS, 
XPS, Resonant UPS, XSW, 
PED, Surface Scattering 

Laboratory-based: UPS, XPS, 
AES, LEED, SPM, TEM, EELS, 
ISS,IPS 

Interaction of Gases with 
these Solid Surfaces 

Gas-solid interfacial reactions 
are extremely important in 
the atmosphere, in the water 
unsaturated zone, and in arid 
environments. 

Theory: Electronic Structure 
Calculations 

Synchrotron-based: XAS, 
XPS, Resonant UPS, XSW, PED 
Surface Scattering 

Laboratory-based: UPS, XPS,AES, 
LEED, SPM, TEM, EELS, ISS, IPS, 
HREELS, TPD, SALLIR, Raman, SHG 

Effect of Water on these 
Surfaces, including their 
Reactivity 

Water-solid interfaces are where 
most environmental reactions 
occur. Other solid-fluid reactions 
in humans affect the bioavailability 
of heavy metals in ingested soil and 
dust particles. 

Theory: Simulation methods 

Synchrotron-based: XAS, XSW, 
Resonant UPS (?), IR, Surface 
Scattering, X-ray Microscopy, 
PRISM, X-ray Microprobe 

Laboratory-based: SPM, FTIR, 
NMR, TPD, UPS(?), Raman, SHG 

Products of Solid-Water 
Reaction Classes: Hydrolysis, 
Coordination Complexes, 
Oligomers, Surface Precipitates, 
Biofilms, Hemi-micelles 

Such reactions account for the 
distribution of chemical species 
in interfacial regions under environ
mental conditions. They also 
account for the release and binding 
of contaminants in soils. 

Theory: Simulation methods 

Synchrotron-based: XAS, XSW, 
IR, Surface Scattering, X-ray 
Microscopy and Microprobe 

Laboratory-based: SPM, FTIR, 
EPR, NMR, UV-vis, PAS, SHG 

Mechanisms and Rates of 
Such Reactions, including 
Diffusion 

Fluxes of contaminants are dependent 
upon reaction mechanisms and rates. 
Rate constants and rate laws must be 
known at a fundamental level to make 
predictions in complex systems. 

Theory: LFER, Transition-state 
Theory 

Synchrotron-based: XAS, Quick 
XAS, Time-resolved Scattering, 

Laboratory-based: NMR, ultra-
fast spectroscopies, SPM, electro-
and photochemistry 
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strong chemical bond(s) between adsorbate and adsorbent. This process is known as 
specific adsorption or chemisorption, and the adsorbed species is referred to as an inner-
sphere adsorption complex. In general, strongly coordinated surface species are relatively 
immobile and are much less likely to detach or desorb from mineral surfaces as solution 
conditions change. A weaker interaction may occur between a hydrated ion and a 
mineral surface in which waters of hydration are retained. In this case the adsorbate is 
not bonded directly to the surface, and the attraction is due mainly to longer-range 
coulombic forces and hydrogen bonding. Adsorption of this type is often termed non
specific, and the adsorbed species is referred to as an outer-sphere adsorption complex. 
These more weakly sorbed species are much more likely to become remobilized under 
changing geochemical conditions, and they typically pose greater environmental 
hazards than strongly sorbed species. 

The chemical/physical processes responsible for specific or non-specific sorption 
can be described as follows. First, the reactant species must diffuse through the 
aqueous solution to the surface where it can be elastically or inelastically scattered back 
into solution or sorb onto the surface. The amount of time that a species spends sorbed 
to the surface of the solid prior to desorption (or reaction) is fundamentally important to 
modeling transport phenomena. These chemical and physical interfacial processes have 
geochemical significance because the propensity of a mineral to sorb contaminants 
determines the mobility of the waste products in the subsurface. In particular, the 

' uptake and retention of contaminants by minerals in soils are directly reflected in 
measurements of plume shapes and concentrations. Sorbates can subsequently 
participate in chemical reactions at the surface, producing products that eventually 
desorb back into the original phase and are transported away from the surface. In an 
alternate pathway, reactants can dissociate "immediately" upon contact with the solid 
surface, diffuse on the surface to some new location, recombine with some other moiety, 
and subsequently desorb. Information about the energetics of these different pathways 
and the reactant and product states can be derived from quantum mechanical 
calculations. The goal of atomic-level studies is to investigate the processes that drive 
these elementary processes. 

Sorption may also involve formation of a precipitate on the mineral surface, 
which is characterized by a three-dimensional structure that may or may not be 
crystalline. Precipitates may coat the host mineral surface, entirely masking its 
properties. The precipitate-coated surface' comprises a new sorption host and may be 
more or less reactive than the original, depending on physical form and surface area, 
the concentrations and types of defects, and the Lewis acid or base properties of the 
resulting surface sites. Contaminants sorbed onto the original surface may be buried by 
the precipitate or incorporated into it, thus becoming less likely or slower to desorb 
when conditions change. Surface precipitates can be quite complex. Two distinct solids 
may precipitate together, or coprecipitate, in such an intimate mixture that they cannot be 
distinguished easily. Alternatively, several anions and cations of similar size and 
charge may coprecipitate or codeposit into a single structure forming a true solid 
solution.. The term absorption refers to sorption processes through which the adsorbate 
becomes incorporated into crystal structure of the adsorbent, including sorption 
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followed by solid-state diffusion and coprecipitation during dynamic recrystallization 
of the adsorbent itself. 

Further complications may arise if the adsorbate ion or molecule can be oxidized. 
or reduced. For example, in some solutions, the toxic, mobile Cr(VD species is reduced 
to less toxic and much less mobile Cr(m) when sorbed onto Fe304 (magnetite) and other 
minerals that contain elements capable of donating electrons to the Cr(VI). In this and 
similar cases, the adsorbent plays an active chemical role in the redox process. Redox 
reactions can also be mediated by some redox insensitive adsorbents when two species, 
each capable of existing in more than one oxidation state, cosorb. For example 
reduction of Fe(m) by organic acids is enhanced in the presence of some inorganic 
oxides and clay minerals. Redox reactions at mineral surfaces may be photosensitive, i.e., 
catalyzed by light. Very little is known about precisely how these reactions occur, e.g., 
whether the solid plays a direct role in electron transfer, alters the electronic structure of 
the sorbed species to facilitate transfer, or simply binds the reactants in close proximity. 

Sorption alone does not dictate the fate of adsorbed species. Very small (micron-
sized or colloidal) adsorbent particles may interact with each other and coagulate or 
agglomerate (bind together) forming aggregates. Small particles formed by 
homogeneous precipitation may agglomerate or heterocoagulate with other small 
particles in the system, or adhere to the surface of larger particles. Agglomeration and 
heterocoagulation are likely to reduce the apparent mobility of adsorbed species carried 
by their constituent solid particles. Agglomeration is sensitive to solution composition, 
however, and under some conditions colloidal particles may remain dispersed and 
move with local groundwater, thus enhancing mobility of sorbed species. 

3.2.2 Sorption of Organic Species 

Dissolved organic compounds and ions like hydrocarbons, pesticides, and 
detergents also sorb onto mineral surfaces and sorb on or dissolve into organic solids in 
soils and sediments. Sorption by organic solids can be predicted empirically through 
study of the partitioning of the organic between octanol and water — a high 
octanol/water partition coefficient predicts strong sorption, but why this correlation is 
successful is not well understood because we do not know how the sorbed organic 
molecule is bound to the organic adsorbent. As do inorganic species, organics can sorb 
onto mineral surfaces in several ways, weakly or strongly, with correspondingly little or 
great retention by soils. Organic molecules such as the simple hydrocarbons (e.g., 
octane from gasoline) or halocarbons (e.g., carbon tetrachloride), for example, do not 
form strong chemical bonds with specific reactive sites on mineral surfaces, but do sorb 
through hydrophobic bonding. Hydrophobic bonding apparently arises from changes in 
the structure of water near the organic molecule and the surface when the two are in 
close proximity. The effect is widely observed in the natural environment, but is very 
poorly understood because we know so little about the structure of water near 
uncharged molecules or mineral surfaces. Better understanding of water structure and 
hydrophobic bonding could possibly lead to predictive methods and techniques for 
controlling sorption of non-polar organic contaminants (see Section 3.2.7). 
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In contrast to the non-ionic, non-polar hydrocarbons, many environmentally 
significant organic molecules contain polar, ionizable parts or functional groups. For 
example, alcohols contain the hydroxy! functional group, soaps and some detergents 
contain the carboxylafe group, and some personal care products and animal wastes 
contain the amine group. Through reaction of these groups with reactive sites on 
mineral surfaces, organic molecules and ions can sorb relatively strongly. The strength 
of sorption depends strongly on the shape of the particular organic molecule and the 
location of the functional group relative to other parts of the molecule. However, it also 
depends on the polarity and ease of ionization of the group itself and its affinity for the 
sorbing site. Thus the members of a closely related family of organic compounds are 
likely to behave quite differently in the environment. Some may form strong, inner-
sphere complexes with the surface, while others are prevented from doing so by 
interference of other parts of the molecule and can form only weaker bonds such as 
hydrogen bonds or van der Waals interactions. Finally, sorption of organic ions can be 
hindered or enhanced by the presence of dissolved inorganic compounds or other 
organic compounds, here termed modifiers. Sorption inhibition occurs when the 
interaction of the modifier with the potential sorbing organic forms a new, non-sorbing, 
but soluble species. Enhancement can occur when the modifiers, the organic molecule 
or ion, and the surface form a ternary surface complex. Conceptual models have been 
developed to explain which types of interaction inhibit and which enhance sorption, but 
more detailed understanding of the composition and structure of ternary complexes, 
and the factors that influence bond strength and configuration are needed before 
quantitative use can be made of these models. 

. Finally, organic molecules that are heteropolar, i.e., that possess both polar (or 
ionic) and non-polar portions, are often unusually surface active. They sorb at air-water 
and mineral-water interfaces strongly. At the mineral-water interface it is thought that 
the polar functional group binds specifically to surface sites, while the non-polar, 
hydrophobic portion of the molecule extends into the solution side of the interface. As 
the concentration of the surfactant on the surface ina'eases, the non-polar portions of 
adjacent sorbed molecules interact, forming clusters Qiemimicelles) or bilayers 
(admicelles). These phenomena alter the relative wetability of the surface by 
hydrocarbons and water and the relative affinity of the solid for sorption of other 
organics, and thus the efficiency of petroleum recovery methods and/or remediation 
technologies. 

3.2.3 The Need for Molecular-Level Information on Interfacial Adsorption Processes 

We have already seen that sorption processes have a dramatic effect on the 
transport and bioavailability of contaminants in the environment. Mineral surfaces also 
play important roles in some types of bacterially mediated chemical transformations 
and in abiotic chemical transformation reactions. For example, minerals have been 
implicated in acid- and base-catalyzed hydrolysis, reductive dechlorination, and 
polymerization of organic compounds, and in the case of redox-sensitive metal ions, 
mineral surfaces appear to facilitate redox transformations. Furthermore, there is 
significant activity in exploring the use of zero-valent metals like Fe and Pd in the 
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dechlorination of chlorohydrocarbons such as PCE in contaminated groundwaters. As 
in so many cases, here again flexible, quantitative reaction rate models are needed to 
take advantage of existing qualitative conceptual models in .design and operation of 
containment and remediation facilities or forecasting dispersion of contaminants. 
Molecular-level information is needed to identify the reactive sites and surface species 
involved in the rate-limiting step of such reactions. 

Until relatively recently, metal ion sorption processes at solid-water interfaces 
have been studied predominantly by macroscopic methods, such as measurement of 
adsorbate uptake and adsorbent surface charge as a function of solution pH, adsorbate 
concentration, complexing ligand concentration, ionic strength, and time. Such 
measurements have provided a wealth of information on the nature of sorption 
processes and have led to most of our conceptual equilibrium models of sorption at the 
aqueous solution-solid interface, which are based on mass law equations. Some of these 
surface complexation models have been incorporated into computer codes which are 
used widely to interpret and predict sorption behavior of aqueous metal ions and 
simple organic solutes on mineral surfaces. However, all such macroscopic models of 
sorption require a thermodynamic data base dependent upon unverified assumptions 
about the nature of reactive sites on hydrated solid surfaces, the number of protons 
released from the surface sites during sorption reactions, the nature of sorbed species, 
and the nature of the electrical double layer to predict the dependence of ion 
partitioning on solution pH, metal ion concentration, and ionic strength. Even though 
such models have had some successes in simulating laboratory and field observations 
of cation and anion uptake, they are not uniquely sensitive to the composition and 
structure of sorption complexes or to the geometric details of the oxide-water interface. 
Use of surface complexation models to predict sorption and partitioning behavior of 
metal ions over wide ranges of solution conditions requires accurate molecular-level 
descriptions of the sorption process. The macroscopic measurements on which these 
models are based are fundamentally incapable of providing this molecular-level 
information. Further refinement of the current generation of models requires detailed 
information on the structure, size, and configuration of surfactant clusters (admicelle vs. 
hemimicelle) that may form as one important step toward improving their reliability 
and predictive capability. 

Empirical reaction rate equations abound in the contaminant literature, but they 
are rarely of significant predictive value because they are not based on physically 
realistic reaction mechanisms. Modern absolute reaction rate theory should be more 
robust, but requires identification of the several individual steps through which an 
overall reaction is accomplished, and which of these is rate limiting. For each step, 
absolute rate theory also requires a molecular-level description of intermediate reaction 
products and estimates of the bond energies involved. Without this information, the 
prediction of transformation rates for given environmental settings, even qualitatively, 
is not possible, nor can we anticipate environments in which catalytic processes may or 
may not occur. 
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3.2.4 Theoretical and Experimental Studies of Simplified Systems 

Naturally occurring mineral surfaces are enormously complex, as are the 
sorption reactions described above. Thus the first step toward gaining a detailed 
understanding of how these surfaces interact with aqueous and gaseous species in 
natural environments must be to investigate the structure and composition of simplified 
systems from which general principles about surfaces and interfacial reactions can be 
derived and used to formulate predictive models for more complex systems. Parallel 
studies of natural systems are also essential, however, for guiding the studies of model 
systems and for providing important data on the nature and types of environmental 
surfaces; contaminant distributions, associations, and speciation; the compositions of 
aqueous solutions; and a variety of other data required to understand the chemical 
processes that control contaminant distribution, transport, and bioavailability. 

Model single-crystal mineral surfaces are greatly simplified relative to natural 
mineral surfaces, but they provide a necessary starting point for studying the details of 
molecular-level interfacial processes of environmental importance. This is true because 
such surfaces can be studied under well-defined conditions using state-of-the-art 
experimental and theoretical methods which will yield the greatest fundamental 
insights to interfacial processes. Such combinations of experiment and theory cannot 
yet be used for more complex interfacial systems. Progress in science almost always 
requires that a complex problem be broken down into simplified pieces which can be 
studied in a systematic and thorough fashion using a combination of theory and 
experiment. Such an approach is essential for predicting the properties of complex 
systems comprising the natural environment. 

Significant progress has recently been made in coupled theoretical and 
experimental studies on relevant, well-defined systems such as the surfaces and 
interfaces of structurally simple, single-crystal oxides [e.g., MgO, CC-AI2O3, <x-SiC>2, and 
transition metal oxides such as a-Fe2C»3 and Ti02 (rutile)]. Quantum mechanical 
electronic structure methods based on wave function or density functional theories can 
be used to predict the geometry and electronic structure of these materials, including 
ideal, systematically defected, and reconstructed surfaces. Comparisons between 
theoretical and experimental determinations of surface and subsurface structure are 
essential for evaluating the theoretical results and for interpreting the empirical data. 
Because the direct imaging of insulator surfaces at the atomic level is still quite difficult 
(atomic force microscopy shows promise but requires further technical development 
and theoretical understanding), this combination of high-level theory and experiment is 
necessary for determining the nature of reactive surface sites; the presence, types, and 
concentration of surface defects; and the chemical properties at an interface. The 
ultimate goal of this effort is to elucidate links between the chemistry and physics of 
well-defined systems and important environmental observables. In order to accomplish 
this task, it is essential that experimental and theoretical efforts work in unison 
whenever possible. 
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3.2.5 Electronic Structures of Clean Mineral Surfaces and Chemical Reactivity 

Information on the electronic structure of oxide and more complex mineral 
surfaces, typical of those that interact with aqueous solutions, atmospheric gases, 
hydrated metal ions, organic compounds, and microbes in the earth's near-surface 
environment, is essential for understanding their reactivity. The energetics and kinetics 
of interfacial reactions involving these phases and species depend on the electronic 
structures of adsorbate atoms and atoms in the mineral surface and on the transition-
state complexes that form along the reaction paths to the final stable or metastable 
reaction products at the surface. Virtually nothing is known about the molecular-level 
or electronic details of interfacial reactions involving common solid phases of 
environmental importance. However, such information is obtainable for well-defined 
model systems, particularly clean mineral surfaces in ultrahigh vacuum (UHV) 
environments, using a variety of modern surface science methods, including a number 
that make use of intense synchrotron radiation sources. 

The most detailed experimental information on the electronic structure of solid 
surfaces is obtained from photoelectron spectroscopies which require high vacuum 
environments due to the strong attenuation of photoelectrons by gas molecules. The 
techniques of ultraviolet and x-ray photoemission (UPS/XPS) are the primary ones that 
have been applied to a wide variety of materials. Such information cannot be obtained 
by techniques like x-ray absorption spectroscopy or other high-energy photon-based 
spectroscopies, because they are not sufficiently surface sensitive and are not able to 
probe filled densities of states near the Fermi level. While metals and semiconductors 
have been studied exhaustively using these and other surface-sensitive methods, the 
structures of well-defined oxide single-crystal surfaces are largely unknown because of 
difficulties in surface preparation and the charging that may accompany electron 
spectroscopy with intense light sources. There are two general approaches that can be 
used to solve the charging problem: (1) stabilizing, the surface potential on bulk 
materials by irradiating the sample surface with low energy electrons (from an electron 
flood gun) or near-UV radiation (from a Hg or Xe/Hg lamp), or (2) growing insulators 
as thin epitaxial films on conducting substrates. Performing UPS and XPS on bulk 
insulators, such as silicate minerals, does not involve any new techniques; the problem 
is simply one of stabilizing the surface potential. These measurements can be 
accomplished using standard laboratory spectrometers equipped with discharge lamps 
and x-ray tubes or VUV synchrotron radiation sources. The main benefits of the latter 
are significantly higher energy resolution and flux and the ability to tune the VUV 
energy to any desired value, which is particularly valuable for resonant photoemission 
studies of surfaces, which are discussed in Section 7.3.5 of this report. 

The fact that minerals are often difficult to obtain in single-crystal forms with 
surfaces suitable for detailed surface characterization has limited such studies. 
However, recent advances in oxide epitaxy permit the growth of high-quality, lattice-
matched, single-crystal films of certain oxides on conducting substrates. Thus it is now 
possible to generate stoichiometric and exceptionally well-ordered oxide films as well 
as systematically defected films which are sufficiently thin to permit charged-particle 
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spectroscopy, diffraction, and imaging to be carried out without surface charging 
problems. Such surfaces are readily investigated by UPS, XPS, photoelectron diffraction 
(PED), and x-ray standing wave (XSW) methods. The last two methods are capable, in 
principle, of determining the molecular-level structure of surfaces and adsorbates, 
which is discussed in more detail in the next several sections. 

3.2.6 Geometric Structures of Clean Mineral Surfaces 

The long-range atomic structure and microtopography of clean conducting or 
semiconducting surfaces in vacuum can be determined precisely using well-established 
electron beam techniques, scanning probe microscopy, and surface-sensitive 
synchrotron x-ray scattering techniques. Application of electron beam techniques and 
scanning tunneling microscopy to mineral surfaces is problematic, however, because 
most minerals are insulators. In contrast, synchrotron x-ray techniques can be applied 
to any material, including insulators, and in conjunction with real-space imaging by 
atomic force microscopy, constitute the most powerful set of tools available for making 
in situ measurements at vacuum-solid, gas-solid, and liquid-solid interfaces. 

Surface-sensitive synchrotron x-ray scattering techniques have a variety of 
important applications in molecular environmental science. For example, the crystal 
truncation rod technique can yield precise data on the atomic-scale reconstruction that 
may occur on clean mineral surfaces and at mineral-water interfaces. Such data are 
critical to theoretical modeling efforts and essential for understanding the interactions 
of dissolved ions with mineral surfaces. 

X-ray standing wave (XSW) methods using short-period (few A) standing waves 
can probe the structure of clean surfaces with high precision (± 0.01 A) in the direction 
perpendicular to a crystal diffracting plane; thus they can provide information 
complementary to that from crystal truncation rod methods and non-synchrotron 
methods such as low energy electron diffraction and ion scattering. XSW 
measurements are extremely useful for determining surface reconstructions both before 
and after reaction with water, metal ions and atoms, and organic molecules. 
Synchrotron-based XSW methods are currently being used to determine the 
reconstruction of clean vs. water-reacted oxide surfaces as well as the surface sites with 
which metals and metal ions react. Additional information on these methods can be 
found in Section 7.3.2.3 of this report. 

3.2.7 The Interaction of Water with Mineral Surfaces 

The interaction of water with mineral surfaces is one of the most important 
processes affecting the natural environment, yet little is known about this process at the 
molecular level. Very detailed information about mineral-water interfaces can be 
obtained using VUV and soft x-ray synchrotron techniques in UHV on well-defined 
single-crystal mineral surfaces onto which controlled monolayer quantities of water 
have been deposited. UPS, XPS, XSW, SEXAFS, and PED are well suited for these 
investigations. These experiments can be performed using a carefully designed gas 
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doser positioned near the sample in order to maintain a water partial pressure at the 
sample surface that is several orders of magnitude higher than that of the background 
in the analytical chamber; this method has been used by researchers trying to model 
aqueous electrochemical electrodes in UHV and is currently being applied to 
environmentally relevant oxide surfaces. Ideally one would like to maintain two or 
more monolayers of water on the surface at room temperature. However, this is 
difficult in practice, particularly in a UHV chamber, because of the vapor pressure of 
water. On metal surfaces, molecular water is generally found to be stable only below 
about 180 K. On many transition-metal oxide surfaces, particularly those containing 
point defects, a fraction of a monolayer of water can exist at room temperature. There 
have been a number of studies of. H2O adsorption on powder samples of cc-Fe203 and 
Fe304. The more recent work suggests that close to one-half monolayer of molecular 
H2O is stable at room temperature in UHV. It is possible to increase that to at least one 
monolayer by using a gas doser. Another approach to achieving adsorbed monolayers 
of water on mineral surfaces in UHV at higher temperatures is to dissolve ionic species 
in the water prior to dosing a surface. For instance, the presence of ions such as F-, Ca 2 + , 
Cs + and CI" can stabilize adsorbed molecular water to temperatures as high as 260 K. 
Characterization of the distribution of ions in the diffuse double layer at solid-water 
interfaces and of the adsorption complexes they form is discussed below. 

When photoemission spectroscopy and diffraction techniques are performed on 
insulating minerals with hydroxylated or hydrated surfaces, a wealth of detailed 
surface and adsorbate electronic structure information directly relevant to 
environmental processes can be obtained. These include valence and conduction band 
densities-of-states, changes in surface electronic structure at defect sites, changes in 
molecular orbitals of adsorbed water, and surface structural modifications brought 
about by adsorbed monolayers of water. In studies of the electronic structure of defects 
on solid surfaces, it is necessary to have additional techniques for characterizing the 
types of surface defect present. On insulators, AFM is the technique of choice. It will 
therefore be necessary to have an AFM in the same vacuum chamber in which 
photoemission and surface x-ray diffraction measurements are made at synchrotron 
laboratories. 

Unique information on the structure of water near solid interfaces can be 
obtained by in situ x-ray scattering experiments at synchrotron radiation sources. At 
this time, however, there are no available in situ data concerning reconstruction of 
mineral surfaces in contact with water. Such data will be possible to obtain routinely at 
the APS with its increased brilliance in the hard x-ray region. The long-range order of 
adsorbed ions at mineral surfaces can also be determined by using crystal truncation 
rod techniques. Such information is strongly complementary to the short-range order 
determined by x-ray absorption spectroscopy techniques. In addition, element-specific 
structural information on adsorbates can be obtained by XAS and anomalous x-ray 
scattering techniques. Specular truncation rods have been shown to be sensitive to both 
the structure of the solid surface and the first few monolayers of water in contact with 
the surface, whereas non-specular truncation rods are sensitive only to the structure of 
the solid surface. Such measurements on a Ag(lll) electrode surface in contact with 
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water in which the applied voltage was varied from positive to negative have shown 
that the first monolayer of water has properties quite different from those in the bulk 
(e.g., density is a factor of two higher man bulk water), suggesting that the hydrogen-
bonding network is disrupted in this layer and indicating that the orientation of water 
molecules changes with applied voltage from oxygen-up (negative surface) to oxygen-
down (positive surface). No similar studies have been performed on oxide surfaces but 
are critically important. If the density of water near mineral surfaces shows a similar 
increase, this would have profound effects on current models of the diffuse double layer 
at solid-water interfaces. Furthermore, it is critical to understand how cations and 
anions near the mineral-water interface affect the properties of water and, in turn, how 
the arrangement of water molecules at the surface affects the distribution and molecular 
structure of cation and anion surface complexes. Such information will be obtainable 
from synchrotron-based x-ray scattering experiments. 

X-ray standing wave measurements using long-wavelength standing waves 
generated from large-spacing multilayer materials on which an oxide outer layer has 
been deposited could provide unique information on the nature of the diffuse double 
layer at oxide-aqueous solution interfaces, particularly the distribution of ions in this 
layer as a function of solution conditions and solid type. Such information is badly 
needed to confirm, refute, or modify current models used to predict surface 
complexation reactions which assume a Helmholz distribution of ions. Only a few 
synchrotron-based XSW experiments of this type have been performed in situ on metal 
surfaces (on high density contrast, large-spacing multilayer materials) in contact with 
electrolyte solutions. The results appear to" confirm a Helmholz distribution for these 
systems, but they cannot be generalized to interf acial regions between oxide (insulator) 
surfaces and aqueous solutions. 

In addition to the experimental measurements discussed above, rigorous 
theoretical methods can be brought to bear on the electronic and geometric structure of 
well-defined mineral surfaces with adsorbed monolayers of water. Carefully 
coordinated experimental and theoretical programs in this area have the potential for 
uncovering fundamental insights into the behavior of these relatively simple systems. 
These experimental and theoretical protocols, along with the knowledge base they 
generate, will serve as a starting point for the next level of complexity - mineral surfaces 
in contact with more complex molecular species, including aqueous phases containing 
dissolved metals and organic species. 

3.2.5 Synchrotron Radiation Studies of Environmental Sorption Processes 

As shown in Table 3.1, there are various methods available for in situ molecular-
level characterization of sorption processes at solid-water interfaces, but the most 
commonly used method and the most direct is x-ray absorption spectroscopy. During 
the past eight years, several dozen XAS studies of aqueous metal ion sorption in model 
sorption systems have been completed (Table 3.2). They have provided unique 
information on the oxidation state, bonding, structure, and composition of sorption 
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Table 3.2 Summary of Selected XAS Studies of Metal Ion Sorption Complexes on 
Oxide Surfaces and at Oxide-Water Interfaces 

Investigation Svstem Coverage Tvpe of Complex 

Papelisetal., 1995 Cd(n) High inner-sphere, CdCC>3 
precipitation 

Papelisetal., 1995 Se(IV) High inner-sphere, mononuclear 

Hayes etal., 1987 Se(T7)andSe(VI) High inner-and outer-sphere, 
respectively, mononuclear 

Xuetal.,1990 Co(II) on calcite solid solution 

Combes etal., 1992 Np(V) on goethite High inner-sphere, mononuclear 

WaychunasetaL, 
1993 

As (VI) on 
ferrihydrite, 
goethite, 
lepidocrociteand 
akaganeite 

High inner-sphere bidentate 
(monodentate also on 
ferrihydrite) 

Chisholm-Brause et Co(II) o n 7-alumina Moderate to inner sphere, 
al., 1990 andrutile high multinuclear (clusters) 

OT)ayetaL,1990 CoOOQonkaolinite 
and quartz 

Moderate to 
high 

inner and outer sphere 
mononuclear at low 
coverage and multinuclear 
at high coverage. 

Chisholm-Brause et Pb(II)on y-alumina High (10-30%) inner sphere, monodentate, 
al., 1990 multinuclear (clusters) 

Chisholm-Brause et Pb(II)on 7-alumina High (30%) inner sphere, monodentate 
al., 1990 multinuclear (clusters) 

Roe etal., 1991 Pb(H) on goethite High (11%) inner sphere, multinuclear 

Charletand 
Manceau, 1992 

Cr(III) on goethite 
andHFO 

High (10%) inner sphere, bidentate 
multinuclear (clusters) and 
solid solutions. 

Fendorf etal., 1994 Cr(III) on Silica High (20%) inner sphere, monodentate 
multinuclear (clusters) 

Coverage refers to the amount of metal ion on 
to the % monolayer coverage. 

the oxide surface. Percentages in parentheses refer 
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complexes (metal ion coordination numbers and interatomic distances, monomers vs. 
oligomers); their mode of attachment to the sorbent (outer-sphere vs. inner-sphere 
adsorption, precipitation, absorption); and the type of binding of inner-sphere 
complexes (monodentate vs. bidentate, etc.). No other currently available structure-
sensitive method provides so much molecular-level information on sorption complexes 
at solid-water interfaces in a non-invasive, in situ fashion. Further details on XAS 
methods can be found in Section 7.3.1 of this report. 

Based on the success of XAS studies on model sorption systems in which the 
metal ion sorbate of interest was at surface coverages corresponding to as low as 10"5 M, 
researchers are now beginning to use XAS to characterize metal ion sorbates in 
contaminated soil and sediment samples. Even though such samples may contain 
dozens of metal ions at detectable concentrations, as well as various solid phases, XAS 
is capable, in favorable cases, of quantitative speciation of a metal contaminant of 
interest. For example, a recent XAS study of Se-contaminated soils from the Central 
Valley of California quantitatively defined the speciation of Se at concentrations as low 
as 30-40 ppm. In this example, the concentration of Se was too low for conventional 
analysis of the extended x-ray absorption fine structure (EXAFS), but it was possible to 
use the more intense x-ray absorption near edge structure (XANES) spectrum (energy 
position and fine structure) to define Se speciation, including how much of each 
oxidation state (Se6*-, Se4*, Se°, Se 2 _) was present and the type of phase with which a 
given oxidation state was associated. This study found direct evidence that Se 6 + , the 
most mobile and bioavailable form of Se, is rapidly reduced to Se°, a relatively insoluble 
and immobile form of Se that is not readily bioavailable, in the upper few cm of soil. 
This approach has been extended to XAS studies of Cr and As in contaminated soils 
with similar success. With recent advancements in the theory of XANES spectra, it is 
now becoming possible to extract even more information from such spectra, including 
details of the surrounding structure out to 5-6 A radius from the central ion. This type 
of information will be very important in determining the solid phase with which the 
contaminant metal is associated. 

Mineral grains in rocks and soils are often small (micron-size), compositionally 
and structurally heterogeneous, and. commonly coated with polycrystalline, poorly-
ordered, or amorphous overgrowths. These overgrowths and coatings may 
significantly alter the physical and chemical nature of the surfaces. Furthermore, 
natural waters commonly contain submicron-sized colloidal particles that exert a strong 
control on trace element/contaminant behavior; the size of these particles makes them 
extremely difficult to isolate and characterize. In order to determine the spatial 
distribution of contaminant species as well as speciation in natural samples, x-ray 
microbeam techniques (e.g., micro-diffraction, micro-XAS, micro-XRF, x-ray 
microscopy, and coherent beam scattering) and synchrotron-based micro-infrared 
spectroscopy must be used. These microbeam techniques have the potential to more 
fully characterize and to provide better understanding of the small-scale particles and 
heterogeneities encountered in the natural environment. Microbeam techniques will be 
best optimized and most useful in studies of dilute, fine-grained environmental samples 
at third-generation synchrotron light sources such as the APS. Likewise, the high 

42 



brilliance of the ALS makes it an ideal source of infrared radiation for characterization 
studies of small-particle environmental samples. 

Micro-XAS studies of contaminants in soils are capable of defining speciation in 
situ, but with the added advantage of providing information on the spatial distribution 
of each species. The micro-XAS method utilizes highly focused or collimated 
monochromatic x-ray beams from synchrotrons to excite photoelectrons from the 
contaminant element. Because of the distinct chemical shifts (several electron volts) 
between different oxidation states of an element, it is possible to tune the x-ray beam to 
the absorption-edge energy of a given oxidation state and scan the sample under the 
beam, thus producing a two-dimensional map showing the distribution of a given 
oxidation state. Successive maps at the absorption-edge energies of the other oxidation 
states produce a unique picture of the spatial distribution of different oxidation states of 
a given element or of multiple elements. Such information is extremely important in 
understanding the effects of different variables in complex soil systems in controlling 
elemental speciation. The spatial resolution of the micro-XAS method depends on the 
brilliance of the synchrotron radiation source. For example, the x-ray microprobe 
beamline at the NSLS (BL X26A) can produce such maps with 10-20 um resolution. The 
planned x-ray microprobe station on the GSECARS sector at the APS will improve this 
resolution limit to less than 1 urn. Additional details on micro-XAS, the existing x-ray 
microprobe at the NSLS, and the planned x-ray microprobe stations at the APS can be 
found in Section 7.3.3.1 in this report. 

Synchrotron-based glancing-incidence x-ray scattering (GIXS) and x-ray 
diffraction (XRD) techniques can be used to determine the thickness, heteroepitaxial 
relationship, and electron density profile of thin crystalline overgrowths and 
amorphous coatings on mineral surfaces. These techniques are also extremely useful 
for studying reaction layers formed by hydrolysis and oxidation-reduction reactions. 
Because these .GIXS and XRD measurements are rapid and can be performed routinely 
in situ, they are ideal for time-resolved experimental studies. However, such studies 
require extremely high x-ray flux and high brilliance characteristic of third-generation 
synchrotron radiation sources. 

Structural information on low concentrations of adsorbates (ppm or 0.01 
monolayer level) at aqueous solution-solid interfaces can also be derived using short-
period (few A) x-ray standing waves (XSW) generated from diffraction planes of single 
crystals. As already discussed in Section 3.2.7, long-period (lO's-100's A) standing 
waves generated at glancing-incidence can be used to study the diffuse electrical double 
layer and to depth profile trace element concentrations (e.g., diffusion profiles). Almost 
nothing is known directly about this interfacial region where mineral-aqueous 
contaminant species reactions occur. 

State-specific photoelectron diffraction and SEXAFS spectroscopy can also be 
used to determine the adsorption site, molecular orientation, and adsorbate-substrate 
bond length for atomic and molecular species adsorbed from either gas or solution 
phases. Determination of chemisorption geometry for such species as a function of the 
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type and quantity of surface defects would be very useful in detenrdning the active sites 
for sorption and surface-catalyzed reactions. Careful surface preparation by epitaxial 
growth allows for the controlled introduction of a variety of surface defects. These 
include impurities, vacancies, and steps, all of which are expected to be more 
chemically active than defect-free terraces. 

Molecular-level information on organic molecules sorbed on model mineral 
surfaces can be obtained using soft x-ray spectroscopy, specifically surface extended x-
ray absorption fine structure (SEXAFS). Past SEXAFS and near-edge (or NEXAFS) 
studies of organic molecules on metal surfaces have resulted in unique information on 
the bonding and orientation of organic molecules and the type(s) of sites to which they 
bind. Applications of relatively new imaging photoelectron microscopy methods such 
as PRISM (Paraxial Ray Imaging SpectroMicroscope) hold the promise of revealing the 
spatial distribution of both metals and organic molecules at < 1 urn resolution and of 
providing quantitative information on their oxidation states and bonding. PRISM 
studies of plutonium deposited on platinum substrates have shown the feasibility of 
this method. There are also good indications that this and other soft x-ray methods can 
be used to study surfaces covered by thin layers of water by taking advantage of the 
spectral region known as the "water window". 

Recent advances in the fields of theoretical chemistry and geochemistry are 
beginning to lead to fundamental insights into many reactive interfacial processes. New 
methodologies that integrate quantum mechanical and classical mechanical theories 
have been developed to study the structure and reactivity of liquid-solid and gas-solid 
interfaces. These methods couple ab initio electronic structure determinations of the 
ground-state electronic properties of a surface (or an interface) with classical 
simulations of the interfacial dynamics. This approach is particularly useful in 
examining the structure of solvated metal ions in contact with mineral surfaces. These 
theories must be tested and validated by comparison with complementary experimental 
data before they can be used to predict important subsurface transport properties. 

3.3 Kinetics of Interfacial Reactions 

33.1 General Issues and Approaches 

For most environmental problems, the public is concerned about time scales that 
are similar to their life expectancies, or similar to the summed life expectancies of 
themselves, their children, and grandchildren. Chemistry at these time scales largely 
proceeds at disequilibrium. 

The most useful and straightforward approach to kinetic studies of 
environmental reactions at aqueous solution-solid interfaces is to measure the reaction 
rates in situ, as is commonly done for reactions that degrade atmospheric contaminants 
and pesticides. Knowledge at a finer scale can be evaluated relative to these direct 
reaction rates. Unfortunately, it is usually impossible to determine reaction rates in situ 
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in aquifers and soils because either suitable probes do not exist or measurements cannot 
be made over a sufficiently large path length as to be representative. 

The only feasible alternative is to establish structure-reactivity relations that can 
be used to predict reaction rate coefficients for a wide range of compounds from 
detailed knowledge of a small set of reactions on model and simplified natural systems. 
Implicit in this approach is the verifiable assumption that an appropriate rate law is 
representative of and known for a class of similar reactions. Identification of the key 
rate-controlling step for these reactions is key, so that the effects of different 
substituents, different molecular structures, and different reactants can be assessed 
quantitatively and quickly. 

This approach is best illustrated with examples from organic geochemistry, 
where the hydrolysis rates of substituted compounds can be predicted from knowledge 
of the compound structure and the Hammett functions. Using these linear-free-energy-
relations (LEER), rates of a wide range of similar surface processes can be predicted, 
including the rates of adsorption, rates of electron exchange, rates of dissolution, and 
rates of ligand-promoted dissolution. 

Establishing such powerful correlation methods can justify the detailed study of 
reactions that, alone, would be unimportant to environmental concerns. The most 
useful data would be: 

• rates of water movement around hydrated metals and metal-ligand complexes 
because these movements control the rates of ligand exchange and metal exchange 
between solutions and surfaces; 

• rates of oxygen exchange between the solution and bridging oxygens in oligomeric 
surface complexes, because these yield the lifetimes of inorganic surface coatings on 
minerals; 

• rates of diffusion at surfaces or, more importantly, in the near-surface regions of 
solids, because, diffusion may control the capacity of a sparingly soluble surface to take 
up metals; 

• the structure of simple organic ligands and metals on surfaces as a function of 
solution composition, including denticity (i.e., monodentate vs. bidentate surface 
binding), conformation, and protonation; 

• the distribution of particularly reactive sites, such as defect outcrops, on surfaces; and 

• the electronic structure of surface complexes to yield the Lewis acidities/basicities of 
surface hydroxyl groups and the effect of these properties on the transformation of 
substituted organic compounds, such as the phosphate esters and carbamates that make 
up many pesticides. 
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Knowledge at the most elementary level is key. Rate coefficients for elementary 
reactions can be transferred to more-complicated reactions, but not vice versa. 
Furthermore, from experience in predicting the rate coefficients for aqueous reactions, 
some elementary-step reactions, such as water movement in a complex, allow for 
predictions of a wide range of other reactions. Limited correlations can be made from 
existing data describing aqueous complexes because of the character of surfaces. Not 
only are reactions commonly slower on surfaces than in solution, but the steric 
hindrances are much different in these two molecular-level settings. 

Competition among different species in the environment introduces considerable 
complexity to predicting rates of reaction. Rates that are inherently rapid in simple 
experimental solutions are commonly many times slower in a natural aqueous solution 
such as sea water because competition reduces the free concentration of reactants. 
Therefore, any successful prediction of rates requires detailed knowledge of the 
equilibrium state of the solutions. While simplifying formalisms exist (e.g., affinity-
based rate laws) that have promise in predicting rates from knowledge of 
thermodynamic states, such rate laws are virtually untested. Therefore priority should 
also be placed upon coupling experimental results to models of the transport of solutes 
and solute speciation. 

The formation of surface precipitates of varying compositions provides the ideal 
test case to evaluate the form of rate laws that are proposed for natural reactions. For 
example, the compositions of near-surface precipitates on carbonate minerals can be 
predicted from a few rate coefficients, knowledge of the thermodynamic states of the 
fluids and solids, and knowledge of the rates of burial of metal atoms into the 
reconstructing near-surface region of CaCC»3. The complexity of these reactions 
approaches those in the field setting and would provide a rigorous test of predictive 
capabilities. Aragonite, for example, can be readily precipitated with strontianite 
(SrCOs) impurities over the entire composition range between CaCC>3 and S1CO3, yet is 
ultimately immiscible. Such recrystallization of a solid to either release or incorporate 
impurities is immensely important in controlling contaminant migration in soils and 
aquifers. 

Because so many slow reactions in nature are catalyzed by adsorption of protons, 
knowledge of microscopic equilibrium constants for protonation is also important, as is 
the spectral signature (e.g., from FTTR spectroscopy) of the intermediates. Conventional 
spectroscopies are either limited to relatively high concentrations (e.g., NMR) or are 
insensitive to the aqueous-mineral surface, except in very special cases (e.g., FTTR on 
goethite suspensions). The measurements should be made at the most geochemically 
reasonable concentrations possible since the field of kinetics is rich with studies that 
determine rate coefficients at high concentrations which are later found to be irrelevant 
at natural conditions, where different species predominate. 

Finally, it is reasonable to expect success in modeling rates of complexation 
reactions at surfaces (and in solution) during the next ten years. Likewise, there will be 
success in predicting the decomposition rates of simple organic compounds for the case 
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where transport does not limit the reaction. It is also reasonable to expect a useful 
model for the recrystallization rates of simple salts, such as carbonate minerals, that 
incorporate impurities in the near future. A far greater challenge is presented by 
catalytic organic reactions and, in particular, enzymatic reactions. Catalysis by proton 
adsorption typically increases rates by a factor of 10-1000. In contrast, enzymatic 
reactions have the capability of increasing reaction rates by a factor 10,000,000 and 
greater and are intimately coupled to the biological transformations in an aquifer, about 
which we know very little. 

33.2 Molecular-Level Methods Required for Kinetic Studies 

A variety of methods are useful for such studies, including NMR, scanning force 
microscopies, time-resolved x-ray scattering and spectroscopy methods, and time-
resolved infrared spectroscopy. NMR relaxation-time studies can provide unique 
information on rates of proton exchange between a solvated metal complex in solution 
or at a solid-water interface, although such studies have not been common. NMR 
studies can also provide valuable information about the structure of vicinal water near a 
surface, which complements data from x-ray scattering studies (see Section 3.2.7). 
Scanning force microscopy studies are also capable of providing real-space, real-time 
images of interfacial processes. For example, a recent scanning tunneling microscopy 
study of Cr(m) sorption from aqueous solution onto the (001) surface of cc-Fe2C>3 
(hematite - a semiconductor) was able to follow the surface diffusion of Cr(IH) and 
observed the formation of Cr(IH) dimers on this surface. In this study, each STM image 
was collected in about 8 seconds. Similar studies using the AFM on insulator surfaces 
have not been attempted but could result in important data on the rates of surface 
diffusion and oligomerization reactions and the mechanisms of surface complexation of 
metal ions and organic molecules. Synchrotron-based quick-EXAFS (QEXAFS) 
methods, which can accumulate an entire EXAFS spectrum in a few seconds or a near-
edge (XANES) spectrum in a few milliseconds depending on element concentration, can 
be used to study reaction pathways at solution-solid interfaces. QEXAFS studies of 
ppm level concentrations of metal ions at solid-solution interfaces should be possible at 
the APS or on new high-flux, insertion-device beam lines at second-generation 
synchrotron radiation sources. Similarly, time-resolved synchrotron-based x-ray 
scattering experiments using energy-dispersive detectors or two-dimensional detectors 
that allow collection of scattering data in a second or less can provide valuable 
information on surface reconstructions or the formation of precipitates in situ as a 
function of time. Such studies will be significantly enhanced by the new high-brilliance 
synchrotron radiation sources. Use of high-flux, high-brilliance synchrotron light 
sources for infrared spectroscopy studies should permit time-resolved studies of 
molecular transformations on surfaces. Such sources should be particularly effective in 
the far-IR regions where metal-oxygen vibrations often dominate. IR studies using the 
NSLS soft x-ray/VUV ring have shown that up to three orders of magnitude higher flux 
in this wavelength range can be obtained relative to the normal glowbar source of a 
laboratory FTTR spectrometer (see Section 7.3.4). 
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4. THE ROLE OF SOLID PHASES IN MOLECULAR ENVIRONMENTAL 
SCIENCE 

4.1. Introduction 

The earth's outer crust, as discussed in Chapter 3, is made up of fractured and 
weathered rocks that have been exposed continuously to chemical and mechanical 
degradation and to the onslaught of an array of inorganic and organic agents, some 
natural, some alien, some benign, and some extremely hazardous. Solids on the 
earth's surface constitute nature's first defense against environmental 
contamination by natural and manmade substances. Solid coal is the most 
abundant energy reserve in the United States. Also, solid matrices offer special 
advantages for the safe storage of many hazardous wastes ranging from flyash to 
radioactive plutonium. Environmental science is broad and complex, but many 
molecular-level problems can be effectively approached generically. Four distinct 
research areas with clear opportunities for scientific and technologic advances are 
discussed in this chapter. 

The first centers on characterization of bulk structures and defect 
microstructures of the materials that predominate near the earth's surface and 
establishment of the reaction pathways and mechanisms that control the reactivity 
of the molecular constituents in this environment. Clays, oxides and sulfides, soils, 
sludges, and amorphous substances must all be considered. Second, the 
environmental consequences of the interfacial reaction of one solid with another 
solid also need to be addressed. Important deficiencies exist in our understanding of 
the reactions that occur at these interfaces between naturally occurring solids. Third, 
coals, as mentioned, constitute the nation's most abundant energy reserve, and 
there is no doubt that this solid fuel will dominate energy production for many 
years. Its environmentally safe use is, therefore, mandatory, and molecular 
information about its organic and inorganic character is of special interest to the 
environmental community. The nature of organic nitrogen and an array of less 
abundant metal ions in coals needs to be defined. Fourth, many solid materials 
have been suggested for use as hosts for the immobilization of hazardous wastes. 
Clays, cements, glasses, grouts, diatomaceous earths, and zeolites are all under active 
consideration for the safe storage of wastes. Much empirical work has been carried 
out, but many molecular aspects of basic interest in environmental technology 
remain inadequately explored. 

4.2. Minerals in the Earth's Near Surface Region 

Solid sorbent phases play an important role in determining the fate of 
environmental contaminants. The toxicity and bioavailability of many 
environmental contaminants are controlled or mediated by chemical processes such 
as sorption, complexation, precipitation, hydrolysis, oxidation, and reduction which 
occur at the surface of finely crystalline oxide and sulfide minerals and clays. 
Amorphous or nearly amorphous materials formed as a consequence of mineral 
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weathering have high surface areas and possess a complex variety of equally 
complex reactive sites.. Natural solid phases also contribute to the control of 
contaminant transport and redistribution. Finally, an understanding of the stability 
of solid phases and the reactions that take place on their surfaces under a variety of 
geochemical conditions is important for formulating predictive models for 
quantitatively describing a myriad of environmental processes. 

4.2.2 Clay Minerals 

Many naturally occurring days are environmentally significant because they 
adsorb metals and organic molecules onto their surfaces or intercalate them between 
their layers. Most clays have colloidal dimensions, short- to medium-range 
structural order, and a very significant chemical heterogeneity that is poorly 
understood. Indeed, recent transmission electron microscopy studies suggest that, 
in the case of clay minerals, heterogeneities persist down to the unit-cell scale. 

This disorder, which in most cases dictates the materials' reactivity, 
inherently precludes their detailed structural characterization by conventional 
techniques like x-ray crystallography. The microcrystallinity of clays also makes this 
technique difficult to apply quantitatively. In contrast, transmission electron 
microscopy has provided unparalleled views of the disordered nature of these very 
small particles. A further complication arises because isomorphous substitutions 
within the lattice are both common and random. Chemical and structural 
heterogeneities have important consequences on the internal reactivity of inorganic 
and organic contaminants as well as naturally derived chemicals. For example, 
much effort has been devoted to understanding the mechanisms by which inorganic 
and organic compounds are incorporated into the interlayers of smectites. Further 
insights into the detailed molecular environments around interlayer species, their 
stability, and the rates of exchange of these species with ions and molecules in the 
surrounding environment are quite important for understanding the role of clay 
minerals in controlling the behavior of contaminants and their rates of transport 
and exchange. Time-resolved observations are especially needed to quantify 
diffusion rates and to establish reaction mechanisms in clay interlayers. 

The presence of redox-active species in clay minerals provides structural sites 
that are sensitive to external biological activity. Alternating or variable redox 
conditions can, in turn, modify cation exchange capacity and other important 
physiochemical properties, including swell-shrink capacity. Consequently, an 
understanding of the redox chemistry of clays is necessary for scientific, 
technological, and remediation efforts. 

Environmental considerations demand that clays be better characterized, 
including their complex substructures. This is an elusive problem which' has defied 
traditional chemical and analytical approaches. Structures within the interlayer are 
particularly difficult to elucidate because a solution-like environment is present in 
this region. Consequently, only limited structural information regarding clay 
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reactivity can be inferred from x-ray and neutron powder diffraction and TEM 
techniques. Indirect methods such as solid-state NMR, FTIR, and, where applicable, 
Mossbauer and x-ray absorption spectroscopy, have some utility for clay 
characterization, but even these methods have important limitations for the 
characterization of the structure, nature, and dynamics of interlayer species. 
Consequently, it has been difficult to gain the necessary understanding of how clays 
function in the environment as barriers to environmental pollutants, sorbents for 
released chemicals, and catalysts for the breakdown of hazardous wastes. 
Nevertheless, precise structural information concerning such phenomena as 
solvation and diffusion within a clay are critical to understanding their role in the 
environment. 

Current limitations towards understanding important structural features of 
disordered systems can begin to be overcome using third-generation synchrotron 
radiation scattering methods. A complement of synchrotron-based techniques, 
when taken together, can, at least in principle provide the entire range of necessary 
information. Valuable advances can be made by employing small angle x-ray 
scattering (SAXS) and anomalous SAXS (ASAXS) to examine structures from 10 to 
5,000 A. In addition, anomalous wide-angle x-ray scattering (AWAXS) can provide 
structural information from 10 to 15 A, and a combination of x-ray absorption 
spectroscopy (XAS) and differential anomalous fine structure (DAFS) provide 
precise, short-range structural information to approximately 6 A. ASAXS yields 
unique and complementary information on the distance between metal ions and 
their distribution in a clay particle because the observable length scale covers the 
region from about 10 to 5,000 A. 

These experimental strategies will benefit from the utilization of a high 
energy, high flux source such as the APS with beamlines available for ASAXS, 
AWAXS, and DAFS. These techniques are highly desirable for the study of many 
other crystalline systems besides day minerals as described below. 

4.2.2. Mining Minerals 

Add drainage at mining sites is well recognized as a major environmental 
problem in the United States. Sulfide ores can produce low pH solutions that 
contain high concentrations of toxic metal spedes. The management of these 
materials is expensive, and will be a very long-term problem unless solutions are 
found. Understanding the fundamental nature of reactions at metal sulfide and 
other ore mineral surfaces and of the role of bulk and surface adsorbed impurities 
should provide new avenues for remediation efforts. 

The dissolution of metal sulfides, although imparted greatly by metal ions 
cyded by microorganisms, are essentially surface-controlled reactions. It is dear that 
surface defects influence the thermodynamic stability and surface reactivity of these 
phases; however, the present understanding of this phase of environmental 
chemistry is still rudimentary. Scanning probe microscopies offer atomic-scale 
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observations such as the distribution of step edges, kink sites, and the role of 
heterogeneities in controlling dissolution and precipitation reactions at surfaces. 
However, interpretation of these data is severely limited by the absence of accurate 
chemical information. Classical methods have not provided the vital surface and 
chemical information such as the nature of surfaces and surface reactive sites on 
which adsorption occurs, the structure of the species on the surface, the.oxidation 
states of these species, and the mechanisms by which contaminants bind to and 
detach from the surface. Because defects present within the bulk may have an 
important impact on initiation of dissolution and precipitation reactions at surfaces, 
information on the nature of defects is also vital. Time-resolved studies with fine-
scale spatial resolution would be especially important to enhance the understanding 
of reactions involving both sulfides and oxides. 

It is commonly assumed that contaminants are introduced to pristine 
environments where they interact with the surfaces of existing mineral phases. In 
fact, many of the most important mineral sorbents may also be products of the 
activities or processes giving rise to contaminant production. This is certainly the 
case with some waste process streams and with natural waters that are influenced by 
acid sulfate weathering including acid mine drainage, tailings and waste rock 
dumps, and bioleaching systems. In these instances, chemical species (perhaps 
including the contaminant of interest) that are foreign to the structure of the sorbent 
phase may play an important role in directing its nucleation and precipitation 
pathways. If these concepts could be documented with confidence and the 
mechanisms established with some degree of certainty, then "front-end" 
modifications of the local geochemical environment could be devised to produce a 
sorbent phase that would become a viable part of a remediation strategy. 

The essential scientific problem centers on determining the mechanism 
whereby foreign inorganic and organic ions influence the nucleation and 
precipitation pathways of various mineral phases. This matter is rather poorly 
understood at the molecular level and none of the current classical methods have 
provided unambiguous answers. However, there are good indications that time-
resolved XAS and x-ray diffraction experiments would provide important insight 
into these processes. Such experiments are possible only at synchrotron radiation 
sources. 

4.2.3 Oxides 

When exposed to the terrestrial atmosphere, most elements in the periodic 
table are oxidized to their lowest free energy states. The mineralogy of the 
subsurface illustrates this fact with an overwhelming abundance of the oxygen-
containing minerals. The oxides prevalent in nature include silicates, 
aluminosilicates, metal oxides, clays, zeolites, hydroxides, and oxyhydroxides. These 
oxygen-containing substances are difficult to study both experimentally and 
theoretically. One major complication is that their surface reactions generally 
exhibit "structure sensitivity", that is, the external surface reaction chemistry varies 
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from crystalline face to crystalline face, depending strongly on the surface geometry, 
the presence of topological or electronic defects, the preparation history, and sample 
morphology. Thus, a significant challenge to both theory and experiment arises in 
the need to describe the stoichiometry and geometry, including the topological and 
electronic defects of the external surfaces of primary minerals in general and oxides 
in particular. The task is complex because these materials consist of elements which 
may exist in many different oxidation states and which can form a wide range of 
structures with similar stoichiometries. The characterization of these surfaces, at 
the atomic level, presents an important challenge. 

Many of the solid materials of geochemical and environmental importance, 
particularly the oxides, are good electrical insulators, and the traditional laboratory 
methods used to characterize surface structure and stoichiometry are ineffective 
because they involve the interaction of charged particles with the surface. The 
creation of a large surface charge severely interferes with the collection and 
interpretation of the experimental data (see Section 3.2.5). Thus, less traditional 
methods such as SEXAFS, grazing-incidence reflection of x-rays, and x-ray standing 
wave methods are becoming the tools of choice for characterizing many insulating 
surfaces. 

4.2.4. Amorphous Materials 

The structural details of poorly crystallized minerals, especially metal oxides 
and oxyhydroxides remain elusive. These materials are highly reactive and 
ubiquitous, thus play important roles in metal and organic sorption in the 
environment. The nature of the sites that accommodate major as well as minor 
constituents are difficult to discern using most structural probes. Furthermore, their 
crystallization pathways and products are poorly understood. Synchrotron radiation 
techniques, especially anomalous x-ray scattering and XAS, offer special 
opportunities to resolve many of these details. 

4.2.5. Contaminated Soils and Sludges 

Soils and sludges which have been contaminated by compounds containing 
heavy elements are often hazardous to plants and animals. Molecular-scale 
information is needed to understand the existing or potential hazards, to model 
possible changes in the material under the conditions to which it may be exposed, 
and to develop and monitor effective remediation strategies. It is rather 
straightforward to determine the quantity of an element of interest, but the 
assessment of its speciation (valence, local bonding (ligand) structure, and its 
molecular structure) presents a very serious challenge for laboratory work. The 
possibility of carrying out such characterization measurements in the field is even 
more remote. These field studies should include possible variation of speciation 
over the area of the field site because of possible variations in exposure conditions, 
and they should also be done as a function of depth. Consequently, a significant 
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number of samples have to be examined. No methods are now available to perform 
sophisticated field determination of elemental speciation. However, such studies 
can be performed on field samples at synchrotron radiation sources using methods 
such as XAS. The speciation information obtained from such studies is needed to 
assess the bioavailability and toxic potential of contaminant elements, to determine 
changes in their chemical state, and to develop effective remediation strategies. 

In parallel to studies of natural samples, laboratory measurements are also 
needed on model solids that are simplified analogs of complex natural samples. 
Controlled studies of this type can explore the response of selected solid phases and 
phase mixtures to various environmental conditions or to chemical treatments that 
may be applied in remediation efforts. This information would be of direct use in 
predicting transformations of the element of interest and in developing quantitative 
models of contaminant behavior. Finally, monitoring of contaminated sites will be 
required to assess the effectiveness of any remediation effort and to monitor the 
time dependence of the mobility of contaminants and their transformations. The 
primary laboratory technique which can provide this information is XAS. This 
information can be obtained from field samples for most elements in the periodic 
table at concentrations > 10-20 ppm. When used with standard analytical 
procedures, XAS can be employed to monitor the concentration of the element in 
the sample and to check for possible inhomogeneities in concentration. 

Complementary information can also be obtained from x-ray fluorescence 
microprobe studies which map the spatial distribution of the elements on a micron-
level scale and determine the association of elements within a sample. In some 
systems, powder x-ray diffraction studies, particularly at the micron level can 
identify the major and minor minerals and compounds present and may define 
phases associated with the element of interest. For iron oxides, sulfides, and other 
iron-based phases, Mossbauer spectroscopy will be a particularly valuable technique 
for determining the chemical state of iron. 

4.3. Solid Phase Interfacial Chemistry 

Numerous examples show that thin inorganic and organic coatings may 
dramatically alter the surface properties of mineral phases comprising the bulk of 
most soils and sediments. The interfacial properties of these coating are of great 
importance in terms of their influence on the binding of contaminants occurring in 
associated pore liquids and gases. However, the nature of the interaction between 
the coating and the underlying solid phase is equally important in that it influences 
the physical stability of the total mineral-coating-contaminant complex. A mm-
sized aggregate should have vastly different transport characteristics as compared to 
a contaminated colloid. On a broader scale, aggregate stability as it relates to erosion 
and sediment transport is a world-wide environmental concern. Most studies of 
this phenomenon have been empirical and have focused on large-scale processes. 
Molecular-level studies of the nature of solid-solid interactions and particle 
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attachment could open a new window of opportunity for advances in this area of 
environmental science. 

In addition to the external surface chemistry exhibited by these primary 
minerals, complex aggregates are often observed which necessitate an 
understanding of dissolution and growth processes, precipitation, the relative 
stability of different solid phases and any unique reaction chemistry promoted at the 
solid-solid interface not typical of the individual solid component phases. 

In addition, to understanding such processes at the external surfaces of single 
phases, it is also necessary to assess any unusual reactivity which may be manifested 
at exposed solid-solid interfaces. Different types and concentrations of defects at 
these interfaces could influence the overall chemistry of the aggregate. 

4.4. Environmental Fossil Fuel 

Considerable progress has been made in achieving a molecular 
understanding of coal in the past decade. Future advances of special interest in 
molecular environmental science require the elaboration of structures and reaction 
chemistries of elements of greatest interest in the environmentally safe use of these 
fossil fuels. The problem is partitioned into two distinct parts for convenient 
discussion. The first centers on organic structures in coal with bound nitrogen and 
sulfur. Significant progress has already been made in defining the chemical forms 
of these elements and the distribution of organic sulfur between aliphatic and 
aromatic compounds. However, little quantitative information is available 
concerning the structures of the heterocyclic sulfur compounds, and virtually 
nothing is known about the aliphatic sulfur compounds. This gap in knowledge 
constitutes a major deficiency because it is difficult to design sulfur removal 
strategies in the absence of the necessary molecular-scale structural information. 
Several lines of evidence suggest that the aromatic sulfur compounds are in rather 
large molecules, many of which possess two heteroatoms. The conventional 
spectroscopies offer little opportunity to establish these structures with confidence, 
but some progress could be made in this area if the near-edge XAS signals could be 
more completely resolved. Of course, the ultimate energy resolution possible is 
dependent upon the core-hole lifetime widths of elements in an excited state, which 
generally increase with increasing absorption edge energy, so significant 
improvement is not likely for K-edge spectra. However, examination of L or M 
edges of an element could result in sufficient energy resolution to address this 
problem. The distribution of nitrogen atoms between pyrroles and pyridines has 
also been defined, but there is even less information concerning the organic 
structures of the nitrogen compounds. Further, some work suggests that amides 
may also be present in coal. This matter, as for sulfur, deserves experimental 
attention, but it is doubtful that traditional XAS methods will provide the necessary 
insights to establish the character.of the pyrroles, pyridines, or amides beyond the 
present degree of understanding. True breakthroughs in XAS experimental 
methods are needed in these areas. 
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The environmentally interesting elements, including sulfur, are thought to 
be distributed very heterogeneously among the coal macerals, but very little is 
known about the distribution of nitrogen among macerals. However, recent 
advances in synchrotron x-ray imaging of light elements suggest that this important 
problem can be investigated. The specific objective of such a study centers on the 
definitions of the pyrrolerpyridine ratio in liptinites, vitrinites, and inertinites and 
the presence or absence of amides in these samples.. While this objective is stymied 
by the resolution of current instrumentation, it is an important goal in molecular 
environmental science, and it illustrates the opportunities for the spatial definition 
of chemically distinct elements including, carbon, oxygen, and nitrogen. 

The environmentally critical inorganic elements in coal, oil, and other fossil 
energy sources with low to moderate concentrations (1 to 2%) are chlorine and 
vanadium, as well as various trace metals (5 ppb to 100 ppm) including arsenic, 
chromium, selenium, mercury, and may others. Synchrotron-based x-ray 
absorption spectroscopy (XAS) and several non-synchrotron techniques (Mossbauer 
spectroscopy, Scanning Electron Microscopy (SEM), Transmission Electron 
Microscopy (TEM), and X-ray Photoelectron Spectroscopy (XPS)) have greatly 
elucidated the molecular structure and reactions of the more concentrated group of 
elements over the past two decades. For example, it is now possible to speciate with 
reasonable accuracy the distribution of sulfur among its oxidation states and to study 
the chemical, thermal, and biological reactions of these oxidation states in coal and 
related materials. Excellent progress has also been made with XAS in determining 
the speciation of CI in coal and V in petroleums. 

Synchrotron radiation should provide similar information for other trace 
metals, which present much greater technical challenges than the more abundant 
lighter elements. Four heavy elements are of particular concern because of their 
toxicity: Cr, As, Se, and Hg. For some specific coals, other metals such as Ni, Mn, 
and radioactive elements, including U, are of interest. 

4.5. Solid Waste Forms 

Satisfactory technologies for the safe treatment and disposal of many solid 
wastes have already been developed, but the- use of cements, days, diatomaceous 
earths, glasses, grouts, zeolites and other solids for the very long-term 
immobilization of some hazardous wastes, for example, radionuclides, remain 
.controversial. 

The stability of the solid waste forms is an issue of considerable importance in 
the United States because no methods are available to define the risks associated 
with the long-term storage of many hazardous solid wastes. Advances in this area 
would enable the United States to better manage the wastes that have already been 
produced and to prevent pollution in the future by providing guidance for the 
disposition of new wastes in the most economically viable and ecologically sound 
manner. 
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The effective immobilization of wastes in solid forms, possibly for thousands 
of years, requires a thorough knowledge and understanding of the chemical 
composition of the initial solid waste form and the waste forms resulting from the 
chemical reactions that take place during its storage. Bulk glasses, for example, may 
be immobile, but long-term weathering may produce mobile entities. Clearly, the 
principal substances in the waste will have to be fully characterized and their 
distributions will have to be precisely defined. Furthermore, the distributions of 
plausible contaminants will also have to be defined. Information concerning the 
homogeneity of the materials in the waste, the oxidation states of the metal cations 
and anions, the rates of diffusion of the substances in the waste form is needed. 
This information should include knowledge of the role of acidity on the migration 
rates and of such subtle features as redox-controlled diffusion, the role of defects on 
the diffusion rates of the constituents, and the impact of physical characteristics such 
as particle sizes, pore structures, and void volumes. The tendencies for and 
consequences of biological contamination will also influence the selection of the 
waste form. For materials that are radioactive, it is also necessary to establish the 
radiolytic chemistry and the consequences of radiation damage to the host. Accurate 
characterization and the achievement of a detailed chemical and physical 
understanding of each problem can be coupled with advanced theoretical work to 
address these problems in a more focused and effective manner. 

Clearly, different approaches will be required to address different waste 
problems involving solid phases. The scope of the problem mandates that a broad 
array of powerful techniques should be applied to address each problem effectively. 
All of these possibilities cannot be elaborated in this chapter. However, the 
principal features can be illustrated by a brief discussion of the issues involved in 
the use of silicate waste forms. One of the scientific strategies to immobilize the 
hazardous heavy metals and radionuclides present in many wastes is to bind them 
to suitably reactive anionic sites such as silicate tetrahedra in a glass, grout, slag, or 
cement. These hazardous substances may arise from a wide variety of sources, such 
as municipal incinerator ash, coal fly ash, gas scrubber residues, and nuclear fuel 
reprocessing waste. Silicate systems currently being used are derived from materials 
optimized for other purposes, such as container glass or Portland cement. The waste 
immobilization characteristics of the silicates could be systematically improved by 
identifying anionic sites and studying the bonding of metal cations to them. This 
information could then be used to improve the performance and efficiency of this 
immobilization method by modifying the host silicate, to maximize the number of 
suitable sites, and optimizing their coordination geometry and electron donor 
characteristics. Insofar as the silicates are concerned, their use would benefit from 
systematic research on the rich and largely unexplored field of the structure and 
chemistry of romplex and poorly ordered oxides. These materials are not easily 
studied because of the poor ordering, small particle size, and often the low 
concentrations of the key hazardous elements in both the initial and final waste 
forms. However, advances in the understanding of mis chemistry would greatly 
assist technology. 
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Broadly speaking, it is evident that molecular environmental science research 
on the clays, silicates, and other specialized immobilization materials will have to be 
conducted by using a variety of powerful laboratory techniques. But, it is clear that 
synchrotron methods will provide some key information in this quest because of 
their capability to elaborate short-range order in otherwise disordered systems. XAS, 
wide angle x-ray scattering (WAXS), and anomalous WAXS (AWAXS) provide 
chemical information about specific metal cation chemistry in sites that have only 
local average order. In addition to suggesting technical approaches that might 
optimize the number and geometry of those sites for a particular waste containment 
problem, these synchrotron-based methods can provide information about the 
interaction of different cations in a waste form. For example, a certain waste form 
may work very well for Cd, but if Zn is also present, the Zn may compete 
preferentially for the same reactive sites and displace the Cd. Once the basic 
structural chemistry is understood, these sorts of interactions may be predicted in 
advance and appropriate modifications can be made to the waste form chemistry. 
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5. MOLECULAR BIOLOGICAL PROCESSES AFFECTING SPEOATION, 
REACTIVITY, AND MOBILITY OF CONTAMINANTS IN THE ENVIRONMENT 

5.1 Introduction 

While many chemical and physical processes have been well characterized on 
a molecular scale, the corresponding determinations are more difficult in biological 
systems due to their inherent complexity. Yet it is vital to understand biologically 
mediated reactions because the environmental fate of chemicals commonly depends 
upon microbiologically mediated processes. Microorganisms derive energy and 
carbon for growth for a wide variety of organic compounds, and some have the 
ability to synthesize cellular constituents from solely inorganic precursors. This side 
array of activities make them important geochemical agents that can profoundly 
affect the solubility, speciation, and mobility of chemicals in the environment. For 
many anthropogenically added contaminants, both organic and inorganic, microbial 
transformations are by far the most important mechanisms of attenuation in the 
environment. Thus, a true understanding of biologically catalyzed molecular 
transformations is fundamental to assessing environmental risks and devising 
prevention or remediation strategies. 

Microbial communities exist naturally throughout the environment and 
have evolved to cope with a wide variety of conditions. Anthropogenic activities 
often change the existing balance through release of hydrocarbons, chlorinated 
compounds, heavy metals, and radioactive materials. These releases often exceed 
the normal carrying capacity of the environment, and as a result can greatly modify 
existing microbial communities as well as threaten water supplies, farm lands and 
recreational areas. Nevertheless, biological communities have the ability to 
transform or degrade contaminants, and bioremediation is the harnessing of these 
abilities. Interest in bioremediation has increased in recent years because of 
demonstrated success and cost-effectiveness. Many of the scientific questions 
outlined in Sections 5.2 and 5.3 of this chapter directly address our ability to 
understand the ecology of contaminant impacted systems and to control the 
bioremediation process. 

5.2 Spatial Distribution of Microorganisms in the Environment 

A better understanding is needed of the relationship between the spatial 
distribution of microorganisms and the location of organic and mineral substrates 
in the environment. This spatial distribution will constrain the rates of growth and 
substrate transformations by limiting nutrient delivery rates, contaminant 
bioavailability, and the consumption of microorganisms by predators. In order to 
understand and predict the activity of microorganisms, this spatial relationship 
must be defined both on the microscale and on an overall macroscale. There are 
two environments that are of marked interest: (1) high activity zones such as surface 
soils that contain a wide variety of microorganisms (bacteria, fungi, algae) as well as 
macroorganisms and plants; and (2) lower activity environments such as the vadose 
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zone that contains primarily bacteria. Within both types of zones, areas of specific 
interest are the root-soil interface (rhizosphere) and interparticle and intraparticle 
spaces. There is considerable patchiness in microbial distribution in the subsurface' 
environment, contributing to spatial variation in degradation and mineralization 
rates of organic chemicals. 

Two important objectives that address these issues are (1) definition and 
mapping of the three-dimensional distribution of carbon, minerals, and 
microorganisms in the environment; and (2) definition and mapping of the 
biological activities that control the fate of chemicals in the environment on both a 
spatial and temporal scale. 

The importance of these spatial effects makes three-dimensional mapping of 
soils an important objective. The new laser and synchrotron microscopy and 
tomography techniques should make it possible to visualize the distribution of 
microorganisms, organic material, and a variety of mineral phases in representative 
environmental samples. It may be possible to distinguish different bacterial strains 
via cell surface markers, or element distribution. -It also may be possible to gauge 
metabolic rates from redox levels of key metalloenzymes using synchrotron-based x-
ray absorption spectroscopy. These spatial indices could then be correlated with 
chemical transformation rates to test critical variables. New applications for these 
techniques may include: 

•Characterization of the chemical species in the natural environment that control 
the redox potential. 

•Monitoring real time changes in the redox potential, both internal and external to 
a microbial ceil, caused by microbial speciation of inorganic chemicals. 

•Fingerprinting microorganisms present by elemental mapping at some acceptable 
resolution, or by doing single-cell spectroscopy. 

5.3 Rates and Mechanisms of Biological Transformations 

Organic contaminants have become part of the natural carbon and energy 
cycles in the environment. However, there is great concern regarding several 
classes of long-lived contaminants: petroleum constituents, halogenated organics, 
pesticides, and metals, including the following: 

•Hydrocarbons: At high concentrations, bioremediation is often limited by nutrient 
(N and P) availability. At lower concentrations or for highly weathered 
hydrocarbons, bioavailability becomes important. 

•Halogenated hydrocarbons: Transformation activities in the environment are 
generally low because these compounds are found infrequently in natural 
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environments. In addition, the mineralogy, the redox state of the environment, as 
well as the availability of terminal electron acceptors are important in determining 
the degradation pathways and rates. 

•Pesticides: Pesticides are usually applied to large land surfaces at relatively low 
concentrations. Although somewhat dependent on the soil type and pesticide 
structure, sorption is often high. Therefore, bioavailability is a limiting factor in 
degradation. 

•Metals: Metal contaminants can undergo biologically mediated oxidation, 
reduction, complexation, precipitation, volatilization, and alkylation reactions. The 
predominant reaction is a function of metal bioavailability, organism type, pH, and 
redox potential. 

5.3.2 Degradation Rates of Organics 

Even- though biodegradation pathways have been elucidated for many 
organic contaminants under both aerobic and anaerobic conditions, degradation 
rates are highly variable and difficult to predict. This variability poses challenging 
questions concerning the interactions of microorganisms, organic compounds, and 
solid phases in situ. The following sections outline important research issues for 
degradation of contaminants and plant materials. 

5.3.1.1 Bioavailability 

A better understanding is needed of the relative roles of bioavailability 
(solubility, sorption, aging), terminal electron acceptors, and nutrient limitation in 
the ultimate fate of organic compounds in the environment. For example, for 
organic contaminants that are sorbed or have extremely low water solubility, 
molecular access to the bacterial cell is a critical issue. Information is needed in two 
areas: (1) elucidation of the role of cell attachment to substrate and biofilm 
formation in degradation, and (2) elucidation of the role of biologically produced 
and synthetic surfactants in bioavailability, uptake, and degradation of 
contaminants. An example of a particularly attractive approach to address some of 
these questions would be to tag contaminant and surfactant molecules with for 
example, Br or I, and to apply time-resolved spatial mapping with x-ray microprobe 
techniques. 

The main objectives in this area of research are (1) determination of the 
important cell surface properties that mediate or facilitate attachment of cells to 
organic contaminants; (2) characterization of the interaction of surfactants with 
sorbed contaminants and the potential for increasing bioavailability in recently 
contaminated and aged materials; and (3) characterization of the interaction of 
surfactant solubilized organics with cell surfaces, specifically, characterization of the 
micellar mechanisms for transport of surfactant solubilized organics into microbial 
cells. 
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5.3.1.2 Halogenated organics 

Halogenated organics are a particularly important class of organic 
contaminant for which microbial degradation is of great interest. Because the 
persistent fractions of these compounds are commonly found in anaerobic 
environments, • an important biodegradation mechanism is reductive 
dehalogenation, in which a halogen substituent is removed (as halide) via the 
addition of reducing equivalents. In order to understand this process in an 
environmental context, the mechanism of reductive dehalogenation must be better 
understood. This reaction can be catalyzed in laboratory experiments with a variety 
of transition metal complexes or zero-valent metals, and indeed some of the 
dehalogenation reactions may occur at abiotic sites. Evaluation of abiotic 
contributions to these processes will be important. In addition, it is likely that the 
microbial reactions are carried out by metalloenzymes. These should be isolated and 
expressed using biochemical and molecular biological techniques, and studied 
structurally using spectroscopic techniques, including XAS. 

The primary objectives in this area of research are (1) determination of the 
location of reductive dehalogenation reactions - do they occur within the cell, 
outside of the cell, or at a mineral surface and how intimately is the cell involved in 
the dehalogenation? and (2) characterization of the intermediates and products of 
reductive dehalogenation and the reactions, either biotic or abiotic, that catalyze 
them. 

5.3.1.3 Plant materials 

Degradation of lignin by fungi is an important step in the decay of wood. The 
treatment of wood with Cu, Cr, and As salts is now widely used to prevent decay of 
wooden structures. Disposal of this metal-impregnated wood is a growing 
environmental concern. The mechanism of wood decay is poorly understood, 
although Mn redox chemistry appears to play an important role. Likewise, the 
mechanisms by which Cu, Cr, and As prevent decay is also poorly understood. XAS 
is. a particularly useful technique for characterizing the redox chemistry of Mn, Cu, 
Cr, and As in decaying wood. 

The primary objectives here are to (1) determine the mechanisms of Mn 
redox chemistry in the fungal degradation of lignin during wood decay; and (2) 
determine the mechanisms by which Cu, Cr, and As salts used as wood 
preservatives (CCA Treatment) prevent fungal decay of wood. 

5.3.2 Transformation Rates of Inorganics 

Microorganisms participate in metal oxidation and reduction reactions, but 
there are few well-characterized systems and the overall impact of microbiological 
activity on geochemical speciation is not well understood. Microorganisms can 
dissolve existing mineral phases and precipitate new mineral phases. These 
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processes impact the chemistry of elements that are constituents of the solid phase 
and of elements that are sorbed or occluded to the solid phase. Ultimately, these 
reactions determine the mobility and bioavailability of metals. For example, bacteria 
mediate the reduction of insoluble iron oxides to soluble Fe 2 4 , but at a lower redox 
potential other bacteria mediate reduction of S 0 4

2 _ to S 2 _ leading to precipitation of 
metal sulfides, including FeS. Still other bacteria catalyze oxidation of iron sulfides 
to Fe3"*" and SO42- under aerobic conditions, and are responsible for acid mine 
drainage. Many other metals (e.g., Mn, Se, U, Cr, Hg) are also under redox control. 
The relative insolubility of these mineral phases makes surface interactions critical 
in establishing the rates of these redox transformations. Some mineral surfaces act 
to catalyze the degradation of groundwater contaminants, e.g., via reductive 
dehalogenation. Thus, microbially mediated dissolution, precipitation, and 
alteration of sulfide and oxide phases may inhibit or enhance these heterogeneous 
surface catalytic processes involved in the degradation of organic chemicals. 

The primary objectives in this research area are (1) to characterize the 
interactions between microorganisms and mineral surfaces under oxidizing and 
reducing conditions; (2) to identify reaction products and mineral alterations under 
both oxidizing and reducing conditions - specifically, to determine the location of 
metal species formed (intracellular, within the cell membrane, or extracellular); (3) 
to identify the intermediate products of microbial redox processes. Specifically, 
identify and distinguish between the biochemical and strictly chemical reactions that 
play a role in the final speciation of metals; (4) to monitor, through real-time 
analysis, interfacial dissolution and precipitation reactions, cellular orientation, 
extracellular constituents, reaction times and products, and biochemical kinetics and 
reaction stoichiometry; (5) to determine the characteristics of minerals that permit 
microorganisms to interact with and oxidize/reduce specific species of metals - do 
microorganisms prefer specific mineral faces, specific mineral phases, or particularly 
defective crystals, or is the microbe-mineral interaction relatively non-specific; and 
(6) to determine the conditions that control the microbial formation of different 
types of iron sulfides and to identify the reactant intermediate and terminal species 
involved. 

5.6 Application of Synchrotron Radiation Techniques 

Synchrotron based techniques that allow studies of live organisms in situ are 
likely to have the most potential uses for studying environmentally relevant 
biological problems. These techniques include; 

• Soft x-ray microscopy of live cells in solutions containing metal or organic 
pollutants. 

• Micro-XAS of redox chemistry in microbial cells, plants, moist soils, and waste 
materials, at high spatial resolutions. 
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• X-ray fluorescence microprobe to study co-associations of metals in cells, plants, 
soils, and waste materials at high spatial resolution. 

• X-ray computed microtomography to study the distributions of microorganisms 
in soils, sediments, and waste materials. 

• Synchrotron-based Mossbauer spectroscopy to study biologically mediated iron 
transformations at time resolutions unattainable with laboratory-based spectroscopy. 

• Infrared microscopy to study organic reactions in cells and at cell and mineral 
surfaces. 

Additional information on potential applications of synchrotron radiation 
techniques in this general area can be found in Section 7.4. 
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6. MOLECULAR CONSTRAINTS ON MACROSCOPIC AND FIELD-SCALE 
PROCESSES 

6.1. Scientific Issues 

Environmental contamination is a field-scale problem. Knowledge of 
contaminant concentration, speciation, reactivity, and transformation at this scale is 
essential for predicting the mobility and environmental exposure of contaminants 
in soil and groundwater. Formal risk analysis and effective restoration activities are 
contingent upon such information. Field-scale chemical behavior is controlled by 
the integrated response of multiple processes - including chemical, biological, and 
hydrological ones - that regulate mass and energy fluxes at all scales ranging from 
the atomistic or molecular scale to the field scale. Scientific research is required at 
each of these scales to understand and predict field-scale behavior. For example, 
research at the molecular scale is needed to identify fundamental reaction 
mechanisms and properties of relevant biotic and abiotic systems. Microscopic 
studies are needed to formulate models of biological and chemical processes, to 
evaluate reaction thermodynamics and kinetics, and to study the behavior of 
heterogeneous materials relevant to the environment. Finally, studies at the 
macroscopic and mesoscopic scales are needed to define how system heterogeneities 
and mass transfer processes control the rates, direction, and extent of biological and 
chemical processes. 

The scientific community now recognizes that complex environmental 
problems cannot be solved without linkages between research at different scales, and 
between the controlling biological, chemical, and physical processes. Atomistic- or 
molecular-scale information must be transferred to the microscopic scale as a basis 
for understanding and model development. Similarly, microscopic-scale research 
on biotic or abiotic processes in natural materials identifies questions and needs for 
molecular-scale resolution. Furthermore, such research must result in models that 
can be applied with modification to chemically, biologically, and physically 
heterogeneous, macroscopic systems. Research at the macroscopic scale and above, 
if appropriately founded in molecular-scale understanding, ultimately defines 
processes and factors most important to field-scale behavior. 

This working group concerned itself with heterogeneous natural materials 
and the identification of research and information needs at the molecular and 
microscopic scales that may lead to improved understanding and prediction of 
contaminant dynamics in the field. Because of the potential breadth of this topical 
area, an attempt was made to limit the scope of this chapter to measurements, 
questions, and processes where the application of synchrotron light sources might 
significantly advance the state of science. These include the following: 

• advanced physicochemical characterization of natural materials, 
• contaminant speciation and grain-scale distribution, 
• spatial distribution of contaminants at the pore scale, and 
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• chemical mass transfer processes. 

Additional comments are provided on the potential use of macroscopic and 
field-scale observations in designing appropriate molecular-scale studies. The 
discussion of these topics is followed by an evaluation of the most promising 
synchrotron light source techniques for molecular-scale environmental applications 
as well as identification of advances in both technology and facilities needed for in-
depth characterization and understanding: 

6.2 Characterization of Natural Systems 

Natural systems are a complex mixture of chemical and biological 
constituents that represent possible compartments for receiving contaminants and 
possible reactants for transforming contaminants. 

Crystalline and amorphous solids that span the range from source rocks to 
fully weathered materials possess a number of traits that affect their interaction with 
contaminants. Bulk mineralogical identity, surface structure, defect density, and the 
presence or absence of coatings or rinds must all be established. Pore distribution 
and pore structure affect the inward and outward flux of contaminants and other 
chemical species. Many natural solids are mixed phases that contain major and 
minor constituents capable of associating or reacting with contaminant species. 
Valence state must be part of any analysis, since the same element in two or more 
oxidation states can constitute molecular species or solids with distinctly different 
properties. 

Organic compounds directly derived from biological activity or altered 
through biogeochemical processing are found as dissolved constituents in natural 
waters, as sorbates on solid surfaces, and as distinct precipitated phases. In order to 
evaluate their effects on contaminant speciation and transformations, their 
chemical composition, functional group distribution, macromolecular 
configuration, and degree of aggregation must be characterized. A number of metals 
and other elements are associated with natural organic compounds and may affect 
their chemistry in distinct ways. 

Mineral surfaces and other interfaces are especially important locations for 
contaminant partitioning and transformation processes as discussed in Chapter 3. 
The nature and atomic arrangement of solid surfaces, along with their degree of 
solvation and protonation, affect their ability to sorb contaminants and natural 
solutes and control the degree of Lewis and Bronsted acidity/basicity which controls 
surface catalysis. Considerable surface-to-surface and site-to-site variability in 
properties are expected. Inorganic ions and natural organic matter sorb onto 
surfaces and strongly affect partitioning and reactivity. 
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6.3 Contaminant Speciation and Grain-Scale Distribution 

The reactivity and fate of a contaminant in the environment is strongly 
controlled by its chemical form (speciation), which is manifested by its distribution 
among solid, liquid, and vapor phases.. The form and distribution of contaminants 
are strongly influenced by their interactions with natural particles and surfaces. The 
specific nature of these interactions will influence the ability of a contaminant to 
transfer between individual compartments within an environment. 

As discussed above and in Chapter 3, environmental surfaces are intrinsically 
more complex and heterogeneous than their synthetic counterparts. Variations in 
crystallinity, surface defect densities, and trace element inclusions in natural 
particles can all potentially alter the local coordination chemistry and surface 
densities of adsorbed species present on a given solid (e.g., natural goethite, or 
smectite). The presence of two or more reactive solid phases (as coatings or discrete 
particles) greatly complicates the picture by altering both the total number and the 
types of reactive sites available for participation in surface reactions. Molecular-
level information is needed on the surface coordination and structure of adsorbed 
species, across a wide range of sorbate surface densities, on natural reactive mineral 
and organic surfaces. The competitive distribution of a contaminant between two or 
more competing sorbents also warrants examination. Competitive reactions are the 
norm in natural environments and must be investigated in laboratory studies. It is 
anticipated that some information on these heterogeneous systems can be obtained 
by building increasingly complex assemblages of natural sorbent phases from 
mechanical and chemical mixtures of well-characterized solids and polymers. 
Information of this type may aid in decomposition of complex XAS spectra, for 
example, obtained from studies of natural materials. 

In some cases contaminant fate is dominated by absorption rather than 
adsorption processes. These encompass the partitioning of organic solutes into 
natural organic phases, surface-nucleated precipitation of metals or oxoanions on 
oxides, silicates, carbonates, phosphates, etc., and formation of discrete phases 
through homogeneous nucleation from solution. Precipitation of contaminant-
bearing phases in natural environments often results in the formation of poorly 
crystalline, submicron to < 10 micron particles with inclusions of numerous foreign 
ions. Understanding the structures and stabilities of these solids is critical to 
predictions of their short- and long-term stabilities. This is particularly true in the 
case of mixed solids where thermodynamic models of solid solutions require 
information on the existence of trace-element rich domains versus homogeneous 
solid solutions. Efforts should be made to obtain this information in samples with 
trace-element concentrations as low as 10 mg kg-J of solid. Molecular-level 
information is needed on trace-element distribution, local coordination chemistry, 
local valence states, and the identity of associated elements to make progress in this 
area. 
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Many amorphous to poorly crystalline solids contain significant quantities of 
water molecules. This can represent a serious analytical challenge since desiccation 
can result in alteration of oxidation states and structures, yet many potentially viable 
techniques are of limited used in aqueous systems. Sensitive spectroscopies capable 
of providing molecular-level information, in the presence of water molecules, are 
critical to future advancement of our understanding of contaminant chemistry in 
poorly crystalline; mixed solids. 

The binding of metals with complexing functional groups in solid organic 
matter and on cellular surfaces of microscopic and macroscopic organisms has been 
studied extensively at the macroscopic level. This is exemplified by the application 
of polyelectrolyte models to describe the binding of metal ions to humic and fulvic 
acids, peats and other naturally occurring organic polymers. Contaminant 
associations with organic functional groups are particularly important in near-
surface carbon-rich environments, where these materials compete with inorganic 
solids as contaminant sinks. The information needs in this area include local 
valence states, local coordination chemistry, and intra- and inter-polymer 
distributions of complexed contaminants. Efforts have been made to obtain 
structural and spectroscopic data on these reactions, but these have typically been 
limited to reactions involving a small number of elements accessible to magnetic 
and luminescence spectroscopies. Future efforts should focus on identifying 
contaminant speciation and distributions in natural organic materials common to 
terrestrial and aquatic environments, in the presence of water. This latter condition 
is necessary to avoid changes in bond configurations resulting from sample 
desiccation. Particular attention must be paid to extending these measurements to 
elements not accessible to magnetic and optical spectroscopies. 

6.4. Spatial Distribution of Contaminants at the Pore Scale 

The speciation of a contaminant greatly influences its pore-scale behavior in 
the environment. For example, solid phases (e.g., heavy-metal precipitates and 
crystalline organic compounds) generally have lower aqueous solubilities compared 
to liquid contaminants! In addition, liquid and gaseous contaminants are subject to 
bulk fluid flow, whereas solid contaminants are not (excluding colloid transport). 
The spatial distribution of bulk contaminant phases is heterogeneous at the pore 
scale, and this heterogeneity exerts significant control on rates of flow and mass 
transfer. Thus, there is a great need for non-invasive techniques that can be used to 
resolve spatial distributions of contaminant phases. 

Another major aspect of multiphase contaminant systems is the existence of 
interfaces between the phases. Interfacial domains are extremely important because 
interphase mass transfer and mass accumulation occur at interfaces. In addition, 
interfacial energetics control the distribution and movement of fluids in multiphase 
systems. 
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When a solute encounters a multiphase system, the solute will distribute or 
partition among the phases in response to gradients of chemical potential. The 
phase in which a contaminant resides is a critical factor mediating its transport and 
fate. For example, gas- and liquid-phase contaminants are subject to major 
advective-dispersive fluxes, whereas contaminants associated with the solid phase 
are not. Phase association can also influence the transformation potential of a 
contaminant. Many organic contaminants appear to undergo biotransformation 
only in the aqueous phase and are not directly degraded when sorbed. Conversely, 
surface-mediated catalytic transformations act on sorbed contaminants but not 
directly on the solution phase. The partitioning of contaminants in multiphase 
systems requires knowledge of their spatial distributions at the pore scale to assess 
these variations in their chemical and physical behaviors. This information must 
be obtained with non-invasive techniques to prevent the disturbance and 
redistribution of the species under study. 

6.5. Mass Transfer and Transformation of Contaminants 

Physical processes bring about the exchange of matter and energy between 
neighboring environmental compartments. Relative magnitudes of inward and 
outward fluxes of chemicals, in turn, are acted upon by organisms, thereby creating 
chemical gradients. Since contaminant speciation and solid-water partitioning are 
affected by these chemical gradients, they play a dominant role in determining the 
environmental mobility of contaminants. 

The transport and fate of many trace elements, radionuclides, and organic 
contaminants are strongly controlled by redox transformations. Often, these 
electron-transfer reactions are mediated by surfaces or microorganisms, which 
enhance their rates. In contrast, homogeneous reaction rates in solution are 
typically slow except for select elements and reactions. Natural organic matter, 
organic carbon and organic compounds resulting from microbial respiration, and 
reduced mineral phases such as magnetite, illmenite, and Fe(II)-sulfides are 
electron-rich substrates that drive reduction reactions. Similarly, inorganic oxidants 
such as Mn-oxides and dioxygen drive oxidation reactions, while certain 
microorganisms derive energy from the oxidation of elements other than carbon 
(e.g., Fe and Mn). 

Environmental redox gradients are especially pronounced and play a 
governing role in chemical and biological processes. Knowledge of the speciation 
and valence state of redox-active species permits identification of the electron 
acceptors and the carbon sources used by organisms and the oxidants and reductants 
involved in redox reactions outside of cells. Changes in chemical composition 
accompanying redox reactions affect the distribution of sorptive phases, the nature 
and distribution of various organic chemicals, and a number of physical/chemical 
phenomena. New methods of discerning redox gradients could substantially 
improve our ability to assess microscopic and macroscopic phenomena. 
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Conventional techniques for investigating oxidation-reduction reactions in 
the environment are typically indirect and/or incomplete with respect to measuring 
the distribution of an element among possible valence states. Most of these 
methods also require significant sample disturbance and are poorly suited to 
temporal analyses, surfaces, and microbiological systems. Non-destructive in situ 
determination of oxidation states would improve understanding of trace element 
chemistry, biotic and abiotic electron-transfer reactions, and, ultimately, transport. 
Furthermore surface-sensitive techniques are needed to probe the valence state of 
elements located at reactive mineral surfaces, such as magnetite and Mn oxides, and 
their response to oxidants and reductants. Such techniques are also needed to 
elucidate the stoichiometry, rates, and thermodynamics of contaminant reactions 
mediated at these surfaces. 

When prevalent biogeochemical conditions are altered, organisms alter their 
production of enzymes and other biochemicals as well as their level of metabolic 
activity. These changes are important, since enzymes are central to the intracellular 
and possible extracellular transformation of contaminants, and since many other 
biochemicals released from cells serve as reagents for chemical transformation. In 
situ methods of evaluating biosynthesis and metabolic activity are needed in this 
regard. 

Evaluating reaction kinetics and half-lives of contaminant transformation 
must go beyond simply assessing the reactivities and abundance of potential 
reactants; other system constituents that may catalyze or inhibit reaction must be 
addressed. Dissolved metal ions and metal atoms residing on mineral surfaces may 
act as Lewis acids. Lewis base functional groups of natural organic compounds and 
oxo- and hydroxo-groups on mineral surfaces may act as Lewis bases. Species that 
cycle between oxidation states may act' as redox catalysts. Thus, evaluation of 
reaction kinetics and half-lives must be done to account for system-to-system 
chemical differences and processes that affect the speciation and abundance of these 
auxiliary chemical species. 

Acidification/basification reactions mediated by biological activity or those 
resulting from metal cation hydrolysis can have a profound impact on matrix 
composition and stability, as well as contaminant behavior and transformation. 
Likewise, Bronstead acid functional groups on clay mineral or oxide surfaces can 
facilitate degradation of organic contaminants or modify inorganic contaminant 
speciation. Gradients in pH can influence a wide range of critical geochemical 
reactions such as mineral dissolution, surface charging of constant potential 
surfaces, and solution phase speciation, all of which control contaminant behavior 
and transport in the environment. 

Precipitation-dissolution reactions can dramatically alter the transport and 
reactivity of contaminants in surface and subsurface environments. Modes of 
precipitation range from homogeneous nucleation from bulk solution, producing 
discrete solid phases, to surface-mediated reactions. The intrinsic solubilities of trace 
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contaminants in precipitates will vary with the degree of crystallinity, the presence 
or absence of trace-element rich domains, the existence of discrete solids versus 
surface precipitates, and the specific mineral identity of the precipitate in question. 
These properties are compounded by rapid changes in pH and Eh and the presence 
of organic ligands of biological origin. Concomitantly, pH and Eh gradients greatly 
affect the rates and mechanisms of solid phase dissolution. 

The effects of aging on precipitate crystallinity and composition must be 
studied to examine the long-term stabilities of absorbed contaminants in natural 
systems. Conversion of amorphous gels to crystalline materials can potentially 
stabilize contaminants present as major components of the solid phase. However, 
trace constituents of amorphous solids are often ejected from the lattice as structural 
reorganization and crystallization progresses. The potential then exists for dramatic 
changes in contaminant lability over time. This may affect long-term transport in 
contaminated environments. Greater understanding of this phenomenon requires 
time-dependent assessments of precipitate crystallinities and compositions across a 
range of pH, Eh, and ionic concentrations in hydrated and desiccated environments. 

The ability to directly measure diffusive and advective mass transport of 
solutes, including contaminants, in subsurface environments is a prerequisite to 
mechanistic understanding and prediction of contaminant transport. Currently, 
most measurements of transport made at the laboratory column and field scales 
provide no direct information on micro-scale dynamics underlying the macroscopic 
observations. Linking understanding of solute speciation and interactions with 
surfaces to larger-scale transport will require knowledge of micro-scale gradients in 
solute concentrations and diffusive and advective fluxes. Without the micro-scale 
transport link, connections between controlling chemical (molecular) constraints 
and macroscopic transport will remain descriptive rather than quantitative. 

6.6 Field-Scale Transport of Contaminants 

The properties and mechanisms operative at the molecular scale determine 
the transport and transformation behavior of contaminants at the microscopic scale 
and can significantly influence behavior at the field scale. To simulate and predict 
contaminant transport at the field scale, which is one of the ultimate goals in 
environmental science, molecular and microscopic information must be 
incorporated into mathematical models. How this is done is critical to developing 
accurate and useful models. For example, the most advanced molecular-scale 
understanding currently available must be used to ensure that true behavior is 
being represented. However, due to analytical and numerical constraints, the 
resolution with which smaller-scale components can be represented decreases as 
scales increase. Thus, methods of representing contaminant fate processes are 
needed which can preserve critical molecular-scale information while at the same 
time allowing direct incorporation of representative equations into field-scale 
models. Further development of the field of reactive-transport modeling is 
dependent upon creating models that are mechanistically accurate and process 
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specific at all relevant scales. The testing of these models against measured field 
data will permit identification of critical processes requiring further study, and, 
thereby, will indicate the molecular-scale phenomena that should be examined in 
greater detail. 

For example, surface complexation models (SCM) represent a class of 
computer codes that compute charge development and ion adsorption to electrified 
mineral surfaces. The codes are based on molecular hypotheses regarding (1) the 
configuration of the solid-water interface (ion positioning and distance, 
charge/potential decay from the surface) and (2) the nature of chemical bonding 
between solid and liquid associated chemical components. Adsorption and charge 
development are described as a consequence of surface complex formation between 
dissolved solutes and specific functional groups on the mineral surface. The 
formation of surface complexes is described using mass action equations and 
equilibrium constants corrected for the electrified double layer. SCM have become 
the preeminent tool for the interpretation of adsorption phenomena of inorganic 
contaminant anions and cations in suspensions of single phase mineral material, 
and soils and subsurface materials. They have been found to be so useful that 
variants of these models are being linked with water transport codes to describe 
reactive multicomponent contaminant transport through soil and groundwaters. 

The stoichiometry of components within the surface complex including (1) 
the adsorbate, (2) the surface site, and (3) other co-adsorbed chemical (e.g., H+) is 
critical information needed to establish realistic mass action laws for surface 
complex formation. Other information, such as bond distances in the surface 
complex and the chemical identity of first-, second-, and third-shell neighbors, is 
important for establishing whether the surface complex exhibits covalent chemical 
bonding character or is more weakly held via coulombic forces. Before the 
availability of synchrotron light sources for chemical/spectroscopic analyses, the 
chemical composition of surface complexes was basically a hypothetical concept; 
their composition was inferred from the curve fitting of macroscopic experimental 
data. Recent XAS studies as summarized in Table 3.2, however, have 
revolutionized scientific understanding of the structure, chemical speciation of, and 
chemical bonding within surface complexes. Other synchrotron based techniques, 
such as x-ray standing wave studies, may provide confirmatory information on 
other basic molecular tenants of SCM, such as the positioning of weakly and 
strongly binding sorbates within the interfacial region and the diffuse double layer. 

Molecular information from synchrotron light source studies has and will 
continue to be incorporated into macroscopic and field scale models of adsorption 
processes. The results of XAS measurements of the chemical nature of metal ion 
surface complexes on mineral surfaces has led to more accurate SCM reaction 
formulation, while x-ray microprobe studies of metal ion distributions in complex 
environmental matrices has provided a basis for validation of multicomponent 
SCM model predictions. XAS-derived information on surface complexes such as 
denticity, extent of hydration (e.g., inner versus outer sphere), and clustering assist 
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in the definition of SCM reaction stoichiometry/surface speciation and are explicitly 
needed to reproduce and describe complex trends in macroscopic chemical behavior. 
SCM that are based on accurate depictions of the underlying molecular phenomena 
have far greater interpolative and extrapolative power than those parameterized 
empirically; i.e., they more accurately predict changes to adsorption that result from 
changing chemical variables such as pH, ion composition, and solid surface area/site 
concentration. Other information derived from synchrotron light source studies, 
such as bond distances within surface complexes and the existence of surface 
complexes on mixed metal centers, have challenged existing SCM modeling 
capability and spurred needed new conceptual and code developments. 

6.7 Macroscopic- and Field-Scale Constraints on Molecular-Scale Experiments 

The discussion above has attempted to illustrate the complexity of the natural 
field environment. Natural soils, sediments, and aquatic systems represent an 
extremely challenging and formidable system for investigators interested in 
molecular-scale processes. Nevertheless, this complexity must be recognized before 
one attempts to conduct molecular-scale investigations that are intended to provide 
insight about contaminants and their transformations in the natural environment. 
Perhaps the greatest concern is the recognition that soils and sediments are at all 
times, aquatic systems. The presence of vicinal water and its dominant role in 
surface chemical reactions has long been recognized by the soil chemistry, 
geochemistry, and environmental chemistry communities. It is imperative that 
molecular-level studies, intended to serve as investigations of natural 
environmental processes, explicitly include water as a component of the reaction 
system. Clearly this represents a challenge to many potentially useful spectroscopic 
techniques. 

The real world provides a wide range of contaminant concentrations. 
Whereas, near-field incidents of contamination can produce concentrations at the 
percent level, migration of contaminants to far-field locals often reduces these 
concentrations to the mg kg"1 level. This range of concentrations dictates that 
Studies of contaminant interactions with sorbents representative of soils and 
sediments be conducted, at least in part, at these smaller concentrations. 

Further insight into the construction of relevant molecular-scale studies, can 
be gained by examining the nature (and the identity) of the reactive solid phases 
present in soils and sediments. Typically, model laboratory studies are conducted on 
specimen grade mineral phases such as boehmite or synthetic phases such as 
Y-AI2O3, which have heuristic value but are generally not present in real soils or 
sediments. Careful consideration of thermodynamic stability fields and a 
comprehensive examination of actual field literature can aid in the identification of 
mineral phases that are representative of typical soil and sedimentary 
environments. Judicious application of the Gibbs phase rule can facilitate 
identification of unknown solid phases based on XAS studies of complex mixtures. 
Similarly, careful examination typical of ranges in the pH and Eh values commonly 
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observed in soils and sediments will allow for the proper selection of experimental 
parameters for model sorption/desorption studies. These macroscopic constraints 
on the design of molecular-level experiments will greatly increase the probability of 
obtaining molecular-level information relevant to natural contaminated systems. 

6.8 Studies Using Synchrotron Radiation Techniques 

Environmental samples represent an extremely complex assemblage of mixed 
mineral phases often associated with both simple and complex organic constituents. 
Characterization of such samples has traditionally involved indirect methods of 
measurement, typically employing harsh chemical pretreatments which can result 
in the alteration or total destruction of the reactive mineral phases. In more recent 
years, a number of non-invasive in situ techniques have been routinely employed 
on environmental samples, yet most of these techniques lack the sensitivity 
relevant to many environmental samples or require significant sample 
manipulation which compromises sample integrity. One class of techniques that 
have only recently been applied to complex heterogeneous samples and provide 
significant promise are synchrotron-based x-ray methods. These methods, which 
provide information on the atomistic (A) to mesoscopic (mm) scales, are well-suited 
for addressing problems related to contaminant behavior in ihe environment, 
which intrinsically spans an extremely wide spatial scale. 

Synchrotron-based x-ray techniques have the potential to provide 
unprecedented detail concerning,_ the composition of these complex materials, 
particularly on phases that are. potentially the most reactive, yet are present in trace 
amounts. For example, improved x-ray diffraction (XRD) data on minimally 
manipulated bulk samples can provide evidence for and quantitative information 
on Fe-, A1-, and Mn-containing oxyhydroxide phases that may be poorly ordered and 
difficult to detect with conventional laboratory x-ray instruments. Detection and 
characterization of such phases is critical to understanding contaminant sorption. 
Other phases can be present as discrete homogeneous domains which can be 
potentially examined by micro x-ray diffraction techniques. Additionally, 
characterization of total elemental analysis at the mg kg"1 concentration range and 
determination of important elemental associations at the micron scale can be 
rapidly conducted on samples by x-ray fluorescence spectroscopy (XRF). This 
information can be used to further describe (by inference) the chemical speciation of 
important soil constituents and inorganic contaminants. Advances in x-ray 
focusing optics, coupled with the commissioning of third-generation synchrotron 
facilities, will greatly enhance both the sensitivity and spatial resolution of these 
techniques by an order of magnitude or more. 

Information on valence state and bonding environments of critical metal 
centers in mineral and contaminant phases' can, in principle, be probed utilizing 
x-ray absorption spectroscopy (XAS) techniques. It must be understood, however, 
that XAS measurements on such heterogeneous systems provide only population-
summed data. In some instances, population-summed information is useful; 

73 



however, considerably more research is required to demonstrate how well such 
information can be correlated with observed macroscopic behavior that is directly 
coupled to the transport and fate of contaminants. Better surrogates of 
heterogeneous phases are required for XAS studies of sorbed contaminants, and they 
can potentially be. generated from the systematic combination of well-defined 
monomineralic phases to produce increasingly complicated mixed mineral phase 
systems. This experimental approach is particularly critical if useful detailed 
information is to be deconvolved ultimately from XAFS spectra of heterogeneous 
materials, such as soil. For many soil and sediment samples, however, contaminant 
distributions may be highly localized and specific information on oxidation states 
and coordination environments can be derived via spatially resolved XAS 
techniques. As with the XRD and XRF techniques described previously, 
enhancement in spatial resolution as a result of advances in x-ray focusing optics is 
even more critical for the investigation of contaminant coordination environments 
in these complex heterogeneous systems where more homogeneous domains may 
be present at the submicron scale or lower. Additionally, improvements in x-ray 
detectors and x-ray fluxes will greatly enhance the ability to push the limits of 
observable contaminant concentrations to environmentally relevant levels. 

In addition to the characterization of matrix and contaminant phases in 
environmental " samples, synchrotron-based techniques can also be used to 
investigate a number of critical process-level biogeochemical reactions, in both time 
and space. Investigations of many biologically mediated mineral and contaminant 
transformations within micro-aggregates or active metabolic zones can be probed by 
the spatially resolved techniques mentioned above and the reaction kinetics can be 
readily followed. Likewise, macroscopic phenomena such as diffusion processes in 
soil pores or inter- and intra-aggregate distributions of contaminants can be 
investigated via XRF, imaging, and computed x-ray tomography using synchrotron 
light sources. While specific molecular probes may be employed for selective 
'staining' of features within a heterogeneous system or to enhance contrast between 
important features, the information provided is microscopic or even macroscopic in 
nature. 

6.9 Future Opportunities and Challenges 

A number of very exciting' opportunities exist for examining complex 
mineral assemblages indicative of environmental samples and for investigating 
contaminant speciation. Of prime importance is the ability to probe environmental 
samples on the smallest spatial scale achievable with maximum sensitivity. 
Advances in focusing optics for soft x-rays have demonstrated the ability to examine 
samples on a scale of 50 nm and, at the same time, provide element specific 
information via photoemission. Applications of these techniques to 
environmental samples will enable unprecedented examination of functional 
groups associated with complex humic macromolecules that have been very 
difficult to examine in situ by other methods. Additional opportunities exist to 
examine humic materials and to probe functional group abundance and distribution 
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utilizing synchrotron-based IR microscopy. Both x-ray and IR microscopy could be 
used to examine complex humic-mineral interactions and interrogate the complex 
mosaic of organic constituents in soil thin sections, potentially providing functional 
group distribution maps that are required to understand contaminant metal binding 
and contaminant organic partitioning reactions. Two-dimensional vibrational 
maps in the far-IR range could provide unique insight into the time-dependent 
diffusion of specific metal-oxygen bonds in reactive mineral phases. When 
compared to time- and spatially resolved chemical distributions, one may be able to 
obtain molecular- scale information on changes in the chemical lability of adsorbed 
ions with sample aging. 

Other opportunities exist to selectively probe individual phases of a 
contaminant within the complex assemblage of an environmental sample. 
Differential anomalous scattering (DAS) and differential anomalous fine structure 
(DAFS) spectroscopy hold promise in this regard; however, these techniques have 
not been applied to environmental samples due to the very limited availability of 
required facilities. The potential for conducting Mossbauer spectroscopy at third-
generation synchrotron sources provides exciting opportunities for examining Fe-
bearing environmental samples. Since the measurements can be made on the order 
of seconds compared to the hours or days required utilizing current y-ray sources, 
opportunities exist to investigate Fe chemistry in environmental samples in greater 
detail and to potentially conduct time-resolved investigations of either biologically 
or chemically mediated redox reactions. 

In order to better characterize reactive phases in soils and sediments or to 
examine coordination environments of contaminants to any level of detail, 
advances in hard x-ray focusing optics and in more sensitive x-ray detectors will be 
required. Furthermore, improved techniques that facilitate the examination of 
complex heterogeneous samples can only be made if there is time available on 
synchrotron radiation bearrdines that offer the most advanced hardware and 
accessibility to the widest range of synchrotron-based techniques available. 
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7. SYNCHROTRON RADIATION FACILITIES AND MOLECULAR 
ENVIRONMENTAL SCIENCE 

7.1 Overview 

The purposes of this section of the workshop report are to (1) provide an 
overview of synchrotron radiation facilities, (2) summarize the existing and 
planned experimental capabilities at these sources, (3) provide estimates of the 
availability of these stations for environmental science research, (4) summarize the 
experimental needs of the environmental science community, (5) discuss the match 
between beam time supply and demand in this scientific area, and (6) outline 
institutional issues. 

7.2. Synchrotron Radiation Facilities 

Five synchrotron radiation sources were considered in this report: the 
National Synchrotron Light Source (NSLS) at Brookhaven, NY; the Stanford 
Synchrotron Radiation Laboratory (SSRL) at Stanford, CA; Cornell High Energy 
Synchrotron Source.(CHESS) at Ithaca, NY; the Advanced Light.Source (ALS) at 
Berkeley, CA; and the Advanced Photon Source (APS) at Argonne, IL. NSLS, SSRL, 
and CHESS are second-generation light sources. NSLS and SSRL both have VUV 
and hard x-ray facilities, whereas CHESS is a hard x-ray source. The ALS is a third-
generation facility optimized for VUV and soft x-ray science. The APS is a third-
generation source optimized for hard x-ray science. In addition to these facilities, 
there are the Aladdin facility in Wisconsin and CAMD in Louisiana which are not 
covered in this report. A comparison of the flux and brilliance of NSLS, SSRL, ALS, 
and APS is provided in Figures 7.1-7.4. The data used to calculate these flux and 
brilliance curves are in Tables 7.1 and 7.2. 

In Figure 7.1 we have plotted the flux (photons/second/0.1% energy 
bandwidth/3 mrad horizontal acceptance angle) for a number of synchrotron x-ray 
sources. For the APS undulator A the flux was calculated assuming an ideal 
magnetic field and integrating over all harmonics over the entire opening angle of 
the radiation. In Figure 7.2 we have plotted the brilliance (photons/second/0.1% 
energy bandwidth/mrad 2 /mm 2 ) for the same sources. For the APS undulator A the 
brilliance was calculated from the measured magnetic field, and thus includes the 
field errors of the actual device. The parameters assumed when calculating these 
spectra are listed in Table 7.1. The region below 3 keV in these figures is shaded to 
indicate that only windowless beamlines, or those with extremely thin windows, 
can deliver photons with these low energies. Also indicated in these plots are the 
iron K and uranium Lm absorption edges. 

In Figures 7.3 and 7.4 we have plotted the flux and brilliance for a number of 
synchrotron VUV and soft x-ray sources. The parameters assumed when calculating 
these spectra are listed in Table 7.2. For the undulators, the flux and brilliance were 
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Photon energy (keV) 

Figure 7.1: Flux vs. photon energy curves for x-ray sources 

Photon energy (keV) 

Figure 7.2: Brilliance vs. photon energy curves for x-ray sources 
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computed assuming an ideal magnetic field and computing the number of photons 
in the central undulator cone at harmonic numbers 1, 3,5, and 7. Also indicated in 
these plots are the carbon and silicon K absorption edges. 

Table 7.1 Parameters of selected synchrotron x-ray sources 

NSLS 
X-ray 

Bending 
Magnet 

NSLS 
X21,25 
Wigglers 

NSLS 
X17 

Wiggler 

APS 
Bending 
Magnet 

APS 
Wiggler A 

APS 
Undulator A 

SSRL 
BL-11 

Wiggler 

Plot 
notation 

BM X21 X17 BM WA UA BL11 

E(GeV) 2.58 2.58 2.58 7.0 7.0 7.0 3.0 
I(mA) 300 300 300 100 100 100 100 
2N, 
number 
of poles 

1 27 5.5 1 56 140 26 

Period 
(cm) 

12.0 17.4 8.5 3.3 16.3 

Peak 
magnetic 
field (T) 

1.25 1.1 5.0 0.598 1.0 0.908 1.9 

(nm rad) 
110 110 110 7.45 7.45 7.45 129 

Px(m) 1.98 1.685 1.685 1.74 14.2 14.2 16.4 

(nm rad) 
0.2 0.2 0.2 0.745 0.745 0.745 3.0 

Mm) 8.18 0.354 0.354 16.73 10.0 10.0 1.9 

T1x(m) 0.528 0.030 

5 C 
8XM0"4 9.0»10"4 

Sx(mm) 0.629 0.431 • 0.431 0.117 0.325 0.325 1.45 

6y (mm) 0.0404 0.0084 0.0084 0.111 0.086 0.086 0.075 

7.2.2 National Synchrotron Light Source . 

Brookhaven National Laboratory (BNL) is a Department of Energy 
multipurpose laboratory located in Upton, Long Island, New York. The charter for 
BNL is the construction, operation, and support of large-scale facilities, which are 
beyond the scale of endeavors that could be undertaken by individual investigators 
or universities. The laboratory is operated for the DOE by Associated Universities 
Incorporated (AUI), an organization comprised of member universities from the 
northeast. These two features of BNL account in large degree for its resources, 
organization, and character. Early in its history, research departments in the 
traditional university science disciplines were established to perform research, both 
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Figure 7.3: Flux vs. photon energy curves for VUV sources 
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to utilize the facilities and to examine various aspects of their operation. In this 
way, environmental science was an early part of BNL out of concern for the possible 
(and at that time completely unknown) health and safety impacts of inadvertent 
exposure to radionuclides. 

Table 7.2 Parameters of selected synchrotron VUV sources 

NSLS 
VUV 

Bending 
Magnet 

NSLS 
U13 

Wiggler 

NSLS 
XI 

Undu
lator 

ALS 
Bending 
Magnet 

ALS 
Undulator 

U3.9 

ALS 
Undulator 

U5.0 

ALS 
Undulator 

U8.0 

Plot 
notation 

BM U13 XI BM U3.9 U5.0 U8.0 

E(GeV) 0.745 0.745 2.58 1.5 1.5 1.5 1.5 
I(mA) 800 800 300 400 400 400 400 
2N, 
number 
of poles 

1 45 70 1 228 178 110 

Period 
(cm) 

10.0 8.0 3.9 5.0 8.0 

Peak 
magnetic 
field (T) 

1.30 0.81 0.31 1.04 0.58 0.82 1.04 

(nmrad) 
138 138 110 10 10 10 10 

Mm) 1.02 11.1 1.685 0.855 11.2 11.2 11.2 

(nmrad) 
4.0 4.0 0.2 1.0 LOO 1.0 1.0 

Mm) 9.70 5.84. 0.354 1.46 4.1 4.1 4.1 

Tlx(m) 0.562 0.094 

5 e s.o^io-4 8.0-10"4 

5x(mm) 0.586 1.24 0.431 0.119 0.335 0.335 0.335 

Sy (mm) 0.197 0.153 0.0084 0.038 0.064 0.064 0.064 

The National Synchrotron Light Source (NSLS) joined the complement of 
BNL facilities as a project in the late 1970's and came into operation in the early 80's. 
The NSLS is actually comprised of two second generation dedicated storage rings. 
The conceptual design' and development of the NSLS were largely dominated by the 
solid-state and chemical physics communities, although during implementation, 
the NSLS user base broadened considerably. The low-energy ring (VUV) currently 
operates at a stored electron beam energy of 744 MeV, with some scheduled 
operations at' 800 MeV. Although injection to 1.4 A has been achieved, average 
operating current is about 500 mA with a lifetime of 200 minutes. The higher 
energy x-ray ring operates with a 2.584 GeV beam energy and operating current of 
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300 mA at injection. Provision has been made for operation at 500 mA, with the 
current limitation established by concerns over the robustness of existing Be 
windows. High current operation awaits the replacement of these windows which 
should occur during FY'96. The critical photon energies for these two rings are 0.5 
and 5.0 keV, respectively. The spectral properties for the various "bending magnet 
and insertion device beamlines are shown in Figures 7.1-7.4. It is worth noting that 
the raw flux from second-generation machines (like the NSLS, SSRL, and CHESS) is 
on par with that obtained from the new third-generation sources (ALS and APS). 

Between the two NSLS rings, more than 80 beamlines are currently in 
operation providing radiation from the infra-red to hard x-rays and beyond. Most of 
these instruments were constructed under ihe Participating Research Team (PRT) 
concept developed at BNL. Roughly 25% of the beamlines were built by industrial 
labs, 34% by other government labs, 20% by universities, and 21% by the NSLS. In 
effect, organizations interested in developing programs in synchrotron radiation 
research were allowed access to the facility to construct beamlines tailored to their 
scientific programs.- In exchange for this access, 25% of the scheduled operations 
time is surrendered to the NSLS for 'General User' research. The General User 
proposals are peer reviewed and competitively rated for allocation of beam time, 
which occurs on a four month cycle. Beamlines built entirely by the facility 
generally have a larger fraction of time allocated to General User proposals, often 
from 75 to 100%. 

The NSLS also supports several activities which may be relevant to the 
molecular environmental science community. The EXAFS equipment pool consists 
of standard foils, detectors, a He cryostat, and electronics which are available to the 
NSLS user community. The NSLS also has an active program in instrumentation 
development including high count rate detectors for x-ray spectroscopies, and a fast 
(24 hr) turn around powder diffraction station. Significant upgrades in the VUV 
beamlines and the addition of another infra-red port (supporting 3 stations) are all 
currently in progress. 

Although the resources at the NSLS are extensive, it is fair to say that in most 
research areas of interest to the Molecular Environmental Science community, they 
are already heavily (often over) subscribed. Access to the facility for this type of 
research can be obtained by a general user proposal, becoming a member of a PRT, or 
establishing a new capability. For beamlines which are operated by the NSLS, 
arguments can be made for redirecting their efforts, but this must be done in the 
context of the activities that might be displaced by an expanded molecular 
environmental science user base. One of the desired outcomes of this workshop 
and the workshop report would be to have a clearer basis for making such an 
evaluation. There is the perception that changes or reductions in PRT memberships 
at the NSLS may create new opportunities for the molecular environmental science 
community to establish one or more new PRT beam lines dedicated to MES 
research. While this may be true in the longer term, this perception is not correct in 
the short term (< 5 years). Even though there have been some significant changes 
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in the membership of several PRTs at the NSLS recently, these PRT beam lines 
continue to be oversubscribed, particularly in the hard x-ray area. 

7.2.2 Stanford Synchrotron Radiation Laboratory 

The Stanford Synchrotron Radiation Laboratory, which is built around the 3.0 
GeV SPEAR storage ring, is a national user facility for synchrotron-based science. 
First commissioned in 1974 as a parasitic synchrotron radiation facility for general 
users, the SPEAR storage ring became a dedicated synchrotron radiation source in 
1990. Since then, a dedicated injector has been built, which allows on-demand 
injection of high energy electrons into the storage ring. SSRL has operated 6 to 7 
months each year depending on the level of operations support from DOE-BES, but 
it plans to begin 9 month a year operation in FY'96 as a result of the new DOE 
Infrastructure Initiative. • 

The majority of experimental stations at SSRL are available to the general 
user on a peer-reviewed proposal basis. In the 1996 operating cycle, SSRL will have 
9 VUV/soft x-ray and 18 hard x-ray experimental stations. Of the hard x-ray stations, 
12 are insertion-device side or end stations while 3 of the VUV stations are 
insertion-device stations. Like other second-generation sources, SSRL insertion 
devices provide fluxes approximately comparable to third-generation sources, but at 
significantly reduced brilliance. Consequently, most of the environmental science 
opportunities at SSRL focus on flux rather than brilliance-limited techniques. 

Conventional XAS is employed extensively in environmental science studies 
at SSRL, and state-of-the-art facilities and data analysis codes are maintained by a 
dedicated scientific staff, m 1996, five insertion-device and two bending-magnet 
experimental stations will be available on a part-time basis for peer-reviewed XAS 
research, programs. Two additional insertion-device stations are largely dedicated to 
peer-reviewed biological XAS. After demand leveling and ignoring PRT over-
demand, the insertion device XAS stations typically experience 150-200% over-
demand for the available beam time. SSRL maintains a loan pool of cryostats, a 
SEXAFS apparatus, multi-element detectors and associated electronics. A protocol 
for handling triply-contained actinide samples has been developed with the help of 
Los Alamos National Lab and Pacific Northwest National Lab scientists. Equipment 
is available courtesy of LANL for supporting these safety procedures. 

One of the main strengths of SSRL is the unparalleled user support for 
scientists with little or no experience in synchrotron radiation studies. Such support 
has been emphasized in the structural molecular biology area where a staff of 15 
beam line scientists and technicians provide user support and develop and 
maintain state-of-the-art facilities and data reduction codes. The financial support 
for this staff is provided by DOE-OHER and NIH. The growing molecular 
environmental science user community at SSRL has benefited from the 
"biotechnology" support staff. However, it is becoming clear that additional staff 
support is needed for the molecular environmental science community because of 
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the heavy demand on the biotechnology staff and the specialized needs of the 
molecular environmental science community, particularly in the areas of user 
training, experimental design, safe sample handling, and data analysis. In addition 
to this support function, SSRL faculty and staff also provide general training courses 
for certain, synchrotron radiation techniques. For example, several hands-on 
workshops have been held at SSRL specifically for new users who wish to employ x-
ray absorption spectroscopy in their studies. One such workshop within the past 
two years was directed towards environmental scientists and materials scientists and 
attracted about 100 users and potential users. 

In order to meet the increased demand for beam time by molecular 
environmental scientists, SSRL is in the process of designing a new beamline with 
an end station dedicated to XAS. The current plans for this station involve a 24-28 
pole, 1.8-1.9 T hybrid insertion device with the optics optimized for 5-23 keV. Also 
planned, but currently unfunded, is an experimental hutch on this new beamline 
with special sample- and air-handling capabilities that will insure the containment 
of any spills of toxic or radioactive materials during XAS studies of such materials. 
Assuming favorable funding profiles from DOE-BES (Chemical Sciences), this new 
beam line should be operational in FY'98. 

In addition to the XAS program, a wide variety of other hard x-ray research is 
conducted at SSRL. One wiggler end station is dedicated to scattering studies while 
two more are available on a part time basis. Four additional stations, two bending 
magnets and two insertion devices, are involved in SAXS, x-ray standing wave, or 
powder diffraction studies. Though not extensively utilized in environmental 
science, SSRL maintains several beamlines for VUV/soft x-ray studies. One of these 
beamlines (BL 3-3), which is optimized for SEXAFS and x-ray standing wave studies 
of surfaces, is being used to study environmentally important aluminosilicates, 
oxide surfaces, and .chemical reactions on these surfaces (see Section 3.7.2 for a 
discussion of some of these applications). Its useful energy range (~ 1000 eV to 4000 
eV) is ideally suited for K-edge studies of second-row elements (Na through S) and 
L-edge studies of toxic elements like As and Se. Two of these beam lines are being 
used for photoemission and photoelectron diffraction studies of oxide surfaces of 
environmental importance. Of particular environmental interest are 
photoemission studies of the reactions of water, carbon dioxide, heavy metals, and 
organic molecules on oxide surfaces (see Section 3.7.2). 

7.2.3 Cornell High Energy Synchrotron Source (CHESS) 

CHESS is a synchrotron radiation laboratory that is attached to the high 
energy physics colliding beam facility at Cornell University. Both the high energy 
physics program CESR, and the synchrotron radiation program CHESS, are 
supported by the National Science Foundation. The first commissioned beams at 
CHESS were in 1980 and two major experimental areas, one using electrons the 
other positrons, have subsequently been developed. There are eleven active 
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experimental stations, two high-power wigglers, and an undulator that is used in 
dedicated operations. 

The format for obtaining beam time is similar to many other synchrotron 
laboratories: a peer review process, an assignment of rating, and eventual 
distribution of beam time based on the relative ranking of all the proposals. CHESS, 
for many years, was the premier high energy x-ray laboratory in this country. Many 
exciting new experimental results were obtained at CHESS: the first nanosecond 
timing experiments, the structure of the cold virus, and the discovery of resonant x-
ray magnetic scattering. CHESS has a reputation as a strong user-oriented facility 
with an exceptional staff particularly keyed to the training and support of an entire 
spectrum of users from rank beginners to sophisticated, long-term experimentalists. 

Although the operation at CHESS is parasitic to the high energy physics 
program, whenever high energy physics is in operation, which is usually at 5 GeV 
colliding beams, CHESS has optimal synchrotron radiation beams. CHESS operates 
the entire year on a 24 hour a day basis and is down only when the high energy 
physics program requires it. 

Currently, the accelerator development program at Cornell has a goal of 
increasing stored currents from the present 100 mA to unprecedented values of near 
500 mA. This goal is dictated by the high energy physics program but will provide 
an increase of a factor of five in available x-ray flux. 

The available flux at CHESS is comparable to that of any third-generation 
machine available now or under construction, particularly for those experiments 
which are flux-based rather than brilliance-based. Simply put, if your sample is big 
enough you can, in many cases, get more total input flux at CHESS than. at other 
facilities. 

CHESS has a long tradition of providing beamlines which have been 
extremely useful for molecular environmental science. Almost a decade ago, 
Professor Dick at Cornell University used the high energy x-ray beam lines to study 
sludge sedimentation and cake formation to model effluent problems in the 
laboratory. These experiments have led the way to higher level programs to study 
water and contaminant transport in soils. Professor Barnes Bierck of George 
Washington University in collaboration with scientists at Cornell and Princeton, 
has been studying ground water contamination using synchrotron radiation at 
CHESS. 

A new experimental approach at CHESS has been to carry out high-speed, 
time-resolved measurements of transmission-mode XAFS on small samples of the 
order of 0.1 cm 3 . This work impacts studies of contamination on a large scale in 
soils and other media. In collaboration with scientists at LBL, Oak Ridge, Argonne, 
University of Chicago, and CHESS, focusing optics for a synchrotron-based x-ray 
microprobe have been developed and tested in 1992. This experience has led the 
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way for the development of several CHESS beamlines which are particularly suited 
for molecular environmental science applications. 

One of the new experimental stations recently completed will allow collection 
of XAFS data on small specimens with point-to-point energy resolution to 
determine composition and the corresponding local XAFS spectrum in a parallel 
method. 

A broad program of catalytic investigation has taken place at CHESS. 
Examples of the range of work are: a XANES study of reduction and regeneration of 
Pt-Rh reforming catalysts; thiophene adsorption on palladium supported L-zeolite 
catalysts; platinum-tin supported on L-zeolite catalysts; titanium substituted 
mesoporous molecular sieves; Pd-Cu/KL-zeolite XAFS; vanadium containing 
oxygen catalysts with micro and mesoporous structures; interaction of metal cluster 
with pore walls; XAFS determination of transition metal dispersion in zeolites; 
effect of transition metal ions in zeolite on the growth of zeolite encaged metal 
clusters; tungsten-supported zirconia catalysts; XANES measurements on tungsten-
doped zirconia catalysts, are examples of this type of work. 

CHESS beamlines are usually not dedicated for a specific task, but are widely 
applicable in broad areas. Therefore it would be reasonable to say that almost half of 
the CHESS experimental stations, approximately 5 or 6, would be quite useful for a 
variety of experiments that are related to molecular environmental science. One of 
the important aspects of CHESS is that all experimental beamlines are owned by the 
facility. There are no CAT or PRT operations, and thus the facility is quite flexible 
and can adapt experimental stations very quickly to changing new demands for new 
experimentation. 

7.2.3 Advanced Light Source (ALS) 

The ALS is a third-generation synchrotron radiation source now in operation 
at the Lawrence Berkeley National Laboratory (LBNL). Its operating energy is 1.5-1.9 
GeV, and it has been optimized to -deliver soft x-rays of extremely high brilliance in 
the range below about 1500 eV. This range contains the core level K-edges of the 
first-row elements in the periodic table (e.g., C(ls) is at « 280 eV and OQs) is at = 580 
eV). Moreover, nearly all elements of the periodic table have a useful core level 
edge in this range. Of relevance to the environmental sciences are the L-edges of 
Mg, Al, and Si (50 to 150 eV) as well as the first-row transition elements (450-1200 
eV) and certain heavy elements like As and Se (1300-1560 eV). 

The source was completed in the spring of 1993 and the first experiments 
were performed on the x-ray microprobe beamline (10.3.1) in the Fall of 1993. This is 
a multipurpose beamline which is already in use for environmental studies by 
workers in the Earth Sciences Division of LBNL. Examples cited at this workshop 
were studies of the micro-scale distribution of Cr in a wetland sediment, and the 
spatial distribution of Cu(II) ions that have undergone aqueous reaction with the 
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surface of unoxidized Pb(II) sulfide, a reaction of relevance in the remediation of Pb 
contamination. 

The ALS presently has 3 operating insertion devices serving 4 beamlines, as 
well as 7 bend-magnet beamlines. Three additional insertion-device and 4 more 
bend-magnet beamlines are planned for installation before the end of 1996. About 
half of these beamlines offer techniques of possible use to the Molecular 
Environmental Sciences community. There is a strong emphasis on soft x-ray 
microscopy and spectromicroscopy which exploit the high brilliance to achieve fine 
spatial resolution. Small-spot ESCA (= 30 Jim spot size) is already yielding valuable 
chemical information on plutonium oxide and other actinide systems in research 
spearheaded by the Chemical Sciences Division of LBNL which has a long-
established expertise in actinide chemistry. Efforts are being made to reach the 
ultimate spatial resolution (probably in the 10-30 nm range) using a variety of full-
field and scanning methods. Particularly notable is the ability to look at biological 
and other samples in an aqueous environment at high spatial resolution. Such a 
capability could be quite valuable in studies of microbial mediation of reactions 
involving metal and organic contaminants in fine-grained soils. 

7.2.4 Advanced Photon Source (APS) 

The APS at Argonne National Laboratory is a third-generation hard x-ray 
synchrotron radiation source. The machine operates with positrons at an energy of 
7 GeV in order to produce hard x-rays (3-50 keV) from undulators. The APS has a 
total of 35 sectors which can deliver synchrotron radiation, each sector being 
composed of an insertion device and bending magnet (6 mrad) source. 

The APS offers two main advantages compared to existing hard x-ray sources, 
such as the NSLS and SSRL (see Figures 7.1-7.4). 

(1) The undulators provide very high brilliance. This permits 

• focusing to very small spot sizes (< 1 Jim) for microbeam techniques, 
• highly collimated beams for high-resolution scattering, and 
• narrow energy bandwidths for high-resolution spectroscopy. 

(2) The bending magnets and wigglers provide a high flux of high-energy photons. 
These are useful for 

• studies of samples in highly absorbing apparatus (e.g., high-pressure cells), 
• microtomography of cm-sized objects, and 
• high-resolution diffraction with nominal absorption effects. 

The APS will provide sufficient intensity that radiation damage may be the 
limiting factor for many experiments. 
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; The beamlines at the APS are being developed by Collaborative Access Teams 
(CATs) composed of members from industry, universities, and national 
laboratories. There are currently 16 CATs developing a total of 20 sectors at the APS. 
The APS is currently commissioning the storage ring, and the first bending-magnet 
and undulator beams have been observed. By the end of FY'96 the first set of 
roughly 6 sectors should begin operation, and the first 20 sectors should be fully 
operational within 3-5 years. 

Three CATs have scientific programs which will include strong molecular 
environmental science applications. These programs are discussed below. 

7.2.4.1 GeoSoilEnviroCARS (GSECARS) 

The GSECARS sector (#13) at the APS is dedicated to frontier x-ray 
experiments in the earth, planetary, soil, and environmental sciences. The 
experimental capabilities of this sector with applications in the field of molecular 
environmental science include 

• x-ray absorption spectroscopy, including studies of surfaces, interfaces, and 
microspectroscopy, 

• high-resolution powder diffraction, 
• single-crystal diffraction studies of microcrystals, 
• x-ray fluorescence microprobe studies of trace element distributions, and 
• tomographic imaging. 

In addition to these techniques, the sector is being designed to perform high-
pressure diffraction experiments in both the diamond anvil cell and the multi-anvil 
large volume press. Such experiments are of relevance to materials under the 
extreme conditions in the deep interior of the earth and other planets of the solar 
system. 

The GSECARS sector will have two stations capable of simultaneous 
operation on the bending-magnet beamline. On the insertion-device beamline 
there are two stations. These are capable of simultaneous operation for some 
combinations of experiments, and operate in an either/or mode for other 
experiments. 

The GSECARS sector will be operated as a national user facility for scientists 
in the earth, soil, and environmental sciences. In the mature operations phase of 
the sector, more than 65% of the beam time will be available to this community on a 
competitive, peer-reviewed proposal basis. 25% of the time will be reserved for the 
roughly 20 core scientists in GSECARS who have developed the sector, and 10% will 
be for technique development. 
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7.2.4.2 BESSRC (Basic Energy Sciences Synchrotron Radiation Center) 

The Basic Energy Sciences Synchrotron Research Center (BESSRC) is a 
project by the Physical Research Divisions (Physics, Chemistry, Materials Science, 
and Geosciences) of Argonne National Laboratory, along with external collaborators, 
to exploit the unique characteristics of the Advance Photon Source (APS) for 
applications of x-ray techniques to a broad range of fundamental and applied 
physical research. To serve this diverse community, two APS sectors (11 and 12) 
will be instrumented. One sector will include an undulator insertion device. The 
scientific programs which will be based on the undulator beamline include those for 
which the unprecedented brilliance of such a source is especially critical to the 
research program. This beamline will be useful for a wide variety of time-resolved 
experiments, particularly investigations of.solid-state kinetics. Small-angle x-ray 
scattering will find optimum use on the undulator beamline. This beamline will 
have an experimental hutch dedicated to XSW and scattering measurements on 
surfaces. A UHV scattering chamber with a high-precision (arsec accuracy), variable-
temperature goniometer is a crucial component of this experimental station. The 
station will be equipped with solid-state detectors, as well as 1-D and 2-D position 
sensitive detectors. 

The second insertion device beamline will consist of an elliptical multipole 
wiggler capable of producing elliptical polarization. The objective is to obtain a high 
photon flux with energies above 40 keV and well characterized polarization. One of 
the three experimental stations will be equipped with a 6-circle Huber diffractometer 
with crystal analyzer. The diffractometer will accommodate a cryostat stage as well 
as magnets. XAS measurements will be performed using conventional techniques 
with a high-precision sample holder having low- and high-temperature capabilities. 
Two additional experimental stations will be dedicated to Compton scattering and 
high-energy diffraction (above 100 keV). All the stations in the EMW beamline can 
operate simultaneously. The bending-magnet experimental station will be 
dedicated to XAS and powder diffraction. The energy range covered by this 
beamline will be from 4 to 45 keV. 

7.2.4.3 PNC-CAT 

The lead institutions in the Pacific Northwest CAT are Pacific Northwest 
National Laboratory, University of Washington, and Simon Fraser University. The 
PNC CAT is presently developing an insertion-device beamline, while funding for 
the bending-magnet beamline has been requested. The insertion-device beamline 
will be used primarily for an x-ray microprobe based on tapered capillaries and 
Kirkpatrick-Baez focusing mirrors. These are achromatic optics which permit 
energy scanning, required for example, for micro-XAS experiments. Funding for a 
molecular beam epitaxy/surface science station has been requested. Current 
synchrotron research at PNNL to be carried out at the APS includes analysis of 
Hanford Tank wastes, soil and groundwater contamination problems, models of 
release of release of analytes from solids, and XAS of supercritical H2O solutions. 
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7.3. Experimental Techniques 

Capabilities of the experimental stations at NSLS, SSRL, ALS, and APS are 
summarized in Table 7.3. The data in Table 7.3 are numbers of stations for which a 
particular technique is utilized. However, these values give no indication of the 
fraction of time on each station dedicated for each technique. Thus, a single station 
is often tallied in multiple rows because it supports multiple techniques. The reader 
is also cautioned that these are fully subscribed stations and do not represent the 
number of stations available for molecular environmental science research. See 
Section 7.6 below on beam time for a discussion of station availability. 

Table 7.3. Capabilities of Existing and Planned Experimental Stations * 

Synchrotron Technique NSLS SSRL CHESS ALS APS 

X-ray Absorption 
Spectroscopy 

Time-resolved 

BM_ ID BM_ ID BM ID BM ID BM ID 
X-ray Absorption 

Spectroscopy 
Time-resolved 3 0 0 1 2 2 0 0 2 2 
Spatially-resolved 
Conventional-Hard X-ray 

2 
8 

1 
1 

0 
2 

0 
8 

1 
2 

0 
3 

0 
1 

1 
0 

1 3 
5 4 

Conventional-Soft X-ray 7 3 1 1 0 0 6 3 0 0 

X-ray Scattering 
Conventional (Single 26 3 1 3 4 5 0 0 4 6 

Crystal, Surface, 
WAXS, anomalous 
scattering) 

Powder 4 1 1 0 1 0 0 0 3 0 
Standing Wave 3 0 0 2 2 3 0 0 0 1 
Small Angle . 7 0 1 1 1 2 0 0 0 1 
DAFS 3 0 1 3 2 2 0 0 1 2 

Imaging 
XRF Microprobe 
Soft X-ray Microscopy 
Microtomography 
IR Microscopy 
Photoemission 

1 
0 
2 
2 
0 

1 
2 
2 
0 
1 

0 
1 
0 
0 
1 O

O
O
O
O
 

O
O
O
O
O
.
 

O
O
O
O
O
 

1 
2 
1 
1 
1 CO

 O
 O

 C
O O
 

1 3 
0 0 
1 0 
0 0 
0 . 0 

IR spectroscopy 7 0 0 0 0 0 1 0 0 0 

Photoemission 17 3 3 2 0 0 4 5 0 0 
Spectroscopy 

*BM indicates bending magnet beamline; ID indicates insertion device beamline 
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7.3.2 X-ray Absorption Spectroscopy 

7.3.1.1 Conventional XAFS 

X-ray absorption fine structure (XAFS) spectroscopy is a powerful element-
specific probe which can provide information on the structure and bonding within a 
wide variety of materials, including those of environmental interest. Extended X-
ray Absorption Fine Structure (EXAFS) can provide information on the 
coordination of the species of interest (the absorption edge of which is being 
monitored) within its host environment. This information includes the identity 
and number of surrounding atoms and their distance and orientation with respect 
to the absorber. Near Edge X-ray Absorption Fine Structure (NEXAFS) provides 
information on the bonding and bond symmetry between the absorbing species and ' 
its neighbors plus an indication of the oxidation state. Recent advances in 
theoretical analysis of the near-edge structure suggest that detailed information on 
the arrangement and types of second and more distant neighbors surrounding an 
absorbing element can be obtained from NEXAFS. 

The potential of XAS as an extremely useful tool for molecular 
environmental science has been demonstrated. One reason for this is the possibility 
of measuring the absorption edges of interest to environmental scientists on a 
typical XAFS beamline. Another advantage to environmental scientists is that since 
the XAFS phenomenon is a local effect, there is little restriction on the physical 
form of samples on which XAFS may be measured.. Most of the physical forms that 
environmental scientists need to study - gels, solutions, crystalline and amorphous 
solids, and interfaces - are all acceptable for XAFS experiments. 

Detection limits for quantitative XAFS measurements can be on the order of 
10-50 ppm for real samples (as opposed to synthetic binary systems), although this 
depends critically on the components within that system (e.g., if there are 
neighboring atoms in the vicinity of the absorbing atom of interest which also 
absorb heavily in the edge region of interest and fluoresce into the detector window, 
then the technique can be considerably less sensitive than this). Quantitative XAFS 
measurements have been made at lower concentrations than 50 ppm, but these are 
not routine and require advanced detectors. Evaluations based on the near-edge 
spectral region can generally be made at lower concentrations than for EXAFS since 
the scattering amplitude is stronger in this region and frequently the desired 
observation is merely that of an edge feature or an edge shift. Detection limits are 
presently constrained more by the technical limits of the available detectors than by 
lack of flux at any of the facilities. 

One of the most common problems that environmental scientists are tackling 
concerns speciation. For instance, a large class of problems is associated with 
remediation of chemical waste. While if s easy using standard chemical methods to 
find out what elements are present, it is non-trivial to find out what their chemical 
form or speciation is. In order to design effective remediation steps, the chemical 
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form of the contaminant must be known. This information can sometimes be 
inferred from standard chemical methods, such as sequential chemical extraction 
procedures, but these are generally destructive techniques that yield unreliable 
species determinations. The great benefit that XAFS offers is that it can be 
performed on samples in 'as-collected' forms (including those containing mixtures 
of solids and water), it is non-invasive, and it can give a reliable and rapid 
determination of speciation for most elements of environmental interest. 

Bulk speciation problems explored by XAFS concern the fate of contaminants 
or nutrients in the environment and tend to fall into two categories: classical 
geochemistry types of problems (e.g., the structural environment of an element in a 
mineral) and structural environments around elements in more complex matrices 
(e.g., soils, sludges, cements, plants, etc.). The former can be, but are not necessarily, 
straight-forward. However, for more complex natural systems, successful analysis of 
chemical speciation may depend strongly on parallel studies of synthetic model 
systems or theory. 

7.3.1.2 Time-resolved XAS 

There are two currently used methods of time resolution for XAFS 
spectroscopy. The first - dispersive XAFS - involves measuring an energy dispersed, 
transmitted beam which can take 'snapshots' on a time scale of 5 ms. These 
measurements can be made on samples with metal loadings of between 1 and 5 wt. 
%. Measurements are made in transmission^ mode, thus metal concentrations 
lower than 1 wt. % are difficult to characterize by dispersive XAFS. The other 
method - 'Quick-EXAFS' or QEXAFS - is merely a fast version of conventional XAFS 
where the monochromator is swept continuously through the data range of interest 
in time frames of a few seconds. Concentration limits can be hundredths of a 
weight percent, and measurements can be made in either transmission or 
fluorescence mode, the latter being more sensitive to elements at dilute 
concentrations. 

7.3.1.3 Spatially resolved XAFS 

Through application of effective micro-focusing techniques, intense, small 
beams can be used for spatially resolved XAFS measurements. For instance, with a 
non-focused x-ray beam, XAFS is limited insofar as it provides information on the 
average environment of a given absorber atom. If that absorber atom is present in a 
sample in more than one kind of structural environment, XAFS using a non-
focused beam will not be able to detect this. Microfocusing with a sufficiently small 
beam may permit the resolution of a given structural environment within a 
mixture of different environments. Spatial resolution is provided by second-
generation sources, with currently usable intensities in beams which are of the order 
of a few tens of microns and above. However, this technique will be one of the 
greater benefits of the third-generation sources, where the high brilliance permits 
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high intensities in very small beams. XAFS beamlines with spatial resolutions less 
than half a micron are planned at the APS. 

Another recently developed, element-specific XAFS-related technique is 
Diffraction Anomalous Fine Structure (DAPS). This method involves measuring 
the integrated intensities of a single Bragg reflection as a function of energy through 
the absorption edge of interest. Consequently the technique is also specific to a 
particular crystalline phase in which the element of interest resides. This technique 
will be extremely useful for environmental science studies of mixtures of crystalline 
phases and poorly crystalline materials. 

7.3.2 X-ray Scattering 

While many issues in molecular environmental science involve systems 
with short-range order, some problems, particularly those simulated by model 
systems, involve longer-range order where x-ray scattering or diffraction techniques 
can contribute substantially to system characterization. Some of these techniques 
are discussed below. 

7.3.2.1 Surface and single crystal diffraction 

Many environmentally relevant processes are interface specific, and in this 
realm interface scattering techniques can make a significant contribution to 
understanding. The brilliance of synchrotron radiation sources has encouraged the 
development of a number of surface, thin-film, and interface structural 
characterization techniques. In particular, grazing-incidence diffraction (GID) is the 
two-dimensional analog to conventional bulk diffraction. As such, GID provides 
in-plane structural characterization of interfaces and films. To characterize the third 
dimension of a largely two-dimensional structure, truncation rod studies are 
employed. In this technique the scattered intensity variation along the interface 
normal is recorded. Since this intensity variation is related to the Fourier transform 
of the electron density along the interface normal, truncation rod data provide 
characterization of surface reconstruction or relaxation effects as well as thin film 
ordering along the film normal. Reflectivity is similar to the truncation rod 
technique except that only photons specularly reflected from the surface or interface 
are collected. As in truncation rods, these data are related to the Fourier transform 
of the electron density along the interface normal. Unlike truncation rods, 
however, specular reflectivity is applicable to non-crystalline systems. In particular, 
reflectivity has proved invaluable in the study of liquid-solid and liquid-liquid 
interfacial structure (see Section 3.2.7). Recently, diffuse scattering studies have been 
used extensively to characterize interfacial disorder processes such as chemical 
interdiffusion, lattice truncation step structures, clustering in adsorbed films, and 
excitations of liquid surfaces. 

The effectiveness of most of these interfacial and bulk scattering techniques is 
enhanced when combined with anomalous dispersion. In anomalous dispersion 
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techniques the continuous spectrum available from synchrotron sources is 
employed to facilitate studies with photon energies near atomic resonances where 
cross sections vary rapidly. This cross section variation provides element specific 
signatures in the scattering data. 

7.3.2.2 Powder diffraction 

The high brilliance of the synchrotron sources allows accurate, extremely 
high resolution powder diffraction measurements. Simultaneous refinements of 
powder diffraction data will make possible the determination of structure in 
complex systems. These data, when combined with spectroscopic information, 
theoretical calculations, and molecular modeling, can provide invaluable 
information on mechanisms relevant to environmental chemistry. 

7.3.2.3 Standing wave techniques 

X-ray standing waves are generated when incident and diffracted beams from 
a crystal interfere. The anitnodes of the standing waves can be swept in and out 
perpendicular to the diffracting planes by changing the energy of the x-rays of their 
angle of incidence. By judicious choice of diffracting planes, thus energy or 
incidence angle, one can generate standing waves of sufficient energy to excite x-ray 
fluorescence from an adlayer of atoms or ions on a crystal surface. The z-position of 
such an adlayer can be determined with a precision of ±0.01 A in many cases, and if 
standing waves from other near-by diffracting planes can be generated, triangulation 
of the adlayer atom x-y-z position can be achieved, in principle, to the same level of 
precision. When standing waves are generated using Auger electrons from specific 
atom types and with energies that make them extremely surface sensitive, the 
surface structure of oxides or other materials can also be determined. X-ray standing 
waves of wavelengths in the several A .to 10 A range can be generated from single 
crystals, and either glancing-incidence or back-reflection modes can be used. The 
advantage of the latter mode is that the crystal surface does not have to be as perfect 
as in the glancing-incidence mode. This is advantageous for some oxide surfaces 
which cannot be produced with sufficient perfection to allow glancing-incidence 
standing wave work to be done. 

Longer period standing waves (10 to 100's A) can be generated using synthetic 
multilayer materials which utilize layers of different compounds with contrasting 
densities and different thicknesses and periodicities to produce standing waves of 
desired wavelengths. When such multilayers are terminated with epitaxial 
overgrowths of a selected oxide or silicate, it will be possible to probe the distribution 
of electrolyte solutions in contact with the oxide surface. Such studies will be 
particularly valuable for probing the diffuse double layer at oxide-water interfaces 
(see Section 3.2.7 for applications). 
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7.3.2.4 Small angle x-ray scattering (SAXS) 

SAXS experimental stations at the APS should consider the following aspects 
which will make this method very powerful: (1) they should provide data in a wide 
q-range of 0.0001 to 0.5A-1, preferable in a single experiment; (2) they should have 
high brilliance to perform time-resolved studies in the microsecond time scale; (3) 
the monochromator should be capable of selecting energies with an energy 
resolution (AE/E ^lO - 4) for ASAXS experiments; and (4) they should have the 
flexibility to change the sample-to-detector distances, as well as to change detectors, 
depending on the type of experiment (e.g., area detector for anisotropic scatterers, 
quadrant detector for the time-resolved studies yielding high quality high-q data). 

Low-q data can be obtained with an area detector of high spatial resolution 
situated at a distance of 5 to 7 meters from the sample. The high-q data can be 
obtained by placing a bank of detectors around the area detector such that the whole 
q-region can be accessed in a single experiment. This feature will permit studies of 
particle sizes of 10 to 10,000 A with high precision, enabling studies of dynamic 
processes and assembly of supramolecular structures in biological systems, kinetic 
studies of phase separation, critical phenomenon in metallic systems, and variation 
in the pore size distribution in coals and ceramics as a function of processing 
conditions. 

The high brilliance available at the APS undulator beam line will be useful 
for acquiring high quality ASAXS (anomalous SAXS) data which are very difficult to 
obtain with second-generation synchrotron x-ray sources. This technique is still in 
its infancy mainly due to the very weak ASAXS signal. It is possible that the ASAXS 
instrument based at the APS source will make this technique routine, so that 
systems containing heavy metal atoms can be effectively studied and the disposition 
of the metal atoms in these systems can be examined in more detail. 

7.3.2.5 High-energy diffraction 

This is an ideal tool for many applications in the physical sciences area. The 
highly penetrating nature and weakness of the photon-atom interaction for x-rays 
with energy in excess of 100 keV produces opportunities in structural research 
which are, in many cases, similar to those provided by neutron scattering but with 
much higher fluxes. The large q-range which can be examined with a triple-axis 
diffractometer at these energies will allow accurate structural determination of 
highly disordered systems. The penetrating nature of hard x-rays allows the easy use 
of ancillary equipment such as high pressure/temperature cells for in situ 
experiments. 
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7.33 X-ray Imaging 

7.3.3.1 XRF microprpbe 

X-ray fluorescence analysis has a long history as a standard technique for 
chemical analysis of mm- to cm-sized specimens using a hot-cathode x-ray source. 
The high brilliance of synchrotron radiation x-ray sources allow the XKF technique 
to be used effectively in a microprobe mode. The advantages of this technique 
compared to other trace-element microanalysis methods (e.gv SIMS, ICP-MS, PIXE) 
include the non-destructive nature of the analysis and the ability to analyze volatile-
rich (e.g., liquid-bearing) systems. The limitations of the method include the 
relatively large penetration depth of the x-ray beam (this can also be an advantage 
when analyzing / /buried / / structures such as fluid inclusions in minerals) and the 
difficulty in obtaining suitable trace element standards that are homogeneous at the 
micrometer scale. Data are collected in a number of modes depending upon the 
chemical and spatial information of interest. For maximum sensitivity, 
fluorescence spectra are collected at a single point for at least several hundred 
seconds. Elemental images can be made by measuring the fluorescence intensity as 
the specimen is scanned through the beam. Data analysis consists of fitting the 
background and peaks to extract net fluorescence peak intensities. Calibration can be 
done using an internal standard, typically a major element whose concentration is 
known by another technique or from stoichiometry, or a trace element standard can 
be used. Accuracy better than ±10 % (2a) are typically achieved with this technique. 

Two x-ray microprobe systems are currently in use in the U.S. (ALS and 
NSLS), and several are planned for use at the APS. The NSLS microprobe can be 
run using a pinhole collimator or an 8:1 ellipsoidal focusing mirror with either 
white light or monochromatized light, using a channel-cut monochromator. In the 
white light/pinhole mode, the beam size is typically 8x8 |im, and detection limits 
are generally in the range of 1-5 ppm for elements with Z > Ca in thick samples, and 
1-10 fg for thin samples. The ALS microprobe uses multilayer-coated Kirkpatrick-
Baez mirrors to achieve pseudo-monochromatic beams in the 3-12 keV range with 
sizes down to 2 am and detection limits in the 1-10 ppm. XRF microprobes planned 
for the development and use at the APS will use undulators as the primary source 
and differ mainly in the types of microfocusing optics to be implemented, including 
Kirkpatrick-Baez mirrors, tapered capillaries, and hard x-ray zone plates. The APS 
undulator will enhance detection limits to 100 ppb in a 1 um spot. 

7.3.3.2 Soft x-ray microscopy 

Soft x-ray microscopy has been developed for imaging biological samples in 
the "water window" between the carbon absorption edge at 280 eV and the oxygen 
absorption edge at 530 eV. The use of Fresnel zone plates for focusing in this 
spectral region allows spatial resolution of 30 nm or less. One can position the beam 
on specific submicron features in the samples and do NEXAFS studies of the K edges 
of low Z elements such as carbon, nitrogen, and at the L and M edges of higher Z 
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elements. Alternatively one can adjust the incident beam energy to a position 
where different species in the sample exhibit different absorption and collect 
scanning images with enhanced contrast. This technique has been applied to 

• living cells in a wet environment, 
• intracellular carbon speciation, including chromosomes, 
• Ca speciation and distribution in cartilage, and 
• carbon speciation and imaging in coal. 

Soft x-ray microscopy has been applied to relatively few problems in 
molecular environmental science to date. Some of the applications where this 
technique could make a real contribution include 

• NEXAFS studies of carbonaceous materials in soils, 
• imaging of microbes in the wet state at submicron resolution, and 
• imaging of clays and nanocrystalline solids such as Fe-hydroxides in the hydrated 
state. 

7.3.3.3 Microtomography 

Microtomography is the extension to finer spatial resolution of the 
tomographic imaging techniques developed in the medical community (CAT 
scanning). Medical scanners typically have spatial resolutions in the 0.1 to 1 m m 
range. By using the high brilliance beam from a synchrotron radiation source, the 
spatial resolution can be taken to the Jim range. The sample size assessable by 
microtomography techniques is limited by x-ray absorption. Sufficiently small 
specimens must be used to allow some transmission "of the x-ray beam. This 
problem can be circumvented to some extent by judicious selection of the incident 
beam energy. 

The principal advantage of microtomography is that it allows one to make 
images of the internal physical and chemical makeup of an object. This has obvious 
advantages for studying natural systems of importance to the environmental 
sciences, including determinations of porosity, pore connectability, and" 
permeability. Resolutions down to the region of 1 jxm3 have been attained on 
individual biological cells. Specimens as large as 10-cm diameter drill cores can be 
imaged with 100 |im resolution. Use of high-brilliance synchrotron radiation 
sources will permit pseudo-real time microtomography in three dimensions with 
repetition rates of 1-10 Hz. This capability will open up the possibility of real-time 
studies of fluid flow in natural systems such as sediments, for example. 

Traditionally, images are obtained by collecting x-ray transmission 
measurements as the object is rotated through an angle of 180°. Reconstruction 
algorithms are then used to determine a linear attenuation coefficient map. There 
are other detection approaches. By detecting instead the fluorescence from some 
element of interest, an image of the distribution of that element can be obtained. 
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Similarly, elemental tomograms can be obtained with monochromatic x-rays below 
and above an absorption edge. Extension of these techniques to XAS tomography is 
also feasible, though little developed. 

7.3.4 Infrared Spectroscopy and Microscopy 

The emitted radiation from a synchrotron radiation source is by no means 
confined to x-rays. In fact, as a source of infra-red radiation, a storage ring typically 
possesses a spectral brilliance which is 3 orders of magnitude greater than a 1200K 
glowbar source. This brilliance has a direct impact on the performance of glancing 
incidence spectroscopies (e.g., total external reflection from surfaces to study 
adsorbates), or analytical techniques which require small illuminated volumes 
(such as microscopies or small sample studies). Storage ring sources are also 
superior to lab sources for spectroscopy at low wavenumber by virtue of their greater 
flux. 

The complement of instruments and spectroscopies available at storage ring 
sources is analogous in scope to laboratory-based techniques. Targets of interest in 
molecular environmental science might include organics and oxygen/hydroxyl 
environment and speciation. Because of the intensity and stability of the source, 
transmission spectroscopies have been successfully performed on nearly opaque 
samples with a sensitivity at the level of 0.01% variation in transmission. Confocal 
microscopes have been utilized at the NSLS which demonstrate a spatial resolution 
the order of 3 um. The instrument is a scanning probe device, where the sample is 
moved through the focused beam. Operation in transmission or reflection mode is 
possible, and spectroscopic analysis from roughly 1000 to 4000 wavenumbers is 
provided by an integral Michelson interferometer. 

7.3.5 Photoemission and VUV Spectroscopies 

Unlike diffraction, scattering, and XAS, which are photon-in photon-out 
techniques, photoemission spectroscopy is a photon-in electron-out technique. The 
difficulties associated with measuring the photoelectron energy spectrum are 
compensated by the richness of the chemical information obtained. Core-level 
chemical shifts are readily resolved, and the high-energy end of the spectrum is 
essentially a replica of the valence-band density of states. The technique is 
alternatively known as ESCA (electron spectroscopy for chemical analysis). X-ray 
photoelectron emission microscopy (XPEEM) can be performed by several full-field 
or scanning methods using Fresnel zone plates or adaptations of electron 
microscope principles. Anticipated spatial resolution is in the 10-30 nm range. 

A very important class of photoemission- experiments that can be performed 
with synchrotron radiation involves resonant UPS. By monitoring the changes in 
amplitude of valence- and conduction-band photoemission peaks that occur as the 
incident photon energy is scanned across a core level-to-conduction band optical 
absorption edge of one of the ions in a system, it is possible to identify the specific 
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types of ions with which particular features in UPS spectra are associated. This 
technique has been used to measure cation-anion orbital hybridization on 
transition-metal-oxide surfaces, and it is potentially very useful for determining the 
hybridization between adsorbate molecular orbitals and substrate orbitals. Such 
information is complementary to that which can be obtained by other surface-
sensitive structural techniques. 

7.3.6 Photoelectron Diffraction or Holography 

Measurement of the anisotropy of photoemission from core levels is readily 
and rapidly done with a third-generation source, and is an angle-resolved version of 
XAFS. The outgoing photoelectron is a spherical wave emanating from the atom of 
origin interfering with waves scattered from neighboring atoms and can be thought 
of as an electron hologram. The advantage over XAFS is that one obtains not just 
interatomic distances but also bond orientations. The limitation of the technique is 
that it can be applied only to well-oriented surface species on a crystalline substrate. 

The ability to simultaneously obtain both high energy and angular resolution 
data using high brilliance, third-generation synchrotron light sources, will permit 
investigators to perform state-specific photoelectron diffraction (PED) 
measurements. In this experiment, core-level photoemission spectra are obtained at 
high energy resolution as a function of emission angle. The changing interference 
conditions brought about by changing the path length between direct and scattered 
wave portions of surface core-level shifted phdtoelectrons at a given photon energy, 
give useful element-specific diffraction information for atoms in the surface layer. 
Interpretation of these data in terms of- surface structure can be obtained by 
performing model quantum-mechanical scattering calculations for various trial 
geometries, or by direct holographic inversion, provided the data are collected at 
several photon energies. Experiments of this kind can be used to elucidate the 
quantitative details of surface reconstruction, which is predicted to occur in response 
to the drive for surface autocompensation exhibited by many compound materials. 

7.4 The Use of Synchrotron Radiation Techniques in Microbial Studies 

One of the charges of the facilities group was to evaluate the role of 
synchrotron techniques in studies of the interactions of microorganisms with 
environmentally important species and materials. The major techniques of value 
in these studies appear to be XAS, XRF microprobe, surface x-ray scattering, powder 
diffraction, soft x-ray microscopy, IR microscopy, and microtomography. Following 
is a list of example applications and the techniques best suited for those problems: 

• Define and map the 3-D distribution of carbon, minerals and microorganisms in 
the environment. 
Synchrotron Techniques: Microtomography, soft-ray microscopy, XRF 
microprobe 
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• Define and map the biological activities that control the fate of chemicals in the 
environment on both a.spatial and temporal scale. 
Synchrotron Techniques: Soft x-ray microscopy and NEXAFS, hard x-ray XAS, 
and micro-XAS 

• Determine the location of reductive dehalogenation reactions (intracellular, 
extracellular, on mineral and zero-valent metal surfaces) 
Synchrotron Technique: Micro-XAS 

These objectives would indicate the importance of the development of a microprobe 
with 0.1 micron resolution with both concentration and speciation capabilities. 
Some efforts along these lines are proposed at APS, but more may be needed. The 
synchrotron radiation community needs to help environmental microbiologists 
become familiar with synchrotron radiation techniques which could help address 
these problems. 

7.5. Research & Development Needs 

7.5.1 Detector Development 

Even for second-generation x-ray sources, significant gains in trace element 
sensitivity are possible by improvements in detectors. Solid-state detectors with 
adequate energy resolution (= 200 eV) allow separation of the fluorescence line for 
an element of interest from x-rays of other energies. One difficulty, which limits the 
sensitivity of the technique to trace elements, is the fact that x-rays over the entire 
spectrum illuminate the detector and contribute to its dead time, and hence 
maximum count rate. The x-ray flux provided by a synchrotron radiation source is 
sufficiently high that one can address the problem by utilizing massively parallel 
detectors. Thirteen element detectors are available now, but even this 
comparatively modest improvement requires an entire rack of NIM bins to 
accommodate the required electronics if commercial devices are used. Work is 
underway on a 120 element Si detector at BNL which utilizes highly miniaturized 
electronics, including a custom hybrid preamp that does not require a feedback 
resistor. The reduction in shaping time realized by this approach allows a 
maximum counting rate of ca 200,000 Hz per detector element. For this device, the 
entire complement of amplifiers, MCA's, and scalars occupies less than 1 NTM bin. 
This type of electronics should be generally applicable to other solid-state and 
gaseous proportional detectors. For proportional counters, further electronics 
miniaturization is possible, since the hybrid amplifiers required for solid-state 
detectors can be replaced by much more compact monolithic Si devices. 

In multiwire proportional counters, escape gating techniques have allowed 
count rates to approach 10 5 per wire. The gas multiplication process limits the 
ultimate spatial resolution of these devices to approximately 50 mm. Gas 
proportional counters based on microstrip designs push the per element count rate 
to 10 6 Hz. By combining a lithographically produced microstrip detector with 
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miniaturized electronics, a 1000 element device is not inconceivable. Such a 
detector would possess a total maximum count rate of 10 9 Hz and would have a 
dramatic effect on the threshold sensitivity for hard x-ray spectroscopies. 

One of the most serious problem facing researchers at synchrotron radiation 
facilities is the optimum detection of the scattered photons, either in absorption 
spectroscopy or diffraction measurements. The arrival of the new photon sources 
like the Advanced Photon Source (APS) at ANL, the European Synchrotron 
Radiation Facility (ESRF) in Grenoble, and SPRING-8 in Japan will present 
enormous technological challenges in order to fully utilize their brilliance. New 
fast detectors are necessary for many experimental applications using these new 
sources. Several kinds of solid-state detectors are commercially available for x-ray 
detection applications. Si detectors are based on the most advanced technologies 
and their use is very common. However, the attenuation coefficient of Si is so low 
that the absorption thickness of the detector should preclude its use with high 
energy photons. Progress has been achieved recently with new Si array detectors for 
spectroscopy applications in the 4 to 10 keV range. Since the intrinsic carrier density 
is large at room temperature, the detector has to be operated at cryogenic 
temperatures in order to increase the signal-to-noise ratio. HgjI is very efficient 
absorbing x-ray photons of high energy. However the carrier mobility is 
unacceptable to achieve fast response and limits its application to slow processes. 

Cadmium telluride is a II-VI semiconductor material which is useful for the 
detection of high-energy radiation, such as x-rays and gamma rays. The high atomic 
numbers of Cd (48) and Te (52) and its high stopping power are the main advantage 
for such radiation detector applications. The band gap of CdTe is large, and the 
intrinsic carrier concentration is low. The resistivity is high enough to operate the 
devices at room temperature. Because of its large absorption coefficient, a 10 - 20 Jim 
thick CdTe layer should be enough to capture most x-ray photons in the interesting 
energy range for crystallographic and imaging applications. Recently experiments 
have been carried out using MBE-grown single crystalline CdTe layers as linear 
photoconductor arrays for synchrotron radiation detection. Thin MBE-grown layers 
will reduce the dark current, besides the benefit associated with using a high-density 
material, CdTe, thus accomplishing a high signal-to-noise ratio at room 
temperature. MBE growth provides a large area uniformity, of both thickness and 
defect level, which are basic requirements to obtain uniform response of array 
devices. These high quality materials are very favorable for x-rays or high energy 
radiation detector applications, and MBE-grown CdTe is an ideal choice to achieve 
array detectors of uniform quality and high performance. The fabrication of photo
voltaic devices made from CdTe for energy- selective fast detection of hard x-rays is a 
challenging and important problem that needs to be addressed by the community. 
The situation is slightly better in the region below 10 keV, where recent 
developments will allow high counting detection. Single-element avalanche Si 
photodiode detectors have been successfully tested and counting rates of 10 8 Hz 
have been measured. However, there is need for development of detectors for hard 
x-rays, including fast position-sensitive detectors for x-ray scattering applications and 
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high-energy resolution detectors with high counting rate capabilities for 
spectroscopic applications. A considerable amount of resources have been utilized 
in improving the x-ray optics, but very little has gone into detector development. 
Full utilization of the high fluxes delivered by synchrotron radiation sources 
requires optimization of optics as well as detectors. 

7.6. Molecular Environmental Science Beam Time: Supply and Demand 

Table 7.4 shows estimates of the effective stations currently used and planned 
for molecular environmental science. These estimates of current demand were 
obtained by considering the level of current usage (based on the number of days 
beam was delivered at the various sources for FY'94) of the available stations, in 
contrast to the "user survey" approach used in the questionnaire (see Appendix 2). 
The calculations that led to the numbers in Table 7.4 were as follows: 

Current Situation (number of experimental station days/year)_ 

NSLS: (provides beam 216 days/year x 2.1 experimental stations) = 454 
SSRL: (provided beam 150 days in '94 x 1.0 experimental stations) = 150 
CHESS: (provided beam 100 days in '94 x 0.3 experimental stations) = 30 
ALS: (provided beam 112 days in '94 x 0.2 experimental stations) = 22 

Total experimental station days for MES research currently = 656 

Anticipated Station Days in 1996 (including current + planned stations) 

NSLS: (should provide beam 216 days x 2.1 experimental stations) = 454 
SSRL: (should provide beam 180 days x 2.0 experimental stations) = 360 
CHESS: (should provide beam 100 days x 0.3 experimental stations) = 30 
ALS: (should provide beam 200 days x 0.2 experimental stations) = 40 
APS: (should provide beam 150 days x 2.25 experimental stations) = 338 

Total estimated experimental station days for MES research in 1996 = 1222 

Anticipated Station Days in 1997 (including current + planned stations) 

Total for NSLS, CHESS, and ALS (same as 1996 estimates) = 524 
SSRL: (should provide beam 204 days x 2.0 experimental stations) = 408 
APS: (should provide beam 220 days x 2.25 experimental stations) = 495 

Total estimated experimental station days for MES research in 1997 = 1427 
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Anticipated Station Days in 1998 (including current + planned stations) 

Total for NSLS, SSRL, CHESS, and ALS (same as 1997 estimates) = 932 
APS: (should provide beam 300 days x 2.25 experimental stations) = 675 

Total estimated experimental station days for MES research in 1998 = 1607 

Table 7.4: Supply of and Demand for Beam Time for Environmental Research 

Synchrotron 
Facility 

Technique or 
Group 

Stations 
(current) 

Stations 
(under construction 

or planned) 
NSLS XAS 

(conventional) 

XAS (spatially 
resolved) 

Scattering 

Microprobe and 
tomography 

1.0 

0.5 

0.1 

0.5 

XAS 
(conventional) 

XAS (spatially 
resolved) 

Scattering 

Microprobe and 
tomography 

1.0 

0.5 

0.1 

0.5 

SSRL XAS 
(conventional) 

Environmental 
Research (Bll) 

1.0 

1.0 

XAS 
(conventional) 

Environmental 
Research (Bll) 

1.0 

1.0 

CHESS XAS 
(conventional) 

0.3 

ALS 0.2 0.2 

APS CARS 
PNC 
BES 

0.75 
0.5 
1.0 

CARS 
PNC 
BES 

0.75 
0.5 
1.0 

Total Stations 3.6 3.25 

Number of 
Station Days 
Available 

-660 days/yr ('94) 
-704 days/yr ('96) 
-728 days/yr ('97) 
-728 days/yr ('98) 

-520 days/yr ('96) 
-700 days/yr ('97) 
-880 days/yr ('98) 

Number of 
Station Days 
Required (Survey 
Results) 

-720 days/yr ('94) 
Anticipated to 

increase to 
-1450 days/yr by . 

1998 
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The estimates for FY'96, FY'97, and FY'98 are based on the following 
assumptions: 

• the station days reported for each source are days during which usable beam is 
delivered to an experimental station (i.e., that time for machine physics, beam 
injection, and other miscellaneous down time has been subtracted); 

• the efficiency of beam delivery at the NSLS, SSRL, CHESS, and the ALS will 
continue at their present levels; 

• the increased number of days of beam time at SSRL and ALS, made possible by 
the FY'96 DOE Facilities Initiative, will continue in FY'97 and FY'98; 

• the number of days of usable x-ray beam at the APS will begin at about 150 days 
in FY'96, increase to about 220 days in FY'97, and reach a steady state of about 
300 days in FY'98; and 

• there will be no changes in the number of experimental stations available for 
MES research at the various synchrotron sources. 

The number of station days anticipated at the APS are very speculative and 
may be an overestimate, particularly the 300 station days in FY'98, based on 
efficiency of operation at other synchrotron sources. 

The last assumption is perhaps the weakest one, as it is anticipated that 
existing beam lines at synchrotron sources like SSRL will have increasing demands 
from other disciplines, in addition to molecular environmental science. For 
example, the one XAS "beam station" at SSRL which is now available for MES 
research is the sum of currently used MES time on 6 hard x-ray stations (4-1, 4-2, 4-3, 
6-2, 7-3,10-1). There are already increasing demands on this time for other purposes, 
as new initiatives take shape, such as the new SSRL initiative aimed at 
characterizing impurity levels on semiconductor wafers. Thus it is likely that the 
time now available for MES research on existing XAS stations at SSRL will 
diminish. This conjecture should not be interpreted as indicating that MES research 
will not continue to be competitive for beam time on a peer-review basis. Instead, it 
represents a generally held view that the demand for time on high quality, hard x-
ray beam line stations will continue to grow as new user communities develop new 
applications. 

Another weakness of these estimates is the assumption (not stated above) 
that the potentially available beam time at each of the synchrotron sources reported 
in Table 7.4 is or will be used for MES research. While this assumption is generally 
true at SSRL and the NSLS, based on records of past use, it may not be true currently 
at CHESS or the ALS, where there has been less emphasis on MES research. Our 
estimates of 0.3 and 0.2 MES experimental stations at CHESS and the APS, 
respectively, are not backed up by actual use of these stations by MES users. Thus 
our estimate of the current number of station days available for MES research (~660: 
see Table 7.4) is likely to be on the high side by 40-50 station days. 
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The current supply of station days available for MES research at the 
synchrotron sources considered is somewhat lower than the current demand, 
indicating that the available stations are currently oversubscribed and are not 
satisfying environmental science demands. The survey results suggest a demand-
doubling timescale of ~3 years for existing environmental science research areas (see 
Appendix 2). This anticipated doubling of demand over the next 3 years should 
result in the need for ~1450 station days in 1998 for MES research, which is lower 
than the anticipated supply of station days (~1600 in 1998) after completion of beam 
lines under construction or planned at SSRL and the APS. However, it is likely that 
this difference will be less in reality because of the factors discussed above and the 
fact that our user survey did not account for current graduate students and post docs 
doing MES research who will take faculty or research positions in the near future 
and who will be replaced in existing research groups by the next generation of 
students (see discussion below). Because demand is rising and supply is likely to be 
stable over the next two years, the current shortfall of beam time for MES research is 
likely to be exacerbated. This shortfall is already being observed at some NSLS and 
SSRL beamlines. When the planned stations at APS and SSRL become fully 
operational in about 1998, this will effectively double the current supply of beam 
time for molecular environmental science research. At the same time, MES 
demand is anticipated to increase to this general level, suggesting that the new 
stations will be fully subscribed rather quickly. New research directions (e.g., 
microbiological applications) and potential demand for service operations (e.g., XAS 
and powder diffraction) may produce an even greater demand for beam time by the 
MES community before the year 2000, and further assessment of the supply/demand 
situation will be required after 1998. 

The MES user survey does not reflect the very likely increase in demand for 
synchrotron beam time caused by graduation of the next few generations of Ph.D. 
students in the growing field of molecular environmental science. These fresh 
Ph.D.'s are beginning to populate post-doctoral and faculty positions in universities 
and post-doctoral and staff scientist positions in national laboratories. In addition to 
the 120 senior scientists to whom user surveys were mailed, it is estimated that 
approximately 75-100 graduate and post-doctoral students in a number of fields 
(Chemistry, Geochemistry, Environmental Science and Engineering, Soil Science, 
Microbiology) in U.S. universities can be classified as molecular environmental 
scientists. Many in this group are currently making use of synchrotron radiation 
sources in their thesis research. Thus the demand doubling of beam time over the 
next 3 years derived from the user survey should be viewed as a conservative 
estimate. 

104 



7.7. Education and Quality Control 

The synchrotron radiation-based techniques which are likely to be used by 
molecular environmental scientists are relatively sophisticated in both the 
instrumentation used and in the analysis methods needed to interpret the data. In 
order to assure the effective use of these tools, several things need to be done 
primarily by the synchrotron radiation community. First, training in the techniques 
should be done for new workers involving both class room sessions and hands-on 
training. Since this can be a monumental task for any one group or institution, an 
organization should be developed to oversee the development of the training 
curriculum. Such a course should be rotated through the major synchrotron 
radiation facilities and, depending on demand, perhaps be given only every other 
year. The courses should also be coordinated with similar courses which have or 
will be given in the US, such as the past and planned XAS workshops at SSRL and 
the International XAFS Society (IXS) course being developed at the Illinois Institute 
of Technology. Second, all workers in the area should be made aware, through 
documentation and workshops, of the standards for taking and analyzing XAS data 
using these techniques to assure reliable and high quality results. These standards 
should be distributed to editors and referees for the likely journals to be used to 
create an educated peer group. Finally, the synchrotron radiation facilities and/or 
individual beam line groups should develop data acquisition and analysis packages 
which are readily available to the community. The group that helps to develop the 
training course could also help to coordinate cooperation in this area between the 
various facilities, find mechanisms to disseminate information, programs, and data, 
and to help stimulate further developments to benefit the community as a whole. 
In the XAS community much of this is planned to be done by the DCS. 

7.8 Institutional Issues and Recommendations 

• In order to enable a larger community of molecular environmental science 
researchers to take advantage of synchrotron radiation techniques, the beamlines 
need to have sufficient user support to assist scientists with planning experiments, 
data collection, and data analysis. 

• Synchrotron radiation facilities and beamlines for molecular environmental 
science research must have mechanisms and resources for handling radioactive and 
toxic materials. 

• The need for synchrotron radiation service beamlines for molecular 
environmental science research must be demonstrated. Service beamlines are 
defined as those to which an environmental sample is submitted and an analysis is 
obtained for a fee. The experimental powder diffraction beamline at the NSLS will 
help provide some of these data, but the needs in XAS remain to be quantified. 
Effective mechanisms for running such facilities (private, DOE) need to be studied. 
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• There is a clear need for detector development (and marketing) for 
fluorescence XAS and energy-dispersive XAS. Without these developments, XAS 
measurements will not be possible at typical natural concentrations. 

• The utility, availability, and access mechanisms for using existing 
synchrotron radiation sources need to be better publicized to make the molecular 
environmental science community aware of the resources currently available. 

• Adequate staffing of synchrotron radiation experimental stations is an 
absolute must in operating an efficient, accurate, and state-of-the-art facility. 
Experience at existing synchrotron radiation facilities strongly indicates the 
understaffed situations there. At a minimum, each experimental station should be 
operated by two staff members - one Ph.D. level scientist to coordinate the scientific 
program and one engineer to maintain the experimental hardware and software. 
Even this level of support is insufficient in most cases because of the need to operate 
experimental stations on a 24-hour basis. For synchrotron beam lines where 
analysis of radioactive samples will be performed routinely, an additional ES&H 
technician is an absolute necessity. The yearly operations cost for a fully functional 
XAS beamline for environmental research, including the handling and analysis of 
radioactive samples, is estimated to be between $500K and $800K/year depending on 
the number of personnel required and the overhead rate at the facility. If more 
personnel are required to provide more complete service or to handle a particularly 
heavy workload involving large numbers of radioactive samples, the operations 
cost is anticipated to be greater than $800K/year. 
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QUESTIONNAIRE 
USES OF SYNCHROTRON RADIATION IN ENVIRONMENTAL SCIENCE 

PLEASE RESPOND QUICKLY! WE NEED YOUR INPUT! 
Approximate Time to Complete: 10 minutes 

This questionnaire is being distributed by the Steering Committee for the 
"Workshop on Molecular Environmental Science: Speciation, Reactivity and 
Mobility" planned for July 5-8,1995. The Steering Committee members are: Gordon 
Brown (chair, Stanford University), Russell Chianelli (Exxon Research), Leon Stock 
(Chemistry Division, Argonne National Laboratory), Ray Stults (Pacific Northwest 
Laboratory), Steve Sutton (University of Chicago), and Samuel Traina (Ohio State 
University). 

This questionnaire is intended for researchers in fields of environmental science 
and related disciplines where synchrotron radiation can be used as a research tool. 

Please edit the attached questionnaire and return by JUNE 15, 1995: email: 
sutton@cars3.uchicago.edu 
fax: 312-702-5454 
mail: 
WMES Steering Committee 
c/o Steve Sutton 
Consortium for Advanced Radiation Sources 5640 S. Ellis Avenue 
The University of Chicago 
Chicago, IL 60637 
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* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 
START HERE 

Please provide information at positions marked by the solid lines 
****************************************************************************** 

NAME: 

AFFILIATION: 

POSITION: 

DEMOGRAPHIC INFORMATION: 

Number of years as an independent investigator: 
Not currently an independent investigator 

2. Present Employer? 
Government Laboratory 
University 
Industry 
Other 

3. Approximate total level of research support per year (direct costs) for your group 
<$25,000 
$25,000-$100,000 
$100,000-$200,000 
>$200,000 

4. Fraction of the above amount dedicated to environmentally-related research 
<10% 
10-50% 
50-90% 
>90% 
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5. What is (are) your.source(s) of research support (specify program where 
appropriate)? 

NSF 
DOE. 
EPA 
USDA 
Industry 
F o u n d a t i o n 
Other 

6. How large is your environmental research group today? 
; Number of postdocs, research associates or equivalent 

Number of graduate students 
Number of other support personnel (e.g., technician, programmer) 

7. How large do you think your group will be in 5 years? 

SYNCHROTRON INFORMATION 

8. Estimate the number of days you spent at each of the following synchrotrons for 
environmentally relevant research (if none, leave blank) 

1992 1993 1994 1995 
ALLADIN 
ALS 
CAMD 
CHESS 
Daresbury 
DESY 
ESRF 
LURE 
NSLS 
Photon Fac. '_ 
SSRL 
Other 
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9. How often have you used synchrotrons in the past for environmental science 
with each of the following types of experiments? ( 1 = major use, 2= occasional use, 
3= once only, 4 = never) 

EXAFS 
XANES 
MicroXAS 
Small angle scattering 
Anomalous scattering 
X-ray imaging/microscopy 
Microtomography 
Single crystal diffraction 
Powder diffraction 

10. What will be important future uses of synchrotron radiation for your 
environmental research? ( 1 = very important; 5 = unimportant) 

Speciation of bulk samples using XAS techniques 
Speciation of surface components using XAS techniques 
Speciation with high spatial resolution using XAS techniques 
Crystallography using powder diffraction 

. Microcrystallography 
Time-resolved studies • 
Elemental imaging 
Microtomography 
Toxic and/or radioactive species 

11. Please estimate how many days you plan to spend at each of the following 
synchrotron sources for environmental research. (If none, leave blank) 

1995 1996 1997 1998 1999 
ALLADIN 
ALS 
APS 
CAMD 
CHESS 
Daresbury 
DESY 
ESRF 
LURE 
NSLS 
Photon Fac. 
SSRL 
Other 
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12. Please indicate the features that synchrotron research facilities should offer for 
your research. (1 = essential, 5 = unimportant) 

High brilliance 
High brightness 
High flux 
High energy resolution 
Fast, efficient X-ray detectors 
Detectors with high spatial resolution 
User friendly 
Helpful, readily accessible support staff 
Intellectually stimulating environment 
Good auxiliary facility, e.g. sample prep, and characterization 
On-site data processing 
Good communication, e.g., user group, newsletter, documentation 
Good housing and convenient services 
Readily accessible for short-term, feasibility studies 

Other 

13. What is your .opinion of the following statements? 
(1 = agree, 2 = disagree, 3 = neutral, 4 = no opinion) 

Synchrotrons are essential to my future environmental research. 
Synchrotrons are essential to the growth of environmental science. 
Synchrotrons are cost effective. 
Money spent on synchrotrons could be better directed to individual research 

grants. 
Synchrotrons are important for the research of individual scientists. 

14. How would you advise the funding agencies with regard to support of existing 
and planned synchrotron beamlines for environmental science. 

Support both new and existing facilities 
Support the new facilities only 
Support the existing facilities only 
Don't support any of them 

15. General Comments: 

* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 
END OF QUESTIONNAIRE Thank you! 

Check here if you want to receive a summary of the results 
********************************** ******************************************** 
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Questionnaire Results 

A questionnaire was distributed by the Steering Committee to obtain a variety of 
types of information from synchrotron users in the environmental sciences (a copy 
is attached as an appendix to this report). The questionnaire was modeled after that 
distributed by the • BioSync group in 1990. The distribution list was generated by 
selecting appropriate individuals (e.g., faculty members of university departments 
concerned with environmental science, agronomy, etc.) from the mailing list of the 
Advanced Photon Source (many thanks to Susan Barr for making this database 
available to us!). Although this was a mailing list from a synchrotron radiation 
facility, it contained many individuals without synchrotron experience and we 
made no attempt to filter on that basis. Additional environmental scientists known 
by us to have been synchrotron radiation users were then added to this list. The 
total number of questionnaires distributed was 120, more than 90% of these were 
delivered and responded to by electronic mail. 

Demographic Data: 

Ninety-eight percent of the respondents work 
either for a university or a government laboratory 
with a roughly even split between the two. 

Present Employers . 
University 48% 
Government Lab 50% 
Industry 2% 

The typical investigator had been independent 
for 12 years. 

The average research group 
consisted of 1.7 post doctoral 
associates, 2.5 graduate 
students and 1.3 technical 
support staff. 

Years as an Independent 
Investigator 

>10 years 54% 
5-10 years 2 3 % 
1-5 years 1 0 % . 
<5 years 13% 
Average 12 years 

Average Research Group Composition 
Post Doctoral Associates 1.7 
Graduate Students 2.5 
Technical Support Personnel 1.3 

Overall support for these 
research groups was largely in 
excess of $200K / year. 

Total Research Support 
<$25K 5 % 
$25-100K 18% 
$100-200K 16% 
>$200K 60% 
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About half of these groups devoted more than 90% 
of their research efforts to environmental science. 

Fraction of Support Relevant 
to Environmental Science 

<10% 7% 
10-50% 20% 

. 50-90% 20% 
>90% 54% 

Number of Respondents Indicating Support from 
Particular Agencies 

DOE 32% 
NSF 9% 
EPA 6% 
USDA 15% 
Industry 14% 
Foundation 7% 
Other (USGS, DOD, etc.) 16% 

The investigators are obtaining 
their research support from a 
wide variety of agencies 
including DOE, NSF, EPA, 
USDA, Industry, Foundations, 
and USGS. Most respondents 
indicated support from more 
than one agency. The largest 
number of grants derived from 
various divisions within the Department of Energy. (Note: These values indicate 
the number of times an agency was acknowledged and contains no information on 
funding levels.) 

Synchrotron Data: 

The questionnaire asked investigators to provide information on their past and 
future uses of synchrotron radiation facilities both in terms of experimental days 
and techniques. Information was solicited for the time period 1992-1999. Data were 
reasonably complete for 1992-1997 but many provided no guesses for 1998-1999. For 
this reason, the data reported here apply only to the period 1992-1997. The usage 
results are summarized in two ways, (1) a table showing the percentage of total 
station days used at each facility, and (2) a histogram showing the total annual 
stations days for each calendar year. 

The past use of synchrotron facilities for 
environmental research was 
concentrated at NSLS and SSRL, 
although a large number of facilities are 
being used in this area. 

Past Use of Synchrotron Facilities 
(Percent of Total Station Days Used by 

All Respondents from 1992-1995) 
NSLS (New York) 50% 
SSRL (California) 31% 
ALS (California) 6% 
Daresbury (England) 5% 
Aladdin (Wisconsin) 3% 
LURE (France) 3% 
CHESS (New York) 2% 
CAMD (Louisiana) <1% 
DESY (Germany) <1% 
Photon Factory (Japan) <1% 
Other <1% 
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The histogram summarizes the annual station days reported by the respondents. 
This plot was generated by combining the results of the questions on past and future 
use. The results indicate that the use of synchrotron facilities is increasing at a fairly 
monotonic rate and that this usage is doubling roughly every 3 years. At the present 
time, about 700 stations days are in use for environmental science research. 
Although this usage is spread over many experimental stations, it is equivalent to 
about 3.3 fully dedicated stations. See the section of this report entitled 
"Synchrotron Radiation Facilities and Molecular Environmental Science" for a 
more detailed analysis of supply and demand issues. 
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The questionnaire asked investigators to rate the importance of particular 
characteristics of synchrotron facilities relevant to the successful completion of 
experimental sessions. Most features were rated as important Among the highest 
rated features were high flux, high energy resolution, fast detectors, user 
friendliness, and helpful beamline staff. Accessibility of beam time for exploratory 
experiments was also highly rated. 

Importance of Features Provided 
at Synchrotron Facilities 

Unimportant Essential 
,5 _ ,... _ 1 

High Brilliance 

High Brightness 

High Flux 

High Spectral Energy 
Resolution . 

Fast Detectors 

Detector Spatial 
Resolution 

User Friendly 

Helpful Staff 

Stimulating 
Environment 

Good Ancillary 
Facilities 
On-site Data 
Processing 

Good Communication 

Good Housing 

Accessible Beam Time 
• • " • f •••••:-^y:;.;.y-e" 
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The following histogram shows the responses to the question regarding the 
importance of particular techniques in future environmental research. X-ray 
absorption spectroscopy applications were viewed as the most important including 
applications to bulk materials, surface studies and spatially resolved XAS. 
Applications to toxic and/or radioactive materials were rated highly. 

Future Experiments 
Unimportant Very Important 

XAS Bulk 

XAS Surface 

XAS Spatial Resolved 

Powder XRD 

Microcrystal XRD 

Time Resolved 

Elemental Imaging 

Tomography 

Toxic/ Radioactive 
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The questionnaire asked each person to indicate their opinions of the following 
statements. The results are shown as percentages of all replies. 

Synchrotrons are essential to my future environmental research. 

Agree 83% 
Disagree 6% 
Neutral 11% 
No Opinion 0% 

Synchrotrons are essential to the growth of environmental science. 
Agree 85% 
Disagree 7% 
Neutral 7% 
No Opinion 0% 

Synchrotrons are cost effective. 
Agree 55% 
Disagree 4% 
Neutral 25% 
No Opinion 17% 

Money spent on synchrotrons could be better directed to individual research grants. 
Agree 0% 
Disagree 77% 
Neutral 19% 
No Opinion 4% 

Synchrotrons are important for the research of individual scientists. 
Agree 87% 
Disagree 4% 
Neutral 9% 
No Opinion 0% 

The questionnaire queried the opinions of the respondents with regard to support 
for synchrotron facilities: 

How would you advise the funding agencies with regard to support of existing and 
planned synchrotron beamlines for environmental science? 

Support both new and existing facilities 89% 
Support the new facilities only 0% 
Support the existing facilities only 11% 
Don't support any of them 0% 
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A Sampling of General Comments 

Part of the questionnaire asked the individuals to make general comments 
relevant to the survey. Below are some representative comments: 

• "Synchrotrons are essential to provide solid phase speciation of contaminants in 
soils and sediments." 

• "If we are to understand the molecular-level mechanisms of environmentally 
important chemical reactions, research at synchrotron radiation sources using 
techniques like XAS and micro-XAS is absolutely essential." 

• "A balance is required . . . we need some well-defined and well-financed program 
opportunities within the DOE-ER, so there is some kind of mechanism for 
getting basic environmental research funded." 

• "Synchrotron based data are essential to making meaningful comparisons 
between theoretical and experimental data on environmentally important 
systems." 

• "Synchrotron techniques would be useful in several problems I have 
encountered. However, . . . I do not perceive synchrotron techniques as 
accessible as a routine tool to the non-specialist. " 

• "I believe the potential of x-ray spectroscopy to contribute to new discoveries in 
the environmental sciences is immense but is largely unrealized so far because of 
the accessibility problem.. This needs to be a high priority issue in planning for 
future facilities. " 

• "A lot of good research is not being done for lack of funding. Synchrotrons are 
facilities that permit high-tech state of the art research, but they are also very 
expensive. " 

• "Need auxiliary support for those of us who are not experts on synchrotron 
radiation. " 

• "Allow more synchrotron time and access for feasibility studies in the new areas 
of environmental sciences. " 

• "Education in the form of hands-on workshops on specific methods and panels 
discussing techniques available and the types of problems they can address have 
been useful for me and my students and colleagues. " 

• "I believe existing facilities are an important component to a realistic 
synchrotron strategy for the coming decades. New users may not require the full 
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potential of APS/ALS and can conduct much of their research at existing 
facilities. " 

• "You might consider developing a program of student research support and 
education related to synchrotron environmental research. " 

• "Synchrotron research' facilities provide access to experimental techniques 
available nowhere else. I predict that the long-term impact of synchrotrons will 
be as great as the introduction of commercially available seal-tube x-ray 
generators 50 years ago, IF synchrotron facilities are accessible, user-friendly, and 
provide instrumentation needed by the environmental sciences research 
community. " 
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