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ABSTRACT

The Environmental Systems Research (ESR) Program, a part of the Environmental Systems Research
and Analysis (ESRA) Program, was implemented to enhance and augment the technical capabilities of the
INEEL. Strengthening the technical capabilities of the INEEL will provide the technical base to serve
effectively as the Environmental Management Laboratory for the Office of Environmental Management
(EM).

This is a progress report for the third year of the ESR Program (FY 2000). A report of activities is
presented for the five ESR research investment areas: (1) Transport Aspects of Selective Mass Transport
Agents, (2) Chemistry of Environmental Surfaces, (3) Materials Dynamics, (4) Characterization Science,
and (5) Computational Simulation of Mechanical and Chemical Systems. In addition to the five technical
areas, the report describes activities in the Science and Technology Foundations element of the program,
e.g., interfaces between ESR and the EM Science Program (EMSP) and the EM Focus Areas.

The five research areas are subdivided into 18 research projects. FY 2000 research in these 18
projects has resulted in more than 50 technical papers that are in print, in press, in review, or in
preparation. Additionally, more than 100 presentations were made at professional society meetings
nationally and internationally. Work supported by this program was in part responsible for one of our
researchers, Dr. Mason Harrup, receiving the Department of Energy’s “Bright Light” and “Energy at 23”
awards.

Significant accomplishments were achieved. Non-Destructive Assay hardware and software was
deployed at the INEEL, enhancing the quality and efficiency of TRU waste characterization for shipment.
The advanced tensiometer has been employed at numerous sites around the complex to determine
hydrologic gradients in variably saturated vadose zones. An ion trap, secondary ion mass spectrometer (IT-
SIMS) was designed and fabricated to deploy at the INEEL site to measure the chemical speciation of
radionuclides and toxic metals on the surfaces of environmentally significant minerals.

The FY 2001 program will have a significantly different structure and research content. This report
presents the final summary of projects coming to an end in FY 2000 and is a bridge to the FY 2001
program.
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ENVIRONMENTAL SYSTEMS RESEARCH
FY 2000 ANNUAL REPORT

INTRODUCTION

Welcome to the Fiscal Year 2000 annual report of the Environmental Systems Research (ESR)
program. The ESR program, initiated in mid-FY 1998, focuses on science and engineering research that
addresses EM’s technical needs. The ESR program takes a forward-looking view of EM’s mission and
performs the groundwork to establish the technical foundations that will support both current and
anticipated technical issues in disposition, remediation, and waste management. The ESR program is
structured to perform two types of research activities. The first is core research, which is basic in tone and
focuses on understanding environmental processes, developing new tools, and collecting data. The second
type of research is problem-driven and thus is more applied in nature. The composition of research within
the ESR program is structured to achieve balance and interaction between the two areas.

The ESR program is organized around five main research areas (see Figure 1, top tier, all but the left
box). These five areas are strengthening the INEEL’s ability to address EM’s technical issues. Each of
the five areas is reducing technical uncertainty.

The ESR research portfolio has a three-year planning cycle to accommodate anticipated reanalysis
and restructuring (as necessary) of the portfolio content. FY 2000 was the third year of the cycle.
Increased emphasis on subsurface science at the INEEL has accelerated the need to restructure the ESR
portfolio for FY 2001. Instead of five main research areas, the program will have two main areas with
supporting tasks: Subsurface Science and Waste Management Science.

FY 2000 was another productive year. Research projects initiated in mid-FY 1998 continued to make
solid technical progress. New staff focused their research expertise to environmental problems, adding to
the skill mix of EM’s multiprogram national environmental laboratory. Capabilities in computational
modeling and tools for studying contaminant surface interactions expanded. In FY 2000, the program
added tools to support exploration of fission processes that may lead to new methods for nondestructive
assay and subsurface characterization. The Science and Technology Integration activity, in conjunction
with the ESR Candidates (ESRC) program, arranged for an external panel review of proposed research
projects for the FY 2001 ESR portfolio. The peer reviews were positive and offered constructive
suggestions, which have been incorporated into program planning for FY 2001.

ESR program research has resulted in more than 50 technical papers in print, in press, in review, or in
preparation for FY 2000. Additionally, more than 100 presentations were made at professional society
meetings. ESR program participants have also been proactive in working with the Waste Management and
Spent Nuclear Fuels programs at the INEEL to understand particular programmatic science needs.

The relationship with the Subsurface Contaminant Focus Area begun in FY 1999 to identify high-
priority EMSP projects that might be carried forward through the ESR program in FY 2000 and later
years has been maintained. As a result, the ESRC provided continuation funding for one of the EMSP
projects, with the purpose of demonstrating a subsurface remediation technique at the INEEL.
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Chemistry of Environmental Surfaces

Gary S. Groenewold, Research Area Leader

Processes that control fate and transport of radionuclides in the subsurface environment are dictated
by structure and reactivity considerations on mineral surfaces and by the movement of water. Radionu-
clide speciation on mineral surfaces is a highly complex topic. It is influenced by a wide range of
complexing chemicals that originate from endogenous geochemistry, microbial biochemistry, and indus-
trial waste disposal. Any one of these influences has significant chemical complexity and will affect
radionuclide sequestration on mineral surfaces or mobilization through solubility. Compounding this
complexity is the movement of water through the subsurface, which is variably saturated in the vadose
zone. Water movement through the vadose zone will be irregular as a result of subsurface inhomogeneity
and variable saturation. On the basis of these considerations, several salient factors were identified for
further investigation:

e  Chemical speciation and reactivity on mineral surfaces
e  The influence of microbial populations on chemical speciation
e  Soil moisture and its movement in the subsurface

e  Correlation of chemical speciation and microbial activity to radionuclide adsorption or
solubilization.

Description of Research Activities

In addressing these factors, the Chemistry of Environmental Surfaces research area included five
research projects, which are described in detail in the following chapters and overviewed below.

A major problem encountered in characterizing chemical speciation and reactivity on mineralogical
surfaces is insufficient sensitivity and specificity using current instrumental strategies. Consequently, we
emphasized development of analytical instrumentation and approaches for high-performance character-
ization of radionuclide surface speciation. The research focused on surface mass spectrometric tech-
niques (laser desorption [LD] and secondary ion mass spectrometry [SIMS]) because they conceptually
have the required specificity and sensitivity. A unique LD-Fourier transform mass spectrometer (LD-
FTMS) was designed and fabricated that is capable of generating spatially resolved, high-mass, high-
resolution, high-accuracy mass spectral information. In addition, a prototype ion trap SIMS was designed
and fabricated. This instrument complements the LD-FTMS in that it is a small device capable of opera-
tion in radiological environments and uses a bombarding projectile that extracts information only from
the top monolayer of the mineral sample. The instrument is also capable of detecting complex and fragile
surface species.

These analytical tool development activities were highly successful. The LD-FTMS was demon-
strated for high spatial resolution and high mass resolution and is now ready for characterization of
heterogeneous contaminated mineralogical systems. The I'T-SIMS was demonstrated capable of molecu-
lar characterization of mineral surfaces through sputter desorption and analysis of complex surface-
derived molecular ions. In addition, the IT-SIMS was used to assess intrinsic reactivity of the surface-
derived ions. The possibility arises that mineral oxide moieties could be used as models for reactive sites
on mineral surfaces, and reaction pathways and kinetics could be easily determined. The IT-SIMS was



applied to characterizing contaminated samples fabricated using clay from the INEEL’s Radioactive Waste
Management Complex. By performing parallel characterizations using SIMS, the efficacy of sequential
extraction for establishing radionuclide speciation was assessed. Effective cesium and uranium speciation
was demonstrated based on the SIMS spectra.

The influence of microbial populations on radionuclide adsorption cannot be overemphasized, and we
initiated work to identify and to characterize extracellular compounds produced by the iron reducing
bacterium Shewanella putrefaciens. We found that the microbe selectively seeks iron oxide surfaces
under anaerobic conditions, and produces both surface-adhering, and nonadhering strains. The research
resulted in the application of a technique using fluorescent probes with excitation via attenuated total
reflectance to probe mineral-bacteria interfacial zones, thus providing an invaluable complement to the
mass spectrometry approaches pursued in companion projects. Surface complexation in a citrate-uranyl-
goethite system was identified (citrate serving as an exudate simulant). This research enabled statistical
evaluation of the mass action expression for multidentate surface complexation, which represents an
initial step toward a predictive capability regarding the influence of microbial factors in the subsurface.

While the study of isolated species provides highly desirable mechanistic detail, transport or seques-
tration in the subsurface is in fact influenced by heterogeneous microbe populations that act in an aggre-
gate fashion. This motivated two tasks that investigated the influence of spatial and temporal variations
in ecological niches on bacterial community structure-function. In these multicomponent systems, a
distribution of microbial metabolisms resulted, that in turn influenced the persistence and mobility of
contaminants in both the ground water and the vadose zone. Since the distribution of microbes and
contaminant chemicals is influenced by flow and transport of water, a companion study focused on the
controlling factors that determine the distribution of soil water in the deep vadose zone as measured by
soil water potential.

Clearly, the transport of mineral particulate resulting from water movement in the subsurface
represents a factor with potential for moving radionuclides. This possibility has motivated examination of
infiltration between alluvial sediment overlying a fractured basalt rock. We developed these examina-
tions in cooperation with the University of Idaho and conducted them at three field sites. The first site
was developed on DOE-controlled land at the Jefferson Canal site near Mud Lake. The second site was
the IRC 5-well site, which is on DOE-controlled land. This site originally was used to evaluate the
INEEL Advanced Tensiometers in fractured basalt. The third site, developed during FY 2000 under land
controlled by the University of Idaho, is the University Place Dune Site in Idaho Falls. This site is similar
to the IRC 5-well site, except the porous media overlying the basalt is eolian rather than alluvial. We
developed a formal strategic alliance with the University of Idaho to devise a framework for collaborative
field-oriented vadose zone research. In addition, Dr. Jim Yeh of the University of Arizona and Dr. Gary
Pope of the University of Texas made extended INEEL visits.

We have enhanced computational capabilities to simulate complex, nonlinear systems for vadose
zone transport. The application of a B-spline collocation method to the solution of differential equations,
including sets of coupled, nonlinear partial differential has been shown feasible. We generated a B-spline
code that solves the coupled fluid dynamics equations for two-dimensional flow in a channel, including
multiple solution algorithms. The unoptimized code has found reasonable solutions in times about half as
long as those for the optimized commercial finite element code Fidap.

Finally, we applied INEEL expertise to DOE operational problems. A new version of the advanced
tensiometer using cone penetrometer push technology was demonstrated at the Test Buried Waste Facility



at Hanford. The standard version of the vadose zone monitoring system was installed at the Savanna
River Site. Although Environmental Systems Research Program activities directly support environmental
management research needs of the DOE, reaching these goals will have implications beyond the INEEL
and DOE. For example, the modeling framework and expertise developed in this project will be transfer-
able to private industries concerned with vadose zone contamination. In addition, many economic
activities such as solution mining and farming can benefit from the ability to better simulate bio-
geochemical processes occurring in the vadose zone.

This research area is enabling the INEEL to make significant progress in understanding radionuclide
fate and transport in the subsurface. The ability to understand geochemical and biochemical speciation
on mineral surfaces overcomes a substantial hurdle, but new characterization approaches offer the possi-
bility of facile speciation determinations, even for complex, microbially derived complexing species. On
an intermediate scale, approaches for characterizing microbial populations adsorbed to mineral surfaces
have emerged, and this has enabled correlation with population function relative to metal immobilization.
At the field scale, the ability to routinely assess water potential enables gradients to be established, which,
ideally, should allow chemical and microbial inhomogeneity to be correlated with water and radionuclide
movement.






Advanced Strategies for Probing Structure
and Reactivity at the Top Monolayer

Gary S. Groenewold, Jill R. Scott, Brittany D. Hodges,
Paul R. Tremblay, Anita K. Gianotto

SUMMARY

The Advanced Strategies project was initiated to develop instrumentation and methodology for
characterizing speciation on real-world surfaces. Motivation for the project is the fact that processes
controlling fate and transport of radionuclides are dictated by structure and reactivity of radionuclides on
mineral surfaces. The problem is that characterizing structure and reactivity is difficult using current
instrumental strategies. This project emphasizes development of instrumentation and analytical
approaches for high-performance characterization of radionuclide surface speciation. The project focused
on surface mass spectrometric techniques [laser desorption (LD) and secondary ion mass spectrometry
(SIMS)] because they conceptually have the required specificity and sensitivity. A unique LD-Fourier
transform mass spectrometer (LD-FTMS) was designed and fabricated that is capable of generating
spatially resolved, high-mass, high-resolution, high-accuracy mass spectral information. It is also capable
of state-of-the-art ion-molecule reactivity investigations. In addition to the LD-FTMS, an ion trap (IT)-
SIMS was employed to investigate generation of ions from mineral surfaces and to characterize their
intrinsic reactivity. This research produced desorption and reaction information essential to
(a) understanding ion behavior in trapped ion mass spectrometry instruments, (b) relating gas-phase
phenomena to surface phenomena, and (c) designing effective characterization strategies. This research
has resulted in new, more effective approaches for characterizing contaminated oxide surfaces.

PROJECT DESCRIPTION

Background and Motivation

Interfacial interactions dictate sequestration or transport of radionuclides and heavy metals in the
environment.1-3> Sequestration can occur by strong ion exchange, intercalation, surface precipitation, or
chelation by an immobile organic. Transport, on the other hand, can occur by solubilization, either as a free
cation or as a soluble complex. Transport can also be facilitated by adsorption to colloidal matter. Both
transport and sequestration are critical outcomes that heavily depend on interfacial interactions, and
understanding the macroscopic processes depends on understanding the interface.® The problem is that
elucidation of interfacial interactions is difficult, because

. Contaminant concentrations on the surface are low

. Surfaces are morphologically and chemically heterogeneous, with multiple neutral and counter
ion moieties possible

. Characterization of the microbial surface chemistry is nearly impossible at the molecular level

because the organic complexants are too complicated to be deduced with any facility

. Chemical speciation is heterogeneous; oxidation state, oxide form, and hydration are highly
variable
. Relative reactivity of multiple contaminants and multiple adsorption moieties are unknown.
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Analytical technology has not yet caught up with the challenges posed by these contaminated
environmental surfaces. Certainly, infrared and Raman spectroscopies have evolved to a remarkable level
of sophistication and offer excellent vibrational information that is directly related to contaminant speciation
on the top monolayer of the environmental surfaces.” 10 They are routinely applied, but they lack
sensitivity to characterize contaminants present at low concentrations on surfaces. On the one hand,
fluorescence is capable of excellent sensitivity but lacks specificity.!! X-ray absorption spectroscopy
techniques such as EXAFS and XANES, on the other hand, have been applied with remarkable success
and are capable of explicitly identifying bonding between adsorptive moieties and contaminants, 12-15 but
they sample beyond the top monolayer, and results can be confused by highly heterogeneous samples.

Recognizing these shortcomings in surface characterization, we have endeavored to investigate
advanced strategies for probing structure and reactivity at the top monolayer. We have chosen to
overcome limitations associated with heterogeneity, complexity, and sensitivity by researching surface
mass spectrometry approaches, specifically laser desorption-Fourier transform mass spectrometry (LD-
FTMS) and ion trap secondary ion mass spectrometry (IT-SIMS). The motivation behind the choice of
these techniques is several-fold:

1. Analytical methods are needed that are more sensitive than the current generation of
instrumental approaches, and mass spectrometry is unparalleled for surface sensitivity.

2. A strong need exists to be able to distinguish chemical species (as opposed to elemental
detection), and high-performance mass spectrometry approaches have the capability to
identify species in chemically complex environments. Specific attributes of mass
spectrometry applicable to this problem are

a. Mass measurement at high resolution and high accuracy for assignment of elemental
composition. The adsorbate realm is one monolayer thick, which is beyond the
detection limits of most analytical techniques.

b. “Soft” surface desorption techniques capable of generating gas phase species intact
from the surface, without chemically altering the surface.

C. The capability for ion-molecule reactions that enable characterization of desorbed
species in terms of condensation, charge exchange, and fragmentation. This is
particularly appealing because of the contaminant surface chemistry, which is highly
variable in terms of coadsorbates (most significantly water), and multiple
contaminants.

Advances in the field of mass spectrometry over the past 20 years have resulted in instrumental
approaches that are capable of high sensitivity and speciation determinations of both inorganic and organic
chemicals in complex matrices. What has not been established is whether a mass spectrometric approach
can be applied to characterizing inorganic systems localized on the top-most layer of a heterogeneous,
contaminated environmental sample. Certainly, developments in the use of polyatomic projectile
bombardment and in laser desorption suggest that this is possible. We pursued both of these surface
interrogation methods over the course of this research.

INEEL and Texas A&M researchers have demonstrated polyatomic projectiles to be capable of
desorbing species intact from the surface into the gas-phase environment of a mass spectrometer. Using
ReOy, as a projectile, the INEEL group showed that nitrate/nitrite salts can be differentiated16-17 and that
mercury amine complexes can be identified using SIMS. The Texas A&M group was able to differentiate



nitrate/nitrite and tetrafluoroborate salts using Cs(Csl),,* clusters.!8-19 These and other results suggested
that the primary advantage of the polyatomic projectile for surface bombardment was that surface
penetration was minimal, and that the majority of the energy is deposited on the top-most monolayers of
solid samples. The result was that the secondary ion mass spectra were dominated by surface species,
not by the underlying matrix, which suggested that surface speciation could be derived using a polyatomic
projectile for surface interrogation.

Similarly, laser desorption is a second surface interrogation approach that had demonstrated capability
for producing accurate surface speciation information.20 Zenobi’s group performed surface speciation
investigations on environmental particles,2!-22 which are closely related to the sample matrix expected
when characterizing environmental and waste samples from the INEEL and other DOE sites. Laser
desorption offers potential for a wider range of control in surface interrogation. Variable irradiation
wavelength has the potential for ionization selectivity. Variable laser power can be used to vary the
character of the analysis from elemental (high-power) to molecular (low-power). Using a high level of
optical focusing, the instrument is inherently capable of spatially resolved data acquisition,23-24 which could
overcome spatial variability ubiquitous to environmental samples.

In addition to investigating two surface interrogation approaches, the research evaluated two types of
trapped ion mass spectrometers for developing advanced surface speciation strategies: the quadrupole ion
trap (also known as ion trap) and the Fourier transform mass spectrometer. The advantages of the ion
trap are that it is capable of selectively storing ions in preset mass ranges, accumulating ions during long
periods of sample irradiation, and performing fragmentation and condensation reactions subsequent to ion
storage and accumulation.25 These latter capabilities offer the possibility for ion identification on the basis
of chemical reactivity, and thus offer the possibility for not only species identification but also assessment
of the intrinsic reactivity of the ions. The ability to produce multiple levels of information will be critical for
identifying the chemistry of complex, contaminated, environmental media.

One other attribute of the ion trap compels comment. The instrument operates using a thermal He
bath gas at pressures up to 0.1 millitorr. A consequence of this operating characteristic is that ions that are
sputtered into the gas phase with excess internal energy will be cooled through collisions with the thermal
He.26 Energy will be transferred from the internal modes of secondary molecular ions energized by the
sputtering event to the He atoms in the bath gas. The result of this is that the production of molecular
secondary ions is significantly augmented compared to instruments that operate at lower pressures.

The second type of mass spectrometer employed in the research was a Fourier transform instrument
(FTMS) capable of high mass resolution, accurate mass measurement sufficient to enable assignment of
elemental composition. This is critical for identifying isobaric ions such as m/z 137, observed in the spectra
of clays. In this example, Al,OsH5", AISiOsH,", and Si,OsH™ are all possible elemental compositions, and
a resolving power (m/Am) of 11,000 is required to separate these ions on the basis of mass. The FTMS is
easily capable of performing this type of analysis, with achievable resolution beyond 1 x 10°. In addition,
the mass range of the FTMS is in excess of m/z 10,000, which offers hope for solving problems that will
be encountered in characterizing environmental and waste samples, namely, identifying metals complexed
with high molecular weight ligands. These ligands could have anthropomorphic, microbial, or vegetative
origins, and to date have defied identification in almost all cases.

The FTMS also offers the possibility of ion identification through ion reactivity studies. lon
fragmentation (MS/MS or MS2) enables complex ions to be faken apart, which can be a great aid in
identifying composition and structure. Ion condensation reactions can also be performed in the FTMS,
which augment ion identification and also shed light on species reactivity. This type of study benefits from



the low absolute pressure used by the FTMS, and by the fact that ions can be stored for very long times in
the instrument, which enables the study of slow reactions.

The present program has pursued development of these two types of surface mass spectrometry
instrumentation because the LD-FTMS and the IT-SIMS are complementary in their implementation and,
to some extent, their application. The LD-FTMS is a highly complex system, capable of ultra-high
vacuum, a superconducting magnet, and high-precision laser optics; as such, it is suited only to an
instrument laboratory setting. In contrast, the IT-SIMS is small, more robust, and suited to operate in
nonstandard settings such as a radiological laboratory. Hence, the program consists of two parallel thrusts
(see Figure 1).

. Task. 1. Design, fabricate, test, and evaluate a state-of-the-art LD-FTMS instrument for
surface characterization.

. Task 2. Evaluate an IT-SIMS for surface characterization.

We expect that instrumentation will be developed capable of providing surface characterization
support for environmental management and long-term stewardship of INEEL resources. This
instrumentation will be capable of new levels of surface speciation, sensitivity, and reactivity
measurements heretofore not available in environmental characterization endeavors. In the following
tasks, we describe the design, fabrication, and testing of the LD-FTMS (Task 1), and use of the IT-SIMS
for metal ion species generation, characterization, and reactivity studies (Task 2). The results of these
studies clearly show that these instruments have a vast potential for sample characterization, species
identification, and reactivity for complex, contaminated environmental samples.

Task 1. LD-FTMS Research and Development

The inherent advantages of a LD-FTMS analysis approach motivated procurement of components
for fabricating an instrument beginning in mid-1998. This included a 7-tesla superconducting magnet, a
vacuum housing, lasers and associated optics, and instrument control and data acquisition software/
hardware. The components were assembled into an integrated system during the latter half of FY 1998
and throughout FY 1999. At the end of this period, the instrument was demonstrated to be capable of
generating, trapping, mass measuring, and detecting ions from metallic surfaces, thereby providing the
laboratory with a research-grade mass spectrometer capable of high-performance surface interrogation
capability. However, results from the I'T-SIMS research task (see below) revealed the desirability of
generating spatially resolved mass spectra and enhanced ion-molecule reaction chemistry.

A significant portion of the scope for FY 2000 (subtask 1a) focused on adding capability to generate
spatially resolved mass spectra. This represented a major technological challenge, but once solved,
resulted in an instrument capable of generating spectra from a variety of locations, without the need to
move the target. This is highly desirable because most real-world sample surfaces are highly
heterogeneous, with changeable chemistry across small (um-size) areas.

The remainder of the scope for the program was devoted to enhancing capabilities for manipulating
ions in the trap, for the purpose of improving mass measurement and also for performing ion molecule
reactions. The principal emphasis in this research (subtask 1b) was to develop nondestructive ion
detection. This accomplishment is highly significant because it enables repeated mass measurement
(remeasurement) of the same ion packet. Remeasurement resulted in increased signal-to-noise, which
was manifested in improved mass measurement accuracy. Significantly, remeasurement also enables
study of reaction kinetics of the same batch of ions, i.e., those produced from a single LD event. This
feature is significant because it avoids problems derived from shot-to-shot imprecision, and consequently
makes gaseous ion-molecule derivatization a more reproducible and desirable characterization technique.
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Task 1. LD-FTMS Task 2. IT-SIMS Research of
Research & Development Mineral Oxides
Subtask 1a. Spatially Subtask 2a. Mineral Surface
Resolved LD-FTMS Characterization Studies
Scanning Silicate
Mechanism
Aluminate
Spatial LD
Testing Aluminosilicate
Subtask 1b. Enhanced lon Surface Precipitate
Manipulation Capability
Halide
Enhanced lon
Storage Nitrate
lon Mass Subtask 2b. lon-Molecule
Remeasurement Reactivity Studies

Aluminate + H,O

Silicate + H,O

Aluminate + HoS

Silicate + HyS

GF00 0258

Figure 1. Program organization describing the two major thrust areas of the advanced strategies for
probing structure and reactivity at the top monolayer.
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Because of the high level of inhomogeneity inherent in natural samples, improved precision is difficult to
overemphasize.

Subtask 1a. Development of Spatially Resolved LD-FTMS

The primary driving force for developing a scanning mechanism for the laser desorption FTMS is the
need to analyze spatially heterogeneous environmental and biological samples. For example, interrogation
of selective adsorption of microorganisms on heterogeneous substrates requires the ability to generate
molecular data from spatially proximate, chemically distinct areas. This problem in particular is difficult,
because microorganism populations are usually heterogeneous, and microbes tend to congregate in
colonies, leaving part of the sample probe devoid of organisms. These features can be observed
microscopically, but nothing is known about the surficial chemistry underlying this behavior. This is
because, on a practical basis, surface analytical instrumentation capable of microscopic scanning has been
unable to generate the required level of molecular detail.

Traditionally, mass spectrometry has relied on manipulating the sample target to provide scanning
capabilities for laser desorption.27-30 This is extremely problematic for an internal LD-FTMS owing to
(a) the high magnetic field (7 tesla), (b) the geometric constraints of the superconducting magnet bore, and
(c) the high vacuum chamber. To overcome these limitations, we have implemented a unique external
laser scanning mechanism for the LD-FTMS (Invention Disclosure B028). This mechanism provides
adjustable resolution enhancement so that the spatial resolution at the target is not limited to that of the
stepper motors at the light source (5 pm/step). The spatial resolution is now limited by the practical optical
diffraction limit of the final focusing lens (~0.5 um).3! Figure 2 illustrates the operating modes of the
scanning device. An index provides for automatic alignment of the device for both uni- and bi-axial
(raster) scans. The scanning mechanism employs a virtual source that is wavelength independent up to
the final focusing lens. The virtual source is located 15 ft from the sample; therefore, it is completely
outside of the vacuum system and beyond the 50-Gauss line of the fringing magnetic field. Smaller spot
sizes (<1um) approaching the mechanism step resolution are possible by exchanging the current final
focusing optics with one of several more competent multielement lens systems.

The results from the initial tests of the scanning mechanism are highly encouraging. The lens-to-
target/lens-to-source distance ratio divides the natural step size of the source to <0.5 um/step in both
horizontal and vertical axes at the target. This scanning capability provides the opportunity to retain the
spatial context of analytes in heterogeneous samples. The indexed focus and high-resolution step provide
excellent reproducibility, as demonstrated by the scanning electron microscope (SEM) images in Figure 3.

The images in Figure 3 shows two shots (each ~14-um diameter) separated by 20 um in an

Meridional axis

Virtual source Sagittal axis GF00 0259

Figure 2. Schematic of laser scanning mechanism illustrating modes of operation for horizontal (sagittal
axis) and vertical (meridional axis) scanning.
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Single Double

Double

GF00 0260

Figure 3. SEM images of laser desorption spots on an aluminum sample demonstrating the
reproducibility of the scanning laser. (A) Horizontal scan: single shot (left) made during initial scan and
double shot (right) made during reverse scan. (B) Vertical scan: single shot (top) made during initial scan
and double shot (bottom) made during reverse scan. The internal diameter of single shots is 14 pm.
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aluminum target for both horizontal (Fig. 3a) and vertical (Fig. 3b) scanning. The spot on the right has
been impacted a second time following a traverse away from the first shot of approximately 300 um. The
reproducibility of the scan position is clearly evident. The distribution of energy across the shot is very
nearly Gaussian due to the normal incidence of all elements in the optical scanning mechanism. The slight
distortion is due to the distribution of energy exiting from the laser operating at a minimum threshold power
level.

In order to evaluate the ability of the unique scanning mechanism as the basis for an imaging internal
laser desorption FTMS, a material having a known, chemically variable pattern was needed for benchmark
testing. A printed circuit (PC) board was chosen as a heterogeneous test sample. Figure 4 shows a
portion of 193 shots taken in six scan lines on the PC board sample. Each spot on the PC board is
approximately 200 pm in diameter, spaced at 200-um intervals. Even though the focus was at the surface
of the stainless steel sample holder, sufficient energy impacted the surface of the sample to desorb ions for
the FTMS analysis. This experiment successfully demonstrated the ability of the scanning mechanism to
generate spatially resolved mass spectra, without moving the target. Total time for this manual scan was
in excess of two hours. Analysis of each spot required under 2 s, but the traverse to the next shot position
was delayed by the manual nature of the user interface to the scanner stepping motors. While the stepper
motors are capable of significantly faster response, the manual interface has only a fixed step rate of
5 um/s. Significant improvement in acquisition time can be achieved by implementing automated scanning.

We chose the first five lines of 34 shots to develop a pseudo image of the sample (Figure 5), which
we produced by correlating the physical position of desorption with the mass spectrum obtained from the
FTMS at that location. The relatively large spot size (200 um) used to create this image resulted in 170
files that had to be correlated to the x,y positions by hand. Had a lateral resolution of 10 um been used,
3400 files would have been collected for the 7-mm? area. Analysis of the total sample probe area
(315 mm?2) at a resolution of 10 pum in both ordinates would result in ~3 x 107 files required. The obvious
data handling challenges notwithstanding, the mass spectra obtained were easily correlated with the
chemical composition of the surface area interrogated, thereby demonstrating the remarkable power of the
new instrument for generating spatially resolved mass spectra.

Subtask 1b. Development of Enhanced lon Manipulation Capability

We recognized that the challenges associated with characterizing complex metal ion species required

GF00 0261

Figure 4. Photomicrographs (400x magnification) of PC board. (A) Laser spots focused on probe tip
behind the PC board. (B) Defocused laser spots on PC board surface and copper bands.
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Figure 5. Pseudo image produced from the PC board (~7 X 1-mm) section in Figure 4. Colors were
arbitrarily assigned based on the appearance of the mass spectra, which was spatially variable. Pixel size
is 200 pm in a 34 x 5 matrix of spectra correlated with spot position. (A) Spectrum of K* due to
potassium salts on the phenolic portion of PC board. (B) Spectrum of Cu*. (C) Spectrum of Ni* from
laser shots passing through the hole on the PC board and hitting the stainless steel probe tip.

(D) Spectrum of K*, Ni*, and Cu’ obtained from the edge of the PC board. (E) Spectrum of K* and Ni*
from the edge of the PC board.
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advanced ion manipulation capabilities. Specifically, the ability to measure and react ions over a range of
pressure regimes would be needed, as would the ability to easily change trap geometry. These research
needs motivated design and fabrication of a modular cell, and development of instrumental approaches that
would enable ion trapping and mass measurement over an extended pressure regime. The effort
culminated in a powerful demonstration of ion mass remeasurement that significantly augmented the
analytical capability of the instrument.

We initially focused on designing and fabricating a modular cell design that would allow quick and
easy interchange of FTMS cells optimized for various experiments. A particularly attractive attribute of
the cell design is the simultaneous use of multiple cells having different configurations (see Figure 6).
Multiple cells enable ion formation to be separated from reaction and mass measurement, which would be
highly advantageous for advanced ion molecule reaction schemes for characterizing complex metal adduct
species. Another feature of the modular design is enhanced sensitivity resulting from the carefully
matched capacitance of the excitation and detection plates.> The increased sensitivity was a key
advance, enabling detection of ions at high pressures.

While trapping ions at high pressures (~10° torr) in an FTMS is rather routine, defection is still
carried out at low pressure (10 to 10 torr).>* This is problematic because, for kinetic studies, the
pressure of the reagent gas would normally be between 10 and 10~ torr. In common practice, the
problem is overcome by performing reactions in a high-pressure cell, then transferring the product ions to a
low-pressure cell for detection. The problem with this approach is that it negates the possibility monitoring
the same packet of ions throughout the course of the reaction, and instead requires the reaction to be
stopped for destructive measurement of reactant and product ions at preset time intervals. In principle, the
same ions in an ion/molecule reaction could be monitored throughout the experiment using the ion
remeasurement capability of the FTMS, if detection at elevated pressure could be achieved. By modifying
the vacuum chamber and reagent gas handling apparatus, we demonstrated the ability to maintain high
pressures (10 and 107 torr) around the cell for up to 15 minutes, and detect ions at these high pressures.

To take advantage of the nondestructive detection offered by FTMS to monitor the reaction of the
same ions over several time periods for kinetic studies, we investigated various modes for remeasurement
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GF00 0263
Figure 6. Photograph of FTMS cells. Modular design allows multiple cells to be installed simultaneously

and for cells to be quickly exchanged.
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of'ions. Remeasurement is normally accomplished using quadrupolar axialization techniques or by using a
collisional cooling bath gas, such as helium. Both of these techniques may affect the internal energy of the
ions, which in turn may affect reaction rates. This can be assessed by comparing reaction rates with
benchmark experiments performed using the IT-SIMS. Remeasurement without employing some special
technique is seldom successful, especially for the closed cubic FTMS cell;34 however, we obtained
excellent remeasurement results using the modular trap design.

While there was a loss in resolution due to the low cyclotron orbits, ions were routinely remeasured
without quadrupolar axialization or the presence of a collisional cooling gas. These experiments
encompass 10 remeasurement cycles over a 5-minute span. The remeasurement efficiency ranged from
85 to 100% (see Figure 7). Traditionally, remeasurement efficiency has been evaluated as a function of
the number of remeasurement cycles because it was being applied over short time intervals for signal
averaging. For example, Schmidt et al.32 report being able to remeasure ions 5 times over 4 ms. Because
we are primarily concerned with using this technique for kinetic studies, we have also studied
remeasurement efficiency as a function of ion storage time. There is complex interdependence between
the number of remeasurement cycles, pressure, trapping voltage, and the ion storage time. However, in
these experiments the remeasurement efficiency seemed to depend more on the length of time the ions
could be stored in the cell than with the number of remeasurement cycles. These considerations
notwithstanding, the results clearly demonstrate superior remeasurement capability and uniquely position
the instrument for attacking complex radionuclide speciation issues using high-performance FTMS
techniques.

Task 2. IT-SIMS Research of Mineral Oxides

The INEEL is pursuing ion trap secondary ion mass spectrometer (IT-SIMS) as an advanced
characterization tool for radionuclide speciation on real-world mineral samples. Consequently, we
performed detailed studies to understand instrument performance when mineral samples were analyzed.
Specific questions to be addressed by this research were:

1. Can meaningful molecular information be generated from mineral oxide surfaces?

2. What is the origin of the secondary ion signal and can it be related back to surface
speciation?

3. Can the gaseous ion-molecule reactions be used to characterize the resulting secondary ions?

4, Can intrinsic ion reactivity be characterized and exploited for understanding surface

speciation and reactivity?

We conducted a research program that addressed these questions and provided a strong set of
analytical tools for assessing surface speciation and reactivity. The research keyed on two salient insights,
namely, (1) greatly augmented abundances of complex, molecular secondary anions can be generated by
bombarding oxide surfaces with a polyatomic projectile in the relatively high-pressure realm of the I'T-
SIMS, and (2) reactivity of the surface-derived ions can be directly assessed in the gas-phase environment
of the IT-SIMS.

These insights are important because they unveil a broad expanse of geochemical investigation
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Figure 7. FTMS spectra of the same ions remeasured (A) 1 min and (B) 4 min after initial formation.
Note that the abundance of the ions in (A) and (B) are essentially identical.
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heretofore inaccessible. Surface speciation can be easily and directly interrogated. Adsorbed or
adsorptive moieties can be sputtered into the gas phase, and their intrinsic reactivity can be assessed
directly with detailed kinetic assessments, which can be backed up by state-of-the-art computation
modeling capable of providing structure and thermodynamics.

The dual objectives of this task were (1) to develop IT-SIMS methodologies readily applicable to
metal speciation/mineral oxide characterization and (2) to demonstrate these tools through investigation of
ion generation and reactivity studies, which define the two subtasks described below. The objectives were
addressed in the context of the range of environmental matrices and waste forms likely to be encountered
in operations at the INEEL and across the DOE complex. The intent was not to thoroughly canvass these
forms, but to perform exploratory research for generating tools applicable to surface speciation of
radionuclides on environmental and waste minerals.

Subtask 2a. Mineral Surface Characterization Studies

Conventional classification of adsorbed metals distinguishes five fractions: (1) ion exchangeable, (2)
carbonate bound, (3) organic complexed, (4) sesquioxide bound, and (5) residual, which is everything
remaining subsequent to a sequential extraction approach.35 Metals that are bound to aluminosilicate sites
constitute most of the exchangeable fraction. Consequently, molecular characterization of aluminosilicate
surfaces (i.e., clays, sediments) was emphasized. Prior work on the identification of organic adsorbates
on clays and sediments show that they can be readily detected, primarily in the positive ion mode.
However, few if any of the ions derived from the aluminosilicate matrix were observable in the cation
spectra. In contrast, a reproducible ion series was readily apparent in the anion spectrum (see Figure 8).
This ion series was derived from the aluminosilicate matrix and could be more readily observed in the
spectra of zeolites.36 A similar series derived solely from silicate had recently been observed using LD-
FTMS.37-38 The newly observed ion series had the general formula Aly,Si, Oy n)Hm-1y (H2O)y, Where
(m+n) ranges from 1 to 10, and x from 0 to 3. This result showed clearly that complex, molecular
information could be derived from metal/metalloid oxide surfaces, which heretofore had produced
principally atomic information under ion bombardment.

A second surprising result was that the abundance of the hydrated ions (x = 1,2,3) increased with
increasing ion lifetime in the IT-SIMS. We attribute this to the reaction of Al SiyOs(pn)Hm-1)” With H,O
in the gas phase, and we address it in more detail below.

The conclusion of these studies is that aluminosilicate binding moieties can be readily identified in the
negative ion spectrum. When combined with metal ion identification from the positive ion spectrum,
qualitative surface speciation information could be deduced.

A second type of ion exchangeable species is soluble surface precipitates, such as nitrates and
halides. These types of materials are more typically found in waste sites (source terms) than in the
subsurface environment. We satisfactorily initiated preliminary research on identifying nitrate and halide
species. We observed halides to readily form M,, X, "~ secondary ions, which are straightforwardly
interpreted for alkali and alkaline earth metals but are more complex for transition metals, in that clusters
are observed in which the metal exists in multiple oxidation states.39 Nevertheless, Fe, Mg, and Ca could
be observed on mineral surfaces treated with dilute HCI: this resulted in the formation of MCl5" in all three
cases. This phenomenon has substantial analytical utility.

Nitrate matrices are significant because they are important as a potential waste form. Nitric acid
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Figure 8. IT-SIMS anion spectrum of a cesium zeolite, acquired after variable ion lifetimes in the
instrument. (A) Ion lifetime 26 milliseconds. Note the distribution of ion intensities over a range of H,O
adduct states. (B) Ion lifetime 56 milliseconds. Here, the distribution is skewed toward the di- and tri-
hydrated species.

was widely used in dissolution processes and is expected in waste burials. Identification of alkaline
nitrates had previously been researched in our laboratory.16 However, transition metals in a nitrate matrix
have not been explored, so we examined Cr(NOj3); and Fe(NOj3); using the IT-SIMS. In the anion
spectra of the Cr compound, we observed NO3™ and NO,", as expected, but the most abundant metal-
bearing ion was CrO5;". We also observed lower abundance CrO, and CrO4". The observation of the
abundant CrO3” was surprising because this ion represents Cr in the (V) oxidation state, which means that
Cr was oxidized in the bombardment process. Analysis of Fe(NOj); revealed similar behavior; NO5™ and
NO," were observed, but the dominant Fe-bearing ion was FeO3™ at m/z 104. As in the case of CrOj3, the
metal is in the (V) oxidation state.

The NOj3” counter ion is likely reduced in the bombardment process, forming NO, and oxidizing Fe to
FeO3™ (Reaction 1). These studies show the relationship between the oxidation state in the condensed
phase and that in the gas phase. While SIMS is normally a reducing process, oxidized metal species are
observed if the original matrix contains an oxidizing reagent such as NO5". Understanding these
behavioral characteristics is critical for identifying environmental and waste species. The SIMS ionization
process of nitrates also is a means for generating metal oxyanions MO, ", which are useful for ion-
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molecule reactivity studies.

SIMS .
Fe(NO;3); + e »  FeO; +3NO, Reaction 1

m/z 104

Curiously, poor spectra were generated from Cr and Fe oxides Cr,0O3, FeO, Fe,O3, and Fe;04. In
the cation mode, Cr™ and Fe™ were observed, but this tells nothing about the surface speciation.
Abundances of the Fe oxyanions were negligible. Treatment of the surface with HCI, however, resulted in
the formation of very abundant FeCl;™ and thus suggests a simple surface derivatization mechanism for
identifying Fe on minerals. We have not yet correlated oxidation state with observed ion species.
Derivatization with nitrate or nitrite may also offer a means for characterizing Fe-bearing surfaces, and
this may be extendable to more complicated oxide systems such as U or Pu. The ability to characterize
Fe oxide surfaces will also directly impact assessment of sesquioxide surface species such as FeOOH,
and corresponding Mn species that are thought to be responsible for strong metal bonding.

A significant fraction that has not been extensively explored is carbonate-bound metals. This is an
important fraction because carbonate is a significant mineral fraction, and carbonate is known to bind
strongly to UO,™2 and other metal species. Analyses of carbonate salts such as CaCOj yield generally
noninformative Ca*t and CaOH™ ions, and little in the way of direct information stemming from carbonate-
bearing ions. This is likely because the CO52 is not stable under bombardment in vacuum, undergoing
decomposition to CO, and metal oxides.

A significant exception to this behavior is the SIMS analysis of basic, alkali-bearing surfaces, which
tend to fix CO, from the atmosphere. For example, NaOH and NaNO, both produce significant
Na3;NO3;" when analyzed using SIMS. This suggests that alkaline bases might be useful for fixing
carbonate on the surface. Generally, however, characterization of carbonate on mineral surfaces is
immature using SIMS and constitutes a significant opportunity for improvement.

Metals bound to organic ligands on the surface are thought to constitute a large fraction of many
environmental systems. We did not conduct chemical studies designed to specifically address this fraction,
but we did lay groundwork for their future study by developing advanced instrumentation, i.e., the LD-
FTMS (see above).

Subtask 2b. lon-Molecule Reactivity Studies

During the course of the aluminosilicate oxide studies, we noted significant reactivity of the sputter
desorbed ions, namely, the reaction of Al;,Si ;O n)Hm.1y With HyO. We investigated these reactions in
detail for the following reasons:

1. Their understanding is key to control and interpretation of the processes occurring in the I'T-
SIMS.

2. They offer the possibility of gas-phase derivatization reactions that may be used to develop
characterization strategies for metal species in complex matrices. The condensation
reactions may be especially valuable in this regard, because many inorganic metal species are

very stable and hence not amenable to fragmentation (i.e., MS/MS).

3. They offer insight into the intrinsic reactivity of ionic metal moieties sputtered from the
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surface. The ion-molecule reactions thus represent a unique opportunity to directly observe
reaction pathways and reaction kinetics.

Aluminate + H,O. As noted above, initially the reactivity of aluminosilicate oxyanions with H,O
was observed (Reaction 2):

> AlySiOsmanyr1 Hmery” X =1

AlmSIHOZ(m-%—n)H(m-l)- + XHzo —_— T AlmS]nOZ(m+n)+2H(m+3)- x=2 ReaCtlon 2

— AlmSInO2(m+n)+2H(m+5)_ X =3

The reaction products were covalently bound, formed by the hydrolysis of H,O. When (m+n) > 2,
the reactions were fast and highly efficient (50 — 100% compared with the theoretical collision rate).
However, when the monomeric species were studied, reactions were observed, but they were very
slow.40 For example, the condensation of AlO,” with H,O (Reaction 3) was only 2% efficient at forming
the AlO3H,™ product anion (efficiency was assessed by comparing the reaction rate with the theoretical
collision rate). We attribute the low efficiency to the lack of a permanent dipole moment on the AIO,™ ion.

_0- k=3x 1011 cm?mlc!sec’! /OH .
O0=A1-0- + H H »  HO-Al Reaction 3
2% efficient \

O_
m/z 77

The product AIO3H,™ underwent a sequential reaction with water (Reaction 4), which was
substantially more efficient. This result correlated with the presence of a dipole moment in the AIOsH,",
while the relative thermodynamics of both water addition reactions were apparently unrelated. Ab initio
modeling shows that both reactions were approximately 63-kcal mol™! exothermic, and required minimal
activation energy.

OH
OH _O- k=4x 10"10 cm3mlc-lsec!
HO-Al + H H -  HOu 7 Reaction 4
o 30% efficient uo! Non
m/z 77 m/z 95

For comparison, we studied the reactivity of the aluminate dimer Al,O4H". This ion has a
substantially larger dipole moment compared with the monomeric aluminate ions, and was found to be
100% efficient in its reaction with water, producing Al,OsH;™ (Reaction 5).

_0 _0< k=2x109 cm3mlclsec!  HO, O
-0O-Al Al-OH + H H - Al Al-OH Reaction 5
N 7
0 100% efficient Ho” o~

m/z 119 m/z 137
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The product ion Al,OsH;™ will also undergo an efficient hydration reaction to produce Al,OgHs".

Silicate + H>O. Three monomeric silicate oxyanions are generated in the SIMS analysis of silica,
Si0,", SiO57, and SiOsH". Like aluminate, silicate sites represent potential reactive moieties on mineral
surfaces. When these ions were formed in the IT-SIMS and allowed to react with H,O, their rates of
reaction were generally much slower than the rates observed with aluminate oxyanions. SiO, would react
with H,O, but only very slowly. The rate constant for the hydroxyl radical abstraction was 5 x 10-13 ¢cm3
mlc’! sec”], or only 0.03% of the collision constant (Reaction 6). The resulting product ion SiO3H™ reacts
10 times faster than SiO,", but it is still slow by gas-phase ion molecule standards (Reaction 7). The
reaction pathway results in H,O addition to SiO;H", instead of the OH radical abstraction observed in the
reaction of SiO,” + H,O. Oligomeric silicate ions tend to be very low abundance, but the Si;OsH" could
be isolated and reacted with H,O. The ion adds H,O, at nearly 50% efficiency. As in the case of the
aluminates, more complicated structures clearly facilitate reaction with H,O, and at the present time
correlation with ion dipole moment remains the best explanation.

HO

0o k=5x 1013 cm’mlctsec! \
0=Si=0 “+ H H - Si—O-+ H- Reaction 6
0.03% efficient O//
m/z 60 m/z 77
H
HO N 0 k=5x 1012 cm3mlc-lsec! O\
Si—-O-+ H~ "H > W Si—O" Reaction 7
4 0.3% efficient HO™
O HO
m/z 77 m/z 95

Reactions with H,S. Uncertainty in the elemental composition of aluminosilicate oligomers led to
research into the reactivity of H,S with aluminate and silicate. The ongoing problem is that the assignment
of precise elemental compositions for the oligomeric ions Al SiOpynyH(m-1)” derived from clays and
zeolites is an open question. For example, for Al;,Si,,05(p+n)Hm.1y 2H2O, where (m+n) =3, the
elemental compositions listed in Table 1 are possibilities.

Table 1. Isobaric compositions for the Al Si,Oyniny+2Hm+3) ion observed at m/z 155.

Al Si_ 0 H

2(m+n)+2 (m+3)
3 0 8 6
2 1 8 5
1 2 8 4
0 3 8 3
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Since the number of H atoms is variable, unequivocal identification might be achievable by
performing H/D exchange in the gas phase. This experiment assumes that the H’s are exchangeable and
that the rates will be fast enough to permit quantitative shifting of the ions to higher mass. In this manner,
the number of H and, consequently, the elemental composition could be assigned.

Using D,0 as an exchange agent, we observed shifting of the adduct ions to higher mass, but the
results were not consistent with a single composition, nor with quantitative H/D exchange. For example,
after exchanging m/z 155 (Al SiyOppin)H(m-1) 72H,0), the most abundant ion was observed at m/z 158,
indicating three exchangeable H atoms, and an AlSi5 composition (see Table 1). However, we also
observed an abundant m/z 159, consistent with four exchangeable H and an Al;Si, composition. By itself,
this is not an ambiguous experiment, except for the fact that ions were observed at m/z 156 and 157, which
can only occur as a result of incomplete H/D exchange. We concluded that certainly the Al;Si, was
present, and that the Al,Si; was also likely, but a more definitive conclusion was not possible based on
these data. The H/D exchange rates were too slow, and for this reason, we employed D,S as a gaseous
reagent.

D,S is substantially more acidic than D,0O, and H/D exchange rates were expected to be more rapid.
However, when D,S was reacted with the Al and Si oxyanions, the product ions observed were principally
derived from processes other than H/D exchange. To simplify the interpretation, H,S was substituted for
D,S, and the small oxyanions were studied first. In contrast to its behavior with H,O, the radical anion
SiO," reacted rapidly with H,S by abstracting a sulfuryl radical (SH) to form SiO,SH" at m/z 93
(reaction 8). The m/z 93 goes on to react with a second H,S to form m/z 109 (reaction 9, described
below).

. _S. k=13.5x 10-10 cm3mlc-lsec! HS
0=Si-0 -+ H H - Si—O- + H Reaction 8
28% efficient O//

m/z 60 m/z 93

HS \ _s. k=0.9 x 1019 cm3mlc-lsec! HS _O-
Si-O-+ H H L Si-O+ H H Reaction 9
Y4 8% efficient 4
O S
m/z 93 m/z 109

The reaction of SiO,” + H,S offers a good vehicle for describing how the ion molecule reactivity
studies are conducted. Initially, SiO," is sputtered from the silica surface, and is isolated using the filtered
noise field capability of the IT-SIMS, which results in a spectrum dominated by SiO," (m/z 60, Figure 9a).
The reaction time may be varied, during which primary (m/z 93) and sequential (m/2109) reaction products
appear (Figures 9b, ¢). The disappearance of the initial reactant ion SiO," is described by a single
exponential decay, indicating pseudo first-order kinetics (see Figure 10). Dividing the slope by the [H,S]
results in a direct measurement of the rate constant, which for SiO,” + H,S was measured at 3.5 x 10710
cm3 mlc’! sec’l, or 28% efficient compared to the collision constant. The rate constant for the
consecutive reaction (see below) SiO,SH™ + H,S could then be calculated using consecutive reaction
modeling, in which two consecutive pseudo first-order reactions are assumed, and the rate constant for the
second reaction (k,) is modeled using the measured value for the first reaction (k). The results of the
model are plotted, and the rate constant for the second reaction is estimated by visually fitting the model to
the data (see Figure 11).
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Figure 9. Mass spectra of SiO," (m/z 60) reacting with H,S acquired at different ion lifetimes. SiO,
was formed and isolated in the IT-SIMS using the filtered noise field. (A) Spectrum acquired 2.4
milliseconds after ion formation. Only a small fraction of m/z 60 has reacted with H,S to form m/z 93.
(B) After 97 milliseconds, most of the m/z 60 has reacted to form m/z 93, and a fraction of m/z 93 has
gone on to react to form m/z 109. (C) After 800 milliseconds, no m/z 60 exists, and almost all of the

m/z 93 has reacted to form m/z 109.
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Figure 10. Semilog plot of SiO,, in which the abundance decreases exponentially as a result of reaction

with H S with increasing time. The slope of the line corresponds to the phenomenological rate constant,
equal to the molecular rate constant multiplied by [H,S]
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After abstracting the sulfuryl radical, the resulting SiO,SH™ reacts with a second H,S to form
m/z 109, which has the composition SiOS,H" (Reaction 9). This unique reaction occurs by an S-for-O
exchange, and ion formation is accompanied by H,O elimination. The reaction is surprisingly efficient
(30%) given its complexity. The reaction is significant because it reveals the propensity with which
heteroatoms may be exchanged on a reactive mineral moiety.

SiO5” is a second radical species observed in the SIMS spectrum, and its reaction with H,S is similar
to that of SiO," in that it initially abstracts a radical, followed by S-for-O exchange. However, the
molecule does not want additional covalent coordination, and efficiently abstracts an H radical (instead of
a sulfuryl), forming SiO3H™ (Reaction 10). Once formed, the even electron SiO3H  reacts consecutively
with two additional H,S to sequentially form SiO,SH™ (Reaction 11) and SiOS,H™ (Reaction 9), expelling
water in each step.

Y \ S k=3.6x 1010 cm’mlclsecr! 1O \
Si-0+ H”~ TH > Si—O" + SH Reaction 10
O// 29% efficient O//
m/z 76
HO \ S k=45x 1010 em3mlclsect  HS \ 0
Si-0-+ H ™ TH - Si-0-+H~ H Reaction 11
O// 37% efficient O//
m/z 77 m/z 93

Since SiO3H" is produced directly from the bombardment of silica, the reaction of this ion with
H,S could be studied directly. The behavior of the ion was identical to that of the ion formed from the
reaction of SiO3". It participated in two consecutive S-for-O exchanges, with rate constants that were in
good agreement with the earlier measurements.

Aluminate + H,S. The reactivity of AIO,™ constituted an interesting comparison with SiO,", because
AlO," is an even electron ion. This may explain the difference in reactivity observed. AlO, does not
abstract radicals, but instead undergoes two sequential S-for-O exchanges, forming AIOS™ and AIS,” and
expelling H,O at each step (Reactions 12 and 13). The reactions are highly efficient in view of the fact
that the mechanism is necessarily complicated. In contrast to the reactivity of AIO,” with H,O, there is
no tendency to become more highly coordinated.

_S< k=7.3x 1010 cm3mlc-!sec! _O-
0=A1-0" + H H - S=A1-O" + H H Reaction 12
50% efficient
m/z 59 m/z 75

_So k=3.9x 10-10 cm3mlc-lsec! _O-
S=Al-0" + H H > S=Al-S- + H H Reaction 13
30% efficient
m/z 75 m/z 91
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Higher Oligomers. H,S reactivity studies were initiated with oligomeric aluminate, silicate, and
aluminosilicate ions. These preliminary studies clearly show the occurrence of S-for-O switching, but
rigorous identification of reaction pathways and kinetics was hindered by fast reactions with residual
water. Pursuit of these experiments should be undertaken, because S-for-O switching does not appear to
be exhaustive, and the exchange reaction may contain information regarding the chemical environment of
the exchangeable O atoms in the oxyanions.

Transition Metal Reactivity Studies. Preliminary studies of the reactivity of FeO3™ and CrO5” with
H,O and H,S were initiated and indicate that reactivity with H,O is negligible for both ions. Reaction
with H,S did not occur with CrO5". We observed ions indicating S-for-O switching in the reaction of H,S
with FeO3’, but these were low abundance compared with the product ions resulting from reaction with
HNOj that was residual in the ion trap. The HNOjs likely arose from the ferric nitrate nonahydrate salt
used as a target for generating FeO3™. While the results were obfuscatory with regard to iron oxide
reactivity with H,S, they show the breadth of the technique for studying reactivity across an incredibly
broad range of ions and neutral molecules.

Summary of Reactivity Investigations. Combining the results of aluminate and silicate reactivity
studies enables several generalizations, which suggest that secondary ion reactivity can be predicted.

1. Al and Si oxyanions react with multiple H,O molecules in a covalent fashion, which is
consistent with the fact that under-coordinated Al/Si on surfaces is reactive.

2. The reactivity of monomeric oxyanions is dramatically lower than the reactivity of oligomeric
oxyanions, which may be attributable to the existence of significant, permanent dipoles in the
oligomeric oxyanions. The least reactive ions are AlO,", SiO,", and SiO5", which have no
dipole moment. Similarly, initial reactions with FeO5;™ and CrO5” show little or no reactivity
with water.

3. H,S is clearly more reactive with the monomeric oxyanions than is H,O; however, the
oligomeric oxyanions are at least as, if not more, reactive with H,O than they are with H,S.

4. There is a clear difference in reaction path between radical, and even-electron oxyanions.
The radical oxyanions initially react by radical abstraction, forming an even-electron
oxyanion. The even-electron oxyanions react either by condensation (in the case of H,O) or
by S-for-O substitution (in the case of H,S).

5. In the gas-phase environment of the ion trap, Al and Si will tetrahedrally coordinate when
reacting with H,O, but will achieve (at most) trigonal coordination when reacting with H,S.

ACCOMPLISHMENTS

This project focused on developing advanced approaches for probing structure and reactivity at the
top monolayer of real-world samples. The project had two thrusts: development of a unique, scanning LD-
FTMS, and development of applications using state-of-the-art IT-SIMS instrumentation previously
developed at the INEEL.

These projects targeted the challenging problems of identifying metal, specifically radionuclide,
speciation on real-world surfaces. Surface was emphasized because the processes that dictate
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contaminant fate and transport occur in this realm. Characterization has historically been difficult because
of complex contaminant and mineral chemistry, low surface concentrations, and insensitive or nonspecific
analytical approaches.

Research on the LD-FTMS task resulted in design and fabrication of an instrument capable of
desorbing ions from the mineral surface, using a range of wavelengths and power densities. This allows
control over the relative amount of atomic versus molecular information generated. The most outstanding
achievement, however, is the invention of a laser scanning system that does not require the target to be
moved while within the high field of the FTMS magnet. This enables generation of spatially resolved mass
spectra from complex, heterogeneous samples typical of those encountered in subsurface environmental or
waste characterization activities.

Following laser desorption, the ions are trapped in a high-performance FTMS, capable of high-
resolution, accurate mass measurement for elemental composition assignment, at high mass (= 10,000).
The instrument is also capable of performing a broad suite of ion-molecule reactions (including
fragmentation and condensation), and sophisticated nondestructive ion remeasurement.

We expect this instrument to make significant contributions to understanding radionuclide speciation,
including attachment to microbially derived ligands, microbe identification, and metal transformations
occurring on surfaces.

The IT-SIMS research of mineral oxides contributed significant understanding of ion generation and
ion reactivity behavior critical for instrument control and data acquisition. The research resulted in
spectral information needed to identify ion exchangeable and surface precipitated metals, intrinsic
hydration reactions, and a novel heteroatom exchange mechanism. These behavioral attributes and
chemistries are critical for recognizing the spectral signature of nitrates, aluminates, silicates,
aluminosilicates, ferrates, and halides. The results show that the IT-SIMS can be applied to a broad suite
of environmental and waste sample types.

Remaining challenges include demonstrating the LD-FTMS for characterizing heterogeneous mineral
and microbially modified surfaces with elemental composition assignment. Similarly, the IT-SIMS must be
demonstrated for microbially modified surfaces, and for carbonate-bound metals. Further correlation must
be established between surface species and gas-phase species sputtered from the sample surface.

Certainly, the level of complexity in these tasks is high, but the approaches offer potential for
significant value over the life of DOE and INEEL remediation and stewardship activities. This value will
be realized through vastly improved surface characterization, leading to augmented understanding of the
structure and reactivity at the top monolayer.
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Chemical and Biological Reactions
at Environmental Surfaces

William F. Bauer, George D. Redden, Joni M. Barnes

SUMMARY

Interpreting contaminant transport, natural attenuation, or active remediation in subsurface
environments relies heavily upon the ability to correlate chemical speciation to mobility and
bioavailability. Mobility and bioavailability can change in response to variations in chemical or in
physical parameters. Surface chemistry plays a central role in this process, because contaminants are in
constant contact with mineral surfaces in the subsurface environment. The work described here has been
continued from FY 1999 and is designed to address factors that may affect chemical speciation and
interactions at mineral surfaces. Our accomplishments have included (a) work to identify and
characterize extracellular compounds produced by the iron reducing bacterium Shewanella putrefaciens,
(b) a study of how microbes interact with mineral surfaces and how surface mineralogical heterogeneities
may affect these interactions and the distribution of microbes on mineral surfaces, (c) evaluation of a
technique with the potential to probe the interface between surface adhered microbes and the surface, (d)
a study on the interaction of “model extracellular compounds” on surface complexation of uranyl ions,
and (e) a statistical evaluation of the mass action expression for multidentate surface complexation.
Some specific accomplishments and conclusions are (a) determination that the iron-reducing bacteria
Shewanella putrefaciens selectively seeks out iron oxide surfaces under anaerobic conditions, (b)
isolation of surface adhering and nonadhering strains of Shewanella putrefaciens, (c) demonstration of a
technique using fluorescent probes with excitation via attenuated total reflectance to probe mineral-
bacteria interfacial zones, (d) completion of a study concerning the surface complexation in a citrate-
uranyl-goethite system, and (e) simulations performed to evaluate the appropriateness of the mass action
expression commonly used to describe surface complexation.

PROJECT DESCRIPTION

Introduction

Evaluating and interpreting empirical and modeled data concerning contaminant transport, natural
attenuation, or active remediation in subsurface environments relies upon the ability to correlate chemical
speciation to contaminant mobility and bioavailability. Both can change in response to variations in
chemical (pH, ionic strength, co-contaminants, CO,, chelators, etc.) or physical (temperature, flow)
parameters. Surface chemistry also plays a large role in this process, since contaminants are in constant
contact with mineral surfaces in the subsurface environment. A more thorough knowledge of chemical
speciation and surface chemical interactions is necessary to correlate chemical speciation to mobility and
bioavailability.

Many microbial species produce iron-sequestering compounds known as siderophores. These
primarily consist of hydroxamates and catechols that are expected to play a significant role in
environmental surface chemistry, since their function is to make iron from highly insoluble iron oxides
available for metabolic processes. These compounds will also affect contaminant transport by either
mobilizing or immobilizing the contaminant via complexation chemistry.
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Iron reducing bacteria also produce enzymes (e.g., cytochromes) that can reduce Fe(Ill)
sequestered by a siderophore in solution or facilitate electron transport directly at a mineral surface
containing Fe(IIl). The reducing enzymes tend to be found in cell membranes, but preliminary work in
our laboratory indicates that they might also be found extracellularly at low concentrations.

The surface chemistry associated with these extracellular chemicals and the bacteria that produce
them is largely unknown. Surface complexation models have been developed to describe the
macroscopic partitioning of inorganic species (such as heavy metal ions) on mineral or organic substrates.
These models are very successful at simulating experimental data but are poorly constrained, as there are
a large number of unverified or unverifiable parameters. One particular problem involves the mass action
expression for surface reactions that involve more than one reactive surface site. Surface complexation
models were originally formulated under the assumption that surface reactions can be represented as
analogous to the thermodynamic description of the chemical stoichiometry in homogeneous solutions.
However, reactive surface sites are fixed in space, and their geometric distribution depends on the solid
matrix. It is inappropriate to use the same stoichiometric coefficients to express surface reactions
involving multiple surface sites.

The work described here has been continued from FY 1999 and has included (a) work to identify
and characterize extracellular compounds produced by the iron reducing bacterium Shewanella
putrefaciens, (b) a study of how microbes interact with mineral surfaces and how surface mineralogical
heterogeneities may affect these interactions and the distribution of microbes on mineral surfaces,

(c) evaluation of a technique with the potential to probe the interface between surface adhered microbes
and the surface, (d) a study on the interaction of “model extracellular compounds” on surface
complexation of uranyl ions, and (e) a statistical evaluation of the mass action expression for
multidentatesurface complexation.

Microbial Interactions with Mineral Surfaces

Extracellular Compounds

Microbial activity can affect the mobility of contaminants in the subsurface by direct or secondary
interactions. Secondary interactions may be the result of extracellular compounds produced by microbes.
Extracellular compounds can affect the chemical speciation of contaminants in the subsurface through
either redox chemistry, complexation, or competition for binding sites. During FY 1999, work in our
laboratory indicated the presence of multiple extracellular compounds produced by the dissimulatory
iron-reducing bacterium Shewanella putrefaciens. These compounds included siderophores and, possibly,
as many as two extracellular reductases in the form of cytochromes. The two different cytochromes may
have been produced in response to different growth conditions. While siderophores are commonly
reported, extracellular reductases have not been routinely reported in the literature. During FY 2000,
experiments were conducted to verify the presence and identity of extracellular siderophores and
reductases. Although other researchers have examined the effect of respiratory substrate on the
cytochrome content of Shewanella putrefaciens, only soluble or limited kinds of electron acceptors have
been typically used and usually a single cytochrome identified.!* The cytochrome identified has been
reported with a wide range of different molecular weights. In addition, the effect of available electron
acceptors on the production of extracellular reductases has not been reported.

Work was conducted to verify the presence of extracellular reductases and siderophores that were

observed previously and to assess the effects of growth conditions on their production. For each
extracellar compound detected, the goal was to determine if its production was in response to a particular
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condition such as contact with an iron oxide surface. In the experiment, Shewanella putrefaciens was
cultured in M-1 medium containing lactate as a carbon and energy source and either oxygen, nitrate,
ferric EDTA (ethylene-diamine-tetraacetic acid), ferric oxide, or manganese oxide as electron acceptors.
Cells were grown aerobically, anaerobically, or shifted from aerobic to anaerobic conditions. An increase
in cell numbers and significant use of the terminal electron acceptor was used as criteria for growth.

Over the course of the experiment, growth medium was collected from each of the cultures filtered and
lyophilized. The microbes were found to grow better and more consistently on the natural hematite
(Wards Scientific) than with synthetic iron oxide (Fisher Scientific). Figure 1 is a photoacoustic-infrared
spectrum of the synthetic iron oxide and the natural hematite. Natural hematite contains silicates and
several forms of iron oxide, and this complexity is reflected by the spectrum. The lyophilized samples
from these experiments are to be analyzed by electrospray ionization mass spectrometry (ESI-MS) and by
high-pressure liquid chromatography (HPLC), and possibly HPLC coupled with ESI-MS if the
preliminary data is promising. The ESI-MS instrument finally became available for use in August of this
year and we have begun preliminary examination of these samples. The ESI-MS and HPLC analyses will
be completed in September of this year.

During program review at the end of FY 1999, the suggestion was made to use a “more
environmentally relevant” iron-reducing bacterium in these sets of experiments. Therefore, a culture of
Geobacter metallireducens was purchased from the American Type Culture Collections (ATCC 53774)
with the intent of including this microbe in the above described experiments for comparison. Although
growth of this organism did occur, at least two other facultative organisms grew as well. Our efforts to
isolate the Geobacter metallireducens using plating techniques was unsuccessful. A second culture was
ordered from Deutche Sammlung von Mikroorganismen und Zellkulturen (DSMZ) in Braunschweig,

Natural hematite - "red ochre" from Wards _
o [
(@]
[
@©
2
o
(2]
o]
< |-
B Reagent grade Fe;O3
| | | | |
650 1150 1650 2150 2650 3150 3650

Wavenumber (cm-1) GCO00 0544

Figure 1. PAS infrared spectra of hematite and reagent grade Fe O..
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Germany. DSMZ is preparing a live culture and verifying the purity. This culture has not yet been
received at the INEEL.

The ultimate research goal is to examine the interaction of bacterial siderophores and iron reducing
enzymes with mineral surfaces. A study was conducted to demonstrate the effect of extracellular
compounds on the growth of dissimulatory iron-reducing bacteria. A culture of Shewanella putrefaciens
was grown anaerobically to late log phase in M-1 medium containing natural hematite ground to <38 pm.
The growth medium was then harvested by filtration and lyophilized to concentrate extracellular
compounds. Anaerobic growth and iron reduction of Shewanella putrefaciens in M-1 was then compared
to that in M-1 amended with the lyophilate. Cells grown in the presence of ferrous iron and abiotic
controls were included in the study. Samples, which were collected over a 23-day period, were analyzed
for cell numbers, total iron, ferrous iron, and lactate. The results of this experiment are shown in
Figure 2. Growth rates for the lyophilate amended medium were initially as much as five times that of
the simple medium. This growth rate difference decreased to only about a factor of two by day 10 of the
experiment. The enhanced growth rate results from the presence of extracellular compounds, most likely
siderophores already present in the amended medium. The microbes in the amended medium derived
immediate benefit from the chelating properties of these compounds, which delivered complexed Fe(I1l)
for use in their respiration. This experiment demonstrated the potential effect that microbially produced
compounds may have on the bioavailability of nutrients.

Surface Colonization by Iron-Reducing Bacteria

Experiments in FY 1999 using atomic force microscopy demonstrated that Shewanella putrefaciens
tends to populate the surface in tightly packed colony-like groupings firmly associated with a hematite
surface. These colony-like groupings make sense from the standpoint of the bacteria, because the tight
grouping is much more likely to yield a return on the energy investment of producing extracellular
compounds. The close association of the microbes with the hematite surface is interesting, since it is not
clear whether direct association with the mineral surface is a requirement.*®* To determine whether the
observed colonies originate from adhered bacteria or whether the microbes in suspension preferentially
attach in clusters, a series of experiments were designed to allow the observation of the development of
these groupings. The experiments were also designed to determine if the bacteria selectively colonize
Fe(IIl) mineral surfaces.

For these experiments, a continuous flow anaerobic bioreactor and laminar flow cell containing
four different mineral surfaces—silica, labradorite, augite, and hematite—were used. The surface of each
mineral was indexed to allow tracking of colony development over time. At select time periods, the flow
cell was removed from the continuous flow bioreacter, the flow cell flushed to remove non-adhering cells,
the remaining cells stained with the fluorescent nucleic acid stain, 4P-diamidine-2-phenyl indole (DAPI),
and images collected at the indexed points on each of the minerals. DAPI was selected because it was
reported to have the least effect on the viability of the microbes of any of the common dyes. Initially, the
continuous flow bioreacter was charged with 108 cells/mL and one or more solid hematite pellets or
powdered natural hematite <38 um in diameter.
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Figure 2. Influence of extracellular compounds in a lyphillate from a previous culture on the growth
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The results from the initial experiments were ambiguous, for a number of reasons. The initial high
cell density of 108 cells/mL was selected to ensure that enough cells would be available for colonization
in a reasonable time. But this was found to be too many cells, and washing out of any nonadhering cells
was extremely difficult. The difficulty in removing the nonadhering cells was exacerbated by the surface
potential of the coverslip, which had nearly as many loosely associated cells as the mineral surfaces. The
coverslip was silanized for subsequent experiments. Because only the supernatant from the bioreacter
was passed through the flow cell containing minerals, nonadhering bacteria were likely being selected,
because we had now recreated a continuous flow version of the Caccavo experiment in which strains of
surface adhesive and surface nonadhesive Shewanella alga were isolated.* Even with these problems,
some strongly surface-associated cell groupings were observed; however, they faded with time and
became unobservable. It is likely that these cells died after repeated doses of the DAPI.

Currently, colonization studies are being repeated using a new stock culture of Shewanella
putrefaciens. Originally, the culture was obtained from the American Type Culture Collection (ATCC).
When we received it in the laboratory, it was grown in nutrient broth and split. One portion was used for
experimental work and frozen, the other kept for future use. The rational for using the stored cells as the
inoculum for the experiment was to remove the possibility that the routine anaerobic culture conditions
being used to grow and maintain the bacteria were selecting cells that were adhesion deficient.

Starting with a low cell density (10° cells/mL) in the bioreactor reservoir and allowing the minerals
in the flow cell to be the only source of ferric iron in the system appears to provide favorable operating
conditions for selective adhesion of iron-reducing bacteria. The inoculum for the bioreactor was from a
culture of Shewanella putrefaciens grown aerobically to log phase and then used to inoculate the
bioreactor reservoir, which contained 50 mL of anaerobic M-1. The diluted culture (2.4 x 10 °cells/mL)
was then pumped through the flow cell at a rate of 4 mL/hr. The cell is tilted so that the medium first
passes over the silica and then up at about a 75-degree angle over the labradorite, augite, and hematite,
respectively, before returning to the bioreactor reservoir. After 3 days of operation, the cells were
exposed to a fluorescent nucleic acid stain (DAPI) and then viewed microscopically. Cell numbers on the
surface of each mineral were counted in 10 randomly selected fields. Staining and viewing of the cells
was repeated on day 6 and day 11. Table 1 shows the initial results of these cell counts. The cells are
definitely selecting for the hematite and against the other minerals. On day six, the overall count dropped
significantly, and several obviously flagellated bacteria were noted. The drop in cell numbers and
presence of the swimming bacteria are most likely associated with changes in the population dynamics
associated with the abrupt change from aerobic to anaerobic conditions and the limited source of terminal
electron acceptors. Some of the microbes appear to be firmly adhered, others only loosely bound. The
loosely bound cells may be electrostatically adhered. Based upon surface charge, silica should have a
negative surface, while the hematite a positive surface.” Augite and laboradorite are expected to have
surface charges close to neutral at neutral pH.? Based upon the observations in Table 1 and the concept of
electostatic adhesion, it therefore appears that this particular labradorite has a slightly more positive
surface than the augite.

The inability to visualize cells over time due to fading and toxicity of DAPI remains a problem. In
an effort to circumvent this problem, we are considering an experiment in which multiple flow cells will
be operated concomitantly and one flow cell is removed at each of the predetermined intervals for cell
imaging and counting.
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Table 1. Cell counts in average number of cells per field on the minerals in continuous flow cell.

Average Number of Cells in 10 Fields (SD)

Mineral Day 3 Day 6 Day 11
Hematite 60 (13.94) 28 (6.64) 78 (29.04)
Augite 3 (2.21) 7 (1.47) 10 (8.89)
Labradorite 6 (3.91) 10 (3.72) 21 (7.40)
Silica 7 (9.83) 6 (4.23) 7 (3.01)

Strain Selection

During the initial experiments with the flow cell, it became apparent that we may have been
selecting for a nonsurface-adhering strain of the bacterium Shewanella putrefaciens. Previously, it had
been demonstrated that such a selection could occur for Shewanella alga.* To verify that this is possible
with Shewanella putrefaciens under strict anaerobic conditions, we initiated an experiment to isolate a
nonsurface-adhering strain of this microbe.

To isolate the surface adhering and nonadhering strains of Shewanella putrefaciens, cells are
grown under anaerobic conditions in mineral salts medium (M-1) containing lactate and natural hematite.
Selection of nonadhering cells involves removing the liquid from the culture, centrifuging it at a low speed
to remove any iron oxide particles, and then using the supernatant to inoculate fresh growth medium
containing new natural hematite. To select for cells that specifically adhere to the iron oxide, the mineral
particles are allowed to settle out of solution and an aliquot of the solids is then transferred into fresh
medium containing hew hematite. Subculturing is done every 7 to 10 days, and cell numbers and iron
reduction are monitored.

Cell numbers are determined using the following technique. Prior to mixing, a liquid sample is
removed from each culture. The culture is then mixed and a sample of the hematite slurry is removed. To
determine the number of non-adhering cells present in each culture the liquid sample is centrifuged at a
low speed (100 x g, 2 minutes) and an aliquot (100 pL) of the supernatant mixed with acridine orange.
After staining, the cells are collected onto a polycarbonate (PC) membrane and then counted using
epifluorescent microscopy. The total number of cells in each culture is determined after the cells are
dislodged from the surface of the mineral particles. The protocol involves adding an aliquot (100 puL) of
the hematite slurry sample to an aqueous mixture of acridine orange (100 pLg/mL), glutaraldehyde (1%),
and Tween 80 (0.01%). The diluted slurry is then sonicated in a Branson Ultrasonic Cleaner for 30
minutes followed by low speed centrifugation (100 x g, 2 minutes). The supernatant is collected onto a PC
membrane and the cells counted. The number of adhered cells is calculated by taking the difference
between the total cell number and the number of nonadhering cells.

Table 2 shows the results of this work to date. After 4-5 cycles, it appears that only ~70 % of the
cells originating from the cultures initiated with the supernatant are attached to the iron oxide. This is
roughly comparable to the results of Caccavo after this many cycles.* In cultures inoculated with
microbes attached to iron oxides, >90% of all bacteria are attached to the mineral phase. This result
confirms the earlier suspicions that selection for nonsurface-adhering microbes can occur unwittingly in
laboratory experiments.
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Table 2. Selection of surface-adhering and nonsurface-adhering strains of Shewanella putrefaciens
under anaerobic conditions.

Nonsurface-Adhering Strain

cells/mL
Cycle total Unattached attached % attached
4 2.00E+06 6.52E+05 1.35E+06 67
5 4.00E+06 1.00E+06 3.00E+06 75

Surface-Adhering Strain

cells/mL
Cycle total Unattached attached % attached
4 4.03E+07 3.16E+06 3.71E+07 92
5 4.20E+07 3.70E+06 3.83E+07 91

Caccavo* attributed the surface adhesion properties of the surface adhering and nonsurface-
adhering strains of Shewanella alga to the relative hydrophobicity of the microbial surfaces of his
isolates. The surface of the iron oxide adhering bacteria was determined to have a more protein-like
surface, while the nonadhering strain was more polysaccharide-like. More recent work indicates that
there may be specific proteins on the bacterial surface that bind specifically to the iron oxide surface.'® A
brief experiment was initiated to determine whether infrared spectroscopy could detect the microbes on a
powdered hematite surface and subsequently determine whether the microbes had more protein-like or
polysaccharide-like surfaces. Photoacoustic infrared spectroscopy was selected because it is relatively
sensitive for detecting surface and interfacial chemical properties!!"’* and because changes in the amide I,
I1, and III bands relative to the bands generally associated with carbohydrates in the 1200-1000 cm'!
region should give a clear indication of the protein versus polysaccharide nature of the cell.

Shewanella putrefaciens was grown in M-1 containing lactate and natural hematite that had been
crushed and sized to <38 pm. Cells were grown under both aerobic and anaerobic conditions, and
cultures were set up in triplicate. On a daily basis, three aliquots (0.5 mL) of the slurried hematite were
taken from each culture and allowed the solids to settle out over a 2-hr period. The liquid was then
pipetted off and analyzed for total iron. To remove residual growth medium, the solids were resuspended
in water, centrifuged, and the liquid decanted. The solids were washed a second time using the same
technique and then lyophilized. Infrared spectra were collected using a BioRad FTS 65 FTIR equipped
with a MTEC Model 300 Photacoustic Cell (MTEC Photoacoustic, Inc., Ames [A). Each spectrum was
the result of 256 coadded scans at a sampling rate of 2.5 kHz. The resulting single-beam spectra were
ratioed to a single-beam spectrum of carbon black to obtain an absorbance spectrum.

Visual examination of the spectra of unexposed hematite, the hematite exposed to the M-1 medium,
and hematite exposed to the inoculated M-1 medium for various lengths of time under aerobic and
anaerobic conditions, failed to identify any unique features. The data set consisting of 129 spectra were
then submitted to a factor analysis (i.e., principal components analysis, PCA). The factor analysis
generally indicated that >99% of the variance was contained in the first factor. The only major, clearly
distinguished group identified from the score plots was the hematite that had not been exposed to any
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medium. The exposure of the hematite to the medium obviously changed the surfaces of the hematite as
more FeOOH species were present. No obvious effects of the microbes could be observed in the spectra.
However, one of the statistically significant factors (factor 5) closely matched the spectrum of Shewanella
putrefaciens (see Figure 3). This factor accounted for much less than 0.1% of the total variance in the
data set. Microscopic examination of the hematite particles generally indicates that they are nearly
completely covered with the microbes. It is not known why they were not clearly identified by this
technique. One possibility is that the surface of the microbes became completely coated with an iron
oxide precipitate, as suggested by the work of Ferris.'*'¢ However, sampling depths by this technique
should be several microns. A faster sampling rate may decrease the significance of the bulk material in
the spectrum and enhance the spectral signature of the surface microbes.

PCA Factor 5
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Figure 3. Photoacoustic infrared spectrum of Shewanella putrefaciens and PCA factor 5 from analysis
of natural hematite exposed to Shewanella putrefaciens.

Probing Interfacial Regions with Attenuated Total Reflectance

One of the lingering questions concerning microbial interactions with mineral surfaces is what are
the chemical conditions in the interfacial zone between the microbe or biofilm and the mineral. It is
extremely difficult to directly probe this interfacial zone using common spectroscopic techniques, since
they are designed to either measure bulk sample properties or are affected by the bulk sample properties.
During the program review at the end of FY 1999, the suggestion was offered that attenuated total
reflectance (ATR) techniques may be useful in probing the interfacial zones with certain chemical probes,
provided that a sufficiently thin, optically transparent film could be deposited on the ATR element. Since
we were ultimately interested in determining such chemical properties as pH and potential, for which
there are fluorescent probes available, we attempted to detect fluorescence excited with an evanescent
wave. Figure 4 is a schematic of the proposed experiment showing an optical fiber from which the
cladding has been removed. The exposed fiber is coated with a thin layer of iron oxide that is then
exposed to microbes, which will adhere to the iron oxide film. The system is then exposed to the
fluorescent chemical
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Figure 4. Schematic of an experiment to illuminate the interfacial zone between an iron oxide surface
and an adhered microbe by attenuated total reflectance using an iron-oxide-coated optical fiber as the
ATR element.

GCO00 0547

probe, which is excited by light passing through the fiber. With a silica fiber and an iron oxide film, we
determined that the evanescent wave should penetrate to a depth sufficient to probe the interface between
the microbe and the surface and through the cell wall.

Attenuated total reflectance-based materials were prepared for the surface selective excitation of
fluorescent probes at FeOOH interfaces. In order to make these materials, it was necessary to prepare
FeOOH thin films on silica optical fibers. Polymer-clad optical fibers were obtained from a commercial
vendor and removed the polymer cladding from the end portion of the fiber. The exposed silica core was
then cleaned using a series of separate chemicals. It was first washed with acetone, then followed by
treatments to 30% H_O,, then NaOH, and finally water. FeOOH films were then prepared on the silica
fiber using three different solution deposition methods reported in the literiture.>®'” In the first method,
the fiber was placed in a solution of FeCl, (0.1 M) with NaCI (0.05 M), and the pH was adjusted to the
range of 6-7 using NaOH. The fiber was left in the solution for up to 2 days, after which the fiber was
removed, rinsed with water, and dried. In the second method, the fiber was suspended in a 0.1-M solution
of FeSO, and 1 drop of 30% H,O, was added. After about 24 hours, the fiber was removed, rinsed with
water, and allowed to dry. In the third method, FeCl, solution was mixed with NH ,OH, and the FeOOH
precipitate was washed with water. The wet FeOOH was then dissolved in 1.0 M NH,FeHF, mixed with
an equal portion of 0.5 M H,BO, and allowed to sit at 30°C for 20 hours. The fiber was then rinsed and

allowed to dry.

The films prepared using all three methods were thin and irregular. The fiber preparation
conditions, such as the solvent, length of time the fiber was soaked, the temperature, and the
concentration of the NaOH solution, were varied with little or no effect. Thicker films were also prepared
by repeating the coating process; however, in no case were uniform films obtained.

Even though uniform coatings were not obtained, some fibers were exposed to fluorescing
solutions and microbes subsequently stained with a fluorescent dye to confirm the feasibility of the
technique. Fluorescence microscopic imaging of microbes stained with acridine orange (AO) on the
FeOOH films were obtained using evanescent wave excitation. The fluorescence emission intensity was
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weak, requiring the use of long integration times and image averaging. The fluorescence emission
intensity is low due to the small number of molecules excited at the interface and poor optical coupling of
the excitation light to the interface. The top image in Figure 5 shows a representative epifluorescent
image of the microbes on the surface of the iron-oxide-coated fiber. The bottom image in Figure 5 shows
a portion of the same surface from the bottom up, because it was excited by the evanescent wave created
by a 488-nm Ar" laser beam passing through the fiber. Cells and portions of cells can be discerned in the
evanescent-wave-excited image demonstrating that the technique may be useful. In an attempt to acquire
more useful data, film preparation conditions were varied in hope of getting more uniform films and thus
obtain better coupling of the excitation light to the FeOOH/aqueous interface. As implied above, these
efforts were largely unsuccessful. Other film preparation techniques, such as chemical vapor deposition
or FeOOH doped sol-gel coatings, may be more suitable for preparing uniform coatings with good optical
coupling characteristics. Increasing the sensitivity of the image acquisition system would also be highly
desirable and would allow imaging at much lower fluorescence emission intensities.

We will expand the software program developed for this project in the future to allow greater
flexibility in the physical and chemical characteristics of adsorbing species and the hypothetical surface.

Epifluorescence image

Image when illuminated by 488 nm
Ar* laser through the fiber

Figure 5. Epifluorescence microscope image (top) of acridine orange stained Shewanella putrefaciens
on iron-oxide-coated optical fiber, the highlighted area illuminated only by the 488-nm line of an Ar*
laser being transmitted by the fiber.



Complexation at Mineral Surfaces
Ligand-Metal Interactions at Mineral Surfaces

Natural and anthropogenic metal chelators influence heavy metal and actinide mobility in hydrated
porous media. Two experimental projects have been conducted in an effort to determine how
polyfunctional organic ligands increase metal adsorption on mineral surfaces. The model system in this
particular study included citric acid, uranium(VI) as the uranyl ion (UO,*"), and goethite (a.-FeOOH) with
an emphasis on molecular-level details about the bonding configuration(s). This information will be used to
interpret general phenomenological observations at a macroscopic scale and to test models currently used
to describe heavy metal partitioning on mineral surfaces.

Extended x-ray absorption fine structure (EXAFS) spectroscopy was used to probe the atomic
environment of uranium(VI) in systems where uranium, as the uranyl ion (UO,*"), was adsorbed to
goethite in the presence of citrate. Analysis of the spectra includes qualitative comparison against model
systems where the uranyl coordination environment or chemical speciation is known. The analysis
involves fitting EXAFS spectra using the theoretical model and plausible neighboring atom types and
coordination geometries. Figure 6 summarizes the reduced EXAFS spectra, which shows evidence for a
bridging goethite-citrate-UO_*" surface species. The dependence on citrate concentration (and surface
coverage) is particularly interesting because a simple stoichiometric relationship between adsorbed citrate
and adsorbed uranyl is not evident. This, most likely, reflects the multidentate speciation of citrate at the
mineral surface and a species distribution that is a function of surface coverage.

Interpretation of the EXAFS spectra leads to the following conclusions. Citric acid forms a bridge
between goethite and uranyl. Coordination with uranyl involves covalent bonding, as opposed to weak
electrostatic interactions between a positive uranyl cation and deprotonated carboxyl group(s) from
citrate. The bonding appears to be bidentate and involves a single carboxylate group in a bidentate
configuration, two carboxyl moieties in monodentate configurations, or one carboxyl and the hydroxyl
group. As pH increases from 3 to 8.5, the surface speciation of uranyl changes from the ternary complex
involving citric acid to an inner-sphere complex that does not involve citrate. This occurs even though
citrate is strongly adsorbed to the goethite surface. The effect of citrate on U(VI) surface complexation is
apparent at high surface concentrations of citrate—well above a stoichiometric relationship between
citrate and U(VI). As noted above, this may reflect the changing speciation of citrate from a species that
is fully coordinated to the surface at low surface concentrations to species with free carboxyl groups
exposed to the solution phase at high surface concentrations.

These results have practical implications with respect to the mobility of uranyl in saturated porous
media, and will help in the development or evaluation of basic models that predict solid/solution
partitioning of ionic solutes at mineral interfaces. Macroscopic adsorption studies were completed in
previous years. Model simulations of the macroscopic results will continue given the constraints
provided by the spectroscopic analysis.

The EXAFS study was subsequently extended to include the metal chelator EDTA and will be
further extended to include systems with analogs to siderophores (polyhydroxamates). The experimental
part of the EDTA study (EXAFS spectra acquisition) was successful and is awaiting data reduction.
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Figure 6. Summary of reduced EXAFS spectra, showing evidence for a bridging goethite-citrate-
UO22+ surface species. The dependence on citrate concentration (and surface coverage) is also evident.
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Attenuated total reflectance Fourier transform infrared (ATR-FTIR) spectroscopy was used to
study the bonding of citric acid to goethite and determine whether uranyl influences the bonding. In this
study, FTIR is not sensitive tbo uranyl. Instead, it provides information regarding the chemical
environment of organic functional groups, including whether they are affected by complexation with
uranyl. Data analysis has not been completed, though preliminary results are consistent with those of the
EXAFS study.

An Evaluation and Critique of Modeling Multidentate Complexes on Mineral Surfaces

An issue that relates to the eventual modeling of uranyl adsorption in the presence of citrate and the
study of multidentate complexation on mineral surfaces in general concerns the mass action expression for
the adsorption reaction. Adsorption described by the Surface Complexation modeling approach draws on
analogies to chemical equilibrium in homogeneous solution. However, an unresolved problem with the
approach occurs when multiple surface sites are involved in a reaction with a single adsorbing solute. This
concerns an exponential term that normally reflects the reaction stoichiometry but is known to be
inappropriate for fixed surface sites. A simplified description of the problem is described by the following:

A surface reaction involving a single ligand (L) and multiple surface sites (S) is written as

nS+L < SpL

wheren=2,3,4....

A conventional mass action expression would be

_ [snt
]

However, since reactive sites on surfaces are fixed in space and cannot participate in multidentate
complexation with equal probability, the convention has been to set n = 1. This convention is reasonable,
but it is also based largely on intuition. If n has some other value or is a function of surface coverage, it
will not be possible to simulate multidentatecomplexation or, more importantly, develop other aspects of
surface complexation models, such as the role of electrostatic surface potentials, on the free energy of
adsorption.

A Monte Carlo simulation of multidentate surface complexation was conducted in an effort to
evaluate the mass action expression for this class of reaction. Figure 7 is an example of the progress of
the Monte Carlo simulation as surface sites are filled with tri-dentate L-shaped ligands. An average
steady-state condition is achieved within a short time (x-axis). This steady-state condition represents an
effective partitioning condition for a given equilibrium constant. Figure 8 is an example of a surface
populated by tri-dentate ligands on a regular square lattice at a particular point in time.

The results from this exercise have demonstrated that for very low surface coverage the currently
accepted practice of setting n = 1 is a reasonable approximation; however, deviations become apparent as
surface coverage increases. It is apparent that n is a complex function of surface coverage even for
idealized simulations. At this time, an analytical expression is not known; however, the implications for
modeling multidentate surface complexes are clear.
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Figure 7. Example of the progress of the Monte Carlo simulation as surface sites are filled with tri-
dentate L-shaped or quadrimeric ligands. An average steady-state condition is achieved and represents an
effective partitioning condition for a given equilibrium constant.
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Figure 8. Example of a surface populated by tri-dentate ligands on a regular square lattice.

The software program developed for this project will be expanded in the future to allow greater
flexibility in the physical and chemical characteristics of adsorbing species andthe hypothetical surface.

ACCOMPLISHMENTS

Performed studies to determine the effects of terminal electron acceptors and growth condi-
tions on the production of extracellular complexing and reducing agents by Shewanella
putrefaciens. Samples from this study are still pending analysis by HPLC and ESI-MS, and
will be completed in September of this year.

Performed studies to determine the selectivity and nature of the adhesion of Shewanella
putrefaciens to mineral surfaces. To date, the results indicate that the bacteria may adhere to
the surface by both loosely and tightly binding mechanisms, and this adhesion to the surface
is selective for hematite.

Initiated experiments to isolate surface adhering and nonadhering strains of Shewanella
putrefaciens under strictly anaerobic conditions. This work is proceeding and will result in
the isolation of bacterial strains not previously reported.

Demonstrated the potential for using fluorescent probe molecules and attenuated total
reflectance excitation to interrogate the interfacial zone between bacteria and the mineral
surface to which they adhere. The major problem with this technique arises from the need to
get a uniform coating of the mineral onto the surface of the ATR element.

Completed a study on the metal-ligand interactions at mineral surfaces using the model
system of citrate, uranyl, and goethite. The results of this study have been submitted to the
Journal of Colloid and Interface Science. The study was subsequently expanded with EDTA
as the metal chelating ligand. Experiments employing EXAFS on the EDTA-uranyl-goethite
study have been performed and the data are currently being evaluated.
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10.

. Initiated an effort to evaluate the mass-action expression for multidentate ligand complexation
on mineral surfaces. This involved developing a software application for the the purpose,
which generated some interesting results that we presented at the National Meeting of the
American Chemical Society in August.

. Moved the JEOL Superprobe instrument from the site to our laboratory. Although not listed in
any of the previous discussions, significant resources were used to make the move, reinstall,
and ensure proper operation in our area. Completion of this activity is scheduled to occur in
the last half of September of this year.
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Reactive Transport in Variably Saturated
Heterogeneous Media

Robert W. Smith, Laurence C. Hull, Richard W. Johnson, Earl D. Mattson,
Annette L. Schafer, James B. Sisson, David Neil Thompson

SUMMARY

For the past three-years, we have been developing a better understanding of the movement and
transformation of reactive constituents in heterogeneous, variably saturated subsurface media (e.g., the
vadose zone) and using this understanding to improve predictions of the fate and mobility of reactive
constituents. Accomplishments in this project have enhanced INEEL capabilities in laboratory equipment
and experience, field measurement capabilities and field monitoring sites, and computational expertise
and capabilties.

In the laboratory, we constructed three automated titrator systems, installed them at the INEEL
Research Center, and used them to perform surface charge titrations on reference minerals and on INEEL
soils. For hydrologic studies, in cooperation with the University of Idaho, we established a vadose zone
soil physical characterization laboratory at University Place and we purchased and installed a J-6
Unsaturated Flow Apparatus at the INEEL Research Center.

In the field, we developed three field sites, also in cooperation with the University of Idaho. Two
sites were developed on DOE-controlled land, one at the Jefferson Canal site near Mud Lake and one at
the IRC 5-well site at the INEEL Research Center. A third site developed during FY 2000, on land
controlled by the University of Idaho, is the University Place Dune Site in Idaho Falls. INEEL expertise
has been applied to DOE operational problems at other national laboratories as well. At the Test Buried
Waste Facility at Hanford, we demonstrated a new version of the advanced tensiometer using cone
penetrometer push technology. We installed the standard version of the vadose zone monitoring system at
the Savanna River Site.

In computational capabilities, we have enhanced computations to simulate complex, nonlinear
systems for vadose zone transport. The application of a B-spline collocation method to the solution of
differential equations, including sets of coupled, nonlinear partial differential has been shown to be
feasible. A B-spline code has been generated that solves the coupled fluid dynamics equations for
two-dimensional flow in a channel, including multiple solution algorithms; the unoptimized code has
found reasonable solutions in times about half as long as for the optimized commercial finite element
code Fidap.

PROJECT DESCRIPTION

Throughout arid portions of the world, exemplified by the Western United States, both water
quantity and water quality are areas of major concern to the general population, agricultural communities,
mining and energy resource interests, and local and national governments. Water supplies are becoming
critically impacted as population and water demands increase. In many locations, water supplies have
been contaminated either by accident or by past waste-disposal practices. Within the United States, for
example, activities of the U.S. Department of Energy have resulted in the contamination of large tracts of
land with complex mixtures of radionuclides and other contaminants. Much of this contamination results
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from the migration of wastes disposed of at the land surface into the region between the surface and
underlying aquifer. Other activities that occur in, and may result in contamination of, the vadose zone
include the following:

. Disposal of municipal and hazardous waste in landfills

. Suburban septic systems

. Mining and milling of ores

. Production and refining of petroleum products

. Application of agricultural chemicals (e.g., fertilizers, pesticides, and herbicides) to crops.

Although the vadose zone is often relied on as the primary protective barrier to prevent groundwater
contamination, it is often the conduit for the transport of contamination from the surface to subsurface
water supplies. Yet, our current understanding of the movement and transformation of contaminants is
inadequate to accurately predict their behavior in the vadose zone. Our inability to adequately describe
the subsurface has been identified in numerous articles, books and workshops (Looney and Falta 2000,
NRC 2000a and b, EMSP 2000). Simplistic chemical characterizations and supporting modeling of the
behavior of actinides and other radionuclides in the vadose zone suggest that these contaminants are
immobile. However, at some locations (e.g., the INEEL Radioactive Waste Management Complex
[RWMC)] and the Hanford Tank Farms), actinides and other radionuclides have migrated hundreds of feet
through the vadose zone and are influenced by poorly understood physical, chemical, and biological
processes. Centuries of human activity have led to water use and disposal practices that are not
environmentally sustainable. Coordinated research and technology development are now needed to
improve and sustain stewardship of the vadose zone.

Within the science and engineering community, numerous investigations exist relevant to
understanding and modeling the behavior of contaminants in the vadose zone. The ability to predict
contaminant fate and transport in the vadose zone, however, requires the ability to model the important
physical, biological, and geochemical processes and properties of vadose zone soils and sediments in
order to accurately assess transport, retention, and transformation of contaminants and other solutes
(nutrients, electron acceptor/donors, etc.). This modeling must include

. A high degree of temporal resolution, so effects on contaminant transport and transformation
of events such as snow melt can be evaluated

. A high degree of spatial resolution, so effects on contaminant transport and transformation
of physical, chemical, and biological heterogeneities can be evaluated

. Appropriate coupling of the important biological, geochemical, and transport processes, so
synergistic and antagonistic effects can be evaluated.

Theoretical derivations, experimental investigations, and field observation will be needed to fill key
data or understanding gaps required to successfully develop improved vadose zone predictive capabilities.
The unifying theme of the Reactive Transport in Variably Saturated Heterogeneous Media Project
research is to develop an enhanced understanding of the cycling of carbon in the spatially and temporally
heterogeneous vadose zone and the effect that this cycling has on the mobility of radionuclides and other
DOE contaminants. In the vadose zone, carbon can occur in organic and inorganic forms, and in multiple
phases (solid, dissolved, gaseous). Because of the existence of a discrete and mobile gas phase in the
vadose zone, transport of inorganic carbon in both aqueous and gas phases can occur. The rapid local

52



equilibration between dissolved, solid, and gaseous inorganic carbon can lead to the development of
spatially variable pH in the vadose zone and associated variability in contaminant behavior. The presence
of organic carbon as either disposed waste or as natural materials can promote microbial mineralization,
creating an additional subsurface source for inorganic carbon. Microbial activity, in turn, will be a
function of available electron acceptors, such as oxygen in the vadose zone gas phase, and free water
(water that microorganism can access). The focus of our research is on the nonlinear interrelationship
between movement of the gas and aqueous phases and their effect on microbial activity and, ultimately,
contaminant mobility. The research is embodied in the five technical tasks described below.

Upscaled Effective Reactive Transport Properties in Variably
Saturated Heterogeneous Porous Media

Overview

Field-scale transport through geologically heterogeneous media occurs at scales smaller than the
discretization level practical in numerical simulators. This demands use of upscaled parameters to
capture the effects of smaller-scale heterogeneity at each discretization level. While evaluation of field-
scale transport has widely recognized the importance of the smaller-scale hydraulic heterogeneity in
controlling fluid migration, the influence of geochemical heterogeneity at similar scales has not been
acknowledged. In this study, we conducted a numerical analysis of geochemical and hydraulic
heterogeneity to clarify the concept of effective anisotropy in reactive properties for variably saturated
porous media. To support the analysis, we conducted Monte Carlo simulations for two-dimensional,
steady-state flow and transient solute transport in hydrologically and geochemically heterogeneous media.
In these simulations, we assumed that saturated hydraulic conductivity and the Mualem/van Genuchten
parameters were correlated to grain size and reactive surface area, and that they were spatial stochastic
variables. We conducted simulations over a range of moisture content and fixed correlation scale and
variance, and computed and analyzed moments of the mean plume to obtain upscaled transport
parameters.

Results of the simulations support the concept of an anisotropic effective reactive surface area, as
indicated by directionally dependent retardation. For unsaturated porous media, we found that
geochemical heterogeneity is a function of moisture content in addition to being a function of the
hydrologic variability.

Hypotheses and Significance

The first hypothesis is based on the observation that a reactive surface area should be a hysteretic
function manifested during transient wetting and drying cycles. The in situ availability of reactive
surfaces is a hysteretic property in vadose zone materials. Based on previously developed relationships
between mass-based and surface-area-based surface reactions, and on the dependence of the surface area
on grain (and thus pore) geometry, one would expect that unsaturated systems would exhibit hysteretic
and moisture dependent adsorption. This should be manifested as a combination of physical exclusion
and chemical adsorption as functions of the pore sizes being filled. What has yet to be shown is the
relationship and influence of wetting and drying history on the reactive surface area and its relationship to
reactive contaminant transport. As a first step in this analysis, this project has looked at the difference in
net adsorption as a function of mean moisture content in a two-dimensional porous media.

During the first wetting of a dry soil, small pores fill first, and during subsequent drainage, the large
pores empty first, leaving water trapped by capillary forces in the small pore spaces. This water contains
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contaminants that are in equilibrium with the high-surface area, fine-grained sediments. Subsequent
precipitation will carry contaminant-laden water through the next larger, more permeable, and less
reactive pore throats, allowing contaminant migration to reach further into the porous media. Repeated
cycling of precipitation events in this manner will result in an apparent reduction in effective adsorption
over large times and distances. Many geologic systems are essentially binary systems. For example,
consider the basalt-sediment sequence at the INEEL, or the silt varves that exist in the coarser sand-gravel
matrix at Hanford. In these systems, adsorption parameters obtained from laboratory batch experiments
based on well-mixed sediments will overpredict the adsorptive characteristics of the porous media.
Numerical or analytical predictions of transport based on these overly optimistic adsorption parameters
will underpredict peak concentrations and will over-estimate residence time (and therefore, radioactive
contaminant decay) in the vadose zone.

The second hypothesis is based on the observation that the in situ availability of reactive surfaces is
a property dependent upon flow magnitude and direction in vadose zone materials. As a function of flow
direction and available moisture content, the effective volume-averaged adsorption should be represented
by a flux-weighted tensor. It is this effective adsorption coefficient that should be used for field-scale
transport predictions.

It is commonly acknowledged that limitations in characterization and transport predictions are
introduced by the heterogeneous nature of vadose zone materials through their influence on hydraulic
conductivity and on the resultant nonlinear relationships between hydraulic transport properties and state
variables. It is not commonly recognized that in field-scale modeling, these hydraulic relationships are
anisotropic. Additionally, it has not been commonly recognized that geochemical properties are spatially
variable, or that geochemical property variation can have a significant effect on the transport of
contaminants that react with the surfaces of vadose zone materials. This lack is evidenced in the
single-value parameterization of geochemical properties (e.g., retardation factors) existing in some of the
more commonly used vadose zone transport simulators (Porflow, FEHM, and Tetrad [variable but
scalar]). Moreover, many field-scale vadose zone characterization studies rely on the use of effective
geochemical parameters determined from more abundant aquifer data and transport estimates. Calibrated
adsorption parameters based on aquifer data tend to sample in the direction of high-permeability,
low-reactivity sediments, as opposed to sampling across these geologic features. As a result, it is highly
likely that these “effective” geochemical parameters do not provide realistic estimates of geochemical
interactions in the vadose zone.

Research Results

The first temporal moment of the effluent was used to describe the tracer breakthrough behavior for
the following simulations, as defined by Equation 1:

o

T=2 4))
J.Cdt
0

with the net effect of adsorption on transport for a reactive constituent defined as the ratio of the first
temporal moments of reactive and conservative tracers:
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We conducted Monte Carlo simulations of steady-state flow and transient transport to illustrate the
effect of directionally varying hydraulic conductivity anisotropy on transport. In each realization, a
saturated hydraulic conductivity field was generated with correlated unsaturated characteristics. A mean
pressure head of -20 cm was obtained by specifying upper and lower boundary conditions, and tracers
were applied at the upper boundary. The parameter fields were anisotropic, yielding an effective
anisotropy in hydraulic conductivity without changing the harmonic mean. We first applied tracers with
flow perpendicular to the bedding planes, calculated a mean retardation, and then rotated and used the
fields to obtain results for flow and transport parallel to the bedding planes. Figures 1 and 2 below
illustrate an example from one realization for flow perpendicular to bedding (representative of vertical
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v=1cmina40 x 60-cm domain.
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Figure 2. Upper left: tracer distribution and horizontally averaged concentration profile for a
conservative tracer. Upper center: tracer arrival (effluent concentration) at two elevations for the
conservative tracer. Lower left: tracer distribution and horizontally averaged concentration profile for a
reactive tracer. Lower center: tracer arrival (effluent concentration) at two elevations for the reactive
tracer. Upper right: overlain breakthrough curves for the reactive and conservative tracers. Net
retardation effect: R=3.33. Effective Retardation: R = 3.3.
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Figure 4. Upper left: tracer distribution and horizontally averaged concentration profile for a
conservative tracer. Upper center: tracer arrival (effluent concentration) at two elevations for the
conservative tracer. Lower left: tracer distribution and horizontally averaged concentration profile for a
reactive tracer. Lower center: tracer arrizval (effluent concentration) at two elevations for the reactive
tracer. Upper right: overlain breakthrough curves for the reactive and conservative tracers. Net
retardation effect: R=1.8. Effective Retardation: R = 1.8.
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infiltration) and Figures 3 and 4 for flow parallel to bedding (representative of horizontal fluid migration).
The effective retardation given is based on the results of 100 similar realizations and differs by a factor of
2 under this mean pressure head.

We are conducting simulations for varying mean moisture content for publication. Follow-on
research will focus on developing the theory for quantifying flux-dependent reactive surface area. As a
process correlated with spatially random hydraulic parameters, we will evaluate the conditions for
scale-dependence. Further research will also focus on determining the geologic conditions (correlation
parameters) under which these processes significantly affect vadose zone transport predictions and
characterization.

Conclusions

Computer simulation of flow and transport in the vadose zone requires discretization of properties at
a scale that is courser than the transport properties. Therefore, effective transport parameters must be
developed that describe the system over a range of scales, larger than the scale of the processes.
Experimental simulation of vadose zone environments provides an effective tool for studying the scaling
of properties. Temporal and spatial moments (mean, variance, skewness) can be used to derive effective
parameters. However, experimental simulation indicates that the classic advective-dispersive approach is
inadequate.

Transport is strongly controlled by reactive surface area. The reactive surface area to which a
contaminant is exposed depends on the direction of flow through a heterogeneous material, and therefore
must be treated as a tensor, not a scalar parameter. For variably saturated media, reactive surface area is
expected to be hysteretic as materials dry and are rewetted. Experimental simulation offers insight into
the design of laboratory and field experiments to identify factors that need to be included in experimental
design.

Propagation of Geochemical Environments

Overview

We conducted proton titration experiments on synthetic goethite and soil in an effort to develop
adsorption parameters that will help predict migration of radioactive liquid waste. This is the initial step
in a reactive transport project to understand contaminant migration in a system characterized by strong
chemical gradients. For this stage, we applied two levels of pretreatment to the soil to remove carbonate
minerals and soluble salts to focus on the remaining mineral fraction. Without some sort of treatment or
conditioning, native soil has a large buffer capacity that interferes with proton titration experiments.

Introduction

One of the most significant problems in applying geochemistry to fate and transport modeling is the
lack of an approach to adsorption that can account for changes in the subsurface geochemical
environment, such as changes in pH, ionic strength, and competing cations. An essential requirement to
advance the study of geochemistry is to integrate mechanistic ion exchange and surface complexation into
reactive transport models to allow practical application for performance and risk assessment.

At the INEEL, liquid radioactive waste from reprocessing spent nuclear fuel is 1 M nitric acid with
milligram/liter levels of uranium. Past spills of the liquid waste to the soil were rapidly neutralized by
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calcite in the soil matrix, with concurrent large pH changes, generation of carbon dioxide gas, strong
chemical gradients, and adsorption of uranium onto soil minerals. Adsorption parameters that can
accommodate associated changes in the subsurface geochemical environment are needed to understand
the migration potential of the waste.

A reactive transport project is under way to study the mechanisms controlling contaminant transport
in the vadose zone. The working hypothesis of the project is that uranium transport in the vadose zone is
primarily controlled by surface complexation reactions on mineral oxide surfaces and requires knowledge
of uranium partitioning on individual soil components under the influence of the carbonate system. Many
laboratory experiments have been conducted on the adsorption of uranium on single, synthetic minerals
(Hsi and Langmuir 1985, Redden and Leckie 1998, Payne et al. 1998). However, little work has been
done to expand these studies to adsorption on mixtures of minerals or on natural soil materials. We
conducted proton titration experiments on single minerals and on soil to quantify surface charge and to
evaluate buffer capacity.

Experiments

Goethite (a-FeOOH) was prepared under CO,-free conditions following a method similar to that of
Atkinson, Posner, and Quirk (1967). Sodium nitrate salts in the goethite suspension were removed by
decanting and dialysis exchange with deionized water to yield a final solvent conductivity of less than
20 1 S. The product was stored at 3°C to prevent microbial growth. Analysis of the solid by x-ray
diffraction (XRD) yielded a spectrum consistent with 100% goethite.

Soil from the spreading areas at the INEEL, which is typical of soil from waste disposal areas, was
obtained and sieved through a 2-mm sieve and characterized. Bulk mineralogy was determined by XRD
analysis. Organic matter was removed with hydrogen peroxide. An absence of CO,-generation suggests
that little organic matter was present initially. Next, the soil was treated with dithionite—citrate—
bicarbonate to quantify reducible crystalline and amorphous oxides (Klute 1986) A nominal surface area
for the soil sample was measured using the Brunauer, Emmett, and Teller (BET) method (Brunauer et al.
1938).

For this stage of the project, the soil was treated to remove calcite. Soil was placed in dialysis
tubing and immersed in a sodium acetate/acetic acid buffer solution (pH 5.0) to dissolve carbonates and
other soluble salts (Klute 1986). Once CO, production was complete, the soil was dialyzed against
deionized water until the conductivity was less than 20 1 S. The soil was oven-dried at 30°C and sieved
through a 2-mm sieve. A riffle splitter was used to obtain uniform subsamples of treated soil used for
characterization and adsorption experiments. An XRD analysis of the treated and untreated soil samples
showed that the calcite was removed.

After the initial titration experiments on soil treated with the acetate buffer solution at pH 5.0, we
concluded that a more aggressive conditioning of the soil was necessary to remove soluble salts and
exchangeable cations because pH stability was difficult to establish during titration experiments. The
method used for conditioning the soil was taken from Baeyens and Bradbury (1997). Approximately
0.5 g of soil was added to 50-mL centrifuge tubes. Thirty mL of 0.01 A/ NaCl solution, adjusted to pH
3.5 with HCI, were also added to each tube. The tubes were mixed for 30 minutes on a rotating wheel
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then taken off and centrifuged. The supernatant was decanted and the pH was measured. This process
was repeated until the pH of the supernatant was approximately 3.5. Then the soil in each tube was
washed with 0.01 M NaCl (without adjusting the pH) following the same process until the pH was
approximately equal to the initial pH of the neutral NaCl solution. The conditioned soil samples were
stored in a refrigerator at 3°C with 30 mL of 0.01 A/ NaCl.

We used custom automated titrators (Redden 1992) to conduct titrations of soil and mineral samples
(Figure 5). Solutions of hydrochloric acid and CO,-free sodium hydroxide were prepared. The NaOH
solution was calibrated with potassium hydrogen-phthalate (KHP). The HCI solution was calibrated
against the calibrated NaOH. A titration was performed using the background solution (0.01 A/ NaCl) to
check for internal consistency of the acid and base reagents.

Proton stoichiometry titrations of the solids for estimating surface charge were performed under
nitrogen. Goethite titrations were performed using 1-g/L. suspensions in 0.01 A NaCl. Soil titrations
were performed on an approximately 1.7-g/L solution of soil in 0.01 M NaCl. Both solutions had a
surface area concentration of about 57 m2/L. The pH of the slurry was lowered to 5.5 and allowed to
equilibrate overnight while purging with nitrogen to ensure that the CO, was removed. The pH was then
lowered to 3.0 and allowed to stabilize. Once stable, the slurry was titrated with NaOH to pH 11.0 and
then back to pH 3.0 with HCI while constantly purging with nitrogen.

Figure 5. Automated titrator dispenses acid and base reagents to measure surface charge on minerals.
Experiments are conducted in a glove box to control the gas-phase composition.
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Figure 6. Electron microscope picture of soil grains, showing many small, reactive oxide particles on
the soil grains.

Research Results

We used scanning electron microscopy (SEM) to look for crystalline and amorphous iron oxide on the
soil. Iron produces higher electron backscattering than most other elements in soil. Iron-containing phases
can be seen as lighter areas in Figure 6. Fully crystallized grains of iron minerals, such as magnetite, are
not apparent in the soil. Iron-containing phases occur as small particles adhering to the surfaces of
mineral grains.

The surface area of the untreated soil was determined to be 30.3 m2/g + 0.19% and that of the
treated soil 34.2 m2/g + 0.08%. We calculated the density of oxide adsorption sites for the soil using the
following equation (Kent et al. 1988):

Surrogate sites = (site density * surface area * molecular weight * mole ratio of surrogate oxide
to soil oxide * extractable metal) / 106 . 3)

At this point in the process, we are using the information primarily as a guide to identify the oxide phases
that will be most important in affecting adsorption. Table 1 lists the calculated site densities for the soils.
According to the calculations, iron oxide and manganese oxide provide the greatest number of adsorption
sites per gram of soil.
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Table 1. Estimated oxide site densities for soil.

Extractable Site Surface Molecular Surrogate
Metal Surrogate Density? Area? Weight Sites
Soil Oxide (umol/g) Oxide (umol/m?) (m?%/g) (g/mol) (umol/g)
Iron 23.8 o-FeOOH 27.2 48 89 2.79
Manganese 091 8-MnO, 370 74 87 2.16
Aluminum 4.10 Y-ALO, 13 117 102 0.32
Silicon 12.7 am-Si102 8.3 170 58 1.04

a. Data for the surrogate oxides were taken from Kent et al. (1988, Table 3-1).

Acid and base titrations were performed to quantify the pH-dependent surface charge of goethite and
soil and to compare the behavior of the soil with a well-studied and well-characterized model mineral.
Goethite titrations show rapid response and stability during pH changes. Our experiments show that the
amount of acid needed to reach a target pH value is greater for treated soil than for goethite (see Figure 7).
Even after the target pH value was reached for the treated soil, additional acid was needed to stabilize the
pH. We then further conditioned the treated soils with 0.01 A4 NaCl adjusted to pH 3.5 before
experimentation on the titrator. The conditioning process is intended to remove adsorbed cations and
other soluble salts as well as saturate all exchange sites with sodium. The conditioned soil showed lower
buffer capacity than the treated, unconditioned soil, taking less acid to stabilize at a target pH value
(Figure 7).

We performed soil dissolution experiments to investigate the stability of treated (unconditioned)
soil. Cation concentrations were measured as a function of time for experiments performed at various pH
values. All experiments showed an initial rapid release of cations from the soil at all pH values tested
(Figure 8). Unconditioned soil will dissolve under conditions used in sorption experiments. Dissolution
rates were calculated using the amount (moles/kg of soil) of calcium released from the soil and the
surface area of the soil (34.2 m2/g). If sorption experiments last for 24 hours (1,440 min), the soil will
dissolve at a rate of 2.14E-6 moles of calcium/m2 at pH 3. If sorption experiments last 1 hr, then the soil
will dissolve at a rate of 9.06E-8 moles of calcium/m? at pH 3.

Surface charges were calculated from the titration curves for goethite. Figure 9 illustrates the
relation between surface charge and pH produced from a titration of 1-g/L goethite in 300-mL 0.01 M
NaCl. We fit titration curves from the laboratory using a triple-layer surface complexation model. A
good fit was obtained from the modeling (Figure 9), indicating that equipment and methods used in the
laboratory are working as expected.

Conclusions

The reactive transport project is developing and evaluating an approach to mechanistic adsorption
for natural soils. Surface charge titration experiments with native soils indicate that soluble salts and
adsorbed cations interfere with titrations. The soluble salts and adsorbed cations can be removed by
aggressive conditioning of the soil at pH 3.5. Conditioning of the soil can improve the experimental
performance of the surfaces for titrations, but the effects of soil conditioning on adsorption and the ability
to predict adsorption onto nonconditioned surfaces based on the measured adsorption isotherms are yet to
be determined.

63



@)

6.0 I I I I I I

55k Goethite _ —
—— Conditioned soil

50 —sa— Unconditioned soil _

25 1 1 1 1 1 1
0 0.2 0.4 0.6 0.8 1.0 12 14

Volume of acid added (mL)

(b)
3.25 T

3.20

3.15 -

3.10 -

pH

3.05

3.00

505 | | | | | | | |
05 06 07 08 09 1.0 11 12 13 14

Volume of acid added (mL}

GEO00 0045
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to react with the acid and does not stabilize at the new pH value.
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Enhanced Computational Methods

Overview

The transport of various chemical species, including various pollutants, in the subsurface
environment is very significantly a function of the dynamics of the fluids present. Typically, these
transport processes are modeled by differential equations that describe the transport of solutes, the
distribution of pressure head, etc. The complexity of these equations, as well as the heterogeneity of the
soils present, requires that the solutions to these transport equations be approximated through application
of computer-based numerical techniques. The engineering field used to describe the application of
numerical techniques to solve fluid flow equations is called computational fluid dynamics (CFD).
Transport in subsurface media is one major branch of computational fluid dynamics. The focus of our
project is to develop a numerical technique for approximating differential equations that shows potential
for increasing the speed of an accurate solution over traditional methods.

The numerical techniques in use today in commercial CFD codes are still mostly first-generation
techniques developed in the 50s, 60s, and 70s. Most of the benefits in reduced analysis times have come
from faster, more capable computers, such as parallel processing rather than improved numerical
techniques. The B-spline point collocation method shows significant potential as a superior numerical
technique, firstly because it avoids grid generation. Secondly, the data required to represent a solution are
far fewer than for traditional methods, which should result in much shorter analysis times. Thirdly, the
level of accuracy can be as high as desired. It is important in the field of subsurface transport that
analysis times be decreased significantly to allow for calibrating field properties and for optimizing
remediation strategies, both of which require many simulations of fluid and pollutant transport

We describe the nature of the B-spline collocation method and the approach followed to further its
development. Even though development is still in the initial stages, we have made measurable progress.

Background

The B-spline numerical method can be considered a member of the finite element family of methods,
though it is different in important aspects from standard finite element methods (FEM). The approach is
to employ advanced geometric functions (e.g., B-splines) as the basis for the usual trial functions used in
FEM to represent the solution. Also, for the test function, which appears in the weak statement and
represents the weighting function, the method uses the Dirac delta function, which essentially returns the
original differential equation upon integration. Because there is essentially no integration required over
finite elements/volumes, the solution is found by evaluating the residual to the differential equation at
various points, called collocation points. The solution process involves seeking the functions that
minimize the magnitude of the residuals computed at the collocation points. Hence, the method is a point
collocation method.

The B-spline method may also be viewed as a spline collocation method. As a method for
approximating solutions to differential equations, spline collocation has also been around for some time.
Collocation is considered to be more efficient than methods that require integration of the differential
equations (Celia and Pinder 1990; Fairweather and Meade 1989). Fairweather and Meade extensively
surveyed spline collocation methods. They classify spline collocation methods into four categories:
nodal, orthogonal, extrapolated/modified, and collocation/Galerkin. Spline collocation methods are said
to perform better than collocation/Galerkin methods, which perform better that Galerkin methods.
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The type of collocation scheme relates to the locations of the collocation points. Orthogonal
collocation is widely used and is shown to yield optimal order of accuracy (de Boor and Swartz 1973).
Here, the collocation points are located on the intervals between junctions at the Gaussian integration
points. Others have determined that an upwind collocation method is appropriate when convection-
dominated convection-diffusion equations, often true for fluid dynamics equations, are being solved (Sun
1999; Shapiro and Pinder 1981). Ganesh and Sloan (1999) introduce a cost-effective alternative to
orthogonal collocation with stability and convergence similar to orthogonal collocation. They have
discovered that by using splines that have C™ continuity for an mth order ordinary differential equation,
they need far fewer data values to define the spline, even as few as half the number needed for Cm-1
splines.

B-splines and nonuniform rational B-splines (NURBS) are very popular in commercial computer-
aided design (CAD) software. They are used to represent curves and surfaces for solid modeling. The
field of research that encompasses geometric design is called computer-aided geometric design (CAGD)
(Farin 1997; Hoschek and Lasser 1993). The value of B-splines has also received some attention in the
numerical analysis community. Shariff and Moser (1998) and Kravchenko, Moin, and Moser (1996) have
used B-splines as basis functions in a Galerkin method to resolve near wall eddies in large eddy
simulation and direct numerical simulation (LES/DNS) of turbulence. They embed special meshes near
the wall where the B-splines are used. They also discuss the attractive features of using B-splines,
including the arbitrary order of accuracy and high resolution attainable, drastic reduction of numbers of
grid points, and automatic C™-! continuity for n-degree B-splines.

The fact that collocation is employed means that a grid need not be generated. The time required to
generate grids for complex problems can represent a significant portion of the solution process.
Furthermore, B-spline curves and surfaces can represent solutions to differential equations using far
fewer data than traditional CFD methods (finite difference, finite volume, linear finite elements).
Solution matrices are much smaller and should require less time to solve than do the traditional
approaches.

The finite element method was in the process of development (Baker 1998) at about the same time
as were parametrically based Bezier curves. Although finite element developers looked at using splines
as basis functions, they may not have been aware of the development or the functionality of these kinds of
functions. Employing the parametrically based technique to describe a spline function is far easier and
has some advantages over using a standard Cartesian-based approach. Some of the features of the B-
spline are that

. B-splines are easily defined and manipulated because they are defined parametrically. That
is, instead of being defined as a spline of curves in Cartesian space with Cartesian variables,
they are defined in parametric space using parametric variables.

. B-splines have definitive end points.
. B-splines provide automatic Cn-! continuity at junction points for a degree ‘n’ spline.
. B-splines can be represented by the well-known Bernstein polynomials, which are easy to

calculate and numerically stable. Each segment of an ‘n’-degree B-spline is defined by
‘n+1’ Bernstein polynomials (not an infinite series).

The B-spline curve is defined by the locations of the junctions (or knots) between individual curve
segments, and the values of associated control points (de Boor points) (Farin 1997). Because a B-spline
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curve is a series of analytically defined curve segments splined together, derivatives can be analytically
evaluated along the spline. The differentiability of the spline is limited only at the junctions (knots) by
the degree of the individual curves. For a cubic B-spline, 2nd order (parametric) derivatives are defined
at the knots. Figure 10 shows two curves that represent an approximate solution profile for the
streamwise velocity component for flow in a channel at 1.25 channel widths downstream of the inlet.
Shown is the finite element solution using bilinear elements and a B-spline fitted to the finite element
solution. The B-spline data required to approximate the finite element solutions are far fewer than the
number of finite element data. The finite element solution comprises the locations and values at 35
interior nodes (70 pieces of data). The B-spline consists of a knot vector with five interior data values
and seven de Boor points, or 12 data values.

A B-spline surface can be defined using a tensor product of B-spline curves. B-spline surfaces are
commonly used in the computer-aided design (CAD) world where objects having arbitrary geometry are
rendered. The B-spline surface is defined at every point within the domain of the surface. Derivatives
can be evaluated analytically at any point on the surface. A B-spline surface, which approximates the
solution of a 2D differential equation to some tolerance, can be found using one of many known search
algorithms. The approach, described in detail below, employs a two-dimensional problem for which the
solution is a series of surfaces. These are approximated using tensor-product B-spline surfaces.

Approach

The objectives of the Enhanced Computational Methods Task for Fiscal Year 2000, which constitute
the subtasks, are as follows:
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Figure 10. The finite element solution for the test problem for the streamwise velocity in a channel flow
at 1.25 channel widths from the true inlet compared to a B-spline fitted to the finite element solution.
Also shown are the knots (spline junctions) and control (de Boor) points that together define the B-spline.
This B-spline is used as the inlet for the computational domain for the B-spline code.
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1. Finish development of the solver and code in order to obtain the correct solution for the test

problem.
2. Incorporate the appropriate equations for solute transport in the vadose zone.
3. Develop a knot insertion algorithm to increase numerical resolution.
4. Publish a report of accomplishments.

We chose a test problem to solve for subtask 1. The problem is a geometrically simple two-
dimensional, incompressible, laminar flow in a channel. The flow has a plug flow (flat) inlet profile.
Boundary layers develop along each wall until they merge and attain fully developed flow. The flow was
simulated using a commercial finite element CFD code (Fidap 1999), for comparison. Initially, the flow
has components in both the streamwise and transverse directions. As the flow becomes fully developed,
the transverse component decays to zero. At this point, the flow equations reduce to one equation, which
can be solved analytically, the solution being a simple parabolic profile. The equations that describe the
flow in the initial region of the channel are given as

ou ou op d0°u d%u . .
—+oWN—=——+ul—+—| (conservation of axial momentum) .
> 'Ovay ox ﬂ{axz ayZ} ( )
ou v + p\/ﬂ __9% + a_2v + 8_2\/ (conservation of transverse momentum) 4
ox dy oy Hlox ay? ' @
ou ov

—+—=0 (conservation of mass) .
ox oy

The inlet for the test problem for the B-spline method is set at 1.25 channel widths downstream of
the true inlet, because the Fidap solution is spatially oscillatory up to almost this point. The outlet for the
test problem is set at 13 step heights downstream from the true inlet. The axial and transverse velocities
at these cross-sections from the Fidap solution are fitted with B-splines. These are used in the B-spline
code for the inlet and outlet conditions. The velocity components are set at zero along both walls. The
Reynolds number for the test problem (Re = pL.V/p) is set to 500. Here, p is the density, L is the channel
width, V is the mean axial velocity, and u is the dynamic viscosity. The pressure is not set except at the
outlet, where it is set to zero.

Last year we created a B-spline code to solve for the test problem. This early version of the code
was designed to interface with a commercial optimization code to demonstrate feasibility of the B-spline
method. Feasibility was demonstrated and reported in Johnson and Landon (1999). The commercial
code proved to be very slow, however, and we initiated coding of a solution algorithm internal to the B-
spline code. In order to provide for the internal solution algorithm(s), and the successful completion of
subtask 1, several issues needed to be addressed. A detailed discussion of the issues follows.

Choice-of-solution method. The solution can be found either by setting the problem up as a
minimization (optimization) problem and applying a minimum-finding algorithm or as a standard problem
where a zero (vector) is sought, using a zero-finding algorithm. We have tried both zero finding and
minimization algorithms. For the minimization problem, we tried both a conjugate gradient and a quasi-
Newton (variable metric) algorithm. The latter employs the well-known BFGS update algorithm. For the
zero-finding algorithm, we used a globally convergent method for nonlinear systems of equations.
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Furthermore, methods using individual matrices for each dependent variable were compared to methods
that used one large matrix that included all variables. These algorithms were adapted from Press et al
(1992). Eventually, it will be expedient to employ the most efficient solution method in order to realize
the potential speed of B-spline collocation. Though, at this time, we simply desire to have a solution
method that produces a solution. It does appear, however, that the zero-finding algorithm converges
fastest to a solution.

Points used as collocation points. Theoretically, the equations should be solved for the infinite
number of points in the flow domain. Practically, the equations are evaluated at a finite number of points,
called collocation points, in order to determine how well the equations are solved. For the minimization
solver, the number of points can be any number if enough to generate a good solution but not so many
that computing times are excessive. The reason for this is that a function is identified for minimization
that can be the sum of the absolute values of the residuals for any desired number of points. The residual
is the difference between the approximated solution and the differential equation at a point. For the zero-
finding solution, the number of collocation points needed is exactly the number of B-spline control points
needed to define the solution. The issue is what points should be used for these collocation points. A
number of groups of points can be used. The knots are points where the spline segments join; there are
fewer of them than there are control points. There are also the Gaussian integration points identified by
de Boor as the points that yield optimal order of accuracy. However, for one-point Gaussian integration,
there are not enough points. For two-point integration, there are too many. There are the actual locations
of the control points. These are called the Greville abscissae and are the locations of the control points
themselves. There are also hybrid sets of points that use combinations of the above in order to obtain
enough points. We have obtained reasonable results using hybrid sets consisting of Gaussian points and
Greville abscissae.

Residuals used. The equations to be solved are coupled, with most dependent variables appearing
in each equation. Hence, the equations must be solved simultaneously. The solution procedure starts
with an initial guess and attempts to drive the errors (residuals) to zero. The solution algorithm uses a
specific search procedure to find improved values for the solution. The solution for each dependent
variable (u, v, p) is constructed from B-spline surfaces. One of the ways in which the method has
potential to save time is by recognizing the fact that the solution for each dependent variable can be
constructed from its own unique B-spline surface. For the test problem used, it appears that the surface
for the transverse velocity, v, should require the most B-spline patches to describe it. (A patch is formed
from spline segments in two dimensions.) The other two require fewer patches. For the zero-finding
algorithm, the residual function for each unknown variable can be formed in various ways. It appears that
carefully summing the residuals for mass and the particular momentum equation for each velocity
component, and all three residuals for the pressure surface, is the best scheme.

Line search. For both the minimum and the zero-finding algorithms used, the solution procedure
requires a line-search algorithm. That is, the solution algorithms determine a search direction in which to
look for a solution. If the equations were linear, only one search would be needed. However, for
nonlinear equations, the search direction computed is only approximate. When the search direction is
found, the line-search algorithm proceeds in the search direction until a minimum is found. At this point,
a new search direction is computed and the process repeats. Press et al (1992) provide a line-search
algorithm that goes until a minimum is bracketed, and then it fits a cubic curve to approximate the
minimum. This algorithm worked for a few iterations and then failed. We modified this line search
algorithm to use a quadratic fit to make it work. Also, we created a separate, more efficient line search
algorithm.
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Numerical gradients. The solution algorithms all required calculation of numerical gradients in
order to determine the search directions. Numerical gradients are formed by calculating the function at
different points and performing a finite difference approximation. A centered difference formula is used
with a perturbation of 0.01% of the dependent variable in each direction. This appears to produce an
accurate finite difference approximation to the gradient.

Scaling. The numerical reference of Press et al (1992) indicates that dependent variables that are
not of the order of 1.0 should be rescaled so that they are, making the solution algorithm more efficient.
For the test problem employed, the values of the control points for the u velocity component are of the
order of 1.0, while the v component parameters are a few orders of magnitude lower. Nevertheless, we
found that attempting to scale the v component variable led to poorer results.

Numbers of knots. Although the number of knots in the transverse direction is set by the number
needed to represent accurately the inlet profiles, the number of knots in the streamwise direction is
variable. We employed enough knots such that the solution could be adequately approximated. This was
determined by comparing with the Fidap solution as well as a solution found using B-splines. We based
the latter on a sufficiently fine knot network and on the application of a minimum finding algorithm
where the minimization (objective) function was the sum of the residuals on a very fine grid of
collocation points.

Research Results

These several issues all had to be successfully addressed in order to obtain a reasonable solution to
the test problem. Results are presented for two different sets of collocation points: a hybrid set involving
various Gaussian integration points and other points, and a set based on the locations of the control
points, referred to as the Greville points. Figure 11 is a schematic of the computational domain for the
streamwise velocity, u, with the locations of the hybrid collocation points, the Greville collocation points,
and the knots. The knots define the corners of the Bezier patches that constitute the B-spline surface.
Figure 12 illustrates the B-spline surface computed for the streamwise velocity component. Also shown
are the several control or de Boor points, which, along with the knots, define the B-spline surface.

Figures 13a-b and 14a-b show results for profiles for the streamwise and transverse velocity
components at two cross sections, x/L. = 4.0 and 6.5, respectively. The results for the hybrid and Greville
collocation points, employing the zero-finding algorithm, are compared to the solution for the commercial
CFD code, Fidap, and the B-spline solution using the minimum finding algorithm (BFGS data) on the
very fine grid (48 x 51 points). That is, the zero-finding algorithm evaluates the residuals for just the
collocation points, (4 x 7) for the u velocity and (4 x 10) for the v velocity, while the minimum finder
computes the residuals at 2448 points. The latter, of course, computes a more accurate solution, because
far more information is used. However, the latter also is quite slow. The results shown in these figures
are reasonable, though not as accurate as the fine grid solution. The time required for the hybrid and
Greville collocation points using the zero-finder is approximately half the time used by Fidap, though the
algorithms have not been fully optimized.

Figure 15 compares the streamwise profile for the pressure along the channel centerline for the same
four solutions as above. Figure 16 compares the same solutions for the streamwise profile of the
streamwise velocity. As can be seen, the solutions for the hybrid and Greville collocation points using the
zero-finding algorithm are reasonable, though not as accurate as the fine-grid solution. The fine-grid
solution is deemed to be the most accurate solution because of the fineness of the grid and because it is
very close to the Fidap solution.
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Figure 11. A schematic of the computational domain for the streamwise (u) velocity component,
The knots form the corners of the Bezier patches that constitute the B-spline surface.
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Figure 12. The B-spline surface, which represents the solution for the streamwise velocity component
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Figure 13. Cross-stream profiles for the (a) streamwise and (b) transverse velocities at x/L. = 4.0, for the
Fidap data, the fine-grid B-spline results (BFGS data), the hybrid collocation points, and the Greville
points.
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Figure 14. Cross-stream profiles for the (a) streamwise and (b) transverse velocities at x/L. = 6.5, for the
Fidap data, the fine-grid B-spline results (BFGS data), the hybrid collocation points, and the Greville

points.
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Figure 15. Streamwise profile for the pressure along the channel centerline for the Fidap data, the fine-
grid B-spline results (BFGS data), the hybrid points, and the Greville points.
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Figure 16. Streamwise profile for the streamwise velocity along the channel centerline for the Fidap
data, the fine-grid B-spline results (BFGS data), the hybrid points, and the Greville points.
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We have obtained preliminary results for the second subtask listed above, the application of the
method to a solute transport problem. The problem involves the solution of a simplified version of the
solute transport equation. This equation is given as

0°C 9°C  aC
TV ©

where C is the solute concentration, x is the direction of a (uniform) subsurface fluid velocity u,, y is the
direction transverse to X, and D; and Dy are the longitudinal and transverse hydrodynamics dispersion
coefficients, respectively. S is a constant sink of the solute that occurs uniformly in the subsurface. The
equation above has been simplified to be able to accommodate the current status of the B-spline colloca-
tion method.

Vadose Zone Moisture Movement

Overview

The advective transport of water and gases is the primary method controlling the distribution of
contaminants, nutrients, and moisture in the vadose zone. These fluid pathways are determined by the
distribution of the permeability distribution within the subsurface and the boundary conditions.
Numerous controlled-boundary field-scale studies (e.g., Las Cruces Trench site, New Mexico Tech Golf
Course site, Sisson and Lu’s PNNL Borehole site) have indicated that the heterogeneity (i.e., distribution)
of fluid transport properties is the controlling factor in the direction of fluid movement in the subsurface.
An adequate description of the transport properties’ variability requires a large number of data points that
are rarely obtained due to the enormous difficulty (cost, time, and subsurface access) of obtaining the
data. Laboratory estimates of the transport properties seldom correlate well with field results. Thus, in
situ methods are desired for estimating transport properties. Inadequate characterization of the
heterogeneity has led to ineffective remedial designs, which lead to risk estimates with a high degree of
uncertainty, higher costs, and longer remediation times. DOE has indicated their recognition of this
problem with statements such as “Fundamental improvements in the abilities to characterize contaminant
geologic settings and chemistry, to assess data, and to predict the movement and fate of contaminants are
needed” (EMSP 2000). The INEEL Exfiltrometer has the potential to produce estimates of transport
properties at sufficient spatial density and at acceptable cost.

Research Results

Numerous instruments have been designed in the past few years (e.g., the tension infiltrometer, the
mini air permeameter, Geulph permeameter) to provide field measurements in part for spatial variability
analysis. Recent analysis of these instruments (by Holt et al., 1999) suggest that the error incorporated in
taking these measurements and in the inversion-model used may overshadow the spatial variability in the
parameter being measured. We suggest evaluating an instrument that measures the hydraulic properties in
a single direction and computes water flux directly.

The Exfiltrometer has been tested to evaluate its ability to measure unsaturated hydraulic
conductivity while concurrently measuring the drainage moisture characteristic relationship. The
Exfiltrometer measures the transport parameter (e.g., hydraulic conductivity) directly, quickly, and
inexpensively. Testing at the INEEL (Mattson and Sisson, 1999) illustrates that this permeameter could
supply repeatable results in a silty sand material. Results obtained during FY 2000 include development
of a rapid calibration method for dielectric soil water content sensors. Figure 17 shows the calibration
curve resulting from one type of water content sensor, the CS505 (Campbell Scientific, Inc., Logan, UT).
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Figure 17. Campbell Scientific CS505 water content sensor calibration as a function of moisture
content.

Ongoing work includes evaluating new classes of water content sensors, which are an integral part of the
Exfiltrometer. The expected result of the ongoing work will be a water content sensor that is nearly
independent of soil type and electrical conductivity effects.

Overland flow and surface ponding have often been observed at the INEEL Subsurface Disposal
Area during spring snowmelt and occasionally during heavy rainfall. These surface flow events result in
focused infiltration in small, local areas at many times greater than the average infiltration rate.
Monitoring data indicate that these episodic infiltration events result in the formation of a perched water
table on the sediment/basalt interface. This perched water body subsequently infiltrates into the
underlying fractured basalt, likely carrying contamination from the waste pit to the aquifer.

It is speculated that the mechanisms for enhanced surface infiltration result from a number of
factors, including water equivalent in snow pack, rate of snowmelt, antecedent conditions prior to snow
pack, and topography. Little study has been done to verify the mechanisms, quantify the enhanced
surface infiltration at the INEEL, and understand the effects of this phenomenon on contaminant
transport. An additional mechanism that has been ignored is the effect of the subsurface geologic
structure as an additional enhanced recharge mechanism (i.e., funnel flow) within the vadose zone. We
do not know how much lateral flow occurs at this interface or what mechanism creates the perching of
infiltrated water at the sediment/basalt interface. Recharge in the form of rain and snowmelt often
provides the downward driving force for contaminant migration. These rapid infiltration events force
large volumes of water through the soil and often result in perching of water at the upper sediment/basalt
interface. Lateral movement of the perched water may intercept contaminants in the waste pits and
transport these contaminants deep into the vadose zone.

We hypothesize that the textural component of the sediment immediately overlying the basalt, as
well as the topography of the basalt surface, will focus recharge to a relatively small number of the
fractures. These fractures may be in-filled with sedimentary material or the interface surface may be
covered with a noncontinuous low permeable lens. The field-scale impacts of these enhanced infiltration
events are not well quantified, and have not been examined in fractured systems. We will evaluate this
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hypothesis in cooperation with the University of Idaho at the INEEL 5-well site and through laboratory
experiments examining equipment response.

We will evaluate the enhanced subsurface infiltration hypothesis at the 5-well research site by
creating either a natural recharge event or an artificial recharge event at the soil surface. An
electromagnetic survey conducted at the 5-well site (Figure 18) indicates an iso-electrical conductivity
depression that extends from the northern boundary of the site to the existing monitoring boreholes. We
speculate that this contour profile is caused by either the topography of the underlying basalt/sediment
interface or by clay lenses lying on the basalt surface. Soil samples will be collected at the end of FY
2000 to evaluate these hypothesis.

Monitoring the vadose zone below buried waste provides an early warning of contaminant transport
toward the groundwater. To quantify the transport mechanisms, vadose zone transport characteristics and
chemical concentrations need to be obtained. Unfortunately, equipment necessary for obtaining the
tra~ ~port/concentration data temporal and spatial trends is not available. We have designed and
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Figure 18. Electromagnetic surface survey results of the INEEL 5-well site. Dark blue at the top
represents subsurface utility corridor. The letter X represents a proposed soil sampling location. The
letter O represents an existing open and instrumented borehole.
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implemented a vadose zone monitoring system to monitor and sample three state variables of the vadose
zone: water potential, water content, and chemical concentration. These state variables are monitored
using an advanced tensiometer, a borehole water content sensor, and a vacuum lysimeter, respectively.
The system was installed during FY 1999 and greatly expanded in FY 2000 at the Savannah River Site, E-
Area disposal site, where low-level wastes have been disposed of in shallow trenches, and at the Troy
watershed research site in FY 2000. These systems have operated for several months, providing nearly
continuous water content and water potential data.

An area of scientific neglect has been the collection of a long-term data set of both soil physics
properties and long-term trends of chemical analysis. In an attempt to remedy this neglect, we adapted
the advanced tensiometer such that we could measure the in situ chemical composition of the vadose
zone. Previous researchers (Riga and Charpentier 1998; Moutonnet et al. 1993) have described that the
water contained in the tensiometer will come into chemical equilibrium with the surrounding soil water
through diffusion through the porous cup. These studies indicate that the time to reach chemical
equilibrium is in the range of approximate ten days (a function of soil type and its soil water potential) for
unsaturated soil. This long equilibrium time may not be a factor in measuring monitoring vadose zone
chemical concentrations in a nondynamic system where the temporal response is seasonal. Such a
situation may exist in the vadose zone where biological activity changes temporally in response to
temperature and precipitation events. In the case where there is an infiltration event, the soil water
potential will become more positive and will cause an advective flux of water, along with its solute, to
enter the tensiometer cup, decreasing the equilibrium time. Even if the advective flux were ignored,
Moutonnet et al. (1993) suggest that the response time is compatible to the rate of soil water migration.

Previous studies extracted water samples from the tensiometers for subsequent laboratory analysis in
much the same way as suction lysimeters. These samples were taken at discrete intervals, possibly
missing episodic chemical transport events. The research at INEEL has examined the installation of
chemical sensing probes directly into the advanced tensiometer to be used as long-term chemical sensors.
Preliminary analyses of laboratory testing of various porous materials indicate that porous nylon material
has approximately ten times greater diffusion coefficient than other commercially available porous
materials (i.e., ceramic and porous steel). Concurrent testing of commercially available sensors indicate
that electrical conductivity measurements are the most suitable to use as long-term indicators of changes
of in situ chemical conditions. Electrolyte leakage from ion-specific electrodes and temporal drift of
solid-state pH probes readings eliminated use of these sensors.

We are also evaluating carbon dioxide soil-gas sensing probes under this funding. CO, produced by
plant roots and subsurface microorganisms subsequently effects soil water pH and chemical composition.
Long-term continuous measurements of subsurface CO, concentrations that describe the coupling of
biological/chemical processes to soil physics measurement are not available. We evaluated and found
commercially available infrared light CO, sensing transmitters suitable for subsurface installation, with
minor modifications. These probes are currently being installed at the Jefferson Canal Vadose Zone
Research site to evaluate the long-term temporal trends of gas movement within the vadose zone. Results
of this effort are not yet available to report.

The expected result will be improved understanding of transport of water, gases, and chemicals in
complex heterogeneous subsurface matrices. This knowledge will lead to better monitoring and
characterization strategies. The strategies will allow improved parameter estimation for predictive
contaminant migration models and development of integrated remediation strategies.
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Relationships between Moisture Content, Tension, and
Biogeochemical Activity in the Vadose Zone

One of the most significant difficulties facing in situ bioremediation today is the biodegradability of the
contaminant. The remediation takes place in the vadose zone, where water content can vary significantly
within a small volume. While volume-averaged water content measurements can sometimes adequately
predict flow patterns and mobility of contaminants, they have been less successful at predicting the
remediation potential because of inconsistent results regarding microbial activity. The activity of
microorganisms in the subsurface is controlled in part by the availability of water and water-borne
nutrients (Skopp et al. 1990; Kieft et al. 1993). The availability of water and its mobility in soil is, in turn,
controlled to varying degrees by the activity of soil microorganisms and their production of CO,. For
example, hydraulic conductivity (a measure of water mobility in soil) is strongly influenced by the
concentration of Ca2* (through precipitation and dissolution of calcium carbonate), and the CO, level
influences the CaZ* concentration. The influences of Ca2* and CO, levels on the water retention curve
are also unknown, and many microorganisms produce biofilms that may modify flow path. Finally, the
production and migration of CO, significantly influences the migration of radionuclides in the vadose
zone. We expect the relationship between water content and microbial activity to be complex.
Laboratory- and field-scale unsaturated experiments will be conducted to test hypotheses and to develop
an understanding of the relationship between microbial activity and moisture characteristics. This may
include various soil types, ranging from sandy to clay soils, but will be generally limited to water
potentials in the range 0.1 to 6 bar. Adequate correlation of water content with biodegradability will be
important in assessing remediation potential at most DOE sites and other contaminated sites. This task
supports ongoing work to develop vadose zone instrumentation, including the Exfiltrometer and the
dielectric soil water content sensors.

In porous media, microbial activity decreases at both very high and very low water contents
(Figure 19). This has generally been attributed to higher osmotic pressures at low water contents and to
oxygen limitations at high water contents. We hypothesize that this behavior also depends on the amount
of water that is available to the microbes (Figure 20). In effect, at very low water contents, water in
unsaturated soil becomes unavailable for microbial use because the bulk of the water is held in pores
smaller than or similar in size to the bacteria. Thus, not all of the water in unsaturated soils is available,
and the amount available would depend directly on the pore size distribution of the soil (Figure 21). This
project is divided into two subtasks, soil characterization and aerobic microbial activity. In the first
subtask, we measured several properties of the model soil to understand the distribution of the water in
the soil at the various water contents. These included, among others, surface area, interstitial volume,
pore volume, and pore size distribution. In the second subtask, we will adjust soil to the desired water
content using the Unsaturated Flow Apparatus (UFA). The solution used to adjust the water content will
be either 13C-UL-glucose or a solution of 12C-glucose spiked with 14C-UL-glucose. Microbial activity in
the soil will then be measured by 13CO, or 14CO, evolution under aerobic conditions. These experiments
will be conducted at water potentials ranging from 0.1—6 bar, and will be done in sealed batch systems.
Small enough amounts of substrate will be added to ensure that the cells remain in maintenance
metabolism.

Approach

Soil water content will be adjusted by centrifugation (Hassler and Brunner 1945; Hoffman 1963)
using an UFA rotor, manufactured by UFA Ventures, Inc., Richland, WA (Conca and Wright 1992, UFA
Ventures 1996). This method of desorption is expected to maintain a uniform substrate distribution
throughout the sample during drainage, which is necessary to quantitatively observe the effects of
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Figure 19. Observed variation of microbial activity with water content. This behavior is similar for
various microporous supports, including soils and compost.
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Figure 20. Diagram of a control volume of saturated soil. As depicted, not all of the soil water is
in pores large enough for cells to enter.
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Figure 21. As the control volume dries out, the fraction of water unavailable to the cells increases. Even
before reaching residual water content, very little of the soil water may be available to the bacterial cells.

decreasing water content on degradation of the added substrate. We purchased a UFA apparatus for use
on this and other projects, which subjects the sample to large fluid driving forces up to 10,000 xg in an
open-flow centrifugation device, or in separate drainage cells. A rotating seal assembly allows an ultra-
low flow pump to deliver fluid to the sample surface during rotation. Because of the large driving forces,
steady state is reached within hours, even at hydraulic conductivities as low as 10-10 cm/s, removing the
traditional time barrier to these types of experiments (ASTM D18.21 2000). Knowledge of how soil
physical properties limit microbial activity will be useful in estimating the potential microbial activity in
a soil over a wide range of water contents. For example, soil physical properties, including pore volume,
pore size distribution, percentage sand/clay, etc., could be measured. The relationships developed in this
project could be used to predict the range of microbial activities seen at different water contents based on
the physical distribution of the water in the soil and its availability to the microbes. The process of in situ
biodegradation could thus be better understood, and a method based on soil physical properties and local
water contents could be devised to predict biodegradability. This result would directly benefit
bioremediation efforts.

Summary of Results to Date

Soil from the U.S. Department of Agriculture, Sheep Experiment Station near Dubois, I[daho was
used as the model soil. The soil was collected from just below the root horizon (~3-foot depth) from the
sides of a trench dug by a backhoe. A thin layer of soil was first scraped from the side of the trench, and
tarred soil cans were pushed into the side wall of the trench. The cans were closed with lids, sealed with
parafilm, and weighed. The sealed cans were then stored in a cold room at 4°C until use. We describe
soil characterization below.

The soil was classified as a sandy loam based on percent sands, silts, and clay-size particles (using
USDA triangle and standard procedures for particle size analysis), as shown in Table 2. Percent

82



Table 2. Particle size analysis of the Dubois model soil.

Property Population Mean

Particle density (g/cm3) 2.06 +£0.03

Particle Size Analysis:

Particle diameter (mm) 0.01
C, value 10.0
d;, value (mm) 0.01
%> 2 mm by wt 491
% sand by wt 56.9
% slit 30.2
% clay 8.00
Soil classification SANDY LOAM

carbonate and organic matter (7.5% and 1.7% by wt, respectively) listed in Table 3 are included in the
percentage of silt and clay-size particles. The coefficient of uniformity (C,)) indicates that the soil is
poorly sorted, and that 10% of the particles are less than 0.01 mm. Table 4 shows the metal content of the
soil, both total and soluble (pH 7.0). Not surprisingly, calcium was present in the highest amounts,
followed by iron. More calcium was also soluble than the other metals, followed closely by magnesium.

Intraparticle (micropore) pore size and surface area distributions were measured using nitrogen
adsorption (Brunauer et al. 1938), with the following modifications to the standard procedure (Klute
1986): (1) organic matter and carbonates were not removed prior to measurement; and (2) the soil was
dried under a vacuum at room temperature rather than oven-dried at 105°C. These modifications were
made to preserve as much as possible the pore structure seen by the bacterial cells. Figures 22 and 23
show the cumulative micropore volume and surface area distributions . Since some pores in organic

Table 3. Mass balance for the Dubois soil.

Component % of Total
Sand 56.9£6.9
*Silt 38.1 £ 8.01
Clay 7.58+4.11
Total 102.6 £ 11.3

* % silt and clay include:
Carbonate 7.51+0.81

Organic matter 1.69 + 0.37
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Table 4. Metal content of the Dubois soil, including total and soluble (pH 7.0) metals.

Total Soluble
Metal (mg/kg) (mg/kg)
Mg 16,500 + 900 9.38 + 2.37
Ca 58,700 £ 2,900 10.6 + 3.0
Fe 20,800 = 1,000 0.643 £ 0.297
K 16,600 + 800 0.954 + 0.547
Na 7,800 + 400 2.32 £ 0.36
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Figure 22. Cumulative micropore size distribution of the Dubois soil, measured by nitrogen adsorption.
This represents the intraparticle pore volume and is low because of the high sand content. There is
relatively little pore volume in pores smaller than about 3000 Angstroms, which is about 30% of the size
of a bacterial cell (=1 um).

matter can collapse under dry conditions due to formation of hydrogen bonds between adjacent molecules,
another independent estimate of the pore size distribution under water-saturated conditions is planned.
Accordingly, the pore size distribution will also be measured by a “solute exclusion” technique in which the
dilution of solutes of different molecular diameters is measured and used to construct a micropore-size
distribution (Stone and Scallan 1968, Stone et al. 1969, Thompson et al. 1992). This measurement is being
conducted at the time of this writing.
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Figure 23. Cumulative micropore surface area distribution of the Dubois soil, measured by nitrogen
adsorption. A total of about 15 m2 of surface per gram of soil is present in pores smaller than 3000
Angstroms.

Hydraulic properties of the soil were measured using traditional laboratory procedures, which
included hanging columns and pressure cells for moisture retention curves, constant head permeameters
for saturated hydraulic conductivity, and soil sieves and hydrometers for particle size distributions (Klute
1986). Table 5 present the results. We estimated air entry pressure by fitting the van Genuchten
functional form to the moisture retention data by taking the inverse of the fitting parameter a.. The
estimated value for air entry pressure was approximately 145-cm H,O (2.06 psig). The estimated residual
moisture content was 0.16 cm3/cm3 (assumed to equal the moisture content at ~10 bars pressure). The
porosity calculated from dry bulk density and particle density was 92% of the measured porosity,

Table 5. Hydraulic properties of the Dubois soil. Properties are for intact cores taken from the trench
wall with brass sampling rings, using traditional soil columns and pressure cells.

Property Population Mean
Porosity (measured) 0.471 + 0.023 cm?/cm?
Porosity (calculated) 0.432 + 0.037 cm®cm?
K, (6.91 + 3.70) x 10%cm/s
Bulk density 1.46 £ 0.10 g/cm?
van Genuchten "n" 2.25+0.24
van Genuchten "o 0.007 £ 0.001 cm™
Estimated air entry pressure 144.7 + 24.8 cm
Residual moisture content 0.159 + 0.018 cm?®/cm?

85



primarily because direct porosity measurements include water absorbed along edges of the sample ring
and the cotton cloth that holds the sample intact during the analysis. The measured value needs to be
adjusted to account for the moisture contributed by the sample ring. The saturated hydraulic conductivity
(K, was measured at 6.9 x 10-3 cm/s, while the van Genuchten fitting parameters o and n were
estimated to be 0.007 cm-! and 2.25, respectively.

Figure 24 shows the moisture characteristic curves of intact and repacked cores of Dubois soil. Also
included is a curve measured using a UFA centrifuge apparatus (obtained via a subcontract with UFA
Ventures, Inc., Richland, WA). While the traditional and UFA-measured curves are similar, the UFA-
measured samples compacted from 1.30 g/cm3 to 1.55 g/cm3 during centrifugation (see Figure 24)
Additional funding was obtained through the Environmental Systems Research Candidates Program
(ESRCP) in May of FY 2000 to explore methods to account for this compaction in the UFA. As part of
the new project, which was a direct outgrowth of this task, we have begun collaboration with Clark
Lindenmeier at the Pacific Northwest National Laboratory (PNNL) to do soil compaction characterization
in the UFA via x-ray microtomography. This technique can be also very useful in tracer flow
characterization and modeling, so the collaboration should ultimately benefit other tasks within this
program as well. Mr. Lindenmeier is also an expert in the use of the UFA, so is a valuable resource for
INEEL.

Preliminary microbial activity measurements are underway, using traditional methods (Kieft et al.
1993), in which the substrate is dripped onto a sample of soil and CO, evolution is measured. We are
testing whether uniformly labeled 13C-glucose can be used as the substrate, while still maintaining the
sensitivity (versus 14C) needed to characterize soils with low microbial activity.
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Figure 24. Comparison of traditionally measured moisture characteristic curves and a UFA-measured
curve for the Dubois soil.
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ACCOMPLISHMENTS

Accomplishments in this project have enhanced INEEL capabilities in the areas of laboratory
equipment and experience, field measurement capabilities and field monitoring sites, and computational
expertise and capabilties.

Laboratory Equipment and Experience

Three automated titrator systems were constructed and installed at the INEEL Research
Center. Titrator systems were used to perform surface charge titrations on reference
minerals and on INEEL soils. Results of the experiments demonstrate that systems and
procedures are fully functional.

A J-6 Unsaturated Flow Apparatus has been purchased and installed at the INEEL Research
Center.

Two weeks of special training in the use of the UFA was completed by Kristine Baker in
Clark Lindenmeier’s laboratory at PNNL

A vadose zone soil physical characterization laboratory was established in cooperation with
the University of Idaho (at University Place in Idaho Falls). This laboratory accommodates
standard hydrologic characterization of cores.

A valuable collaboration was initiated with Clark Lindenmeier at PNNL to use x-ray
microtomography to characterize vadose zone cores.

An additional $350K research project was funded through the Environmental Systems
Research Candidate program titled “Unified Hydrogeophysical Parameter Estimation
Approach to Subsurface Contaminant Transport — Subsurface Imaging Collaboration” with
the Center for Subsurface Sensing and Imaging Systems (CenSSIS).

An additional $250K research project was funded through the Environmental Systems
Research Candidate program titled “Water Flow Through INEEL Subsurface Samples —
Innovative Approaches to Characterize Vadose Zone Hydraulic Properties.”

Field Sites and Capabilities

Vadose zone monitoring systems were installed at national laboratories throughout the
United States. A new version of the advanced tensiometer using cone penetrometer push
technology was demonstrated at the Test Buried Waste Facility at Hanford. The standard
version of the vadose zone monitoring system was installed at the Savanna River Site and at
the University of Idaho’s Troy research site.

Jefferson Canal field site is being developed to evaluate long-term chemical and physical
monitoring strategies under natural recharge conditions. Four 50-foot boreholes were
instrumented with PVC casing for cross-borehole geophysical evaluations. Spatial
variability analysis of infiltration is ongoing.

A surface geophysical survey indicates possible basalt-sediment interface structure that may
promote subsurface funnel flow phenomena at the IRC 5-well site. Soil sampling and
additional Advance tensiometers are being installed to examine this hypothesis.
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. Two 50-foot geophysical boreholes were installed at the University Place Dune Site.
Preliminary analysis of cross-borehole radar data suggests fast preferential flow pathways
through the overlying sedimentary material.

Computational Expertise and Capabilities

. Computer simulation codes have been developed to compute the spatial and temporal
moments for the 2-D FE-MMOC variably saturated code.

. We determined that the existing 2-D FE-MMOC code cannot be effectively extended
computationally to 3-D, therefore requiring development of a finite difference replacement
for parallel implementation.

. The application of a B-spline collocation method to the solution of differential equations,
including sets of coupled, nonlinear partial differential has been shown feasible.

. A rudimentary B-spline code has been generated that solves the coupled fluid dynamics
equations for two-dimensional flow in a channel, including multiple solution algorithms; the
unoptimized code has found reasonable solutions in times about half as long as for the
optimized commercial finite element code Fidap.

. A version of the B-spline code has been created to solve an idealized version of the
Advection-Dispersion Equation for Subsurface Solute Transport.

. The INEEL joined a consortium of universities and national laboratories headed by the
University of Illinois for developing and sharing codes for simulation of reactive
contaminant transport.
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Transport Phenomena in Geologic Porous Media
G. A. Bala, J. M. Hubbell, B. D. Lee, R. M. Lehman, and J. B. Sisson

SUMMARY

This program investigated the relationships between bulk-scale (g—Kg, or ml-L) biological,
chemical, and physical heterogeneities in the subsurface by integrating three hypothesis-driven research
thrusts. The thrusts were driven by identification of critical deficiencies in the existing knowledge base
that limit in situ remedial applications. The underpinnings of this program are based on the tenet that
microorganisms are the primary agents of geochemical change and that these changes mediate transport
phenomena. The first two tasks investigated the influence of spatial and temporal variations in ecological
niches on bacterial community structure-function in multicomponent systems and the resulting
distribution of microbial metabolisms that influence the persistence and mobility of contaminants in both
the ground water and the vadose zone. The third task focused on the controlling factors that determine
the distribution of soil water potential in deep vadose zone that effect flow and transport of moisture.
Program output is the production of new knowledge that provides the foundation for remedial
applications by DOE-EM. Where appropriate, intellectual property is protected and further development
is pursued to accomplish DOE tech-transfer objectives. Endpoint applications of this work include
mining, resource recovery (energy), aquifer contamination, waste disposal, and remediation of
contaminated geologic media at Department of Energy (DOE) sites and facilities nationwide, and
industrial sites throughout the world.

Microbial Partitioning Between Mobile and
Immobile Phases in Geologic Media

Hypothesis: Structure-function relationships of microbial communities in multicomponent systems
are influenced by spatial and temporal variations in ecological niches that result in a distribution of
microbial metabolisms that influence fate and transport of contaminants.

The segregation of microorganisms in aquifers between the immobile phase (i.e., geologic media)
and the mobile phase (i.e., ground water) can have profound effects on the metabolism of individual cells
and the collective community of cells. Differences in the mobility of microorganisms and their
metabolisms will alter contaminant fate and transport in subsurface environments. The segregation of
microbial populations and their functions were studied in laboratory core floods constructed of basalt.
Emerging techniques to adequately describe in situ microbial community structure and function were
developed and applied.

A long-term goal of subsurface microbiological investigations is to develop a predictive knowledge
base concerning the distribution of microorganisms and their activities in subsurface environments so that
activities such as remediation can be accomplished efficiently with a minimum of costly site
characterization studies at each location. Many of these locations that are amenable to remediation are
saturated. A prime consideration in developing a field or lab model for determining overall degradation
potential for a compound(s) is whether the organisms are sessile (attached) or planktonic (unattached).
Ambiguous findings have been reported regarding the relative partitioning of microbes and their
functions between the mobile and immobile phases and the conditions that may predictably alter this
distribution (Lehman, unpublished literature review). Many reports in the literature exist that document
radical changes in the physiology (i.e., enzyme expression) when single organisms become attached to or
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detached from substrata during laboratory experimentation. Predictive knowledge drives design of
relevant laboratory biodegradation and numerical models, which allows site characterization to focus on
either core or ground waters and to determine which should be subsequently monitored. To achieve
degradation (or other desirable interaction), it is necessary to place the substrate, transforming population,
and stimulus at the same location simultaneously.

Task objectives are to empirically determine the segregation of bacterial populations and functions
as mixed ground-water communities interact with geologic media so that in situ biotransformations can
be effectively modeled and implemented. The primary questions are as follows: Are the populations
attached to porous media different than those suspended in the ground water and are their activities
different? Is the biomass significantly higher at one location over the other? How does the segregation of
microbes differ at different sites? These primary questions will be addressed under controlled laboratory
conditions using several experimental models related to the TAN mixed-waste plume. An example
hypothesis for these studies might be: “Segregation of community structure and function will occur
according to the mobility (attached vs. unattached) of bacteria in saturated subsurface environments.”
Integral to the solution to these questions is the microbiological analytical approach used. The methods
to be used are all emerging molecular and surface analytical techniques to investigate and link the
structure and function of natural microbial communities while minimizing loss of their spatial
relationship with the organisms’ in situ microenvironment. It is this latter criteria that will allow solutions
to the following questions: Are there physical and chemical measures that are useful in predicting
whether attached or unattached bacteria will predominate? Is the location of populations or activities
predictable by more easily-gained measures (i.e., remote sensing)?

Several experimental subtasks were initiated to empirically address the questions raised above.

Subtask 1

Subtask 1 centered around the use of a laboratory core flood apparatus constructed with basalt and
perfused with Snake River Plain Aquifer ground water to simulate the aquifer and provide materials that
were subjected to microbiological analyses. Subtask 1 also includes development of appropriate
methodologies for analyzing micro-organisms indigenous to ground water and geologic media.

Laboratory core flood experiments were performed to examine the partitioning of indigenous
ground-water bacteria between basalt and the ground water. Replicated experiments were performed to
determine any differences in partitioning between fracture-flow and porous flow hydrological regimes.

The findings from these and other associated laboratory experiments and analyses are as follows:

. Differences exist between attached and unattached communities using culture-dependent
and -independent microbiological assays.

. Little difference in the cultural community can be attributed to hydrologic regime while
culture-independent assays showed some difference (see No. 6 below).

. Extraction efficiencies (e.g., from the basalt) could not explain the differences observed.

. Extraction procedures for removing basalt were tested and optimized using a replicated
ANOVA experimental design.

. Units of reference for biomass were examined and extensive morphometric analyses of
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basalt fracture surfaces and particle surfaces were performed to develop a tortuosity index
that can be used in conjunction with substrata geometry to calculate substrata surface area.
Biomass results can then be expressed in various units to approximate equivalency between
attached and unattached components; i.e., by weight, by volume, by surface area (internal
and external), and by bacterial-accessible surface area.

Development and optimization of protocols for quantifying relative abundance of bacteria
populations using 16S rRNA-directed oligonucleotide probes that are conjugated with
different fluors. This procedure is termed whole cell fluorescent in situ hybridization
(FISH) and allows distinction of different microbial phylotypes. The attractiveness of the
technique is twofold: one, cells are not cultured, and two, cells can potentially be observed
on their natural substrata. A variety of protocols have been published in the literature
although a single protocol has not emerged as being reliable by a consensus of practitioners.
The application of FISH to environmental samples with low cell numbers and low activities
per cell has been particularly problematic although the potential return of in situ culture-
independent identification of microorganisms provides substantial stimulus to pursue
optimization of FISH protocols. Over 50 FISH trials were performed in the development of
defensible protocols and the generation of data evaluating relative abundance of different
phylogenetic groups in situ from geologic materials and in ground water. The following
probes were used in these studies: eubacterial (Eub338), high G+C gram positives
(GmPos1901), alpha proteobacteria (Alphal9), beta proteobacteria (Bet42A) and gamma
proteobacteria (Gamma42A). These phylogenetic groups include representatives that are
commonly found in subsurface environments. Figure 1 shows the distribution of phylotypes
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between rock and water in the laboratory core floods. In comparison to the basalt, ground
waters were enriched with beta-Proteobacteria. With respect to hydrologic regime, fracture-
flow basalt surfaces were significantly enriched with respect to gram positive bacteria
versus porous-flow basalt. INEEL personnel contributing to progress on this subtask are
Mike Lehman supported by Eric Robertson and Joni Barnes.

To assist in reducing the bias (i.e., matrix effects) of comparing microbiota extracted from solids to
those already existing in aqueous solution, several efforts were initiated to develop and refine emerging
techniques for culture-independent assays and in situ surface analyses of bacteria attached to
environmental surfaces. Much experimental work was involved in applying FISH to extracts of (low
activity) cells from the basalt as described above. The next step would be FISH analyses of stained cells
in situ, i.e., on the basalt. This step necessitates large advancements in boosting the signal-to-noise ratio
and other technical challenges. Parallel work involved use of bulk nucleic acid extraction, purification,
amplification, and separation technologies on low biomass subsurface samples.

Work was initiated on developing spectral and hyperspectral methods for simultaneously
determining multiple microbial phylotypes in a single sample spectrum or spectral image after labeling
with FISH probes. Each of the FISH probes are labeled with a different fluorophore with spectral
characteristics different than any of the other probes in the assay. Ideally, each probe is completely
resolved from the other probes and single excitation or emission wavelengths can be used for each probe.
However, excitation and emission spectra for the available probes are very broad and overlap can be a
severe problem, particularly when 10-30 nm bandpass filters are used. This spectral overlap problem can
be overcome mathematically by collecting, at a minimum, images (i.e., spectral data points) at n
excitation or emission wavelengths for n FISH probes and solving for the contributions of each of the
probes. Ideally, the images at the n excitation or emission wavelengths will be recorded simultaneously
to limit translocation problems. Images at multiple wavelengths can be collected using the confocal laser
scanning microscope (CLSM) or a microspectroscopy system equipped with an appropriate CCD camera
to collect spatially resolved spectra of cells along the entrance slit. Once reduced to practice, other
microbial indices may be measured, e.g., enzyme activity in situ. The use of CLSM with its laser
excitation confers several advantages to overcome the deficiencies in detection of environmental
microorganisms by use of 16S rRNA-directed oligonucleotide probes, i.e., lower number of ribosomes.
The specific advantages of CLSM are that laser excitation results in a stronger emission signal than
epifluorescent illumination, digital imaging allows amplification and image analysis to improve the
signal-to-noise ratio and the ability to scan vertically allows integration of the signal from multiple cross-
sections of a stained cell. Progress on this subtask has included a few pilot studies and substantial
procurement of increased hardware and software capabilities. The PARISS microspectrometer system
mounted on a Nikon E600 microscope was upgraded by adding a more sensitive Dage DC-330 CCD
camera to the spectrometer. The CLSM (Nikon PCM2000) has also been upgraded to allow use of laser
excitation wavelengths of 488 nm (Ar+), 514 nm (Ar+), 543 (HeNe), and 633 nm (HeNe) and
simultaneous detection on three channels. With the upgraded CLSM system, it is now possible to
spatially and spectrally resolve three probes with each image (i.e., one excitation wavelength and three
emission wavelengths), even if they are not completely spectrally resolved. The hardware and software
for the image analysis system have also been upgraded to provide capability commensurate with upgrades
to the image acquisition software. At present, the arrival of a prototype tunable crystal filter (to resolve
spectral overlap) is awaited to allow further experimental work to continue. INEEL personnel
contributing to progress on this subtask are Bill Bauer, Mike Lehman, Joni Barnes, and Pete Pryfogle.

Research using bulk DNA analyses to examine the response of ground water and sediment/rock
microbial communities to contaminants is being performed by Sean O’Connell (ISU Ph.D. candidate
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supported on ACE fellowship). O’Connell is examining the diversity of subsurface communities as an
indicator using three different methods of assessment: traditional culturing, polymerase chain reaction
(PCR), denaturing gradient gel electrophoreses (DGGE) banding patterns, and dilution-extinction of
community phenotypic patterns. The focus of the work has been on the technical challenge of retrieving
sufficient quantities of amplifiable (by PCR) DNA from low biomass subsurface samples. Central to this
work is the quantification of DNA extraction efficiency that has only rarely been reported in the
literature. Protocols have been developed and optimized for this procedure (in association with
researchers at other institutions: Dr. Fred Brockman, PNNL and Dr. Mark Wilson, Humboldt State
University) in addition to procurement and configuration of required software and hardware. O’Connell
has also trained with collaborator Dr. Jay Garland at NASA’s Kennedy Space Center (KSC) and
conducted analyses of ground water microbial diversity by terminal restriction fragment length
polymorphism (t-RFLP) at KSC. The t-RFLP estimates of community diversity will be contrasted with
those from PCR-DGGE analyses performed in the INEEL’s Geomicrobiology Laboratory. The goal of
this work is to achieve the ability to perform the most relevant molecular analysis of community diversity
on low biomass ground water and aquifer media samples so that these communities can be contrasted
independent of cultural bias. An understanding of the limitations of each approach is critical to the final
interpretation of this data. Laboratory microcosm studies using Snake River Plain Aquifer communities
and TCE as the contaminant are currently ongoing. O’Connell authored a related methods paper and
Lehman authored a related methods paper which are both cited below. INEEL personnel contributing to
progress on this subtask are Sean O’Connell supported by Mike Lehman.

Subtask 2

Subtask 2 involves noninvasive assessment of in situ microbial activities using low-energy infrared
radiation. A collaboration was established with Dr. Hoi Ying Holman (LBNL) to explore a promising
method for nondestructive assessment of microbial presence and activities in situ. This work includes
study of the surface associations of organisms, target substrate, and mineral type on basalt surfaces by
application of synchrotron radiation-based Fourier transform spectromicroscopy (SR-FTIR). The
SR-FTIR instrument is located the Advanced Light Source (ALS) at LBNL. The use of infrared
spectromicroscopy for examining microorganisms on natural substrata has only recently been reported by
Dr. Holman. Advantages of this nondestructive method are the resolution conferred by a 10 micron spot
size and the high intensity but low energy infrared radiation source. An ACE subcontract was initiated to
Mary Kauffman (interdisciplinary Microbiology and Geology Master’s degree candidate at ISU) who is
studying the degradation kinetics of aromatic and chlorinated hydrocarbons by attached and unattached
organisms. Kauffman’s proposal (“Investigation into the Spatial Distribution and Synchrotron FTIR
Absorption Microspectra of G4 Attached to Basalt and Exposed to Toluene, Phenol, Trichloroethylene, or
3-Hydroxyphenylacetylene™) for beam time at ALS at LBNL was submitted and approved by ALS
administrators. An experimental work plan for this project has been generated to direct this investigation
that uses organisms similar to those isolated from the TAN mixed-waste plume (i.e., Burkholderia
cepacia), basalt as the substrate and TCE as the organic substrate/contaminant. The induction of the
enzymes that co-metabolically degrade TCE are being studied with toluene and phenol as an inducer and
3-hydroxyphenyacetylene as an analogue substrate and activity indicator. Major findings from four
2-week stretches of beam time at the ALS at LBNL and the use of light (epifluorescent and diffracted
light illumination) microscopy at the INEEL include the following:

. Spectra of the distinct mineral phases in the basalt were defined by comparison to spectra
obtained for individual mineral standards.
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. Spectra for B. cepacia (absorption peaks near 1740, 1650, and 1550 cm-! that correspond to
the phospholipids in the outer membrane of Gram-negative bacteria, protein Amide I, and
protein Amide II, respectively) were detected on basalt and differentiated from mineral and
other background spectra.

. Spectra for 3HPA and TFMC (toluene mono-oxygenase, TMO, analogue substrates) were
defined.

. Collected spectra for TMO induced vs. noninduced bacterial cells from agar plates and the
same cells exposed to 3HPA and TFMC.

. Collected spectra for free-living, noninduced bacterial cells, and the same cells exposed to
3HPA and TFMC.
. Collected spectra for mineral standards thin sections with G4 cells attached. All four

minerals, in thin section, were exposed to the same bacterial culture. Based upon spectral
markers, there was preferential attachment to one mineral (plagioclase).

. Obtained background data for abiotic basalt thin sections in lactate only, lactate and phenol,
and lactate and toluene minimal salts media (carbon sources are TMO inducers).

. Collected spatial maps of the distribution of noninduced bacteria attached to a basalt thin
section.
. Compared spectra for free-living and attached organisms on basalt. Evidence suggests

physiological changes can be detected upon cell attachment. Initial data indicates
observable spectral marker variations between bacterial cultures introduced onto calcic
plagioclase, augite, ilmenite, and olivine. Also, observable spectral marker variations exist
between bacterial cells attached to gold vs. basalt surfaces. Initial data indicate an uneven 3-
D spatial distribution of bacterial attachment (pure culture) to a single mineral phase. See
Figure 2 for a sample spectrum.

In addition, numerous technical obstacles have been addressed in the course of this research:
(1) access and logistical concerns at the ALS; (2) maintenance of proper sample moisture content during
SR-FTIR analyses; (3) procurement, installation and debugging of spectral analysis software;
(4) development of a suitable lab model for obtaining a high quantity of vigorous cells grown in a
submerged biofilm on basalt at the expense of a volatile substrate, (5) maintenance of thin section
stability throughout all experimental procedures; (6) consistent relocation of a specific position on thin
section; (7) autofluoresence of mineral phases interfering with epifluorescent microscopy of tagged cells;
(8) control of vapor (i.e., substrate) during SR-FTIR analysis. A sample cell for the FTIR microscope
stage was machined at LBNL. The sample cell can accommodate 3 X 1 inch slides, seal air-tight for
volatile organics, and can accommodate the maximum ZnSe crystal window with the minimum thickness.
The new sample holder will allow a variety of sample sizes and mounting techniques, optimize the optical
resolution with the thinner crystal window, and minimize volatile loss in the toluene and TCE degradation
studies. INEEL personnel contributing to progress on this task are Mary Kauffman supported by Pete
Pryfogle and Mike Lehman.
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Figure 2. Sample spectra from SR-FTIR showing the localization of Burkholderia cepacia on different
mineral phases on a basalt specimen. Peaks at 1742, 1688, and 1588 are markers for bacterial cells.

Subtask 3

Subtask 3 involves microbiological analyses of field samples of geologic media and ground water
taken across temporal and spatial scales with respect to contaminant introduction and elimination. A
collaboration was established with Dr. Mike Barcelona, University of Michigan, Director of the National
Center for Integrated Bioremediation Research and Development (NCIBRD) and with Dr. D. C. White,
University of Tennessee, to participate in Michigan Integrated Remediation Technology Laboratory
(MIRTL) field experiments at Wurtsmith Air Force Base, Oscoda, MI. MIRTL2: A Natural Gradient
Reactive Fate and Transport Experiment at NCIBRD, was commenced in November of 1998 by
(regulatory agency-approved) intentional injection of labeled contaminants (BTEX and MTBE) into the
aquifer. In this case, the quantity, type, and exact time of contaminant introduction is known. Further, the
site had been previously characterized for contaminant dispersion parameters. The dissolved plume has
been followed by periodic sampling of established transects of multilevel well installations along the flow
axis in this relatively shallow, sandy aquifer. Our role in this experiment is to examine the response of
the indigenous microbial communities in both the ground water and associated with sediment during
introduction of and subsequent elimination of hydrocarbon contaminants. In the last 2 years we have
analyzed over 500 ground-water samples and over 300 sediment samples using Community-Level
Physiological Profiling (CLPP) that fingerprint the community according to functional potential.

Dr. White has analyzed splits of these same samples for phospholipid fatty acid (PLFA) community
profiles that fingerprints the community according to structural (i.e., cell wall) components. The
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immense challenge of analyzing the large multivariate data matrices, correlating the results of CLPP and
PLFA, and correlating the biology with the chemistry remains to complete this multiyear experiment.
This work has included INEEL participation in field sampling for ground water and cores at the NCIBRD
as well as a subcontract let to University of Michigan to defray sampling costs. Preliminary data analysis
demonstrates a large difference in the attached and unattached community profiles and a divergence in
their response to introduction of the contaminants. INEEL personnel contributing to progress on this
subtask are Mike Lehman supported by Sean O’Connell.

Biologically Mediated Actinide Transport in the Subsurface

Hypothesis: Decreased redox potential and supplementary electron transfer associated with
chlorinated solvent bioremediation may effect the mobilization of actinides that have become chemically
complexed to mineral oxides.

The primary objective of this task was to better understand the coupling of microbial processes and
surface geochemical reactions that affect the migration of actinides, such as uranium, through saturated
zones in the subsurface. Technical information generated from this research may meet numerous science
and technical needs at the Idaho National Engineering and Environmental Laboratory (INEEL), as well as
Pacific Northwest National Laboratory (PNNL), including the need to understand the microbial alteration
of heavy metal and radionuclide partitioning at mineral surfaces. Laboratory research was performed to
understand the effect of anaerobic enrichments for the purpose of trichloroethylene (TCE) degradation on
the mobility of uranium in basaltic aquifers. Interacti on of uranium and hydrous iron oxide moieties on
the mineral oxide surfaces was maximized by using iron oxide-coated quartz from Oyster, Virginia.
Major accomplishments for this fiscal year included: the determination that adsorption and desorption to
iron oxide-coated sand appears to be affected by anaerobic enrichments and is culture dependent.
Specifically, enrichments for sulfate reducing bacteria (SRB) and iron reducing bacteria (IRB) from a
laboratory culture caused the release of low concentrations of absorbed uranium into the growth medium,
followed by a steady decrease in the soluble fraction with a concomitant increase in particles filterable
through a 0.2 pm filter. Enrichments of SRB and IRB from ground water taken from Test Area North
were able to chemically reduce the iron on the surface of the sand that may reduce the reactive surface
area on mineral surfaces significantly affecting adsorption of uranium and subsequent mobility in the
ground water. Both SRB and IRB enrichments from the TAN ground water were able to reduce both
soluble and bound U(VI) to U(IV).

Weapons production and energy research activities have resulted in widespread contamination of
subsurface sediments and ground water with chlorinated organics, metals, and radionuclides. More than
5,700 known DOE plumes have contaminated over 600 billion gallons of water and 50 million cubic
meters of soils and sediments. Some of the more prevalent contaminants that have been co-disposed at
DOE sites are chlorinated solvents (e.g., perchloroethylene (PCE) and TCE), metals (e.g., lead, chromium
and mercury) and radionuclides (e.g., uranium, cesium, and strontium) (Riley et al. 1992). These
contaminants, especially the metals and radionuclides, can persist in the environment for extremely long
periods. Migration of contaminants within these plumes threatens local and regional water sources, and
in some cases has already adversely impacted offsite receptors (DOE August 1996).

Over the past several years, biological treatment of chlorinated organic contaminants has gained
popularity in research and development as well as application of the technology to field sites (Ellis et al.
2000; Harkness et al. 1999; Sorenson 1998). When considering biotreatment of the chlorinated organic
component of a mixed contaminant plume in saturated porous media, a number of related chemical and
biological interactions must be considered. First, and most obvious, is the interaction of the microbial
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population of interest with the contaminant to be remediated. As stated, a large amount of fundamental
and applied knowledge has been gained regarding reductive dechlorination of chlorinated organic
contaminants (Adriaens and Vogel 1995; Fetzner 1998). Second, is the interaction of co-disposed
inorganic contaminants, such as metals and actinides, with geological media within the contaminant
plume. A wide variety of laboratory research has gone into understanding the partition coefficients and
surface complexation of compounds such as uranium on the surface of mineral oxides (Waite et al. 1994;
Kohler et al. 1996; Reich et al. 1998; Rosentreter et al. 1998; Bargar et al. 1999). Finally, the interactions
between the microbial populations (specifically those capable of degrading the chlorinated organic
contaminants), the actinide contaminants, and the mineral oxides in the growth environment, must be
determined. The focus of this research project has been the interaction of microbial populations capable
of degrading TCE contaminants with actinides that are chemically complexed to mineral surfaces.
Microorganisms may affect the mobility of the actinide directly by changing the speciation, or indirectly
by transforming the mineral matrix to which the metal has complexed. Once the uranyl ion has been
released, it is available for complexation to counter ions in solution, allowing for mobilization of the
actinide. During the reduction of the iron oxides and liberation of soluble ferrous iron, potential sites for
adsorption are also lost. Knowledge gained from the project will be directly applicable to the following
Environmental Management Needs:

. Microbial alteration of heavy metal and radionuclide partitioning at mineral surfaces.
. Detection/distribution of contaminants—chemical binding on site-specific mineral surfaces.
. Transport of contaminants—rates of coupled abiotic and biogeochemical reactions

involving contaminants in the Hanford subsurface.
. Remediation—interaction of remedial processes with Hanford subsurface.

. Cost-effective, in situ remediation in the vadose zone of one or more of the following
radionuclides: uranium, plutonium, cesium, cobalt, and strontium-90.

. Understand, quantify, and develop descriptions of biogeochemical reactions and interactions
between contaminants of concern and aquifer sediments to describe biochemical reactive
transport.

Bench-scale laboratory research performed during the past year attempted to address a largely
ignored issue associated with in situ remediation: that is the potential enhancement of mobility of co-
disposed radionuclides resulting from remediation of chlorinated organic contaminants in ground water.
The guiding hypothesis for the research was that when microbial growth conditions are established in the
subsurface for chlorinated solvent biotransformation, changes in redox chemistry and direct reduction by
microbes will affect the fate of uranium that has become chemically complexed to the mineral oxides.
Anaerobic microorganisms require certain environmental factors to be favorable to maintain their
baseline physiology as well as dechlorination activity. One important factor is the redox potential (Eh) of
the growth medium. A change in Eh facilitated by microorganisms has a strong possibility of affecting
chemical speciation in the area of changed Eh (Tsang et al. 1994). The hypothesized mechanism of
uranium release from the U-mineral oxide complex is similar for enrichments for sulfate reducers and
sulfate free enrichments. In this mechanism uranyl ions sorb to mineral oxides such as iron oxide, ferric
oxyhydroxides, or manganese oxides. Once accelerated bioremediation is initiated, the required redox for
microbial growth and supplementary electron transfer occurring in the system leads to the reduction and
loss of the iron oxide and uranyl ions. The uranyl ions will complex with carbonate forming
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dioxouranium (VI) carbonate complexes. The iron is lost as ferrous iron, which may form carbonate
complexes. Under conditions of enrichment without sulfate, the uranium carbonate will stay in solution
depending on the microbial activity occurring or will be precipitated as solid uranous oxide. Uranium
solubility will be affected under conditions of sulfate reduction due to the formation of metal sulfides,
specifically iron sulfide. Two potential effects of the iron sulfide would be abiotic reduction of the U(VI)
and reprecipitation onto the mineral matrix, or adsorption to iron sulfide particles followed by
precipitation.

The effect of remediating trichloroethylene using enrichments with and without sulfate on actinide
mobility was determined. Previous research at the INEEL has shown that sulfate reducing and
methanogenic enrichments are able to transfer electrons to organometallic compounds affecting the
valence state of transition metal involved (Lee et al. 2000). The initial research task for the current
project was to determine the interaction of redox conditions on uranium using simulated materials to
mimic the mineral matrices found on the surface of basalt. When culture conditions are established in the
subsurface, changes in chemistry will affect the fate of uranium that has sorbed to basalt. After
remediation of the plume is complete the aquifer in the area will naturally return to oxidative conditions.
The effect of the positive oxidation-reduction potential on the chemically sorbed uranium will be
determined.

Batch testing was performed during this phase of research. Figure 3 represents the general
configuration used for testing. Boxes to the left of the test vial photograph contain components added to
the vials, while the box to the left of the bottle represents analyses performed on the vials. Each series of
assays contained two blanks, one with TCE and one without, one killed control, one enrichment for SRB,
and one enrichment for IRB. All vials contained nitrogen phosphorus growth medium and iron oxide-
coated quartz.

Mineral matrix
Fe oxide-coated Contaminant
quartz solution: Measure
UO,(NO [U]
2(NOs)2 ox. state,
Fe(ll),
Growth medium: o e pH,
(N/P) [TCE],
carbon
e/C source: (Iactgte)
lactate as f(time)
Enrichment:
SO4'2
Co
contaminant:
Lab, or Field TCE
culture GJ00 0177

Figure 3. Flow diagram of basic experimental configuration used to determine the effect of anaerobic
enrichments on uranium adsorption and desorption to iron oxide coated sand.
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There were two sources of inoculum for the experiments run during the past year. Initial
experiments were run using a microbial culture enriched from TAN ground water that had been used to
determine TCE removal kinetics. This culture had been maintained in the laboratory for numerous
generations prior to use in the adsorption/desorption experiments. For presentation of results this culture
will be called the “Laboratory Culture.” The second culture used was enriched from ground water
obtained from sampling well TAN-37. A 1-liter sample of ground water was filtered and the filter was
added to growth medium for enrichment. This culture was designated as the “field culture” for
presentation of results.

Uranium (VI) was measured using kinetic phosphorimetry, total U was measured using inductively
coupled plasma with atomic adsorption (ICP-AA), ferrous iron was measured using the ferrozine dye
method, pH and Eh were measured using probes, TCE using solid phase microextraction and methane via
direct sampling of headspace were measured using gas chromatography, and lactate and associated
breakdown products were measured using high pressure liquid chromatography.

Two problems encountered during research performed during FY 1999 were the lack of TCE
reductive dechlorination and less than desirable mass balances for uranium in the batch system. Research
during FY 2000 focused on solving these problems prior to initiating column studies. An attempt to
overcome the lack of TCE reductive dechlorination was performed by obtaining an enrichment culture
from the ongoing enhanced in situ bioremediation of TCE project taking place in the source area of TAN.
Better uranium recovery was attempted by looking more closely at solution and surface species of
uranium.

Assay Optimization

Adsorption and desorption testing performed during the initial year of research utilized a destructive
sampling technique in which multiple vials were sacrificed at each sampling point. This type of sampling
led to considerable variability between sampling points and a low mass recovery of total uranium for each
individual experiment and adequate U(IV) information was not gathered to allow for appropriate mass
balance calculations. Some of the error was thought to be caused by the overall heterogeneity between
batches of iron oxide sand used in the individual vials. While samples of sand were well mixed and the
same batches were used for all of the vials used in the destructive sampling matrix, a wide range of
variability for U(VI) adsorbed to the sand was noted. Per analysis of the U(VI) adsorption medium and
the iron oxide-coated sand via nitric oxide digestion following adsorption, there was a 2x difference in
U (V) concentrations on the sand and 2 to 3x in the adsorption medium. Mineralogical characteristics of
the sand may explain some of the variability noticed in the initial experiments. Rosentreter et al (1998)
determined the mineralogical characteristics of 25 sediment samples collected from the Oyster, Virginia
site. Three characteristics that would have affected the U(VI) adsorption were surface area, reducible
iron and partition coefficient. Surface area for the 25 samples varied from 0.13 to 3.21 m2 g-!; reducible
iron varied from 0.97 to 73.28 umol - g-!; and finally, the partition coefficient for adsorption of U(VI) at
pH 5.0 varied from 1.02 to 2.05 ml - g1,

During the past year, the adsorption and desorption testing was performed using nondestructive
sampling with larger masses of sand and volumes of media. While there may have been differences in the
various legs of each assay, variability for each assay was decreased. ICP-AA analyses of the growth
medium as well as the sand for total U was also performed in order to close or nearly close the mass
balance for uranium in the samples. Uranium recovery in the current experiments is greater than 90% of
the mass added to the vials for testing.
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Adsorption/Desorption Testing—Laboratory Culture

Enrichments of the Laboratory Culture caused the initial desorption of uranium followed by a
longer-term loss of uranium from the growth medium in batch experiments in which iron oxide-coated
sand had been exposed to uranium prior to inoculation. Figure 4 shows U(VI) concentration over time
for SRB and IRB enrichments. In both enrichments, the soluble U(VI) was less than the mass that was
filterable through 0.2 pm filters. In the IRB enrichments, the soluble U(VI) decreased steadily over the
duration of the experiment. The filterable fraction of U(VI) initially decreased, but then began to increase
as the experiment neared completion. This disparity in results between the filterable and soluble fraction
may be due to the formation of fine particles or colloids rather than readsorption to the surface of the iron
oxide. Formation of fine particles or colloids may lead to the mobility of U(VI) in ground water of
microbially impacted aquifers with mixed contamination (Beak and Pitt 1996).

U(VI) in the SRB enrichments showed a similar decrease as the experiment continued, but there was
little difference in the rate of U(VI) disappearance between the filtered and unfiltered fractions. The
amount of U(VI) desorbed initially was less for the SRB enrichment than for the IRB enrichment. The
difference may have been caused by the chemical precipitation of uranium by the presence of sulfides
produced by the culture. Precipitation of black iron sulfide on the surface of the iron oxide was the
primary indicator of sulfate reduction in the test vials. In contrast, no buildup of the black encrustation of
the iron oxide-coated sand was noted in the IRB enrichments.
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Figure 4. U(VI) concentration in SRB and IRB enrichments comparing filtered and unfiltered fractions
over time for the “Laboratory culture.” Experiment was performed to determine the effect of SRB and
IRB enrichments on uranium desorption from iron oxide coated sand.
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Analysis of the growth medium using ICP-AA indicated no significant difference between the total
uranium and the U(VI) measured using the kinetic phosphorescence analyzer (KPA). Neither of the
enrichments were able to reductively dechlorinate the TCE that was added to the assay vials as a
cocontaminant with the U(VI).

Adsorption/Desorption Testing—Field Culture

Due to the inability of the laboratory culture to reductively dechlorinate TCE, measures were taken
to obtain a culture that was demonstrating reductive dechlorination of TCE in the field. A 1-1 sample of
ground water from TAN (TAN 25) was filtered through a 0.2 pm filter membrane using a sterile filter
apparatus. The filter was then submerged in nitrogen/phosphorus growth medium containing lactate,
sulfate and iron oxide-coated sand. Following growth the culture was transferred to fresh growth medium
and then a culture was set up for use in the adsorption/desorption testing. The culture was fed lactate at
the start of the experiment.

Enrichment for SRB and IRB significantly affected the initial adsorption of U(VI) in the assay vials
compared to the killed control and the blanks with and without TCE (Figure 5). Within the first 24 hours,
the U(VI) concentration had decreased to about 400 ppb and steadily decreased to about zero by the
completion of the experiment. The initial decrease in U(VI) noted in the killed control may be due to
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Figure 5. U(VI) concentration in SRB and IRB enrichments over time for the “Field Culture.”
Experiment was performed to determine the effect of SRB and IRB enrichments on uranium adsorption to
iron oxide coated sand.
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transfer of an exudate from the inoculation culture causing a chemical reaction with the U(VI) in solution.
The blanks for the experiment showed a minimal decrease in uranium compared to the enrichments. On
day 17 the SRB enrichment vial broke, ending this leg of the experiment.

ICP-AA analysis of nitric acid digests of the iron oxide-coated sand from the IRB enrichments
yielded evidence that the microbial culture was able to chemically reduce the U(VI) to lower oxidation
states. At the completion of the experiment KPA and ICP-AA analysis of the sand and the growth
medium indicated a total uranium mass of 148.4 pg and a U(VI) mass of 99.2 pg. A similar analysis for
the SRBs was not performed due to the breaking of the flask.

Solubility changes of the U(VI) due to pH are not likely since the pH remained stable between 6.5
and 7 during the entire experiment. As with previous experiments using the Laboratory Culture, there
was no reductive dechlorination of TCE noted in either enrichment. Activity of the IRB diminished the
number of iron oxide sites on the surface of the sand as indicated by the presence of ferrous iron in the
growth medium. A loss of iron oxide in an aquifer impacted by IRB may decrease the number of uranium
adsorption sites, potentially increasing the mobility of uranium.

Adsorption/Desorption—Field Culture with Lactate Addition

A second adsorption/desorption experiment was set up using the Field culture to determine the effect
of lactate depletion and addition on U(VI) concentration in the enrichments. Vials were set up in a
manner similar to that indicated in the previous experiment, but additional lactate was added to the
enrichment vials after 20 days of incubation.

Figure 6 shows uranium concentration in adsorption/desorption assay vials set up to determine the
effect of lactate addition on U(VI) adsorption/desorption. As with the previous experiment, U(VI) in the
enrichments decreased to near zero. Interestingly, the U(VI) concentration in the killed control also
dropped to zero, indicating contamination or significant chemical precipitation of uranium in solution.
By day 10 the initial supply of lactate was depleted in the SRB and IRB enrichments (Figures 7 and 8).
Following this time the amount of propionate and acetate produced by fermentation of the lactate in the
culture began to decrease. During this time period (between days 10 and 20) the U(VI) concentration
began to increase. Upon addition of lactate on day 20, the U(VI) concentration again dropped to near
zero. Upon depletion of lactate on day 28 the U(VI) again began to increase.

Metal reducing microorganisms appeared to be dominant in both enrichments, especially the IRB
enrichment. Samples analyzed for total uranium after 46 days of incubation indicated high concentrations
of reduced forms of uranium compared to U(VI) in the samples (Figure 6). The ferrous iron
concentration in both enrichments, as well as the killed control and blank can be seen in Figure 9. Both
the SRB and IRB enrichments showed the ability to reduce the iron present on the iron oxide-coated
quartz. When lactate was depleted, the ferrous iron concentration in the IRB enrichment stabilized.
Upon addition of lactate, the ferrous-iron concentration in solution increased. In contrast, when lactate
was depleted in the SRB enrichment, the ferrous iron concentration began decreasing, but did come back
when lactate was added. The loss of ferrous iron in the SRB enrichments may have been due to the
formation of ferrous sulfide as indicated by the formation of a dark precipitate on the iron-oxide surface
of the sand. Ferrous iron concentration in the killed controls and blanks remained near zero for the
duration of the experiment.
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Figure 6. U(VI) concentration in SRB and IRB enrichments over time for the “Field Culture” during
lactate addition and depletion experiments. Experiment was performed to determine the effect of SRB
and IRB enrichemnets on uranioum adsorption to iron oxide coated sand. Symbols containing cross’

indicate reduced forms of uranium.

700 T | | I
—@=— Lactat
° ) actate
600 =—=O=— Formate —
= -¥-- Acetate
- - /- - Propionate
<) | -
£ 500 =-H-= Butyrate
C
9
o
= 400 [~ =
)
Q
[
Q
(@)
- 300~ -
(5]
<
Q
§ 200 - —
g /V e .V -~
——— - '~
’ w--"
100 ,' ]
4 -
"’,:/’ .~_~..~
0 5 10 15 20 25 30 35

Time (Days)

Figure 7. Organic acid concentration over time for SRB enrichment of “Field Culture” during lactate

addition and depletion experiments.

107

GJ00 0181



800

I ' ! ! | |

—@=— |actate

—-0-- Formate

= -¥- - Acetate
ol =/~ = Propionate |
%I’ —HN— Butyrate
E
c
9
g
® 400 |- |
o
[
o
(&)
o
®
o VT
o -y v~ -
% 200 ]
O

sTET = V-
—————— fo=g===do_ ol
0 w°
: ) 35
Time (days)

Figure 8. Organic acid concentration over time for IRB enrichment of “Field Culture” during lactate

addition and depletion experiments.

GJ00 0182

0.10 I I I I I I
—®=— Blank (+TCE) O
0.08 =O== Blank (-TCE) ]
—/\=Killed Control
—¥— SRB Enrichment
% 006 == IRB Enrichment |
z
RS
o v
€ 004 | S ZZ N .
3 / & v
C
8 of \ /
g A4
L
A A A —4
A /\ /e
= O
0.02 1 1 1 1 1 1
0 5 10 15 20 25 30 35
Time (days) GJ00 0183

Figure 9. Ferrous iron concentration in SRB and IRB enrichments over time for “Field Culture” during
lactate addition and depletion experiments.

108



As with previous experiments, the enrichments were not able to reductively dechlorinate TCE.
Enrichment for SRB and IRB may be selecting for metal reducing microbes in the culture, shifting the
community away from TCE degraders that were prevalent in the field. The loss in some TCE
dechlorination capacity appears to be inherent with the culture from TAN. Microcosms set up
specifically to monitor reductive dechlorination of TCE have encountered similar problems, including
lags in rates of dechlorination and initiation of dechlorination (Kent Sorenson, personal communication).

Column experiments that are currently being set up will decrease the probability for selection of
metal degrading microbial populations. The columns will be set up using crushed basalt from TAN that
will decrease the amount of ferric iron present and may allow for reductive dechlorination of the TCE.
Basalt in the columns will be exposed to uranium for a short period; the columns drained; followed by
inoculation with a culture enriched from TAN-25. The test column will receive an inlet solution
containing nitrogen/phosphorus growth medium, lactate, and sulfate. One control column will receive
growth medium without lactate and a control that has not been exposed to uranium will be run to monitor
the effect of uranium on the culture used for inoculum. These experiments are being set up with online
monitoring of pH and Eh at various levels over the length of the columns. Columns will also be
monitored over the length for U(VI), total uranium, TCE, and lactate concentration.

Using Deep Tensiometers to Interrogate and Validate Numeric Models
and Existing Field Data in the Subsurface

Hypothesis: Measured soil water potential of arid and humid sites are substantially similar.

The primary means by which contaminants are transported through the vadose zone to underlying
aquifers is by subsurface movement of moisture. This task used advanced tensiometers to characterize
soil water potential distributions in deep vadose zones over time in different geologic and climatic
environments. These field data are required to characterize sites, develop site-specific conceptual models
of flow and transport at sites, provide data for predictions of contaminant transport and model calibration,
and monitor migration phenomena for long-term stewardship.

Moisture movement in the subsurface is the primary means by which contaminants are transported
through the vadose zone and to the aquifer. Field data are required to monitor these migration phenomena
and provide data for model calibration. Deep monitoring in the vadose zone has been limited by the
availability of accurate instruments to provide data on the primary state variables. The advanced
tensiometer provides data not previously attainable that is critical for understanding transport through
deep vadose zones. These data are needed to monitor and evaluate contaminant plume movement and
verify the landfill and hazardous waste site conditions. Advanced tensiometers are one of the vadose
zone instruments used to determine the potential for moisture movement, to determine initial moisture
conditions, to obtain characterization data for input to risk assessment modeling, and as part of long-term
stewardship monitoring systems to ensure remedial actions are effective. This exploratory investigation
has obtained the first-ever continuous measurements of water potential in deep vadose zones, in various
geologic environments under distinct climatic conditions, at numerous sites. This information will be
used to provide a framework for characterizing water transport in deep vadose zones.

The general objectives of this project are to: install and maintain advanced tensiometers in various
geologic media for extended time periods to generate background information on water potential in deep
vadose zones, continue development of the advanced tensiometer and other complementary monitoring
instruments, and conduct technology transfer activities. Specific objectives on producing a data base of
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water potential in deep vadose zones includes (a) characterization of the vertical distribution of soil water
potential in deep vadose zones using the advanced tensiometer, (b) collection and interpretation of deep
water potential data over time periods relevant to transport processes, (c) acquisition of soil water
potential profiles in different geologic environments, and (d) acquisition of soil water potential at sites
with different climates. Development of the advanced tensiometer includes improving and developing
variations of the advanced tensiometer for specific field applications, and inventing vadose/ground-water
monitoring and characterization instruments that complement the advanced tensiometer. Technical
transfer activities include presentations, papers, interfacing with potential users of the instruments
(INEEL operations, ER and outside investigators), support to users, and patent preparation.

Field Investigations

Wells with multiple advanced tensiometers collected data at the INEEL, Oak Ridge, Savannah River
Site (SRS), Hanford, and other sites to characterize the vertical distribution of soil water potential in deep
vadose zones. The instruments at the INEEL Idaho Research Center, Radioactive Waste Management
Complex, INTEC, Site 14 (about 16 km south of Test Area North), and the Savannah River Site were
maintained and monitored on an hourly basis. Data were downloaded from these sites, stored in a
database, and plotted to evaluate the data. These wells contain multiple tensiometers with instruments at
depths ranging from 3 to over 30 m. Field measurements indicate that water potential has the greatest
variation in the few meters below land surface while measurements beneath this depth are relatively
stable over the majority of the year. Several of the sites exhibited significant and rapid changes in water
potential to depths over 15 m in response to recharge events. The general, vertical profile of water
potential with depth appears similar between sites at the INEEL and SRS, despite significant differences
in the amount of precipitation and geologic conditions. Water potential measurements at all these sites
were within the tensiometric range, from approximately +100 to -250 cm of water. This suggests that
most deep vadose zone sites can be monitored with tensiometers. Previous results from these
investigations are documented (Hubbell and Sisson 1998; Sisson and Hubbell 2000; and Miller 2000).

Multiple advanced tensiometers have been installed in boreholes to depths of 143 m. The number of
instruments placed in a well is limited by the sizes of the instrument and the complexity of installing
suitable backfill material. Tensiometers require servicing (refilling with water) as frequently as monthly
in shallow/dry sites, once every two months in most sites, and as little as yearly or every few years at sites
that are at or near saturation.

Water potentials were obtained from deep vadose zones to examine and evaluate long-term water
potential. Water potential measurements were collected for periods up to 4-%: years. The tensiometer
data indicated there is an initial period while the instruments and backfill comes into equilibration with
the surrounding materials. This can last from a few days to months, dependant on the geologic and
hydrologic conditions as well as the characteristics of the backfill. The tensiometers then provide
relatively stable measurements indicative of a water potentials near field capacity, with water moving by
the force of gravity (unit hydraulic gradient) much of the year. Several sites showed periodic recharge
events where the water potential increased in response to a pulse of water moving through the vadose
zone which then drains slowly, approaching the initial water potential measurement. The recharge events
are frequently rapid, suggesting that continuous monitoring is required to capture these recharge events.

Tensiometers were successfully installed in geologic materials that represent most materials found at
most sites. They were installed and operated in sedimentary materials ranging from clay, silt, sand, and
course gravel. Wells were also installed in fractured rock such as basalt, sandstone, and semi-
consolidated sediments of the Ogallala formation in Kansas. Data from these sites suggest that the
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dominant water potentials are related to the field capacity of the matrix. Fine-grained sediments have
dampened responses to recharge events while course material and rock have sharper responses to
recharge events. In fractured rock, the tensiometers are able to obtain measurements from both the matrix
and pulses of water moving within preferential pathways.

Tensiometers were installed at sites with arid to humid climates. A comparison of the water
potential data from these sites suggests that the amount and distribution of precipitation is important but
that difference in geologic setting may be a larger contributing factor than precipitation. It is difficult to
distinguish water potential data from the INEEL as compared to data obtained from SRS. The data from
the INEEL, an arid to semiarid site shows more recharge events than does SRS. This is attributed to the
differences in site geology.

The INEEL has assisted several other DOE, USGS, and university sites to install, operate, and
interpret data from advanced tensiometers. These projects are primarily funded by these other
organizations. The INEEL-ER program installed over 40 advanced tensiometers and suction lysimeters in
wells drilled at the Radioactive Waste Management Complex. These wells monitor water potential (or
the formation of perched water) at the 110 and 240 ft interbeds and provide samples from these depths.
Specifically, the information to be generated from these instruments are intended to assist in defining the
lateral and vertical extent of perched water at the RWMC, provide evidence of the mechanisms
controlling the formation of perched water, and provide data for evaluating lateral and vertical water
transport in deep vadose zone. Advanced tensiometers and borehole water content sensors developed
under this project were installed in 11 wells at the Savannah River Site for monitoring the vadose zone at
the Mega trench and E-slit trenches.

Ten advanced tensiometers were installed in three wells at the Sand Hollow recharge site
(St. George, Utah) in November and December 1999. The INEEL is cooperating with the USGS, Bureau
of Reclamation, and University of Utah on this project for the Bureau of Reclamation. Two wells were
instrumented to monitor water movement in the vadose zone to 60 ft beneath an infiltration pond located
on the Navaho formation. These instruments along with gas sampling ports, heat dissipation sensors, and
suction lysimeters will be used for estimating infiltration rates, water travel times, and level of saturation
for this recharge investigation. Four advanced tensiometers were also installed from depths of 15-95 ft at
a “background” site to evaluate the distribution of soil water potential in deep vadose zones under natural
conditions within the Navaho formation. Data from the infiltration pond site has indicated that
background water potentials are at or below the tensiometer range to depths of 15 m. Preliminary data
from the infiltration test indicate low flow rates into the formation at this site, suggestive of matrix-
dominated flow.

A collaborative project was started with the Kansas Geological Survey at The University of Kansas
on defining the quality and quantity of recharge in the Ogallala Formation of the High Plains. Advanced
tensiometers were placed in ground-water wells drilled by the USGS on irrigated and nonirrigated farm
land to differentiate the effects of irrigation on deep vadose zone recharge processes. Four sets of
advanced tensiometers were installed in three boreholes in Finney County, Kansas. Results are not yet
available from this ongoing investigation. Over 50 advanced tensiometers are planned to be installed at
the new INTEC percolation ponds in FY 2001 to characterize the water distribution and water movement
prior to and following operation of these ponds.
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Development of Technologies and Intellectual Properties

The design of the advanced tensiometer has been modified and adapted to improve measurements,
extend field applications, and enhance field reliability. The details of the specific improvements will not
be enumerated in this report to preserve these intellectual properties. Overall, nine invention disclosures
have been submitted with four more in process, in response to activities performed in this investigation.
Several design changes have been incorporated into the design to reduce the effect of water level and
barometric pressure changes in the water potential measurements. These modifications will provide more
precise soil water measurements to detect subtle changes required for long-term (stewardship) monitoring
at DOE/commercial sites. These designs have been successfully tested in the laboratory and field with
prototype instruments.

Five of the submitted invention disclosures relate to extending the range of use of the advanced
tensiometer for sampling and monitoring. One of these is the drive cone tensiometer that was shown at
the DOE Science and Technology Complexwide Exhibit in Washington and the Environmental
Management Science Program National Workshop in Atlanta. This instrument can be deployed using
drive cone technology where no drill cuttings are generated in the installation process. Several of these
devices have been installed at test facilities at the INEEL and Hanford. Discussions have been held with
a commercial vendor that is interested in licensing this technology.

The field reliability of the advanced tensiometer has been addressed by several modifications to the
design. These changes improve the ruggedness of the installation and provide a better sealing mechanism
for selected applications. Several other invention disclosures have been submitted and are in preparation
at the time of this report for complementary, vadose/ground-water monitoring and characterization
instruments that would enhance or supplement existing instruments.

The field deployments of the advanced tensiometers are presented in the field investigations section.
In addition, discussions have been held with other INEEL and DOE sites, as well other groups that are
planning or considering utilizing the advanced tensiometer for their applications. At the INEEL,
instruments are being considered for use at INTEC for monitoring around the tank farm and the existing
percolation ponds to characterize the distribution and movement of moisture in the underlying sediments
and basalt. The University of Idaho and University of Texas are using these instruments for an
infiltration/geophysical test and barriers study, respectively. Instruments are being used/evaluated by the
USGS at sites in the Mojave Desert and Yucca Mountain.

A patent for the Isobaric Ground-water Well was granted by the U.S. Patent and Trademark Office.
The isobaric ground-water well resulted from research and development that was supported by this
project during previous years’ efforts. Two patent applications prepared for this investigation were

submitted for consideration to the U.S. PTO. An innovative technology summary report is being prepared
on the advanced tensiometer.

ACCOMPLISHMENTS

Microbial Partitioning Between Mobile and Immobile Phases in Geologic Media.
See Appendix for list of published abstracts and referred papers.

1. In addition to the papers listed in the appendix, it is expected that experimental work per-
formed under this project funding will produce at least seven additional papers:
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a. Calculation of basalt surface area based on micromorphometry (Lehman)
b. Comparison of bacterial cell extraction methods (Lehman)

c. Results of MIRTL?2 field experiment (Lehman)

d. Two papers associated with SR-FTIR task (Kauffman)

e. Two papers associated with the PCR-DGGE task (O’Connell).

Two additional abstracts were submitted and are pending decision:

a. Abstract submitted to the ALS Users’ Conference, Lawrence Berkeley National
Laboratory, Berkeley, California, October 16, 2000, Kauffman.

b. Abstract submitted to the AGU Fall Meeting, San Francisco, CA, Dec. 15-19, 2000.
Kauffman

Task supports an M.S. and 2 Ph.D. degrees through ISU in collaboration with Dr. Maribeth
Watwood.

Both O’Connell and Kauffman won awards for best student presentation at regional profes-
sional meetings (see Appendix).

Lehman co-wrote and submitted a proposal to SERDP in collaboration with Bill Bauer and
Jill Scott at the INEEL and D. C. White and C. Lytle at the University of Tennessee, “Relat-
ing TNT Contaminant Form, Soil Composition and Microbial Activity to Bioavailability.”

Kauffman is session co-chair for International Professional Meeting: “Microbial-Mineral
Interactions in Deep Subsurface Environments™ at the Fall Meeting of the American Geo-
physical Union to be held in San Francisco, December 15-19, 2000.

Biologically Mediated Actinide Transport in the Subsurface.

During FY 2000 testing continued to determine the effect of anaerobic enrichment on uranium
adsorption and desorption from iron oxide-coated sand. During the past year the following important
determinations were made:

1.

Optimization of adsorption/desorption assay for increased recovery of uranium and in-
creased accuracy over the sampling period.

Uranium adsorption and desorption from iron oxide-coated sand appears to be affected by
anaerobic enrichments and also appears to be culture dependent.

Enrichments for sulfate reducing and iron reducing bacteria cause the release of low concen-
trations of adsorbed uranium into the growth medium.

Once uranium was released into solution, the soluble fraction decreased while the fraction

filterable through 0.2 pm filters increased, a possible indication that some sort of colloid is
forming over the course of the experiment.
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5. Enrichments for sulfate reducing and iron reducing bacteria chemically reduce iron on the
surface of iron oxide-coated sand, as indicated by ferrous iron in solution. Reduction of
reactive surface area may significantly affect adsorption of uranium and subsequent mobility
in ground water.

6. Microbial enrichments from ground water from Test Area North (from enhanced in situ
bioremediation of TCE in fractured rock source remediation operation) appear to signifi-
cantly affect uranium concentration in solution; the culture also appears to reduce uranium.

Adsorption/desorption data gathered during FY 1999 has been included to allow for a
comprehensive analysis of all data gathered during the project.

Utilization of Deep Tensiometers to Interrogate and Validate Numeric Models and Existing Field
Data in the Subsurface

1. Soil water potential measurements were collected at multiple sites from arid and humid sites
in geologically diverse materials including sediments (gravel, sands, clay, and silts) and
porous rock (basalt and sandstone) to improve the baseline understanding of water distribu-
tion and movement in deep vadose zones.

2. Water potentials were analyzed from a deep vadose zone at a semi-arid site in southeast
Idaho to examine long-term water potential. Water potential measurements were in the
range of approximately +100 to -250 cm of water in both arid and humid sites. Beneath 4 m,
the water potentials were steady most of the year with a unit-gradient downward flux.
Tensiometers located near the surface exhibited water potential standard deviations greater
than 25 cm, likely due to evapotranspiration and drainage. Several of the fractured rock sites
recorded episodic infiltration events indicating recharge pulses occurring to depths exceed-
ing 15 m. Water potential during these episodic infiltration events varied both temporally
and spatially indicating preferential flow pathways through the fractured media.

3. Drive cone tensiometers were designed and installed for testing purposes at the Hanford
Buried Waste Test Facility (BWTF), the Sisson and Lu Site at Hanford, and the Idaho
Research Center at the INEEL. These tensiometers were placed adjacent to existing instru-
ments (water content sensors, neutron access tube and conventional tensiometers installed
using an instrument caisson) to allow comparison of data. The drive cone tensiometers are
planned to be deployed at the Radioactive Waste Management Complex in FY-01.

4, The patent for the Isobaric Ground-water Well (number 5,969,242) was granted by the U.S.
Patent and Trademark Office, October 19, 1999. This invention is an outgrowth of work on
the advanced tensiometer.

5. Nine invention disclosure records were prepared and submitted to the Technology Transfer
Office on vadose zone and ground water monitoring devices.

6. Developed capabilities to monitor water movement in deep vadose zones for long-term
stewardship at disposal facilities.

7. Worked with the Environmental Restorations for their deployment of advanced tensiometers

and lysimeters at the INEEL Radioactive Waste Management Complex in FY-00. Continued
to provide consultation for interpretation of the field data from these sites.
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SUMMARY

Radionuclides can exist in a variety of chemical forms, which are referred to as the chemical
species of the radionuclide. The chemical species has a profound bearing on environmental fate and
transport, and consequently risk assessment. Determining radionuclide chemical speciation present on
the reactive top monolayer of naturally occurring mineral surfaces is a challenging task that is beyond the
capability of current analytical methods and instrumentation. Our research combines rigorous bulk
speciation characterization with unique secondary ion mass spectrometry (SIMS) surface analysis to
generate accurate, radionuclide surface speciation information and, more importantly, general methods
and instrumentation for facile radionuclide surface speciation determinations. Specifically, we initiated
studies of Cs, Sr, Re, U, Pu, and Am in contact with soils from the INEEL’s Radioactive Waste
Management Complex using adsorption, sequential extraction, and SIMS approaches. Substantial
information was gained for the Cs, Sr, and U-contaminated systems that described surface- and bulk-
phase speciation. The SIMS investigations were conducted using nonradioactive nuclides or surrogate
metals because a SIMS instrument capable of handling radioactive samples does not currently exist. For
this reason, a longer-term goal is to design and fabricate a SIMS instrument capable of performing surface
speciation studies on radioactive samples. We assembled a prototype instrument and initiated initial
function testing . Our principal objective for this instrument is to transport it to a radioactive laboratory
to begin assessing performance using radiologically contaminated samples, scheduled for FY 2001.

PROJECT DESCRIPTION

Background and Motivation

Radionuclide contamination in the surficial soils of the Radioactive Waste Management Complex
(RWMC) Subsurface Disposal Area (SDA) is a significant problem because it is a radioactive hazard to
personnel and the environment.! The RWMC is a restricted-access area located in the southwest quadrant
of the INEEL in a depression circumscribed by basaltic and lava ridges. The ground surface is relatively
flat, lying about 5,000 feet above sea level, and about 600 feet above the Snake River Plain Aquifer. The
Subsurface Disposal Area is a 97-acre area in a western section of the RWMC. The SDA was dedicated
to permanent shallow-land disposal of solid, low-level transuranic waste generated by national defense
programs from 1954 to 1970. The chemistry, biology, and geology of the SDA and surrounding area
define a complex system in which radionuclide behavior is difficult to predict.

The radionuclide contamination is complex because the buried metals and radionuclides can exist
in a variety of chemical forms or species2-4 that strongly influence mobility in the environment, and they
present a variety of remediation approaches. In addition to chemical complexity, the geology of the area
is complex, with multiple basaltic, eolean, and sedimentary mineral forms present. Over long time
periods, radionuclides can be incorporated into the bulk of these minerals; however, a more immediately
controlling factor relative to radionuclide sequestration or mobility in a heterogeneous mineralogical
environment is interactions with the mineral surfaces. Ideally, radionuclide surface behavior as a function
of chemical species and mineral form is desired to predict migration or sequestration outcomes in the
environment.
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Addressing chemical speciation on environmental surfaces is a difficult proposition. The technique
recognized as providing the most informative analytical information is extended x-ray absorption fine
structure (EXAFS) spectroscopy,-® which can provide bonding information for adsorbed metals.
However, even the tremendous power of this technique encounters limitations when addressing
radionuclide-contaminated environmental samples. The concentrations of surface-adsorbed species can
be too low for observation using EXAFS,7 and highly heterogeneous samples can result in uninterpretable
information. Furthermore, ready access to a synchrotron accelerator facility is required, and this can be
limiting for support of ongoing remediation or stewardship activities. Certainly, other surface techniques
have been applied to characterizing contaminated environmental samples, among them x-ray
photoelectron, Auger, low-energy electron diffraction, infrared, and Raman spectroscopies. Generally, if
the techniques are sensitive enough to detect surface-adsorbed radionuclides, they generate limited
molecular information; conversely, if they are specific enough to distinguish molecular forms, sensitivity
tends to be limited. Another technique that has enjoyed some application to the characterization of
mineral surfaces is secondary ion mass spectrometry (SIMS),8 which is the primary subject of the present
research .

Historically, SIMS has been employed for analyzing the elemental composition of a variety of
materials, including minerals. SIMS analyzes sample surfaces by bombarding them with an energetic
projectile, which causes ‘secondary’ ions to be ‘sputtered’ from the surface, where their masses can be
measured using mass spectrometry techniques. Normally, atomic projectiles have been employed, which
result in highly energetic surface impacts and production of primarily afomic secondary ions. However,
recent research by the INEEL SIMS group and others has clearly shown that using polyatomic projectiles
results in sputtering of molecular secondary ions,-11 which can be highly indicative of the surface
speciation of adsorbed radionuclides. The specific projectile used by the INEEL group is ReO,” (a.k.a.
perrhenate), which is generated as a gas-phase anion by heating a Ba(ReO,4),/Eu,05 ceramic to >800°C
in vacuum and accelerated to 5 KeV for surface bombardment.!2 This projectile was used on all INEEL
SIMS spectrometers, and was subsequently applied to a wide variety of organic surface adsorbate
molecules.!3

Foundational work in developing SIMS for probing metal species present on mineral surfaces
indicate that speciation can be determined. Specific studies relevant to this project include the micron-
scale spatial correlation of adsorbed Cs* with Al-bearing phases on silicate surfaces,!4 the correlation of
reduced tri-n-butylphosphate with high Fe(Il)-bearing basalts,!5 the interrogation of Hg-nitrate surfaces
using an organic amine, !¢ and the identification of basalt mineral phases.!” These studies strongly
suggest that improved metal speciation can be determined by using SIMS for characterizing radionuclide-
contaminated mineral surfaces.

Applying SIMS for speciation determination of adsorbed radionuclides required us to obtain
knowledge and develop methods in several areas. We needed test samples in which the metal speciation
was well understood, so that we could evaluate speciation determination using SIMS. We expended
significant effort to characterize unmodified RWMC soil samples in terms of elemental composition and
physical attributes. We then exposed these samples to nonradiological metals relevant to radiological
contamination at the RWMC; these metals were Sr, Cs, Re, and U. Sr, Cs, and U all have radioactive
nuclei of direct interest as contaminants. We studied Re because it is an effective surrogate for Tc, which
is a radioactive element that may be significant at the RWMC.

Once the samples were exposed, we then recharacterized them for metal content, also using a
sequential extraction approach.!8 The sequential extraction indicated how the metals were bound to the
soil particles. Hence, the exposed soil samples served as benchmarks to evaluate SIMS instrumentation
for determining speciation. We performed the initial, nonradiological SIMS analyses using
instrumentation at the INEEL and at the Image and Chemical Analysis Laboratory (Montana State
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University). But we could analyze no radiological samples because no instrumentation was located in a
radiological laboratory.

To enable analysis of radiological samples, we designed and fabricated an ion trap SIMS for
eventual transport to a radiological laboratory. The ion trap design was adopted for its high degree of
instrumental flexibility; namely, the instrument is capable of collisionally stabilizing complex metal
species indicative of surface speciation and can be used to study MS/MS to determine ion composition,
and study ion-molecule condensation reactions to assess ion reactivity.

These activities comprised the tasks for the metal speciation program (Figure 1), and are highly
integrated (see Table 1). Studies of nonradiological metal speciation provide samples and characterization
requirements to the characterization and instrument R&D tasks, which provide information back to the
soil research task. Characterization Task 2 provides requirements to the IT-SIMS R&D task, which in turn
provides characterization tools back to Task 2. This tandem strategy results in speciation data describing
contaminated RWMC soils, but, more importantly, it will generate tools and methods for routine
speciation determinations for a wide range of samples.

Task 1. Radioactive Waste Management Complex Soil Research

Our objectives for the RWMC soil research task were twofold, namely, to thoroughly understand
the physical and chemical soil attributes and to understand the adsorption/desorption behavior relative to
salient radionuclides. Our initial subtask was to identify a RWMC soil sample typical of the SDA area.
Owing to the presence of several different soil lenses, variations in RWMC soil physical and chemical
properties are known to exist, depending on the exact location and depth from which samples are
obtained. From a historical perspective, it is known that the pits and trenches at the RWMC were
typically excavated to 18 ft, or to the top of the basalt, filled with drums and boxes, then backfilled.
Thus, the soil beneath the SDA (below the 18-ft level) is, for the most part, undisturbed, whereas the
backfilled soil is a mixture of excavated materials. To satisfy the criteria of the initial subtask, we chose
soil samples from the in situ vitrification demonstration pit and Spreading Area B, for three reasons: first,
soils originating from those locations had been previously established to be typical of those in the RWMC
area. Second, the samples contain only naturally occurring radionuclides at background levels. Third,
because the areas are not within the RWMC site boundary and the samples were not radiologically
contaminated, the samples did not require a treatability study permit and could be collected and used
without fear of contaminating the nonradiological analysis laboratories. The third reason for using the
Spreading Area B soil was to have a standard soil against which to compare our characterization results
with results found by others. The in situ vitrification pit samples afforded additional opportunity to
retrieve “undisturbed” RWMC area soils at varying depths.

The in situ vitrification pit is located immediately outside the RWMC at the INEEL. It is a 30-ft-
long by 30-ft-wide by 18-ft-deep excavation approximately 220 ft north of the north SDA fence,
approximately 60 ft northeast of the northeast corner of the United States Geographical Survey fence, and
approximately 175 ft west of the west Pit 9 fence (see Figure 2). The spreading areas are approximately 1
mile south of the SDA. The spreading area soils were previously analyzed and are routinely used for top-
soil at various locations around the INEEL. Data are presented below for the in situ vitrification pit soils
at the 18-ft level and every 3 ft up the pit face to the surface. For comparison, data are also presented for
Spreading Area B soil.
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Figure 1. Tasks, with interrelationships, and projected activities for FY 2000.
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Table 1. Summary of tasks and interrelationships in the surface speciation of radionuclides in the
environmental media program.

Task Title/Description Relationships to Other Tasks
1 RWMC soil research, including Provides unmodified and exposed samples
sample 1dentification, physical and for Task 2, Characterization. Provides
elemental characterization, metal sequential extraction information relating
exposure, and sequential extraction. to metal speciation
2 Characterization: surface speciation Provides characterization data back to
determinations emphasizing SIMS. Task 1, RWMC soil research, for
unmodified, exposed and extracted
samples.
Provides operating performance
information to Task 3, IT-SIMS R&D.
Provides samples for evaluating
instrument analytical capability.
Provides requirements for second-
generation instrumentation.
3 Ion Trap SIMS Research and Provides analytical capability to Task 2,

Development, including design and
fabrication of an instrument to be
transported to a radiological
laboratory, and generation of
requirements for a second-generation
instrument specifically tailored to
radiological analyses.

Characterization. Influences methodology
choices for speciation measurements.
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Physical and Chemical Characterization of RWMC Soil

A series of characterizations were undertaken to establish the physical and chemical properties of
the soil samples. These are summarized in Table 2.

Table 2. Physical and chemical characterizations applied to RWMC soil samples.

Characterization

Description

Particle size spectrum

Specific surface and
average pore size

Bulk density
pH
Redox potential (eH)

Cation exchange capacity
(CEC)

Soluble soil cations and

anions

Elemental analysis

Organics and carbonates

Determination of Fe/Mn
mineral content

Sequential extractions

Soil particle size analysis used the Coulter (laser diffraction) method,
the wet sieving method, and the calibrated hydrometer method.*®

Surface area was determined using a Quantachrome Autosorb 1-CLT
particle size analyzer. The Autosorb unit employs nitrogen
physisorption and BET isotherm analysis. The average pore size was
also determined using the Autosorb 1-CLT and nitrogen physisorption
techniques. Average pore size was calculated by the MP method
described by Brunaeur.?

Bulk soil density was determined using the excavation method.?!
Soil pH in water was determined by electrometric measurement.?
Soil redox potential was determined by electrometric measurement. 23

CEC was determined using the ammonium chloride method.?* Barium
chloride exchangeable cations were also determined by displacing
cations with barium.

Analysis used atomic absorption spectroscopic and ion
chromatographic analysis of the liquid extracts resulting from
displacement of exchangeable cations and anions and direct
dissolution of soil anions and cations into an aqueous phase.

Elemental analysis was performed by lithium hydroxide and boric acid
fusion at 1000°C, then dissolution and analysis via inductively
coupled plasma atomic emission spectroscopy ICP-AES).

Soil organic content was determined by a modified rapid dichromate
oxidation technique in sulfuric acid.? Soil carbonates were determined
by acid dissolution and gas evolution analysis.?

Total soil iron and manganese were determined by lithium meta-
borate fusion of a 1-gram soil sample, followed by ICP-AES, as
described under elemental analysis. Free iron and manganese
(hydrated oxides or oxyhydroxides, a.k.a. sesquioxides) were
determined by the citrate-dithionite and citrate-bicarbonate-dithionite
methods.?’

Sequential extractions with cation analysis were performed at each
step.1828
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When characterized on the basis of particle size, the RWMC in situ vitrification pit soil is
predominantly a silty-clay (see Table 3). There is some variation in particle size distribution, surface area,
or porosity in the samples collected at the different depths, but the 18-ft sample is most representative.
The bulk of the in situ vitrification pit soil particles resided in the 2 to 53-um range, with the remainder
split between finer and coarser particles. Only slight variation exits between the soil density of the in situ
vitrification pit samples collected at the different depths (see Table 4).

Chemical analysis of the soil samples identified them as predominantly aluminosilicate, with
higher concentrations of Ca/Mg carbonates near the surface. Consistent with this observation was the
measurement of a slightly alkaline pH. The soil elemental and soil mineralogical analyses (data not
shown) indicate the soil is predominantly clay minerals (illite, smectite, mixed illite-smectite 2:1 clays,
and some kaolinite). Parent minerals found in the samples include calcium carbonate, feldspars, quartz,
and diopsides. The pH of the soil is basic (7.5 to 8.0 for all samples), and the redox potential (eH) varies
from —400 to +200 mV for all samples. The cation exchange capacity is relatively low (<20 meq/100g;
see Table 5), which is typical of the illite, smectite, and mixed illite-smectite 2:1 clay minerals. The
exchangeable cations (see Table 5) were dominated by Ca™ and Mg*. In addition, both the cation
composition and cation exchange capacities were fairly constant from the surface to the 18-ft level.
When we contrasted the elemental compositions of the rock-forming minerals, again, we observed
relatively minor differences from the surface to the 18-ft level (see Table 6). The material is
predominantly aluminosilicate, with significant contributions from Fe, Mg, Ca, and K, and minor
amounts of Ti and Na. The Ca is somewhat more concentrated near the surface. Of these elements, total
soil Fe is potentially the most significant, ranging from approximately 2 wt% to ~5 wt%. Even though
total soil Fe constitutes as much as 5 wt%, from sequential aqueous extraction studies, we determined that
only 0.0002 to 0.0004 wt% of the soil Fe resides in the sesquioxide phase.

Table 3. In situ vitrification pit, 18-ft depth, soil particle size distribution, surface area, and pore size.

<2 microns (clay) 14 wt%

2 to 53 microns (silt) 73 wt%
>53 microns (sands) 13 wt%
Specific surface 32.6 m%/g
Average pore size 26 A

Table 4. Bulk soil density (g/ml).

18-ft in situ vitrification pit 1.20
15-ft in situ vitrification pit 1.17
12-ft in situ vitrification pit 1.00
9-ft in situ vitrification pit 1.05
6-ft in situ vitrification pit 1.09
3-ft in situ vitrification pit 1.16
Spreading Area B soil 1.08
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Table 5. Exchangeable cations, cation exchange capacities.

Ba*? Exchangeable Cations, Cation NH," Cation Exchange Capacity
Exchange Capacity (CEC)
Total
ppm/g soil Mg* Na* K Ca* meq/100g meq/100 g soil
18-ft in situ vitrification pit 40 61 12 131 12.8 18-ft in situ vitrification pit 7.3
15-ft in situ vitrification pit 44 41 14 129 12.2 15-ft in situ vitrification pit 6.5
12-ft in situ vitrification pit 48 66 11 125 13.3 12-ft in situ vitrification pit 9.5
9-ft in situ vitrification pit 57 67 8 106 13.1 9-ft in situ vitrification pit 8.2
6-ft 1n situ vitrification pit 71 7 2 134 12.9 6-ft in situ vitrification pit 9.6
3-ft in situ vitrification pit 29 2 1 137 9.3 3-ft in situ vitrification pit 3.6
Spreading Area B soil 58 8 23 215 16.4

Table 6. Elemental analysis of major rock forming minerals.

Calculated as

wt% most
common oxide Si Fe Mg Mn Cu Cr Ti Al Sr Ca Na K
18-ft in situ 34.6 2.93 2.86 0.089 0.019 0.011 0.40 5.87 0.0051 0.88 0.7 2.5

vitrification pit

15-ft in situ 32.7 2.67 2.50 0.11 0.060 0.014 0.47 5.85 0.0063 0.77 0.9 2.6
vitrification pit

12-ft in situ 31.8 4.71 5.34 0.19 0.042 0.015 0.64 6.90 0.0064 1.54 0.9 2.0
vitrification pit

9-ft in situ 34.1 2.40 2.73 0.037 0.055 0.011 0.41 5.73 0.0064 0.88 0.9 2.2
vitrification pit

6-ft in situ 30.5 2.79 3.14 0.057 0.023 0.0098 0.41 5.88 0.0076 2.02 0.8 2.1
vitrification pit

3-ft in situ 28.1 1.93 3.48 0.041 0.039 0.0074 0.33 4.54 0.0095 5.73 0.9 2.0
vitrification pit

Spreading Area 34.0 2.19 3.02 0.034 0.024 0.0069 0.356 5.04 0.0075 2.98 0.80 1.8
B soil

The in situ vitrification pit soil contains soluble and leachable cations (see Table 7). The dominant
cations are Ca, Ba, and Cs, with lower quantities of K, Na, Mg, Al, and Si. No systematic trends could be
observed when we compared samples from the different depths. No significant anionic species were
present except carbonate, which is typical of a calcareous soil and points strongly to precipitation of
metal carbonate salts as a plausible surface complexation mechanism (see Tables 8 and 9). The total
carbonate concentration ranges from ~0.3 wt% at the 18-ft level to ~8.8 wt% near the surface of the
ground. Organic carbon also tends to concentrate near the surface. We measured fractions as high as
0.5% in the 3-ft sample, but this decreased to <0.2% in the samples collected from the greatest depths
(see Table 10).
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Table 7. Soluble soil cations.

ppm/g soil Ca K Na Mg Al Ti Mn Zr Si Fe Cu Ni Cs Ba
18-ft in situ 205 12 18 19 057 0.006 0.008 <001 36 <005 <005 <0.1 63 210
vitrification pit
15-ft in situ 143 16 11 28 048 0012 0.003 <001 36 <005 <005 <0.1 65 199
vitrification pit
12-ft in situ 124 18 20 32 0.38 0 0.002 <0.01 <0- <0.05 <005 <0.1 80 188
vitrification pit .1
9-ft in situ 200 11 15 29 1.5  0.036 0004 <00l 38 <005 <0.05 <01 95 182
vitrification pit
6-ft in situ 270 10 3 36 078 0 0.001 <0.01 5.1 <005 <005 <0.1 70 197
vitrification pit
3-ft in situ 238 5 1 10 760 0.001 0.006 <0.01 1.1 <005 <0.05 <0.1 10- 241
vitrification pit 0
Spreading 285 14 2 28 099 0016 0011 <001 35 <005 <005 <01 95 227
Area B soil
Table 8. Soil inorganic carbon, nitrogen, phosphorous, and sulfur.
Carbon as Phosphorou-
wt% Nitrogen as s as wt% Sulfur as
Calculated as wt% Carbonate wt% Nitrate Phosphate wt% Sulfate
18-ft in situ vitrification pit 0.3 0.05 0.006 0.02
15-ft in situ vitrification pit 0.6 0.02 <0.005 0.02
12-ft in situ vitrification pit 0.6 <0.005 0.05 <0.005
9-ft in situ vitrification pit 0.7 <0.005 <0.005 <0.005
6-ft in situ vitrification pit 2.4 <0.005 <0.005 <0.005
3-ft in situ vitrification pit 8.8 <0.005 <0.005 <0.005
Spreading Area B soil 4.4 <0.005 <0.005 <0.005
Table 9. Soluble soil anions.
Soluble Soluble Soluble Soluble
Calculated as wt% of soil Carbonates Chlorides Nitrates Sulfates
18-ft in situ vitrification pit ~0.13 <0.05 ~0.05 <0.05
15-ft in situ vitrification pit ~0.18 <0.05 ~0.05 <0.05
12-ft in situ vitrification pit ~0.12 <0.05 ~0.05 <0.05
9-ft in situ vitrification pit 1.2 <0.02 0.06 <0.02
6-ft in situ vitrification pit 1.9 <0.02 0.05 <0.02
3-ft in situ vitrification pit 2.8 <0.02 0.05 <0.02
Spreading Area B soil 5.7 <0.02 0.025 <0.02
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Table 10. Soil organic carbon.

18-ft in situ vitrification pit 0.15 wt%
15-ft in situ vitrification pit 0.16 wt%
12-ft in situ vitrification pit 0.27 wt%
9-ft in situ vitrification pit 0.2 wt%
6-ft in situ vitrification pit 0.21 wt%
3-ft in situ vitrification pit 0.53 wt%
Spreading Area B soil 0.3 wt%

Metal Sorption Characteristics of RWMC Soil

We exposed the characterized soil samples to cesium, strontium, rhenium, uranium, plutonium, and
americium for adsorption/desorption studies. Three types of studies were performed. Short-term kinetics
studies revealed the rate at which equilibrium was established. Adsorption/desorption studies provided
macroscopic evidence of the degree to which RWMC soils interact with radionuclides, and the
reversibility of the process. Sequential aqueous extractions provided a macroscopic measure of which
chemical components of the soil interact with the radionuclides. The data generated in these studies are
important for determining metal speciation, transport of those metals in the soil column, and eventual
fate. The results are presented below, element-by-element.

Cesium

We exposed soil from the 18-ft level to solutions having known concentrations of *’Cs. The *’Cs
v activity was measured before and after exposure, and we determined the quantity adsorbed by
difference. Our qualitative evaluations of the kinetics of *’Cs adsorption show that the process was
practically instantaneous, and the concentration of Cs remained constant for hours after initial exposure.
We concluded that initial Cs adsorption could be accomplished using 15-minute exposures.

We initially contrasted Cs* sorption with the cation exchange capacity, which was determined to be
7 meq/100 g (from NH,", Table 5); however, we found these soils to sorb 70 meq/100 g. The results
suggest that cation exchange cannot solely be responsible for the sorption of Cs on RWMC soils when
loaded using CsCl solutions.

We generated Freundlich adsorption and desorption isotherms by varying the initial concentration
of ¥7Cs and measuring the equilibrium concentration. The data were modeled using

S=KCn
eq

where S is the metal concentration on the soil (mmol/kg), C, is the solution concentration at equilibrium
(mmol/L), K is the distribution coefficient for the given Cop and n is a dimensionless fitting parameter
normally close to 0.5 (when n = 1, the equation is linear, and K becomes K ).

The K values determined for Cs adsorption did not agree with the desorption values, which

indicates a hysteresis effect. For example (see Figure 3), the equilibrium obtained from Cs adsorption
(K=74) is not reobtained in the Cs desorption experiments. When we used 0.01M Ca*? as the desorption
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Figure 3. Freundlich isotherms for cesium absorption at pH 9. Adsorption isotherm is represented by the
circle data points. Desorption isotherm was generated using 0.01M Ca*? and is represented by the
squares.

solution, we measured an increased K value of 98, which indicates that, once loaded, cesium is tightly
bound, and that cation exchange plays, at most, a minor role in the Cs* adsorption. The general result of

adsorption ~ Kgesorpiion WVAS achieved for experiments that used both deionized water and Ca' for desorption,
across a range of Cs and Ca concentrations.

We used sequential extraction to evaluate partitioning of the Cs into different soil fractions using
the method of Litaor and Ibrihim.18 Table 11 summarizes the method, with the results for Cs™, Srt2, and
Pu. A surprising result is the case of Cs™, the very large residual fraction, or not removable using the
most aggressive extraction in the sequence. This “residual” fraction would likely require very strong acid
or complete soil dissolution to remove. We believe cesium is adsorbed into the mineral lattice, perhaps
between the octahedral-tetrahedral planes of the clay particulate. The result is consistent with the
hysteresis observed when comparing the adsorption and desorption isotherms.
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Strontium

We exposed soil from the 18-ft level to solutions having known concentrations of 85Sr. Bulk
adsorption/kinetics studies revealed that only about 20% of the available strontium was absorbed at all
contact durations up to a maximum of ~28 hr. Strontium had a much lower affinity for soil than did
cesium, which was nearly quantitatively absorbed at pH 9. As in the case of cesium, the distribution of
strontium to the soil phase occurs within 5 minutes. All subsequent exposures were of 15-minute
duration.

Adsorption of strontium to RWMC soil resulted in an average K = 20, and desorption isotherms
did not display noticeable hysteresis (see Figure 4). Complementary sequential aqueous extractions (see
Table 11) of strontium-loaded soil revealed that most of the Sr*2 was bound to carbonate, and that the
bulk of the remainder was ion exchangeable. In contrast to Cs*, very little of the Sr*2 was
nonextractable.

35

30

25 -

S (mmol/kg)

/ = =— —  y=19.675+x"0.41145) R = 0.99067
m ——  y=19.039 « xA(1.0397) R = 0.99313

GT00 0187
Ceq (mmol/L)

Figure 4. Freundlich isotherms for strontium absorption at pH 6. Adsorption isotherm is represented by
the circle data points. Desorption isotherm was generated using 0.01M Ca*? and is represented by the
squares.
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Table 11. Sequential extraction results for RWMC soils exposed to Cs, Sr, and Pu.

Fraction Extractant Cs" wt% Sr2 wt% Pu wt%
Ton-exchangeable 0.01 M Ca*™ 2.3 25 <1
Carbonate-bound Acetic acid/sodium acetate 8.2 67 13

(pH 5)
Organic-bound Sodium hypochlorite 27 3.1 25
(adjusted to pH 10 with
HCI)
Fe/Mn sesquioxide bound  Citrate-bicarbonate-dithio- 11 12 35
nite
Residual (nonextractable) none 51 2.2 27
Plutonium

We obtained in situ vitrification pit and Spreading Area B soil samples containing plutonium.
Kinetics and adsorption/desorption isotherms have not yet been generated, but sequential extraction
experiments (see Table 11) show that Pu was distributed between the carbonate, organic, sesquioxide, and
residual soil fractions. We found no appreciable Pu to reside in the ion-exchangeable fraction.

Uranium

We obtained and analyzed RWMC soil samples containing sorbed uranium using SIMS, but we
have not yet performed kinetics, adsorption/desorption, or sequential extractions.

Americium

We obtained RWMC and Spreading Area B soil samples containing americium. Preliminary
results from sequential extraction experiments indicate that americium resides primarily in the
sesquioxide fraction. We have not yet performed kinetics, adsorption/desorption, rigorous sequential
extraction, or surface analysis on these samples.

Rhenium

We obtained RWMC and Spreading Area B soil samples containing rhenium, but we have not yet
characterized them.

Task 2. Surface Characterization

Our objectives of surface characterization included identifying adsorbed radionuclides on sample
surfaces, surface distribution, and metal speciation. The principal tool used in these studies was
secondary ion mass spectrometry (SIMS). We employed three SIMS instruments. Two were designed
and constructed in-house: an ion trap (modified Varian ITMS) and a triple quadrupole (Extrel). Both
systems are equipped with ReO4” primary ion guns. The third was a Charles Evans TRIFT-TM Time-of-
Flight SIMS, equipped with a Ga* primary ion gun, which we used in collaboration with the Image and
Chemical Analysis Laboratory at Montana State University in cooperation with Dr. Recep Avci.
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We investigated the cesium and uranium-contaminated soil samples in some detail; the results of
these investigations are described below.

Cesium Sorption on RWMC Soil

We used SIMS to investigate Cs™ sorption for samples that had been exposed to CsCl solutions and
then washed with H,O to remove any soluble Cs*. In the SIMS spectrum (see Figure 5), we observed
Cs™ together with molecular Cs cations: CsSiO* or CsAIOH*, Cs, ™, Cs,O%, Cs,ClI*, Cs»,(NO3)*, and
Cs3Cly* (see Table 12). The abundances of the CsCl cluster ions change with increasing Cs™
concentration (see Figure 6). As the Cs* exposure increases, so do ions corresponding to CsCl clusters.
In contrast, the abundance of the CsSiO*/CsAIOH™ remains relatively constant. The CsSiO/CsAIOH*
ion is interpreted in terms of Cs sorbing at aluminosilicate sites, whereas the Cs,CI* ion indicates Cs
sorbing as a surface precipitate. This result is surprising, because we washed the sample subsequent to
exposure, which should have removed soluble Cs salts.

Raman spectroscopy supported the presence of a CsCl surface precipitate, which revealed a line at
identify it, but shifted to high energy. The blue shift is consistent with stronger bonding and limited
solubility.

Based on our experiments conducted with Cs-loaded RWMC soils, we draw the following
conclusions :

1. The cation exchange, SIMS, and sequential extraction results indicate that Cs* sorption onto
RWMC soils occurs via multiple mechanisms. The adsorption/desorption Cs™ isotherms
indicate that the Cs™ is strongly sorbed to RWMC soils, which is consistent with the
sequential extraction results, and indicates that up to half of the Cs* is contained in the
nonextractable ‘residual’ fraction. The residual fraction may represent Cs* that is
intercalated between the aluminosilicate tetrahedral/octahedral planes that constitute the
clay.

2. The CsSiOT/CsAIOH™ ion must derive from aluminosilicate sites. In the context of the
sequential extraction experiments, aluminosilicate sites could reside in the cation exchange,
sesquioxide, or residual fractions, and, hence, the presence of these ions would be consistent
with any or all of these fractions. The ions are not consistent with binding to carbonate or
organic sites. The cation exchange or sesquioxide fractions are most likely responsible for
the generation of these ions, because these fractions can reside on the surface of the clay
particles. However, the two fractions cannot be distinguished on the basis of the SIMS
results. We believe it less likely that the CsSiO™/CsAIOHT ions are derived from the
residual fraction, on the basis that this is not likely to be on the surface of the clay, and,
hence, not accessible to SIMS or Raman detection.

3. When Cs* is loaded onto the RWMC soil from a CsCl solution, surface precipitation of the
CsCl occurs at loadings in excess of 1 wt%, or 0.01 monolayer Cs surface coverage. This
conclusion is supported by both the SIMS and the Raman spectroscopy experiments, but not
explicitly identified by the sequential extractions. One would expect that the surface
precipitate would ‘show up’ under the ‘cation exchangeable’ fraction. This result highlights
the focus of the project; namely, surface speciation can result from multiple adsorption
processes not revealed using sequential extraction. On the other hand, the sequential
extractions could identify a ‘residual’ Cs™ that may not be accessible to a SIMS or Raman
spectroscopy analysis.
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Figure 5. Cation spectrum of RWMC soil exposed to CsCl solution, then washed.

Table 12. Secondary cations observed in the SIMS spectrum of RWMC clay exposed to a CsCl solution.

m'z Composition m'z Composition

133 Cs* 266 Cs,’

149 CsO* 282 Cs, 0"

150 CsOH" 301/303 Cs,CI" (**Cl and *"Cl isotopic peaks
151 CsOH,’ 328 Cs,(NO,),"

177 CsSiO* or CsAIOH" 469 Cs,CL*
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Figure 6. Relative abundances of molecular Cs*-bearing ions generated from RWMC soils exposed to
CsCl solutions. Note that the Cs,CI" ion increases over more than three orders of magnitude, indicating
enhanced surface precipitate as the exposure solution concentration increases. In contrast, the ion —
exchange-derived ions CsSiO*/ CsAIOH™ are constant, indicating a limited number of these sites.
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These conclusions point to several open questions regarding the nature of Cs* on the clay particles
and the capability of the SIMS/Raman approach for surface speciation. The questions suggest
experiments that may answer them:

1. Is the ‘residual’ fraction observable using SIMS, and is the signature constituted of the
CsSiO"/CsAIOHT ions? A depth profiling experiment in which the spectrum is recorded as
a function of primary ion dose may provide information on the depth distribution for Cs*. If
Cst is intercalated between the aluminosilicate planes, then a bimodal or polymodal Cs*
would be expected. In contrast, Cs™ that is solely surface adsorbed would have a depth
profile in which Cs* is localized near the surface.

2. Can sesquioxide-bound Cs™ be distinguished from cation-exchangeable? Benchmark
experiments to identify the SIMS signature of Cs* bound to Al/Si/Fe sesquioxide are needed
to identify whether molecular ions could originate from this fraction, and whether they differ
from those bound to aluminosilicate (i.e., CsSiO*/CsAIOHTY).

Uranium Sorption on RWMC Soil

Our strategy for assessing characterization of uranium speciation on soil particles was similar to
that employed for Cs*. We stirred RWMC soil samples with 8 M and 0.6 M nitrate solutions containing
UO»(NO3),, then put them in a vacuum oven a low heat to evaporate the solvent. The final U
concentration on the soil was 300 pCi/g, which is equivalent to ~900 ppm U (w/w). Some of the samples
were washed for 5 minutes with DI water.

We used SIMS to investigate U sorption. The cation SIMS spectrum (see Figure 7a) is dominated
by atomic ions corresponding to Mg*, Al*, Sit, KT, Ca*, and Fe™. In addition, numerous low abundance
ions are observed at almost every mass, which are derived from organic adsorbates. Close examination of
the uranium region of the spectrum shows that ions having augmented abundances are observed at m/z
254 and 270, which correspond to UO™ and UO,™ (see Figure 7b). This signature certainly reflects the
presence of uranyl on the clay surface. We observed these ions in both the 8M and 0.6M HNO;-exposed
samples, and they were generally more abundant than the organic background; however, the background
was limiting for detecting lower concentrations of surface-adsorbed uranium. Therefore, we employed
high-beam density surface sputtering to attempt to selectively remove the organic contamination layer,
leading to a more clear observation of the uranium species. We used 22 KeV Gat at 2.5 mA to sputter
clean the surface for 60 seconds. The mass spectrum that was subsequently acquired was nearly devoid
of ions derived from organic contamination but still contained reasonably abundant U-containing ions
(see Figure 8).

The relative abundances of the UO™ and UO,* cations may indicate the nitrate content of the clay
surface. We noted that the abundance ratio UO,"/UO* was up to four times greater in the samples that
had been treated with the uranyl/8M HNOj solution, compared with the 0.6M HNOj5 exposure solution.
The anion spectra clearly showed abundant nitrate on the surface of the 8M-exposed soil. In addition to
NOj3- and NO," (which were as abundant as the silicate-derived ions), we observed Ca-nitrate complex
anions to at least m/z 500. These ions clearly reflect the nature of the soil surface and certainly indicate
destruction of CaCO5 on the clay surface. In contrast, the 0.6M-exposed soil exhibited negligible nitrate
in the anion spectrum. Instead, the spectrum contained only aluminosilicate-derived anions. The result
demonstrates facile anion characterization directly from the clay surfaces.

The uranyl cations were resistant to resolubilization during subsequent exposure to water. We

repeatedly washed both samples with water, then dried and analyzed them. This showed that the
abundances of the uranyl signature UT/UO*/UO," were practically unchanged, which suggests that
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binding to the clay surface is relatively strong, and, more importantly, that the SIMS approach is viable for
monitoring adsorption progress as environmental conditions change.

Based on the experiments conducted with the uranyl nitrate-loaded RWMC soils (from 8M and
0.6M HNOj solutions), we draw the following conclusions:

1.

The cation SIMS spectra clearly show evidence for the presence of the uranyl cation on the
surface of the clay soils. For high- to mid-ppm level concentrations, the abundances of these
cations is low compared to the atomic ions derived from the matrix, but the dynamic range
of the SIMS instrument is well capable of performing the detection.

The uranyl cations are isobaric with ions derived from organic surface adsorbates, which can
obfuscate spectral interpretation, especially at low abundances. The organic adsorbates may
be preferentially removed in the SIMS spectrometer by sputter cleaning the sample for a
short time, using a mA primary ion beam. This action reduces the abundance of the uranyl
signature but can eliminate the organic contribution entirely, which enables unambiguous
identification.

The anion SIMS spectrum is valuable for identifying counter anions present in the same
vicinity as the uranyl, which is highly suggestive of salt speciation on the surface. In
particular, chloride and nitrate were demonstrated to be readily detectable in the present
study, and we believe that a range of counter anions is identifiable. The detection of Ca
nitrate cluster anions is highly indicative of the high Ca/high nitrate content of the surface
from which these were detected. We detected no abundant uranium-bearing anions, though
a low abundance m/z 286~ may well be UO5".

Distribution of adsorbed uranium on the RWMC clay particles appeared to be homogeneous,
which indicates that for these types of samples mm-scale imaging is not necessary. This may
not be the case, however, when studying more heterogeneous samples, such as basalt
particles.

The research presented in this section raises several important questions:

1.

That the uranyl cations could be generated using a polyatomic projectile such as ReO4~ was
not established. Nonquantitative comparison of Gat with Cs* indicated that the more
massive Cst was superior for generating the uranyl-derived ions. Extrapolation to a
polyatomic, however, is not warranted based on these few experiments. Instrumental
evaluation of the production of uranyl cations using ReO,- will be required.

Detection of anionic complexing ligands with uranyl on the surface has not been established.
In particular, detection of carbonates using SIMS is an open question.

The ability of SIMS to track changes in surface chemistry over the course of a sequential
extraction has not been established.

Research to address these questions and other related issues will require attention in FY-01 in
order to proceed toward more analytically mature methods and eventual application.
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Figure 7. (a) Cation SIMS spectrum of RWMC soil exposed to uranyl nitrate in a 0.6 M HNO, solution.
(b) High mass region, with expanded abundance axis.
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Figure 8. Cation SIMS spectrum of RWMC soil exposed to uranyl nitrate in a 0.6 M HNO, solution,
subsequent to sputter cleaning the surface with a 2.5 mA Ga* beam for 60 seconds. High mass region is
displayed.

Task 3. lon Trap SIMS Research and Development.

Our objective of Task 3 was to fabricate an ion trap secondary ion mass spectrometer based on
current state-of-the-art design. This IT-SIMS instrument is to be used to develop analytical methods for
speciation of radionuclides on environmental sample surfaces and to help define the requirements for
design of an I'T-SIMS that can be used for routine analysis of radioactive environmental samples.

The INEEL developed the IT-SIMS to analyze trace levels of chemicals on surfaces. It has been
applied to a wide range of analyses and has demonstrated the potential for providing information needed
to determine the speciation of metals such as Cs, Sr, Tc, U, Pu, and other transuranic elements present on
environmental surfaces (soil, minerals). The current state-of-the-art design of the IT-SIMS was defined
by the capabilities of the instrument constructed for the U.S. Army’s Mobile Munitions Assessment
System, modified as needed to better meet the needs of a research instrument operated in a fixed
laboratory. Four primary modifications were included:

1. The sample insertion system uses a small probe with a reduced-volume roughing port and
manual sample insertion. In addition, an oil-free vacuum pumping system was used for the
insertion lock. This offered faster sample turn-around and additional flexibility for sample
mounting.

2. The energy of the primary ion gun was increased to 7 kilovolts to provide added flexibility
in analysis of samples that suffer from sample charging.
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3. A system for controlling electron emission from the samples during analysis was added to
provide additional flexibility in analysis of samples that suffer from sample charging.

4, A rotatable Faraday cup for measuring the primary beam current incident on the sample was
designed and installed directly in the vacuum housing.

The IT-SIMS is based on a Varian Corporation ion trap mass spectrometer. The unit was modified
at the INEEL to perform secondary ion mass spectrometry. The vacuum housing of the Varian instrument
was replaced with an alternate housing that includes an off-axis detector capable of positive and negative
ion detection, a polyatomic primary ion gun, and a rotatable Faraday cup assembly. The rotatable
Faraday cup design allows the primary beam current to be measured without removing the sample from
the vacuum housing. Figure 9 shows a schematic of the vacuum housing and internals. Figure 10 shows a
photograph of the IT-SIMS and electronics mounted on a mobile cart.

The instrument control software was modified for additional flexibility during the analysis. The
modification permits longer sampling and reaction times to support the anticipated needs of the metal
speciation application.

The system was constructed and tested and is currently being used in methods development
activities. Initial studies show comparable or improved sensitivity for detecting adsorbed organic
compounds on soil surfaces. In addition, vacuum characteristics are improved, which will facilitate
analysis of environmental samples.

ACCOMPLISHMENTS

The ability to accurately assess radionuclide speciation is critical for predicting fate and transport,
and for assessing risk to personnel and the environment. Current analytical ability to do this is limited.
Certainly, synchrotron radiation techniques are capable, but this approach struggles with inhomogeneous
samples and is not readily applicable to a large sample flux from the field or from a meso-scale
experiment. This research addresses the limitation.

During the course of the research, we developed capability to do bulk speciation for radionuclides.
This consisted of adsorption and sequential extractions for radioactive samples. Initial experiments
applied these techniques to representative RWMC soil samples deliberately spiked with metals having
radionuclides of interest at the RWMC, or surrogates for those metals. These were Cs, Sr, Re, U, Pu, and
Am.

During initial studies, which focused on Cs, Sr, and Pu partitioning, we observed that the behavior
of the three different metals varied significantly. Cs prefers to strongly bind within the mineral lattice,
which we speculate to be intercalation between the octahedral and tetrahedral planes of the clay minerals.
A smaller amount of Cs was bound with the soil organic fraction. In contrast, Sr tends to bind much more
loosely and prefers ion exchange and carbonate sites. The case for Pu is more complicated. It tends to
distribute between the carbonate, soil organic sesquioxide, and residual soil fractions, a result that
illustrates the complexity of Pu chemistry, as manifest in a range of bulk phase species.

The bulk-phase speciation research provided benchmark samples that we then analyzed using
SIMS and, in some cases, Raman spectroscopy. The Cs*-spiked soils produced spectra that contained
signals indicative of aluminosilicate and surface precipitate-adsorbed species. Both chloride and nitrate
species were detectable. Other counter ions that provide a clear picture of the Cs" environment were
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Figure 9. Schematic of the IT-SIMS fabricated for metal speciation studies on environmental surfaces.

Figure 10. Photograph of the IT-SIMS fabricated for metal speciation studies on environmental surfaces.
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clearly discernable. SIMS spectra acquired for the U-spiked soils contained ions derived from the uranyl
cation UO, ", which shows that this was the form adsorbed on the surface. As in the case of Cs’, counter
anions in the SIMS data reveal the chemical environment of the uranyl cation on the soil surface.

The results of the research conducted to date constitute preliminary indication of the utility of SIMS

for quickly and easily assessing radionuclide surface speciation. This has motivated design and fabrication
of a prototype ion trap SIMS instrument that can be evaluated in a radiological laboratory and that will
enable rigorous comparison of SIMS results with results acquired from the sequential extraction methods.
The experiments should provide assessment of SIMS performance and evaluation of the sequential
extraction approach. We have scheduled the instrument to be moved to the radiological laboratories at the
Test Reactor Area in early 2001.

10.

11.
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Transport Aspects of Selective
Mass Transport Agents

Eric Peterson, Research Area Leader

The ability to separate radioactive and hazardous components from bulk matrices is necessary to
effectively treat and process the wide variety of wastes for which the U.S. Department of Energy, Office
of Environmental Management, is responsible. This research covers the areas of polymer membrane
science, controlled transport properties in polymers, controlled pore sizes in solids such as ceramics, and
extraction technology. The research resulting from this crosscutting program focuses on two critical
issues that relate to separation methods targeted for waste treatment and disposal, pollution prevention,
subsurface remediation, and waste characterization and monitoring. These issues are (1) the physical
characteristics of the separation media, and (2) the intermolecular and intramolecular interactions in-
volved in transport/retention mechanisms. Better understanding these two issues provides the basis for
developing new separation tools for DOE EM’s applications. Program implementation consisted of four
projects: (1) Selective Mass Transport In Polymers, (2) Pore Size and Morphology Control For Solid and
Polymer Matrices, (3) Adsorption and Absorption for Molecular Separations, and (4) Fission Product
Extraction Process.

Description of Research Activities

Selective Mass Transport in Polymers

The key to developing new materials for challenging environmental separations is understanding the
mechanics of the molecular aspects of selective mass transport through a host matrix. This project
focused on the intermolecular and intramolecular interactions of selected permeates and macromolecular
solid matrices, which are identified strategies for developing and probing selective mass transport matri-
ces based on materials synthesis, testing, evaluation, characterization, and modeling capabilities. These
will yield fundamental understanding of membrane transport and how it can be described and predicted.

Beyond determining the nature of the significant molecular interactions that occur in separations
materials, we must choose general chemoselective characteristics, and we must understand their effect on
the macroscopic properties of the materials. The macroscopic physical properties to be understood and
controlled are ruggedness, inherent stability (chemical, thermal, and radiation), and film forming ability.
Likewise, designing a material for an exact physical property can have a deleterious effect on the desired
chemoselectivity; therefore, the two factors (permeate affinity and macroscopic physical properties) are
linked and clearly have an effect on each other.

Pore Size and Morphology Control for Solid and Polymer Matrices

One of the biggest challenges in making membrane separations technologies viable for EM’s appli-
cations is increasing the rate of permeation through the membrane while maintaining high selectivity. We
must achieve this with a durable material, capable of withstanding harsh environments, without making
the material prohibitively expensive. Membrane materials that allow for a high transmission rate gener-
ally swell to a great degree and lose their physical integrity, which leads to rapid membrane failure. To
combat this problem, all manner of cross-linking strategies have been explored and recorded in the
literature. While this type of strategy does increase membrane durability, it has had limited success
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owing to incomplete understanding of the interactions at the molecular level. Through this research, we
gained better fundamental understanding of the mechanisms of transport into and through polymer and
composite matrices. The enhanced understanding has facilitated rational molecular design improvements
of existing materials used for challenging environmental separations. The research had two focuses: (1)
molecular composites for enhanced selective mass transport and durability, and (2) polymer morphology
effects on selective mass transport and durability.

Adsorption and Absorption Materials for Molecular Separations

Selective mass transport has two common critical issues that form the basis for nearly all separation
methods: (1) the physical characteristics of the separation media, and (2) the intermolecular and intramo-
lecular interactions involved in the transport/retention mechanisms. Research focused in these two areas
should help develop understanding of transport phenomena needed to design useful separation methods
targeted for waste treatment and disposal, pollution prevention, waste characterization and monitoring,
and such.

Our research focused on physical adsorbents and absorbents. Adsorbents and absorbents are critical
in today’s environmental control work. Typically, solid adsorbent and absorbent materials are made using
either sol-gel or related methodologies. Our approach used molecular composite methodologies, coupled
with some of the newer template generation approaches to obtain specific properties in materials of
interest to DOE EM. The ultimate result will be new materials with higher than currently known selectiv-
ity for gas and liquid separations. To enhance the sorption properties of these materials, we will develop
a series of specific materials that have unique surface morphology characteristics and give direction for
the next generation of materials. Our work will focus primarily on materials having a propensity for
capturing mercury vapor and aqueous phase mercury, both being prevalent DOE and industrial waste
constituents. These new-solid phase materials were developed with specific reactive site, surface, and
pore modifications to offer either hydrophobicity or hydropholicity, plus molecular/ionic recognition.

Fission Product Extraction Process

We developed the fission product extraction process based on cobalt dicarbollide and polyethylene
glycol in an appropriate diluent for simultaneous removal of cesium and strontium from simulated tank
waste at the Idaho Nuclear Technology and Engineering Center. We have optimized the process to
minimize the final volume of high activity waste and low activity waste fractions and to demonstrate
technical feasibility for tank wastes. The research included process development, using small, laboratory-
scale batch contactors to generate distribution data, modeling efforts based on the batch contactor data to
establish countercurrent flowsheet parameters, and testing of the counter-current process in a centrifugal
contactor mockup.
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Selective Mass Transport in Polymers

Frederick F. Stewart, Christopher J. Orme, Robert P. Lash,
Thomas A. Luther, Donald H. Weinkauf, Kelly S. Houston

SUMMARY

Novel separations processes are required to ensure effective and efficient cleanup of storage tanks
and sites within the Department of Energy (DOE) community. In this regard, membranes may be able to
play a role. A recent publication reports that the industrial outlook for membrane separation technologies
is robust, having 8.2% growth expected yearly.! We investigated new strategies toward forming
chemoselective membranes.

Our approach was to synthesize materials with chemical compatibility with a target permeate,
namely water. We did this by synthesizing polymers with functionality that resembles water to a certain
degree. Specifically, we synthesized membranes capable of hydrogen bonding using modified literature
procedures in an attempt to increase the solubility of the target permeate within the polymer matrix. We
synthesized and characterized eight new materials for composition, molecular weight, thermal properties,
gas transport properties, and solubility parameters. Additionally, we explored plasma membrane forma-
tion using model polyphosphazenes as a substrate for the polymerization and application of thin (ang-
strom) chemoselective films.

Membrane performance was investigated through pervaporation experiments, where we separated
water-dye and water-alcohol mixtures. Membranes were formed as homogeneous thin dense films cast
onto porous ceramic supports. We quantified the membrane flux gravimetrically for all experiments and
further analyzed the separation factor for the alcohol-water separations by gas chromatography.

We estimated three-point Hanson solubility parameters through each polymer’s behavior in selected
solvents. From these determinations, we increased the hydrogen-bonding capabilities and the polarities
of the polymers, consistent with tailoring for water permeation. However, the magnitude of the increases
did not represent a wholesale shift of polymer solubility to a water-like parameter set. We attribute this to
contributions from the polymer backbone to the overall solubility of the polymer.

PROJECT DESCRIPTION

Mechanistic understanding of the molecular aspects of selective mass transport through a host
matrix is the key to developing new materials for challenging environmental separations. This work
focuses on the intermolecular and intramolecular interactions of selected permeates and macromolecular
solid matrices. A plan is outlined here that identifies strategies and tasks for developing and probing
selective mass transport matrices. The plan draws on materials synthesis, testing, evaluation, character-
ization, and modeling capabilities to build a fundamental understanding of membrane transport and how
it can be described and predicted.

Beyond determining the nature of the significant molecular interactions that occur in separations
materials, general chemoselective characteristics must be chosen, and the effect of these choices on the
macroscopic properties of the materials must be understood. Macroscopic physical properties to be
understood and controlled are ruggedness, inherent stability (chemical, thermal, and radiation), and film
forming ability. Likewise, design of a material for an exact physical property can have a deleterious
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effect on the desired chemoselectivity; thus, the two factors of permeate affinity and macroscopic physi-
cal properties can be linked and clearly affect each other.

In this work, we sought to further understanding of separations material design by determining and
ultimately predicting clear structure-function relationships in polymeric matrices for factors such as
backbone morphology, crosslinking, and chemical content. Outlined below are the findings of the four
tasks that investigate intermolecular interactions between a membrane permeate and the membrane itself.
The first task entailed synthesis of materials to be characterized for their gross physical properties and
molecular inclusion phenomena with materials consisting of amorphous polymers. The second task
formed materials developed in Task 1 into thin film membranes. The third task provided characterization
data necessary to form structure-function relationships. The fourth task concerned prediction and charac-
terization of molecular permeability within polymeric matrices.

Material Synthesis

Linear and Cyclomatrix Materials

We investigated linear and cyclomatrix phosphazene polymers but synthesized only linear
polyphosphazene models. Cyclomatrix chemistry for membrane formation requires good film forming
ability to be effective. We examined a survey of potential crosslinking strategies with respect to previ-
ously performed research and determined that this pathway was not optimal for forming effective
pervaporation membranes. Note, however, that this method of membrane synthesis does hold promise for
efficient gas separation membranes.

Polyphosphazenes are hybrid polymers that consist of an inorganic backbone of phosphorus and
nitrogen with two organic pendant groups attached to each phosphorus. The inorganic backbone imparts
into the polymer a very high level of thermal and chemical stability. For example, thermal stabilities as
high as 400°C have been reported.?2 Organic pendant groups, such as alkoxides, aryloxides, and amines,
have been readily attached to the phosphazene backbone through straightforward nucleophilic substitu-
tion processes? conducted on poly(dichlorophosphazene). Poly(dichlorophosphazene) is itself synthe-
sized from the ring opening polymerization of the commercially available
hexachlorocyclotriphosphazene.

We synthesized linear polymers with the goal of increasing both the polarity and the hydrogen-
bonding ability within the polymer to enhance the solubility of water within the matrix. We adopted the
synthetic scheme based on earlier work,* which suggests that a balance of hydrophilic and hydrophobic
groups on the polymer provides an effective pathway for polymer tailoring. Modification of the hydro-
philic group to enhance hydrogen-bonding capabilities was conducted through a two-step process>:6
designed to incorporate hydroxyl functionality into the polymer. Due to the nucleophilic activity of
hydroxyl moieties, we employed a protection-deprotection scheme where diacetone-d-glucofuranose
(DADG) served as the masked hydroxyl precursor. DADG has one free hydroxyl, which we employed to
attach the pendant group to the polymer followed by deprotection to reveal four hydroxyls per pendant
group, see “Scheme 1.”

Scheme 1. Synthesis scheme employed for DADG containing polymers.
Using the method above, we incorporated DADG into the polymer matrix with a hydrophobic

pendant group with the goal of creating good film forming polymers suitable for membrane application.
Previous work shows that including a hydrophobic group into the polymer matrix can yield a polymer
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suitable for membrane use through control of swelling. Polymers with an excessive amount of hydrophi-
licity have been found to have poor mechanical stability due to an excessively swollen structure. We
included two different substituted phenols into the polymer matrix to add not only hydrophobicity but
also an increased degree of free volume through increased steric bulk. The phenols used were 4-sec-
butylphenol and 4-fert-butylphenol. We synthesized two polymers to maximize hydrophilic behavior by
using the polyether 2-(2-methoxyethoxy)ethanol (MEE). MEE is hydrophilic and served in that capacity
during previous efforts. However, we noted that MEE is a poor match for enhancing water permeability
due to a lack of a hydrogen-bonding functionality. We envisioned that MEE would serve as the hydro-
phobic component and give the material excellent film forming characteristics. Additionally, all polymers
were synthesized with targeted 15% o-allylphenol content to provide for thermally initiated free radical
crosslinking processes. Table1 shows the compositions of the polymers synthesized in this work as
determined using lH NMR spectroscopy.

All four polymers synthesized were deprotected using a modified literature procedure. We un-
masked the hydroxyl functionality by treating the polymers with 90% trifluoroacetic acid in water for 0.5
to 4 hr at room temperature. All deprotected polymers were isolated and collected in 50-80% yield.
Modification of the literature procedure was necessary due to polymer degradation caused by the extreme
acidity required for hydrolysis of the DADG pendant groups. In general, polymers with lower amounts of
DADG were deprotected in higher yield. In fact, we isolated no deprotected polymer from 100% DADG
linear phosphazene polymer due to complete acid catalyzed hydrolysis of the backbone.

The performance of polymeric membranes in gas separation applications is largely governed by the
permeability-selectivity characteristics and thickness of the dense separating layer. The achievable
thickness of high integrity, selective layers using conventional membrane formation techniques seems to
have reached a physical limitation on the order of 100 nm. At the same time, the permeability-selectivity
trade-off for conventional polymers has also reached some apparent limitations. To push the boundaries
of polymeric membrane performance beyond the current state, it is imperative to consider new materials
(e.g., nonconventional polymers) and new approaches to membrane formation. This work explored the
effect of plasma surface treatment on the gas transport properties of rubbery polymers, specifically
poly(dimethylsiloxane) (PDMS) and polyphosphazene. Argon plasma treatment greatly reduces PDMS
gas permeability coefficients. The same treatment had no effect, however, on polyphosphazene. The
decrease in permeability coefficients of PDMS is accompanied with varying degrees of change in gas pair
selectivity, which is consistent with the literature. We analyzed the variability in plasma-treated PDMS

Table 1. Pendant distribution of the DADG containing polymers.

DADG 4-sec-butylphenol  4-tert-butylphenol 2-0-allylphenol MEE
Polymer (%) (%) (%) (%) (%)
084 46 — 25 29 —
096 61 3 — 36 —
104 31 — — 29 40
116 29 — — 18 53
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permeability-selectivity characteristics using activation energy studies and electron microscopy of neat
and treated PDMS.

We also examined the effect of plasma treatment on gas transport properties of six polyphosphazene
materials. A series of four polyphosphazenes were prepared® during FY 1999 with systematic variation of
hydrophobic side groups. The results showed little effect of plasma treatment, suggesting that these
polyphosphazene materials are good substrate candidates for rubbery polymer/plasma polymerized thin-
film composite membranes. Surface treatments, such as halogenation or plasma polymer deposition, can
be performed using polyphosphazene without gross changes in the bulk substrate permeability such as
that observed with PDMS.

Materials Processing and Testing

Membrane Formation

We formed membranes from all of the new polymers by solution casting. Pervaporation membranes
were typically cast from tetrahydrofuran (THF) onto Whatman Anopore ceramic disks with 0.2-pum pore
size. This method was successful with the MEE containing polymers 104 and 116. Application of this
method to the non-MEE containing polymers, 084 and 096, was not successful due to low solution
viscosity where the polymer penetrated into the pores of the ceramic. We found replacing the THF with a
chlorinated solvent such as methylene chloride yielded homogeneous films on the ceramic supports.

Prior to installing the membranes into an appropriate housing, we thermally cured the membranes to
effect crosslinking. Free radical initiators such as benzoyl peroxide were doped into the casting solutions
prior to membrane casting. Upon thermal treatment, the membranes crosslink through the allylic moi-
eties, yielding materials far more durable than uncrosslinked membranes. Curing was conducted at
130°C for at least ten minutes. Previous work shows this to be the optimum temperature for thermal
curing and that excessive heating times do not result in higher crosslink densities.” Note, however, that
we formed the membranes from the deprotected polymers without crosslinking due to the low decomposi-
tion temperatures of these polymers.

Pervaporation experiments

The ultimate measure of a polymer membrane synthetic scheme is analysis of the performance of the
membranes formed. We used pervaporation to assess membrane performance for water-dye separations
and water-alcohol separations. Pervaporation is a membrane process that includes a low-pressure liquid
feedstream circulated on the upstream side of the membrane and a vacuum on the permeate side. Perme-
ate transport during pervaporation typically occurs by selective sorption of the permeate into the mem-
brane, diffusion through the membrane, followed by vaporization and trapping.

Of the polymers synthesized, we assessed several for pervaporation performance using water-dye
feedstreams. Table 2 presents the results of these experiments. In all experiments, transport of water is
low due to the hydrophobicity of the four protected polymers. Polymers 084, 096, and 104 show no
temperature dependence to flux, which suggests that water does not interact with these polymers and has
a poor solubility within the matrix. Polymer 116 does stand out from this group, having increased fluxes
observed for increased temperatures. This behavior is attributed to a limited interaction of MEE with the
permeate.
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Table 2. Pervaporation data for polymers 084, 096, 104, and 116.

Temperature Flux
Polymer {®) (L/m?h)

084 40 0.02
084 52 0.03
096 26 0.04
096 55 0.04
104 29 0.05
104 50 0.05
116 29 0.01
116 47 0.19
116 56 0.30
116 62 0.40

For insight into membrane separations behavior, we investigated polymers synthesized as a part of
INEEL’s FY 1999 effort8 for alcohol-water separations. These data are briefly discussed in the refer-
enced report. Polymer M2D was employed for these tests, where the composition was 48% MEE, 48% p-
methoxyphenol, and 4% o-allylphenol. During FY 2000, more membranes were formed and studied.
Aqueous solutions containing methanol or isopropanol (typically 50 to 80% alcohol) were separated.
Figure 1 shows an example of an methanol-water separation conducted at 54°C. The trend observed was
relatively high levels of transmembrane flux, with the composition favoring the methanol. The separation
factor favoring methanol increased as the concentration of alcohol in the feed decreased. Additionally,
fluxes also lowered with the decreasing concentration of alcohol.

Increases of methanol up to 80% in the feedstream resulted in the same type of separations behavior
(see Figure 2). However, the fluxes are much higher, reflecting the higher content of methanol both in the
permeate and the feed. These data suggest that the polymer membrane has a higher affinity for methanol
than for water. This conclusion seems to be supported by the solubility parameter experiments where
M2D had a better solubility match with methanol than water.8

Characterization of Polymeric Membranes

Chemical and Physical Characterization of Polymers and Membranes

We characterized the polymers synthesized in this project using Nuclear Magnetic Resonance
(NMR) spectrometry, thermal analysis (DSC and TGA), and dilute solution techniques for molecular
weight determination (see Table 3).

We performed NMR analysis to study the extent of reaction and speciation of pendant groups on the

backbone. The backbone phosphorus atoms and the hydrogens on the pendant groups were observed by
NMR. 3P NMR data revealed two major signals for the DADG-aromatic pendant group polymers (084
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Figure 1. Flux and separation factor plot for methanol-water pervaporation experiment using polymer
M2D and a 50% methanol feed. The units for flux are L/m?h.
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Figure 2. Flux and separation factor plot for methanol-water pervaporation experiment using polymer
M2D with an 80% methanol feed.
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Table 3. Characterization data for polymers 084, 096, 104, and 116.

3p NMR Tg Ty Mw Polydispersity
Polymer (ppm) {®) {®) (g/mol) Index
084 -11.9, -17.3 56 281 7.7 x 10° 14
096 -14.2, -17.5 48 263 n/a n/a
104 -8.3,-12.9 12 275 1.5 x 10° 1.9
116 -8.3,-12.9 -15 288 2.6 x 10° 2.3

and 096), generally centered around -12 ppm and -17 ppm corresponding to the DADG and the aromatics,
respectively. The MEE containing polymers also showed two dominant resonances; these were observed
at -6 and -13 ppm, corresponding to MEE and DADG containing phosphorus atoms, respectively. These
data are consistent with previous work.%:10

Additional polymer characterization was performed using differential scanning calorimetry (DSC),
thermomechanical analysis (TMA), and thermogravimetric analysis (TGA). Two features dominate the
thermal behavior of these polymers: a glass transition (Ty) and a decomposition temperature (Tg). In
these data, the influence of the MEE pendant group was observed where the T, was substantially lower
than what were observed for the aromatic containing polymers. The T, values do not appear to reflect
this trend, with thermal stabilities evident from 260 to 290°C. We performed additional analysis through
gel permeation chromatography, where the materials were shown to be high polymers with low
polydispersities.

We cast all polymers into membranes using the above-mentioned solution casting method. Thick-
nesses were determined using a Mitutoyo micrometer. Membrane thicknesses were easily controlled by
using consistent polymer concentration casting solutions. Membranes for pervaporation were generally
between 10- and 20-um thick, while the gas permeability membranes were substantially thicker, between
80 and 100 pm.

The deprotected polymer series 090, 142b, 109, and 122 were primarily characterized using thermal
analysis where they were observed to decompose at much lower temperatures than the protected materi-
als. For example, the T4 for polymer 109 was measured at 153°C as compared to 275°C for the precursor
polymer, 104. Additionally, 3P NMR spectroscopy revealed similar spectra as the precursor polymers
with the indicative change being a slight shift of the DADG resonance to lower field for polymers 116
and 122. For polymer 090, the changes in the spectrum were more subtle, however reaction was evident.

Gas Permeability Measurements

Gas permeabilities for polymers 084, 096, 104, and 116 were determined using the time-lag
method!1.12.13 (see Table 5). These data are consistent with previous reports.!4 Using these data, ideal
separation factors (o) can be calculated from a ratio of the pure gas permeabilities, yielding a
permselectivity. Ideal separation factors are of particular value as a predictive tool to determine structure-
function relationships between gas permeability and phosphazene pendant group substitution.
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Table 4. Characterization data for polymers 090, 142b, 109, and 122.

Precursor T, Ty *'P NMR
Polymer polymer °0) °C) (ppm)
090 084 58 149 -11.9, -17.3
142b 096 45 138 -11.4,-17.4
109 104 17 153 -5.5, -11.2
122 116 -11 150 -5.7, -11.6

Figure 3 is a plot of a versus permeability of O, for the O,/N, gas pair for polymers 084, 090, 096,
104, 109, 116, and 122. The upper bound on the plot is defined as the boundary of membrane effective-
ness, as defined by Robeson.15 The goal of membrane design is to move toward the upper bound, gaining
both increased permeability and separation. Clearly, there does not appear to be a trend where the
maximization of any one component on the polymer backbone correlates to increased permeability and
selectivity. This is consistent with previous data collected on phosphazene polymers using oxygen and
nitrogen as analyte gases.10

We performed a similar analysis using the CO,/CHy4 gas pair (see Figure 4). In this analysis, a
general trend can be seen for the two MEE containing polymers, where an increased amount of MEE
gives higher permeabilities and separation factors. This observation is also consistent with previously
reported data.16 Transport of CO, through a membrane can be strongly influenced by the solubility
behavior of that polymer and the compatibility of CO, with the polymer. Furthermore, this interaction
with the polymer can be strong enough to overwhelm many morphological changes within the polymer
that would inhibit higher fluxes. From the data shown in Figure 4, the DADG or the aromatic pendant
groups appear to have little interaction with CO,, and the transport of gas depends upon segmental chain
motion in the polymer matrix.

The link between MEE content on the polymer backbone and CO, permeability was established
using the FY 1999 MEE containing polymers.8 All of these polymers were heteropolymers containing
MEE, p-methoxyphenol, and o-allylphenol. Pure gas carbon dioxide and methane permeability experi-
ments reveal a direct linear correlation between permeability of CO, and MEE content within the poly-
mer matrix (see Figure 5). This is shown in Figure 5 as a trend that moves toward the upper bound as
MEE content is increased.

The trend in Figure 5 is significant, because the mechanism of transport of permanent gases identi-
fied in these polymers is segmental chain motion. For CO,, interaction with the polar MEE pendant
group dominates the transport mechanism. Poly((2-(2-methoxyethoxy)ethoxy)phosphazene), MEEP, is a
polymer with 100% MEE on the backbone. We tested MEEP and found it to have the highest
permeabilities and separation factors for CO,/CH,. This was a surprising result due to the very dense
nature of MEEP. Transport induced by segmental chain motion is enhanced by increasing intermolecular
voids within the polymer. These voids tend to reduce the density of the polymer. MEEP is a dense semi-
fluid material that could only be tested after crosslinking. In this instance, the solubility of the permeate
was the controlling property to effect improvements in membrane transport.
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Figure 3. Plot of permselectivity versus permeability for the O,/N, gas pair.
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Table 5. Gas permeabilities of selected phosphazenes.

Polymer H, He N, 0, CH, CO, oO0y/N,  aCO,/CH,
084 27.2 29.2 29 7.1 3.7 21.1 24 5.7
096 141.3 105.3 52.5 48.7 56.9 62.0 0.9 1.1
104 25.5 19.7 1.6 4.7 3.6 45.3 29 12.6
116 37.1 28.9 4.8 13.0 10.6 139.7 2.7 13.2
090 179.7 149.9 8.1 30.5 17.6 135.9 3.8 7.7
109 45.6 38.7 24.2 21.3 32.8 30.1 0.9 0.9
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Figure 5. Plot of permselectivity versus permeability for the CO,/CH, gas pair for the FY 1999 MEE

containing polymers.

154



Segmental chain motion as a dominant influence on transport can be readily observed for the O,/N,
gas pair on the FY 1999 MEE polymers. The data in Figure 6 show a trend parallel to the upper bound,
suggesting that as the content of MEE is increased in the polymer, permeability of O, also increased.
However, this increased permeability was obtained with a loss of separation factor. This behavior can be
attributed to morphological changes in the polymer with increasing MEE in the absence of strong inter-
molecular interactions between the gas permeate and the polymer. In this instance, the morphological
changes correspond to lower T, values for each polymer as the percentage of MEE is increased, leading
to increased segmental chain motion within the matrix at room temperature as the T, is decreased.
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Figure 6. Plot of permselectivity versus permeability for the O /N, gas pair for the FY 1999 MEE
containing polymers.
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Prediction of Polymer Properties and Membrane Efficacy

Solubility Parameter Determinations

We determined three-point Hanson solubility parameters for seven polymers. Hanson solubility
parameters (8) separate out aspects of solubility interactions into three types: dispersion (8), polar (),
and hydrogen bonding (;,). The goal of this work was to increase the hydrogen bonding aspects of the
polymers through creation of hydroxyl sites. Thus, solubility parameter determination experiments
served as a method for investigating the effects of these hydroxyl sites on solubility behavior.

We performed these investigations by immersing polymer samples in twelve different solvents with
varying solubility parameters. The duration of the immersion was 2 weeks. We visually determined
goodness of a solvent as one that completely dissolved the polymers described as good. Likewise, we
labeled solvents that failed to dissolve the polymer samples as poor. We estimated the polymer Hanson
parameters through a simple average of the Hanson parameters for good solvents for each polymer (see
Table 6). An additional parameter, &1, was calculated as the square root of the sum of the squares of each
individual Hanson parameter. We did this to obtain a contrast for the single-point Hildebrand parameters.

Analysis of the data shows that for the 084/090 and 104/109 polymer pairs, &, and 8}, are enhanced
toward an increased affinity of the polymers for water. Additionally, the &t is significantly increased.
However, this trend was not observed for the 116/122 polymer pair where the data were essentially
unchanged. This behavior, when examined in light of the above-mentioned polymer pairs, does suggest
that the effect of the DADG inclusion and deprotection is small. Solubility of the polymer is not only
controlled through the DADG pendant group, but it is influenced by the other pendant groups and the
backbone itself. In fact, the solubility behavior of phosphazenes appears to be a competition between
conflicting influences. This has been seen for 100% DADG (deprotected) and MEEP polymers where
complete water solubility was observed, in addition to solubility in solvents such as THF and toluene,
leading to a broader solubility profile. For polymers such as 100% aromatic substituted systems, solubil-
ity is restricted to a narrow region represented by THF and toluene. Consistent solubility of
phosphazenes in THF and toluene has, therefore, been attributed to the influence of the polymer back-
bone.

Table 6. Estimated Hanson solubility parameters.

Polymer ad op oh oT
084 17.7 2.9 4.7 18.5
090 17.2 6.0 9.6 20.6
096 17.9 3.7 5.8 19.2
104 174 4.0 5.9 18.8
109 16.2 10.5 15.0 24.4
116 17.2 6.0 9.6 20.6
122 17.5 5.0 8.4 20.0
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ACCOMPLISHMENTS

Material Synthesis

Synthesized four model polymers and examined the influence of placing hydroxyl precursors
on the phosphazene backbone.

Performed a deprotection process on the four new polymers and formed new hydroxylated
polymers with the potential of having a higher degree of interaction with water.

Investigated the use of polyphosphazene membranes as a stable substrate for plasma poly-
merization. The plasma treatment does not compromise the transport characteristics of the
phosphazenes, which leads to an important development for creating chemoselective thin
dense films.

Materials Processing and Testing

Formed asymmetric polymer-ceramic composite membranes for liquid pervaporation and
gas separations.

Conducted more than 10 pervaporation experiments to characterize membranes through the
separation of water-dye and water-alcohol feedstreams.

Characterization of Polymeric Membranes

Characterized seven new polymers using Nuclear Magnetic Resonance spectrometry, Gel
Permeation Chromatography, and thermal analysis (DSC, TGA, and TMA).

Determined the permeability of the new materials to hydrogen, helium, nitrogen, oxygen,
carbon dioxide, and methane.

Observed a direct linear relationship between the amount of MEE within the polymer matrix
and the permeability of CO,. This result is exciting due to the need for effective CO,
sequestration technologies.

Prediction of Polymer Properties and Membrane Efficacy

Group contribution theory was used in conjunction with Hanson parameters to predict and
explain polymer solubility behavior.

Determined Hanson solubility parameters for the seven new polymers through immersion in
12 different solvents. These parameters allow prediction of transport behavior and observa-
tion of changes in polymer solubility.
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Pore Size and Morphology Control for Solid and
Polymer Matrices

Mason K. Harrup, Alan K. Wertsching, Thomas A. Luther, and Robert P. Lash

SUMMARY

The separation needs of the Department of Energy’s Office of Environmental Management are extremely
demanding on separation materials due to the highly aggressive thermal and chemical environments, and
also due to the presence of high levels of radiation. Typical organic membrane materials employed for
this purpose do not maintain structural integrity in these types of environments. In order to address this
pressing need, this project has focused on two aspects of the transport of small molecules through solid
polymer and composite materials that exhibit great promise for solving these problems.

The first aspect of this project extended the investigation of novel hybrid organic/inorganic materials
named molecular composites. This program first explored composites of this kind at the INEEL during
FY 1998 and 1999. Factors that control structure property relationships and other pertinent synthetic
aspects of these composites were more fully explored. The most important result to come from this area
was our ability to transfer the synthetic techniques and expertise gained through the investigation of
phosphazene-based composite model systems to more conventional organic polymer-based systems.
Synthetic routes to molecular composites formulated with commercially available polymers were opened
and synthetic method/composite property relationships explored. This opens exciting new possibilities for
these materials, as there now exists a means for stabilizing a broad range of polymers, not just the
prohibitively expensive phosphazenes, for challenging EM separations and sequestration problems.

The second focus of this project involved the investigation of phosphazene skeletal morphology. Polymer
morphology is a little studied phenomenon that could significantly impact membrane lifetimes and
transport rates. Two series of polymers, one catalyzed one not, were synthesized and evaluated to assess
skeletal morphology and our ability to control this morphology. It was found that skeletal morphology
could indeed be influenced by the synthetic conditions employed. Further work in this area is needed to
fully understand the effects observed and to quantify the magnitude of the advantage gained by this
selective stabilization strategy. The separate aspect of our investigations of skeletal morphology involved
the synthesis and analysis of special nuclear magnetic resonance active polymers that possessed the
isotope 15N in the polymer backbone. Multinuclear nuclear magnetic resonance (NMR) experiments
were performed at both high and low fields, and revealed a wealth of information about the nature of the
backbone and its interactions with organic and ionic species. This information aids in understanding the
role that the backbone plays in transport through phosphazene membrane materials, and could enable us
to design better materials for challenging EM separations.

PROJECT DESCRIPTION

Objectives

One of the biggest challenges in making membrane separations technologies viable for EM
applications is increasing the rate of permeation through the membrane while maintaining high
selectivity. This must be achieved with a durable material, capable of withstanding harsh environments,
without making the material prohibitively expensive. Membrane materials that allow for a high
transmission rate generally swell to a great degree and lose their physical integrity leading to rapid failure
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of the membrane. To combat this problem, all manners of crosslinking strategies have been explored in
the open and patent literature. While this type of strategy does increase membrane durability, it has met
with limited success due to an incomplete understanding of the interactions at a molecular level. In this
work, we seek a better fundamental understanding of the mechanisms of transport into and through
polymer and composite matrices. This enhanced understanding will facilitate rational design
improvements upon existing materials used for challenging environmental separations. The scope of this
project focuses on two research areas:

1. Molecular composites for enhanced selective mass transport and durability
2. Polymer skeletal morphology effects on selective mass transport and durability.
Technical Approach

The technical approach to this work is to examine the research areas delineated above in detail and
draw conclusions about molecular interactions/transport from the combined results of these efforts. Each
area of research will be executed separately; initially, with crossovers anticipated to occur as data is
collected and the work progresses. Five tasks in these two research areas are described below.

Molecular Composites

The first of these research areas that offers promise to address the above stated problems is the
investigation of molecular composites.!-2 These composites combine polymers with ceramic components
in a novel manner, retaining the beneficial aspects of both. The resulting material is more physically and
chemically robust than the polymer alone, yet the material loses none of the desired qualities of the parent
polymer. Recent research in the area of molecular composites (funded by the ESRA program) has yielded
a wealth of new composite materials that exhibit promise for a variety of EM applications. The efforts in
this part are designed to enhance the fundamental understanding of these composites and to develop new
synthetic strategies that will provide access to a wider variety of polymer composites.

Task 1. Aqueous-Based Molecular Composites. Previous research into molecular composites (ESRA 99)
has focused on polymers and ceramic precursors that are water-soluble. Based on this new
understanding, this task will expand the synthetic techniques employed to form this type of composites to
include nonphosphazene polymers. Well-studied organic polymers that are currently used in commercial
separation processes, such as polyvinyl alcohol (PVA), will be used as the polymer component to form
novel molecular composites. These new materials will be fully characterized to study the composite
materials in fine detail at the molecular level. After this rigorous characterization, these composite
materials will be evaluated using water and gas transport tests and the results compared to the parent
systems to determine the advantages gained with these materials.

Task 2. Hydrophobic Molecular Composites. The solution to many EM relevant problems depends on
low polarity membranes to effect the desired separations. All of the development work to date on
molecular composites has been in a highly polar (aqueous) environment due to the need for small
amounts of water to effect the condensation of the ceramic. This task will explore synthetic strategies
designed to form new molecular composites in a very low polarity environment. By using ceramic
precursors and catalysts that possess significant solubility in less polar solvents, such as toluene,
composites will be formed using hydrophobic phosphazenes. These new materials will be fully
characterized and, if suitable, evaluated in practical pervaporation tests with the results compared to the
parent polymer system.

160



Task 3. Molecular Composites for Gas Separations. Molecular composites also exhibit great promise
as gas separation membranes. Results from previous research (ESRA 1999) suggest that these composite
materials possess a higher porosity than that for the parent polymer due to the rigid ceramic
superstructure within the composite matrix. This task will investigate this phenomenon in greater detail
and assay the gas transport characteristics through these materials. A series of representative
phosphazene polymers with widely varying physical properties, from rubbery to glassy, will be formed
into molecular composites using identical polymer/ceramic ratios to validate polymer to polymer
comparisons. After full characterization (vide supra), these membranes will be subjected to rigorous gas
testing protocols using a range of representative gasses and the results compared to the parent systems.

Polymer Morphology

Batch-to-batch reproducibility is a pressing problem in working with linear polyphosphazenes as
separation materials. Since the substitution of organic ligands for chlorine on the polymer skeleton is
readily controllable and highly reproducible, it must be some other facto—polymer morphology—which
accounts for the differences in the observed separations properties. Previous research has indicated that
ligand-based morphological factors do play a significant role in the performance of the membrane, but the
hydrophilic/hydrophobic balance possessed by the ligands alone remains insufficient to account for the
observed differences in membrane performance. Little attention has been given to the morphology based
upon the polymer skeleton in polyphosphazenes. The efforts in this part are designed to address the effect
that skeletal morphology has on the separation performance of phosphazene membranes.

Task 4. Backbone Morphology. Thermal crosslinking or branching of the polymer increases in frequency
as polymerization progresses and the supply of starting trimer is consumed. It is therefore reasonable to
assume that at early reaction times (5—15% complete) the polymer strands are the closest to truly linear
structures, while having a high enough molecular number to be true polymers. The polymerization
reaction will be terminated at this stage and the polymer purified. A complete analysis of this material by
viscometry, laser light scattering, and gel-permeation chromatography (GPC) will render benchmark
values for a polyphosphazene that possesses a minimum of branch points. This benchmark material will
then be thermally crosslinked in a vacuum/Argon oven to various degrees, either lightly to produce a
branched material or heavily to produce a hyperbranched material. Viscometry, laser light scattering, and
GPC will again be employed to test these materials and the results will be tabulated along with those of
the linear benchmark. A second series of polymers is to be synthesized employing a catalyst. This should
result in a polymer that has a lower molecular weight than those of the uncatalyzed series. These can
then be subsequently crosslinked at the backbone using thermal methods to produce a material that is
much more branched than those generated by conventional methods, yet still have a similar molecular
weight. With this strategy, materials of identical composition and similar molecular number will be
generated that differ only in backbone morphology. The full battery of analytical testing will then be
performed to adequately characterize these materials.

Task 5. NMR Studies of Backbone Interactions. Previous morphological studies (ESRA 99) generated a
series of phosphazene polymers with an NMR active backbone (15N). These polymers will be further
investigated using NMR spectroscopy both alone and in the presence of probe species, such as solvents
and lithium ions. In this manner, information about the nature of the interaction between the backbone
component of the polymer and the probe molecules can be gained. This will lead to an evaluation of the
relative importance of this component of the polymer and shed light on its function during small molecule
transport through these matrices.
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Results and Discussion

Molecular Composites

Catalysis of Silicate Networks. Polyphosphazene-silicate nanocomposites are a relatively new material
created from the in situ polymerization of a silicate matrix within a dissolved solution of phosphazene
polymer. An interpenetrating network (IPN) results from the sol-gel reaction, which combines the
physical properties of both materials. This technique which improves the mechanical and elastic
properties of many polyphosphazenes has important implications for gasket, membrane, barrier, and
electrolyte research.

The pioneering work of Ferrar3 described a single experimental protocol for synthesizing these
materials, particularly the poly[bis(2-(2-methoxyethoxy)ethoxy)phosphazene] (MEEP)/silicate
composites. Deviation from the standard acid catalysis of these composites is virtually unknown until the
present work. In addition, a recent review of polyphosphazene-silicate materials has suggested that salt
content within some acid or base catalyzed systems had no effect on the final composite physical
properties.# However, throughout sol-gel literature neutral salt catalysis can be found, it is therefore
reasonable to assume changes in the silicate matrix could occur from this salt addition.!-3

As use of other common sol-gel techniques, such as sol aging before casting, has never been
described for these systems, it appears that some catalysts may have been rejected before proper
evaluation. The desire to create unique and novel network morphologies became the impetus for
establishing these new catalysis protocols. Multiple series of composites were produced using a variety
of synthetic conditions in an attempt to create and optimize desirable physical properties. The synthetic
variables initially identified as critical and subsequently explored include the nature of the catalyst (acid,
base or ionic salt), concentration of catalyst, and aging times used for the synthetic solution mixtures
before casting. Composites, once formed, were subjected to mechanical testing and chemical analyses to
evaluate their potential usefulness in solid electrolyte and/or membrane separation applications.

Mechanical Analysis. Each molecular composite was cast as a thin film and was cut to specific
dimensions before analysis with TA Instruments Dynamic Mechanical Analyzer (DMA), equipped with a
thin-film clamp accessory. The DMA can place specific load forces on composite films in order to obtain
relevant mechanical data. The stress-strain (force ramp) experiment was the most common analytical
experiment performed on these composite films. Ramped force experiments involve stretching a film
sample under ever-increasing force until failure. The resulting plot can reveal important mechanical
characteristics of the composite. It becomes critical to remain within the linear range when removing
films from casting moulds to obtain an unstressed, undeformed membrane. Tables 1 and 2 contain data
from force ramp experiments.

ESEM Measurements. Various thin films were imaged as an unstressed, swelled, or stretched composite
with a Philips XL30ESEM. A 10 to 20 kV electron beam was used. Wet mode employed a 500 um
pressure-limiting aperture (PLA). To image the topography either a gaseous secondary electron detector
(wet mode) or secondary electron detector (HiVac) was used.

Gel Permeation Chromatography Measurements. The MEEP in this study was dissolved in a freshly
prepared solution of THF containing 0.1% tetrabutylammonium bromide (TBABTr). The resulting
solutions were filtered through a 0.45 um PTFE syringe filter prior to injection into the chromatographic
analysis system. This system consisted of a Waters Alliance 2690 separations module, and two Waters
Styragel HR-5E solvent efficient columns (4.6 x 300 mm) connected in series to a Wyatt Technologies
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Dawn DSP laser light scattering detector and a Rainin Dynamax RI-1 refractive index (RI) detector. The
elunt for the separations was THF/0.1 % TBABTr at a flow rate of 0.3 mL/min. The light scattering
detector uses polarized light (633 nm) to measure scattered light intensities at 16 angles ranging from
12.3 to 165.1 degrees. The detector was calibrated with toluene, which was filtered through a 0.02 pm
filter. The RI detector constant was determined via calibration using known concentrations of
polystyrene standards whose dn/dc values are well known.

Degradation Studies. Use of strong acids or bases as catalysts have some pitfalls, namely degradation of
the polyphosphazene component of the composite. To determine the effects of acid base exposure and
duration simple degradation studies were performed on MEEP. Short and long term exposure to 1.0 M
HCI or KOH, the most severe of the sol-gel reaction conditions undertaken, were performed without
tetraethylorthosilicate (TEOS). The neutralized MEEP and control samples were then examined with
GPC instrumentation. The results showed a slight reduction in molecular weight without a significant
increase in polydispersity. This validates our results in that the parent polymer is essentially unchanged
due to composite synthesis, and the differences observed in mechanical and chemical properties are
indeed due solely to the presence of the ceramic component, and not due to modifications to the polymer
component.

Acid Catalyzed Composites. In the course of experiments, the use of lower critical solubility
temperature (LCST) purified MEEP, instead of dialysis purified MEEP, prevented our attempts to
successfully reproduce the mechanical properties reported for MEEP composites using the Ferrar
method.® Only after trace amounts of salt (as NaCl) were incorporated as a co-catalyst in the MEEP
(obtained without using rigorous lower critical solubility temperature (LCST) purification), did the Ferrar
method produce tractable composites in our hands.” Figure 1 is an ESEM of HCI/NaCl catalyzed
composite, NaCl crystals can be observed from the surface to approximately 10pm into the composite
(left). Even after curing, some crystals extrude at the surface as seen in a cross-sectional cut (right).

Even though acid catalysis fails at lower concentrations without salt contamination, use of acid
solutions of increased molarity can produce usable composites. These composites typically require
ten times the acid the standard literature preparations report in order to form. Unfortunately acid
catalyzed membranes have all performed poorly in aqueous systems. Figure 2 is of an aqueous swelled/
deswelled membrane, which has fractured from the hydrostatic pressure. However all acid catalyzed
composites are glassy and brittle when compared to salt or base catalyzed membranes.

Figure 1. ESEM of HCI/NaCl catalyzed composite at 1,500x and 5,000x magnification.
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4 3 st
Figure 2. HBr catalyzed MEEP/TEOS composite after one cycle of swell/deswell in water.

Base Catalyzed Composites. Base catalyzed composites have the best elastic and aqueous swell
characteristics of all the nanocomposites. Increasing the silicate composition of the membrane can
improve the overall strength of the membrane under hydrostatic stress. Figure 3 is an image of a
membrane, with four times the standard silicate composition, swollen with water. The creases of the
villae-like structure indicate the underlying structure of the composite, areas of higher silicate
composition. Before swelling, the composite has a featureless uniform appearance, after swelling, these
creases reveal the cross-linked global view of the silicate superstructure. Radically increasing silicate
composition of these composites need not produce ceramic like properties as seen in Table 1.

Under DMA stretch tests, increasing the silicate component results in a stronger composite without
sacrificing elasticity, as seen in total displacement. However, as improved as the swell characteristics
may be, damage does occur upon repeated swell/deswells. Three immediate swell/deswell iterations
result in an approximately ten-fold decrease in composite strength. The repeated application of
hydrostatic force has a damaging accumulative effect. As seen, a single swell/deswell, over the course of
a week, retains much of its original strength.

Salt Catalyzed Composites. After establishing that fluoride anion salts are superior catalysts over other
halide salts, a course of fluoride salts with various large to small alkali counter-cations was examined.

i
Figure 3. ESEM (wet mode) of aqueous swollen 4x TEOS base-catalyzed composite.
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Table 1. DMA results for base-catalyzed composites.

TEOS Failure Force Displacement Thickness
(360 uL) ) (um) (um)
1X TEOS 0.5146 10,610 85
2X TEOS 0.7529 4,105 98
3X TEOS 1.0200 6,340 107
4X TEOS 1.8900 8,830 125
4X (1 s/d) 0.9021 5,965 90
4X (3 s/d) 0.1463 4,935 92

The initial results indicated that large cations like cesium perform better than small ones, such as lithium.
Intuitively hard ions such as lithium should perform well as catalysts. However, strong electronegative
fluoride ion with a poor association towards large polarizable cesium may suggest that hard naked ions
are an important necessary characteristic for sol-gel catalysts. In order to validate this,
tetrabutylammonium fluoride (TBAF) was used as the sole catalyst in a standard MEEP/silicate
composite reaction. Higher concentration TBAF solutions that were employed were too reactive and
silica polymerized out of solution before an IPN could form. Diluted TBAF solutions were more
successful. The TBAF composites have better swell-deswell characteristics than all other fluoride salt
catalyzed composites to date. This suggests a more intimately woven IPN results from this approach.
Choice of salt catalyst is limited by solubility and relative disassociative concentration. Naked anions are
a more efficient choice, i.e., lower concentration of ionic species in the sol, which lower the risk of salt
precipitation (Figure 1) and the resulting defects.

Organic Polymer-Based Composites. The use of organic acid (acetic acid) as solvent and catalyst has
resulted in the first known PVA-silicate thin film composite. Initial synthesis involving inorganic acids
and alcohol, although common in sol-gel procedures, were deemed inappropriate for PVA composites
because of the resulting ether modification to the PVA alcohol groups. Control reaction of PVA with
acetic acid without the addition of TEOS (silicate component) indicate exposure to organic acids do not
chemically alter the structure of the PVA, as often is the case with inorganic acids. The resulting PVA-
silicate composite has radically different solubility in aqueous media when compared to the parent PVA.
Both PVA and PVA-silicate composites form hard brittle glassy thin films; however, PVA readily
dissolves in water and PVA-silicate films swell only slightly.

Table 2. DMA results for fluoride salt-catalyzed composites.

Catalyst Failure Force Displacement Thickness

(0.1M) N) (um) (Lm)
LiF 0.1968 6,418 85
NaF 0.4504 5,556 87
KF 0.7420 7,420 95
CsF 0.9321 6,896 90

TBAF 0.9046 1,417 110
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However in time, PVA-silicate composites created by the sol-gel method become brittle and highly
resistant to aqueous swelling. Arresting the silica sol-gel reaction at a specific point in time can
permanently change the swelling and flux of these composites in aqueous systems. Repeated solvent
washes of precured PVA-silicate composite stops the sol-gel reaction and can markedly change the
flexibility and durability of the composite.

The quality of the PVA polymer starting material is critical to the strength of the final composite.
PVA with even low percentages of unhydrolyzed acetyl groups (2—5%) form macroscopic pockets of
polymer in the composite. These pockets form fracture sites under applied force or under hydrostatic
pressure. PVA with high hydroxide content (99+%) form stronger, clearer, smooth composite films.
These improved films are hard and clear like glass. Whereas old composites would severely fracture in
water, these new composites become soft and flexible in water without breaking. The water swollen
composites can be cast into different shapes through the use of moulds and dried back to a hard glass.

The effects of high water content necessary to dissolve the PVA, during the sol-gel silicate matrix
formation, are a concern. Controlling water concentration during the sol-gel process is critical to
controlling silicate morphology. High water content, during the sol-gel process, favor silanol formation.
Which in turn favors formation of brittle, heavily cross-linked silicate structures. Low water content
favors formation of a more flexible linear fibrous silicate structures. Experiments involving lower
molecular weight PVA are ongoing with the hope of lowering the overall water content during silicate
formation and to increase the resulting strength of the silicate matrix.

Synthesis of additional water-soluble polymer/silicate nanocomposites has been achieved.
Polyethylene glycol (PEG) block co-polymers (2,000 MW) are oily, viscous materials which upon
addition to TEOS and an acid catalyst, form hard clear glassy materials. The optically clear materials
suggest a very homogeneous composite. In aqueous swelling tests the material holds its shape, appears to
swell very little, but form cracks under hydrostatic pressure. The current formula of 40/60 PEG/TEOS by
weight is being adjusted because these composites are brittle and sensitive to bending. In addition, other
catalyst formulations are under consideration.

Poly(ethylene oxide) (PEO)-poly(propylene oxide) (PPO) block polymer silicate composites were
also synthesized. Although weak and brittle the composites are thick and gel-like. This is unusual for
acid catalyzed composites, which tend to form hard, glassy composites.

Polymer Morphology

Characterization of Poly(Dichlorophosphazene) Backbone Morphology

A series of ring opening polymerizations were performed on hexachlorocyclotriphosphazene in a
solventless process without the addition of any catalysts. The reaction times were varied in an attempt to
control the molecular weight of these “under reacted” polymerizations. The polymers were separated
from the unreacted trimer species and analyzed by both batch-mode laser light scattering analyses and
GPC using the methods described below. The results of these analyses are shown in Table 3. One of the
most surprising results of these experiments was the extreme difference in the kinetics of the ring-opening
polymerization in this solventless process as opposed to those reported in the literature3.9 for this same
polymerization in an inert solvent system. It was expected that the molecular weights would drop off
with decreasing reaction time and total yield, yet, to a large extent, this was not observed. Even at very
low conversions, the molecular weights remained near one million. This is strong evidence that the
kinetics of the ring-opening step in the polymerization reaction is several orders of magnitude lower than
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Table 3. GPC results from uncatalyzed polydichlorophosphazene production.

Reaction Time Yield
Reaction Set # (h) (%)? Mw? PDI=
1 28 54 2.06e6 1.64
2 15 21 1.59e6 1.22
3 8.5 14 7.84e5 1.11
4 6.0 8 7.88e5 1.08

a. Value reported is an average of two or three individual polymerization reactions run concurrently and averaged.

that for the propagation step. This results in the observed trends that yields decrease linearly with
decreasing reaction time, yet molecular weights do not. One point that was consistent with what was
expected was the polydispersity of the polymers. The PDI approaches unity at low conversions due to the
fact that the unreacted trimmer to living polymer ratio is maintained at a very high value throughout the
entire reaction and chain-chain interactions (crosslinking or skeletal scission) are rare.

To further expand on our surprising discoveries, it was decided to study the catalyzed production of
dichlorophosphazene. The catalyst first selected was AICl5, based on its similarity to the literature-
employed catalyst, BCl5. As it turns out, AICl; was not the best choice for the morphological study. As
the AICIl; remained a solid at the polymerization temperatures employed (250°C), unwanted
heterogeneity was introduced during the polymerization process. This was caused as diffusion to the
catalytically active surface (of the still solid AICl;) dominated the process, leading to a wide variation in
results from batch to batch, even though total mole percent loading of catalyst was rigorously controlled.
The molecular weight for a representative sample was low (720,000), yet the root mean square radius, a
reliable semi-quantitative measure of the degree of branching in these polymers, was quite large. This
indicates a high random degree of branching exists within the polymer—not at all desirable for a
morphological study. To overcome this problem, we synthesized an additional series of catalyzed
polymers using molecular sulfur (Sg). This catalyst was chosen because it has a literature precedent!? as
an effective catalyst for the ring-opening polymerization of phosphazene trimers, and it is a neat, easily
diffusing liquid at the polymerization temperature. Further, initial experiments demonstrated that liquid
sulfur was completely miscible with liquid hexachlorocyclotriphosphazene.

A series of poly(dichlorophosphazenes) were then prepared from hexachlorotriphosphazene to
evaluate the kinetics and mechanisms of the reaction in the presence of sulfur as a catalyst. The polymers
were dissolved in anhydrous toluene that was filtered through a 0.2 um filter prior to use. All
dissolutions were allowed to proceed overnight to insure that all of the polymer had dissolved. Since it
appeared that there was a significant amount of insoluble material remaining, a solubility determination
was performed. This was done by filtering the polymer solution through a 0.45 um PTFE syringe filter
and evaporating a 5.0 mL aliquot of the sample to constant weight under a stream of dry nitrogen. A
refractive index increment, dn/dc, determination was performed on one of the filtered sample solutions in
the series and applied to all of the remaining samples for calculation of light scattering results. Individual
polymer solubility results were used to correct dn/dc and light scattering results. Dn/dc determinations
were performed on a Rainin Dynamax RI-1 RI detector. Molecular weight and RMS radius moments
were determined by GPC separation coupled to multiangle laser-light scattering (MALLS) and RI
detectors. The GPC system consisted of a Waters Alliance Model 2690 solvent/sample delivery system
incorporating two HR5E, 4.6 x 300 mm, solvent efficient Styragel columns operating at a flow rate of
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0.3 mL/min. The MALLS detector was a Wyatt Technologies Dawn DSP system that measures scattered
light intensities at 17 angles ranging from 16.8 to 155.4 degrees. A typical chromatogram with overlaid
detector responses is shown in Figure 4.

The molecular weight and polydispersity data collected from the most illustrative of the sulfur
catalyzed polymerizations are shown in Table 4. In the first group of samples (PCL2-0.5 through
PCL22.0), which represent increasing amounts of catalyst and constant reaction time, there is a gradual
decrease in both the molecular weight and size of the polymer molecules. However, the PDIs remain
constant and therefore the amount of catalyst has only a small inverse effect on the polymer molecular
weights and sizes and no effect on the PDIs over the range of catalyst used in this group of samples. In
the second group of samples (PCL2-2B and 2C), which represent a constant amount of catalyst as used in
sample PCL2-2.0 above and an increasing reaction time, there appears to be a small increase in molecular
weights. However, the sizes and PDIs remain constant and therefore the reaction time appears to have
only a small direct effect on the polymer molecular weights and no effect on the sizes or PDIs. In the
third group of samples (PCL2-1B and 1C), which represents a constant amount of catalyst as used in
sample PCL2-1.0 above and an increasing reaction time, there is a significant decrease in the molecular
weights and sizes but the PDIs again remain constant. In this group it appears that the reaction time has a
significant inverse effect on the molecular weights and sizes, but again, no effect on the PDIs.

The molecular weight and size trends shown by groups 2 and 3 contradict one another and need to
be resolved. The PDIs throughout the entire series of samples remained unchanged at a value close to
unity indicating that the variables over the ranges studied herein have no effect on the degree of branching

of the polymers.

Peak ID

0.08

0.04

Aux, 90° detector

-0.04 L L i i L+ g
0 2 4 6 8 10

Volume (mL) GJ00 0211

Figure 4. Chromatogram with overlaid detector responses: upper trace (LS), lower
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Table 4. Molecular weight and RMS radius moments along with polydispersity indices (PDI) for sulfur
catalyzed poly(dichlorophosphazenes).

Sample M,, g/mol. R, nm Mn, g/mol. R, nm PDI
PCL2-0.5 (3.43+0.07)e5 24.7+2.5 (3.22+0.07)e5 25.4+2.6 1.06+0.03
PCL2-1.0 (2.36+0.05)e5 19.8+3.2 (2.25+0.05)e5 20.8+3.2 1.05+0.03
PCL2-2.0 (1.86+0.04)e5 17.1+4.4 (1.76+0.05)e5 19.1+4.2 1.05+0.04
PCL2-2B (1.74+0.03)e5 18.6+3.6 (1.63+0.04)eb 19.9+3.7 1.07+0.03
PCL2-2C (2.32+0.05)e5 17.5+3.9 (2.21+0.05)e5 18.3+4.0 1.05+0.04
PCL2-1B (6.35+0.2)eb 48.4+5.1 (6.30+0.2)eb 48.3+5.1 1.01+0.04
PCL2-1C (2.49+0.06)e5 22.6+3.1 (2.35+0.06)e5 23.5+3.5 1.05+0.04

Table 5 shows the solubility behaviour of the polymer samples. The solubility percentage is high but
not unity, as one would expect. This is primarily due to the presence of some colloidal sulfur (the catalyst)
that has become unavoidably entrained within the polymer during reaction workup. The percentage
recoveries of the mass injected onto the GPC columns were low and relatively constant (range: 45-59%).
We take this as an indication that approximately 50% of the polymer is irreversibly adsorbed to the column
packing during chromatographic analyses.

NMR Studies of Backbone Interactions

Polyphosphazenes are a class of materials that have been recently studied for use as solid polymer
electrolytes. The first polyphosphazene shown to have ion conducting properties when complexed with a
metal salt was poly[bis(2-(2-methoxyethoxy)ethoxy)phosphazene] (MEEP).!1 The proposed transport
mechanism of the metal ions through the MEEP matrix has been modeled on the transport mechanism of
metal ions through poly(ethylene oxide) (PEO). This model describes the mechanism as “hand-to-hand”
transport by the lone electron pairs of the oxygen atoms on the side chains and that the backbone nitrogen

Table 5. Individual polymer solubilities, dn/dc and the percentage of the mass recovered from each
injection onto the GPC.

% Recovery of

Sample Solubility % dn/dc Injected Mass
PCL2-0.5 89 — 58
PCL2-1.0 94 0.076 59
PCL2-2.0 88 — 55
PCL2-2B 92 — 52
PCL2-2C 94 — 45
PCL2-1B 76 — 53
PCL2-1C 80 — 52
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atoms are not significantly involved.!2 The natural abundance amount of the spin active >N nuclei that
can be observed by NMR spectroscopy is too low to be effectively studied (natural abundance !N is only
0.345%). In order to investigate the nitrogen atoms involvement with metal ion transport in
polyphosphazenes by NMR spectroscopy, the polyphosphazenes in this study needed to be synthesized
from 15N labeled starting materials.

A comprehensive set of NMR experiments with isotopically 15N labeled poly[bis(2-(2-
methoxyethoxy)ethoxy)phosphazene] (15N MEEP) was performed (1H, 13C{1H}, I5N, 31P, and variable
temperature 7’s) at a magnetic field strength of 7.04 Tesla (IH NMR operating frequency of 300 MHz).
Another set of NMR experiments with 15N MEEP and a I5N labeled heteropolyphosphazene, 15N
poly[((2-allylphenoxy), 1,(4-methoxyphenoxy); ,(2-(2-methoxyethoxy)ethoxy), g¢)phosphazene] (15N
HPP), was carried out ('H, 13C{1H}, I5N, and 3!P) at the University of Washington at a magnetic field
strength of 17.63 Tesla (IH NMR operating frequency of 750 MHz). The NMR samples were typically
prepared with 100-200 mg SN MEEP or 15N HPP and approximately 0.5 mL solvent in a NMR tube.
Tetrahydrofuran-dg (THF-dg) and chloroform-d (CDCl3) were used as solvents. Experiments were also
performed with 15N MEEP using deuterium oxide (D,0) and a neat sample (approx. 1.5 g 15N MEEP) in
a NMR tube with CDClj5 in a coaxial insert was also prepared.

As expected, some solvent effects are exhibited in the solution spectra primarily as a small change in
the observed chemical shifts along with some slight resolution differences. The sharpness of the
resonances in the 'H NMR spectrum, with THF-dg as the solvent, allows for measurable proton-proton
coupling (5.0 Hz, previously unreported). In contrast, the NMR spectra of the neat 15N MEEP sample
exhibit extremely broad resonances. A single broad resonance (approx. 2 ppm in width) in the IH NMR
spectrum allows for very little spectral interpretation. The full-width half-height linewidth (Av,,) of the
resonance in the 3P NMR spectrum is approximately 10 times of that which is observed in the solution
spectra (%200 Hz vs. 18 Hz). The resonances in the 13C{1H} (proton decoupled) and 5N NMR spectra
are also broaden compared with what is observed in the solution spectra but not to the extent observed in
the 1H and 3P NMR spectra.

The 15N NMR spectrum exhibits a major resonance at & 63.1 (THF-dg) with a Av;/, of 75 Hz
(Figure 5). The broad featureless resonance that is evident in the 3/P NMR spectra downfield
(0 to -5 ppm region) of the major resonance is also seen in the 15N NMR spectra (8 71.9). The intensity
of this resonance in the 15N NMR spectra is 2.5% of the intensity of the major resonance. Similar
resonances are observed in the 31P and 15N NMR spectra of 15N HPP. These downfield resonances are
attributed to polymer degradation during synthesis and/or chain-end effects.®

The increased resolution and chemical shift dispersity that is evident in the lH NMR spectrum with
THF-dg are also observed in the 13C{!H} NMR spectrum. This allows for the unambiguous assignment
of the carbon resonances of the 15N MEEP polymer. The chemical shift assignments (Figure 6) were
determined by various NMR techniques including two-dimensional proton homonuclear (COSY) and
proton-carbon heteronuclear (HETCOR) correlation experiments. The assignments are consistent with
the results of NMR spin-lattice relaxation (77) experiments. The relaxation times of carbon atoms in
flexible side chains increase with distance from the polymer backbone due to the increased mobility.13

Various NMR experiments including variable temperature 7} were performed to probe the lithium
ion residency in the polymer matrix. Lithium trifluoromethanesulfonate (LiOTf) was added to the
I5SN MEEP in incremental amounts in a NMR tube. NMR spectra were taken to observe the expected
changes in the chemical shifts of the resonances of the various nuclei (13C{IH}, 31P, and I5N). After
104 mol % of LiOTf was added to the polymer dissolved in THF-dg, the change in the observed chemical
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Figure 6. Carbon assignments for 15N MEEP.
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shift of the resonance in the 31P NMR spectrum was less than 0.5 ppm. The observed changes in the
signals in the 13C{IH} NMR spectrum were less than 0.15 ppm and no significant change was observed
for the resonance in the 15N NMR spectrum. This indicates that as expected the THF-dg has the ability to
compete with the polymer to solvate the lithium ions. NMR experiments with CDCl; were also
performed, since LiOTf is not soluble in CDClj5 but is soluble in the polymer matrix. Linear changes in
the chemical shift in the resonances of the 13C{1H}, 31P, and 15N NMR spectra were observed for the
incremental addition of LiOTf to the polymer. After a 40 mol% addition of LiOTf, the 13C NMR
chemical shift changes were 0.16 ppm for C1, -0.14 ppm for C2, 0.63 ppm for C3, -0.62 ppm for C4, and
-0.01 ppm for C5. The observed downfield 31P and 15N NMR chemical shift changes were 1.51 and
0.70 ppm respectively. The Anj/, of the 15N and 3P NMR resonances for 15N MEEP were relatively
unchanged after the 40 mol% addition of LiOTf.

Variable temperature T values were measured for the internal spin = % nuclei (13C{!H}, 31P, and
I5N). When a molecule is tumbling isotropically in solution, the dominant source of relaxation for these
nuclei is from dipole-dipole interactions. The relaxation rate (Rpp) will increase with temperature, pass
through a maximum, and decrease with increasing temperature. At low temperatures when the molecule is
tumbling slowly in solution, the Ry, is inversely proportional to the rotational correlation time of the
molecule (1) and the strength of the magnetic field squared. At high temperatures, when the molecule is
tumbling quickly, the Rp is proportional to 1. and is independent of the magnetic field strength. Since
the relaxation rate is the inverse of the 77, the relaxation time will decrease, pass through a minimum, and
then increase with increasing temperature. The minimum 77 values (77,,;,) for the nuclei will be
influenced by intermolecular and intramolecular dipole-dipole interactions and are proportional to the
internuclear distances.!4.15

The variable temperature 7 experiments were conducted to explore the observed changes in the
T’ min values and the temperature where the 77,,;, occurs before and after the addition of LiOTf. The
addition of LiOTf to the polymer causes a decrease in the flexibility of the polymer. This decrease in
flexibility is evident by an increase of the temperature where the 77,,;, occurs. However, the 77 ,;, values
for the nuclei are influenced by intermolecular and intramolecular dipole-dipole interactions and are
proportional to the internuclear distances. These values will be affected by the presence of lithium ions
coordinating to the polymer and thereby provide insight as to the location of the lithium ions in the
polymer matrix.

The 13C{!H} NMR variable temperature 7 data only exhibit distinct minimum values for carbons
C1 and C2, which is approximately 0.11 seconds at 235 K for both nuclei. At the lowest temperature
recorded (225 K), the T ,,;, for C3 had reached a constant value of 0.15 seconds. The 7 values for C4
and C5, 0.16 and 0.58 seconds respectively, were still slightly decreasing with the decrease in
temperature. Relaxation times at lower temperatures were not obtainable due to broadening of the
resonances. After the 40 mol% addition of LiOTY, the 77,,;, values showed the expected increase in
temperature to approximately 285 K for all the carbon resonances except for the C5 resonance. The T}
values for C5 were still slightly decreasing at the lowest obtainable temperature (1.30 seconds at 265 K).
The T, values showed the expected increases in relaxation times of approximately 0.04 seconds for C1
and C2, and approximately 0.07 seconds for C3 and C4. The variable temperature 31P NMR 7 data
indicate a 7 ,,;, value of 1.55 seconds at 260 K. After the addition of the LiOTf, the 7 ,,;, increases to
1.76 seconds at 305 K (Figure 7). However, the T,;, value for the 15N NMR resonance decreases with
the addition of LiOTf, approximately 7.5 seconds at 255 K to 5.0 seconds at 300 K (Figure 8). This data
indicate that the dominant source of relaxation for the nitrogen nuclei is no longer from dipole-dipole
interaction. This decrease in 77, is consistent with significant lithium ion involvement with the nitrogen
atom of the 15N MEEP.
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NMR samples of 15N MEEP and 15N HPP were taken to the Department of Chemistry at the
University of Washington to perform experiments on a Bruker DMX 750 NMR spectrometer. The
DMX750 has a magnetic field strength of 17.63 Tesla (!H operating frequency of 750 MHz). This work
was undertaken to corroborate the 'H, 13C{1H}, I5N, and 3P NMR chemical shift data that was
previously acquired on the Bruker DMX 300WB and to examine some spectral dispersity and coupling
data not observable at 7.04 Tesla.

The observable coupling in the IH NMR spectra and the chemical shift changes in the 13C{1H}, 31P,
and 15N NMR spectra of 15N MEEP after addition of LiOTf in CDCl; were similar to the previously
observed data. However, the 3P NMR spectrum of the 5N HPP exhibits five separate resonances (only
3 resonances are observed at 7.04 Tesla). Four of the resonances are due to the 31P nuclei that have as
the attached side chains either 2 methoxyethoxyethoxides (MEE), 1 MEE and 1 methoxyphenoxide
(MeOP), 1 MEE and 1 o-allylphenoxide (0-A4/), or 2 MeOP. The fifth resonance is broadened due to a
combination of resonances corresponding to 3!P nuclei that has either 1 MeOP and 1 0-Al or 2 0-Al. The
ISN NMR spectrum of 15N HPP at 7.04 Tesla is a single very broad resonance (Avy,, ~260 Hz). The
ISN NMR spectrum acquired at 17.63 Tesla exhibits five separate resonances (Figure 9). These
resonances are due to the neighboring 3!P environments (the number of aryloxide side chains versus the
number of MEE side chains). When the neighboring 31P nuclei have four aryloxides (resonance A), the
I5SN resonance exhibits IN-15N and 15N-31P coupling of 40 Hz. As the number of aryloxide side chains
decrease, resonances B to D, the resolution of the resonance decreases. Resonance E, the furthest
upfield, has the immediate environment similar to what is experienced in MEEP and therefore the
observed chemical shift at 62 ppm is similar. After approximately 40 mol% addition of LiOTf the
significant change in the 15N NMR spectrum is that the chemical shift of E moves downfield to

| | | | | | | | | | | |
72 71 70 69 68 67 66 65 64 63 62 61

(ppm) GJ00 0209
Figure 9. 1SN NMR spectrum of 15N HPP in CDCl;.
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approximately 63 ppm. This change in chemical shift in the 15N NMR spectra is also similar to what is
observed for 15N MEEP.

ACCOMPLISHMENTS

Molecular Composites

1. Further developed and refined synthetic protocols for formation of molecular composites.
These included not only synthetic conditions, but also film formation protocols that provide
a convenient pathway for adaptation of these materials as membranes for challenging EM
relevant applications.

2. Extensive dynamic mechanical analysis of these composites was performed. This has
provided information crucial to accurately assessing the potential usefulness and limitations
of these materials.

3. Correlated the observed physical properties of phosphazene-containing composites to form
the basis for understanding the structure-property relationships in these materials.

4. Extrapolated the structure-property relationships found for phosphazene systems to more
conventional all organic polymer systems. Extensive method development was performed to
optimize synthetic strategies for organic-based composites.

5. Performed elementary gas transport studies on selected phosphazene-based composites.
Polymer Morphology
1. Two separate series of poly(dichlorophosphazenes) were successfully synthesized—one

uncatalyzed and one catalyzed by elemental sulfur.

2. The above mentioned series of polymers were all characterized by GPC and by laser light
scattering molecular weight determination experiments. This information was translated
into a better understanding of the kinetics of the ring-opening polymerization in solventless
systems and a better understanding of how to control skeletal morphology.

3. Multinuclear NMR studies of specially synthesized NMR active (13N) polyphosphazenes
were carried out, both at low field (7.04T) and high field (17.63T). These studies were
performed with and without ionic dopants and were used to probe the importance of the
influence of the polymer skeleton during transport of such species.
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Adsorption and Absorption Materials for
Molecular Separations

Glenn A. Moore, Phil Martellaro, Tammy Reichert, and Eric Peterson

SUMMARY

Our research during FY 2000 focused primarily on processing and characterizing high surface area
mesoporous silicas and precipitated copper sulfides. These materials are being developed to provide a
cost effective way to capture heavy metal and radionuclides in solid and liquid waste forms for DOE’s
Environmental Management (EM) program. During FY 1999, we demonstrated enhanced mercury
reactivity for nanocrystalline copper sulfide powders and oxalic acid-treated copper sulfide powders.
During FY 2000, we prepared and characterized novel mesoporous silicas and nanocrystalline zirconia
plasma spray coatings, investigated key copper sulfide synthesis parameters, and conducted ionic mercury
reactivity experiments directed at elucidation of the reaction mechanism for HgZ" with Cu,S.

As part of our efforts we prepared mesoporous silicas using precipitation and sol-gel techniques and
surfactant templating agents; prepared and characterized silicas that have replicated lamellar, hexagonal,
and cubic pore structures; and prepared copper sulfides using precipitation techniques with cationic
surfactant cetyltrimethylammonium bromide (CTAB) serving as a particle size mediating agent.

Mesoporous Silicas

Mesoporous materials are of interest as catalysts, molecular sorbents, chromatograph separation
media, and separation membranes. Mesoporous templating of silica using liquid-crystal-forming
surfactants was discovered by scientists at Mobil Qil Corporation in 1992.1 This discovery has led to a
new class of materials and associated descriptive nomenclature. Mobil’s original mesoporous material
having a regularly ordered hexagonal pore arrangement was designated (Mobil Composition of Matter)
MCM-41. Figure 1 shows a schematic diagram of the structural evolution of the MCM-41 hexagonal
mesostructure.2 Temporal variation of the condensing silicate species’ charge density is responsible for
the lamellar to hexagonal mesostructure transformation. Other distinct mesoporous materials, having
distinct morphologies, include hexagonal mesoporous silica (HMS) where textural or aggregation based
packing structures evolve and mesoporous silica units (MSU) materials having disordered channels.

Our FY 2000 effort in this area included manipulation of the surfactant templating process in order
to form hybrid silica materials containing cyclodextrins (CDs). CDs are cyclic oligosaccharides made up
of six, seven, or eight glucose residues per molecule; referred to as a-, 3- and y- CD respectively
(Figure 2).3 These molecules form a toroidal/hollow truncated cone structure containing a central
hydrophobic core and a hydrophilic exterior.

CDs have been used extensively to increase the solubility, dissolution rate, and bioavailability of
poorly water-soluble drugs, as well as increase the stability of labile drugs.4 These properties result from
the inclusion of the drugs within the central hydrophobic cavity of the CDs. The inner diameter and
depth of the B-CD central cavity is 7 A resulting in a volume of 270 A3. The complexation of a CD host
and a guest compound (drugs or dyes) is a dynamic process involving Van der Waals dipole-dipole and
hydrophobic interactions. We envision two sorbent capture schemes involving CD-silica hybrid
materials: functionalized pores/cavities in the silica matrix, and guest-host sorbents based on incorporated
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Figure 1. Schematic diagram of the lamellar to hexagonal mesophase structure evolution in the
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Figure 2. Diagram of CD chemical structure and molecular geometry.3

CD:s.

Processing of mesoporous silicas and their organic-inorganic hybrid counterparts is accomplished
using the sol-gel process. The sol-gel process consists of the acid or base catalyzed hydrolysis and
condensation of a metal alkoxide, e.g., tetracthyl orthosilicate (TEOS), to form an amorphous metal oxide
network “gel”; in this case silica. In our studies templated mesoporosity was imparted via the
incorporation of a cationic surfactant, e.g., cetyltrimethyl-ammonium bromide (CTAB). The CDs
investigated included the “parent CDs” alpha, beta, gamma, and 2-hydroxypropylated 3-CD (HPBCD), a
chemically modified CDs purchased from Wacker Biochem. Stable mesoporous powders for use in
removing the surfactant and CD constituents were obtained by pyrolysis of gels in air at 550°C. The
resulting mesoporous powders were characterized for surface area, pore size distribution, and mesophase

178



composition.

Three distinct processing schemes were experimentally investigated: (1) gel powder precipitation
using low surfactant concentration base catalyzed TEOS sols, (2) thin film formation via spin coating of a
acid hydrolyzed tetramethyl orthosilicate (TMOS) sols, and (3) gel powder preparation via spray drying
of acid hydrolyzed TMOS sols.

Precipitated Mesoporous Silica Powder

Our investigation of the gel powder precipitation scheme involved the method reported by Cai et al.6
for producing MCM-41 silica. Of interest are four samples prepared using the H,0:NH,OH:CTAB:TEOS
molar ratios shown in Table 1. In sample BP-4, an equimolar HPBCD:CTAB addition was made.
Precipitated powders were water rinsed, air dried at RT-70°C, and calcined in air at 550°C for 4 hours to
remove the templating agent CTAB.

The calcined precipitate powders were characterized for surface area and pore size distribution using
nitrogen adsorption analysis and mesoporous phase analysis using X-ray diffraction (XRD) and
transmission electron microscopy (TEM). Figure 3 is a TEM micrograph showing a typical precipitated
particle. Mesopores and hexagonal faceting are apparent. The surface area of the precipitate powders
ranged from 1,032 to 1,589 m2/g. The Kurk, Jeromiec, Syari (KJS) method was applied to the nitrogen
adsorption data in order to calculate pore size distributions for the powder.” The nitrogen adsorption
isotherms and the calculated W g pore distributions are shown in Figure 4. When HPBCD was present
in the sol formulation (sample BP-4), an asymmetric pore size distribution was produced. This result
infers that a portion of the HPBCD was included in the CTAB liquid crystal phase and served as a
swelling agent. Thus, it has been demonstrated that hybrid mesoporous silicas can be prepared using the

Table 1. Formulation and characterization data of basic precipitate (BP) samples.

Characteristic Effective Pore BET?® Surface
Formulation Molar Ratio  HKL (100) d-spacing Diameter Wyig Area
Sample H,0:NH,OH:CTAB:TEOS (nm) (nm) (my/g)
BP-1 422:26.0:0.1:1.0 3.37 3.06 1465
BP-2 397:30.4:0.1:1.0 3.48 3.08 1032
BP-3 437:26.4:0.1:1.0 3.16 2.83 1589
BP-4 437:26.4:0.1:1.0b 3.48 3.15 1145

a. Brunauer, Emmett, and Teller.

b. An equimolar HPBCD:CTAB addition was also made.
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100 nm

Figure 3. TEM micrograph of a precipitated mesoporous silica particle. Hexagonal particle
morphology and structured porosity at the particle’s perimeter are evident.
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Figure 4. BET adsorption isotherms and the corresponding calculated D g pore diameter distributions.
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acid catalyzed TEOS:CTAB scheme. Future studies will investigate the influence of CD-concentration
on templated porosity and the use of nonionic surfactants.

Mesoporous Films

Mesoporous thin films, 0.5 to 1.0 um thick, were produced on silicon and borosilicate substrates via
spin coating at 3,000 rpm. The acid catalyzed sol formulation scheme use was taken from Ogawa et al.8
The advantage of this film preparation scheme being the direct formation of lamellar, hexagonal, or cubic
((Pm3n) films by variation of the TMOS (tetramethyl orthosilicate):surfactant (cetyltrimethylammonium
chloride CTAC) ratio in the range of 2:1 to 8:1. Table 2 lists the sol formulations investigated and the
resulting primary mesophase observed. Film samples were calcined at 550°C for 3 hours to remove the
template prior to characterization.

Table 2. Mesoporous thin film formulations and resulting primary mesophase formed.

Formulation Molar Ratio Primary Mesophases
Sample H20:CTAC:TMOS Observed via TEM
AF-00, AF-01, AF-6 (ACF-1) (UT-2, -3) 184:1.0:8.1 Hexagonal, cubic
AF-02 (ACF-2) 176:1.0:4.1 Hexagonal
AF-5 (UT-1) (ACF-3) 187:1.0:9.73 Hexagonal
AF-7 (UT-4) (ACF-4) 184:1.0:8.1 (HPBCD:0.5) Amorphous

Figure 5. SEM micrograph of a mesoporous calcined film, top portion, on a borosilicate substrate.
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Scanning electron microscopy (SEM) analysis showed the prepared films to be 0.5 to 1.0 mm thick
and crack-free. Figure 5 shows a SEM micrograph of a ~1.0-mm-thick mesoporous film on a borosilicate
substrate.

Mesoporous film samples were prepared for transmission electron microscopy (TEM) by scraping a
portion of a film with a razor blade and transferring film fragments to a carbon coated TEM grid. In the
case of a film prepared using an 8:1 TMOS:CTAC sol, a Pm3n cubic mesostructure was expected,
however, TEM analysis revealed a mixture of lamellar, hexagonal, and cubic pore ordering. Figure 6
shows two TEM micrographs from an 8:1 film sample. In Figure 6a, the pores (white spots) are arranged
in a cubic array; in Figure 6b, we observe a pore arrangement characteristic of the lamellar-to-hexagonal
transition.

The observed mesostructure morphology variation is thought to be a consequence of the
stoichiometric gradients created during the drying process. As methanol/water evaporate from a sol, the
TMOS:(methanol/water) ratio increases; at the same time, the film consolidates in the direction
perpendicular to the substrate surface. Additionally, the film can be viewed as having three graded
regions: a solid/sol-gel interface region, a core sol-gel region, and an air/sol-gel interface region. It is
surmised that as the spin coating/drying process takes place, stoichiometric and interfacial considerations
produce mesostructure morphology variations in the film. At some critical point in the drying process
each mesostructure type looses its ability to reconfigure/evolve due to viscosity constraints. Our TEM
characterization results capture the “established” temporal mesostructure evolution sequence proposed by
Monnier et al2; namely, transitional microstructures associated with the lamellar-to-hexagonal-to-cubic
liquid crystal phase evolution. As the cubic mesostructure, having interconnected porosity, is most
desirable for the envisioned molecular sorbents, we are working to optimize our processing conditions .

In pursuit of our aim to develop a processing scheme for incorporating CDs in the silica wall
structure of mesoporous materials, we investigated the addition of hydroxypropyl B-cyclodextrin
(HPBCD) at a level of 0.5 HPBCD:CTAC in a 8:1 TMOS:CTAB batch (ACF-4). Good film forming

- - .-\ -
= .20 nm

- T

Figure 6. TEM micrographs from a mesoporous thin film: (a) cubic mesostructure, (b) lamellar-
hexagonal transition region. Inlaid are the selected area diffraction patterns.
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qualities were observed, however, the films produced were strictly amorphous. Thus, the HPBCD
modifier addition resulted in the elimination of mesoporosity. It is known that CTAB forms a 1:1 inclusion
complex with 3-CD and that the critical micelle concentration (CMC) of the CTAB/B-CD (~2 x 10-3 mol/
L) complex is approximately twice that of just 3-CD (0.92 x 10-3 mol/L). In this case, the CTAC
surfactant concentration is approximately two orders of magnitude above the CMC in pure water. At this
time, our TEM characterization results indicate that the addition of HPBCD in a 1:2 ratio with the
templating surfactant results in a suppression of CTAC micelle formation during the sol to gel transition.
Thus, in order to form CD-mesoporous hybrid materials using this approach, we need to better understand
the interactions of the CD with the templating agent and hydrolyzed silicate species.

Spray Dried Mesoporous Powders

In the course of developing mesoporous powders for pollutant separation and sequestration
applications, the need for industrially scalable process schemes should not be overlooked. As such, we
investigated the formation of mesoporous powders via spray-drying. The spray drying process is an
established “scalable” process widely used in the ceramics and specialty chemicals industries. As the
name implies, spray drying involves spray atomization of a solution or slurry and in-flight drying of the
droplets. This process typically produces spherical particles with an average diameter of 10 to 100 pum.
Spray dried powders have several advantages over submicron precipitate powders, these include reduced
static charging, less nuisance dust, good flowability, and high packing efficiency. These powder-media
attributes lend themselves to packed column, fluidized bed, and pressed media preparations.

We investigated the applicability of TMOS:CTAC sol formulations, discussed in the previous
section, to the spray drying process. Comparable with spin coating, the spray drying process involves
rapid evaporation of a sol’s free liquid contents and the rapid coalescence of gel network forming species.
Here, heat and/or reduced pressure were used to control the drying rate. A series of experiments were
conducted using the sol formulations listed in Table 3, a Sono-Tek 48 kHz ultrasonic spray nozzle, and
the 4-cm-ID by 50-cm-long tube assembly shown is Figure 7. Spray dried powder was calcined at 550°C
for 3 hours in air to remove the templating agent.

Spray dried powders were characterized for surface area and pore size distribution via nitrogen
adsorption, mesophase via XRD, pore morphology via TEM, and particle morphology via SEM. As can
be seen in Figure 7, two types of particle morphologies were obtained depending on the experimental

Table 3. Spray drying formulation, process conditions, and material properties of spray dried
mesoporous powders.

BET Surface

Molar Ratio Temp Area Pore Dia.

Sample H20:CTAC:TMOS ({®)] (m?/g) (nm) Mesophase
UT-1 187:1.0:9.73 40-50 737 3.32 hexagonal
UT-2 184:1.0:8.1 70-80 777 3.22 hexagonal
UT-3 184:1.0:8.1 90-110 866 3.18 hexagonal
UT-4 184:1.0:8.1(HPBCD :0.5) 80-100 444 — amorphous

a. The FWHM of the W /" pore diameter distribution was 0.4 nm.
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Figure 7. Diagram of ultrasonic spray drying apparatus used in preparing mesoporous powders. The
two particle morphology types obtained are shown in the corresponding SEM micrographs.
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configuration. Smooth spherical particles in the 5 to 20-um range were obtained when the sol was
directly sprayed into the heated portion of the drying tube. When a dual-rate drying configuration was
used (i.e., an unheated riser tube placed above the heated tube section), pleated particles 5 to 50 um in
diameter were produced.

A summary of the materials characterization data for the spray dried powders is shown in Table 3.
In samples UT-1, 2, and 3 hexagonal mesostructures were observed. A typical pore morphology
arrangement for these powders is shown in Figure 8. Distinct mesoporous domains of the hexagonal type
are apparent, much like those in a dense polycrystalline ceramic material. However in this case the
domains consist of ordered pore regions. The UT-1, 2, and 3 powders showed a notable decrease in pore
diameter of 3.3 to 3.1 nm and an increase in surface area of 737 to 866 m2/g, with an increasing drying
temperature of 40 to 110°C. The breadth of the JKS pore size distribution (0.4 nm FWHM) was
consistent throughout the experimental series.

In the case of sample UT-4, a 0.5 molar equivalent addition of HPBCD was made to the sol
formulation of UT-1 and 2. As was the case for films prepared using this formulation, no mesoporosity
developed. The resulting amorphous, microporous UT-4 powder had approximately half the surface area
of the other three samples.

This experimental investigation demonstrated the applicability of the spray drying process with acid
catalyzed TMOS:CTAC sols. Further, the pore size of these mesoporous powders can be controlled via
the temperature and reduced pressure “drying rate” conditions employed. While cubic mesostructure was
not observed in this initial spray drying study, the processing method appears very favorable to processing
of mesoporous powder media.

Figure 8. TEM micrograph of spray dried particle having mesoporous domain structure. Selected area
diffraction pattern, inlay, confirms polymesoporous morphology.
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Plasma Spray Deposition of Zirconia Layers

An experimental effort was initiated for producing porous zirconia nanoparticulate coatings on
porous substrates. Previous work at the INEEL demonstrated that zirconium acetate can be converted to
zirconia nanoparticle in an argon plasma when oxygen serves as the ceramic precursor carrier gas. Our
experimental objective here was to determine if the zirconia nanoparticles could be controllably deposited
on a porous substrate to form a coherent, defect free, controlled porosity membrane. A series of
deposition experiments were performed using porous stainless steel substrates and a 2 kW plasma torch
system configured for injection of a zirconium acetate/oxygen mixture. X-ray diffraction was used to
confirm that a nanocrystalline zirconia layer was deposited on the porous stainless-steel substrate.
However, the coatings were not physically robust and could be easily removed from the substrate with
light scratching. SEM analysis showed the zirconia coating to be ~100 pum thick, with minimal micron-
scale pores (see Figure 9). The observed gap between the coating and substrate may have been produced
during the deposition process, as a result of thermal expansion mismatch stresses when the sample was
cooled, or during the SEM sample polishing operation. After these initial experiments, it was concluded
that alternative coating processes, i.€., sol spin coating, would be more amenable to the development of
controlled micro and mesoporosity coatings. Thus, the activity was discontinued.

Copper(ll) Sulfide Particle Size Control Study

Our previous work demonstrated the advantage of nanocrystalline copper sulfide for capture of
mercury vapor. When the surfactant CTAB was used to mediate the particle size of precipitated Cu(Il)
sulfide (CuS covellite), a five fold increase in the Hg(0) capture rate resulted.%-10 In the previous study,
CuS was precipitated upon addition of an H,O/ethanol solution of Cu(NO5)2.3H,0 to an aqueous
solution of Na,S.9H,0 containing the surfactant CTAB. When a 1:1 molar ratio of CTAB:Na,S.9H,0
was used, and the overall CTAB concentration being 0.13 M, a median particle size (MPS) of 250 nm was
obtained. This compares to a median particle size of ~2,500 nm for commercial grade CuS.

To investigate the effect of surfactant concentration on CuS particle size, a series of synthesis
experiments were conducted using two different solvent systems, i.e., water and a 50/50 mixture of water

50 pm

Figure 9. SEM micrographs of plasma spray deposited zirconia film on porous steel substrate.
(crossection).
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Figure 10. Median particle size distribution for CuS synthesized in water and water/ethanol solvent
systems.

and ethanol. For the aqueous based experiments, the CTAB:Na,S-9H,0O molar ratio was varied over the
range of 0.01 to 0.2. The precipitate was collected via vacuum filtration, water rinsed, and air dried.
Particle size analysis was performed using a Beckman-Coulter N4 particle size analyzer. The median
particle size results for these analyses are shown in Figure 10.

The MPS of CuS precipitated without CTAB present was ~5,000 nm. The median particle size of
the precipitate rapidly decreased from 1,500 to 250 nm as the CTAB:Na,S-9H,O0 ratio was increased from
0.01 to 0.05. For this water based series, unimodal particle size distributions were observed. It was
determined that a CTAB:Na,S-9H,O ratio greater than 0.05 did not further reduce particle size. The
overall CTAB concentration associated with the 0.01 to 0.05 CTAB:Na,S-9H,O ratio is 1-5 x 10-3M. The
critical micelle concentration (CMC) of CTAB in water is ~1 x 10-3M. The formation of surfactant
micelles or microemulsions are known to influence precipitation reactions.!1:12 Thus, from this data, we
conclude that CTAB micelles serve as nucleation sites for the precipitate particles and that the competing
particle nucleation and growth reactions reach a balance as the CTAB concentration approaches
approximately five times the CMC; resulting in a MPS of ~250 nm thereafter.

Likewise, a CTAB:Na,S-9H,0 molar ratio in the range of 0.01 to 0.15 was investigated for the 50:50
water:ethanol solvent system. The median particle size analysis results are also shown in Figure 10. The
MPS for CusS precipitate prepared without CTAB was determined to be 3,000 nm, two thirds of that
measured in the corresponding water-based sample. Otherwise, with respect to the MPS, the same
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decreasing particle size trend with increasing surfactant concentration was observed, up to a
CTAB:Na,S-9H,0 ratio of 0.05. The particle size distribution data for the water:ethanol series was
distinguished from the water based data in that bimodal distributions were obtained.

For samples having a MPS of ~250 nm, approximately 20 to 30% of the particles were in the 800 to
900 nm size range, and the remaining fraction of particle distributed in the 150 to 200 nm region. At this
time, an explanation for the bimodal precipitate formation has yet to be established.

Oxalic Acid Treatment of Copper(ll) Sulfide

In our previous work, it was demonstrated that CuS treated with an oxalic acid solution had a 2x
mercury vapor capture rate increase.®5 Initially, it was suggested that the effect dealt with enhanced
scission of the metal-sulfur bond.!1-12 We performed particle size and surface area analysis on
commercial grade CuS samples before and after treatment with an oxalic acid solution. Our results
indicate that the acid treatment results in a 4x CuS surface area increase (1.0 to 4.0 m2/g) and a ~4x
reduction in mean particle size (~2,500 to 600 nm). It is suggested from these measurements, that the
oxalic acid serves as an agent for deagglomeration of the layered CuS particles without appreciable
sulfide dissolution. Thus, the observed 2x increase in the mercury vapor sorption rate is attributed to the
4x increased in surface area provided by the oxalic acid treatment.

Reaction Study of Copper(l) sulfide with lonic Mercury

A series of experiments were conducted in order to establish the mechanism of ionic mercury
(Hg2*)capture by Cu,S in acidic, aqueous solution. A series of Hg2" sorption experiments were
conducted at three different temperatures (20, 30, and 40°C) in order to determine the thermodynamic
parameters of the sorption process in acidic media (pH=1) containing 300 ppm of Hg2". For each
temperature series, 11 samples of Cu,S(10-33 mg) were stirred in the ionic Hg2" solutions for 24 hours.
The residual Hg?* concentration in the solutions was analyzed using Inductively Coupled Plasma-Atomic
Emission Spectroscopy (ICP-AES) and the equilibrium coefficient for the reaction, Kp), was calculated.
Solid constituents of the reaction were analyzed using Atomic Absorption (AA) spectrometry and XRD.
The results of which established that the Hg2* was removed via precipitation of HgS. The ICP-AES
results revealed that, in most cases, the quantity of Hg?* removed directly corresponded with the quantity
of dissolved sulfide ion in the final solutions; as calculated from the quantity of dissolved copper in
solution. This reaction is shown in Reaction (1).
Cups  DISSOIMON  52e 4 g2 4 pgae PIEAPIEIION gy ey Reaction (1)
Formation constants were calculated from the Hg2" equilibrium concentration data obtained via
the ICP-AES analysis. The enthalpy of reaction was determined to be +147kJ/mole as derived from the
van’t Hoff plot shown in Figure 11. The Cu,S dissolution values measured in these experiments are
within 20% of those reported in the literature.!5 The positive slope of the van’t Hoff plot line is an
indication that nearly all the Hg2" is removed by precipitation and not by an endothermic sorption
process. The magnitude of the reaction enthalpy is exemplified by the fact that the formation of HgS
would give some negative contribution (-50kJ/mole) to the overall reaction enthalpy however, its
magnitude is small compared to the large positive enthalpy for dissolution of Cu,S.
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Figure 11. Van’t Hoff plot for the dissolution of Cu,S in 0.1M HNOs3.

ACCOMPLISHMENTS

Novel mesoporous silicas were prepared using precipitation and sol-gel techniques in conjunction with
surfactant templating agents. Silicas having replicated lamellar, hexagonal, and cubic pore structures were
prepared and characterized. Precipitated powder, thin films, and spray dried powder were processed.

The incorporation of hydroypropyl Beta-CD was accomplished in the base catalyzed system studied.

This work serves as a foundation for the future development of mesoporous-based sorbent media
and separation membranes with and without CDs. The spray drying process employed is of particular
relevance.

Nanocrystalline CuS powders were prepared from Cu(NOj3),-3H,0O and Na,S-9H,0 with surfactant
CTAB serving as a particle size mediating agent. Using ethanol as a co-solvent in the precipitation
process provided a similar median particle size compared to the aqueous system. In both systems a
CTAB:Na,S-9H,0 molar ratio of 0.2 or greater, at least five times the CMC, was found effective for
obtaining a precipitate powder having a median particle size of 200 to 400 nm. In the case of the co-
solvent system, the particle size distribution was found to be bimodal. The bimodal distributions
contained a greater number fraction of particles <200 nm. Thus the increased mercury vapor reactivity
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previously observed for mediated CusS relative to commercial grade CusS is attributed to an increased
surface area and a reduced median particle size as established in this study.

Oxalic acid treated commercial grade CuS also was previously shown to provide a two-fold rate
increase in elemental mercury vapor capture. Our present work has shown that the oxalic acid treatment
is responsible for a four-fold increase in surface area and a corresponding four-fold decrease in the
median particle size of the commercial grade CuS. Thus, providing an explanation for the increased
mercury vapor capture rate.

A water-based sorption study was conducted using Cu,S in order to characterize the Hg2" capture
mechanism. Our experiments demonstrated that the metal sulfide does not physically or chemically adsorb
Hg?2* in acidic aqueous solution. Powder XRD revealed the presence of HgS in the post-reaction solid
phase and ICP-AES experiments confirmed the mass balance for a precipitation reaction; namely, a one-
to-one reaction of HgZ" with dissolved sulfide ions to form the solid precipitate HgS.
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SUMMARY

This project was a collaborative effort with the Khlopin Radium Institute (KRI) in St. Petersburg,
Russia to initially test the fission product solvent extraction technology for simultaneous extraction of Cs
and Sr from the current 5 million liter inventory of acidic tank waste stored at the INEEL. The fission
product extraction process is an alternative technology to feasibly provide a method of meeting the Batt
Settlement Agreement milestones to cease use of the INTEC tank farm by 2012. Predominate fission
products that contribute to the radioactivity of the tank wastes are Cs-137 and Sr-90. The fission product
extraction process is based on an immiscible organic phase comprised of chlorinated cobalt dicarbollide
(CCD, Cs extractant) and polyethylene glycol (PEG, Sr extractant) dissolved in a poly-fluorinated sulfone
diluent. Batch contact experiments and preliminary flowsheet testing were used to define potential
solvent composition and flowsheet configuration. This information was used to specify an initial
flowsheet for countercurrent testing with simulated tank waste in the 3.3-cm centrifugal contactor
mockup at INTEC. This flowsheet consisted of 13 extraction stages, 2 scrub stages, and 11 stripping
stages. Millimolar quantities of stable (nonradioactive) Cs and Sr were added to the simulated feed to
facilitate analytical detection; such quantities are several orders of magnitude higher than anticipated in
the actual tank wastes. The initial extractant composition was 0.08 M CCD, 0.6 vol% PEG-400 in phenyl
trifluoromethyl sulfone (FS-13) diluent. Approximately 1.5 L of solvent was used (with continuous
recycle) to treat 43 L of simulated tank waste during 75 hours of continuous operation. Greater than
99.992% of the Sr and 97.45% of the Cs were extracted from the simulated tank waste and recovered in
the strip product based on the raffinate composite sample for the duration of the run. Approximately
99.9% of the Eu, added as a surrogate for the transuranic (TRU) elements remained in the raffinate,
attesting to the excellent separation factors of the fission products over the TRU elements in the process.
The matrix components Ba (>99.6%), Pb (99.8%), and Ca (10.6%) were also extracted from the
simulated tank waste and recovered in the strip product. Less than 1% of the K, Na, Fe, Zr, and Mo were
extracted from the tank waste simulant. The only physical problem encountered throughout the course of
the experiment was slight flooding (~0.3 vol% carryover of organic solvent in the aqueous phase) in the
strip product stream. While <1% flooding is typically acceptable from a processing standpoint, the
flooding was attributed to limitations of the centrifugal contactors and could be readily solved with the
appropriate flowsheet or equipment modifications. The PEG-400 used in the organic solvent is known to
have limited solubility in the aqueous process solutions. Consequently, ~0.6 g/L. PEG-400 was added to
the strip product to compensate for losses of this component from the solvent. As a result of the PEG-400
addition, the concentration was estimated to increase from the initial 0.6 vol% in the solvent to ~1.3 vol%
at the conclusion of the test. Finally, none of the analytically determined waste components were
observed to build up in the organic solvent.

PROJECT DESCRIPTION
Background

The fission product extraction process is a solvent extraction technology for the simultaneous
extraction, concentration, and recovery of Cs and Sr from acidic radioactive wastes. Predominant fission
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products contributing to the radioactivity of INTEC wastes are Cs-137 and Sr-90. This process is
amenable to the current inventory of aqueous tank wastes and acidic solutions of redissolved calcine
wastes stored at INTEC.

Cobalt dicarbollide was first synthesized and characterized by Hawthorne and Warren!-2 at the
University of California in 1965. Rais et al. first reported the applicability of cobalt dicarbollide in
solvent extraction processes.3 The CCD anion is a large hydrophobic species that exhibits the properties
of a strong acid.

Chlorinated cobalt dicarbollide selectively extracts cesium through an uncommon cation-exchange
mechanism with dissociation of the solvated species in the organic phase. Dipicrylamine,
tetraphenylborate, polyiodide, and heteropolyacids extract cesium by the same mechanism, but only CCD
is simultaneously a strong acid, such as heteropolyacids, and extremely hydrophobic, such as
tetraphenylborate. This combination of properties enables CCD to extract cesium from acidic media and
provides low solubility of CCD in aqueous solutions. Aliphatic and aromatic nitro-compounds, such as
nitrobenzene, are the best diluents for CCD.3 However, nitrobenzene and nitroaromatic compounds are
unacceptable diluents in the U.S. due to technical, environmental, health, and safety considerations.

The unsubstituted cobalt dicarbollide has a high resistance to acid hydrolysis, reductants, and
radiation, as well as having excellent thermal stability.# Halogenated derivatives of cobalt dicarbollide,
especially chlorinated cobalt dicarbollide, exhibit even greater stability.5-6 Therefore, the hexachloro-
derivative of cobalt dicarbollide have historically been used in development efforts associated with
radioactive waste treatment.

Many mixtures incorporating CCD are of particular interest for the synergistic extraction of other
components. Rais et al. observed a large synergistic effect on the extraction of micro-quantities of Ca2™,
Sr2*, Ba2*, and Pb2* in the presence of polyethylene glycols (PEG) and CCD.47 Polyethylene glycol
remains as a neutral molecule when associated with ionic strontium, disrupting the hydration sphere of
Sr*2 and creating a hydrophobic species that is transferred from the aqueous phase into a nitrobenzene
phase containing the CCD anion.# Experimentally derived data were used to validate theoretical results,
which indicated the charged species PEG:Sr2* and protonated polyethylene glycol (PEG:H™) were
competing counter-ions of the CCD anion in the organic phase.4

The unique extraction properties of CCD/PEG mixtures allows for the separation of Cs and Sr from
acidic high activity wastes (HAW). However, the industrial use of this process was not feasible due to the
lack of an appropriate diluent for CCD. Acceptable diluents for use in radioactive waste treatment must
have high chemical and radiation stability, low aqueous solubility, low viscosity, and a density
substantially different than the aqueous process solutions. Furthermore, the extractants (CCD and PEG),
and their solvated metal complexes, must be readily soluble in the diluent to prevent formation of an
immiscible third phase or solid precipitates. Finally, the diluent should be nontoxic, inexpensive, and
readily available or produced.

Identification of an optimal CCD diluent is complicated by the fact that CCD and its salts are highly
polar compounds and are essentially insoluble in low-polar solvents like saturated and aromatic
hydrocarbons. Consequently, nitrobenzene and its mixtures with carbon tetrachloride and saturated
hydrocarbons were initially proposed as diluents.3 The high solubility of nitrobenzene in water and
acidic solutions, renders its use under industrial conditions technically impractical. Commercial scale
processing of high level waste (HLW) in Russia was initiated after the development of m-nitro-
trifluoromethyl benzene (MNTFB), a diluent technically amenable to large-scale use.8 Approximately
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800 m3 of acidic HLW were commercially processed using the CCD/PEG/MNBTF system at the Mayak
Production Association (Russia), and approximately 12 million Ci of Cs and Sr were recovered.?

Collaborative efforts between the INEEL and the Khlopin Radium Institute (KRI) were initiated in
1994 to evaluate the applicability of the CCD/PEG process as applied to INEEL tank and dissolved
calcine wastes. This early testing used nitroaromatic diluents and hydrazine as a strip reagent, both
unacceptable in the U.S. for commercial use. Ongoing efforts have since focussed on development and
demonstration of the Universal Extraction (UNEX) process to simultaneously extract all the major
radionuclides (Cs-137, Sr-90, and the actinides) from INEEL wastes.10-13 The UNEX process
incorporates CCD, PEG, and diphenylcarbamoylmethyl-phoshine oxide (CMPO) in an appropriate diluent
to simultaneously extract the radioisotopes. UNEX development efforts have recently culminated with
the identification of phenyl trifluoromethyl sulfone (FS-13) as a suitable diluent for the UNEX process
solvent. The FS-13 diluent exhibits excellent radiolytic and chemical stability, is innocuous, and provides
ample solubility of CCD, PEG, and CMPO and their respective metal complexes. Finally, the physical
properties of density and viscosity are suitable for countercurrent processing applications.

Scope and Objectives

Currently, there are 5 million liters of radioactive acidic waste stored in the INTEC tank farm. The
residual tank wastes were a result of solvent wash and equipment decontamination activities associated
with previous reprocessing activities. One of the current, economically appealing methodologies for the
disposal of INTEC tank waste involves chemically separating and concentrating the radionuclide fraction
into a relatively small volume for disposal as a remote handled waste at the Hanford Reservation or the
Nevada Test Site. The residual bulk of the separated waste would be grouted and disposed of as contact-
handled Transuranic waste (TRU) at the Waste Isolation Pilot Plant (WIPP). This disposal alternative is
contingent on obtaining a Waste Incidental to Reprocessing (WIR) determination for the wastes currently
stored in the INTEC tank farm.

The scope of this project was to demonstrate the applicability of the fission product extraction
process for Cs and Sr removal from simulated INTEC tank wastes. The Batt Settlement Agreement
between the INEEL, State of Idaho, and Department of Energy is a court mandated agreement to cease
use of the existing INTEC tank farm by 2012. The path forward with respect to meeting the tank farm
milestone is contingent on the Idaho High Level Waste and Facility Disposition Environmental Impact
Statement (EIS) and subsequent Record of Decision (ROD). The significance of this effort is the initial
development of a robust process, and the associated data, supporting current and future feasibility studies
for a treatment facility and the capability of meeting the milestones in the Batt Agreement.

The purpose of the effort was to evaluate a viable process flowsheet based on CCD/PEG in FS-13
for the simultaneous removal of Cs and Sr from simulated INTEC tank waste during extended
countercurrent flowsheet testing. To this end, the objectives of this program included:

. Identify a precursory diluent and solvent composition (CCD and PEQG) for testing
. Define a potential flowsheet and perform dynamic countercurrent testing

. Evaluate the ability to control PEG losses by addition to PEG to the strip feed solution

. Verify the potential to eliminate the solvent wash section used in previous flowsheets
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. Evaluate the solvent loading and compositional changes with multiple solvent turnovers in
the countercurrent flowsheet.

Centrifugal Contactors

Flowsheet testing at the INEEL was performed using 3.3-cm diameter centrifugal contactors
installed at INTEC. The contactor mockup consists of 26 available stages, reagent feed and receiving
vessels, and feed pumps with associated controllers. The 3.3-cm centrifugal contactor mockup is pictured
in Figure 1.

The 3.3-cm contactors were designed and fabricated in Moscow, Russia by the Research and
Development Institute of Construction Technology (NIKIMT). Table 1 lists the operating specifications
of the contactors. A total of 26 contactors were obtained from NIKIMT for testing purposes. Each stage
can be operated independently allowing numerous combinations for changing flowsheet configurations.

Solutions are fed to the contactors using valveless metering pumps with controllers. Surge
suppression tubes, 4 inches long and 1 inch in diameter, were placed on the pump outlets to dampen
solution flow fluctuations. Flow rates were adjusted by controlling pump speed using a 10-turn
potentiometer or by manual adjustment of the piston stroke length and/or a combination of the two. Once
solutions enter the contactors, flow through the equipment is by gravity, i.e., the solutions in the
contactors are not under pressure. The product solutions from the contactors drain by gravity to the
product vessels.

Solvent exiting the strip section was cooled prior to recycle to the extraction section by pumping the
solvent through a cooling coil submerged in an ice water bath.

Tank Waste Composition

Beginning in FY-01, the tank waste stored at INTEC will be concentrated from the current inventory
of ~5 to ~4.2 million L using the High-Level Liquid Waste Evaporator. The expected composition of
select constituents in the evaporated waste is indicated in Table 2. The simulated waste used in this

Figure 1. 3.3-cm. centrifugal contactors used for dynamic flowsheet testing at the INEEL.
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Table 1. Operating specifications for the 3.3 cm contactors.

Size 3.3-cm rotor diameter
Mixing Chamber Volume 22 mL

Separating Chamber Volume 32 mL
Overall Dimensions:

Length 105 mm (4.13 in)

Width 132 mm (5.2 in)

Height 286 mm (11.26 in)
Volumetric Capacity 25 L/hr (for the system TBP-kerosene/2 M HNO,)
Mass 5 kg per stage (includes electric motor)
Motor 160-180 volt, 50-60 Hz, 0.04 kW (Russian Design)
RPM 2700 rpm (slightly adjustable)
Material of construction 12X18H10T stainless steel (Russian designation)
Inlet and outlet ports 3/8 inch o.d. tubing

Single stage units, which can be configured as desired. Stages
Configuration connected using U-tubes.

project was prepared with the appropriate chemicals to approximate the anticipated composition of the
actual waste (less the radionuclides) indicated in Table 2. Approximately 40 L of the simulated waste
were prepared for the development efforts at the INEEL, including the countercurrent flowsheet testing.
Approximately 39 L of simulated waste was diluted by 20 vol% with water to a final volume of 48.75 L
for use as feed in the flowsheet test. The aqueous feed was diluted to reduce the acid and metals
concentration, thus enhancing the extraction of Cs and Sr (vide infra). Additionally, at the desired flow
rates, approximately 50 L of the feed was required to allow the test to continue for the prescribed length
of time. The concentration of stable Cs, Sr, and Eu (actinide surrogate) in the simulated waste was
several orders of magnitude higher than that in the actual waste. The increased composition of these
elements was necessary to facilitate ICP and AA analyses of the process samples.

Preliminary Experimental Efforts

Specialists at the Khlopin Radium Institute (KRI) have many years experience with the development
and industrial application of the fission product extraction process based on earlier diluents such as
nitrobenzene and m-nitrotrifluoromethyl benzene (MNTFB, m-CF;C¢H4NO,). A goal of this project was
to evaluate a new class of diluents, polyfluoro-substituted sulfones, as applied to the fission product
extraction process. The significant advantages of these compounds include their low toxicity and high
radiation and chemical stability relative to the previous diluents; however, these types of compounds are
presently not available from commercial sources. The KRI expertise also includes the synthesis and
purification of numerous sulfone derivatives. Consequently, KRI collaborated to perform initial
experimental work comparing properties of several different diluents and propose potential flowsheets
based on batch contact information. Ultimately, KRI also provided the necessary quantity of the selected
diluent for experimental work at the INEEL.
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Table 2. Tank waste and simulant composition.

Component Composition Component Composition
Acid (M) 1.96* Na (M) 1.59
Al (M) 0.61 NO3 (M) 5.64
Ba (M) 6.5E-05 Zr (M) 0.014
Ca (M) 0.060 Radionuclides
Cs (M) 8.9E-06 1B7Cs (Ci/m?) 42
F o) 0.099 9Sr (Cy/m?®) 38
Fe M) 0.023 Alpha (nCi/g) 576
Pb M) 1.1E-03 Am (nCi/g) 65
Hg M) 2.9E-03 28Pu (nCi/g) 454
Mo (M) 9.8E-04 29Pu (nCi/g) 57
K M) 0.18 ¥Tc (Ci/m?) 0.016

a. Acid concentration may be up to 50% higher depending on the tank farm management scenario.

Two different sulfone diluents were evaluated: phenyl trifluoromethyl sulfone (FS-13,
C¢H5SO,CF3) and phenyl-1,1,2,2-tetrafluoroethyl sulfone (FS-24, C(H5;SO,CF,CF,H). Several
properties of these two diluents are indicated in Table 3. The properties of MNTFB, a diluent used in
Russia on the industrial scale, are also indicated in Table 3 for comparison. Note that FS-24 exhibits a
slightly higher Cs distribution coefficient (Dco=[Cs]organic/[Cs]aqueous at equilibrium) and lower
solubility in 3 M HNOs, but also has a correspondingly higher viscosity than FS-13.

The distribution coefficients of Cs and Sr were determined by performing batch contacts with
simulated INEEL tank waste solution using CCD and PEG-400 to further elucidate the selection of an
appropriate sulfone diluent. The results of these experiments are indicated in Table 4. The measured
distribution coefficients are high enough for the acceptable recovery of Cs and Sr in the extraction section
of a countercurrent flowsheet. The recovery of Sr from the tank waste is considered to be more difficult
(relative to Cs), and the higher Sr distribution along with the dramatically lower viscosity associated with

Table 3. Experimentally determined physical properties of several diluents.

Solubility in DCs
Density Viscosity 3 M HNO, (from 3 M HNO, with
Diluent (20°C) (mPas) (g/L) 0.06 M CCD solution)
m-CF,C H,NO, MNTFB) 1.44 3.0 1.23 16
CH.SO,CF, (FS-13) 1.41 3.6 0.6 3.8
CH.SO,CF,CF H (FS-24) 1.47 9 <0.5 4.9
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Table 4. Cs and Sr distributions from simulated INEEL tank waste.

Extractant Composition D, D,
0.08 M CCD, 0.6 vol% PEG-400 in FS-13 2.3 1.5
0.08 M CCD, 0.6 vol% PEG-400 in FS-24 1.7 2.3

the FS-13 diluent is desirable. For these reasons, the extractant based on CCD and PEG-400 in the FS-13
diluent was that of choice.

Several potential stripping reagents were also evaluated by measurement of Cs and Sr batch
distribution coefficients. The stripping reagents evaluated were ammonium nitrate (NH4NO3),
methylamine (CH5NH,), guanidine nitrate (CHsN3*xHNO3), and dimethylformamide (HCON(CHj;),),
each in a nitric acid matrix. The experimentally measured stripping distribution coefficients are indicated
in Table 5. Ammonium nitrate is the least favored stripping reagent due to the rather high distribution
coefficients obtained (strip distributions should be as small as possible), particularly for Sr. Guanidine
nitrate and dimethylformamide are both very effective at stripping Sr and Cs from the organic phase;
however, these compounds may be difficult to wash out of the organic phase. Methylamine in nitric acid
is the most interesting of the strip reagents studied since it allows for a high degree of concentration of Sr
and Cs in the strip solution based on the low distribution coefficients for both these elements.
Furthermore, methylamine should be easily washed from the organic phase with nitric acid solutions.
However, methylamine, as well as dimethyl-formamide, have a serious drawback due to the safety
concern that hydrazine nitrate is formed from the compounds in the presence of nitric acid in the aqueous
strip solution.

Dynamic Flowsheet Testing at the Khlopin Radium Institute

Based on the results of the laboratory experiments and modeling calculations, a conceptual
flowsheet was developed for countercurrent testing. The developed flowsheet fundamentally differs from
predecessors in that the solvent wash section for extractant regeneration could be completely eliminated.

Table 5. Cs and Sr stripping distributions from 0.1 M CCD and 1 vol% PEG in FS-13.

Concentration HNO; Concentration

Strip Reagent ™M) o) Dey Dg,

NH,NO, 1.0 4.0 0.24 0.18
2.0 6.0 0.037 0.034
CH;NH, 3.0 4.5 0.053 0.033
3.5 3.5 0.048 0.019
1.0 1.0 0.22 0.064
CH,N,-HNO, 1.5 2.0 0.037 0.049
HCON(CHs), 1.5 4.0 0.012 0.018
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Such a dramatic change would substantially simplify the flowsheet and eliminate the solvent wash
secondary waste stream. The ramifications of this revolutionary change include alteration of the organic
extractant composition and an increase in the necessary number of stages in the extraction section to
compensate for carryover of entrained or dissolved strip reagent recycled to the extraction section in the
organic phase. The proposed flowsheet developed in accord with these considerations was tested at
KRI’s Gatchina Facility near St. Petersburg, Russia in June 2000. The INEEL investigators intended to
be present during the Gatchina tests; however, circumstances did not allow this interaction to occur. The
countercurrent flowsheet tested at Gatchina is schematically depicted in Figure 2.

The flowsheet indicated in Figure 2 used 0.13 M CCD as the Cs extractant and 0.3 vol% Slovafol-
909 (Czech product, which is an analog of PEG-400) in FS-13 diluent. The increased concentration of
CCD and Slovafol (relative to the previous development efforts) was thought necessary to enhance the Cs
and Sr extraction in the absence of a solvent wash section for the removal of methylamine from the
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0.13 M CCD, 3 vol% Slovafol-909
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Strip Feed 3 M methylamine nitrate, 3 M HNO3 0.45

Raffinate --- 2.9

Strip Product --- 0.45
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Figure 2. Fission Product Extraction Process flowsheet tested by KRI at atchina, Russia.
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organic phase prior to recycle of the solvent to the extraction section. Slovafol-909 was substituted for
PEG-400 in the organic extractant due to the lower solubility of Slovafol in the aqueous process streams.
Additionally, 3 g/L oxalic acid was added to the simulated feed and scrub solutions in an attempt to
reduce the amount of co-extracted Fe and Zr that would be carried over into the strip product phase. The
analytical results of this flowsheet test are summarized in Table 6.

The results in Table 6 indicate 99.7% of the Cs and 99.98% of the Sr in the simulated waste feed
was extracted and quantitatively recovered in the strip product. Virtually all of the Ba and Pb were also
extracted from the feed and recovered in the strip product. The extraction of Ba and Pb was anticipated
since these elements typically compete with and follow the Sr in the process. The extraction and
recovery of the other reported elements is less clear due to the rather poor material balances obtained, i.e.,
the material balance for Na is ~132% (% in raffinate + % in strip). Due to the dynamic nature of the test
and the use of ICP and AA analytical methods, acceptable material balances are typically in the +10%
range. The data in Table 6 indicate that up to 13.4% of the Ca, 6.6% of the Na, 2.6% of the Ni, and 1.9%
of the Cd (relative to their concentration in feed) were extracted and exited in the strip product. Less than
1% of the other metals examined were extracted. CCD potentially extracts Na and K as competing ions
with Cs in the process. Considering the bulk concentration of Na relative to Cs in the simulated waste,
the selectivity from Cs was quite high. Data were not available regarding the behavior of K in this
particular test. The KRI scientists also indicated that the addition of oxalic acid to the tank waste and
scrub feed solutions would be unnecessary in future flowsheet tests.

Dynamic Flowsheet Testing at the INEEL

During July of 2000, the KRI scientists visited the INEEL and participated in flowsheet testing of
the related UNEX process (vide supra). The results of these tests (currently being prepared for
publication) provided valuable insight for the upcoming INEEL dynamic test of the fission product
extraction process. In collaboration with the KRI specialists, several necessary flowsheet parameters
were defined and tested, largely due to the preliminary results of the UNEX testing. A joint decision was
made to evaluate an extractant composition of 0.08 M CCD and 0.6 vol% PEG-400 in FS-13 for the
INEEL dynamic test. Computer modeling efforts for the number of available contactor stages indicated
that the distribution coefficients for Cs and Sr should be D¢ * 1.5 and Dg, * 2.2 in the extraction section
for high recovery (>99.9%) of these target species. Additionally, distribution coefficients of D¢ and Dg,

Table 6. Distribution of feed components in the KRI dynamic test (% of content in feed).

Component
Stream Cs Sr Ba Pb Ca Na Al Cr
Raffinate 0.3 0.02 <0.1 <0.001 111 127 115 115
Strip Product 104 107 103 127 134 6.6 0.03 04
Component
Stream Cd Fe Mo Mn Ni Pd Zr
Raffinate 123 121 111 121 117 114 110
Strip Product 1.9 1.0 0.2 0.8 2.6 1.1 0.03
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£ 0.2 in the strip section for effective stripping of these elements. Much of the previous data, including
that from the UNEX testing, indicated that the above-prescribed solvent composition would likely be
capable of achieving the necessary distribution coefficients. The other conditions discussed included use
of a 0.3 M HNOj solution in the scrub section, and a strip solution consisting of 100 g/L (0.56 M)
guanidine carbonate (GC, CHsN3xHCO3) and 20 g/L (0.05 M) diethylenetriaminepentaacetic acid
(DTPA, C;4H,3N504(). The DTPA was deemed necessary in the strip solution to prevent the formation
of insoluble carbonates. Several of these changes, particularly in the choice of suitable strip reagents,
were a substantial departure from the KRI flowsheet tested previously, and were founded on the technical
basis provided by the more recent UNEX testing at the INEEL.

Several batch contact experiments were performed using Cs-137 and Sr-85 traced feeds to determine
the batch distribution coefficients under the proposed conditions of extraction and stripping for the
INEEL dynamic flowsheet. These batch contact tests were performed with two different feed solutions.
The first feed solution was the simulated waste plus 20 vol% of 0.3 M HNOj5 (scrub solution) to emulate
the scrub dilution of the feed in the extraction section. The second feed solution was simulated waste +20
vol% of 0.3 M HNOj (scrub solution) + 20 vol% H,O (total dilution of 40 vol%); the water dilution in
this feed was intended to observe the effect of decreasing (diluting) the acid and metals concentration on
Cs and Sr distribution coefficients. The feed solutions were spiked with trace quantities of the
radionuclides Cs-137 and Sr-85 to facilitate analysis by gamma spectroscopy. The organic extractant
(0.08 M CCD, 0.6 vol% PEG-400 in FS-13) was contacted three consecutive times with fresh aliquots of
the respective feed solutions (contacts E1, E2, E3) and the extraction distribution coefficients of Cs and
Sr were measured after each contact. The organic from the contacts with the feed solutions (loaded with
the extracted species) were subsequently contacted two consecutive times with fresh strip solution
(contacts St1 and St2) and the strip distribution measured for each contact. The results of these
laboratory tests are indicated in Table 7.

The data in Table 7 indicate that the 20 vol% scrub dilution of the simulated waste does not provide
sufficiently high Cs and Sr distribution coefficients for effective removal of the these components in the
extraction section. The additional 20 vol% water dilution (for a total feed dilution of 40 vol%) does
produce marginally acceptable distribution coefficients for Cs and Sr recovery. In all cases, the
distribution coefficients in the strip contacts were very low and therefore acceptable. The St2 stripping
distributions are indicated to be much less than one since all detectable quantities of Cs and Sr were
removed from the organic phase in the second strip contact.

Table 7. Batch distribution coefficients with 0.08 M CCD, 0.6 vol% PEG-400 in FS-13.
Feed 1: Simulated INEEL tank waste + 20 vol% HNO,

Contact: E1l E2 E3 Stl St2
D¢, 0.66 0.93 0.63 0.22 <<1
Dg, 1.47 1.42 1.05 0.02 <<1

Feed 2: Simulated INEEL tank waste + 20 vol% HNO4 + 20 vol% H,O

Contact: E1l E2 E3 Stl St2
Des 1.36 1.19 1.18 0.20 <<1
Dg, 2.73 2.17 1.81 <<1 <<1
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There was a concern that the reported extraction distributions were artificially high for the feed
solutions used to generate the data shown in Table 7. Millimolar quantities of stable Cs and Sr had not
been added to the simulated waste solution prior to performing the batch contacts [~0.001 M
concentration of stable Cs and Sr were to be added to the feed to facilitate analysis by ICP (inductively
coupled plasma emission spectroscopy) for Sr and AA (atomic absorption) for Cs]. The small volume of
extractant used in the batch contact tests had been washed with K,CO5 and HNOj solutions (to remove
impurities from the CCD) after the PEG-400 had been added. These washes should have been performed
prior to preparing the solvent for the batch contacts to prevent washing PEG out of the extractant.
Consequently, there was also some concern that the PEG-400 concentration in the organic extract used in
the batch contacts was lower than the required 0.6 vol% due to the wash procedures used to prepare the
solvent for the batch contacts. Due to the uncertainties in the batch distribution data arising from these
concerns, the batch contact experiments were partially repeated. The required 0.001 M Cs and 0.001 M
Sr were added to the simulated tank waste prior to dilution with scrub and/or water for the repeat
experiments. A small aliquot of stock (0.16 M) CCD solution was washed with K,CO3 and HNOj5 prior
to preparing the final extractant used in the batch contacts. In these experiments, a single extraction
contact was performed with the freshly prepared extractant and each waste feed solution. The results of
these experiments are presented in Table 8.

The extraction distribution coefficients shown in Table 8 indicate that a 40 vol% dilution of the
simulated tank waste feed solution is required to obtain high enough Cs distribution coefficients for
effective Cs recovery for the extractant composition identified for the dynamic test. Note that alteration
of the extractant composition, likely increasing the CCD concentration and perhaps reducing the PEG-
400 concentration, could potentially produce the necessary increase in the Cs extraction distributions.
Such a study is a rather entailed effort and the necessary time and resources were unavailable to evaluate
such alterations in solvent composition. Optimization of the extractant composition is recommended for
future efforts. Consequently, a 40 vol% dilution of the feed was necessary for the dynamic testing at the
INEEL. There are two potential methods to achieve a 40 vol% dilution of the waste. One approach is to
simply increase (double) the scrub solution feed flow rate, which already accounts for a 20 vol% dilution
in the proposed dynamic test, resulting in an overall dilution of 40 vol%. While this approach is
operationally quite simple, it would result in a slightly different (higher) acidity than was tested in the
above batch contacts. Alternatively, the feed could be diluted by 20 vol% with water and the additional
20% dilution would occur with the scrub solution in the flowsheet, essentially the conditions used to
determine the above batch distribution coefficients. In order to prepare the necessary volume of
simulated tank waste required to operate the dynamic flowsheet test for 80 hours (~50 L), the latter
approach was taken.

The fundamental purpose of this effort was to validate that the fission product extraction process,

with numerous modifications relative to previous efforts, is a viable method to selectively partition and
recover Cs and Sr from the tank waste under dynamic flowsheet conditions. To this end, experience,

Table 8. Repeated distribution coefficients for 0.08 M CCD, 0.6 vol% PEG-400 in FS-13.

Feed 1: Simulated INEEL tank waste + Feed 2: Simulated INEEL tank waste +

20 vol% HNO, 20 vol% HNO, + 20 vol% H,0
D, 0.85 14
D 3.8 6.3

Sr
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laboratory data and modeling results culminated in a countercurrent flowsheet proposed for testing at the
INEEL as indicated in Figure 3.

The dynamic test was operated continuously for 74.9 hours and processed a total of 43 L of (20 vol%
diluted) simulated tank waste using 1.57 L of organic solvent. Based on the 74.9 hour duration, 1.57 L of
solvent, and an average organic flow rate of 1.1 L/hr, the solvent was estimated to recycle through the
system 52 times.

It is of interest to note that the concentration of the organic phase could potentially vary due to
solubility of the PEG-400 and sulfone in the aqueous process solutions. Solubility of the sulfone diluent
is estimated to be 200 mg/L in the raffinate stream and 120 mg/L in the guanidine carbonate strip
solution. Samples of the initial organic solvent, the solvent after 45 hours of operation, and the end of the
test were taken for CCD analysis. The resulting concentrations are indicated in Table 9. The CCD
concentration was determined independently by: (1) X-ray fluorescence (XRF) for Co concentration, and
(2) ICP analysis of Co and B following destructive digestion. The results indicate an initial concentration
of 0.08 M CCD that remained constant during the experiment. Although there is currently not an
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Figure 3. Fission Product Extraction Process flowsheet tested at the INEEL.
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Table 9. CCD analyses in the organic solvent from the dynamic test.

Organic Phase CCD Concentration (M)

Method Initial 45 Hours Conclusion
ICP 0.080 0.081 0.081
XRF 0.081 — 0.082

available analytical method to determine sulfone concentration, the constant CCD concentration implies
sulfone losses were minimal since the CCD (virtually insoluble) concentration would increase with a
corresponding decrease (loss) of diluent.

One of the objectives of this test was to determine if losses of PEG-400 from the organic solvent
(due to solubility of PEG) could be controlled by addition of PEG to the process strip solution. The
solubility of PEG-400 is estimated to be 50 mg/L (0.005 vol%) in the raffinate stream and 250 mg/L
(0.025 vol%) in the guanidine carbonate strip solution. The solubility losses can be partially controlled
by use of a different, less soluble polyethylene glycol, such as Slovafol-909. Analytical methods are
currently unavailable at the INEEL to accurately estimate PEG-400 concentration in the organic phase.
NMR analysis was explored with inconclusive results. To control PEG losses from the solvent, 600 mg/L
(0.06 vol%) PEG-400 was added to the strip feed solution beginning at 17 hours during the test. A
material balance was used to estimate the final PEG-400 concentration in the organic phase. Based on the
solubility in the raffinate and strip streams, the average strip and raffinate flow rates (vide infra), and the
addition of 600 mg/L. PEG-400 to the strip feed during the test, the final PEG-400 concentration was
estimated as 1.28 vol%. Thus, th3% flooded. The flooding is postulated to be associated with the design
of the centrifugal contactors. As opposed to completely redesigning and reengineering the contactor
stages, the flooding could likely be eliminated by increasing the residence time of the solutions in the
separating zone of the current contactors. This could be most simply accomplished by decreasing the
flow rates of the organic and aqueous phases. Alternatively, it may be possible to use a single contactor
stage (placed as the final or product stage in the strip section) as a centrifugal separator by diverting the
organic flow around that stage and allowing only the (flooded) aqueous phase to enter. These
methodologies to eliminate the flooding would be explored in continued development efforts.

Analysis of process samples taken early in the run indicted Cs removals (relative to the feed) of
98.4% and 99.3% at 15 and 25 hours, respectively. Sr removal was >99.99% for both of these samples.
Since the Cs removal efficiency was lower than anticipated, the flow rate of the organic solvent was
increased approximately 50% (from 14.8 to 22.3 mL/min) in an attempt to increase the Cs removal
efficiency. To ensure Cs stripping remained acceptable due to the increased organic flow, the strip feed
flow rates were increased by ~40% (from 8.5 to 14.1 mL/min). These flow rates were increased at
approximately 39 hours into the run, and were maintained for the duration of the test. The target flow
rates, actual flow rates, and O/A phase ratios during the dynamic test are indicated in Table 10. Note that
the actual flow rates of the organic solvent and strip feed are a time-weighted average for the entire test
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and reflect the increased flows mentioned earlier, while the target values are those for the initial startup of
the test. Despite the increased solvent and strip flow rates during the test, the actual and target flow rates
and O/A ratios indicate reasonable agreement. The flow rates in Table 10 were used to calculate the
overall removal efficiencies and material balances based on the composite product samples.

The key data used to evaluate overall flowsheet performance are from the composite product
streams. Samples of the composite raffinate and strip product were collected at the conclusion of the test
and represent the cumulative, average behavior of the key components for the duration of the test. The
composition in the various streams, removal efficiencies, material balance data, and other pertinent
information is summarized in Table 11.

The data in Table 11 reflect the rather poor removal efficiency of 97.45% for Cs from the simulated
waste solution. It was anticipated that >99.9% of the Cs would be extracted from the simulated waste
during the dynamic test. The reason for the low Cs recovery is unclear at this point and warrants future
study. The most plausible explanation for the low Cs removal efficiency is a low CCD concentration
relative to the amount of PEG in the organic solvent. Due to competition between the Cs and K with the
PEG complexes of Sr, Ba, Pb, and Ca for the available CCD extractant, the PEG complexes consume
much of the extractant and result in suppressed Cs extraction.

While the Cs extraction efficiency was somewhat lower than expected, Table 11 indicates that the
extracted Cs was stripped quantitatively by the guanidine carbonate solution. The overall Cs material
balance is marginal at 108.2%, with much of the discrepancy likely associated with the analysis of the
strip product sample. Analysis of the organic phase indicated Cs was not present, further indicating
excellent Cs stripping was achieved.

The removal and stripping efficiency of Sr was excellent with >99.992% of the strontium extracted
and recovered in the strip product stream. Detectable quantities of Sr were not found in the organic

phase, supporting the excellent stripping efficiency. The overall material balance was very good at
101.3%.

Barium and Pb were also efficiently extracted by the solvent and recovered in the strip product. This
is not surprising, since these matrix components tend to behave very similar to Sr in the process
flowsheet. Calcium is chemical similar to Sr and could potentially follow Sr through the flowsheet, some
of the Ca, 10.1%, was also extracted and recovered in the strip product.

Table 10. Target and actual flow rates in the INEEL dynamic tests.

Flow rate
(mL/min) O/A Ratio
Total Flow
Section Phase Target Actual Target Actual (mL/min)
All Organic 15.5 18.3 — — —
Extraction Aqueous 125 11.6 1.24 1.58 29.9
Scrub Aqueous 2.5 2.4 6.20 7.56 20.7
Strip Aqueous 8.7 11.1 1.78 1.65 28.4
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Table 11. Components and parameters in the composite product samples.

Simulated Aqueous Strip Organic Material
Component Tank Waste Raffinate Product Solvent? Balance®
Cs (mg/L) 105 2.20 95.5 <0.05 —
% per stream — 2.55 105.7 <0.09 108.2
Sr (mg/L) 67.9 <0.004 59.2 <0.06 —
% per stream — <0.008 101.3 <0.2 101.3
Ba (mg/L) 6.74 <0.02 5.96 0.25 —
% per stream — <0.38 102.8 7.01 103.1
Pb (mg/L) 186 0.26 164 <1 —
% per stream — 0.23 102.1 <1 102.3
K (mg/L) 6140 3650 1500 107 —
% per stream — 72.4 28.4 3.35 100.8
Na (mg/L) 33,400 25,400 800 174 —
% per stream — 92.7 2.78 1.0 95.4
Ca (mg/L) 1760 1220 152 174 —
% per stream — 84.8 10.1 0.72 94.9
Fe (mg/L) 1050 831 6.18 7.73 —
% per stream — 96.3 0.68 141 97.0
Zr (mg/L) 1040 819 3.24 1.48 —
% per stream — 95.8 0.36 0.27 96.1
Mo (mg/L) 50.0 414 <0.03 <0.1 —
% per stream — 100.8 <0.06 <0.5 100.9
Eu (mg/L) 784 609 0.09 <0.2 —
% per stream — 94.6 0.014 <0.04 94.6
Final Volume® (L) — 52.9 50.2 — —
Flow rate (mL/min) 9.5 11.6 11.1 18.3 —

a. Organic composition was not used in the material balance due to recycle.

b. Material balance calculated as a percentage of material in/material out.

c¢. Does not account for samples removed during the experiment or the volume remaining in the contactor stages after
shutdown.

Approximately 28% of the K was extracted and recovered in the process flowsheet. A small amount
of Na, 2.8%, was also extracted and recovered. Due to their chemical similarities, these two matrix
components would tend to follow Cs in the flowsheet. Based on relative concentrations of Na, K, and Cs
in the feed, the excellent selectivity of the process solvent for Cs over Na and K is apparent.

Other key data pertinent to the evaluation of overall process performance are the stagewise
distribution coefficients obtained for the extracted species. At the conclusion of the test, the contactors
and feed pumps are shut down simultaneously, leaving the two phases in each stage at their respective
equilibrium concentrations. The stages can then be drained, and the phases separated and sampled to
determine stagewise distribution coefficients and evaluate concentration profiles through the system.
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Additionally, equal volume samples of the organic and aqueous phases from each stage can be spiked with
trace quantities of radionuclides (in this case, Cs-137 and Sr-85). Thus, the distribution coefficients can be
determined radiometrically for those stages where the concentrations of stable Cs and Sr are below the
analytical detection limits for ICP or AA analyses. The measured stagewise distribution coefficients,
including the distributions determined radiometrically from Cs-137 and Sr-85, are listed in Table 12.

The Cs distributions in the strip section (Stages 1 through 11) were very consistent at 0.3 to 0.4 for
both stable and radioactive Cs. The distribution data in the strip section are consistent with those
obtained in the batch contacts (Table 7) and are sufficiently low for the number of stages and flow rates to
insure complete Cs stripping from the organic phase. The distribution coefficients for stable Cs on Stages
1 through 5 are meaningless since the Cs concentration in one or both of the phases were below analytical
detection limits; this trend is observed for many of the analyzed species in the different stages. The Cs
distributions measured on the scrub stages (12 and 13) were sufficiently high to insure that the Cs was not
scrubbed from the organic phase and recycled to the extraction section. The unanticipated low Cs
removal efficiency during the test is related to the low Cs distribution coefficients measured in the
extraction section. The Cs extraction distribution coefficients were consistently lower than the
anticipated value of ~1.4 obtained in the batch contacts (refer to Tables 7 and 8). The Cs distribution on
the raffinate stage was ~0.2, and continuously increased toward the feed stage to a value of ~1. The
measured extraction stage distributions are consistent with overall Cs removal efficiency of ~97 %.

The Sr distributions in the strip section (stages 1 through 11) for both the stable and radioactive Sr
indicate very effective Sr stripping. The distributions based on stable Sr were meaningless for Stages 1
through 9 since the Sr concentration in the organic phase was at or below the analytical detection limits,
indicating Sr stripping occurred on the first two strip stages (11 and 10). The strip distributions based on
the Sr-85 spiked samples exemplify effective Sr removal; the less than values reflect the fact that Sr-85
was consistently below detection limits in the organic phase. The stripping distribution data are
consistent with those obtained in the batch contacts (Table 7) and indicate an excessive number of strip
stages to insure that Sr was removed from the organic phase. The Sr distributions measured on the scrub
stages (12 and 13) were extremely high and ensure that the Sr was not scrubbed from the organic phase
and recycled to the extraction section. The excellent Sr removal efficiency observed in the test is
consistent with the large Sr distribution coefficients measured in the extraction section. All of the Sr
removal occurred on the first four extraction stages (14 through 17), and the Sr-85 distributions are
consistent with the batch data (Table 7).

The distribution data measured for the other elements show consistent trends with their respective
extraction and stripping, and parallels the Cs and Sr distributions. It is interesting to note that the scrub
distribution coefficients for Pb, K, and Fe indicate these bulk matrix components were not effectively
removed from the organic phase in the scrub section. The Zr distribution coefficient of 0.24 on Stage 13
indicates some scrubbing of Zr was occurring. The only other species potentially removed in the scrub
section were Na and Ca; distribution data were not requested for these components. The only utility of
the scrub section may be removing acid from the solvent (to prevent foaming from carbonate
neutralization in the strip solution) and/or the dilution of the waste to enhance Sr and Cs recoveries. This
observation suggests it may be possible to modify or eliminate the scrub section, further simplifying the
flowsheet and waste volumes. Such an assumption must be validated in future experiments.

The increase in Cs and Sr distributions from the product end of the cascade to the feed point is of
particular interest. The primary purpose of a solvent wash section, following the strip section, in the
process flowsheet would be to remove entrained or soluble strip solution (guanidine carbonate/DTPA)
from the organic prior to solvent recycle to the extraction section. The carryover of residual strip solution
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Table 12. Stagewise distribution coefficients at shutdown of the INEEL dynamic test.

Component
Flowsheet

Section Stage No. Cs Cs-137 Sr Sr-85 Pb K Fe Zr
Strip 1 — 0.38 — <0.0003 — 7.9 27 >6.1
2 — 0.36 — <0.0002 — 18 17 4.98

3 <0.25 0.36 — <0.0003 — 4.1 27 >5.2

4 <0.11 0.37 — <0.0003 — 2.7 27 5.0
5 0.07 0.40 — <0.0003 — 1.7 24 >5.1
6 0.21 0.35 — <0.0002 <4.2 1.1 29 >5.1
7 0.28 0.35 — <0.0003 — 0.76 26 <4.6

8 0.30 0.38 — <0.0003 — 0.61 13 —
9 0.29 0.31 — <0.0003 — 0.46 15 <24
10 0.30 0.36 0.33 <0.0003  <0.36 0.38 3.4 <0.7

11 0.30 0.33 0.005  <0.0003 <0.008 0.33 1.6 0.20

Scrub 12 36 14 2200 1000 >870 7.2 30 1.7
13 21 8.6 700 460 >880 4.4 5.6 0.24
Extraction 14 1.2 0.81 6.0 6.0 54 0.18 0.02 0.003
15 0.64 0.67 5.9 5.5 8.7 0.18 0.02 0.003
16 0.60 0.71 7.6 5.6 <4.7 0.15 0.02 0.003
17 0.59 0.67 24 5.8 <3.8 0.16 0.02 0.002
18 0.56 0.73 — 6.0 <4.3 0.17 0.02 0.003
19 0.54 0.65 — 5.8 <4.6 0.15 0.02 0.003
20 0.49 0.66 — 5.6 <3.2 0.15 0.02 0.003
21 0.49 0.56 — 5.5 <3.4 0.15 0.02 0.003
22 0.44 0.61 — 5.4 <3.9 0.15 0.02 0.004
23 0.41 0.35 — 5.0 <4.7 0.16 0.02 0.004
24 0.39 0.50 — 5.2 <4.0 0.16 0.02 0.004
25 0.28 0.34 — 4.9 <4.0 0.16 0.02 0.006
26 0.15 0.20 — 3.8 <3.8 0.14 0.02 0.008
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with the recycled organic could potentially impede the extraction of target species in the extraction section
and reduce the overall extraction efficiency of target components. Unfortunately, a solvent wash section
also requires input of additional wash solutions (HNOj5 in this process), which increases secondary waste
volumes generated and adds additional complexity to the process. The fundamental concept used in
eliminating solvent washing in the flowsheet tested was to perform solvent wash in the first few extraction
stages. Thus, the Cs and Sr distribution coefficients would be suppressed in the early stages (the raffinate
end of the cascade where the organic is introduced) due to the recycle of guanidine, then approach an
equilibrium value after several of the extraction stages. The data for the first two extraction stages
(Stages 25 and 26) indicate suppressed Cs distribution coefficients, which then approach an equilibrium
value of 0.4 to 0.6 in the remainder of the extraction section. Thus, two extraction stages appear to
provide sufficient washing of residual strip components from the organic phase. The Cs-137 and Sr-85
distribution data also strongly support this conclusion.

Samples of the product solutions (strip and raffinate) and the organic solvent were taken every hour
for the first six hours, and at 10-hour intervals thereafter until the conclusion of the test. These time-wise
samples were all analyzed for Cs and Sr. The Cs concentration in the raffinate as a function of time is of
particular interest, and is as indicated in Figure 4. Note that the rapid increase in Cs concentration to
approximately 1 mg/L early in the test indicate steady state operation was achieved by approximately
3 hours into the test. The interesting features of the data are the cyclic behavior observed during the
course of the run and the general increase in Cs concentration toward the end of the test. Cesium
extraction (the Cs distribution coefficient) is temperature dependent, increasing as the temperature
decreases. Thus, at higher temperatures, the extraction efficiency would tend to decrease. The cyclic
behavior tends to follow ambient temperature in the lab, which ranged from ~18 to 32°C, during the
course of the experiment. Consequently, the Cs concentration in the raffinate samples tends to be higher
during the hotter parts of the day. Time zero corresponds to 7 a.m., and the higher Cs concentrations
observed at 15, 40, and 65 hours coincide with warmer ambient temperature during afternoon and early
evenings. Note that the flow rate of the organic solvent was increased immediately after the 40 hour
sample was taken and that the Cs concentration generally increased for the duration of the test.
Operationally, temperature dependence poses no serious problem, provided the temperature dependence
is understood, since the process solutions or even the individual contactors can be temperature controlled.
The information in Figure 4 tends to indicate that the increased organic flow was actually detrimental to Cs
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Figure 4. Time-wise concentration of Cs in the raffinate.
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extraction efficiency. However, the data are inconclusive and it is uncertain whether the increase in Cs
concentration would have continued or would have cycled to a lower value due to a reduction in ambient
temperature. Further experimental work is required to quantify the temperature dependence of the Cs
distribution coefficient and allow accurate predictions of extraction efficiency.

The Cs and Sr concentration in the strip product are indicated as a function of time in Figure 5. The
rapid increase in initial Cs and Sr concentrations indicate that the strip section reached steady-state
operation after less than 3 hours of operation. The concentration decrease after 40 hours reflects the
increase is strip feed and organic solvent flow rates immediately after taking the samples at 40 hours.
Following the adjustment in flow rates, the strip section returned to steady state operation, which
remained constant for the duration of the test.

The dynamic test and associated data fulfilled the objectives of the FY-00 program and indicate the
viability of the process as applied to INEEL tank waste. The use of FS-13 as the diluent in the organic
solvent provides acceptable process performance. The composition of PEG-400 in the organic phase can
be adequately controlled by adding PEG to the aqueous strip feed solution. The flowsheet was
substantially simpler than previous renditions in that the solvent wash section was eliminated, thereby
reducing the volume of secondary waste. Deleterious effects to process performance due to losses of
solvent components or buildup of metals in the solvent were not observed during the operating time of
this test. The results also indicate numerous points where process and analytical improvements could be
made to substantially enhance process performance.

CONCLUSIONS

The FY-00 accomplishments associated with this project were contingent on the continued,
successful collaboration between the INEEL and Khlopin Radium Institute (KRI) to apply the Fission
Product Extraction Process to INEEL radioactive liquid waste. Laboratory data and preliminary dynamic
testing at KRI were used to formulate a potential, preliminary flowsheet for time-wise extended dynamic
testing at the INEEL in the centrifugal contactor mockup with simulated tank waste. In the flowsheet
tested, 97.5% of the Cs, >99.992% of the Sr, >99.6% of the Ba, and 99.8% of the Pb were extracted from
the simulated tank waste and recovered in the strip product. Lesser amounts of the major, bulk species of
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Figure 5. Time-wise concentration of Cs and Sr in the strip product.
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Na, K, and Ca were also extracted and recovered in the dynamic test. Minor (<1%) of the Fe, Zr, Mo,
and Hg followed the fission product surrogates to the final strip product solution. Extraction of Eu, used
as an actinide surrogate, was negligible, indicating the process efficiently fractionates Cs and Sr
(predominate fission products) from the transuranic fraction in INEEL tank waste. The dynamic
flowsheet tested indicates process viability while incorporating significant changes and recent
developments with regard to previously established and tested separation flowsheets. A new, less toxic
organic phase diluent (FS-13) was evaluated as an alternative to m-nitrotrifluoromethyl benzene used in
previous flowsheets. Guanidine carbonate was used as a substitute for hydrazine, concentrated nitric
acid, and ammonium nitrate solutions, previously used as stripping and scrubbing reagents. Finally, the
solvent wash and regeneration section of previous flowsheets was completely eliminated with positive
results, thereby minimizing the quantity of secondary waste generated during the process.

While these process alterations resulted in a net, positive effect on the extraction process, the
flowsheet developed and tested during this project still has substantial potential for improvement and
optimization, and ultimately must be demonstrated on samples of actual INEEL tank waste. Future work
would emphasize refinement of the organic phase composition for substantial increase in Cs removal
efficiency, while maintaining a high Sr extraction efficiency. Methods to minimize waste (raffinate and
strip) volumes should be explored. Potential strategies to reduce waste volumes include reducing or
eliminating the initial 20 vol% dilution of the waste used in this test, decreasing the flow rate of scrub
solution, and/or reducing the flow rate of the aqueous strip solution. An evaluation regarding the
necessity of the scrub section or using different scrub solutions may provide an alternative means to
reduce the raffinate volume. The temperature dependence of the Cs extraction distribution coefficient
must be elucidated. Required analytical methods to accurately establish the PEG concentration in the
organic phase must be developed. Finally, additional testing on samples of actual tank waste is necessary
to validate flowsheet characteristics and process improvements.

ACCOMPLISHMENTS

. In the flowsheet tested, 97.5% of the Cs, >99.992% of the Sr, >99.6% of the Ba, and 99.8%
of the Pb were extracted from the simulated tank waste

. Extraction of Eu, used as an actinide surrogate, was negligible, indicating the process
efficiently fractionates Cs and Sr (predominant fission products) from the transuranic
fraction in INEEL tank waste

. A new, less toxic organic phase diluent (FS-13) was evaluated as an alternative to
m-nitrotrifluoromethyl benzene used in previous flowsheets

. Guanidine carbonate was used as a substitute for hydrazine, concentrated nitric acid, and
ammonium nitrate solutions, previously used as stripping and scrubbing reagents

. The solvent wash section, used in previous flowsheets, was successfully eliminated,
resulting in process simplification and minimization of secondary wastes

. The concept of controlling PEG losses from the organic phase (due to solubility in aqueous

phases) by adding PEG to the strip feed solution was verified. However, the results indicate
additional efforts are required to quantify PEG solubility losses and develop accurate methods
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10.

11.

12.

13.

to determine PEG concentration in the organic phase, allowing for accurate additions to the
strip feed solution.

REFERENCES

M.F. Hawthorme and T.D. Andrews, J. Chem. Soc., Chem. Commun., 1965, 19, 443,
M.F. Hawthorne, D.C. Young and P.A. Wegner, J. Am. Chem. Soc., 1965, 87, 1818.

J. Rais, P. Selucky, and M. Kyrs, J. Inorg. Nucl. Chem., 1976, Vol. 38, pp. 1376-1378.
E. Makrlik and P. Vanura, Talanta, 1985, Vol. 32, No. 5, pp. 423-429.

M. Kyrs and P. Selucky, J. Radioanal. Nucl. Chem. Articles, Vol 174, No. 1, (1993) 153-
165.

J. Rais, et. al, J. Radioanal. Nucl. Chem., 1991, Vol. 148, No. 2, pp. 349-357.
P. Selucky, et. al., Radiochem. Radioanal. Letters, 1979, Vol. 38, No. 4, pp. 397-302.

Esimantovski V.M., et. al., “Technological Tests of HAW Partitioning with the use of
Chlorinated Cobalt Dicarbolyde (ChCoDiC); Management of Secondary Waste,”
International Symposium Waste Management-92, Tucson Az., March 1-5, 1992.

E. V. Dzekun, Chief Engineer, MAYAK Production Association, Ozyorsk, Russia, personal
communique.

I.V. Smirnov, et. al., “Combined Reprocessing of HLW by Universal Solvent on the Base of
Cobalt Dicarbollyde and Phosphorylated Polyethylene Glycol,” Spectrum’98, Denver,
Colorado, USA, September 13-18, 1998, Proceedings, American Nuclear Society Inc, USA,
1998, p. 606-609.

T. A. Todd, et. al., “Countercurrent Treatment of Acidic INEEL Waste Using a Universal
Extractant,” Proceedings from the International Conference on Decommissioning and
Decontamination and on Nuclear and Hazardous Waste Management, SPECTRUM 98,
Denver, Colorado, September 13-18, 1998, vol. 1, pp. 743-747.

J. D. Law, et. al., “Demonstration of a Universal Solvent Process for the Separation of
Actinides, Cesium and Strontium from Actual Acidic Tank Waste at the INEEL,” Global ‘99,
USA.

J. D. Law, et. al., “Demonstration of the UNEX Process for the Simultaneous Separation of

Cesium, Strontium, and Actinides from Actual INEEL Tank Waste,” INEEL External Report
INEEL/EXT-99-00954, October 1999.

211



212



Computational Simulation of Mechanical
and Chemical Systems

Randall A. LaViolette, Research Area Leader

For any problem, the ability to predict the outcome of a proposed solution is essential to making an
informed decision concerning future research for, or deployment of, that solution. Recent advances in
computation, both in terms of hardware and software, place reliable predictions within reach, often with
less effort than required for a full demonstration. Therefore, the two-fold objective of this task is (1) to
deliver a computational infrastructure consisting of hardware, software, and networking to INEEL
scientists; and (2) the trustworthy prediction of the outcome of a wide variety of technologies, processes,
or strategies that have been or soon will be proposed for solving Environmental Management needs. The
following two projects constitute this task (Computational Simulation of Mechanical and Chemical
Systems):

1. Computational Infrastructure Project

Maintaining and operating a state-of-the-art hardware, software, and networking infrastruc-
ture for computational simulation.

2. Computational Simulation Project

Employing state-of-the-art computational tools to predict and evaluate the outcomes of a
wide variety of mechanical or chemical systems, specifically for the following problems:

a. Chemical and molecular transport processes in liquids and solids

b. Macroscopic dynamics of complex fluids and solids

c. Fracture propagation in solids

d. Determinism in time series

e. Maintain, upgrade, and operate Squadron (beowulf-class parallel computer).
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Computational Simulation

Randall A. LaViolette, Ray A. Berry, Eric D. Steffler,
Richard L. Williamson, Charles R. Tolle

SUMMARY

This project is divided into the following computational simulation (CS) tasks (task leaders are
named in brackets):

(CH) Chemical and molecular transport processes in liquids and solids [R. LaViolette]
(TS) Determinism and chaos in time series [C. Tolle]
(FD) Macroscopic dynamics of complex fluids and solids [R. Berry]
(FP) Fracture propagation in solids [E. Steffler|
(BW) Squadron (Beowulf cluster) operation [A. Marley]

The objective of this project is the delivery of new capability in, and results from, the computational
modeling of chemical and physical processes that occur in systems studied by the Office of
Environmental Management (EM) programs, especially those areas under the Idaho National Engineering
and Environmental Laboratory (INEEL) Environmental Systems Research (ESR) Program. One of the
themes that unify these tasks is that all contribute to the long-term scientific infrastructure of the INEEL.
Another theme concerns the problem of scale up. This is the problem of elucidating the rules by which
one can employ the results for small, even molecular systems in order to understand the behavior of
complex systems. We have focused on the contaminated subsurface, which is a complex system
consisting of heterogeneous and strongly interacting components that may interact over many different
space and time scales. Tasks CH, FD, TS, and FP are concerned, particularly with the dynamics of
chemical and physical processes, for one of a wide variety of space and time scales that affect the fate of
contaminants in the subsurface or the outcome of proposed remediation strategies.

PROJECT DESCRIPTION

This project consists of basic research. Some of the EM Science needs that are or can be addressed
by this research are presented in Table 1. The CS Tasks (indicated by the two-letter code) are described
in detail following Table 1.
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Table 1. Selected EM science needs and CS subtasks.

Selected EM Science Needs (alphabetical order) CS Task
Chemical Sensor Principles CH
Chemistry of Problem Constituents for HLW Vitrification CH
Contaminant Mobility Beneath Tank Farms CH, FD
Contaminant Transport in a Fractured Rock Vadose Zone CH, FD
Decision Support Assistance for Remediation and Assessment Design CH, FD, TS
Differences Between Saturated and Unsaturated Systems FD
Effect of Subsurface Heterogeneities on Chemical Reaction and Transport CH, FD
Fracture Toughness Properties for Carbon Steel Utilized for Nuclear Waste Containment Vessels FP
Integration of Reactive Chemistry into Field-Scale Transport CH, FD
Issue of Scale in Flow Prediction and Contaminant Remediation in Porous Media CH, FD, TS
Low-Frequency Stress-Wave Stimulation for Enhanced Transport of NAPL Groundwater Contaminants CH, FD
Mathematical Formulations of Chemical Reaction/Material Transport CH, FD
Mechanisms of Line Plugging FD
Moisture Flow and Contaminant Transport in Arid Conditions FD
Physics of Fracture Flow and Transport in the Vadose Zone FD, TS
Quantifying Uncertainty in Predictions of Remediation Performance CH, FD, TS
Transport of Contaminants CH, FD
Transport of HE and Metals in Fractured Rock and Surface Alluvial Systems CH, FD
Vadose Zone Flow Simulation Tool Under Arid Conditions CH, FD, TS
Water Fluxes and Solute Transport in Arid and Semiarid Environments CH, FD

Chemical and Molecular Transport Processes
in Liquids and Solids (CH)

The topics here come under the broad heading of computational and theoretical chemistry. Part of
this work provides computational chemistry capabilities for a variety of tasks listed here, in other ESR
tasks, and other tasks. Some of the latter include the study of solid acid catalysts in supercritical fluids,
methane hydrates under seabed conditions, and hydrogen storage in intercalated graphite. All of these
projects have paid for the labor involved in using these capabilities, but none could have paid to
independently develop the capabilities that have been and continue to be developed under this task. The
applications identified here are aimed at elucidating chemical and molecular transport processes in
condensed phases. In these subtasks, the theory and techniques developed for isolated or simple chemical
systems are incorporated in studies of more complex systems, and ultimately, the subsurface environment.

The connection between the structure of solvents around a solute and the corresponding
thermodynamics is central to predicting solubility behavior from a molecular perspective. Recent work at
Los Alamos National Laboratory (LANL) and the INEEL has suggested a simple procedure by which
thermodynamic information can be extracted from the structures obtained from ab initio studies of solutes
in associated liquids. We have studied test cases by employing the classical and quantum mechanical
codes obtained from MSI (Molecular Simulations, Inc.) to obtain structures, which then can be analyzed
with the new quasi-chemical theory reported by us last year. LANL supports Dr. Pratt in his share of the
effort.
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Ligand complexation may provide a route to immobilization or removal of contaminants from solid
materials or minerals. We have begun to elucidate, through Monte Carlo calculations, the effective rate
law for multidentate ligand complexation on a surface. Support for Dr. Redden came from other ESR
tasks.

Computer simulation of contaminant transport in soils with randomly distributed biodegradation
sites has revealed anomalies in both the degradation kinetics and transport. Although the phenomenon
has been outlined for a simple model in a recent publication of ours, we have begun to apply this
discovery to particular cases. Such an application requires input from the molecular to the macroscopic
scale, from chemical and biochemical reaction dynamics to fluid dynamics. We have begun to elaborate
on the simple model and explore anomalous transport for particular cases of interest.

Previously, we considered widely available materials as candidates for solid-state separation
membranes. We have tried a different approach this year, namely, designing new materials from first
principles. These new, and for the moment, hypothetical, hollow octahedral materials have been
investigated computationally and show promise as solid-state separation membranes.

We have continued to integrate legacy and third-party Monte Carlo, molecular dynamics, and
quantum mechanics codes into a common visualization environment for molecular modeling. The task
included the examination of software offered both by private companies and national laboratories. The
acquisition and implementation of these codes on the INEEL’s SGI (Silicon Graphics, Inc.)
multiprocessor (“Orion”), and the DEC (Digital Equipment Corporation) beowulf-class machine (see BW
below), permit the modeling of more complex systems than had been previously available to us. The
availability of a standard graphical user interface permits us to visualize the molecular dynamics in ways
previously unavailable to us. Code development for the Beowulf-class machine will be essential because
few (if any) commercial codes will run on it. We also have written utility codes, using MSI’s Software
Development Kit for the extraction and analysis of data produced by MSI code.

Determinism and Chaos in Time Series (TS)

Many experiments, from the laboratory to field studies, can be expressed as the measurement of a
time series. We expect to advance the state-of-the-art in the detection of determinism (e.g., periodicity) in
complicated time series by exploiting recent advances in time-based clustering and fuzzy logic. The
efforts under this project shifted away from the time-based clustering efforts of previous years in order to
develop a new statistical measurement of texture. The concept that was explored is known as lacunarity.
The term is derived from the Latin /acuna which means gap. Mandelbrot theorized that a texture could
be described using three measures: fractal dimension, lacunarity, and connectivity.! Fractal dimension is
well understood and there exists many means to estimate it; although many problems still exist, the
concepts are well understood.!-5 The same cannot be said of the latter two measures. The importance of
being able to describe generic textures quantitatively must not be underestimated. The applications are
wide ranging and include biofilm grow modeling,® to target detection and tracking.2-5 This project was
designed to investigate the principles behind lacunarity, develop a measure of it, and implement an
estimation algorithm. Once a means for quantifying lacunarity is achieved, the time series analysis of
biological systems can proceed under measurements of biofilm growth using this new statistic.
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Macroscopic Dynamics of Complex Fluids and Solids (FD)

The emphasis of this task remains on the research and development of advanced modeling tools
permitting the exploration of problems in material dynamics such as reactive, multicomponent,
multiphase, and multimaterial mixtures exhibiting complex interactive flow processes. As with last
year’s efforts, this year’s activities touch, to varying degrees, on the same three areas of particle methods,
multiphase mixtures, and nucleation. The bulk of the description given here will address the area
receiving the most effort, that of particle methods.

Recently, we have been developing and testing several meshless or grid-free methods whereby the
computational nodes have no permanent connectivity with near neighbor nodes, thus no mesh distortion
occurs. These new methods can be applied to problems where traditional Eulerian and Lagrangian
techniques fail, such as those of complex fluid, multiphase, reactive, and solid mechanics involving large
deformation, fluid-fluid or fluid-solid interactions, and contorted geometry. Because of the context in
which they are derived, several of the new meshless methods refer to their computational nodes as
particles and the methods as particle methods. The particle method approach is envisioned to enable the
simulation of a host of detailed pore-scale phenomena occurring in porous media such chemical transport
through geological media, pore-level surface transport and surface-catalytic reaction, transport of
microbes, and other transport which is difficult to simulate with currently available methods.

These meshless or particle methods for transient problems can be split into two major categories.
The first category is composed of methods attempting to solve for bulk material motions by redefining the
molecular particle masses and the molecular interaction forces of molecular dynamics methods to
represent bulk particle masses and bulk interparticle forces, respectively. The resulting particle dynamics
is that of a bulk material motion. Examples of this approach are quasiparticle method’ and dissipative
particle dynamics.8 The second category comprised methods that attempt to solve the classical
continuum mechanics PDE’s (though possibly in integral or weak form). Several proposed methods fall
into this category; for example, sophisticated interpolation routines for scattered data, modern variants of
particle-in-cell methods, and meshless methods, such as the moving point semiimplicit (MPS) scheme,®
generalized finite difference (GFD) scheme, !0 and the smoothed particle hydrodynamics (SPH) scheme,!!
along with its corrected forms.

A variant of the particle-in-cell method called material point method!2 is incorporated into the
CFDLIB (a software library) multiphase, multimaterial, flow dynamics code as documented during the
previous year’s efforts.13 Working with the LANL developers of CFDLIB, we have implemented and
maintained the two latest versions released this year. CFDLIB continues to offer unparalleled capability
for certain classes of multiphase, multimaterial flow problems, particularly with direct applicability to
environmental concerns.

Significant effort was spent investigating the novel spatial differencing developed for the MPS
scheme. Its spatial differencing uses a function of weighted sums of neighbor points similar to SPH.
However, unlike SPH, to produce a spatial derivative (gradient, divergence, Laplacian, etc.) it does not
integrate by parts, shifting the difference from the dependent variable to the weight function. On closer
theoretical examination it was noticed that significant errors occurred with spatial derivative with
nonuniform distribution of particles around the central particle. However, we believe we have developed
a fix for this problem, which we currently plan to test and publish.

Significant effort was also spent researching, coding, and testing a GFD scheme to do heat
conduction. The spatial differencing was basically a two-dimensional, second-order, Taylor series
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approximation of the dependent variable function that is least squares fit at each particle to the particles
of the cloud associated with that particle. When the normal form equations were used, solutions using a
two-step hybrid approach and an LU decomposition failed, presumably due to ill-conditioned matrices of
the least squares fit. When the coding was rewritten to solve the least squares problem with polynomial
basis functions using the quasiparticle solution method, the first and second order spatial derivatives were
accurately produced.

Unlike the SPH method which, because it produces spatial derivatives through integration by parts,
naturally gives Neumann type (normal direction gradient specification) boundary conditions at free
surfaces, the MPS and GFD methods require explicit interface identification if Neumann boundary
conditions are to be implemented. All three methods (MPS, GFD, and SPH) require boundary particle
identification for implementation of Dirichlet type (dependent variable specification) boundary
conditions. An automatic interface identification and tracking method was developed for the SPH scheme
and will be detailed shortly.

Some of our research activities during the past year with the SPH method are discussed. SPH is
based on the idea of treating material elements (fluid or solid) as extended clouds of material whose
centers of mass constitute discrete computational points or particles which move according to the
continuum conservation laws. As the motions of these particles are followed in time, problem variables
such as density, velocity, deformation gradients, and stresses are obtained using integral interpolation
functions or smoothing functions—thus, the name smoothed particle hydrodynamics. The substantial
interest shown in this meshless Lagrangian method results from its promise to do away with the mesh-
tangling problems which plague traditional Lagrangian calculations on a finite difference or finite
element mesh. The Lagrangian feature of SPH is desired because it allows the computational points to be
embedded in the material and thus reduces some of the material interface problems associated with
Eulerian techniques. Furthermore, because of the SPH technique’s ability to handle severe distortions, it
can be applied to problems that historically have been reserved for Eulerian approaches.

For time-dependent problems, however, the SPH method still requires the integration of the
discretized conservation equations forward in time. When explicit time integration is used, most
traditionally used methods require a time step size inversely proportional to the material’s sound speed to
maintain numerical stability. SPH has a similar requirement. This results in a time-step size that is
excessively small for computational efficiency for slow speed flows simulations (too many time steps are
required) such as those described above. Some researchers have suggested that for low speed flows, the
sound speed can be artificially lowered to enable larger time steps.!+ Our own research has indicated that
this approach may give nonphysical results under some fairly deceptive circumstances. Traditionally
used methods (particularly Eulerian methods) overcome this problem of disparate time scales by using
partially or fully implicit time integration. This results in a time step inversely proportional to the
material velocity. For low speed flow problems where material velocity is much lower than the material’s
sound speed, the implicit time integration is stable for much larger time steps and is thus more efficient
for slow flow problems (a fewer number of time steps are required). Implicit time integration typically
requires the inversion of large matrix equations. For such inversions, traditional Eulerian methods (fixed
mesh, fixed connectivity, invariant node neighbors) can easily use specialized methods developed to take
advantage of the structure of the matrices, typically sparse and banded. For SPH methods where nearest
neighbor nodes are continually changing, it was initially believed that implicit and partially-implicit
methods would not be effective.

One of the objectives of our research involved investigation of a matrix-free alternative method for
achieving partially implicit time integration effects. This development is an extension of research begun
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previously at the INEEL known as the damped, artificial compressibility method.!5 Originally, this
method was developed to accelerate low speed flow simulations (using explicit, fixed mesh methods)
toward steady state. Our research was aimed at acceleration of a modified equation set toward a
pseudo-steady-state attained at the end of each time step. With damped artificial compressibility, the
governing equation, in Lagrangian form, for mass, internal thermal energy, and momentum balance are,

respectively,

dp _

- __ v
a7

ad o o
d_U = — di + §
ad p Iy

Where p is the material density, u is the material velocity, p = p(p,e) is the material pressure, e is the
internal thermal energy, 0 is a collection of stress power, thermal conductivity and energy source terms,
and S is a collection of shear stress, body force, and source terms. The time derivatives are Lagrangian,

following local material points. The variable ¢ is a pressure-like variable given by

dg ﬂzdp ﬁ (q p) d(V-U)
dt A dt

Where fis the factor by which the effective sound speed is reduced, A is a relaxation time, and D is
an artificial bulk viscosity, all of which are discussed in Ramshaw and Mousseau.!> This evolution
equation for ¢ was developed!> to reduce the effective sound speed by a factor B and to accelerate the
convergence to steady state by means of an appropriate damping term. Since the pressure ¢ appearing in
the momentum equation artificially deviates from the equation of state pressure p during the transient, the
transient solution is therefore unphysical. However, Ramshaw and Mousseau claimed that, at steady
state, the deviation of ¢ from p vanishes and the proper physical steady state solution is obtained.!3

It was hypothesized that this scheme could be extended to transient flows via a time-like iterative

scheme:
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Where 7 is the pseudo-time variable and i+1 and i are successive iteration indexes. For each physical
time step Az, these equations would be marched out to a steady state in pseudo-time, the pseudo-time
derivatives would then vanish, and p, p, and # would converge to the new-time (n+1)Af values.

To expose problems peculiar to this extension, independent of problems that may result with
coupling to SPH, the new approach was first to be developed and tested as a transient, fixed mesh
method. To make this extension as close to that of SPH as possible, the transient, fixed mesh method
selected was that of an explicit, node-centered, finite element method. Successful results here were
requisite to the extending of this approach to SPH. It was found that the damped artificial compressibility
method was severely lacking in robustness, requiring excessive effort to fine tune g, A, and D, along with
Atand At, to obtain acceptable solutions. Further development on this extension to SPH was dropped for

the time being. It is recommend that a similar technique, as described by Mary, Sagaut, and Deville,!¢ be
developed in the future.

Efforts were shifted to the construction of a matrix-free, partially implicit (subsequently called
pressure-implicit) solver for the SPH type particle method (the procedure we were initially trying to avoid

with the extension of the damped, artificial compressibility method above). Consider the simplified
conservation equations:

dp _
- V.u
a7
de__Py.y
dt 0
di_ 1

dt o,
p=p(p.e)

Where the meanings of the variables are as stated above. An evolution equation for pressure was derived
as
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Which is solved for p*, the estimated new-time pressure. Using this estimate for new-time pressure, the
density p, and internal energy e are updated explicitly. If necessary, a final new-time pressure can then be
determined from the equation of state. The second term on the left side and the first term on the right side
of the Poisson type equation for calculating the pressure reflect the effects of the assumed local thermo-
dynamic equilibrium by which the contribution from compressibility is included. The implicit pressure
equation is to be solved using the Bi-CGSTAB method described by Van Der Horst.!? When properly
preconditioned, Bi-CGSTAB has shown very rapid convergence. Preliminary results with this pressure-
implicit approach look encouraging and this research is continuing. Publication is planned for this work.

As mentioned, because it was becoming necessary (physically, mathematically, and numerically) to
identify and track material and/or part interfaces, an algorithm was constructed to automatically perform
this function. For example to model surface tension effects the material interfaces must be identified and
its normal direction and curvature locally determined. An algorithm was developed based on the known
weakness of the SPH method to compute spatial derivatives near a free surface. Because all of the
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particle methods have a common infrastructure, this method will work for all. The technique developed
is similar to that described by Randles and Libersky.!8 First, a color function ¢, e.g., a constant value
such as 1.0, is assigned to each particle of a body. The kernel estimate or SPH smoothed value of the ¢ is
computed and the boundary is indicated by

6% > oMW/ p,

JeN;
Where m; is the mass of the jzh particle in the cloud of particles about particle 7, N;. A boundary either
bordering empty space or a neighboring body of different kind is indicated when this inequality is suffi-
ciently large. If a boundary is indicated by this inequality, then particle 7 is designated as a boundary
particle and an estimate for the outward unit normal at i; then

(Vo)== D, ¢mVW, /p,

jeN;
n=x(Ve/|[Vy|) .

The power of this technique is illustrated with the same configuration of a colliding droplet and
solid ball as demonstrated in the FY 1999 Annual Report.!3 The droplet above is traveling downward at
100 m/s while the solid ball below is traveling upward at 100 m/s. The ensuing collision produces large
deformation of the droplet interface and, subsequently, fractures which create new interface. Figure 1
shows this evolving interface identification and surface normal direction vectors. The droplet and the ball
are given the same color function so the interface will show the two as combining bodies. Note that the
significant increase of surface area as the algorithm interprets the latter stages of the droplet expansion as
extensive fracturing, which is what it should do regardless of whether the fracturing is physical or
numerical in origin.

Fracture Propagation in Solids (FP)

The usefulness, lifetime, or safety of solid systems or components (e.g., waste containers,
encapsulation matrices) is largely determined by fractures in solids. The ability to simulate and predict
the behavior of fractures is therefore crucial to decisions about the choice of materials for these
components, or estimates of the lifetimes of existing structures. The ability to predict the behavior of
propagating cracks is important for an assessment of the behavior of solid components for long times, as
might be required by waste container specifications for example. Current remediation techniques used to
remove contaminated concrete can be improved by examining alternate, more efficient material breakup
technologies based on a comprehensive understanding of fracture processes and numerical simulations.
The task will continue to support projects in the materials dynamics area, especially coatings for
environmental applications, corrosion and aging of solids, and decontamination/decommissioning.
Secondly, this technique will be extended and verified via experimental comparison to elastic and elastic-
plastic materials. Eventually, the research tool will analyze portions of full-scale structures/containers to
assess the propensity for crack growth and estimate the time and conditions that would lead to
catastrophic system failure.

This task is devoted to the development of computational capability and expertise to simulate
(dynamic) propagating fractures in both elastic and elastic-plastic materials. Fracture modeling is one of
the more challenging aspects of solid mechanics computations because of the large stress and strain
gradients and microscopic spatial scales involved. Since many INEEL tasks have included the need for
fracture modeling, the necessary capability and expertise to simulate static (nonpropagating) fractures has
been well established. Such simulations are clearly limited, however, since fractures naturally propagate,
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Figure 1. Droplet interface and subsequent fractures, showing new interface.
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i.e., they evolve in time and space. The task has involved the use of the 2D Arbitrary Local Mesh
Replacement (ALMR2D) method to compare numerically predicted fracture paths to published linear-
elastic material fracture experimental results to validate/test the algorithm range of applicability. The
current modeling capability, unique to the INEEL, is a direct result of FY-98/FY-99 accomplishments and
cannot be done with commercial software. The subsequent sections give an overview of tasks completed
in FY 2000 concerning the ALMR2D algorithm.

Staff Training

The latest release of ALMR2D was installed on a workstation for INEEL staff access along the
distribution of the latest ALMR algorithm user’s manual. A comprehensive tutorial was also included
which afforded interested personnel the opportunity to learn the programming conventions as needs were
identified. The inherent capabilities of the algorithm to model/predict a crack trajectory without knowing
the crack path is a powerful tool that only exists here at the INNEL within the fracture group.

Experimental Work

The fracture test results of 2024 aluminum were conducted in an effort to quantify constraint effects
on crack extension used as algorithm validation. Ms. Tonya Emerson, a graduate student from the
University of California at Davis, was at the INEEL for the past summer to strengthen the collaborative
efforts with the fracture group. The experimental work conducted during that time was used as
benchmark information to refine/validate the ongoing development of the elastic-plastic algorithm.

Twenty-two 2024-aluminum specimens (fourteen 230 mm x 50 mm x 25.4 mm and eight 230 mm x
50 mm x 12.7 mm samples, respectively) were used for fracture tests. These dimensions were chosen to
determine the constraint effects of this material and to use recorded engineering data to validate the
elastic-plastic algorithm. A schematic of the test geometry is shown in Figure 2. Various positions of
load application (1, 2, 3, and 4) were used to impose a variety of mixed mode crack tip stress fields that
resulted in various crack trajectories.

After test completion, the specimens were completely separated to expose the crack surface. This
exposure also enabled identification of fatigue crack profile, final crack front geometry, and the type of
crack growth that occurred during corresponding events in recorded engineering data. While these tests
establish a baseline for a full test matrix, additional experiments will be required to fully characterize the
mixed mode fracture behavior of this material while developing a methodology for additional material.
Once the process is refined, the minimum test matrix to determine material properties will be identified
for any given engineering material. A typical data graph is shown in Figure 3, with the crack tip opening
displacement (COD) and cross-head load.

Brittle Coating

Protective coatings are often applied to metal materials, for example thermal spraying or as naturally
grown oxide scales. Since these coating processes are typically done at high temperature and the
substrate and coating posses significantly different thermal expansion coefficients, large and often
detrimental thermal stresses are developed during cooling. At locations of significant geometry changes
such as corners the stresses can be concentrated resulting in increased probability of fractures and thus
undesirable failure of the brittle coating. In the DOE-BES Mechanically Reliable Surface Oxide
(MRSOX) program here at the INEEL, significant modeling efforts have investigated the quantitative
effects of these stress risers and the resulting fracture paths. In recent modeling efforts, a multiple crack
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Figure 2. Three pt. bend bar geometry used for experimental work.
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Figure 3. Typical engineering data acquired during 3 pt. bend test.
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simulation has demonstrated the ability to predict crack extension in the brittle coating with initiation and
extension in various locations. After a primary crack has extended and arrested, the redistribution of
stress results in crack extension at other flaw locations. The primary drawback to this approach is that the
crack paths need to be predefined. This is a significant limitation when complex stress fields and
geometries are encountered, since the probable crack path of an actual system cannot be know before
hand. An example of this type of model with multiple flaws is shown in Figure 4 and was produced using
the commercial package ABAQUS.

FEFRAC was used to calculate similar crack geometries. A thermomechanical ABAQUS model was
used to calculate the displacements along a coating to substrate interface. Since FEFRAC is currently
only available for linear elastic materials, the ABAQUS calculated boundary displacements along the
coating portion of the model were extracted and used as boundary condition input for FEFRAC. This two
step process enabled the modeling of crack growth without guessing the probable fracture path. The
geometry used by ABAQUS with the metal substrate and brittle coating is shown in Figure 5. Note the
region of interest is at the corner of the model. Symmetry was used and only V4 of the original component
was modeled. Figure 6 shows a magnified image with the first flaw calculation introduced at 45 degrees
through the corner.

The same boundary conditions were used with flaws introduced at 40 and 50 degrees. Figures 7-9
show large magnifications of the corner region of interest with extended flaw paths. Displacements are
agnified for illustrative purposes. Note the significant crack path changes predicted by the model.

Additional analyses were applied to additional crack angles and material properties. The substrate
in ABAQUS was defined as perfectly plastic for one case and work hardened in a second case. Other
parameters were changed and the effects were compiled with typical results shown in Figure 10.
Variable c is crack length and ¢ is total scale thickness. Note the symmetry of the trajectories up to these
load steps which is expected for this symmetric problem.

In the ABAQUS model illustrated in Figure 4 the secondary flaws grow and arrest at shorter flaw
lengths as the distance from the maximum stress region is increased. This spatially makes physical sense
except that there is a slight asymmetry in the stress contours surrounding the shorter flaws. If the stress
intensity at the tips of these secondary flaws is both Mode I and Mode Il, the maximum tensile stress
direction may not be coincident with the required ABAQUS predefinition. This is evidenced in the initial
numerical analysis of the same system using FEFRAC where the maximum stress surrounding the crack
tip defines the direction of extension. If this can be confirmed with refined models, it will help explain
why spallation of coating material consistently occurs near geometric features on actual components.
With this knowledge, the geometric designs can be optimized to reduce and or eliminate this type of
coating failure resulting in improved component integrity and cost savings.

The unique research code FEFRAC enables the fracture analysis group to model propagating cracks
without the confines of crack path predetermination. The algorithm developed by Dr. Mark Rashid was
supplied to the INEEL at no cost as a result of ongoing collaborative research. Dr. Rashid visited the
INEEL and assisted in experiments that are currently being used to verify the latest elastic-plastic
versions of the algorithm that will also be supplied to the INEEL at no cost. The working linear elastic
version running at the INEEL has been used for a comprehensive analysis of the oxide scale problem.
The algorithm has proven to be an improvement over traditional modeling methods in predicting crack
path and has been used to supplement ongoing research in Coatings for Environmental Applications.
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Figure 4. Multiple predefined crack ABAQUS model.
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path.
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Figure 7. FEFRAC predicted crack trajectory with initial flaw at 45 degrees at beginning of analysis.
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Figure 8. FEFRAC predicted crack trajectory with initial flaw at 45 degrees after 15 steps.
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45 degrees after 30 steps.

Figure 9. FEFRAC predicted crack trajectory with initial flaw at
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Figure 10. Multiple crack trajectories are shown for 40- and 50-degree initiation angles and the effects
of perfectly plastic and work hardened substrates.
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Numerical results indicate that FEFRAC predicted probable fracture paths that could be obtained in no
other conventional finite element analysis packages. Ongoing and 