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Chemical Technology Division 

Annual Technical Report 

Abstract 

The Chemical Technology (CMT) Division is a diverse technical organization 
with principal emphases in environmental management and development of 
advanced energy sources. The Division conducts rese_arch and development in 
three general areas: (1) development of advanced power sources for stationary and 
transportation applications and for consumer electronics, (2) management of high
level and low-level nuclear wastes and hazardous wastes, and 
(3) electrometallurgical treatment of spent nuclear fuel. The Division also 
performs basic research in catalytic chemistry involving molecular energy 
resources, mechanisms of ion transport in lithium battery electrolytes, and the 
chemistry of technology-relevant materials and electrified interfaces. In addition, 
the Division operates the Analytical Chemistry Laboratory, which conducts 
research in analytical chemistry and provides analytical services for programs at 
Argonne National Laboratory (ANL) and other organizations. Technical 
highlights of the Division's activities during 1997 are presented. 



2 Summary 

Summary 

Electrochemical Technology 

The CMT Division conducts research, development, testing, and technical evaluation 
studies of advanced power sources for vehicle propulsion, utility load-leveling, and other energy 
storage applications. The technical management of industrial contracts for the Department of 
Energy (DOE) is also being carried out on the development of fuel cells for transportation 
applications. 

In the battery R&D program, the Division is working with 3M Corp. and Hydro-Quebec 
to develop lithium-polymer batteries for transportation applications. These batteries show 
promise for meeting the demanding performance requirements of electric vehicles and operate at 
low temperature (typically 60°C). Recent effort has focused on investigating a V2Os cathode, 
which offers high theoretical capacity (440 mAh/g) and is relatively inexpensive. Measurements 
by AC impedance indicated that an interfacial oxide layer between the bulk oxide and polymer 
layers is the source of an increase in impedance that occurs with charge-discharge cycling. 

A potentially attractive electrode material for 3-V secondary lithium batteries is a-MnO2. 
Researchers in CMT have replaced the_ water component in a-Mn.O2· H2O materials with LhO to 
fabricate "lithia-stabilized" electrodes that show significantly superior electrochemical 
performance to the parent a-MnO2 material. The structures of hydrated, dehydrated, and lithia
stabilized a-MnO2 samples were determined by the Rietveld profile refinement technique 
combined with time-of-flight neutron diffraction data. The findings have implications for 
designing improved manganese oxides that will be more tolerant to lithium insertion and 
extraction reactions, particularly for secondary 3-V lithium cells. Structural studies are also in 
progress on vanadium oxide insertion electrodes. 

A new program has been started to develop a high-power energy storage device for a 
hybrid vehicle that couples this device with a fuel cell. We are investigating the integration of the 
galvanic properties of battery "insertion" electrodes and the high surface area of supercapacitors 
to form a lithium-ion based galvanic stack. Testing of a Li4Ti5O12/LiCoO2 cell couple has yielded 
promising results. We have developed a conceptual design for a 400-V galvanic stack based on a 
L4 TisO 12/LiNio.s2Coo.1 sO2 system. 

The Electrochemical Analysis and Diagnostic Laboratory in CMT includes a test 
laboratory to conduct battery evaluations under simulated application conditions. During 1997, 
performance and life evaluations were conducted for nickel/metal hydride modules fabricated by 
various industrial firms and for cells and modules in the lithium-polymer battery program. In 
addition, nickel/metal hydride cells built by Ovonic Battery Co. were subjected to post-test 
analysis after life evaluations, and the results helped to identify specific areas where changes in 
design or the materials of construction would improve cell performance. Examinations were also 
completed for Commonwealth Edison Co. and Duke Power on lead-acid cells (used for standby 
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power in nuclear generating stations) that had undergone an abrupt capacity fade. The root cause 
of this problem was identified. 

Fuel cells convert chemical energy directly into electricity by electrochemical reaction, 
eliminating the need for heat engines and rotating machinery. Since fuel cells have very low 
environmental emissions and high efficiencies, interest in their development continues to grow. 

" 

To aid the development of fuel cells for transportation applications, CMT staff are 
developing a fast-response fuel reformer that converts hydrocarbon fuels into a hydrogen-rich gas 
for low-temperature fuel cells (polymer electrolyte and phosphoric acid fuel cells). During the 
past year, we discovered a new class of catalytic materials that yield high hydrogen 
concentrations (approximately 70%) in the partial oxidation of hydrocarbon fuels, including 
gasoline. Different crystal structures of these catalysts are also being investigated. 

One of the major contaminants in the reformate of low-temperature fuel cells is carbon 
monoxide, which must be reduced to less than 100 ppm to avoid significant degradation in fuel 
cell output. Treatment with a CuCl-impregnated sorbent has been shown to provide acceptable 
removal of carbon monoxide in the reformate of light-duty vehicles. To aid in the development 
of _a fuel cell vehicle, we are also developing a computer model that will work with various 
configurations of fuel cell systems in light-duty vehicles. 

A polymer electrolyte fuel cell that operates directly on methanol (no reformer needed) is 
under development for small applications requiring a lightweight and easily portable power 
source. This work is focused on overcoming a major obstacle to commercialization of this fuel 

cell: low electrocatalytic activity of the anode catalyst for the methanol oxidation reaction. We 
have found that platinum-based alloy catalysts improve the methanol oxidation activity. An 
isothermal, steady-state model of the anode in the direct-methanol fuel cell has been developed to 
design a liquid feed anode that will yield optimal performance at a given set of operating 
conditions. 

Effort continues on developing a molten carbonate fuel cell for utility applications. In 
molten carbonate fuel cells, the present NiO cathodes have dissolution/precipitation problems 
that limit cell lifetime under pressurized operating conditions, and a search is underway for 
alternative conductive materials that are stable in the high-temperature (650°C) cell environment. 
Low electrical resistivity has been demonstrated with a LiFeO2-LiCoO2-NiO cathode. An 
inexpensive method of fabricating this cathode has yielded promising preliminary results. 
Another problem with the present molten carbonate fuel cell is segregation of the LhCO3-K2CO3 
electrolyte, which increases the potassium concentration near the cathode and leads to increased 
cathode solubility and performance decline. Tests with carbonate-wetted LiA1O2 strips and 
bench-scale cells indicated that the problem of electrolyte segregation could be minimized by use 
of a LhCO3-Na2CO3 electrolyte containing 67 to 75 mol% of the lithium carbonate. Work is also 
underway to develop materials that will prevent corrosion of the metal hardware in the molten 
carbonate fuel cell. 

The Division continues to provide support to the DOE Office of Transportation 
Technologies and the DOE Office of Buildings Technology in the form of technical management 
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of R&D contracts with industrial developers of fuel cells and related components. Major ongoing 
projects managed by CMT include contracts with General Motors Corp., Ford Motor Co., 
Chrysler Corp., and fuel-cell component suppliers. 

Hazardous and Mixed Waste Research 

A major challenge facing DOE is management of the massive quantity of hazardous and 
mixed (hazardous/radioactive) waste that has accumulated at various DOE sites as a result of 
nuclear-defense production and other activities conducted for more than four decades at these 
sites. A new technology, aqueous biphasic extraction, has been developed at CMT for removal of 
heavy metals and toxic materials from solid wastes and wastewater streams and is a prime 
candidate for large-scale application. The extraction systems are generated by combining an 
aqueous salt solution wit~ an aqueous polymer solution such as polyethylene glycol. 
Experimental studies of aqueous biphase formation indicate that recovery of the extracted metal 
complex can be achieved by contacting the polymer-rich phase with a water-immiscible alcohol 
at elevated temperatures (60-80°C). The polymer can be recovered from the alcohol phase by 
back extraction into a dilute salt solution at low temperatures. Aqueous biphasic extraction has 
also been tested for lead removal from contaminated soil. In extraction tests using soil with a low 
humate content, the lead content was reduced from 2000 to 600 mg/kg. 

Staff in CMT are developing a zinc phosphate glass for disposal of the fission products 
and transuranic elements that accumulate in the chloride salt used in the electrometallurgical 
treatment of spent nuclear fuels. Advantages of this new waste form include a low glass 
transition temperature and high salt loading. Preliminary corrosion tests of small-scale samples 
have yielded promising results. 

The interactions of multivalent actinide species with bacteria are being investigated as 
part of a larger effort to identify key processes that lead to both the immobilization and 
mobilization of actinide species in subsurface groundwaters on DOE sites. Effort was devoted to 
determining the interaction of the actinide-nitrilotriacetic (NTA) complex with the NTA
degrading microbe Chelatobacter heintzii in aqueous solution. A key feature of this research is 
the extensive integration of computer modeling with laboratory experimentation. Our results to 
date have shown that actinide toxicity is dependent upon the oxidation state and isotope of the 
actinide in the aqueous system. For example, in contrast to the radiolytic toxicity in the Pu(IV) 
system, Np(V) inhibits the activity of C. heintzii via chemical toxicity, similar to other heavy 
metals. In other work, studies have been initiated to extend and develop X-ray synchrotron 
(XRS) radiation techniques to determine the chemical structure of aqueous, adsorbed, and solid 
actinide species of importance to environmental and nuclear waste management. Emphasis is on 
both collecting XRS data on actinide systems and modeling these data by improved calculational 
methods and theory. · 

The Waste Isolation Pilot Plant (WIPP) in Carlsbad, New Mexico, has been selected as a 
possible disposal site for transuranic radioactive wastes resulting from defense-related activities 
at DOE sites. Work for this project in this past year involved determining actinide stability and 
solubility in various simulated WIPP brines with pH values from 5 to 10. One finding from these 
studies was that steady-state concentrations of Pu(VI) were maintained in WIPP brine throughout 



Summary 5 

the 18-month duration of the experiments. Addition of reducing agents relevant to the WIPP 
brines reduced the Pu(VI) to Pu(IV) and lowered the steady-state concentrations of plutonium in 
the brine solution. These data are being used to test and challenge the Actinide Source Term 
model being developed for the WIPP project. 

Radiolytic gas generation studies are in progress on a chemically bonded phosphate 
ceramic (Ceramicrete) being developed for encapsulating transuranic-bearing wastes from DOE 
sites. Because of the presence of radionuclides, hydrogen is produced by radiolysis of the water 
present in the waste form. Measurements are given for the number of hydrogen molecules per 
100 e V of radiation deposited in various Ceramicrete samples. These values are being used to 
calculate acceptable transuranic loadings in the waste form. 

Nuclear Waste Management 

Work is being performed to support programs on the disposal of high-level nuclear waste 
and spent fuel in the candidate repository site at Yucca Mountain in southwestern Nevada. 
Several series of laboratory tests are being performed to determine the corrosion behavior of 
high-level waste glasses upon exposure to liquid water or water vapor. These tests are being 
conducted to determine the corrosion behavior of high-level radioactive waste forms under the 
hydrologically unsaturated conditions anticipated at the proposed Yucca Mountain site and are 
designed to assist DOE in demonstrating that the Defense Waste Processing Facility (DWPF) and 
the West Valley Demonstration Project (WVDP) will produce a waste glass product that will 
perform well in an unsaturated environment typical of what may be expected at Yucca Mountain. 

On the basis of long-term dissolution tests, a three-stage model of glass corrosion has 
been developed. In the first stage, the glass dissolves at a rate controlled by the glass 
composition, solution pH, and temperature. In the second stage, the buildup of dissolved glass 
components controls the rate. In the third stage, the formation of alteration phases on the glass 
surface affects the solution chemistry. This model has facilitated the comparison of results from 
different test methods as well as the results of tests conducted with different glasses. 

Samples of natural obsidian and basalt glasses and nuclear waste glasses have been 
reacted in vapor hydration tests at 75°C and relative humidity of 95 and 100% for up to 7 years. 
The results indicate that vapor hydration tests can be used to replicate (at least qualitatively) the 
corrosion behavior that occurs over many thousands of years in nature within a few years in the 
laboratory. The same test method can be used to forecast the long-term behavior of nuclear waste 
glasses under similar conditions. Vapor hydration tests have also been performed to characterize 
the corrosion behavior of Environmental Assessment glass, a benchmark glass for DWPF 
glasses. 

Long-term drip tests are underway with glasses representative of those that may be 
produced at DWPF. The data after 10 years of testing indicate that insoluble elements, including 
U, Pu, and Am, are incorporated into alteration phases as the glass reacts and are subsequently 
released with particulate or colloidal matter as the alteration products spall from the glass. Recent 
trends have shown that the releases of Pu and Am, while initially quite low compared to those of 
soluble elements (such as B and Np), eventually are accelerated as the alteration phases spall 
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from the glass surface and enter the test solution. Trends in technetium release follow those of B 
and Np. A similar multiyear test series with a WVDP-type glass has indicated that a thorium-rich 
alteration phase appears to play a substantial role in the corrosion behavior of this glass. 

Long-term and accelerated tests are being conducted with several glasses similar to 
anticipated forms of immobilized low-activity radioactive waste (ILA W) for disposal of Hanford 
wastes. Tests to date have shown that sodium is released from candidate ILA W glasses faster 
than other glass components, probably through ion exchange. The release behavior of technetium 
is under study by a variety of static dissolution tests because it was calculated to contribute the 
greatest dose to man in a preliminary assessment of the Hanford disposal system. In another 
project, we developed a test method for determining ILA W product acceptance and formulated a 
glass to be used as a standard in that test. 

-Besides the glass studies, long-term tests with unirradiated U02 pellets and spent fuel are 
in progress to determine radionuclide release rates when these materials are exposed to 
repository-relevant conditions. Results from .drip tests with U02 pellets for over 12 years 
indicated that uranium release was rapid during the first one to two years of testing and has 
remained relatively low in the remaining testing period. Another test method is being developed 
to measure the solution composition in contact with spent fuel during the reaction processes 
important in the drip tests. This information is needed as input for model development and 
confirmation. Tests have also been ongoing for almost four years with spent fuel samples under 
drip conditions. Results are reported for the amount of released plutonium and the percentage in 
colloidal form at selected test intervals. The results indicated that thin-film flow is a possible 
transport pathway for release of radionuclides from the spent fuel. 

The DOE is examining options for placing surplus plutonium from the weapons program 
into a form that is inaccessible for use by others. One such option is immobilization, where the 
plutonium would be fixed into a glass or ceramic waste form that meets safety and security 
objectives. Our main task over the past two years has been to provide characterization and 
corrosion data to DOE so that an informed choice could be made between glass and ceramic. The 
DOE has decided that ceramic will be the preferred material for the immobilization of excess 
plutonium. 

Other projects in nuclear waste management include static testing of a new ceramic waste 
form in different leachants, a study of transmutation effects in a 137 Cs-bearing ceramic sample, 
development of a method for pretreating radioactive or mixed waste vitrification feeds, and 
fundamental research on the nature of the electronic interaction and chemical bonding properties 
of radionuclides in waste forms. 

Separation Science and Technology 

The Division's work in separation science and technology is concerned with 
(1) developing methods for treating radioactive, mixed, and hazardous waste and (2) determining 
the feasibility of substituting low-enriched uranium for the high-enriched uranium currently used 
in the production of 99Mo for medical diagnostic applications. 
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The main project in the first area involves R&D on solvent extraction processes for the 
cleanup of nuclear waste solutions. Work in the past year focused on advising engineers at Idaho 
National Engineering and Environmental Laboratory concerning their hot demonstration of the 
SREX (strontium extraction) process on actual acidic high-level waste stored at the site. A 
demonstration was successfully com~leted with a 24-stage centrifugal contactor built at ANL. 
With this contactor, 99.995% of the 0sr in the aqueous raffinate was removed. Analysis of the 
stage-to-stage strontium data showed that the contactor worked well, with a mass-transfer 
efficiency of 97% in the extraction section and 98% elsewhere. In other solvent-extraction work, 
we have been collaborating with Oak Ridge National Laboratory and Pacific Northwest National 
Laboratory on developing a Sr and Tc extraction process for alkaline waste solutions (SRTALK). 
This process will be able to separate alkali-metal pertechnetate salts from alkaline supemate that 
comes directly from nuclear waste tanks. In a test with a 12-stage centrifugal contactor and 
simulated tank waste, the SRT ALK process was very successful at removing and concentrating 
99Tc. Work for the next year will focus on testing Cs and Sr extractability with the SRT ALK 
process. 

We have continued working with the ANL Waste Management Organization to help them 
solve problems associated with waste storage and treatment. For example, much of the 
transuranic waste on site is stored as highly acidic solutions that require stabilization for long
term storage until a disposal site is available. As a simple method to stabilize the waste, we have 
helped them set up a glovebox in which the waste will be neutralized and solidified by treatment 
with a commercially available setting agent. 

A project is ongoing to develop a low-enriched uranium (LEU) target and a processing 
method for production of 99Mo to be used for medical applications. It is our objective in 
switching to LEU to maintain the process for molybdenum recovery and separation from uranium 
(and its fission and absorption products) as close as possible to the current Cintichem process for 
high-enriched uranium. To that end, we determined the behavior of three fission products (I, Rh, 
and Ag) during molybdenum recovery and purification by the Cintichem process. We concluded 
that contamination of the molybdenum product by these three fission products should not be a 
problem. In other work on Cintichem processing, we are in the process of developing and testing 
a procedure for separating and recovering actinide elements from the purified 99Mo product that 
will allow low dose, facile, and effective measurement of alpha contamination in the 99Mo. 
Development of LEU metal-foil targets has led to the use of thin metal barriers (to fission recoil) 
between the uranium foil and target walls. Several studies are in progress on the effectiveness of 
zinc as a barrier material. In mid 1998, we plan to demonstrate the processing of a fully irradiated 
LEU metal foil at the PUSPIPTEK Radioisotope Production Center in Indonesia. 

Electrometallurgical Treatment Technology 

The CMT Division is developing an electrometallurgical process for treatment of spent 
nuclear fuels. It is capable of handling most types of spent fuel and is especially intended for 
fuels at risk of chemical reaction with the groundwater in the repository. These "at risk" spent 
fuels include metal fuels with various cladding and matrix materials, reactive compounds, and 
highly enriched fuels. The central feature of the electrometallurgical treatment is electrorefining 
of the spent fuel in a molten salt electrolyte at 500°C. After electrorefining of the spent fuel, the 
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fuel cladding and fission products are placed in two stable waste forms ( one a ceramic, the other 
metal), which are suitable for disposal in a geologic repository. There are no other high-level 
wastes, and only negligible amounts of low-level waste are generated. 

An effort has been underway to develop an advanced electrorefiner having high 
throughput (>40 kg uranium per hour) and large batch size (> 100 kg) for w~ating large quantities 
of spent fuel, such as the N-reactor fuel from the Hanford site. Effort this past year focused on 
testing a high-throughput electrorefiner with a diameter of 25 in. (0.6 m) and a batch size of 
150 kg uranium. The test samples were unirradiated N-reactor fuel elements from the Hanford 
site. The number of ampere-hours (31,219 Ah) passed through this electrorefiner during the most 
recent test was nearly twice the number of ampere-hours (17,018 Ah) passed through the 
electrorefiner during all of our earlier runs. To date, about 75 kg of uranium product has been 
collected from the tests, and about 50 kg of that uranium has been transferred to a cathode 
processor for consolidation. A new design of scraper for removing uranium from the 
electrorefiner cathode has shown promise of a large improvement in sustained operation of the 
high-throughput electrorefiner. 

The feasibility of electrometallurgical treatment of oxide and metallic spent fuel has been 
demonstrated over the past several years. Tqis treatment has now been tested for other types of 
fuels, including (1) a uranium fluoride fuel that was dissolved in a mixture of molten fluoride 
salts as part of the Molten Salt Reactor Experiment (MSRE) conducted at Oak Ridge ~ational 
Laboratory and (2) aluminum alloy fuels, 128 metric tons of which will be shipped to the 
Savannah River Site over the next 40 years. The test results with simulated MSRE (fluoride) salt 
clearly showed that zirconium (along with other noble metals) is separable from the salt by 
deposition on an iron cathode mandrel; this electrotransport product can be alloyed with iron to 
make a stable metal waste form. Also, the concept of using LhBi as anode material was proven. 
This is very important in reducing waste volumes in the treatment of MSRE salt. Laboratory
scale tests (2-g batch size) with pure aluminum and U-Al-Si alloy demonstrated the aluminum 
electrorefining step in the flowsheet for electrometallurgical treatment of aluminum-based fuels. 
Engineering-scale tests (6-kg batch size) are planned. 

Ceramic and metal waste forms to contain the high-level waste from the 
electrometallurgical treatment are being developed, along with methods and equipment for 
isolation of waste components and fabrication of waste forms. The main isolation equipment 
includes pyrocontactors for the selective redox removal of constituents from process fluids 
(mainly uranium from electrorefiner electrolyte) and zeolite ion-exchange columns for removal 
of waste components from the electrolyte. Single-stage pyrocontactors had previously been 
shown to be effective in conducting redox extractions between molten salt and liquid cadmium; 
this work was completed, then extended to operation and successful testing of a four-stage 
countercurrent device this year. A zeolite ion-exchange column at the laboratory scale is being 
tested to determine the optimum operating conditions for a full-scale unit. To date, these tests 
have indicated that temperature has little effect in performance between 500 and 600°C, and flow 
rates below 1.4 cm/min at 550°C appear to significantly increase removal of rare earths from the 
salt. 
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The ceramic waste form contains the transuranic elements and the most easily oxidized 
fission products that accumulate in the electrorefiner salt. The development of this waste form 
has focused on two composites: zeolite-glass and sodalite-glass. The zeolite-glass has a higher 
capacity for salt, while the sodalite-glass composite is more thermally stable. In October 1997, 
the sodalite-glass composite was selected as the reference ceramic waste form for the project. 

With regard to the metal waste form, those components of the high-level waste that are 
chemically unaffected by the electrometallurgical process-cladding hulls, zirconium alloying 
additions, and noble metal fission products-are combined with small amounts of particulate 
materials from electrolyte filters and melted to form a highly durable waste form. Depending on 
the cladding (stainless steel or Zircaloy), the basic alloy composition is stainless steel-15 wt% 
zirconium or Zircaloy-8 wt% stainless steel. Recent work has concentrated on the alloy with 
15 wt% Zr. Metallurgical studies indicated that this alloy will accommodate all noble metal 
fission products from any type of fuel treated by the electrometallurgical process, and that 
zirconium compositions below 15 wt% may become saturated at high fission product loadings. 
Also, a qualification test matrix has been established for the metal waste form. This matrix is 
intended to provide a qualification-relevant data base for future repository acceptance: it contains 
attribute tests, characterization tests, accelerated tests, and service condition tests. 

Pyrochemical Process Applications 

The electrometallurgical treatment of spent oxide fuels requires that the oxides first be 
reduced to metals that can be processed in the electrorefiner. A lithium reduction process has 
been selected to convert the spent oxide fuels into metals. In the process, the spent oxide fuel is 
treated by reaction with lithium at 650°C in the presence of molten LiCl to reduce the actinide 
oxides to the corresponding metals and LizO. The LizO, which is soluble in LiCl, is subsequently 
removed from the salt in an electrowinning cell. 

During the past year, work continued to develop both the reduction and electrowinning 
portions of the lithium reduction process, with an emphasis on process sqtleup. Laboratory-scale 
experiments indicated that stirring of the bulk salt had a noticeable effect on the reduction rate of 
crushed U02 but little effect on clad U02 pellets. One of the difficulties encountered in our 
electrowinning work has been recombination of the lithium and oxygen in the electrowinning cell 
to produce LizO. This parasitic reaction has been, in some cases, so efficient as to leave no net 
lithium production. During this period, work has been focused on the development of a porous 
metal cathode for the electrowinning cell that eliminates this problem. The porous metal cathode 
works because the lithium wets the porous metal (stainless steel) and is incorporated into the 
pores below the salt level. The lithium is not released from the cathode under normal operating 
conditions unless the pore capacity of the cathode is exceeded. Small- and large-scale laboratory 
experiments have demonstrated the effectiveness of the porous metal cathode. In related work, 
alternative materials to the expensive Pt-Rh anode in the electrowinning cell are being sought. 
The candidate materials identified as promising are Fe3O4, SnO2, and NiO. A new fabrication 
method has been developed for the Fe30 4 anode. Evaluating the manufacture and performance 
characteristics of this material is planned. 
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An engineering-scale series of experiments is underway to obtain design information and 
operating experience needed for scaling up the reduction and electrowinning processes to plant 
size required for processing DOE oxide spent fuels. To meet this objective, the facility used for 
these experiments was designed to support the reduction of kilogram quantities of fuel. In a test 
in this facility, 3.6 kg of crushed UO2 was completely reduced in about 50 h, while 2.9 kg of clad 
UO2 pellets was only 40% reduced in 120 h. This experiment provided valuable input into the 
design of fuel baskets and fuel loading for the next engineering-scale test. 

An effort is underway to evaluate whether the electrometallurgical treatment can be 
applied to the nonmetallic fuel types presently at Idaho National Engineering and Environmental 
Laboratory. Issues being evaluated include the nature of any required head-end treatment to 
prepare the spent fuel for the electrometallurgical process, and the chemistry and operating 
conditions of the electrorefining step. 

In support of design work being performed on the pilot-scale reduction facility planned 
for ANL-W est, a series of tests was performed to evaluate the corrosion resistance of candidate 
materials for the reduction and electrowinning vessels. Test coupons included tantalum, stainless 
steels, and 2¼ Cr-lMo. In the tests under reduction conditions, the tantalum suffered minor 
attack, while none of the other test coupons had any measurable corrosion. For the 
electrowinning conditions, all coupons were severely corroded. Alternative materials for the 
electrowinning vessel are thus being sought. 

Basic Chemistry Research 

Basic chemistry research is being pursued in several areas: fundamental chemistry 
associated with catalyses in systems that involve molecular energy resources, mechanisms of ion 
transport in lithium battery electrolytes, materials chemistry of electrified interfaces and 
molecular sieve materials, and the theory of materials properties. 

Recent research in the catalysis program has included in situ spectroscopic investigations 
of the chemistry associated with the conversion of some key industrial homogeneous processes to 
more energy efficient and more environmentally benign supercritical ones. The various processes 
designed to achieve the commercial hydroformylation of olefins comprise the largest scale use of 
homogeneous catalysts and are the subject of the program's current efforts in supercritical fluid 
catalysis. In recent research, we have completed the first thermodynamic measurements of the 
key equilibria associated with phosphine-modified hydroformylation catalysis of the type used 
commercially by the Shell Chemical Company. Equilibria that were measured include not only 
the important catalyst hydrogenation step, but also carbon-monoxide-induced salt formation that 
has so far prevented · the phosphine-modified cobalt hydroformylation reaction from being 
conducted in a supercritical fluid. This latter reaction stems from the phosphine's intrinsic 
basicity and converts the catalyst to an unreactive salt that precipitates from the supercritical 
medium, thereby making the catalyst ineffective. The results indicate that use of phosphines 
having lower basicity than conventionally used might allow a potentially desirable supercritical 
phosphine-modified cobalt hydroformylation catalyst system to be feasible for the first time. 



Summary 11 

Another catalysis program involves research in hydrocarbon activation aimed at 
achieving the controlled catalytic functionalization of methane and other hydrocarbons via 
activation of their C-H bonds. Current research focuses on developing catalytic strategies based 
on the extremely robust phthalocyanine nucleus. During the past year, CMT researchers 
synthesized some new catalysts for the epoxidation of olefins and the hydroxylation of alkanes. A 
high valent Fe1v =0 complex of unusual stability was also prepared and characterized. 

The mechanism of ion transport in lithium-polymer electrolyte battery materials is being 
investigated by using in situ magnetic resonance imaging developed in our catalysis program. 
Research in this area in the past year has focused on using the CMT-developed toroid cavity 
imager to characterize the ion depletion zone near the cathode in these batteries. Nondestructive 
in situ spectroscopic techniques have been developed by CMT researchers for measuring ionic 
mobilities and the size of the electrolyte depletion zones. Distance resolution of 3 µm has been 
achieved with the magnetic resonance imager. These techniques make it possible to 
systematically study the effect of plasticizers, temperature, and alterations in the polymer 
backbone on the lithium ion transport properties. 

The Division's program on materials and interface chemistry is exploring a variety of 
research areas: corrosion, decontamination of metal surfaces from nuclear facilities, interfacial 
and electrochemical processes prevalent in fuel cells and batteries, and heterogeneous catalysis 
related to environmental problems. The work on corrosion/passivation of metals has focused on 
the structure and chemical composition of oxide-containing films on metals that are (1) used 
extensively in heat transport and cooling systems (e.g., copper) and (2) the principal constituents 
of radionuclide-contaminated structures at DOE nuclear facilities (e.g., Ni and Fe). In the past 
year, results obtained by electrochemical, spectroscopic, and synchrotron X-ray methods have 
yielded significant new insights concerning the mode of incorporation of elements like Ce and Sr 
in passive films on nickel. 

Recently completed research on the Cu2+/cu+/cu0 electrode reaction sequence, a 
troublesome reduction reaction that facilitates corrosion in the steam generators of light water 
nuclear reactors, has provided new information about the temperature dependence and 
mechanism of the rate-limiting reaction Cu2+ ➔ Cu+. This study has relied on an integration of 
transient electrochemical measurement methods with first-principle theoretical calculations to 
produce findings that elucidate various features of the relevant electron transfer processes. 

Two new research projects that explore processes occurring in metal oxide-based 
ultracapacitors and in lithium polymer batteries are underway. Using the RuOi{lO0) surface as a 
model system, CMT researchers are employing synchrotron X-ray reflectivity techniques to 
characterize the reconstruction that occurs on ultracapacitor surfaces during charging and 
discharging. A combination of ab initio molecular orbital theory and molecular dynamics 
simulations has produced interesting conceptual models of the electromigration of lithium ions 
through polymer electrolytes of the type used in lithium polymer batteries. 

Development of the now widely used Gaussian-2 quantum chemical method has 
continued. Originally, the method was tested against 125 reaction energies, chosen because they 
have well-established experimental values. This very popular and useful test set has been 
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significantly expanded with the inclusion of molecular energy values for nearly 100 new species. 
Coupling of density functional theory methods with the Gaussian-2 method is allowing us to treat 
systems containing larger numbers of atoms and elements with higher atomic numbers. This 
expanded computational capacity is being used to explore (1) the mechanisms and energetics of 
carbocation catalysis in molecular sieve materials and (2) the growth of nanocrystalline diamond 
films. In other theoretical studies, we have obtained new data on the interaction of ethane with 
the acid site in a model zeolite cluster and have identified a C2 addition mechanism that nucleates 
the growth of diamond surfaces. 

Analytical Chemistry Laboratory 

The Analytical Chemistry Laboratory (ACL) is administratively within CMT, its principal 
client, but collaborates as a full-cost-recovery service center with many technical divisions and 
programs at ANL. In addition, the ACL conducts research in analytical chemistry and provides 
analytical services for governmental, educational, and industrial organizations. 

During the past year, ACL was involved in a diverse array of analytical activities. These 
included analyses in support of the ANL projects to develop an electrometallurgical treatment for 
spent nuclear fuels and high-temperature superconductors; continuous monitoring of a plasma arc 
furnace developed to treat radioactive waste at ANL-West; characterization of products from the 
recycling of automobile shredder "fluff'; preparation and characterization of simulated waste 
samples in support of the Waste Isolation Pilot Plant; screening of radioactive samples of 
solidified waste for semivolatile organic compounds; characterization of used laboratory exhaust 
filters for disposal; determination of leach resistance in samples being tested for use as 
phosphate-ceramic-stabilized hazardous waste; analysis of scale and filter residues in cooling
water systems at ANL's Advanced Photon Source; determination of minerals and metals in milk 
contaminated by radioactive 137 Cs; analysis of lithium aluminate prepared for use in tritium 
production targets; characterization of residues from pitchblende ore processed to extract 
uranium at a weapons production site; Fourier transform infrared analysis of oil samples from 
Fermi National Accelerator Laboratory; determination of compounds formed as a result of 
simulated arcing of electrical cables; and analysis of environmental samples submitted for the 
determination of hazardous or radiological components. 

The ACL was also involved in the development of new technology based on solid-phase 
extraction for radioisotope determination in aqueous samples; a comprehensive program to 
provide DOE with information on data quality from laboratories analyzing environmental and 
waste samples; a procedure that allows the accurate determination of interference-prone elements 
by inductively coupled plasma/mass spectrometry; and automated methods for real-time analysis 
of chemical sensor data from environmental samples. 
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Electrochemical Technology 

The ANL Electrochemical Technology Program in CMT undertakes (1) in-house research, 
development, testing, post-test analysis, and technical evaluation studies of advanced battery and 
fuel cell systems and (2) support research, technology transfer, and technical management for 
industrial R&D contracts to develop these systems. During the past year, in-house battery R&D 
has focused on lithium-polymer and lithium-ion systems. The testing, evaluation, and post-test 
analysis of a variety of advanced batteries fabricated by industrial firms are performed in CMT' s 
Electrochemical Analysis· and Diagnostics Laboratory. Potential uses of these battery systems 
include vehicle propulsion, utility load-leveling, and other energy storage applications. In-house 
R&D is also being conducted on fuel cells, where the CMT Division continues to be the premier 
DOE laboratory in fuel-cell technology development. We are engaged in R&D on the solid oxide 
fuel cell and the molten carbonate fuel cell, which are targeted for utility applications, and we are 
heavily involved with fuel processing development for the polymer electrolyte fuel cell for 
transportation applications. 

A. Advanced Battery Research and Development 

The primary objective of this program is the scientific evaluation of new materials for 
electric-vehicle batteries and for batteries for consumer products such as laptop computers and 
cellular phones. This program uses a complementary experimental and theoretical approach to 
study the structures and electrochemical properties of electrode materials. It centers on transition 
metal oxide electrodes for nonaqueous lithium batteries. 

1. Lithium-Polymer Electrolyte System 

The lithium-polymer battery is a lightweight, high-energy system that can operate at 
moderate temperatures (typically 60-80°C). With a polymer electrolyte, this all-solid-state battery 
can be manufactured by using high-speed film-laminate technology. The battery's low weight 
translates into high specific energy. The Li/Lt redox reaction (negative electrode, 3.0 V) gives 
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the battery its high power. The positive electrode is a reversible chemical host for intercalating 
lithium cations. Thus, during discharge, the lithium cations insert into the host material with 
simultaneous electrochemical reduction of the host's closest-neighbor redox sites. The hokt 
structure is highly reversible to both redox and insertion reactions; this allows the lithium cations 
to exit upon recharge. 

-
The lithium-polymer battery for electric-vehicle applications is being developed under a 

Cooperative Research and Development Agreement (CRADA) with 3M Corp. and Hydro
Quebec. Under the CRADA, Argonne provides technical support related to all aspects of battery 
development, including component, cell, and battery testing and characterization; post-test 
diagnostic analysis; electrochemical cell modeling and battery design; and electrode materials 
evaluation and optimization. 

a. System Description 

Rechargeable lithium batteries with either metallic lithium or lithium carbon as 
the anode use transition metal oxides as the cathode, for example, oxides of V, Mn, Co, or Ni. 
These transition metal oxide electrodes have host structures into which lithium can be inserted 
during electrochemical discharge; the insertion of lithium is accompanied by a concomitant 
reduction o(the transition metal ion. The reverse process occurs during charge. 

The structural stability of a host electrode to the repeated insertion and extraction 
of lithium is undoubtedly one of the key properties for ensuring that a lithium cell operates with 
good electrochemical efficiency. In transition metal oxides, both stability of the oxygen-ion array 
and minimum displacements of the transition metal cations in the host are required to ensure 
good reversibility. For example, structures with a cubic-close-packed oxygen array are more 
stable to lithium insertion/extraction than hexagonal-close-packed structures, which tend to shear 
on lithium insertion in response to electrostatic interactions between the incoming lithium ions 
and transition metal cations in face-shared octahedral sites. The shear process is often 
accompanied by displacements of the transition metal cations within the oxygen lattice. These 
structural modifications tend to degrade the integrity of the insertion electrode, particularly when 
it is subjected to repeat~d charge and discharge. 

Structures of transition metal oxide insertion electrodes are, in general, not 
tolerant to overcharge or overdischarge. It is, therefore, critically important to carefully control 
fabrication conditions so that the composition of the electrode corresponds to that of the most 
stable host structure of the metal oxide system. Furthermore, cell operating conditions, such as 
voltage limits and current drain, must be carefully controlled to ensure that the structural integrity 
of the electrodes is not destroyed on cycling. Materials development within the lithium-polymer 
battery project is focused on the synthesis and characterization of metal oxide electrodes that 
offer superior electrochemical behavior to state-of-the-art materials. Of particular interest is the 
V2Os cathode material because of its high theoretical capacity (440 mAh/g). 
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b. Lithium Diffusion in Vanadium Pentoxide 

To isolate the oxide aging effects occurring in the composite cathode, thin (2000, 
4000, and 7000 A) V 205 layers were sputtered onto nickel substrates by 3M Corp. A dense V 20 5 
layer cathode (as opposed to a composite cathode) establishes a well-defined geometry where the 
electrochemical active area is equal to the cell area (4 cm2

) and the current distribution is 
uniform. The relatively small cathode active area compared to standard laboratory cells makes 
the cathode kinetics and transport easier to measure. 

In general, cycling results from the sputtered-cathode cells agreed well with those 
from typical lithium-polymer laboratory cells containing V 20 5 cathodes. The loss of capacity in 
the sputtered-cathode cells was somewhat greater and the charge/discharge curves were slightly 
more linear than found in typical laboratory cells. The increase in the area specific impedance 
with cycling was similar to that observed for laboratory cells. The data on area specific resistance 
also indicated that lithium transport in the sputtered V 205 layer is the primary problem. 

Measurements by AC impedance were used to elucidate the transport properties in 
the sputtered-cathode cells. A typical complex impedance plot for a fully charged sputtered
cathode cell (7000 A) is given in Fig. I-1. The impedance plot confirms that the cell impedance is 
dominated by low-frequency transport effects. As a first step, an interfacial oxide layer (denoted 
layer number 2) between the bulk oxide (denoted layer number 1) and polymer layers was 
hypothesized as the source of the increase in transport impedance. The theoretical model 
describing the transport of lithium in each of the layers has two fitted parameters for each layer, a 
characteristic resistance and time. From earlier work, the electrolyte transport impedance was 
known to be small enough that it has little effect on the overall results. 
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A fitting routine was used to determine the characteristic resistance and time 
constant for the two layers from AC impedance data on a fully charged sputtered-cathode cell 
(7000 A) taken every 10 cycles. A typical fit of the data is given in Fig. I-1. The change in 
characteristic resistance and time constant with cycling for the bulk and interfacial oxide layers is 
given in Fig. I-2. Clearly, the greatest values are associated with the interfacial layer, indicating 
that it is the primary source of the increased impedance with cycling. 
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This analysis was further extended by utilizing the open-circuit voltage curve that 
was previously determined in another study. Table I-1 gives the thickness and the lithium 
diffusion coefficient that were calculated from the open-circuit voltage curve and the 
characteristic resistances and time constants. The agreement between the last column in the table 

Table I-1. Diffusion Coefficient (D) and Thickness (L) of Interfacial and Bulk Oxide Layers from AC 
Impedance Data on 7000 A Sputtered-Cathode Cell. The numbers (1) and (2) indicate bulk 
and interfacial oxide layers, respectively. 

Cycle L(l), D(l), L(2), D(2), L(l)+L(2), 
Number A cm2/s A cm2/s A 

10 1784 8.lx10·11 4891 2.3x10·11 6675 

20 1267 3.9x10"11 3313 8.7x10·12 4580 

30 1825 6.2x10·ll 4500 1.5x10"11 6325 

40 1773 4.7x10"11 4173 1.lx10·11 5946 
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and the known thickness of the oxide layer (7000 A) is a strong indicator that the interfacial layer 
is indeed part of the oxide layer. The lower lithium diffusion coefficient of the interfacial layer is 
indicative of the damage done to tb,e oxide by cycling. 

These studies are now being expanded to other oxides to examine the effect of 
cycling on the transport of lithium in the structure. 

-
2. Lithium Battery Electrode Materials 

The objective of this effort is development of new electrode materials for lithium 
batteries. Work this past year focused on a-MnO2 and LixV3O8 materials. 

a. Structural and Electrochemical Studies of a-Mn02 

Manganese oxides are of interest as insertion electrodes for primary and secondary 
lithium batteries. 1 For example, heat-treated y-MnO2 electrodes are used in commercial 3-V 
primary cells, electrodes consisting of an intergrowth structure of lithiated y-MnO2 and spinel
related MnO2 are used in commercial 3-V rechargeable cells, and the spine! system Lix[Mn2]O4 

(O<x<l) is being developed for 4-V rechargeable lithium cells. Manganese oxides are also of 
interest for lithium-polymer electrolyte cells. The rechargeability of 3-V manganese oxides tends 
to be limited by the anisotropic expansion and contraction of the crystallographic unit cell when 
lithium is inserted into, and removed from, y-MnO2 or spinel-related electrode structures. 
Crystallographic distortions in lithiated manganese oxides can be attributed largely to a Jahn
Teller effect, when the concentration of Mn3+ ions within the oxygen array reaches a critical 
value, typically when the mean oxidation state of manganese falls below 3.5.2 

There are alternative 3-V lithium-manganese-oxide electrodes, such as the 
intergrowth structure of lithiated y-MnO2 and spinel-related MnO2, which offer significantly 
superior electrochemical cycling compared with the 3-V Lix[Mn2]O4 spine! electrode; however, 
improved performance of the 3-V MnO2 electrodes is still needed in terms of both electrode 
capacity and cycling stability. A potentially attractive alternative material for 3-V rechargeable 
lithium battery systems is a-MnO2.3 Other workers4-5 have already demonstrated that a highly 
pure and crystalline a-MnO2 product can be synthesized by a simple acid digestion of Mn2O3• 

Also, X-ray and neutron diffraction studies have shown that this a-MnO2 product is devoid of 
any "stabilizing" cation or molecule, other than H3O+ or H2O within the (2 x 2) tunnel.6 The 

1 M. M. Thackeray, M. H. Rossouw, A. de Kock, A. P. de la Harpe, R. J. Gummow, K. Pearce, and D. C. Liles, 
J. Power Sources 43-44, 289 (1993). 

2 R. J. Gummow, A. de Kock, and M. M. Thackeray, Solid State Ionics 69, 59 (1994). 
3 M.A. Humbert, P. Biensan, M. Broussely, A. Lecerf, A. Dolle, and H. Ladhilly, J. Power Sources 43-44, 681 

(1993). 
4 J. Brenet, J. Power Sources 39, 349 (1992). 
5 M. H. Rossouw, D. C. Liles, and M. M. Thackeray, Prog. Batteries & Bat. Mater. 15, 8 (1996). 
6 M. H. Rossouw, D. C. Liles, M. M. Thackeray, W. I. F. David, and S. Hull, Mater. Res. Bull. 21, 221 (1992). 
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electrochemical properties of dehydrated a-MnO2 electrode materials, however, are 
disappointing; the electrodes provide capacities of only 120 mAh/g after 20 cycles. 

At ANL we have replaced the water component in a-MnO2·nH2O materials with 
lithia (LizO) to fabricate "lithia-stabilized" electrodes that show significantly superior 
electrochemical properties to the parent a-MnO2 material. 

The structures of hydrated, dehydrated, and lithia-stabilized a-MnO2 samples were 
determined by using the Rietveld profile refinement technique combined with time-of-flight 
neutron-diffraction data collected at the ANL Intense Pulsed Neutron Source. As shown in 
Fig. I-3, water molecules in a.-MnO2·nH2O products reside in the (2 x 2) channels of the 
structure, with the oxygen ions from the water being located at the (0.0, 0.0, 0.48) po.sition, 
which is close to the position normally occupied by "stabilizing" cations such as K+ in 
cryptomelane (KMn8O16). The water can be entirely removed from a-MnO2 without structural 
collapse; this a-MnO2 framework is stable to at least 300°C. 
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The structure of a lithia-stabilized a-MnO2 sample of compos1t1on 
0.15LhO· MnO2 is depicted in Fig. I-4. A difference Fourier map provided evidence that the 
oxygen ions from the LizO molecule were located at (0.0, 0.0, 0.40), close to the position that 
was occupied by the oxygen ion of the H2O molecule in the hydrated compound. Interatomic 
Li-O distances showed that the lithium ions were coordinated more strongly to the oxygens of the 
framework structure than to the oxygens in the (2 x 2) tunnels. If an oxygen ion completely 
occupied the site at (0.0, 0.0, 0.5), then a distorted hexagonal-close packed oxygen array would 
result, similar to that found in y-MnO2 structures. These data, therefore, demonstrate that lithia 
stabilizes a-MnO2 structures with (1) oxygen-occupying sites in the defect oxygen array of the 
a-MnO2 framework and (2) the charge-compensating lithium ions occupying newly created 
interstitial sites. 
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Fig. I-4. Structure of 0.15LizO· MnO2 

Our analysis also showed that the volume of the unit cell of a.-MnO2 i~creases 
significantly (3.27%) when stabilized by LizO. In addition, the unit cell volume expands by an 
additional 4.58% when 0.26 Li is inserted into 0.15LizO·MnO2, either electrochemically or 
chemically, by reaction with n-butyl lithium at room temperature. The volume expansion occurs 
predominantly because of an increase in the a ( and b) lattice parameter of the tetragonal unit cell, 
while the c parameter, which reflects an 0-0 distance, remains effectively constant. From 
crystallographic symmetry, we expect that the Jahn-Teller distortion which occurs when the 
average manganese oxidation state reaches 3.5 will be accommodated in tetragonal a.-MnO2 
materials in two dimensions, rather than in one dimension, as is the case in the spinel system 
Lix[Mn2]O4, which undergoes a cubic-tetragonal distortion when x exceeds 1.7 This observation 
has implications for designing improved manganese oxide materials that will be more tolerant to 
lithium insertion and extraction reactions, particularly for rechargeable 3-V lithium cells. 

We also prepared Li/a-MnO2 coin-sized cells and galvanostatically cycled them at 
0.1 mA between 3.8 and 2.0 V. The initial discharge capacity delivered by the Li/a-MnO2 cell 
was 218 mAh/g. The capacity on the second cycle was 157 mAh/g, reflecting a significant 
capacity loss (28% ). On continued cycling, capacity was lost slowly and steadily, yielding 
136 mAh/g after 10 cycles. This performance represents a capacity loss of approximately 4% per 
cycle. By contrast, lithia-stabilized electrodes showed a significant increase in capacity and 
improvement in capacity retention on cycling; the cells delivered an initial discharge capacity of 
222 mAh/g and 204 mAh/g after 20 cycles, reflecting a capacity loss of only 0.4% per cycle. 
Furthermore, Li/0.15LizO· MnO2 cells showed excellent coulombic efficiency (98.9%) when 
discharged and charged over the same voltage range and at the same current (0.1 mA). Continued 
improvement of cells with a.-MnO2 electrodes will be sought. 

7 M. M. Thackeray, W. I. F. David, and J.B. Goodenough, Mater. Res. Bull. 17, 785 (1982). 
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b. Structural Studies of Vanadium Oxide Insertion Electrodes 

Among the desired properties of transition-metal oxide insertion electrodes for 
lithium batteries are high capacity, which is related to the extent to which lithium can be 
accommodated by a host structure, and long cycle life, which is related to structural stability 
upon lithium-ion insertion and extraction. A detailed characterization of atomic structure and 
phase stability as a function of lithium-ion insertion is a valuable complement to electrochemical 
measurements for assessing the capabilities of a candidate electrode material, as well as for 
suggesting strategies for improving the materials. It is frequently difficult, however, to obtain a 
comprehensive characterization of atomic structure by experiment alone. Computational theory is 
a valuable additional tool for elucidating structural issues. Different levels of computational 
theory may be considered, ranging from molecular dynamics to semi-empirical tight-binding to 
ab initio methods. Implementation of local density functional theory is of considerable interest, 
since it is the most rigorous treatment currently feasible. 

Monoclinic Lix V 3Os has a layered structure and is of interest as an electrode for 
2.5- to 3.0-V lithium batteries. We thus calculated the structure and electrochemical potential of 
Lix V 30 8 with local density functional theory and plane-wave-pseudopotential methods. Special 
attention was given to the compositions n~ar x = 1.2 and x = 4, for which X-ray diffraction 
structure refinements are available. 8 The location of the tetrahedrally coordinated lithium ions in 
the calculated low-energy configuration for x = 1.5 (designated the a-phase) is consist~nt with 
the structure measured by X-ray diffraction for x = 1.2. The calculated low-energy configuration 
for x = 4 ( designated the ~-phase) is consistent with the three lithium sites identified in X-ray 

diffraction measurements and can be used to predict the position of the fourth unobserved lithium 
ion. 
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Calculated ( open and filled circles) and 
Experimentally Determined (crosses) 
Atomic Positions in (010) Layer of 
Li4V3Os with Vacancy at So(2). The 
calculated energies for other possible 
lithium vacancy locations are indicated . 
Vertical rows of oxygen bend toward 
vanadium trimers and away from lithium 
dimers. 

8 L.A. de Picciotto, K. T. Adendorff, D. C. Liles, and M. M. Thackeray, Solid State Ionics 62,297 (1993). 
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Figure I-5 superimposes theoretically predicted (circles) and experimentally 
determined (crosses) coordinates in a single (010) layer of L4 V3Os. The root-mean-square (rms) 
deviation between theoretical and experimental positions is very low, about 0.15 A. An important 
qualitative feature of the structure is the curvature of the rows of oxygen, which reflects the 
stronger bonding to the vanadium than to lithium. Calculations were also performed for the a.
and P-monoclinic phases at intermediate compositions, for which no structural information is 
available from experiment. Calculations at these compositions were based on hypothetical 
lithium configurations suggested by the ordering of octahedral-site vacancy energies for Li4 V 308 
(P) and tetrahedral site energies in Li1.sV3Os (a.). The internal energy curves for the two phases 
were determined to cross near x = 3, in good agreement with electrochemical data.9 Predicted 
electrochemical potential curves have been shown to agree reasonably well with experiment. 
Structural studies of vanadium oxide insertion electrodes will continue into the next year. 

3. High-Power Energy Storage System 

In 1993 the Partnership for a New Generation of Vehicles (PNGV) established a research 
program between the U.S. government and the U.S. Council for Automotive Research (which 
represents Chrysler Corp., Ford Motor Co., and General Motors Corp.) with the objective of 
developing the next generation of automobiles. This passenger car will achieve up to 80 mpg 
(34 krn/L); have negligible environmental emissions and long range; and be safe, fuel efficient, 
and capable of running on alternative fuels. The PNGV program goal is the development of a 
production prototype of a six-passenger sedan in the year 2004. It is unlikely that one power 
system alone will be capable of meeting such a demanding goal, but a hybrid system could. We 
believe that the best hybrid vehicle will incorporate a fuel cell coupled with an energy-storage 
device having high-power capability. 

The high-power energy storage device is the subject of this work. We are investigating 
the concept of integrating the galvanic properties of battery "insertion" electrodes and the 
geometric high surface areas of supercapacitors to engineer a device, referred to hereafter as a 
"galvanic stack," that would meet the power and energy requirements of a hybrid electric vehicle. 

A hybrid system made from the combination of a fuel cell and a galvanic stack can provide the 
power and energy characteristics that are required without sacrificing the energy density, cycle 
life, and overall cost of the system. The galvanic stack should have high power capability 
(1-5 kW/kg) and very good specific energy (15-22 Wh/kg) and should be able to rapidly store 
and release large quantities of energy over hundreds of thousands of cycles. 

We are developing a lithium-ion-based galvanic stack as the high-power energy source. 
The approach is based on transition metal oxide electrodes, which have the capability of 
accommodating a significant amount of lithium within the host electrode structure. Lithium 
insertion and extraction reactions are accompanied by the galvanic reduction and oxidation of the 
metal cations within the host. By restricting to shallow limits of charge and discharge, the 

9 K. West, B. Zachau-Christiansen, S. Skaarup, Y. Saidi, J. Barker, I. I. Olsen, R. Pynenburg, and R. Koksbang, 
J. Electrochem. Soc. 143,820 (1996). 
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structural integrity of the electrodes is maintained. This results in high cycle life and permits 
energy recovery during regenerative braking. Initial cell data look very promising; indications are 
that a specific energy of 15-22 Wh/kg can be obtained with a life of hundreds of thousands of 
cycles. 

Safety is a key concern for the galvanic stack due to its very large power-to-energy ratio, 
on the order of 100:1. Such a high power demand necessitates a system that is inherently safe. 
Consideration has been given to the present "state-of-the-art" lithium-ion technology, which 
consists of a negative electrode of lithiated carbon/graphite, a positive electrode of transition 
metal-doped lithium cobalt oxide, and an electrolyte of lithium salt in an organic solvent. 
However, this system has several areas of concern with regard to safety during high power 
pulses. Namely, carbon/graphite intercalates lithium at approximately 100 mV (vs. lithium 
metal), and under high powe~ charge pulses, the negative electrode can be polarized to the extent 
that lithium metal forms. If the thermal management system fails or is inadequate, this lithium 
could create a hazardous catastrophic failure by reacting with the electrolyte or positive electrode. 

The present graphite/carbon-based system also suffers from a lack of end-of-charge 
indicator in the voltage profile, as can be seen in Fig. I-6, which is a comparison of a graphite 
electrode and a Li4 Ti5O12 electrode, both against a LiCoO2 positive electrode. Thus, overcharging 
with the graphite electrode is more likely because of uncertainty regarding the true state of 
charge. This could result in damaging structural effects at the positive electrode, such as oxygen 
release. (Severe overcharging is an even more dangerous situation due to the presence of lithium 
metal and free oxygen.) 
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Fig. I-6. Voltage Profiles for Graphite and Li4Ti5O12 Negative Electrodes. 
Determined in cells with LiCoO2 positive electrodes. 

Our approach to solving these safety/life problems is to replace the graphite/carbon 
negative electrode with an electrode that exhibits stronger two-phase behavior further away from 
lithium potential. Characteristic of a two-phase electrochemical reaction is a flat voltage 
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response. A distinct change in voltage is evident as one phase becomes depleted, thus providing 
an end-of-charge indicator (see Fig. I-6). The Li4Ti5012 ~ LbTi5012 reaction was thus found to 
be an attractive candidate as the negative electrode because of its two-phase electrochemical 
reaction and 1.55 V plateau (vs. lithium metal). 

Initial efforts have been devoted to testing the Li4TisOdLiC0O2 cell couple in small 
button-sized cell assemblies. Testing followed the 100-Wh Life Cycle Test Profile defined by 
PNGV. Each life cycle is 60-s long and consists of a 9-s discharge pulse, followed by an 18-s 
rest, followed by a 10-s charge pulse, and then followed by a 23-s slow charge to make the 
capacity slightly charge neutral. The life-cycle requirement with this profile is 50,000 cycles for a 
fast response engine and 120,000 cycles for a slow response engine. 

In keeping with the 4:3 ratio in voltage limits (mandated by the PNGV), the 
Li4TisO121LiCoO2 cell couple was operated between 2.7 and 2.0 V, with an open-circuit voltage 
slightly below 2.4 V at 50% state of charge. The cells have achieved excellent voltage stability 
over 112,000 life cycles to date (test ongoing). The cell cost would decrease if much of the cobalt 
in LiCoO2 were replaced with nickel. Such substitution would have little effect on the voltage 
window and theoretical capacity. 

We have developed a conceptual design of a 400-V galvanic stack based on the 
Li4TisOdLiNio.s2Coo.1sO2 system. The stack units consist of 144 spiral wound cells divided into 
eight modules of 18 cells enclosed in a thermally controlled jacket (Fig. I-7). (Other 
configurations can be utilized depending on the available space in the hybrid vehicle.) The cells 

Fig. I-7. Design of Galvanic Stack for Fuel-Cell Powered 
Vehicle. Cylindrical wound-cell design will be used 
for initial developmental efforts. 
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are cooled by air blown through finned intercell connectors, which provides cooling directly to 
the cell terminals. A moaeling program developed at ANL, which is part of a Microsoft Excel 
spreadsheet, was used to calculate the energy, power, weight, volume, and cooling system 
parameters for components and the entire system. From this modeling work, we determined that 
this cell couple would meet the performance goals stated by the PNGV. 

To simplify the preliminary design of the galvanic stack, we assumed that the electrodes 
and separator materials are wound to form a L4TisO12/LiNio.s2Coo.1SO2 cylindrical cell. 
Considerable savings in volume (and weight) may be realized by considering flat-wound cell 
designs and also hexagonal packing within the module. The area specific impedance for this cell 
was assumed to be 9 Q-cm2 in the spreadsheet calculations. However, the present 
L4Ti5O12/LiCoO2 cells have an area specific impedance that was measured to be approximately 
three times this value (30 Q-cm2). The bulk of the future effort in this work will be devoted to 
reducing the area specific impedance to the required value as predicted by the spreadsheet model 
(9 Q-cm2). 

Ongoing and future efforts to develop a high-power galvanic stack that is safe will be 
focused in three general areas. First, following the encouraging performance obtained from the 
L4Ti5O12/LiCoO2 system and results from the modeling studies, we plan to continue the study of 
"galvanic supercapacitors" in an attempt to optimize the preparation and performance of the 
electrode materials, as well as cell design and construction. Second, fundamental modeling will 
be used to determine the concentration, current, and potential distributions developed inside 
lithium-ion cells under PNGV testing regimes. Third, safety-related issues will be identified by 
measurement of thermal effects in small cells by means of electrochemical calorimetry studies. 

B. Electrochemical Analysis and Diagnostics Laboratory 

The Electrochemical Analysis and Diagnostics Laboratory (EADL) was established at 
ANL to study advanced battery systems for applications such as electric vehicles and utility load 
management. The facilities include a test laboratory to conduct battery experimental evaluations 
under simulated application conditions. Evaluations are performed for DOE, the Electric Power 
Research Institute, the U.S. Advanced Battery Consortium (USABC), and others to provide 
insight into those factors that limit the performance and life of advanced battery systems. The 
results of these evaluations help identify the most promising R&D approaches for overcoming 
these limitations and provide battery users, developers, and program managers with a measure of 
the progress being made in battery R&D programs, a comparison of battery technologies, and 
basic data for modeling. 

1. Performance and Life Evaluations 

Performance and life evaluations in the EADL were continued under a CRADA with the 
Advanced Battery Consortium. The tasks under the original CRADA (initiated in the last quarter 
of 1992) were completed in December 1997. A second CRADA having an increased scope of 
work was started in March 1997. The first CRADA focused on (1) testing of nickel/metal-
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hydride (Ni/MH) modules from an Advanced Battery Consortium contract with Ovonic Battery 
Co. and (2) a study to assess the suitability of modules that have reached the end of their electric-

, vehicle battery _lives for other applications, such as standby power, uninterruptible power sources, 
utility load management, and commercial/industrial vehicles such as golf carts and fork lift 
trucks. Activities under the second CRADA included evaluation of Ni/MH cells and modules 
from USABC battery cost reduction contracts with GM-Ovonics (GMO) and SAFf (France). 

The EADL has also assisted 3M Corp. and Hydro-Quebec by providing additional cell and 
module testing and characterization efforts to their lithium-polymer battery development program 
with the US ABC. The results of these tests and analyses will be released by the USABC at a later 
date. 

Also completed during this past year was the evaluation of an electric-vehicle battery 
pack from Chrysler Corp. (constructed with Ovonic Ni/MH modules). This study was started 
under Chrysler sponsorship but was later funded by DOE because the battery exceeded initial life 
estimates. Also initiated during 1997 was a study for DOE to assess the technical status of 
foreign electric-vehicle batteries. This study started with the testing of two Ni/MH modules from 
Yuasa Corp. (Japan) under the guidance of their U.S. partner, Exide Battery Corp. In addition, 
leasing and data disclosure agreements are also being prepared with AEG (Germany) and 
Matsushita Battery Industrial Co. and Panasonic EV Energy Co. to evaluate their sodium/nickel
chloride "Zebra" battery and Ni/MH electric-vehicle modules, respectively. The results of these 
tests and analyses will be released by DOE at a later date. 

Besides performance and lifetime evaluations, Argonne has supported the Advanced 
Battery Consortium by having representatives on the Ovonic Nickel/Metal-Hydride Working 
Group and the Battery Testing Procedures Tiger Team. Argonne has also participated in USABC 
battery readiness review meetings to verify proper test planning, instrumentation, and data 
acquisition before the start of unique tests. 

In 1998, evaluations will be continued for the Advanced Battery Consortium's GMO and 
SAFf Battery Cost Reduction Programs, and the lithium-polymer battery development program 
of 3M Corp. and Hydro-Quebec. The study to assess foreign electric-vehicle battery technologies 
for the DOE will also be continued. 

2. Post-Test Analysis 

A number of Ovonic Ni/MH cells underwent post-test analyses after life evaluations in 
the EADL. This activity was sponsored by the Advanced Battery Consortium to assist Ovonic 
staff in identifying and focusing their resources on critical design issues facing their technology. 
On occasion, the post-test analyses performed at ANL have involved the active participation of 
Ovonic researchers. These activities have declined, and our post-test analysis laboratory has been 
closed since the evaluation of Ovonic modules has been completed. 

Examinations were also completed for Commonwealth Edison Co. and Duke Power on 
circular lead-acid cells used for standby power requirements at their nuclear generating stations. 
These cells had exhibited an abrupt capacity loss, which caused the power station to fail its 
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periodic standby power test. Argonne was asked to identify the root cause(s) for this capacity 
loss. The results of these examinations revealed a grid corrosion problem that led to a high 
internal cell resistance and reduced capacity. 

C. Fuel Cell Research and Development 

Fuel cells convert chemical energy directly into electricity by electrochemical reaction 
mechanisms, eliminating the need for heat engines and rotating machinery. Since such systems 
have very low environmental emissions and offer high efficiencies, interest in their application 
continues to grow. In the past year, several automotive companies have made major 
commitments to develop fuel cells as the prime power source for electric vehicles. 

The CMT Division continues to address the fuel processing issues related to development 
of fuel cell systems for transport applications. We are also modeling these systems in close 
cooperation with the automotive users. Our research on a low-temperature solid oxide fuel cell 
for the transportation application was terminated by the sponsor, because it was viewed as too 
long range. In support of the developers of fuel cell systems for stationary power plants, we are 
fine-tuning the composition of an alternative _cathode material for molten carbonate fuel cells and 
are exploring new electrolytes to improve long-term performance. In addition to these laboratory 
activities, we are participating in several national and international committees: the polymer 
electrolyte and solid oxide fuel cell annexes of the International Energy Agency; the Russian
American Fuel Cell Consortium, which has the primary purpose of helping the Russian nuclear 
weapons laboratories become engaged in civilian R&D; and the Information Exchange Program 
with the Japanese energy development agency. 

1. Transportation Applications 

Vehicles powered by fuel-cell propulsion systems offer superior fuel economy, very low 
to zero pollutant emissions, and the option to operate on alternative and/or renewable fuels (e.g., 
methanol). To aid the development of fuel cells for transportation applications, we are 
developing methods that . will convert conventional and alternative automotive fuels into 
hydrogen and will remove carbon monoxide contaminant from the reformate gases. We are also 
modeling fuel cell systems under various modes of operation. 

a. Fuel Reforming 

Because conventional fuel cells run on hydrogen, liquid fuels must be converted 
to hydrogen on-board the vehicle in real time to meet the fluctuating power demands of the drive 
train. We have been investigating catalytic partial-oxidation reforming for the generation of 
hydrogen from conventional (gasoline and diesel) and alternative (methanol, ethanol, propane, 
naphtha, and natural gas) automotive fuels for use in fuel cell-powered automobiles and other 
light-duty vehicles. Such fuel processors need to be compact, lightweight, efficient, and capable 
of rapid startup and good dynamic response to changing fuel processing rates. 
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For the partial-oxidation reforming of a generic hydrocarbon fuel, CnHmOp, the 
idealized general reaction is 

where x is the oxygen/fuel molar ratio. This reaction can be conducted most efficiently in a 
catalytic reactor because catalysts provide high conversions and product selectivity at relatively 
low temperatures. We set up a micro-reactor apparatus to test various materials for their ability to 
catalyze the desired reaction. The tests were conducted with oxygen rather than air as the oxidant 
to eliminate the dilution effects of nitrogen in the air. A number of catalytic materials, including 
Fischer-Tropsch-type catalysts, were tested for this purpose. The best performance, however, was 
obtained with a new class of materials that was developed in our laboratory. This new Argonne 
catalyst was tested with various individual hydrocarbons (iso-octane, toluene, 2-pentene, 
cyclohexane) to represent the different types of hydrocarbons (paraffins, aromatics, olefins, and 
naphthenics, respectively) present in typical gasolines. Methanol, ethanol, and natural gas-often 
considered as alternative fuels for transportation-were also tested. 

Figure I-8 shows the effect of temperature on the composition of the product gas 
obtained using iso-octane as the fuel and the new catalyst material. For these experiments, the 
oxygen-to-fuel and the water-to-fuel molar ratios were set at 4 and 9, respectively. With 
increasing temperature, the unreacted iso-octane percentage decreases while the hydrogen 
percentage increases. At 630°C, the iso-octane is almost completely reacted, and the hydrogen 
concentration is over 60% (on a dry basis). For the reactant feed proportions used, the maximum 
hydrogen concentration achievable theoretically is 68.8%. Thus, the product gas contained 87% 
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of the hydrogen theoretically available. The remaining hydrogen would be produced by the 
conversion of carbon monoxide by the water-gas shift reaction: 

CO + H2O ➔ CO2+ H2 (2) 

The product gas distribution as a function of temperature was also determined for 
the partial-oxidation reforming of pipeline natural gas. The natural gas contained 93% methane, 
the balance being propane and butane. At 690°C, the unreacted methane was less than 0.5%, and 
the hydrogen concentration was 70%. The theoretical maximum at the experimental feed 
proportions (O2/CRi = 0.5, H2O/C~ = 1.6) is 75%. The catalyst did not show any deactivation 
after several days of operation-this is particularly significant because the natural gas contained a 
small amount of sulfur compounds ( odorizer). Thus, the catalyst is resistant to sulfur poisoning. 
Similar high hydrogen concentrations were obtained from the other fuels tested with partial 
oxidation reforming. 

As part of the development of a partial-oxidation catalyst, we tested the effect of 
crystal structure on the product distribution of the catalytic reforming process. A simple 
hydrocarbon, pentane, was used as the fuel, and the ratio of C5H12:H20:02 was fixed at 1:3:2.8. 
This ratio was selected to provide sufficient oxygen and water for the reaction: 

CsH12 + 3H20 + 2.502 ➔ 2CO + 3C02 + 9H2 (3) 

We tested two catalyst materials with different crystal structures (proprietary). The 
concentrations of H2, CO, and CO2 in the product gas were comparable for the two catalysts in 
the temperature range of 700-750°C. The only difference between the two materials was the 
minimum temperature at which the pentane (C5H12) was completely converted. With the first 
catalyst, a complete conversion was achieved at 630°C; while the second catalyst required 675°C 
for complete conversion of the pentane. Studies of catalyst structure will continue. 

b. Removal of Carbon Monoxide from Reformate 

Because of their low operating temperatures, polymer electrolyte fuel cells are 
being targeted for the transportation application. For this fuel cell system, the fuel gas from the 
reformer must be cooled, humidified, and purified to obtain the best performance from the fuel 
cell stack. One of the major contaminants in the reformate is carbon monoxide, which must be 
reduced to less than 100 ppm to avoid significant degradation in fuel cell output. We are 
investigating a regenerable CO sorption process based on the complexing of CO with CuCl. This 
sorption process is based on the reversible complex formation and dissociation reactions between 
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CO and CuCl. Such a complex process may take several forms, as documented in the 
literature10

-
13: 

CO + CuCl (sol) H CuCl(CO) (sol) (5) 

CO+ CuCl (aq HCl or KCl) H Cu(CO)Cl! (6) 

CO + CuCl + 3X H [Cu(X)3COt er, where X = Nl4Cl or NH3 (aq) (7) 

nCO + Cu1-ZSM-5 (zeolite) H (ZSM-5)Cu(nCO), where n = 1-3 (8) 

We have conducted two series of experiments to prove the concept. In the first 
series, a gas mixture containing 0.93% CO, 3.02% H20 vapor, and balance N2 was bubbled 
through an aqueous KCl or HCl solution that contained CuCl (Eq. 5). The experiment was 
carried out at room temperature and atmospheric pressure. Results of the experiment showed that 
CO was readily removed by CuCl in both KCl and HCl solutions, and that the solution was easily 
regenerated by passing N2 through the solution. In the second series, CuCl was supported and 
dispersed on a porous, high-surface-area, solid substrate by wet impregnation followed by heat 
treatment. This sorbent was then tested for the CO uptake in a thermal-gravimetric apparatus 
with the test gas containing a range of CO concentrations (3.0 to 30.1 vol%) in N2. As was 
observed in the solution tests, the solid sorbent also readily captured CO from the gas stream and 
was easily regenerated by Nz. The rates of CO sorption and desorption were relatively rapid and 
reproducible. Results of these two series of experiments demonstrate that this concept is valid. 

During the past year, we also studied the CO sorption limitations of CuCl
impregnated sorbent (activated bauxite) as a function of the test-gas composition, CO 
concentration, and temperature. In these studies, the amount of CO taken up by the sorbent was 
found to depend on the chemical composition of the test gas to which the sorbent was exposed. 
In tests at room temperature and atmospheric pressure, the sorbent captured 97% more CO from 
a test gas containing 3% CO in N2 than a simulated reformate test gas of 3% CO, 50.6% H2, and 
18.6% CO2 (balance N2). The sorbent readily captured H20 vapor from the reformate test gas, 
and the amount of CO removed decreased with increasing H20 vapor uptake by the sorbent. 
However, the after-test sorbent was reactivated by a subsequent heat treatment at temperatures 
greater than 150°C. The CO sorption capacity of the sorbent also increased with increasing 

10 N. V. Sidgwick, Ed., The Chemical Elements and Their Compounds, University Press, Amen House, London, 
Vol. I, pp. 131-132 (1950). 

11 Y. Xie, N. Bu, J. Liu, G. Yang, J. Qiu, N. Yang, and Y. Tang, "Adsorption for Use in the Separation of Carbon 
Monoxide and/or Unsaturated Hydrocarbons from Mixed Gases," U.S. Patent No. 4,917,711 (April 17, 1990). 

12 G. Spoto, A. '.Zecchina, S. Bordiga, G. Ricchiardi, G. Martra, G. Leafanti, and G. Petrini, Appl. Cata/. B: 
Environmental 3, 151-172 (1994). 

13 X. D. Peng, T. C. Golden, R. M. Pearlstein, and R. Pierantozzi, Langmuir 11, 534-537 (1995). 
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concentrations of CO in the test gas, but the increase was not linearly proportional to the CO 
concentration. In contrast, the amount of CO sorbed decreased linearly with temperature from 
room temperature to 160°C, as shown in Fig. I-9. As indicated by the figure, CuCl loses its 
complexing capability with CO totally at 160°C. However, even at 100°C, the sorbent 
maintained 82% of its CO sorption capacity measured at the normal operating temperature 
(80°C) of the polymer electrolyte fuel cell. This finding indicates that, if thermal runaway of the 
upstream fuel processing system generates reformate at temperatures 80-100°C, then the CuCl
impregnated sorbent will still provide sufficient safeguard for the downstream fuel cell stack by 
effectively removing CO. 
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Results of these studies show that the CuCl-impregnated sorbent possesses unique 
CO-sorption characteristics that make it potentially suitable for CO removal in light-duty 
vehicles. In future work, we will develop CuCI dispersion techniques on high-surface-area 
substrate to increase CO sorption/desorption rates and sorbent utilization. We will also develop 
methods to improve the sorbent resistance to water vapor in the reformate, investigate other 
potential chemical sorbents, and test this process with actual reformate from gasoline or alcohol 
reforming. 

c. Modeling and Systems Analyses 

In this effort, we are developing computer simulations of various configurations 
of fuel cell systems for use in light-duty vehicles. The major activity is directed toward the design 
and analysis of polymer electrolyte fuel cell systems and components; alternative fuel cell 
systems and components are also modeled, as needed. The objectives are to determine (1) key 
design parameters and operating efficiencies and (2) the influence of component design on 
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startup and dynamic performance. We have developed a system design and analysis code 
(GCTool) that consists of component models (as C data structures), mathematical utilities, 
property utilities, and thermodynamic data. The code permits modeling of variable system 
configurations and is capable of performing parametric analyses, optimizations, and time 
integrations. 

Work this year focused on analyses of hydrogen-fueled and gasoline-fueled 
vehicles operated on various driving schedules. Vehicle performance and equivalent fuel 

economy were determined for present-day and future vehicles. In these analyses, we worked 
closely with technical teams in the DOE Partnership for a New Generation of Vehicles: the 
Systems Analysis Team for fuel-cell system operation at design and partial load and for 
performance of warm and cold systems; the Vehicle Engineering Team for a packaging study 
taking into account component weights, volumes, flow rates, etc.; and the Fuel Cell Team for 
startup and dynamic performance on different driving schedules. 

One example of such analyses is the drive-cycle performance that we conducted 
for hydrogen-fueled fuel cell vehicles. For this example, two vehicles were considered: an 
aluminum-intensive vehicle, the Mercury Sable (AN Sable), and the P2000 vehicle, both from 
Ford Motor Co. The P2000 vehicle is lighter (1043 vs. 1491 kg) and has a lower drag coefficient 
(0.25 vs. 0.33) than the AIV Sable. The fuel economies for the two vehicles with 40- and 80-kW 
fuel cell systems were calculated for three driving schedules: the Federal Urban Driving Schedule 
(FUDS), a highway schedule, and a combination of the two. Results are given in Fig. I-10. For all 
three driving schedules, tI?-e P2000 vehicle showed the best fuel economy, and the two fuel cell 
systems did not appear to make much difference in fuel economy for each vehicle. In future work 
we will analyze the effect of system design variables on system efficiency. 

2. Direct Methanol Polymer Electrolyte Fuel Cells 

a. Anode Catalyst Development 

Work is in progress to develop a polymer electrolyte fuel cell fueled directly by 
methanol. The direct methanol fuel cell (DMFC) is an attractive power source for portable, 
lightweight application (military or consumer electronics) due to the high energy density of 
methanol, the portability and ease of distribution of liquid rather than gaseous fuel, and 
elimination of the fuel reformer. One of the major obstacles impeding development of this power 
source is the low activity of the anode catalyst for methanol oxidation. We are developing 
improved anode catalysts using X-ray absorption spectroscopy, X-ray diffraction, and 
electrochemical studies. The following summarizes our electrochemical investigation of 
platinum-based catalysts for their methanol oxidation activity. 

The platinum-based catalysts were in the form of small particles (1-10 nm), either 
unsupported or supported on carbon powder. The catalyst powders (see Table I-2) were mixed 
with a solubilized form of Nafion® to form an ink, which was applied to the polished face of a 
glassy-carbon rod. The catalyst was then tested for its ability to oxidize methanol in an aqueous 
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electrochemical cell with a platinum-wire counter electrode and a mercury/mercuric. sulfate 
reference electrode. 

Table I-2 gives the potentials at which methanol oxidation current was first 
observed during the anodic voltammetric scan. Some of the catalysts are listed twice to facilitate 
comparison. The first group of catalysts illustrates the effect of the addition of alloying metals to 
platinum, which are known to form oxide species at lower potentials than platinum. Both Ru and 
Os were found to lower the methanol oxidation potential as compared with pure platinum. As 
shown in the first and second groups in Table I-2, the catalyst with the lowest methanol oxidation 
potential is Pt0.5Ru0.5, with no effect of the support on the initiation potential. The third group of 
catalysts in Table I-2 iIIustrates the effect of increasing the Pt:Ru ratio in the unsupported 
catalysts. The methanol oxidation potential increased with decreasing fraction of ruthenium in 
the alloy. We found that Pt/Ru/Os alloys have lower initiation potentials for the methanol 
oxidation reaction than the mixed metal-metal oxide, PtRuOx, No further work in this area is 
planned. 

b. Modeling of Direct Methanol Fuel Cell 

We are developing a comprehensive model of a polymer electrolyte-based DMFC. 
As part of that activity, an isothermal, steady-state model of the anode has been developed. This 
anode is considered to be a porous electrode consisting of an electronically conducting catalyst 
structure that is thinly coated with an ion-selective polymer electrolyte. The pores are filled with 
the aqueous feed solution of 2 M methanol. Four different species are transported in the anode: 
water, methanol, hydrogen ions, and carbon dioxide. In the model, four species move in the 
x-direction through the depth of the electrode. Species movement in they-direction is taken into 
account for water, methanol, and carbon dioxide by use of an effective mass-transfer coefficient. 
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Table I-2. Platinum-Based Catalyst Powders Tested for Methanol Oxidation Electroactivity and Initial 
Potential for Methanol Oxidation 

Catalyst Composition Carbon Weight% Methanol Oxidation 
(mole ratio) Support Metal Potential, a V vs. RHE 

Pt yes 20 0.373 

Pt/Ru (1:1) yes 20 0.188 

Pt/Os (8:2) yes 20 0.237 

Pt/Ru/Os (5:3:2) yes 20 0.230 

Pt/Ru (1:1) yes 20 0.188 

Pt/Ru (1:1) yes 50 0.222 

Pt/Ru (1:1) yes 60 0.203 

Pt/Ru (1:1) yes 80 0.218 

Pt/Ru (1:1) no 100 0.189 

Pt/Ru (1:1) no 100 0.189 

Pt/Ru (7:3) no 100 0.201 

Pt/Ru (9:1) no 100 0.220 

Pt Black no 100 0.287 

Pt/RuOx (1:1) no 100 0.315 

a All potentials were converted to the reversible hydrogen electrode (RHE) reference scale. Voltammetric 
scans were taken at 5 mV/s from Oto 1.23 Vin a quiescent 2 M methanol/0.5 M sulfuric acid solution. 

The model predictions have been verified with experimental data, as shown in 
Fig. I-11. The experimental data were obtained from a polymer electrolyte membrane fuel cell 
operated with an aqueous methanol feed to the anode and hydrogen feed to the cathode; for this 
condition, the cathode is equivalent to a reversible hydrogen electrode after subtraction of the 
potential drop due to the membrane resistance. Therefore, the experimental data could be 
reasonably interpreted as the potential drop through the anode. The standard deviation of the 
model prediction from the observed data is only 4 mV up to a current density of 1 A/cm2

• 

A sensitivity analysis was performed to identify the critical parameters affecting 
the anode performance. Kinetic limitations, the conductivity of the polymer electrolyte, and the 
anode thickness were found to be the key parameters affecting the performance of the anode in 
the typical operating range of 0.5-0.6 V. 
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This model can be used to design a liquid feed anode for the DMFC that yields 
optimal performance at a given set of operating conditions. The water concentration profile 
through the anode's polymer electrolyte can be used to predict dehydration. The model can also 
be used to calculate the amount of methanol crossover through the membrane, based on the 
predicted methanol concentration at the anode/membrane interface. In addition, the anode's 
volume fractions of polymer electrolyte and catalyst can be effectively varied with the knowledge 
that the potential drop through the anode is caused by kinetic and ohmic limitations but not mass
transfer effects. The model is being expanded to predict the performance of a complete polymer 
electrolyte fuel cell by including the membrane and cathode. 
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3. Molten Carbonate Fuel Cells 

The CMT Division has a program on development of the molten carbonate fuel cell for 
utility applications, which offers the possibility of higher efficiency compared with other 
technologies. At present, the molten carbonate fuel cell consists of a porous nickel anode, a 
porous nickel oxide cathode, a semi-fluid (Li,K)2CO3 + LiA1O2 electrolyte, and a metal bipolar 
plate. The operating temperature is 650°C. The molten carbonate fuel cell program is engaged in 
efforts to develop alternative cathodes, develop nonsegregating electrolytes, and improve the 
corrosion resistance of the cell components. The goal of these efforts is to extend cell life, 
increase power density, and decrease cost. 

a. Alternative Cathodes 

In the present technology, lithiated NiO is used as the cathode. Over the lifetime 
of the cell, however, Nf+ ions tend to transport to the anode, where they are reduced to metallic 
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nickel.14 With increased CO2 partial pressure, the nickel transport increases because of the 
increased solubility of NiO in the carbonate electrolyte. Although this process is slow in molten 
carbonate fuel cells operated at atmospheric pressure (100 kPa) and low CO2 partial pressure 
(about 10 kPa), transport of nickel to the anode may be excessive at a higher pressure (about 
300 kPa) and CO2 partial pressure (about 30 kPa). This transport is expected to lead eventually to 
poor cell performance and/or short circuiting. 

Several alternative-cathode compositions have been explored to reduce cathode 
solubility in the molten carbonate electrolyte. For example, LiCoO2 has been studied extensively 
as a potential cathode material. The LiCoO2 cathode has a low resistivity, about 1 .Q•cm at the 
cell operating temperature of 650°C, and can be used as a direct substitute for NiO. However, the 
high material cost may prevent large-scale implementation. 

We are developing advanced cathodes based on lithium ferrate (LiFeO2), which is 
attractive because of its very low solubility in the molten (Li,K)2CO3 electrolyte.15 In contrast to 
Co2

+, Fe2
+ is not reduced at the anode. However, the LiFeO2 cathode, because of its high 

resistivity (about 300 .Q·cm), cannot be employed as a direct substitute for the lithiated NiO 

cathode. A solid solution consisting of LiFe02, LiCo02, and NiO is expected to possess some 
properties of these materials. The LiFeO2 will lower the solubility of the material in (Li,K)2CO3 

electrolyte, and LiCoO2 and NiO will lower the resistivity to an acceptable level (about 1 .Q·cm). 
Transport of nickel- and cobalt-containing species to the anode is also expected to decrease 
because of their lower activities in the cathode. 

Using mixed oxide and the glycine-nitrate methods, we have prepared many 
compositions in the LiFeO2-LiCoO2-NiO system. They were characterized in terms of phase 
distribution and resistivity. The phase distribution data vs. composition are represented in the 
phase diagram shown in Fig. I-12, along with proposed solid-solution boundaries. Two regions 
of homogeneity are visible in Fig. I-12. One extends from the LiCoO2 corner to about 12 mol% 
LiFeO2 and about 6 mol% NiO. In this region, the materials crystallize with a layered, hexagonal 
crystal structure similar to that of LiCoO2. A larger region of homogeneity extends from the 
LiFeO2-NiO join to about 15-20 mol% LiCoO2. Here, the materials crystallize with the rock-salt 
(NaCl) structure. 

As expected, the resistivity of LiFeO2 at the cell operating temperature (650°C) is 
lowered by solid-solution formation. The combination of a small amount of LiCoO2 with LiFeO2 
lowers the resistivity of the solid solution much more than with a comparable amount of NiO. 
For example, incorporating about 6 mol% LiCoO2 lowers the resistivity from 300 .Q·cm to less 
than 10 .Q·cm, which is an order of magnitude lower than that of the binary with 6 mol% NiO. 
Indeed, in the high-LiFeO2-containing ternary solutions, compositions were found with 

14 N.Q. Minh, J. Power Sources 24, 1-19 (1988). 
15 D. Shores and Y. Qu, "Dissolution of Oxides in Molten Carbonates," Proc. Third Int. Symp. on Carbonate Fuel Cell 

Technology, 183rd Electrochem. Soc. Meeting, Honolulu, HI, May 16-21, 1993, Vol. 93-3, pp. 356-367 (1993). 
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resistivities close to that of LiCoO2; for example, 75 mol% LiFeOi-12.5 mol% NiO-12.5 mol% 
LiCoO2 has a resistivity of only 2.6 Q·cm. In the future, cell tests are planned using the LiFeO2-
LiC0O2-NiO materials. Here, the crucial issues are chemical stability in the molten carbonate 
electrolyte and electrochemical performance. 

A potentially less-expensive method to fabricate cathode structures is to use Fe
Ni-Co alloy preforms. Here, the basic structure is formed by oxidizing and lithiating the alloy to 
form the final cathode composition. We determined that good phase formation with this alloy 
depended upon the particle size of iron metal. A heat-treatment study with 48.5% Fe-48.5% Ni-
3% Co mixtures was also carried out to determine the optimal conditions to form the metal solid 
solution. These mixtures were heated at 650, 750, and 850°C for 4 h in 0.5% Hi/Ar atmosphere. 
X-ray diffraction analysis of all the heat-treated samples indicated the desired phase conversion 
to y solid solution. 

Heat treatment serves two functions: a mixture of Fe, Ni, and Co is converted to a 
metal solid solution, and a sintered metal preform is made. Diffusion also causes sintering, which 
decreases porosity in the cathode. An optimized heat-treatment process is being sought to 
maximize phase formation kinetics while maintaining a porous microstructure. 

In addition to proper phase formation, microstructural development of the metal 
preform is important for cathode performance. A significant volume fraction of porosity is 
required for gas permeation and liquid-salt entrainment during operation of the molten carbonate 
fuel cell. To create more pores in the cathode, rice starch was added to the Fe-Ni-Co cathode 
materials (minus LiiCO3). The starch created pores when burned out during the sintering process. 
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Varying amounts of starch (up to 20 wt%) were added to the batches to study the effect on 
porosity. As can be seen from Fig. I-13, a monotonic density decrease was observed with 
increasing starch content. Further research will focus on obtaining a porous metal preform that 
can be lithiated. 
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b. Nonsegregating Electrolytes 
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Electrolyte segregation has been reported16 to occur within both the individual 
molten carbonate fuel cell and stack of cells. In the cell, the segregation increases the potassium 
concentration near the cathode, which, in turn, leads to increased cathode solubility and 
performance decline. In a stack of fuel cells, the high potential difference along the manifold 
gaskets causes electrolyte migration and cation segregation, which, in turn, lead to severe 
performance decline of the "end" cells. 

We have screened electrolyte compositions for segregating behavior by using 
12-cm-long strips that were wetted with carbonate and exposed to 5- to 20-V potential gradients. 
These conditions simulate the gasketing strip of an externally manifolded molten carbonate fuel 
cell. In our case, strips of carbonate-wetted LiAf O2 were made from cold-pressed powders. The 
strip was purged with a 1 :2 O2:CO2 gas mixture at 655°C. After 72 h at 20 V, the potential 
distribution in the strip reached equilibrium. The strips were quenched under load and later 
examined by metallography. These strips were sectioned for chemical analysis by inductively 
coupled plasma/atomic emission spectroscopy (ICP/ AES). From the ICP/ AES results, cation 

16 H. R. Kunz, J. Electrochem. Soc. 134, 105 (1987). 
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ratios and electrolyte fill in each of the sections were calculated. The variation in cation 
composition vs. strip length was linear; therefore, these deviations were represented as a single 
cation separation value, or "segregation factor," given in units of mole percent per centimeter. 
The ICP/AES results are presented in a plot of electrolyte segregation factor vs. LhCO3-Na2CO3 
electrolyte composition (see Fig. I-14). The plot indicates that the nonsegregating range is 67-75 
mol% LizCO3. Surprisingly, the eutectic carbonate (52 mol% LizCO3) displays the greatest cation 
segregation. Even on the sodium-rich side of the eutectic composition (40 mol% LhCO3), the 
electrolyte exhibits lower cation segregation than does the eutectic. 
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Electrolytes Containing from 40 to 75 mol% LizCO3 

Performance data from bench-scale cells were used to compare the performance 
of LizCO3-Na2CO3 electrolyte compositions. Data on cell impedance, cell voltage, and electrode 
performance at various utilizations and current density operations were collected as a function of 
time at 650°C and 1 atm with laboratory standard oxidant (air+ 28% CO2) and humidified fuel 
(80% H2 + CO2). Figure I-15 shows the polarization curves for bench-scale cells with six 
electrolyte compositions. The cell tests displayed improved performance in the nonsegregating 
electrolyte range. Compared to the eutectic (52 mol% LhCO3) composition, cell voltage 
increased about 100 mV at 160 rnA/cm2 for the off-eutectic carbonate compositions, 65-75 
mol%LhCO3. 

Cell area-specific impedances, a combination of IR losses and electrode 
polarization, for the cell tests have been correlated with the segregation factor derived from the 
strip screening tests. This correlation suggests that the composition of the carbonate at the 
electrodes plays a significant role in the performance of the molten carbonate fuel cell. Only a 
minor portion of the reduced cell polarization can be attributed to increased electrolyte 
conductivity that is associated with the increased LizCO3 content of the nonsegregating 
electrolyte composition. Post-test examination of molten carbonate cells will investigate this 
observation further. 
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Fig. I-15. Polarization Curves in Cell Tests with Various Electrolyte 
Compositions. The LizCOiNaCO3 compositions (in mol%) are 40/60, 
52/48, 60/40, 67/33, 71.5/28.5, and 75/25. 

c. Cell Hardware 

The temperature, gas compositions, electrolyte composition, and chemical 
potential differences in the molten carbonate fuel cell lead to corrosion of the metal hardware. 
Two regions in the molten carbonate cell experience high corrosion rates, the bipolar plate and 
the wet seal area. We are determining the mechanism of this corrosion and investigating methods 
to mitigate it. 

The bipolar plate in the molten carbonate fuel cell consists of nickel-clad stainless 
steel. Here, the nickel-clad side is exposed to the anode compartment and the bare steel side, to 
the cathode. A LiFeO2-based oxide scale forms on the bare steel during cell operation, which 
lowers cell performance because of its high resistivity. Our approach to the corrosion problem is 
to develop alternative metal~ and alloys that form oxide scales with lower resistivity. On the 
basis of the LiFeO2 cathode work (Sec. I.C.3.a), solid-solution formation with NiO and LiCoO2 
dramatically lowered resistivity. Thus, if an Fe-Co-Ni alloy is formed with the metal ratios equal 
to those of the conductive LiFeO2 solid solution, then the solid solution may form on the metal 
surface during the corrosion process. 

This study has provided data that show propiise for powder metallurgy of Fe-Co
Ni alloy). The two major obstacles to be overcome are porosity and secondary phases. We have 
been able to reduce secondary phases to insignificant amounts simply by using very fine metal 
powder ( on the order of 10 µm). Sintering at temperatures closer to the melting point improves 
the kinetics of reaction and, consequently, reduces secondary phases as well as pores. Future 
work will focus on corrosion and in situ resistivity measurement in a cathode environment. 
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4. Technical Management 

The CMT Division, through the ANL Electrochemical Technology Program, provides 
support to the DOE Office of Transportation Technologies and to the DOE Office of Buildings 
Technology in the form of technical management of R&D contracts with industrial developers of 
fuel cells and related components. In this capacity, we prepare work statements, evaluate 
proposals, and conduct progress reviews. Major ongoing projects managed by CMT include DOE 
contracts with General Motors Corp., Ford Motor Co., Chrysler Corp., and fuel-cell component 
suppliers. 

The DOE/General Motors project managed by the Electrochemical Technology Program 
completed the third year of a $35 million contract to develop a methanol-fueled polymer 
electrolyte fuel cell system for automotive applications. During 1997, a 50-kW polymer 
electrolyte fuel cell stack was built by Ballard Power Systems (under a subcontract to General 
Motors). This stack achieved a specific power of 480 W/kg and a power density of 700 W/L, 
meeting program performance targets. Delphi Automotive Systems also built an improved 
50-kW stack of their own design, to be tested in 1998. General Motors completed the scaleup of 
a partial oxidation reformer for methanol to a size suitable for a 50-kW fuel cell; this effort 
represents a successful technology transfer from Argonne, where the concept was developed, to 
General Motors. 

Under the DOE/Ford project, International Fuel Cells (IFC) Corp. successfully fabricated 
a high-efficiency 50-kW fuel cell system and delivered the unit to Ford for testing. Operating on 
hydrogen fuel, the system achieves an efficiency of 60% at partial power and 50% at full power. 
Unlike many fuel cell systems, the IFC unit operates without an air compressor. Eliminating the 
need for a compressor greatly simplifies the system and decreases the auxiliary power 
consumption, which results in greater energy efficiency. 

The DOE/Chrysler project was completed during 1997. In this project, AlliedSignal 
(under subcontract to Chrysler) successfully built and tested a 100-cell stack operating on 
hydrogen fuel. AlliedSignal's cost analysis projected a fuel cell cost of $108/kW, based on 
current performance, and $68/kW, based on targeted performance, at an assumed production 
level of one million per year. System integration tests, conducted by PEI Electronics, Inc., on the 
AlliedSignal stack using simulated automotive driving cycles, validated Chrysler's conceptual 
design of a light-duty vehicle powered by a fuel cell with a battery load-leveling unit for peak 
power and recovery of braking energy. 

The CMT Division is constructing a Fuel Cell Test Facility, which will fulfill DOE's 
need for an independent source for validating the performance of fuel cells fabricated by 
industrial developers under DOE sponsorship. The facility will have the capability for testing 
either fuel cell stacks or complete systems (fuel processor and stacks) with a size up to 60 kW of 
electrical power output. The test room has been constructed, and b.ulk hydrogen storage via 
compressed gas tubes has been installed. A gas management system has been procured to control 
the pressure, temperature, humidity level, and flow rate of both the fuel and oxidant gas supplies 
to the fuel cell. Argonne will complete the Fuel Cell Test Facility, commission it, and initiate the 
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independent evaluation of fuel cells for DOE in 1998. A 30-kW fuel cell stack built by Ballard 

Power Systems is the first system scheduled to be evaluated in the test facility. 





II 
Hazardous and Mixed Waste Research 

A major challenge facing DOE is management of the massive quantity of hazardous and mixed 
(hazardous/radioactive) waste that has accumulated at various DOE sites as a result of nuclear
defense production conducted for more than four decades at these sites. Cleanup and disposal of 
this waste in an environmentally sound and cost-effective manner is now a major DOE mission. 
ID addition, minimization of hazardous waste production and safe and efficient management of 
any hazardous waste that is produced are becoming increasingly important considerations in the 
commercial sector. We are investigating a variety of approaches aimed at treating and disposing 
of hazardous and mixed wastes in support of DOE's waste management mission. ID addition, we 
are investigating whether the technologies developed for DOE applications could also be used for 
hazardous waste minimization in industry. 

A. Development of Aqueous Biphasic Extraction Processes 

Aqueous biphasic extraction (ABE) is a highly adaptable separation technique that can be 
used in a wide range of applications. We have been evaluating various types of ABE systems for 
possible applications in the treatment of solid radioactive wastes, liquid nuclear wastes, and 
contaminated soils, and in the removal of organics from aqueous salt solutions. Below, we 
summarize the recent developments in our efforts to design efficient systems for metal separation 
and soil decontamination. 

1. Metal Separations 

The ABE extraction systems are generated by combining an aqueous salt solution and an 
aqueous polymer solution. This produces two distinct liquid layers that are as immiscible as oil 
and water, yet each liquid layer contains at least 70 to 80 wt% water. The biphasic systems that 
we have been working with consist of immiscible polyethylene glycol (PEG) and salt solutions. 
Some inorganic salts that promote biphase formation with PEG solutions include the 
sodium/potassium salts of sulfate, carbonate, phosphate, and hydroxide. A major difficulty 
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encountered when designing ABE systems for metal ion extraction has been an inability to 
efficiently back extract solutes from the polymer-rich phase. This is primarily due to the 
relatively high salt concentrations that are required to maintain the aqueous biphase system. 
Proposed flowsheets that involve treating the loaded polymer phase with ion-exchange resins or 
back extraction into secondary salt-rich phases are inefficient and generate significant amounts of 
waste. 

We have found that the recovery of the extracted metal complex can be achieved by 
contacting the loaded PEG-rich phase with a water-immiscible alcohol phase (e.g., n-butanol) at 
elevated temperature (60-80°C). The elevated temperature provides the thermodynamic driving 
force for the selective partitioning of the PEG from the aqueous phase into the alcohol phase. The 
partition coefficient for PEG with a molecular weight of 4000 in the n-butanol/water/salt/PEG 
system at elevated temperature is 2:15, while the partition coefficient for the salts is :Sl0-3

• 

Partition data for the butanol/water system at 60°C are summarized in Table II-1. The mass 
transfer of PEG into the alcohol phase results in significant phase volume change so that even 
though the partition coefficient for PEG is marginal, we still achieve >99.4% PEG recovery. In 
general, increasing temperature and PEG molecular weight lead to more favorable partitioning of 
the polymer into the alcohol phase; 

Table II-1. Partitioning in n-Butanol/Water/Sulfate/PEG 
System at 60°C 

Species - Partition Coefficient3 

PEG-4000 15 

PEG-10,000 -35 

Sulfate 0.001 

n-Butanol 12.7 
3The PEG phase was prepared by equilibrating equal 
volumes of 15 wt% PEG-3400 and 12 wt% Na2SO4 
solution at 60°C. An initial phase volume ratio of 
butanol/PEG solution of one produced an equilibrium 
phase volume ratio of five. 

The polymer can be recovered from the alcohol phase by back extraction into a dilute salt 
solution at low temperature c:s;20°C). The tie-line composition of the polymer-rich phase from the 
PEG/salt/water phase diagram can be used as a guide in choosing the appropriate salt 
composition for this back extraction step. Partition coefficients for PEG-4000 during back 

extraction at 5 and 20°C are given in Table II-2. 

As in the forward extraction, there is also a large phase volume change during back. 
extraction because of the mass transfer of large amounts of polymer. For the three cases listed in 
Table II-2, initial phase volume ratios (polymer-to-salt) of one produced, at equilibrium, phase 
volume ratios of 0.3. The data in Tables II-1 and -2 for the PEG-4000 species show that 
temperature is the primary factor in determining partitioning behavior of this polymer. 
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Table II-2. Back Extraction of PEG-4000 from n-Butanol 
at5 and 20°C 

PEG-4000 Partition Coefficient 
[Na2SO4J, wt% 

20°c 5°C 

0 0.048 0.025 

O.Ql 0.044 0.028 

0.05 0.047 0.028 

An example ABE flowsheet for the removal of actinides from high-ionic-strength salt 
solutions, similar to those used in the decontamination of concrete surfaces, is shown in Fig. II-1. 
Prior to the first extraction section, a metal complexant, such as chlorophosphonazo DI, is added 
to the salt stream at a concentration of 0.005-0.01 wt% to selectively complex the actinides (e.g., 
Pu4+, uo?+, Th4+). In the first extraction section, any excess chlorophosphonazo DI and the 
complexed actinides are extracted into the PEG-rich phase. This produces an actinide-free salt 
solution that can be recycled back to the decontamination operation. The net result of the first 
two extraction sections in Fig. II-1 is the production of an aqueous stream in which the actinide 
concentrations increase while the salt concentration decreases. The actinide concentrate can then 
be sent directly to a vitrification process prior to final disposal. 

Process Solution 
wi1h Adlnides, Hgh Sak 

PEGPhase 
Reeyde 

Aqueous PEG/ 
Sall Solution 

Cloud Point Extraction 
at Elevated Tel'rl) 

Recycle Process 
Sak Solution 

PEG Phase w~h Actinides 

Actinide Coneenltale 
(Low Sall) 

AlcohollPEG 
Solution 

Reeyc:le Sall 
Solution at 
ReducedTel'rl) 

Fig. II-1. 

Flowsheet for Aqueous Biphasic 
Extraction of Actinides from High
Ionic-Strength Salt Solutions 
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In the last section of the flowsheet, a cloud-point extraction is used to generate a polymer 
solution for recycle. This is achieved by raising the temperature of the polymer/salt solution 
above its cloud point, causing it to split into two phases-a polymer-rich phase and a salt-rich 
phase. Both solutions can then be recycled. 

2. Removal of Lead from Contaminated Soils 

The removal of heavy metal contaminants from clay-rich soils has the potential to achieve 
significant volume reduction in cleanup efforts. However, it is beyond the capabilities of 
traditional soil washing techniques. During 1996, we began a study to determine the feasibility of 
using ABE technology for removal of lead from clay-rich soils. This work continued in 1997. 
The sources of the two contaminated soil samples used in the ABE studies are two inactive firing 
ranges at ANL. 

The treatment flowsheet includes a combination of conventional particle-classification 
technologies together with the treatment of the fine-particle-size fraction by the ABE process. 
Conventional particle classification of the soil samples was carried out by Metcalf & Eddy, Inc. 
The soil samples were classified according to size and density. The major fraction of the soil 
(150 mesh) had lead concentrations ranging from 500 to 1400 mg Pb/kg, which is above 
industrial cleanup standards (e.g., 400 mg Pb/kg). During the past year, four continuous, 
countercurre_nt ABE runs were completed. 

Unfortunately, during ABE extraction of the humate-rich soil, there were no significant 
reductions in the lead content of the clay fraction. We postulated that possible surface activation 
by humates may have been responsible for the lack of lead separation. To test this hypothesis, we 
conducted a test in which we calcined the soil prior to ABE extraction. 

Calcination of the soil to remove naturally occurring organics (e.g., humates) from the 
soil was found to expose the iron oxide coatings on the soil particles, which changed the color of 
this soil from black to red. During the biphase extraction, practically all of the lead partitioned to 
the salt phase; however, the exposure of the iron coatings on the clay resulted in coextraction of 
the clay into the salt phase. The net result was no ·selective partitioning of lead away from the 
clay. 

In extraction tests using soil with a very low humate content (this sample was supplied by 
Metcalf & Eddy, Inc.) the lead content was reduced from about 2000 to 600 mg/kg. While the 
lead reduction was not low enough to meet cleanup standards, the improved performance 
suggests that the ABE _system is sensitive to surface activation of soil contaminants by naturally 
occurring organics. We are now examining alternative methods to improve mass transfer of lead 
during ABE treatment. One of these includes preleaching the soil with dilute sodium carbonate 
solution in an attempt to selectively remove organic coatings from lead particles. Another 
approach involves calcination of the soil and the use of a phase transfer agent to selectively 
partition the lead into the polymer-rich phase. 
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B. Development of Low-Temperature Phosphate Glasses 
for Waste Disposal 

During the electrometallurgical treatment of spent nuclear fuels (see Sec. IV), fission 
products and transuranic elements accumulate in the LiCI-KCI electrolyte. The transuranic 
elements and fission products can be recovered by using zeolite ion exchange. In current process 
flowsheets, the spent zeolite is p_repared for final disposal by incorporation into a composite 
ceramic waste form that contains borosilicate glass. In the baseline flowsheet, the waste form is 
fabricated by hot isostatic pressing. Because of the inherent scaleup limitations of hot isostatic 
pressing, we have begun to examine a possible alternative process, which involves incorporation 
of the zeolite into a ceramic waste form that contains a low-temperature phosphate glass. 

The zinc phosphate glasses that we are studying have a glass transition temperature (T g) 
in the range of 325 to 375°C. The low Tg means that relatively low processing temperatures (e.g., 
450-700°C) can be used to encapsulate a wide variety of radioactive waste particulates. In 
addition to the low processing temperatures, which significantly reduce losses of volatile metals 
(e.g., 137Cs, 99Tc, Cd), the zinc phosphate glasses are capable of direct incorporation of chloride 
salts at significant loading levels (e.g., 10-15 wt%). This capability is advantageous for the 
planned electrometallurgical treatment of Experimental Breeder Reactor-II fuel, where it is not 
feasible to recycle the LiCI-KCI eutectic electrolyte because of the high sodium content of the 
fuel. 

We have been able to prepare small-scale composite monoliths containing several 
particulate materials currently being considered for radioactive waste disposal, including cesium
loaded crystalline silicotitinate, zeolite, and sodalite. The monoliths were fabricated by cold 
pressing and sintering at 460°C. Cesium release from these materials during standard leach tests 
(MCC-1) for 3 days was extremely low and ranged from 0.02 to 0.04 wt%. We have also begun 
to evaluate the performance of salt-loaded phosphate glasses. Glasses with 10 wt% salt loading 
were prepared by heating the glass precursors with the chloride salt at 900°C for 2 h in a covered 
crucible. Cesium release during MCC-1 tests at 90°C for 3 and 7 days was approximately 
104 wt%. This is the same fractional release that was observed for Zn, Na, K, and Li from the 
salt-free glass and suggests that cesium is not preferentially leached from the glass. 

We will continue our efforts to optimize the glass composition with respect to corrosion 
resistance and waste loading capacity and will begin to scale up the process. We will also be 
examining the feasibility of directly incorporating salts into a glass melt at temperatures as low as 
700 to 800°C. The lower processing temperatures will reduce even further the losses of volatile 
radionuclides such as 137 Cs and 99Tc. 

C. Fundamental Studies of Actinide Behavior 

The behavior (i.e., complexation, oxidation state, and aggregation) of radionuclides is 
being investigated under conditions relevant to subsurface groundwaters on DOE sites. Emphasis 
is on factors that affect mobilization/immobilization of actinides. Results of this work will 
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establish key factors concerning the chemistry of actinide-organic mixtures in the presence of 
microbes, inorganic substrates, and metal cations. 

1. Microbiological-Actinide Interactions in Subsurface 
Environments 

Understanding the interactions between actinides and microorganisms in subsurface 
environments is essential to assess actinide fate during organic contaminant bioremediation 
efforts and to help predict the fate of radionuclides in the proposed nuclear waste repositories. An 
important class of organic compounds at contaminated DOE sites includes organic chelating 
agents, such as nitrilotriacetic acid (NTA), which can increase dissolved actinide concentrations 
and lead to enhanced radionuclide migration in the groundwater. Improving our ability to predict 
the effects of chelate biodegradation on the fate of actinides in the subsurface has broad 
applicability, since the properties of many natural organic compounds and rpicrobially derived 
byproducts found in the subsurface mimic the behavior of anthropogenic complexants. 

Our past research has focused on elucidating the key interactions in aerobic actinide
NT A-Chelatobacter heintzii systems. In these model systems, we have investigated the effects of 
Pu(N) and Np(V) on NT A biodegradation and studied the fate of the actinides during chelate 
degradation. This work has been expanded during the past year to include actinide-microbe 
interactions in the presence of other chelating agents and under oxygen-limited and anaerobic 
microbiologjcal conditions. A key feature of our research is the extensive integration of modeling 
with laboratory experimentation. In this collaborative effort, experimental data obtained at CMT 
are used to help develop and test a Northwestern University computer code (CCBATCH) 
designed to couple biological and chemical reactions. Concurrently, model simulations help 
identify areas where additional laboratory work is needed. 

In the past year, we made significant progress in determining additional mechanisms of 
actinide toxicity toward microorganisms. Our results show that actinide toxicity is oxidation state 
and isotope specific. For example, in contrast to the radiolytic toxicity noted in the Pu(N) 
system, Np(V) inhibits the activity of C. heintzii via chemical toxicity, similar to other heavy 
metals. Several sets of experiments were performed to separate radiolytic from chemical toxicity 
in the Np-NTA system. To determine radiolytic effects, the viability of the organism as a 
function of increasing neptunium concentration (0.2 to 125 µM) was monitored in a 5.2 mM 
NTA-12 mM phosphate solution, which ensured that all the neptunium was present in complexed 
form during NT A degradation. In this case, there was no significant bioassociation of neptunium 
with the organism, and no inhibition was observed at neptunium concentrations up to 125 µM. 
These findings indicate that at environmentally relevant concentrations, complexed Np(V) shows 
no radiotoxicity toward C. heintzii. 

Heavy metal toxicity toward microorganisms is usually related to the concentration of 
specific metal aqueous species, often the aquo metal ion concentration. To study the potential 
chemical toxicity of Np(V), experiments were conducted in fixed-pH, minimal-growth medium 
so that no background ligand was available to complex neptunium during NT A biodegradation. 
Modeling simulations showed that neptunium speciation was dominated by the concentration of 
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NT A in solution. As NT A was biodegraded, re-equilibration of the aqueous speciation increased 
the concentration of the aquo NpO/ ion. As the total neptunium concentration increased, the 
degradation of.NTA was inhibited. Modeling simulations of these results linked the observed 
inhibition to the concentration of the aquo Np◊/ ion. 

In other chelate systems, we conducted preliminary studies designed to investigate the 
potential toxicity of depleted U(VI) toward the bacterium Pseudomonas fluorescens during the 
degradation of citric acid. The use of depleted uranium in these experiments enabled us to rule 
out radiolytic inhibition. Colony forming unit counts during citrate degradation clearly indicated 
that increasing the total U(VI) concentration inhibited the organism. However, unlike the Np(V)
NT A system, experiments conducted in the absence of complexing ligands showed no toxicity 
toward P. fluorescens at near-neutral pH. This finding indicates that the U(VI)-hydroxide and 
-carbonate species present did not chemically inhibit the organism. Because of the special status 
of citric acid in biological reactions, 1 our working hypothesis for future experiments is that the 
presence of citrate is the key factor contributing to U(VI) toxicity. 

In parallel with our actinide toxicity studies, we conducted experiments designed to 
investigate the impact of biological activity on actinide speciation. Biological degradation 
reactions often strongly affect the pH of aqueous systems by directly consuming or producing 
acids, bases, and hydrogen ions. The biodegradation of NT A by. C. heintzii consumes hydrogen 
ions, causing an increase in pH in weakly buffered systems that influences actinide aqueous 
speciation. Because of the high solubility of actinides in the V oxidation state, we were especially 
interested to determine if the pH shift during chelate degradation would reduce actinide mobility. 
Figure II-2 shows the fraction of neptunium precipitated as a function of time for Np(V) 
concentrations at 0.2 to 125 µM. The greater extent of partitioning with time was due to a rise in 
the solution pH as the NT A present was biodegraded. The experiments were performed in the 
presence of a phosphate buffer to minimize the increase in pH. A pH increase from 7.0 to 7.9 was 
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Time,h 

Fig. Il-2. 

Fraction of Np(V) Precipitated during 
NT A Degradation by C. heintzii. 

1 M. T. Madigan, J. M. Martinko, and J. Parker, Brock Biology of Microorganisms, 7th ed., Prentice Hall, Upper 
Saddle River, NJ (1997). 
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observed during the degradation of NTA, again mediated by C. heintzii. The biologically induced 
pH increase caused the precipitation of an unidentified neptunium-phosphate phase. This finding 
will be investigated further, since phosphorus is a required biological nutrient, and many in situ 
bioremediation efforts require supplemental phosphorus additions. 

In subsurface environments, anaerobic microbial activity may affect actinide speciation 
by altering the overall redox potential or by directly utilizing actinides -as electron-donor or 
-acceptor substrates. Additionally, microbial activity in closed systems often results in elevated 
carbonate concentrations that can dramatically increase actinide solubility. We have recently 
initiated experiments to study the fate of neptunium under sulfate-reducing conditions. Our initial 
results show that Np(V) is stable under anaerobic conditions for more than 6 months, and that the 
presence of low concentrations of Np(V) does not inhibit the activity of the organisms. In future 
work, we will investigate the stability of the V oxidation state during anaerobic microbial 
activity. 

2. Actinide Stability/Solubility Studies in Support of the 
Waste Isolation Pilot Plant 

The Waste Isolation Pilot Plant (WIPP) in Carlsbad, New Mexico, has been selected as a 
possible disposal site for transuranic radioactive wastes. The goal of the actinide stability/ 
solubility project is to provide experimental data for WIPP on actinide solubility and oxidation 
state distribution in WIPP brine. These data are being used to test and challenge the Actinide 
Source Term (AST) model developed by Sandia National Laboratories. 

In this project, we are investigating the stability and steady-state concentrations of three 
actinides (U, Np, and Pu) in the VI oxidation state in WIPP-relevant brine. We are also 
determining the effects of organic chelating agents ( oxalate, citrate, and ethylenediaminetetra
acetic acid) on the oxidation state stability. The experiments are performed in the following 
simulated WIPP brines: G-Seep at pH 5 and 7, ERDA-6 at pH 8 with carbonates, and ERDA-6 at 
pH 10 with and without carbonate. They are conducted in an oxygen-free environment with a 
hydrogen atmosphere of ~ 1000 torr, at 25°C, and in 1-L polypropylene bottles. The starting 
actinide concentrations are ~ 10-4 M. Gas and liquid sampling is done periodically. 

In the results obtained to date (18 months), the actinide(VI) oxidation state persisted as a 
stable truly dissolved species under the following conditions: Pu(VI) in ERDA-6 brine 
with/without carbonate present, Np(VI) at pH 8 and 10 in ERDA-6 brine with carbonate, and 
U(VI) at pH 5 in G-Seep and pH 10 with carbonate in ERDA-6. The concentration profiles for 
the Pu(VI) experiments are shown in Fig. II-3 for the ERDA-6 brine. Plutonium(VI) was stable in 
WIPP brine throughout the 18-month experiments under all conditions tested. Lower steady-state 
concentrations were observed for U(VI) in G-Seep at pH 7. Neptunium(VI) was rapidly reduced 
to Np(V) in G-Seep brine and was stable only when carbonate was present in ERDA-6 brine. 

The addition of reducing agents relevant to the WIPP resulted in the reduction of Pu(VI) 
to Pu(IV) and, subsequently, the establishment of low steady-state concentrations of plutonium in 
the brine system. The effect of iron coupons on the plutonium concentration is shown in Fig. II-4. 
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Fig. II-3. Concentration of Trace Plutonium as Function of Time 
in ERDA-6 Brine. Designations are Pu-ES, pH 8 brine, 
with carbonate; Pu-EIO, pH 10, with carbonate; Pu-EIO
NC, pH 10, without carbonate. 
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Fig. II-4. Effect of Presence of Iron Coupons on Concentration of 
Plutonium in Experiments with Various WIPP Brines. 
Designations are ES, ERDA-6 brine with carbonate at 
pH 8; BIO, ERDA-6 brine with carbonate at pH 10; 
EIONC, ERDA-6 brine, no carbonate at pH 10; G5 and 
G7, G-Seep at pH 5 and 7, respectively. 
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More rapid reduction was noted when the iron was added as aqueous Fe2+. Organic chelating 
agents expected to be present in the WIPP also caused the reduction of Pu(VI) and Np(Vn. In the 
presence of organics, Pu(Vn and Np(VI), with one exception, were reduced to form organic 
complexes of lower oxidation states. The one exception was Pu(VI) at pH 10 in the presence of 
carbonate, which was stable as a Pu(VI) carbonate complex. 

Two areas will be emphasized in future studies. In collaboration with Sandia National 
Laboratories, the long-term data generated are being modeled to challenge their current high
ionic-strength models for actinide solubility. Additionally, more detailed studies are being 
conducted to study the mechanism and rate of the reduction of Pu(VI) and Np(VI) by organic 
chelating agents. 

3. Synchrotron-Based Studies of Actinide Species 

Studies are in progress to extend and develop X-ray synchrotron radi~tion '(XSR) 
techniques to determine the chemical structure of aqueous, adsorbed, and solid actinide species 
of importance to environmental and nuclear waste management. This will help resolve a number 
of fundamental structural issues related to the speciation ( e.g., complexation, oxidation state, and 
aggregation) of actinides in subsurface environments. Emphasis is on both collecting XSR data 
on actinide systems and modeling these data by improved calculational methods and theory. 
Experiments are planned for the ANL Advanced Photon Source. 

Actinide speciation is an important issue in many aspects of nuclear waste management. 
The chemical structure and geometry of actinide complexes and phases are often the missing 
pieces of information in characterizing the actinide species. Structural information is needed to 
define key aqueous complexes, redox chemistry, surface-adsorbed species, and microbiological 
interactions in the subsurface. Improved speciation information will lead to greater accuracy in 
predicting migration and to improved remediation/reprocessing strategies. 

The theoretical aspect of the work initially focused on electronic structure calculations to 
determine geometries and oxidation states of the actinides in solution. X-ray absorption spectra 
were calculated from first principles to help "interpret experimentallY, obtained spectra. 
Preliminary calculations of the uranium Li,3 edge with X-ray absorption near edge spectroscopy 
(XANES) have been performed for small cluster models of U02, including both first and second 
nearest neighbor atoms. The results are now being analyzed. 

Several experiments were performed in the area of actinide microbiological interactions 
to generate well-chara~terized samples for our XSR studies. The biodegradation of the uranium
citrate complex by Pseudomonas fluorescens showed biosorption to be an important process. 
These experiments generated samples of bio-associated uranium and aqueous uranyl complexes 
for further characterization by XSR techniques. Absorption spectra were also obtained to help 
establish/define the aqueous speciation. 

The XANES spectra of four actinide solids were taken at the National Synchrotron Light 
Source of Brookhaven National Laboratory. The purpose of these experiments was to establish 
baseline/reference spectra for synchrotron applications to actinide samples and establish the 
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relationship between the edge· energy and the oxidation state of the actinide. The solids analyzed 
were Pu02, PuF3, PuBr3, and Ba3Pu06. 

The XANES spectra for the actinide solid samples are shown in Fig. II-5. The 
experiments were performed by monitoring the fluorescence at 14.4 keV, which corresponds to 
absorption at the LJ edge of plutonium. These results compare well with XANES spectra taken 
on aquo species of the various plutonium oxidation states. A slightly less than 2 e V shift to 
higher energy was noted for each oxidation state increase. These data indicate that XANES 
spectra may be useful in identifying oxidation states of plutonium in environmentally relevant 

systems. 
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Fig. II-5. X-ray Absorption Near-Edge Structure for Various Actinide Solids 

Future plans are to continue the work on characterizing the XANES spectra of both solid 
and aqueous actinide species and eventually expand this to determine the structure of key 
aqueous complexes in the environment. The ongoing theoretical work will be emphasizing 
calculation of the near-edge structure for plutonium species. 

D. Radiolytic Gas Generation Studies 

Chemically bonded phosphate ceramic (Ceramicrete), developed by the ANL Energy 
Technology Division, is being investigated as a waste form for encapsulating transuranic (TRU) 
wastes from DOE sites. Because of the presence of radionuclides, gases, primarily H2 and to a 
lesser extent 02, are produced by radiolysis of the water present in the waste form. Other gases, 
such as CO, CO2, CRi, and low-molecular-weight hydrocarbons may also be produced by 
radiolysis of organic materials present in the waste. The accumulation of radiolytically produced 
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H2 and volatile organic compounds in the waste canister is an important safety issue for storage 
and transportation operations. The objective of this work is to measure the "G-value" (i.e., 
number of molecules produced per 100 eV of radiation deposited in the sample) for various TRU 
wastes encapsulated in Ceramicrete waste forms. These G-values are used in calculating 
acceptable TRU loadings in the waste form to meet waste acceptance criteria for a geologic 
repository. 

The test matrix consisted of three plutonium-laden Ceramicrete samples: one sample (I) 
containing a UO2-PuO2 mixture, and two samples (II and III) containing a TRU combustible 
residue. For a comparison basis, gas generation by a sample of the TRU combustible residue 
(IV), not incorporated into Ceramicrete, was also measured. A more detailed description of the 
various samples is provided in Table II-3. Studies are still in progress on Samples II-IV. 

Table II-3. Samples Investigated in Gas Generation Studies. All G-values were calculated under the 
assumption that 100% of the decay energy is deposited into the entire mass of the sample. 

Sample 
Composition, wt% G-value 

No. 
Description 

Pu Waste Binder 
Class C 

Water 
(molecules 

Flyash HJIO0eV) 

I 
Ceramicrete containing 

5.245 20.98 58.94 0 20.08 0.13 
U-Pu oxide mixture 

II 
Ceramicrete containing 

7.87 24.75 31.65 22.61 20.99 0.10 TRU combustible residue 
Ceramicrete containing Decreasing, with 

III TRU combustible residue 5.00 25.7a 31.65 21.63 20.99 a maximum of 
and bakellite 0.96b 

IV TRU combustible residue 31.8 100 0 0 0 0.007 

aBroken down into 10 wt% bakellite and 15.7 wt% waste. 
bBased on the amount of H2 observed after first sampling, which occurred after 48 h. 

The number of molecules of H2 generated as a function of the decay energy in the three 
plutonium-loaded Ceramicrete samples and the TRU combustible residue is shown in Fig. II-6. 
The G(H2) values are summarized in Table II-3. The G(H2) value measured for Samples I and II 
are constant and approximately equal, 0.10 and 0.13 molecules H2/100 eV, respectively. The 
measured G(H2) value for Sample III is decreasing, with a maximum G(H2) value of 
0.96 molecules H2/100 eV after the initial 0.16 x 1020 100 eV of decay energy (48 h). It should be 
noted that Samples I and II were cured for 21 days, whereas Sample III was not cured prior to 
initiation of the study. The TRU combustible residue (not incorporated in Ceramicrete) has a 
measured G(H2) of 0.007 molecules H2/100 eV. 

It has been suggested that free or unbounded pore water is the primary source of H2 for 
cementitious materials.2 To establish whether or not pore water is the primary source of H2, a 
sample of a plutonium-loaded Ceramicrete (5.0 wt% PuO2 and 18.9 wt% H2O) was dewatered by 

2 E. W. McDaniel and D. B. Delzer, "FUETAP Concrete," Chapter 9 in Radioactive Waste Forms for the Future, 
Eds., W. Lutze and R. C. Ewing, Elsevier Science Publications, New York, pp. 565-588 (1988). 
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Ceramicrete w/fRU Combustible Residue 
+ Bakellite Compound (III) 

Ceramicrete w/U-Pu Oxide Mixture (I) 

I ~ Ceramicrete w/fRU Combustible Residue (II) 

'IRU Combustible Residue (IV) 
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Fig. II-6. Molecules of H2 Generated by Radiolysis for Three 
Plutonium-Laden Ceramicrete Samples and Sample of 
TRU Combustible Residue. The decay energy is 
defined as the product of the number of decays in a 
given time period multiplied by the average energy of 
the emitted alpha particle per decay for each radio
nuclide present in a given sample. It is assumed that 
100% of the energy is deposited in the sample. 

heating at 110 ± 5°C for 1 h in a nitrogen atmosphere. On the basis of the difference in weight of 
the sample before and after heating, the water content of the sample had decreased from 18.9 to 
~l wt%. The hydrogen yield was measured for the un-dewatered (18.9 wt%) and dewatered 
(~1 wt%) samples. The G(H2) of 0.04 molecules H2/100 eV measured for the dewatered sample 
is an order of magnitude lower than the G(H2) of 0.37 molecules H2'100 e V measured for the un
dewatered sample, as shown in Fig. II-7. 

On the basis of the similarity in water content and the measured G(H2) values for Samples 
I and II, the G(H2) value of 0.10-0.13 molecules H:z/100 e V may represent the rate of H2 

production by radiolysis of pore water in TRU-loaded Ceramicrete waste forms. This G(H2) 
value is significantly less than the G(H2) value of 1.6 molecules H:z/100 eV for alpha-particle 
deposition in pure water.3 Currently, it is not understood why the G(H2) value for Sample ill is 
decreasing. If radiolysis of pore water is the primary reaction occurring, a constant G(H2) would 
be anticipated for Sample ill. Since Sample ill was not cured for 21 days prior to initiation of the 

3 G. Draganic and Z. D. Draganic, The Radiation Chemistry of Water, Academic Press, New York (1971). 
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Fig. II-7. Effect of Water Content on Rate of Radiolytic H2 
Generation for Plutonium-Laden Ceramicrete Sample 
(5.0 wt% PuO2 and 18.9 wt% H2O). The decay energy is 
defined as the product of the number of decays in a given 
time period multiplied by the average energy of the emitted 
alpha particle per decay for each radionuclide present in a 
given sample. It is assumed that 100% of the decay energy 
is deposited in the sample. 

study, one cannot draw firm conclusions by comparing the G(H2) value for Sample III to the 
G(H2) values for Samples I and II. The data for Sample III represent only a 34.8-day period (40 
days after synthesis). Gas studies were not initiated on Samples I and II until >35 days after 
synthesis. (The 21-day curing period is included in the >35 day period.) Since the gas generation 
study on Sample III is still in progress, a better comparison will be the G(H2) measured for >35 
days to the G(H2) values for Samples I and II. The G(H2) after 35 days should be constant and 
approximately equal to 0.1-0.13 molecules Hz/100 eV if radiolysis of pore water is the primary 
source of H2. If not, alternative explanations must be pursued. Future work will involve gas 
generation studies on pilot-scale waste forms as this technology advances toward 
implementation. 

E. Technical Support 

In this effort, we are providing technical consulting support to the DOE Advanced Energy 
Projects and Technology Research Division and are assisting the DOE Richland Operations 
initiative to privatize treatment of the high-level radioactive waste currently stored in 
underground tanks at Hanford. 
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The technical support included providing technical review and advice on program 
direction and project selection for the Advanced Energy Projects (AEP) and for the Small 
Business Technology Transfer program. The mission of the AEP is to explore the scientific 
feasibility of novel energy-related concepts that are high risk, in terms of scientific feasibility, yet 
have a realistic potential for a high technological payoff. The technology transfer program 
provides support to small businesses for research that is conducted jointly with nonprofit research 
institutions. 

The continuing support to the DOE Richland effort to privatize treatment of the 
radioactive wastes stored in underground tanks at Hanford involved participation in review and 
evaluation of the "Standards Approval Packages" which have been developed by the two private 
organizations (British Nuclear Fuels, Ltd., and Lockheed Martin Advanced Environmental 
Systems) that have been selected to compete for services related to tank waste treatment. The 
Standards Approval Packages are the first major deliverables and provide part of the basis for 
design of the facilities that are to be built to accomplish the waste pretreatment and vitrification. 
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Before nuclear waste can be buried in a geologic repository, its corrosion behavior over long time 
frames must be known. In the CMT nuclear waste programs, a variety of laboratory tests with 
simulated and fully radioactive waste glasses are performed to obtain corrosion information that 
is used to support development of a geologic repository in an unsaturated environment similar to 
that expected for the candidate site at Yucca Mountain in southwestern Nevada. These tests are 
primarily directed at determining the interactions between groundwater and various nuclear waste 
forms, including high-level waste glasses and spent nuclear fuel, under unsaturated conditions. 
Tests are also underway to support development of vitrified forms of low-level waste generated 
at the DOE Hanford site, as well as ceramics and glasses for the disposal of surplus plutonium 
and plutonium-bearing wastes. In most cases, extensive analyses are conducted with both the 
reacted solids and the test solutions to develop a full understanding of the corrosion mechanism 
and to relate the test results both to long-term corrosion behavior under disposal conditions and 
to mechanistic corrosion models that are being developed to calculate waste form performance in 
specific disposal systems. 

A. Preparation of Review Documents 

In this effort, we are compiling and interpreting previously published data that address the 
effects of several important parameters on the reactions between glass and repository 
groundwater. Over the last several years, critical reviews were completed on the effects of 
temperature, glass composition, radiation, and ratio of glass surface area to water volume (SN) 
on glass reaction, as well as the status of glass reaction modeling. Two more critical reviews will 
be completed in the future: one on the effects of unsaturated conditions on glass durability, and 
the other on the corrosion behavior of natural analogues to the waste glass. 
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Nuclear Waste Management 

Static Tests with Savannah River and West Valley 
Glasses 

Tests are being conducted under the auspices of the DOE Office of Environmental Waste 
Management to characterize the corrosion behavior of several glasses developed for the Defense 
Waste Production Facility (DWPF) at the Savannah River Site and the West Valley 
Demonstration Project (WVDP). The goal of these tests is to gain insight into the corrosion 
mechanism and long-term behavior of waste glasses under the unsaturated conditions of the 
proposed Yucca Mountain repository. The dissolution of waste glasses is important because glass 
is a source of radionuclides, and glass components will affect the durability of other materials in 
the repository system. Since tests cannot be conducted on the time scale over which 
radionuclides must be contained, which exceeds 10,000 years, predictions of long-term behavior 
must be based on an understanding of the corrosion mechanism and the effects of environmental 
factors. 

Tests are being conducted with glasses made with radioactive sludge from DWPF and 
WVDP and with glasses made with nonradioactive surrogates to compare their responses and 
evaluate whether or not simulated waste glasses are reliable surrogates. Tests are also being 
conducted to evaluate whether or not consistency requirements that must be met during 
vitrification can also be used to demonstrate that the waste forms are suitable for disposal. This is 
being done by evaluating the _long-term corrosion behavior of the benchmark glass for 
vitrification, namely, the Environmental Assessment (EA) glass,* and by comparing the short
term and long-term behaviors of several glasses. Progress in several ongoing tasks is summarized 
below. 

1. Dissolution Tests 

Several tests are being performed to characterize the corrosion behavior of vitrified waste 
forms and develop a mechanistic description of the long-term corrosion behavior. Static 
dissolution tests have been conducted at 90°C to assess the effects of SN (10, 340, 2000, and 
20,000 m·1

) and radiation on the glass corrosion behavior and the release of radionuclides and to 
evaluate the use of SN as an accelerating parameter. The presence of radiation was found not to 
have a significant effect on glass corrosion. The SN was found to accelerate corrosion in that the 
solution concentrations of dissolved glass components increased faster in tests at high SN than 
in tests at low SN over the same time period. However, the fact that the solution pH also 
increased faster at high SN complicates the use of the SN to accelerate corrosion. 

The results of various tests have been interpreted in terms of a reaction progress variable 
that measures the transformation of a glass to thermodynamically more stable alteration phases. 
Different test conditions provide insight into different stages of corrosion progress. The 
dissolution kinetics can be divided into three stages. In the first stage, the glass dissolves at a rate 

• A glass composition that was used as part of the environmental assessment for the DWPF at the Savannah River 
Site. 



Nuclear Waste Management 61 

that is controlled by the glass composition, solution pH, and temperature. In the second stage, the 
buildup of dissolved glass components controls the rate. The formation of alteration phases may 
affect the solution chemistry and, thereby, the dissolution rate in the third stage. Tests with 
several glasses have shown the corrosion to increase to a high rate after zeolites and other phases 
form. The degree to which the rate increases in Stage III is probably the most important aspect of 
the long-term corrosion behavior with regard to repository performance. 

This model has facilitated the comparison of the results from different test methods as 
well as the results of tests conducted with different glasses. The reaction progress that is attained 
in a particular test depends on the test method and the glass composition. Equally important, the 
model is compatible with the computer simulation models used to calculate long-term corrosion 
behavior. The reaction progress model provides a means of relating, in a single plot, laboratory 
tests conducted under conditions that simulate the disposal environment, conditions used to 
measure variables for the dissolution rate model, and conditions that accelerate certain corrosion 
processes. The influence of the glass composition on its long-term corrosion behavior is of key 
interest, since the composition is what is controlled during waste form production. Preliminary 
results of a model that is being developed to relate the glass composition to its long-term 
behavior are promising. 

2. Vapor Hydration Tests 

Vapor hydration tests (exposure to vapor-saturated air at temperatures from 70°C to 
200°C) have been performed on the EA glass. Although not a high-level nuclear waste glass, the 
EA glass is considered to be representative of the least durable high-level waste glass that might 
be produced at the DWPF, as indicated by the high release of B, Na, and Li in product 
consistency tests (7 days at 90°C and SN = 2000 m-1). This low durability is reflected in the 
rapid corrosion during vapor hydration tests. In the vapor hydration tests, the initial hydration of 
EA glass proceeded with an apparent t112 dependence. The corrosion rate increased at high 
temperatures (150-200°C) coincident with formation of analcime (NaAISiiO6·H2O) and 
tobermorite [Cas(OH)2Si6O16·4H2O], and at lower temperatures ( <120°C) with the formation of 
analcime. The distribution of phases, particularly calcium silicates, formed during glass corrosion 
was influenced by temperature, although the overall reaction kinetics was not affected 
significantly by the presence of calcium-bearing phases. The final alteration phases observed in 
the 175 and 200°C tests were albite (NaA1ShO5), as well as calcium and sodium silicates. 

In vapor hydration tests at 175°C and 200°C, zirconium appeared to have become 
incorporated into the analcime alteration phase. Similar behavior has been noted by Bakel et al. 1 

for a Hanford low-level waste glass reacted at 200°C under vapor hydration conditions. The 
Zr(OH)x 4•x complex has a minimum activity at solution pH 4-6 but is the dominant aqueous form 
of zirconium above pH 8. The log stability constants for the reaction: 

Zr4
+ + 5H2O = Zr(OH)s- + 5W (1) 

1 A. J. Bake!, W. L. Ebert, and J. S. Luo, Ceram. Trans. 61, 515-522 (1995). 
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are -16 at 25°C, -11.62 at 100°C, and -8.82 at 200°C,2 demonstrating a potential for this complex 
to be dominant at high temperatures. Complexes of the type Zr(OH)/-x may be incorporated into 
the analcime, and this reaction (Eq. 1) may occur in the high pH conditions that appear during 
corrosion of EA glass at 2:l 75°C. The form of zirconium in analcime will continue to be 
investigated. 

Although the EA glass contains no radionuclides, a number of trace elements may be 
effective surrogates for some radionuclides. In particular, the fate of lanthanum can be used to 
predict the behavior of other rare earths and, perhaps, some actinides. In previous studies,3 we 
demonstrated that plutonium follows rare earths into some alteration products on a SRL 200 
glass made with DWPF sludge. Manganese has been used by Abdelouas et al.4 to simulate 
technetium behavior; however, its use in this manner is questionable. In our tests, all the 
transition metals (Mn, Fe, Ti, and Ni) tended to reside in the smectite clay layer. 

Lanthanum was observed to occur in the clay layer in our 70°C tests; however, in higher 
temperature tests, it was found with calcium in tobermorite. This suggests that actinides could 
become incorporated into related silicate phases under some reaction conditions; indeed, this has 
been observed in tests with a glass. that contains high concentrations of plutonium. 5 Further study 
of this behavior is needed. 

3. Critical Review and Testing of Natural Analogues 

A comprehensive critical review has been completed on the present state of knowledge 
regarding the use of natural glasses as analogues for the long-term behavior of nuclear waste 
glasses. The information regarding important corrosion processes was obtained by studying a 
variety of naturally reacted glasses (tektites, obsidians, and basaltic) that had been recovered 
from a wide range of geologic environments and by experimentally studying the water/glass 
interactions under controlled laboratory conditions. The understanding of glass behavior and the 
effects of reaction environments has also advanced through analysis of the data reported in the 
literature. From these studies, it became clear that the conditions specific to an unsaturated 
repository may be quite different from the natural conditions under which naturally occurring 
basalt glasses have been altered. Consequently, the data from studying naturally occurring glasses 
may not be directly applied to project the long-term behavior of waste glass. Nonetheless, natural 
analogue studies do provide a link to the repository conditions for those reaction processes that 
occur even in non-repository conditions. 

Samples of natural obsidian and basalt glasses and nuclear waste glasses have been 
reacted in vapor hydration tests at 75°C and relative humidities (RH) of 95 and 100% for up to 

2 J. H. Adair, H. G. Kramp, S. Venigalla, and T. Tsukada, Mater. Res. Soc. Symp. Proc. 432, 101-112 (1997). 
3 E. C. Buck and J. A. Fortner, Ultramicroscopy 67, 69-75 (1997). 
4 A. Abdelouas, J. L. Crovisier, W. Lutze, B. Grambow, J.C. Dran, and R. Millier, J. Nucl. Mater. 240, 100-111 

(1997). 
5 J. A. Fortner, C. J. Mertz, and J. K. Bates, "Plutonium Alteration Phases from Vapor Hydration of Lanthanide 

Borosilicate Glass for Weapons Disposition: A TEM Study," Proc. of Microscopy and Microanalysis Meeting, 
Cleveland, OH, August 10-14, 1997, pp. 663-664 (1997). 
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7 years. Reacted samples have been microscopically examined to compare their alteration with 
that of the same natural glasses that occurred over long times by natural processes. Tests with 
obsidian glass resulted in the formation of birefringent layers identical to those formed in nature; 
the layers formed in nature .are called "perelite." The extent of hydration was similar at both RHs. 
Reaction of synthetic basalt glass in vapor resulted in the formation of alteration layers at both 
RHs. The thickness and crystallinity depended strongly on the RH. In tests at 95% RH, the layer 
consisted of an amorphous gel layer, whereas in tests at 100% RH, the alteration layer consisted 
mainly of saponite clay, and no gel layer was detected. Naturally altered basalts have layers 
( called "palagonite") that contain both amorphous and crystalline phases. 

The results of tests with obsidian and basaltic glass indicate that vapor hydration tests can 
be used to replicate (at least qualitatively) the corrosion behavior that occurs over many 
thousands of years in nature within a few years in the laboratory. The same test method can be 
used to forecast the long-term behavior of nuclear waste glasses under similar conditions. The 
alteration of the waste glasses was found to depend on not only RH but also glass composition. A 
glass made with SRL 131 frit and a PNL 76-68 glass, which both contain about 43 wt% SiO2, 
were more reactive than SRL 165 glass, which contains about 52 wt% SiO2. Analyses indicated 
that the alteration layers formed on all three glasses were primarily smectite clay, a phase that is 
alsq frequently observed on naturally reacted basalt. The similar alteration behavior of basalt and 
waste glasses suggests that the same fundamental processes control their corrosion. However, our 
studies also indicate that the reaction kinetics of a particular glass may be significantly affected 
by the reaction conditions and the composition of the glass selected. 

C. Drip Tests of Savannah River and West Valley Glasses 

Unsaturated Glass Tests, designated the N2 tests, were initiated in February 1986 on 
actinide- and technetium-doped DWPF glass, SRL 165. These tests are still in progress and have 
been sampled intermittently during the ensuing period of over 10 years, with regular sampling at 
26-week intervals since December 1993. Designed to simulate potential conditions at the 
proposed Yucca Mountain Repository, these tests combine slowly dripping, tuff-equilibrated 
groundwater (EJ-13 water) with a monolithic waste glass sample, sensitized 304L stainless steel, 
and water vapor. Test results are used to determine synergistic interactions possible in a 
compromised pour canister under unsaturated conditions. Semi-annual analyses of the leachate 
are performed to monitor release of glass components, including actinides. Details of the test 
procedure and test results can be found elsewhere.6•

7 

Particulate and colloidal materials released to solution are also analyzed by analytical 
transmission electron microscopy and by sequential filtering with alpha spectroscopy (for 
transuranic content). These combined data indicate that insoluble elements, including U, Pu, and 
Am, are incorporated into alteration phases as the glass reacts and are subsequently released with 
particulate or colloidal matter as the alteration products spall from the glass. Recent trends have 

6 J. A. Fortner and J. K. Bates, Mater. Res. Soc. Symp. Proc. 412, 205-211 (1996). 
7 J. A. Fortner, S. F. Wolf, E. C. Buck, C. Mertz, and J. K. Bates, Mater. Res. Soc. Symp. Proc. 465, 165-172 

(1997). 
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shown that the releases of Pu and Am, while initially quite low compared to those of soluble 
elements (such as Band Np), eventually are accelerated as the alteration phases in which they are 
entrained spall from the glass surface and enter the test solution.7 Ultimately, the release of these 
actinides will be determined by the transport of the particulates suspended in solution. 

Figure III-1 shows the cumulative normalized mass release for B and Li in the vessel 
rinse from three N2 tests as a function of time. The normalized mass release rate is defined as 

(2) 

where Mi is the measured mass of element i in the leachate solution, Ci is its element fraction in 
the source glass, .6.t is the time interval between tests, and A is the surface area of the glass 
monolith (1.36 x 10-3 m2

). The release of these elements is an important gauge of the glass 
corrosion, as they are not expected to form secondary phases, are not major components of the 
EJ-13 water, and are not present in the steel vessel. Negligible amounts of B and Li were 
measured in acid strip solutions. Normalized release values for these elements appear in 
Fig. ill-1. Note the nearly identical behavior of these two elements, an indication that they are 
remaining in solution (dissolved) and are released from the glass congruently. Note also that, in 
the 8- to 10-year period, while the data from the three replicate samples may differ, the N2-10 
sample releases both B and Li the fastest, and the N2-9 sample releases both elements the 
slowest. The differences in measured reaction rate are real and are reflections of the inherent 
variability in elemental release for this type of test over a 10-year period. Trends in technetium 
release follow those of B and Np. We are analyzing the technetium content of the source glass 
(from an archive sample) to allow direct comparison of normalized release rates for this element. 
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Unsaturated Glass Tests, designated the N3 tests, are also being conducted with an 
actinide- and technetium-doped WVDP glass, ATM-10. These tests were begun in July 1987 and 
remain ongoing with regular sampling at 26-week intervals. The ATM-10 glass is a former 
reference glass for the WVDP, and its composition differs only slightly from the present WVDP 
reference glass. 
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The WVDP-type glass used in the N3 test is unusual in that it contains a large amount of 
thorium relative to most other waste glasses. This element is found to concentrate in alteration 
phases.6

•
8
•
9 The N3 tests continue to release thorium at the relatively low rate of 1.5 (±0.5) x 

10-5g/(m2·day), about 100 times less than the normalized elemental release rates for B and Li 
(Table ill-1). This low release rate suggests that the thorium alteration phases are mostly 
remaining with the waste package, although they have been observed in colloidal particles from 
the test solution. 8•

9 

Table III-I. Normalized Release Rates for Selected Elements from N3 Test Series after 10 Years 

Test 
Normalized Release Rates,8 g m·2·day·1 

Series Li B Th u Np Pu Am 

N3-9 4.0x 10-3 3.4 X 10-3 1.3 X 10-S 2.6 X 10-4 9.6 X 10-4 4.7 X 10-S 3.Qx 10-S 

N3-10 1.8 X 10-3 1.7 X 10-3 2.1 X 10-S 4.3 X 10-4 6.6x 10-4 4.7 X 10-S 2.2 X 10-S 

N3-12 2.6 X 10-3 2.3 X 10-3 1.1 X 10-5 3.7 X 10-4 4.9 X 10-4 1.0 X 10-4 3.6 X 10-S 
8 Error is approximately ±30% for each of the rates. 

D. Testing of Glass Waste Forms for Low-Level Waste 

Long-term and accelerated tests are being conducted with several glasses similar to 
anticipated forms of immobilized low-activity radioactive waste (ILA W) for disposal of Hanford 
wastes. Results from these tests will provide data for the performance assessment of the Hanford 
disposal system, including development of glass corrosion models, measurement of model 
parameters, and characterization of the disposition of radionuclides as the glass dissolves. Tests 
to date have shown that sodium is released from candidate ILA W glasses faster than other glass 
components, probably through ion exchange. Long-term glass dissolution is currently modeled to 
be controlled by matrix dissolution reactions, which proceed at very low rates as dissolved glass 
components accumulate in solution. The observed preferential release of sodium raises the 
concern that highly soluble radionuclides could be released from the glass at a rate that is much 
higher than the matrix dissolution rate over extended periods at the low temperatures anticipated 
for a low-activity waste disposal system (about 20°C). Although the dissolution rate is quite low, 
this must be taken into account in the development of the glass corrosion model. The release 
behavior of 99Tc is of particular interest because it was calculated to contribute the greatest dose 
to man in the preliminary assessment of the Hanford disposal system. 10 

To study the release behavior of technetium from a glass that is representative of likely 
ILAW forms for Hanford, we added NaTc04 to LD6-5412 glass and remelted the mixture to 
make a glass that we refer to as the "LD6Tc7" glass. Although the LD6-5412 glass will not be 

8 J. A. Fortner, T. J. Gerding, and J. K. Bates, Ceram. Trans. 61, 455-462 (1995). 
9 J. A. Fortner, J. K. Bates, and T. J. Gerding, Analysis of Components from Drip Tests with ATM-JO Glass, 

Argonne National Laboratory Report ANL-96/16 (1997). 
10 F. Mann, Impacts of Disposal System Design Options on Low-Level Glass Waste Disposal System Performance, 

Westinghouse Hanford Company Report WHC-EP-0810, Revision 1 (1995). 
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used to immobilize waste, the release of technetium from this glass is assumed to be 
representative of its release from the silicate glasses with high soda contents being developed for 
waste immobilization. To facilitate analyses, the LD6Tc7 glass contained 0.18 wt% technetium, 
which is much more than can be present in waste forms meeting low-level (Class C) 
requirements. A series of MCC-1, product consistency, and vapor hydration tests is being 
performed with this glass to study the release of technetium under various conditions. The 
concentrations of technetium in solutions from 3-day MCC-1 tests conducted at 40 and 90°C 
were too low to be measured. In product consistency tests (PCTs) at 40 and 90°C, the normalized 
release of technetium was intermediate between that of Si and Na. While the dissolution rate of 
LD6-5412 glass increased significantly when alteration phases precipitated in PCTs at 90°C 
between about 3 and 6 months, similar phases have not yet formed in tests with LD6Tc7 glass 
under the same test conditions through 6 months. Long-term tests are ongoing. Vapor hydration 
tests at 200°C show that the same phases form during the corrosion of LD6-5412 and LD6Tc7 
glasses. The altered glasses are being examined to characterize the release mechanism of 
technetium from LD6Tc7. 

E. Testing of Spent Fuel 

Spent nuclear fuel contained in an engineered barrier system surrounded by consolidated 
volcanic tuff is the current reference design for the potential repository at Yucca Mountain. This 
multiple barrier system will be designed to limit the radionuclide release from the spent fuel. 
Long-term tests with unirradiated UO2 and spent fuel are in progress to determine the behavior 
of, and radionuclide release from, spent fuel under unsaturated conditions. 

1. Unsaturated Tests with UO2 Samples 

The objective of this effort is to evaluate the reaction of unirradiated Zircaloy-clad UO2 
pellets after exposure to dripping EJ-13 water at 90°C. Results from these tests will be used to 
characterize the dissolution behavior of UO2, formation of alteration phases, and rates and 
mechanisms of uranium release. The tests will also serve as a pilot study for drip tests with spent 
UO2 fuel. 

Drip tests on UO2 pellets are continuing into their thirteenth year. These tests are being 
conducted in stainless steel vessels, with UO2 pellets supported on a Teflon stand. Uranium 
release from UO2 samples was rapid during the first 2 years of testing. This has been followed by 
lower release rates during the subsequent 10 years. The rapid release period correlated with an 
episode of preferential corrosion along UO2 grain boundaries and spallation of micrometer- to 
sub-micrometer-sized UO2 particles from the pellet surfaces. Scanning electron microscopy and 
optical examinations on two cross-sectioned samples revealed a reaction front that penetrated an 
average two to four grains into the pellets ( ~ 10 to 20 µm) ahead of the exposed pellet surface. 
This reaction front was variable, containing regions with little or no visible corrosion and regions 
with more extensive penetration (up to ten grains deep). After 2 years of reaction, the formation 
of a dense mat of U(VD alteration phases enveloped the loosened UO2 grains. This mat reduced 
the spallation of UO2 particles, lowering the uranium release rates. Solution aliquots from the 11-
12 year reaction interval were analyzed, and uranium concentrations were found to be similar to 
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values in previous samplings, when similar drip tests were conducted with stainless-steel support 
stands (instead of Teflon) and sampled for the 7-8 year reaction interval. The surfaces of the 
pellets show evidence of reaction products; however, these have not been identified yet. The 
surfaces and Zircaloy cladding have yellow-green coatings, consistent with previous samples that 
had alteration layers of dehydrated schoepite, UO3•0.9H2O. 

Another test method is being developed to measure the solution composition in contact 
with spent fuel during the reaction processes important in the drip tests. This information is 
needed as input for model development and confirmation. Development of the preliminary test 
method is being done with UO2; these tests are given the name "petri-dish tests" (PDTs). These 
experiments are designed to help understand the reactions that occur in the thin water film that 
forms on the surfaces of UO2 and spent fuel in drip tests. The PDTs are batch tests that are run at 
90°C in stainless steel vessels (45 mL) with a small amount (0.5 mL) of EJ-13 water on the 
bottom. A small amount (0.2 g) of UO2 powder is placed on a stainless-steel screen attached to a 
steel hanger and lowered into the vessel. The water is wicked through the screen and onto the 
powdered sample, where 'it forms a thin film. Preliminary results from the PDTs, conducted with 
unirradiated UO2, indicate that small changes in solution compositions can be observed and 
correlated with solid uranium-bearing alteration products that form on the surface of the UO2. 

Several PDTs were conducted with and without a small amount of H2O2 added (0.1 M) to 
the EJ-13 water. This addition was intended to mimic the increased oxidation potential 
associated with radiolytic products formed in drip tests on spent fuel. Phases identified in the 
PDTs include metaschoepite, dehydrated schoepite, soddyite, uranophane, and (possibly) 
sodium-compreignacite. These are the same phases found in drip tests on UO2• In addition to our 
apparent success in reproducing the alteration products and phase paragenesis observed in the 
drip tests, reactions in the PDTs also appear to be accelerated somewhat. The UO2 samples in 
tests with H2O2 added reacted faster than samples in either the drip test or the PDT without H2O2 
and precipitated dehydrated schoepite rather than metaschoepite. Also, the dissolved 
concentrations of uranium in the tests with H2O2 were higher than in tests with unmodified EJ-13 
water, and the pH values were lower. Lower pH may reflect increased corrosion of steel in tests 
with H2O2. A lower pH would also lead to enhanced UO2 oxidation and dissolution. Results from 
the PDTs continue to be analyzed. 

2. Unsaturated Tests with Spent Fuel Samples 

Spent fuel is being tested under unsaturated conditions at 90°C to evaluate its long-term 
behavior in the potential repository at Yucca Mountain. The tests are on two commercial 
irradiated UO2 fuels, ATM-103 and ATM-106, from a pressurized water reactor. The EJ-13 
leachant was produced by reaction of water from well J-13 with Yucca Mountain tuff for 
approximately 80 days at 90°C. The tests monitor the dissolution behavior of the spent fuel 
matrix, the release rate of individual radionuclides, the form in which the radionuclides are 
released, and the mode of reaction. Examined this past year were the amounts of plutonium in 
colloidal form and the potential for thin-film flow in drip and vapor tests, respectively. 

For drip tests at high rates (0.75 mIJ3.5 days), plutonium retention in colloids collected in 
the leachate in the test intervals between 1.6 and 3.7 years was examined, and the results are 
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summarized in Table III-2. At most test intervals, the amount of plutonium released is greater for 
the ATM-103 fuel, and a large fraction of this material (about 30% on average) is in a colloidal 
form. The amount of plutonium released for the ATM-106 fuel is as much as two orders of 
magnitude less than that for the ATM-103 fuel, and the average fraction that is in colloidal form 
is about 10%. The composition of the colloids is unknown, but a goal of future work is to 
determine their composition since colloidal transport has been identified as an important release 
pathway at the Yucca Mountain site. -

Table III-2. Percentage of Released Plutonium in Colloidal Form from High-Drip
Rate Testsa 

ATM-103 ATM-106 
Interval, 

yr Colloids, ng Percentage Colloids, ng Percentage 

1.6 20 68 0.3 24 . 
2.1 0.2 21 0.06 6 

2.6 0.05 8 0.05 3 

3.1 30 35 0.06 10 

3.7 0.4 15 0.002 0.3 

aThe burnups are 30 MW·d/kg U for ATM-103 and 45 MW·d/kg U for ATM-106. 

In the vapor test, the calculated amounts of radionuclides transported by thin-film flow 
were compared to the measured amounts after 3.7 years of reaction. The calculated amounts were 
based on the minimum thin-film flow rate (7.5 x 10-7 Ud) for a Van der Waals liquid on quartz 
multiplied by the expected concentration in a drop of liquid. The drip concentrations for Tc, U, 
and Sr in the vapor tests after 3.7 years were represented by the radionuclide concentrations 
found early in the high-drip-rate tests, before excess Na and Si appear in solution. 

Table III-3 presents the measured amounts of transport for Tc, U, and Sr and the 
calculated amounts (range for low and high concentrations). In all cases, the measured amount of 
radionuclide transported was greater than, or about equal to, the lower range for the calculated 
values. This result is evidence of the importance of thin-film flow as a transport pathway for 
release of radionuclides. This result will be verified with tests done using different fuel types. 

3. Characterization of Reacted Spent Fuel Samples 

Analytical transmission electron microscopy (ABM) is a versatile technique for 
examining the microstructure of corroded spent fuel. During ABM examination of corroded 
ATM-103 from both the vapor and high-drip-rate tests, we found regions that possessed 
anomalously high concentrations of plutonium (see Fig. III-2). The enrichment of plutonium in 
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Table III-3. Experimental Evidence for Thin-Film Transport in Vapor 
Tests at 3.7-yr Interval 

Measured Thin-Film Transport, g 

Tc u Sr 

ATM-103 2x 10·7 7 X 10·9 3x 10·9 

ATM-106 6 X 10"10 3 X 10"8 3 X 10"9 

Calculated Thin-Film Transport, a.b g 

Tc u Sr 

Low Range 2 X 10"10 4x 10·9 2 X 10"11 

High Range 2x 10·7 4x 10·7 2x 10·9 

"The minimum thin-film flow rate is 7.5 x 10·7 Ud. 
~he steady-state concentrations in the high-drip-rate tests 
were assumed to be representative of those in the vapor tests. 
The concentrations were as follows: Tc (10"8 to 10"5.M), 
U (10-7 to 10"5 M), and Sr (10"8 to 10"6 M). 

Fig. III-2. 

Transmission Electron Microscopy 
Image of Plutonium-Rich Regions in 
Vapor Test of ATM-103 
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these regions far exceeded those reported in the uncorroded fuels. 11 X-ray energy dispersive 
analysis indicated significant amounts of Zr and Ru in these regions. The source of the zirconium 
is probably the fuel cladding, although the spent fuel does contain zirconium as a fission product. 
Electron energy loss spectrometry (EELS) indicated anomalously low concentrations of rare 
earths. From microstructural analysis of European high-burnup fuels, Kleykamp et al. 12 have 
reported the existence of a perovskite-type phase [Ba(U,Pu,Zr,Mo)O3]; however, these types of 
phases have not been identified in low-bumup fuels from pressurized water reactors. 11 Although 
the perovskite phase has not been reported in low-bumup fuels, its existence in these fuels at the 
tens of nanometer scale cannot be ruled out. Therefore, it is not possible to conclude that the 
plutonium-enriched regions in the ATM-103 sample were produced during oxidative corrosion 
of the fuel. 

Bums et al. 13 have reported the possibility of the substitution of Pu+ for U6+ or the 
substitution of Pu4+ into uranyl oxide hydrates (particularly ianthinite) and uranyl silicates during 
testing of spent fuel samples. In the high-drip-rate tests, pseudomorphic transformation of the 
spent fuel (UO2) to uranyl phases would probably require isomorphic substitution of plutonium 
for uranium sites in uranyl phases. To date, we have not found evidence for this substitution; 
however, we do have supporting evidence for the accumulation of plutonium into discrete areas 
in the corroded fuel. Regardless of their origin, the presence of enriched regions of plutonium 
suggests that, if these regions become friable, plutonium-bearing colloids could be released. The 
ABM technique will continue to be exploited for analysis of the reacted spent fuel samples. 

F. Immobilization of Plutonium 

Several alternatives are being considered by DOE for the long-term disposal of surplus 
plutonium resulting from the dismantlement of nuclear weapons and the cleanup of weapon 
production sites. One such alternative is immobilization, where the plutonium would be fixed 
into a glass or ceramic waste form that meets safety and security objectives. Argonne is 
participating in the Fissile Materials Disposition (MD) Program by (1) characterizing a ceramic 
waste form being developed at Lawrence Livermore National Laboratory (LLNL), (2) corrosion 
testing of the ceramic material prepared at LLNL, and (3) corrosion testing of plutonium-loaded 
glasses prepared at Westinghouse Savannah River,'Pacific Northwest National Laboratory, and 
Argonne National Laboratory. Our task this past two years was to provide characterization and 
corrosion data to the MD program so that an informed choice could be made between glass and 
ceramic. The DOE has decided that ceramic will be the preferred material for the immobilization 
of excess plutonium. Our focus now is to obtain data that will advance our understanding of the 
corrosion mechanism of the ceramic form. 

11 R. J. Guenther, D. E. Blahnik, T. K. Campbell, U. P. Jenquin, J.E. Mendel, L. E. Thomas, and C. K. Thornhill, 
Characterization of Spent Fuel Approved Testing Material-ATM-103, Pacific Northwest Laboratory Report 
PNL-5109-103 (1988). 

12 H. Kleykamp, J. 0. Paschoal, R. Pejsa, and F. Thommler, J. Nucl. Mater. 130, 426-433 (1985). 
13 P. C. Burns, R. C. Ewing, and M. L. Miller, J. Nucl. Mater. 245, I (1997). 
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1. Ceramic Characterization 

A titanate-based ceramic waste form, rich in phases structurally related to zirconolite and 
pyrochlore, is being developed for immobilizing excess plutonium. As part of this program, 
LLNL has produced several ceramics that are being characterized at ANL. The plutonium-loaded 
ceramics contain a number of titanate-based phases, such as zirconolite, brannerite, and rutile. 
However, other types of phases have been found, including perovskites and undissolved 
plutonium as Pu02-x• Analytical transmission electron microscopy has been used to determine the 
plutonium oxidation state in the zirconolite. 

The oxidation state of the plutonium in a zirconolite phase was determined with an EELS 
technique described by Fortner and Buck.14 The value obtained from the zirconolite phase 
(Fig. ill-3) indicated that its plutonium may be a mixture of Pu4

+ and Pu3
+. The Pu-N4,5 
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Fig. ill-3. Plot of N,JN5 Intensities and Formal Valences for Various 
Plutonium-Bearing Phases. The plutonium valence in 
plutonium-bearing zirconolite was determined from the 
ratio of the intensity of N4-to-Ns "white lines" and the 
line drawn between two reference points: alkali-tin
silicate (ATS) glass and reduced plutonium oxide present 
in the ceramic waste form (+3.5). 

absorption edges exhibit sharp "white line" transitions in the EELS spectrum, and these 4d312 ~ 

5fs12 (N4) and 4ds12 ~ 5f112 (Ns) transitions were used to determine the chemical state of the 
plutonium in the zirconolite. The ratio of N,JN5 absorption edges for a range of other actinide
bearing phases, as well as other plutonium phases, was found to decrease with increasing Sf
orbital occupancy. In the plot shown in Fig. III-3, the alkali-tin-silicate glass was determined by 

14 J. A. Fortner and E. C. Buck, Appl. Phys. Lett. 68, 3817-3819 (1996). 
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optical methods to contain only Pu4
+. The plutonium oxide was assumed to be in the +3.5 state, 

based on electron diffraction analysis of this phase; this suggested that it was Pu4O7, which is 
sometimes referred to as "cubic-Pu2O3." The NJNs ratio from a partially reduced plutonium 
oxide obtained from contaminated soil taken in the Johnston Island is also shown in Fig. III-3 for 
comparison. 

Although this procedure apparently allows determination of the plutonium oxidation 
state, the N4,s edges are complicated by multiple scattering, multiple effects, and interactions 
between the bound states and the continuum. This method is still undergoing evaluation for 
determining the plutonium oxidation state. 

2. Glass Testing 

Static dissolution testing (MCC-1, product consistency, and vapor hydration tests) is 
being performed with two plutonium-doped glasses (LaBS, a lanthanide borosilicate glass, and 
PS, an alkali-tin-silicate glass) at SN ratios from 10 to 20,000 m-1

• The objective is to determine 
the extent of corrosion and the disposition of plutonium. 

The dissolution rate, based upon boron, for LaBS and PS glasses obtained from the 
MCC-1 tests (3 days at 90°C and SN= IO m;1

) indicates that the leach resistance of the LaBS 
glass is very similar to that of the PS glass, 0.8 ± 0.1 and ·1.1 ± 0.1 g/(m2·day), respectively. 
Figure ill-4 compares the corrosion behavior from PCT-B (90°C and 20,000 m-1

) between LaBS 
and PS over 182 days. While normalized mass loss values for B and Si indicate that the LaBS 
.glass is more durable than the PS glass, the NL(Pu) values from LaBS are approximately an order 
of magnitude greater than those for the PS glass. The Pu and Gd are dissolved nearly congruently 
from both glasses (see Fig. III-4b). The extent of corrosion in the glasses from vapor hydration 
tests (exposure to humidified air at 200°C for up to 56 days) indicates that the hydration of the 
LaBS occurs more rapidly than the ATS glass. In these tests, the crystalline alteration phases 
(plutonium-rare earth-silicates) that formed on the glass surface were found to segregate the 
plutonium and rare earth elements in the LaBS. Alteration layers on the PS glass reacted under 
vapor hydration conditions were very thin and similar in composition to the unreacted glass, 
indicating a hydrated glass alteration layer. Additional long-term PCT-B tests continue, although 
early results suggest that the LaBS composition is not as leach resistant for Pu and Gd as the PS 
composition. 

3. Ceramic Testing 

Titanate ceramics have been developed for incorporation of a wide variety of radioactive 
materials. Most recently, titanate ceramic was selected as the immobilization material for 
disposition of surplus plutonium. The advantages of titanate ceramics include their ability to 
accept various cations as substitutions within its structure and their high resistance to aqueous 
corrosion. Ceramics formulated at LLNL as part of the MD program are composed primarily of 
zirconolite (CaZrThO1). We performed a suite of static corrosion tests to investigate different 
aspects of the corrosion behavior of the plutonium-loaded ceramic. Our results from ceramics 
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were compared with similar results from tests with the plutonium-doped glass with the intent that 
one candidate waste form would be selected. 

Results from MCC-1 tests (3 days at 90°C and 10 m·1
) were used to estimate the initial 

corrosion rate of the ceramic and showed that the corrosion was nonstoichiometric. The 
following normalized release rates were measured [units of g/(m2·day)]: Ca, 0.1; Zr, 0.004; Ti 
0.0004; Pu, 0.004; and Gd, 0.01. These results show that each element is released at a different 
rate during MCC-1 tests. Release rates calculated from PCT-A results (7 days at 90°C and 
2000 m"1

) are lower than the release rates calculated from MCC-1 tests and range from 
0.00002 g/(m2·day) for titanium to 0.005 g/(m2·day) for calcium. These results indicate that the 
more concentrated solutions in PCT-A tests slow the release of all elements from this ceramic. 
We believe that the differences in release rates for the different elements reflect differences in 
release processes and elemental solubilities. 

We will continue to test ceramics developed for the MD program during the next year. 
The ceramic composition currently being developed contains hafnium instead of zirconium and 
contains pyrochlore [Ca(Zr, Hf)TizO7] as the major phase. 

G. Development, Characterization, and Testing of 
Various Waste Forms 

1. Development of Test Method for Product Acceptance 

Several sites in the DOE complex are interested in privatizing the immobilization task for 
tank wastes. The immobilized low-activity waste (ILA W) forms produced will be required to 
meet contractual product specifications to ensure their suitability for handling and disposal. A 
standard product acceptance test (PAT) and standard material that will allow quantitative 
determination of test accuracy are required. To meet these needs, we have developed a test 
method and formulated a glass (Low Activity Reference Material-1, LRM-1) to be used as a 
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standard material in that test The glass was formulated to be similar in composition to ILA W 
forms for Hanford and other DOE sites. 

The bulk composition of the glass was determined by analyses with inductively coupled 
plasma/mass spectrometry, inductively coupled plasma/atomic emission spectroscopy, and ion 
chromatography. The microstructure of the glass was examined with scanning electron 
microscopy and transmission electron microscopy to verify that the phases in the glass had not 
separated, and that no phases had-precipitated in the glass. Several properties of the glass were 
measured to assess its compliance with requirements specified by Hanford and its possible use as 
a test standard. Although LRM-1 is intended only as a standard for the PAT, it may later be 
developed as a standard for the measurement of other waste form requirements. The density of 
the glass was measured by buoyancy to be 2520 kg/m3

; the average leachability index for sodium 
was measured to be 15.4 ± 0.1; and the compressive strength was measured to be 226 ± 57 MPa. 
These values are well within the acceptance levels for Hanford ILA W. 

We have subjected LRM-1 glass to replicate dissolution tests to determine the effects of 
key test parameters on the mean and variance of the glass response. The glass was subjected to 
replicate tests in a matrix designed to determine the effects of temperature (20, 40, and 70°C), 
glass/water mass ratio (1:10 and 1:1), and test duration (3 and 7 days) on glass response. On the 
basis of the test results, we have recommended that the PAT be conducted for 7 days at a 
glass/water mass ratio of I: IO and 40°C. These parameters will result in a reproducible test that 
is run under conditions relevant to the qualification of ILAW. The LRM-1 glass is suitable for 
use as a standard test material in determining product acceptance. A round-robin test program 
will be conducted by ANL to measure the interlaboratory reproducibility of the test when 
conducted with LRM-1 glass. The test method will be submitted to the American Society for 
Testing and Materials for standardization. 

2. Qualification Testing of Ceramic Waste Form 

Glass-bonded zeolite (referred to as the "ceramic waste form") is being developed as a 
potential waste form for the long-term disposal of fission product and transuranic elements 
associated with the electrometallurgical treatment of spent nuclear fuel (Sec. IV). The goal is to 
provide qualification testing and associated activities that may be applied toward acceptance of 
this ceramic waste form into the Civilian Radioactive Waste Management System. 

The qualification testing will require investigations of the long-term corrosion behavior 
of the ceramic waste form, with emphasis on repository-relevant durability testing. We have 
provided technical information about testing methodology and aided in the development of a 
testing program that will be used to ascertain the corrosion behavior of the ceramic waste form in 
a geologic repository. 

Initial vapor hydration, product consistency, and MCC-1 tests with durations up to 
364 days have been completed with glass-bonded zeolite containing waste constituent 
components. Three leachants were tested: deionized water, EJ-13 well water, and a Mg-Na-K-Cl 
brine. The samples had the greatest amount of glass corrosion in the deionized water, but the 
Mg-Na-K-Cl brine created the greatest release of fission products. The effects of the 
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Mg-Na-K-Cl brine may be related to the dependence of zeolite retention on pH. The results from 
tests with EJ-13 were similar to those from tests with deionized water. 

Along with the standard durability tests, methodologies were developed to characterize 
both the short- and long-term behavior of the ceramic waste form with relatively short duration 
tests to provide useful information for evaluating the overall behavior. It was concluded that 
these methodologies are sufficiently sensitive to allow determination of the behavior of different 
waste constituents and comparison of the products that are produced with different processes. 

The effects of water washing were investigated to determine whether there is a problem 
with the premature release of accessible free salt during the preparation of the ceramic samples. 
The results from these investigations indicated that washing with deionized water removes 
significantly more salt compared to ethanol, such that the use of water in the sample preparation 
processes should be limited or eliminated, and that the wash times. with ethanol should be 
minimized for maximum salt retention in the ceramic waste form. 

A large suite of qualification tests will be initiated with the ceramic waste form and 
constituent components during the next two years. This work will focus on the reference ceramic 
waste form being developed for the EBR-II fuel conditioning project at ANL-West. The 
reference ceramic waste form will contain two or more distinct phases, with sodajite being the 
primary crystalline component. 

3. Transmutation Effects in Crystalline Waste Forms 

This work is carried out by a team from two national laboratories who will be 
determini~g the effects of transmutation in samples of mes-bearing pollucite (esAISi

2
O

6
) 

obtained from a French company. These samples are unique in that the pollucite was made with 
various amounts of mes, which was then sealed in welded stainless-steel capsules to be used as 
tumor irradiation sources. Over the past 18 years, the mes has been decaying to stable barium in 
the absence of atmospheric effects. We are studying this material as an analogue to crystalline 
waste forms in which a transmutation such as this could possibly disrupt the integrity of the 
original ceramic waste form. 

Work this year consisted of determining the construction of the capsules and state of the 
pollucite in the absence of details about the pollucite preparation. We have opened one capsule 
containing nonradioactive pollucite. The information on the construction of the stainless-steel 
capsule is useful for the work that we are preparing to do on capsules containing radioactive 
pollucite. Microscopic characterization (electron energy loss spectroscopy and energy dispersive 
X-ray spectroscopy) of the nonradioactive pollucite revealed two compounds in addition to 
pollucite: cesium silicate and a cesium aluminosilicate (CsAISiO4). These compounds may 
complicate the interpretation of the X-ray absorption spectroscopy results that are used to 
characterize the pollucite in unopened capsules. Preparations have been started to study the 
radioactive samples at the Stanford Synchrotron Radiation Laboratory. Our calculations show 
that, by thinning the base of the capsules, we should be able to obtain about a factor of ten 
increase in the fluorescence signal. Procedures are in place for thinning capsules containing the 
radioactive pollucite and examining the samples at Stanford. 
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We have investigated the stability of pollucite to P-radiation damage by use of 200 ke V 
electrons in the transmission electron microscope. The samples investigated became amorphous 
in about 10 min. This is equivalent to many more years of P-radiation damage than under normal 
decay of the 137 Cs. In fact, the dose was equivalent to several thousand years of normal radiation 
damage from the decay of 137 Cs. Of course, there would not be any 137 Cs remaining after that 
period of time because the half-life of 137Cs is 30 yr. Additional work with less intense beams or 
in an ion accelerator will be performed next year to better simulate the damage to the pollucite 
crystal structure from the decay of cesium to barium. 

4. Pretreatment of Radioactive or Mixed Waste Vitrification Feeds 

Vitrification has been selected as a final waste form technology in the U.S. for long-term 
storage of high-level radioactive wastes. The presence in high concentrations of certain elements 
(e.g., transition metals) in the high-level waste may cause unwanted crystalline material in the 
final glass product. This may be a problem during vitrification at some DOE sites. The formation 
of spinel compounds, such as Fe3O4 and FeCrO4 , may result in devitrification and would reduce 
the lifetime of the melter used in vitrification. A superconducting, open-gradient, magnetic 
separation (OGMS) system is being developed at ANL for the removal of the deleterious 
transition elements (e.g., Fe, Co, and Ni) and other elements (actinides) from vitrification feed 
streams. This system exploits the ferromagnetic or paramagnetic nature of these elements and is 
designed to deflect and collect paramagnetic minerals on the basis of the mineral interactions 
with a magnetic field gradient. This system has the potential to reduce significantly the volume of 
high-level waste for vitrification and ensure a stable product. Design of an efficient 
superconducting OGMS system requires a fundamental understanding of the physical and 
chemical properties of the waste feed streams. Both simulated and radioactive samples of fly ash 
and sludge from the Savannah River, Rocky Flats, and the Hanford sites are being studied with 
several techniques to characterize and predict the separation capability and limitations of a 
superconducting OGMS system. 

5. Microscopic Radiation Damage in Waste Forms 

The objective of this new cooperative research between the Chemistry Division and CMT 
is to conduct fundamental research on the nature of the electronic interaction and the chemical 
bonding properties of radionuclides in analogue waste forms. The work at CMT includes 
investigation of microscopic effects of radiation damage in crystalline and glass waste forms with 
state-of-the-art analytical electron microscopy (AEM) techniques. 

During the past year, single crystals of LuPO4 doped with 244Cm (III) (half-life of 
18.1 years) were examined with AEM. The crystals, which are structural analogues for proposed 
ceramic waste forms, had been doped with 244Cm at a concentration of ~ 1 wt% about 17 years 
ago. Electron microscope images indicated that the majority of the waste matrix remained intact, 
although electron diffraction analysis indicated that an amorphous phase was present. Moreover, 
nanometer-sized bubbles were frequently observed within crystals, which may be related to local 
segregation of gaseous He or O species that were generated during decay of 244Cm. These results 
provided new insights into the metamictization of crystalline materials containing radionuclides. 
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Our current effort is focused on determination of the structure and elemental species in the 
crystalline domains and the amorphous region. The goal is to achieve a clear understanding of the 
microscopic nature of radiation damage and its effects on the long-term behavior of high-level 
waste forms. 





IV 
Separation Science and Technology 

The Division's work in separation science and technology during the past year was in two areas: 

• Treatment of radioactive, mixed, and hazardous waste 

• Substitution of low-enriched for high-enriched uranium in the production of 99Mo 

The major activity in the waste treatment area involves R&D on solvent extraction processes for 
the cleanup of acidic and alkaline nuclear waste solutions. In another project, we are assisting in 
the development of an evaporator/concentrator system for treating low-level radioactive waste at 
the Savannah River Site. We also continue to provide technical support for the Waste 
Management Organization at ANL. 

The largest R&D effort being pursued is development of low-enriched uranium targets and 
processing methods for production of 99Mo for use in medical diagnostic applications. In this 
activity, we are working to convert all current processes, worldwide, that use high-enriched 
uranium to low-enriched uranium. 

A. Solvent Extraction Technology 

Although our separation science and technology activities have broadened into other 
areas, solvent extraction R&D remains a significant fraction of our development work. Work 
during the past year was focused on advising engineers at Idaho National Engineering and 
Environmental Laboratory (INEEL) on their demonstration of the SREX (Strontium Extraction) 
process on actual high-level waste stored at the site. (The SREX process was invented by 
researchers in the Chemistry Division at ANL.) The demonstration was conducted with a 
24-stage centrifugal contactor built at ANL. After the test runs, the GTM (Generic TRUEX 
Model) and its SASSE (Spreadsheet Algorithm for Stagewise Solvent Extraction) module were 
used as a means to better understand the test results. We also provided engineering and modeling 
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support and tested a flowsheet for researchers at Oak Ridge National Laboratory for the 
SRT ALK (Strontium and Technetium Extraction for Alkaline Solution) process. 

1. Demonstration of SREX Process 

We provided support for INEEL researchers at the Idaho Chemical Processing Plant as 
they tested the SREX process usi!].g sodium-bearing waste from tank WM-183. The SREX test 
with actual nuclear waste was demonstrated with the flowsheet shown in Fig. IV-I. The test was 
done in a 24-stage "minicontactor" (2-cm rotor), which was designed, built, and tested at 
Argonne. The minicontactor is now located in a shielded-cell facility at Idaho, where actual 
sodium-bearing waste can be easily obtained for flowsheet tests. The SREX solvent composition 
for the test was 0. 15 M bis-4,4'(5')[(tert-butyl)cyclohexano]-18-crown-6 (CE) and 1.5 M tributyl 
phosphate (TBP) in Isopar®L. The 90Sr in the sodium-bearing waste feed was removed by the 
solvent in the extraction section (stages 1-10). In the scrub section (stages 11-12), other 
components in the solvent were washed back by the scrub feed. In the first strip section (stages 
13-16), dilute acid stripped 90Sr out of the solvent, as well as any potassium. In the second strip 
section (stages 17-20), a complexant (ammonium citrate) stripped lead and actinides from the 
solvent. Finally, in the wash section (stages 21-24), the solvent was reacidified so that it could be 
recycled to stage 1. In this test, because the availability of the waste solution was limited, the 
SREX solvent was not recycled. 

SALT-BEARING WASTE 
(WM-183) FEED 

Al, Am, B, Ca, Cs, K, Na, 

Pb,Pu, 90sr 

5.9 mlJmin 

I 

SREX 
SOLVENT AQUEOUS 

0.15M CE RAFFINATE 

1.5MTBP Al, Am, B, Ca, 

lsopar®L (rest) Cs,K,Na 

7.9 mUmin 
7.9 ml/min 

SCRUB 
2.0M HNO3 

2.0 mUmin 

STRIP #1 
EFFLUENT 

K,90sr 

14.8 mlJmin 

STRIP #1 
0.05M HNO3 

14.8 mUmin 

STRIP#2 
EFFLUENT 

Pb,Pu 

8.0 mUmin 

STRIP #2 
0.1 M Ammonium 

Citrate 

8.0 mUmin 

WASH 
EFFLUENT 

3.8 mUmin 

WASH 
3.0MHNO3 

3.8 mUmin 

I 

- - - -· I 

' ORGANIC 
EFFLUENT 

7.9 mlJmin 

Fig. IV-1. The SREX Flowsheet Tested with Tank Waste at INEEL 

Our review of the hot SREX demonstration at INEEL determined that the test went very 
smoothly, with 99.995% of the 90Sr being removed from the aqueous raffinate. With this removal 
efficiency for 90Sr, the activity of 90Sr was reduced from 201 to 0.0089 Ci/m3

, which is well 
below the Nuclear Regulatory Commission's limit for Class-A low-level waste of 0.04 Ci/m3 

(1.48 x 109 Bq/m3
) for 90Sr. Analysis of the stage-to-stage strontium data showed that the 
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minicontactor worked well. The mass-transfer efficiency was 97% in the extraction section and 
98% elsewhere. About 5% of other elements (Ba, Cd, K, Pb, Pu, Zr, and probably U) were 
extracted along with the 90Sr. While these elements have low concentrations and will not hinder 
the separation of 90Sr from the nitrate salts in the tank waste, the effect of their presence needs to 
be addressed to ensure that they do not pose any problems downstream of the SREX process. The 
successful operation of the SREX process in the minicontactor with actual Idaho waste indicates 
that a full-scale plant for processing this waste would also work well. 

2. Demonstration of SRTALK Process 

Over the past year, we have been working with Oak Ridge National Laboratory (ORNL) 
and Pacific Northwest National Laboratory (PNNL) on the SRTALK (Sr, Tc, and Cs alkaline
side extraction) solvent-extraction process. This process is able to separate alkali-metal 
pertechnetate salts from alkaline supernate that comes directly from nuclear waste tanks. It could 
replace ion-exchange columns that are currently planned to remove pertechnetate from alkaline 
wastes. The two key advantages of the SRTALK process over ion exchange are that the 
technetium is recovered (1) free of the other salts in the tank supernate and (2) without any added 
chemicals (e.g., tin, ethylene diamine) required to strip technetium from the ion-exchange 
columns. These factors would greatly reduce the number of glass cannisters subsequently 
generated for waste disposal and potentially reduce the overall cost of waste disposal. The 
SRT ALK solvent, which consists of 0.04 M CE and 1.8 M TBP in Isopar®L, extracts technetium 
from the feed with a distribution ratio of 6 to 10 and can be subsequently stripped of technetium 
with water or dilute nitric acid. 

The SRTALK concept was first demonstrated in a test tube. Then, we developed a 
12-stage process flowsheet and tested it in a minicontactor. The final flowsheet, shown in 
Fig. IV-2, has a scrub section so that the aqueous strip effluent is free of the other salts in the 
tank supernate and employs 0.01 M HN03 to strip the technetium so that the strip effluent is 
essentially free of added chemicals. In addition, use of a low organic-to-aqueous (OJA) flow ratio 
in the extraction section and a high 0/ A flow ratio in the strip section increases the technetium 
concentration in the strip effluent by a factor of 10 compared with that in the aqueous feed. At 
the same time, the decontamination factor for technetium in the aqueous raffinate is kept >6.4, as 
required. 

As part of this work, we correlated technetium extraction data from ORNL and, using 
analytical mathematical techniques developed at CMT, developed the SRTALK flowsheet. Then, 
the alkaline conditions required for this flowsheet were evaluated with both dispersion-number 
tests and hydraulic-performance tests in a single-stage minicontactor. Finally, the SRTALK 
flowsheet was tested in a multistage contactor with a simulated tank waste. The technetium 
results (both calculated and measured), given in Fig. IV-3, show that the 99Tc concentration of 
6 x 10-5 M in the extraction feed to stage 5 is reduced by a factor of ten, to 6 x 10-6 M, in the 
extraction effluent at stage 1. At the same time, the 99T concentration in the strip effluent from 
stage 8 is 6 x 10·4 M, an increase by a factor of ten from its concentration in the extraction feed. 
Thus, this test of the process flowsheet was very successful at both removing and concentrating 
the 99Tc. Work for the next year will focus on adding Cs and possibly Sr extractability to the 
SRTALK process. 
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Fig. IV-2. Flowsheet for SRTALK Demonstration 
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B. Advanced Evaporator Technology 

A new program was started to evaluate whether feed to the saltstone process used at the 
Savannah River Site (SRS) can be concentrated to increase waste loading. Saltstone produces an 
acceptable waste form from salt solutions containing 10 to 32 wt% soluble sodium salts. Salt 
solution is processed to produce saltstone based on the water content of the salt solution. 
According to present projections, as much as 490 million liters of salt solution containing 20 to 
25 wt% sodium salts will be generated from processing existing high-level waste stored at SRS. 
This will require about 120 vault cells (ten 12-cell vaults in the present vault configuration) for 
disposal in the Salt Disposal Facility at SRS. Projected treatment and disposal costs for salt 
solution converted to saltstone are $1 per liter of solution (about $0.50 per liter of saltstone). By 
simply evaporating the existing salt solution from the current specific gravity of 1.23 to a specific 
gravity of 1.30, one could reduce the volume of saltstone generated by as much as 20%. This 
would effectively eliminate the need for at least one of the disposal vaults in the Salt Disposal 
Facility and the processing of at least 50 million liters of waste into saltstone; this corresponds to 
a savings of $40 to $60 million in disposal costs for saltstone. One challenge to processing SRS 
salt solutions is the potential release of toxic organic compounds (e.g., benzene). This work will 
provide the data necessary for design and deployment of a full-scale evaporator system at SRS. 

C. Technical Support to ANL Waste Management 

We have continued working with ANL Waste Management staff to help them solve their 
technical problems associated with waste storage and treatment. Much of their 
transuranic-bearing waste is · stored as highly acidic solutions that require stabilization for 
long-term storage until a disposal site is available. As a simple method to stabilize this waste, we 
have helped them set up a glovebox to neutralize the waste and solidify it by adding a 
commercially available setting agent. After the waste has been neutralized and solidified, it will 
be removed from the glovebox and placed into a 55-gal drum for storage on site. We have also 
produced training documentation for using the glove box. We will continue to act as technical 
consultants as future operations are planned and implemented. 

D. Production of Molybdenum-99 from 
Low-Enriched Uranium 

Molybdenum-99 (t112 = 66.02 h) decays by beta emission to 99in.rc (t112 = 6.02 h). The 
latter nuclide is used in many nuclear-medicine diagnostic applications. For clinical use, it is 
prepared first in the form of pertechnetate ion (TcO4) and then suitably changed to other 
chemical forms, depending upon the intended application. The TcO4 is washed from an 
alumina-column generator that contains the parent 99Mo. This washing is accomplished by 
elution with a saline solution. Much of the world's supply of 99Mo is produced from fissioning of 
high-enriched uranium (HEU). 

The Reduced Enrichment for Research and Test Reactors (RERTR) program has been 
active for 20 years at ANL and many countries throughout the world. Its objective is to modify 
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reactor and fuel designs so that reactors could switch from HEU to low-enriched uranium (LEU) 
with no or little loss in flux or cycle time. Many reactors have converted to LEU, and many more 

are in the process. While conversions of reactor fuel have proceeded, the amount of HEU being 
exported from the United States for use in 99Mo production has become an ever more visible 
proliferation concern. 

As a part of the RERTR program, we are studying two LEU target designs, uranium metal 
foil and UOz/ Al-dispersion fuel. At present, either electrodeposited UO2 or various UAlx alloys 
are used in HEU targets. The uranium metal foil and UOi/Al dispersion fuel are both being 
developed as the LEU substitute for UAlxfAl-dispersion targets, in processes where the 
aluminum-clad target is dissolved in base. The uranium metal foil is also being developed as the 
LEU substitute for electrodeposited UO2, which is dissolved from the inner target wall with acid. 

1. Cintichem Processing of LEU Targets 

The present Cintichem process produces, recovers, and purifies 99Mo from HEU targets 
that consist of a thin coating of UO2 on the inside of a cylindrical target, which is also used as a 
dissolver vessel for the irradiated HEU. Our R&D effort is focused on modifying the target and 
the recovery and purification procedures so _that they can be used to process LEU targets 
consisting of uranium metal foil that is 0.13-mm thick. 

We are collaborating with the National Atomic Energy Agency (BATAN) of Indonesia to 
develop and demonstrate the use of LEU targets in the Cintichem process. It is our objective to 

maintain the process for molybdenum recovery and separation from uranium (and its fission and 
abSOlJ)tion products) as close as possible to the current Cintichem process. It is also our gbal to 
make improvements that will mitigate any economic detriment resulting from conversion to 
LEU. To this end, we are exploring the use of a LEU metal-foil target and have modified the 
dissolver solution to contain only nitric acid instead of a nitric/sulfuric acid mixture (sulfate in 
the high-activity waste complicates waste treatment and/or disposal1

). During 1997, we focused 
on three areas: 

• Determining the behavior of three fission products (I, Rh, and Ag) 
during molybdenum recovery and purification by the Cintichem process 

• Measuring the effects of using zinc fission barriers for uranium-foil targets 

• Developing a procedure that will measure alpha contamination in the 99Mo product 

In mid 1998, we plan to demonstrate the processing of a fully irradiated LEU metal foil at the 
PUSPIPTEK Radioisotope Production Center in Serpong, Indonesia. 

1 E. P. Gause, L. G. Stang, D.R. Dougherty, E. Veakis, and J. Smalley, Characterization of the Radioactive Large 
Quantity Waste Package of the Union Carbide Corporation, Brookhaven National Laboratory Report 
BNL-NUREG-30247R (July 1982). 



Separation Science and Technology 85 

a. Behavior of Fission Products 

The behavior of three radioisotopes (I, Rh, and Ag) has been studied this year. 
Radioiodine has been an impurity problem for BATAN. Rhodium and silver behaviors were 
studied because the low gamma yield of their radioisotopes makes it difficult to prove that they 
are not present in the 99Mo product. 

Most of the radioiodine in the Cintichem dissolver solution should be present as Ii 
following dissolution in the nitric acid/sulfuric acid cocktail or in nitric acid alone. It will, 
therefore, be removed from the solution by evacuating the vapor in the dissolver. The iodine is 
collected in an iodine trap. What passes through the iodine trap is held by the cold trap at liquid 
nitrogen temperatures. However, other iodine species (f, 103-, and 104-) may have formed during 
fissioning. The rate of isotopic exchange between r and 12 is rapid, while isotopic exchange 
between either iodate or periodate and all other iodine species is slow.2 Therefore, once 
radioiodine is in the form of iodate or periodate, addition of iodide or iodine carriers will have 
little effect on changing its oxidation state. For this reason, we studied the chemical behavior of 
iodate and periodate in molybdenum purification steps. 

In the Cintichem process, precipitation of silver iodide and sorption by activated 
charcoal (AC) and silver-coated activated charcoal (ACAC) are employed to remove 
radio iodine. 3 These methods would remove radioiodine in the form of molecular (12) or iodide 
ion (f). We looked at the effectiveness of these steps at removing these species, as well as iodate 
(103-) and periodate (104-). 

Iodide ion should be almost completely precipitated out of solution by the 
addition of silver nitrate since the solubility product of AgI is 8.3 x 10-11

• Silver iodate also has 
limited solubility, but its solubility product is significantly larger than that of Agl (3.1 x 10-8

).
4 It 

is likely that silver periodate is more soluble than the iodate. Molecular iodine is not expected to 
precipitate with silver ion but does react with silver metal to form the insoluble AgI. Because 
carrier precipitation is a likely mechanism for increasing the removal of ions to a greater extent 
than their solubility products predict, we studied the coprecipitation of periodate on Agl and 
AgCl precipitates. Experimental results confirmed that coprecipitation is a likely mechanism for 
removal of the iodate and periodate forms. In both cases, the amount of periodate ion in solution 
was dropped by a factor of about 20. None of the periodate ion would have precipitated without 
being carried by the AgCI or Agl, given the extremely low concentration of the tracer 
(5 x 10-11 M). 

2 M. Kahn and J. Kleinberg, The Radiochemistry of Iodine, National Academy of Sciences, National Research 
Council, Springfield, VA (1977). 

3 C. D. Massey, D. L. Miller, S. D. Carson, T. A. Wheeler, S. W. Longley, R. L. Coats, E. J. Parma, M. McDonald, 
M. E. Vernon, S. C. Bourcier, S. G. Mills, A. J. Trennel, and K. R. Boldt, Feasibility Study of Medical Isotope 
Production at Sandia National Laboratories, Sandia National Laboratories Report SAND95-2703 Rev. 0 (1995). 

4 D. A. Skoog and D. M. West, Fundamentals of Analytical Chemistry, Holt, Rinehart, and Winston, New York, 
p. 770 (1963). 
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We also studied the sorption of iodine species by AC and ACAC. The general 
trends of the data, summarized in Table IV-1, are that (1) iodide and iodine are sorbed to a 
limited degree by AC and very well by ACAC, and (2) neither iodate nor periodate is sorbed on 
AC or ACAC. For reference in interpreting the data in Table IV-1, a distribution coefficient (~) 
of -10 mIJg will allow the separation of a species from solution; however, it would not be an 
efficient process and would require large amounts of sorbent to achieve a high decontamination 
factor. On the other hand, a ~ of 1000 mIJg would provide an extremely efficient 
decontamination process. Our results show that ACAC provides such a process for f and Ii. 

In the Cintichem process, columns of hydrated zirconium oxide (HZO), AC, and 
ACAC are used in the purification process. During 1997, we investigated the uptake of 101Rh 
tracer by these solids from 0.2 M NaOH, the solution from which 99Mo is purified during 
processing. Measurements of distribution coefficients for rhodium between 0.2 M NaOH and the 
three solid sorbents were complicated by the instability of the solutions. As the alkaline solution 
aged, the 101Rh activity in solution dropped. Initially, the 0.2 M NaOH solutions were measured 
to contain between 93 and 103% of the 101Rh activity pipetted from the stock solution (5 x 10-11 

M). However, the 101Rh concentration in solution dropped 20% in 15 minutes, 40% in an hour, 
and 98% in 13 days. Because the tracer was initially in the form of RhCIJ, it is likely that this 
effect is due to the conversion of Rh(III) from the soluble trichloride to an insoluble hydroxide. 
The chemistry of Rh(III) is quite complex and generally not easily predictable5

; however, one can 
infer from these data that the solubility of Rh(III) in 0.2 M NaOH is ~10-12 M based on the 
amount still in solution after 13 days. 

Table IV-1. Distribution Coefficients for Sorption of 1251 Tracer on 
Activated Charcoal (AC) and Silver-Coated Activated 
Charcoal (ACAC) from 0.2 M NaOH Solution 

Distribution Coefficient/ mllg 

Species AC ACAC 

r (Iodide) 4 1,400 

12 (Iodine) 5 . 3,700 

!03. (Iodate) <1 <1 

!04. (Periodate) <1 <1 

aAverage values for contacts with different (1) ratios of mass of sorbent to volume of 
solution, (2) contact times, and (3) preparation of iodine species. Differences in values 
for varying experiments were experimentally indistinguishable. Most measurements were 
done at room temperature using 0.2 g of solid in 2 mL of solution. 

The loss of soluble rhodium with time complicates the measurement of its ~ for 
partitioning between 0.2 M NaOH and the three solid sorbents. To deal with this problem, we 
determined two ~ values for each sorbent at each mixing time. The first was based on the total 

5 G. R. Choppin, The Radiochemistry of Rhodium, National Academy of Sciences, National Research Council, 
Springfield, VA (1960). 
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concentration of rhodium added, and the second was based on the expected amount of rhodium 
remaining in solution without the sorbent present. These data indicate that (1) all three materials 
are effective sorbents for soluble and insoluble Rh(IlI)-Cl/OH species from 0.2 M NaOH, and 
(2) the order of sorbent effectiveness is ACAC better than AC better than HZO. 

According to the calculations we presented at the 1996 International RERTR 
Meeting,6 a typical 18-g LEU-foil target would contain 700 Ci of 99Mo and 100 Ci of 105Rh 
24 hours after the end of irradiation in the BATAN reactor. The volume of the 0.02 M NaOH 
solution would be ~40 mL. Neglecting all other rhodium that may be in solution as other fission
product isotopes and carrier, we calculated that the rhodium concentration in this solution is 
3 x 10·5 M, a concentration ~ 107 higher than the abov:e solubility data allow. Adding to that 
factor is the high affinity for rhodium by the sorbents in the molybdenum-purification columns, 
which, conservatively, may ~rovide another decontamination factor of 100. To meet a 
specification of 0.05 µCi/mCi- 9Mo would require a rhodium decontamination factor of ~3000 
for the process. On the basis of the (1) low solubility of Rh(III) species in the process solution 
and (2) the effectiveness of the sorbents at removing rhodium from solution, attaining this 
decontamination should be no problem for the Cintichem process. 

Although the decontamination factors needed for silver fission products are small 
(:::10), the silver impurity levels in the 99Mo are difficult to measure because they have no 
gamma-ray emissions. Therefore, we measured the decontamination factors for irradiated-silver 
tracer in each step of the LEU-modified Cintichem process. The silver decontamination factors 
for the (1) initial molybdenum recovery step was >70, (2) the first purification column was >40, 
and the (3) second purification column was >40. Multiplying the three decontamination factors 
gives an overall decontamination factor of> 105

; silver should, therefore, not be a contamination 
problem in the Cintichem process. 

b. Effects of Zinc Barriers on LEU-Foil Processing 

Development of LEU metal-foil targets has led to the use of thin (10-15 µm) 
metal barriers between the uranium foil and the target walls. Because the uranium foil target is 
now being developed as the primary LEU target for 99Mo-production processes that begin by 
dissolving HEU-aluminide-dispersion targets in base, we needed to select and test the use of a 
base-soluble metal as a fission-recoil barrier. Neither Cu, Ni, nor Fe dissolves in base. Therefore, 
a challenging task in process development was identifying a suitable metal for a barrier material 
that could dissolve in alkaline solution and meet other mechanical and chemical criteria. Zinc is 
an active electropositive element and forms a strong anion with oxygen. It also dissolves readily 
in sodium-hydroxide/nitrate solution. Work on barrier materials for targets to be processed by 
dissolution in base has, therefore, focused on zinc. Because of the appeal of developing just one 
target for all processes, a zinc fission barrier is also being considered for the target in acid-side 
processing. 

6 D. Wu, S. Landsberger, and G. F. Vandegrift, "Progress in Chemical Treatment of LEU Targets by the Modified 
Cintichem Process," Proc. of 19th Int. Meeting on Reduced Enrichment for Research and Test Reactors, Seoul, 
Korea, October 6-10, 1996, pp. 172-179 (1996). 
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The ORIGEN2 computer code was used to calculate the neutron activation of a 
zinc fission barrier employed in the irradiation of an LEU foil target in the Indonesian BAT AN 
reactor. The neutron activation products formed from the impurities were also examined. It was 
found that zinc has a lower neutron absorption than Cu, Fe, or Ni. Irradiation of the target would 
produce 700 Ci of 99Mo and 1.3 Ci of radioactive isotopes from the zinc. Copper and cadmium 
impurity levels in the zinc may produce more radioactivity than the zinc itself. For the zinc foil 
we purchased, for example, 20 ppm cadmium and 15 ppm copper would produce 0.41 and 1.65 
Ci of radioactive isotopes. 

Zinc dissolves very quickly in 8 M nitric acid. However, our recent studies have 
shown that a U/Zn compound may form at the interface during heating (and perhaps during 
irradiation), and that it dissolves in nitric acid at a much lower rate than does zinc or uranium . 

. The U/Zn compound is described in Sec. N.D.4. This processing concern will be addressed in 
1998. Low-enriched uranium with zinc fission barriers formed by electroplating will be irradiated 
and processed in Indonesia in mid 1998. 

c. Measurement of Alpha Contamination 

Irradiation of an LEU target will produce about 30 times more 239Pu than an HEU 
target producing the same quantity of 99Mo. However, a typical HEU target is substantially more 
enriched in 234U than a typical LEU target. A typical LEU target with the same amount of 235U as 
an HEU target will have only two-thirds of the short-lived 234U. Therefore, even with 
substantially greater production of 239Pu, the total alpha activity of an irradiated LEU target is 
only about 20% higher than an equivalent HEU target. 

Although the total alpha activity in an irradiated LEU sample is not far different 
from that in a comparable HEU target, the concern over plutonium toxicity has made the 
measurement of alpha contamination an important focus of our efforts. Therefore, we are in the 
process of developing and testing a procedure for separating and recovering actinide elements 
from the 99Mo product that will allow low dose, facile, and effective measurement of alpha 
contamination in a sample of <10-7 µCi-a/mCi-99Mo. This technique is a modification of a 
procedure developed by Eichrom Industries (Darien, IL) for measuring dilute concentrations of 
actinides in urine and fecal samples. 

The stringent alpha-contamination limit for the 99Mo product necessitates 
quantitative removal of the alpha emitters from the 99Mo. A typical sample for analysis would 
contain -180 mCi of 99Mo and, therefore, must contain less than 2 x 10·5 µCi (41 dpm) of alpha
emitters to meet the al~ha purity specifications. Without separation from the molybdenum, 
interference from the 9Mo beta/gamma makes counting this low level of alpha nearly 
impossible. Also, handling the counting plate would give a high dose to analytical personnel. We 
are investigating the use of TRU-Resin™ columns (Eichrom Industries) to separate the alpha
(hard-) emitting isotopes (U, Np, and Pu) from the 99Mo. Chromatographic studies are underway 
to determine the behavior of molybdenum and the three actinides in the form of Pu(N), Np(V), 
and U(VI). The known chemical properties of this column and the feed solution indicate that 
actinides in the (III), (IV), and (VI) oxidation states should all be strongly sorbed by the column, 
and that Mo(VI) should pass through. Conditions in the feed solution are set to reduce Np(V) to 
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the strongly sorbed (IV) oxidation state. These same redox conditions will affect plutonium in the 
(III) oxidation state. 

Briefly, the chromatographic procedure calls for addition of a small aliquot (e.g., 
10 µL) of the 99Mo product solution to 1-10 mL of a 1 feed containing 3 M HNO3 and 
I M Al(NO3)3 and a yet-to-be-determined concentration of oxalic acid. The feed solution may 

also contain ascorbic acid and ferrous sulfamate. The feed is passed through the column and 
followed by a 5- to 15-mL wash of 2 M HNO3_ (At this point, "all" the molybdenum should be 
removed from the column. However, at the time of writing, we have yet to find the proper 
conditions for complete molybdenum separation.) The actinides are stripped from the column 
with 10 mL of 0.1 M N14(HC2O4). The actinides can then be electrodeposited on a plate for 
alpha counting. 

Figure N-4 shows Np(V) elution results for three oxalic acid concentrations. 
Shown in this figure are results of three column runs where samples of the effluent were taken 
approximately every milliliter. Data points are not shown at regular intervals 
(~3/column-volume) in the first six column volumes because the activity in the samples was not 
detectable. The feeds for all three actinides contained the reductants. The results are very 
encouraging. All of the neptunium in the feed was sorbed by the column and remained on the 
column during washing for all three oxalic acid concentrations. The only difference was more 
tailing in the strip for solutions with lower amounts of oxalic acid in the feed. However, in all 
cases, stripping was essentially quantitative. The behaviors of U(VI) and Pu(N) were 
comparable. 
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Three column experiments were run to study the behavior of molybdenum as the 
oxalic acid in the feed was varied from Oto 0.1 M. The results shown in Fig. IV-5 indicate that 
molybdenum does not move unhindered through the column. As expected, the higher 
concentrations of oxalic acid do show more ability to hold back the molybdenum from sorbing 
onto the column. We are conducting experiments where the concentrations of the reducing agents 
and oxalic acid are varied over a wider range, and the volume and composition of the column 
scrub solution are also varied. We are confident that the chromatographic procedure will work 
but still need to find the proper conditions for maximum separation of the actinides from the 
99Mo. 
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Fig. IV-5. Elution Profile of Molybdenum on TRU-Select Column with Feed 
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2. Electrodeposition of Zinc and Nickel onto Uranium Foil 

The principal difficulty in electroplating onto uranium foil is that it oxidizes readily in air 
and aqueous media. The resulting oxide layer prevents formation of a true metallurgical bond. A 
mechanical bond can be obtained by thorough surface preparation. We found that the procedure 
used to prepare uranium foils prior to actual plating had a major impact on the quality of the 
plating. A descaling step was necessary to remove the pre-existing oxide scale. The simplest and 
most consistent method of descaling the foil surface was immersion in 8 M HNO3• Next, an 
etching step was needed to roughen the surface. The etching agents investigated included 
chloride salts of Fe, Ni, and Zn in concentrations that ranged from 0.45 to 9.0 M. The 5.33 M 
FeCh became the standard based on its ability to dissolve a predictable quantity of uranium in a 
reasonable time. Finally, the foil was "pickled" in the nitric acid solution to remove the dark 
scale left by the etching treatment. 
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Issues concerning foil surface preparation were largely resolved through a series of 
zinc-plating experiments. The zinc electrolyte was a commercially obtained solution containing 
sodium zincate, sodium hydroxide, and a proprietary additive to promote uniform deposition. 
With adjustment of surface preparation procedures, the quantity of uranium lost in pretreatment 
was consistently controlled at acc.eptable levels ( ~ 10%) without losing plating adherence. An 
example of an acceptable electroplating onto an adjusted LEU test foil is shown in Fig. IV-6. 
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Fig. IV-6. 

Uniform, Continuous, and Adherent 
Zinc Plating on a Uranium Substrate 
(220X) 

Our experiments in nickel electroplating uncovered a new concern, the maintenance of 
uniform coating thickness over the full area of the foil. The greater throwing power of the nickel 
sulfamate solution also resulted in a much broader edge-to-center variation in coating thickness. 
Overplating at the edges exceeded the tolerances needed to maintain the desired fit within the 
target assembly. Full-size foils, rather than the smaller test foils, were used to explore 
electroplating modifications because the degree of thickness v~ation was also dependent on foil 
geometry. Copper was substituted for uranium to conserve cost and minimize waste. The 
techniques studied to date include: reductions in current density, new nickel-anode geometries, 
perimeter-shielded foils, and auxiliary or "robber" cathodes around the perimeter of the foil. 
Each full data set was consolidated into three subsets representing the average thickness along 
the vertical edge, 0.5 cm from the vertical edge, and 0.5 cm from the vertical midline. To 
normalize for slight differences in deposited nickel, the thickness values were divided by the 
gravimetrically determined average thickness for that foil. 

In Fig. IV-7, one set of curves depicts the measured thickness variation under what had 
been our standard plating conditions. The coating along the edge is still four to five times thicker 
than the central region, even when the bottom edge is excluded. (The bottom edge exaggerates 
the overplating effect because the anodes are much longer than required.) The second set of 
curves was generated for a foil electroplated at a reduced current and tested in conjunction with a 
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robber cathode. The edge-to-center variation has been reduced to a factor of two. This level of 
variation is very close to the existing tolerance limit for the foil target. 

In summary, the feasibility of electroplating zinc and nickel barriers layers on uranium 
foils has been demonstrated. A surface preparation procedure that combines good foil adherence 
with complete coverage has been developed. Promising methods of preventing overplating at the 
foil perimeter have been investigated. Future work will couple the use of a robber cathode with 
other techniques to ensure that the coating thickness is held within design limits. By early 1998, 
electroplated LEU foils will be ready for evaluation as 99Mo production targets. 

3. Alkaline Dissolution of UO2 Targets 

Work on recovering 99Mo from a U02' Al dispersion target has continued. Several 
experiments were run to determine the dissolution rate of U02 in alkaline peroxide solutions. 
From these experiments, an empirical rate model was generated of the form: 

(1) 
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where k is an empirical rate constant, and the molecules in brackets are the initial hydrogen 

peroxide and base concentrations. A plot of dissolution rate vs. [H20J~·
5 [oH-rs is shown in 

I I 

Fig. IV-8. As seen in this figure, a fairly linear relationship is present over several orders of 
magnitude. The slope of the best fit line is equal to the rate constant k = 1.26. 
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Fig. IV-8. Measured and Calculated Dissolution of U02 in 
Alkaline Peroxide 

Once it was shown that U02 would dissolve at acceptably high rates in alkaline peroxide 
solutions, compacts of aluminum powder and U02 were prepared and dissolved. These compacts 
simulate the "meat" of an aluminum-clad U02/ Al dispersion target. Some compacts were then 
irradiated to low bumup, and the distribution of uranium and activation and fission products was 
measured through the various dissolution steps. Results of these tests showed that (1) the U02 
compacts dissolve, and (2) fission products distribute soluble and insoluble fractions as predicted 
by their known chemical behaviors. 

4. Alkaline Dissolution of LEU Metal Targets 

Since 1995, dissolution of LEU metal foil with alkaline peroxide has been studied as a 
replacement for processing of the HEU aluminide targets.7•

8 An LEU-foil dissolution kinetics 

7 D. Dong and G. F. Vandegrift, Nucl. Sci. Eng. 124, 473-481 (1996). 
8 D. Dong and G. F. Vandegrift, Nucl. Sci. Eng. 126,213 (1997). 
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model was proposed in the same year. During 1996, work was focused on reducing the 
consumption of hydrogen peroxide during uranium foil dissolution in alkaline peroxide solution 
and optimizing the uranium dissolution process. During 1997, the effects of using zinc as a 
fission barrier were studied. 

Three solutions for dissolving zinc were studied: NaOH, NaOH/H2O2, and 
NaOH/NaNO3. A variety of NaOH/NaNO3 compositions gave dissolution rates well above the 

desired 2 mg/(cm2·min). A solution of 2.5 M NaOH/1 M NaNO3 at 70°C is our standard for 
rapid dissolution of pure zinc metal. Experiments have confirmed that a zinc coating 
electroplated onto the uranium-foil surface is also dissolved rapidly by this solution. Analysis by 
energy dispersive spectroscopy of the foils left after dissolution showed that all of the zinc plate 
was dissolved from the uranium. Liquid scintillation counting of the dissolution solution showed 
that virtually none of the uranium foil was dissolved with the zinc. 

Because of radioactive-decay heat generated within the irradiated LEU, we were 
concerned that a zinc barrier might melt during transport of the target from the reactor pool to the 
processing hot cell. The biggest hindrance to the transfer of heat from the target during transport 
is the relatively small surface area from which heat can be transferred. Calculations were made 
for natural convection in the air immediately after the target leaves the cooling pool and for the 
possibility that the target will be placed in a cask and shipped over a 24-h period. Although exact 
temperatures to be experienced by the zinc barriers cannot be predicted, calculations show that 
temperatures in the range of 300-400°C are likely. Although this is very close to zinc's melting 
point ( 420°C), it is expected that the zinc will not melt. However, when a zinc-plated uranium 
foil was heat treated at 375°C overnight in an evacuated glass tube, an intermetallic U/Zn 
compound formed. 

The intermetallic U/Zn compound is visually distinct from the unheated zinc-plated 
uranium foil when viewed through a microscope with a magnification of about 440X. 
Figure IV-9 presents two micrographs of a zinc-plated depleted-uranium foil after heat treatment. 
Figure IV-10 is a micrograph of another section of the foil before this heat treatment. In the 
sample shown in Fig. IV-10, the uranium was badly etched during surface preparation for 
electrodeposition; however, the adhesion of the zinc to the uranium was excellent. (See 
Sec. N.D.2 for details on surface preparation for electrodeposition.) Good adhesion of the zinc 
to the uranium has been found to be important to forming the intermetallic compound during 
heating. With this intermetallic compound, the interface between the zinc and the uranium is 
almost indistinguishable (Fig. IV-9), whereas it had been pronounced before (Fig. IV-10). Notice 
the dendrite-like formations along the edge of the foil in Fig. IV-9a. Even if the target is held at 
iow overall temperatures during transport, the fission-product recoil that the zinc barrier is 
designed to absorb will result in localized heating and will most likely result in the formation of 
this intermetallic compound at the U/Zn interface. 

Solutions suitable for dissolving the intermetallic U/Zn compound were investigated. 
Attempts to dissolve the zinc from this foil showed that this intermetallic would not dissolve as 
the zinc plate had from the unheated foils (at 70°C with a solution of 2.5 M NaOH and 
1 M NaNO3). On the other hand, a solution of 1.5 M NaOH/5 M H2O2 appears to dissolve the 
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intermetallic compound faster than it does pure zinc or pure uranium. Additional experimental 
work is necessary to clarify the rate of dissolution. 

5. Conclusion 

We will continue to move toward demonstration of both the acid- and base-side processes 
in 1998. A top priority of the program is to form a cooperative agreement with a commercial 
producer that employs an alkaline-dissolution process. The commercial partner will act to focus 
our research and to demonstrate the LEU target and process in the same facilities being used for 
HEU target irradiation and processing. 

Fig. IV-9. Two Sections of Zinc-Plated Depleted-Uranium Foil after Heating at 
375°C Overnight 
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Fig. IV-10. Early Zn-Plated Uranium Foil 
Showing Considerable Loss of 
Uranium during Etching 



V 
Electrometallurgical Treatment Technology 

The CMT Division is developing an electrometallurgical process for treatment of spent nuclear 
fuels for disposal in a geological repository. It is capable of handling most types of spent fuel and 
is especially intended for fuels at risk of chemical reaction with the groundwater in the 
repository. These "at risk" spent fuels include metal fuels with various cladding and matrix 
materials, reactive compounds, and highly enriched fuels. The central feature of the 
electrometallurgical treatment is electrorefining of the spent fuel in a molten salt electrolyte at 
500°C (773 K). The LiCl-KCl eutectic electrolyte is formulated to contain about 2 mol% UC13• 

When a potential is applied between the anode and cathode, uranium, active fission products, and 
transuranic (TRU) elements dissolve at the anode, while pure uranium product is deposited on a 
solid cathode. The fission products and TRU elements are left behind to accumulate, either in the 
anodic dissolution basket (more noble fission products) or in the molten salt electrolyte (active 
fission products and TRU elements). The TRU elements and more active fission products may be 
extracted by passing the molten salt through anhydrous zeolite. The loaded zeolite may then be 
combined with a suitable glass frit and hot pressed to make a stable waste form for repository 
disposal. Fuel cladding, assembly hardware, and the noble metal fission products left in the 
anodic dissolution basket are melted together to form a Zr-Fe-based metal waste form for 
repository disposal. The TRU elements could also be placed .in this metal waste form for 
disposal. 

All the electrorefining process steps were developed in laboratory-scale experiments and have 
now been demonstrated at the engineering scale (10-kg batch size). Past work also demonstrated 
the feasibility of using this process for treatment of N-Reactor fuel (Zircaloy-clad uranium), 
single-pass reactor fuel (aluminum-clad uranium), and Experimental Breeder Reactor-II 
(EBR-II) fuel (steel-clad uranium alloy). Select topics from the electrometallurgical programs in 
CMT are discussed below. 
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A. Electrorefining Development 

Work continues on development of uranium electrorefining, the key step in 
electrometallurgical treatment of metallic spent nuclear fuel. This electrorefining separates pure 
uranium from the spent fuel, thus greatly reducing the volume of high-level waste. Also being 
investigated is use of the electrometallurgical treatment for other materials, including aluminum
alloy fuels and the waste salt remaining from the Molten Salt Reactor Experiment. 

1. Advanced Electrorefiner 

Electrometallurgical treatment of the large quantities (about 2700 metric tons) of spent 
fuel remaining from the N-Reactor, EBR-II blanket, and foreign and domestic research reactors 
would require development of a high-throughput electrorefiner (HTER). The uranium 
concentration in these fuels covers the range from high to low enriched. The HTERs must be 
designed to provide systems that are not only high throughput but also safe based on criticality 
analyses. 

Effort has continued on developing an HTER having a throughput >40 kg uranium per 
hour and batch size > 100 kg of uranium. During this reporting period, testing of a 25-in. (0.6-m) 
dia HTER was initiated. This HTER contains 20 stainless steel anode baskets and has a batch 
size of 150 kg of uranium. The cathode consists of five concentric steel tubes that form four 
channels in which the anode baskets are positioned. Uranium scrapers are attached to the anode 
baskets. As the baskets are rotated in the cathode channels, the uranium that is electrodeposited 
on the cathode tubes is knocked off them by the uranium scrapers. The uranium is then collected 
in a basket that is attached at the bottom of the outer cathode tube. 

Several features of this HTER design are favorable for high throughput and provide the 
flexibility to meet the criticality concerns for different types of spent fuel. For high throughput, 
the anodes and cathodes are separated by a short distance (maximum separation of 0.635 cm), 
which provides low resistance. Electrodes with large surface areas can be used to provide high 
currents for high throughput. The HTER batch size can be controlled by the volume and number 
of the anode baskets. The anode baskets can be sized to accommodate large batch sizes. Thus, 
the present HTER has the design needed for high throughput and the flexibility to meet the 
criticality limitations required to treat the DOE spent metallic fuels. 

The objective of the initial tests of the 25-in. (0.6-m) HTER was to determine the effects 
of current density, rotation speed of the anode assembly, and electrode-scraper configuration on 
the performance of the cathode scrapers, sustained operation of the HTER, and the 
characteristics of the granular uranium cathode product. The test samples were unirradiated 
N-reactor fuel elements from the Hanford site. The initial uranium surface area exposed to the 
molten salt was 5625 cm2

. 

A summary of the test results to date is given in Table V-1. All of these tests were 
terminated after the anode drive stalled owing to uranium buildup between some anode baskets 
and the cathode tubes. The uranium buildup was caused by the inability of the scrapers to 
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accommodate the uranium throughput rate or failure of some scrapers. In an attempt to provide 
sustained operation of the HTER, we increased the anode rotation speed from 20-30 rpm to 
40 rpm; this step reduced the amount of uranium that was scraped off of the cathode tubes per 
revolution. Similarly, the electrodeposition current was reduced from 600 to 200 A to reduce the 
uranium throughput rate. These changes were needed to accommodate the limited ( one scraper 

blade per revolution) number of uranium scrapers provided in the present HTER. From these 
results, we concluded that three uranium scraper blades per revolution may make it possible to 
provide sustained operation of the HTER at 0.07 A/cm2 (600 A) and an anode assembly rotation 
speed of 40 rpm. A current density of about 0.07 A/cm2 is the goal for HTERs that could be used 
to treat the spent N-Reactor fuel stored at the Hanford site. 

Table V-1. Results of Tests with 25-in. (0.6-m) 
High Throughput Electrorefiner 

Electrodeposition 
Current, A Anode Rotation 

Ampere-Hours Speed, rpm 

5272 500-600 20-30 

1960 309-500 50 

4982 300 40 

3066 200 30 

1738 200 30 

31,219 200 40 

The results of tests to date with the HTER have identified two factors that are barriers to 
sustained operation. One of these barriers, uranium buildup between some anode baskets and 
cathode tubes, was discussed earlier. The second barrier is the buildup of a dense uranium 
deJ?osit on some areas of the cathode tubes. The thickness of this deposit increased with 
electrodeposition ampere-hours. Subsequently, this dense uranium deposit damaged some of the 
uranium scrapers. 

The number of ampere-hours (31,219 Ah) passed through the HTER during the most 
recent test was nearly twice the number of ampere-hours (17,018 Ah) passed through the 
electrorefiner during all of our earlier tests. This result indicates that the increased anode rotation 
speed and decreased electrodeposition current were effective in eliminating uranium buildup 
between the electrodes. Stripping was also used during the most recent test. It was effective in 
controlling the thickness of the dense uranium deposit on the cathode tubes. As used in this test, 
stripping involved the electrotransport of a small amount of the uranium on the cathode, less than 
30% of the uranium on the cathode tubes, back to the anode baskets. 

To date, about 75 kg of uranium product has been collected from the HTER tests, and 
about 50 kg of uranium has been transferred to the cathode processor for consolidation. After the 
salt is separated from the uranium in the cathode processor, this uranium weight will be used to 
calculate the uranium mass balance for the HTER tests. 
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In conclusion, results from the initial tests of the 25-in. (0.6-m) HTER show that the 
scaleup of the HTER was successful. The resistance of this HTER (150 kg of uranium) is only 
0.6 mQ, compared with 1.0 mQ for the 8-in. (0.2-m) HTER (5 kg of uranium) developed and 
tested earlier. 1 Progress has also been made in determining operating conditions that increase the 
operating time of the HTER and reduce the number of mechanical failures. Further improvement 
in the performance of the HTER will be achieved by making improvements in the uranium 
scraper design and configuration. 

2. Metallic Spent Fuel from Experimental Breeder Reactor-II 

a. Electrorefiner Development 

The EBR-II blanket operations planned for the Fuel Conditioning Facility (FCF) 
electrorefiner at ANL-West will demonstrate throughput rates of 150 kg uranium per month. The 
"Mark V" high-throughput electrorefiner [10-in. (0.2-m) dia] will be used in this demonstration. 
In HTER tests at ANL-East, similated, unirradiated EBR-II blanket fuel is being electrorefined to 
verify the conditions needed for a throughput rate of 30 kg of uranium per day. These tests are 
being used to determine the effects of anode basket geometry, electrode separation, cathode 
scraper design, and operating conditions on the performance of the HTER. 

To similate electrotransport in the Mark V HTER, the two baskets in the inner 
channel of the 25-in. (0.6-m) HTER [channel formed by 8.5-in. (22-cm) ID and 6-in. (15-cm) 
OD tubes] were loaded with chopped, clad uranium-zirconium-fissium (U-Zr-Fs) fuel segments. 
The U-Zr-Fs composition is given in Table V-2. The objective of this test was to determine the 
effect of a new cathode scraper design on the performance of the HTER and to determine anode 
designs and operating conditions that will retain noble metal fission products in the anode 
baskets. 

Table V-2. Composition8 of Uranium-Zirconium
Fissium Alloy Used in HTER Test 

Component Weight Percent, wt% 

u 88.2 

Zr 10.4 

Mo 0.76 

Ru 0.36 

Pd 0.14 

Rh 0.093 

"Composition was measured by inductively coupled 
plasma/mass spectroscopic (ICP/MS) analysis. 

1 J. J. Laidler et al., Chemical Technology Division Annual Technical Report, 1996, Argonne National Laboratory 
Report ANL-97/13, pp. 101-104 (1997). 
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The HTER was operated at a current density between 0.1 and 0.2 A/cm2
, the 

anode drive rotation speed was 40 rpm, and the cutoff voltage was 0.45 V. No scraper failures or 
uranium holdup occurred during the test. About 80% of the uranium was anodically dissolved, 
and 100% of the zirconium was retained in the anode baskets. 

The new cathode scraper design showed promise of a large improvement in 
sustained operation of the HTER. In this scraper design, uranium is knocked off of the cathode 
tubes so that it falls in the space between the rotating anode baskets. In previous designs, the 
uranium was knocked off the cathode in the narrow space between the electrodes. Steps are 
being taken to install this cathode scraper configuration in the outer channel of the 25-in. (0.6-m) 
HTER so that the effect on sustained operation can be determined. The partially dissolved fuel 
will be placed back into_ the HTER for further uranium electrotransport, until 98.5% of the 
uranium is dissolved. Other operating conditions and anode basket designs in noble metal 
retention tests are being investigated. Preliminary results are presented in Sec. V.A.2.c. 

b. Synthesis of UCl3 for the Mark V Demonstration 

In uranium electrorefining of the irradiated, sodium-bonded spent fuel from 
EBR-II, uranium chloride from the electrolyte is consumed. A chemical reaction occurs at the 
cell anode between UCh from the electrolyte and some elements in the fuel feedstock, and this 
reaction forms chlorides that are thermodynamically more stable than UCh. The elements 
(metals) become chlorides and dissolve in the electrolyte, and the uranium metal that is formed 
in the chemical reduction of the UCh deposits at the site of the chemical reaction (the cell 
anode). Elements in the fuel that act in this manner include Na, Pu, Nd, Ba, and Cs. 

In electrorefining, it is necessary to maintain the UCh concentration in the 
electrolyte within limits, so means must be taken to compensate for the uranium chloride loss 
that occurs through chemical reaction. There are a number of ways to compensate and maintain 
the desired level of UCh concentration. These include addition of (1) chlorinating agents to the 
electrorefiner electrolyte, (2) UCh, and (3) salt mixtures rich in UCh. In the past, high-purity 
CdCh, a chlorinating agent, has been added to the salt. Cadmium metal, a byproduct of the 
chlorination, was not a problem because the current generation of electrorefiners was designed 
with a large pool of molten cadmium in the bottom of the electrorefiner, and the added cadmium 
did not alter the cell environment. The next generation of electrorefiner designs (HTER), 
however, eliminates the cadmium pool and seeks to eliminate all cadmium metal from the cell 
environment. Therefore, new means are being sought to compensate for the UCl3 consumption in 
the next-generation electrorefiners. 

The near-term need is a source of large quantities of UCh for loading and startup 
of the Mark V electrorefiner being used to treat spent EBR-II fuel at ANL-West. Outside 
procurement (relied on in the past) from vendors of chemicals has not been successful. 
Therefore, it has become necessary that we make this material in-house. 

There are two parts to this program. The first part involves producing enough 
material to meet the short-term needs as quickly as possible. To meet that goal, we have chosen 
to use high-purity CdCh, which we either already have available or on order from a vendor, as 
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the chlorinating agent. We are using this reagent and, with minor alterations, existing glovebox 
equipment to produce approximately 110 kg of UCh. The second part of the program calls for 
the production of 1 metric ton of UCh for use in later electrorefiners at ANL-West. How to 
pro~uce this large amount of material in the most economic fashion is under study. 

To meet present needs, we are preparing a salt of 46 mol% LiCl-24 mol% KCl-
30 mol% UCh. This ternary eutectic has a melting point of 418°C and is rich in UCh (73.4 wt%, 
45 vol%). To prepare pure UC13 from CdCh, we would need to work with liquid salts in the 
temperature range 568-842°C. This results in bulk distillation of cadmium, which we could not 
handle in our laboratory. With minor alterations of our equipment, however, we were able to 
prepare 20 kg batches of the ternary eutectic (14.5 kg UCh). One batch has been prepared, and a 
second batch is in process. The first batch has been sampled, and preliminary results of the 
analytical chemistry indicate that an acceptable product was produced. 

Another synthesis that we have explored is use of manganese chloride as an 
oxidant to form UC13 in situ. Two laboratory-scale experiments were conducted to evaluate this 
synthesis route. These experiments were performed by adding uranium metal to a molten 
LiCI/KCI/MnCh salt. These experiments are used to simulate a technique to form UCl3 in the 
Mark V electrorefiner at ANL-West. The laboratory-scale setup consisted of a stainless steel 
crucible with a 8-cm diameter and a 14-cm height. A stainless steel basket, which was covered 
with a 100-mesh screen to retain any fines, was used to add- uranium metal to the molten salt. 
After the UCh had formed, it was determined whether manganese remained in the mesh basket. 

In the first experiment, the uranium was added in stoichiometric quantities based 
on the equation: 

2U + 3MnCh ➔ 2UC13 + 3Mn (1) 

In the second experiment, a 10 mol% excess of uranium metal was added to the molten salt per 
Eq. l. 

Inductively coupled plasma/atomic emission spectroscopy (ICP/AES) was used to 
determine the composition of the salt 2 h after addition of uranium metal. The manganese 
remaining in the salt was found to be 4.14 wt% in the first experiment and 0.52 wt% in the 
second. This concentration of manganese in the salt is unacceptable for electrorefiner operation. 
X-ray diffraction analysis of the salt before the addition of uranium metal showed that MnCh 
forms a KMnCh phase with KCI. The formation of the KMnCh phase may be the reason for the 
0.52 wt% Mn that remained in the salt. 

c. Noble Metal Retention with Uranium Dissolution 

One of the proposed high-level waste streams in the electrometallurgical 
treatment of spent nuclear fuel is produced by trapping the noble metal fission products in the 
anodic dissolution baskets. To test noble metal retention in the electrometallurgical treatment, we 
used the U-Zr-Fs alloy (simulant fuel) given in Table V-2. The goal of these tests was to 
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electrotransport 98.5% of the uranium, while retaining 80% of the zirconium in the anode 
baskets. To aid in retaining the zirconium, noble metals, and fines in the anode baskets, the 
baskets were lined with 325-mesh steel screen. 

Two experiments have been performed with a laboratory-scale HTER. In the first 
experiment, a small amount (five pieces of chopped fuel) of simulant fuel was added to each 

anode basket. After the electrorefiner had been operated until theoretically all of the uranium had 
been electrotransported (10 Ah), the entire content of the anode baskets was analyzed by 
ICP/AES. In the second experiment, we filled the anode baskets with 343 g of the simulant fuel 
and ran the electrorefiner until theoretically all the uranium had been electrotransported 
(104 Ah). 

Results of the first experiment showed that the goal of electrotransporting 98.5% 
of the uranium was achieved. Anode samples show that 98.64 wt% U was removed from the 
U-Zr-Fs alloy. However, our goal of retaining 80% of the zirconium in the anode baskets was not 
met. Only 75 wt% of the zirconium remained in the anode. Chemical analyses of fuel segment 
samples from the anode baskets of the second experiment have not been completed. Further 
experiments are needed to address the problem of zirconium retention. 

3. Waste Salt from Molten Salt Reactor Experiment 

In the 1960s, Oak Ridge National Laboratory (ORNL) carried out the Molten Salt 
Reactor Experiment (MSRE). The reactor was shut down on December 12, 1969, and the 
irradiated molten fluoride salt fuel [LiF-BeF2-ZrF4-(

233U)F4] containing actinides and fission 
products was drained into storage tanks, where the salt solidified. Subsequently, there has been 
some deterioration of the salt (radiolytic decomposition with formation of fluorine and gaseous 
UF6), with spread of activity through the connecting piping and off-gas systems. To minimize the 
spread of activity and to prevent possible criticality, ORNL initiated a remediation project, the 
purpose of which was the conversion of the fuel salt into acceptable high- and low-level waste 
forms. Oak Ridge also asked for help in formulating a possible treatment that will allow this to 
happen. 

One form of remediation proposed by ANL2 is electrometallurgical treatment to separate 
the salt into actinides (for recovery), fisson products (for disposal as high-level waste), and bulk 
salt (for disposal as low-level waste). The laboratory equipment for experimental work was 
previously described.3 In the ANL proposal, the MSRE salt is to be processed in 30-L batches in 
a lightly shielded facility. The total fuel salt volume is about 2000 L, so that 67 batches would be 
processed. Each batch would be processed in about one week. During the past year, we 
conducted 17 tests using a solid cathode and simulated MSRE (fluoride) salt to investigate 
removal of zirconium and its electrochemical separation from uranium. Afterwards, we 

2 J. J. Laidler et al., Chemical Technology Division Annual Technical Report, 1995, Argonne National Laboratory 
Report ANL 96/10, p. 81 (1996). 

3 J. J. Laidler et al., Chemical Technology Division Annual Technical Report, 1996, Argonne National Laboratory 
Report ANL-97/13, p. 100 (1997). 
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conducted three tests using Li-Bi alloy as chemical reductant. Further work was stopped at that 
point per DOE's order. 

a. Experimental 

For the 17 electrotransport runs (MSRE-1 through -17), the matrix salt (6178 g) 
was placed in the electrorefiner crucible at room temperature, power to the furnace was turned 
on, and the salt allowed to melt. When the salt was clearly molten, the cathode assembly 
( containing the mixer and anode) was lowered into place. The matrix salt was mixed, and then 
12.71 g BaF2, 11.71 g CsF, 14.35 g CeF3, and 13.28 g ThF4 were added through the fill tube. The 
salt temperature during these additions was 551 °C. Afterwards, 92.54 g lJF4 was added and the 
salt mixed; shortly thereafter, 0.689 g of plutonium was added. After thorough mixing, molten 
salt samples were taken. 

Prior to each run, Li-Bi alloy was loaded into the anode baskets. To start a run, 
the cathode assembly was lowered into the molten salt in the crucible, and current passage was 
started. During cell operation, temperature, mixing rate, and cell voltage were monitored and 
recorded. The cathode assembly was then raised and allowed to cool at room temperature. The 
cell crucible containing the salt remained at operating temperature. Visual observations were 
made during the lift sequence and the cool-down period. Photographs were taken of each deposit. 
Samples of the product material and of the molten salt were taken after each test. 

b. Results 

The analytical data from salt and cathode product samples that were taken from 
the electrorefiner experiments indicated that the product from the tests MSRE-1 through -16 was 
zirconium metal, which contained occluded salt. Uranium was deposited in test MSRE-17. The 
analysis of the zirconium deposits, which were dendritic or plate-like, indicated essentially pure 
zirconium. The other elements that were associated with these deposits can be accounted for by 
salt (which contains these elements as fluorides) accompanying the products. These results are 
important in that they support our position that zirconium will be removed before uranium 
deposits, and that no other metals (other than noble metals) present in the simulated salt will 
deposit. These results are consistent with thermodynamic calculations performed to predict the 
deposition sequence. These calculations indicate that the deposition sequence on a solid cathode 
should be in the order Zr, U, Be, Pu, Th, Cs, Ce, and Ba. Our product results are consistent with 
this predicted sequence. 

The analytical results of salt samples taken after each test indicate that we 
obtained the expected increase in lithium concentration accompanying the decrease in zirconium 
concentration. These trends are shown in Fig. V-1. This figure shows good agreement between 
the measured and predicted values. For these calculations, we used the electrochemical data, 
:assumed that LiF and Zr were formed, and corrected for the weight change occurring in the salt 
resulting from LiF formation. The differences noted in this figure are attributed to analytical 
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uncertainties in the Li and Zr values (estimated to be 10-15%) and errors introduced by ignoring 
the Zr and Li removed due to sampling or that occluded in the products. 

Uranium data are a matter of concern to us because they indicate an initial drop
off in uranium concentration, which eventually stops. In experiments carried out after the 
17 runs, we added ZrF4 to the salt after removal of ZrF4 and UF4 and allowed the contents to 
equilibrate for some time. The uranium concentration in the salt increased from <0.01 to 
0.25 wt%. Similarly, when the electrorefiner vessel was made the anode, zirconium metal was 
deposited on the cathode, while the uranium concentration in the salt increased from 0.25 to 
0.57 wt%. Thus, these brief tests indicated that oxide formation and U-Bi intermetallic formation 
are likely. We know from ORNL work that the ZrF4 was added to the LiF-BeF2 salt to prevent 
uol formation. When uol is present, ZrF4 reacts to form UF4 and ZrOr The free energy change 
for the reaction is such that U02 formation cannot occur until at least 90% of the initial ZrF4 was 
removed. Thus, U02 formation in the early stages of zirconium removal in our studies is not 
likely from thermodynamic considerations. However, it is possible that UO2 formation did occur, 
and once formed, the reaction of UO2 with zirconium tetrafluoride was slow under the test 
conditions. 

c. Discussion 

The test results clearly showed that zirconium (along with any other noble metal 
in MSRE salt) is separable from the salt by deposition on an iron cathode mandrel. The product 
was dendritic and plate-like metal covered with cell electrolyte. As demonstrated in development 
work connected with processing EBR-II fuel into waste forms, this material can be alloyed with 
iron to make a stable metal waste form. In the melting and alloying process, the occluded 
electrolyte on the dendrites may be recovered and recycled. 
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In tests using the LhBi anode alloy and a solid cathode, a voltage difference of 
-0.12 V was found between the transport of zirconium and the transport of uranium. On our 
MSRE flowsheet this means that 2:98% of the zirconium and all fission product (and daughters 
of thorium decay) more noble than zirconium can be removed from the salt, leaving essentially 
all of the 233U in the salt. The remaining zirconium and all of the uranium were removed from 
the salt by using a second solid cathode. This result gives us a second option for separating and 
decontaminating the 233U from MSRE salt. (In our original flowsheet, the remaining zirconium, 
the uranium, the transuranics, and some fission products are removed with a liquid bismuth 
cathode.) 

The concept of using Li3Bi (solid➔liquid) as anode material was proven. This is 
very important in reducing waste volumes for the process. The spent anode material, bismuth, 
was recovered from the anode catch basket crucible. If this were not possible, 1.4 metric tons of 
bismuth would need fo be devoted to making the Li3Bi. Since bismuth proved to be recoverable 
after each batch, only about 1.5 % of the 1.4 metric tons (20 kg) will be needed for this purpose. 

Because of time constraints, we were unable to study the separation of other 
fission products and transuranics from the salt by electrotransport to a liquid bismuth cathode. 
However, we did an experiment involving three successive contacts (using a pounder-type 
contactor) of the salt with Lio.2Bio.s- This reduced all of the fission products (except cesium) in 
the simulated MSRE salt to or below the detection limit (::;0.01 wt%). The use of 20 mol% 
lithium alloy (as opposed to 75 mol% alloy) prevented reaction with BeF2 of the matrix salt after 
removal of the ZrF4• More research needs to be devoted to explore means for removing cesium 
from the salt. 

With the exception of minor losses of Li-Bi spent anode alloy during the 17 runs, 
the cell components and hardware worked well, and as expected. In scaleup to process size, we 
would provide overlap between the anode catch basket and the anode basket (size constraints 
prevented this in the laboratory-scale electrorefiner). This should resolve the problem with 
material loss. Given the benefit of the present and applicable past experience, an automated 
electrorefiner could be designed for use in a lightly shielded inert atmosphere enclosure to 
process MSRE fuel. 

4. Aluminum-Based Spent Fuel 

Development work has continued this year on an electrometallurgical process for treating 
spent aluminum-based fuels. This fuel is predominantly used in foreign and domestic research 
reactors. Over the next 40 years, 128 metric tons of spent aluminum-based fuel will be shipped to 
the DOE Savannah River Site from U.S. and foreign research reactors. When originally 
fabricated, the fuel contained over 55 metric tons of uranium at an average enrichment of 
approximately 20%. Along with the approach of simply melting the fuel and adding depleted 
uranium, electrometallurgical treatment of the fuel is considered a backup option for treatment of 
the spent fuel. The primary options at present are processing the fuel in existing Purex facilities 
at Savannah River and direct disposal of the fuel in a geological repository. 
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Because electrometallurgical treatment separates the aluminum from the spent fuel for 
disposal as low-level waste, the high-level waste volume is reduced by better than 80%. The 
process is also well suited for operation after 2005, when the rate of spent fuel shipments begins 
to decline. Additionally, the existing Purex facilities at Savannah River are scheduled to be 
decommissioned around 2005 as well. 

The overall process flowsheet (Fig. V-2) has changed very little from the one described 
in last year's report.4 In a high-throughput electrorefiner, aluminum is removed from the spent 
fuel alloy by electrotransport. After all the aluminum has been removed, the anode baskets 
contain only the actinides, noble metal fission products, and some of the rare earth fission 
products. These baskets are then transferred to a second electrorefiner, where uranium is 
removed by electrotransport. Summarized below is the work conducted this past year in the areas 
of flowsheet modifications, laboratory-scale tests, and engineering-scale tests. 
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Fig. V-2. Flowsheet for Electrometallurgical Treatment of Alumi
num-Based Fuel. (FP = fission product, LLW = low
level waste, and HLW = high-level waste.) 

a. Flowsheet Modifications 

In the process flowsheet discussed in last year's report,4 only the melting step has 
been modified. In the modified process, the spent fuel is melted under a salt flux, and silicon is 
then added to the molten fuel. Silicon forms stable intermetallic compounds with uranium and 
rare earths; it is added to the fuel to enhance the retention of these metals in the anode of the 
aluminum electrorefiner. The advantage of using a salt flux is that the active metal fission 

4 J. J. Laidler et al., Chemical Technology Division Annual Technical Report, 1996, Argonne National Laboratory 
Report ANL-97/13, pp. 96-98 (1997). 
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products can be extracted from the spent fuel at this stage. Without a flux salt, the active metal 
fission products would accumulate in the aluminum electrorefiner. It would be necessary then 
either to discard the salt or to separate the active metal fission products from the electrorefiner 
salt. Moreover, the salt used to ex.tract the active metal fission products can be selected to 
optimize the degree of removal and to simplify the scrubbing of the active metal fission products 
from the flux salt. 

b. Laboratory-Scale Tests 

Many of the steps in the flowsheet shown in Fig. V-2 have been demonstrated as 
part of other programs. Electrorefining of uranium, for instance, has been demonstrated in the 
treatment of spent EBR-II fuel at ANL-West. However, the aluminum electrorefining step in the 
potassium cryolite salt that we have selected had not been demonstrated until this past year. 

This year we have successfully demonstrated electrorefining of pure aluminum 
and a U-Al-Si alloy in laboratory-scale tests (aluminum batch size of 2 g). The electrorefining 
tests with pure aluminum confirmed that the cathode product is dendritic, that the cathode 
product can be easily scraped off the cathode, and that the product is denser than the molten 
potassium cryolite. In another series of tests, we confirmed thermodynamic calculations that 
predicted alkaline earth fission products, such ·as Ba and Ca, do not codeposit with aluminum. 
The same test also confirmed the prediction that rare earth metals, if they are present in the salt 
as metal fluorides, will codeposit with aluminum. 

The purpose of the electrorefining tests with U-Al-Si alloy was to identify 
conditions under which a pure aluminum product could be obtained. In the best test thus far, the 
aluminum that deposited at the cathode contained only 500 ppm uranium. In that test, the cell 
potential was limited to 0.20 V. Analysis of the alloy remaining in the anode at the end of the test 
revealed that 95% of the aluminum had been removed from the U-Al-Si alloy. 

c. Engineering-Scale Tests 

In addition to laboratory-scale tests of aluminum electrorefining from a U-Al-Si 
alloy, engineering-scale tests are needed. Therefore, an engineering-scale aluminum 
electrorefiner ( aluminum batch size of 6 kg) has been designed and fabricated. The electrorefiner 
is similar in design to the uranium high-throughput electrorefiner (Sec. V.A.2.a). The U-Al-Si 
alloy will be loaded into anode baskets that rotate in the annulus between two concentric cathode 
cylinders. The electrodeposited aluminum metal will be continuously scraped off the cathode 
surfaces and collected at the bottom of the electrorefiner. Because the electrorefiner will use a 
potassium cryolite salt, all components have been constructed out of Inconel, a high-nickel alloy. 
The present test plan calls for installation of this equipment in an engineering-scale glovebox and 
testing in early 1998. 
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B. Waste Isolation from Electrorefiner Salt 

As the electrorefiner repeatedly treats batches of fuel, fission product and transuranic 
(TRU) actinide ions build up in its electrolyte salt (LiCl-KCl of approximately eutectic 
composition). The salt must be periodically renewed or replaced because of the decay heat load, 
formation of insoluble phases in the salt, or criticality concerns. Under development for salt 
purification are zeolite ion-exchange columns and pyrocontactors. 

1. Zeolite Jon-Exchange Column 

Zeolite columns continue to be investigated as a means for separating radionuclides from 
spent electrorefiner salt so that the salt can then be reused. The zeolite sorbs and retains 
radionuclides from the salt by replacing Li and K ions from within its structure. Zeolite from the 
column, which is loaded with TRU and fission product ions, is ground, mixed with additional 
dehydrated zeolite and glass, and hot pressed to form a durable ceramic waste (see Sec. V.C). 
During the hot pressing process, the zeolite can be converted to sodalite, a stable chloride
bearing mineral. 

Columns are not strictly required to process the salt; the spent salt may be discarded by 
simply mixing it with sufficient dehydrated zeolite to soak up essentially all of the salt, then 
converting it to a waste form. However, because the column concentrates the radionuclides 
within the zeolite, the amount of spent salt that is discarded (and thus the amount of waste 
produced) is reduced significantly. 

A laboratory-scale column unit (~2.5-cm dia by 30-cm length) is being tested to 
determine the operating conditions for a full-scale system (13-cm dia by 76-cm length). 
Figure V-3 illustrates the change in composition of the effluent salt during a column test. 
Concentrations of cations normalized to their initial concentrations in the salt (C/Co) are plotted 
versus the ratio of the mass of salt passed through the column to the mass of zeolite initially in 
the column. As can be seen in the figure, the zeolite preferentially sorbs the more highly charged 
ions. 

In the initial laboratory-scale column tests, the effects of temperature and flow rate were 
examined. The zeolite bed in the initial tests was 2.86 cm in diameter and 30 cm in length. 
Several tests were run at a superficial salt velocity of 1.4 cm/min and temperatures of 500, 550, 
and 600°C. These temperatures are well above the melting point of the salt (~360°C) and below 
the temperature at which the zeolite transforms to other phases ( ~650°C). Only a moderate 
change in fission product uptake with temperature was seen. The effect of salt flow rate is being 
tested by reducing this rate below 1.4 cm/min at a temperature of 550°C. In these ongoing tests, 
the removal of rare earths from the salt appears to increase significantly with reduced flow rate, 
but little change in alkali or alkaline earth behavior is seen. Tests with longer columns are also 
planned. 
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Fig. V-3. Breakthrough Curves for Typical Test with Zeolite Ion
Exchange Column 

2. Pyrocontactor 

7.0 

Pyrocontactors are high-temperature centrifugal contactors that provide intense mixing to 
effect chemical reactions between solutes in molten salt and liquid metals. They also provide 
clean separation of these streams. In previous work with a single-stage pyrocontactor,5 

lanthanum was separated from a LiCl-KCl salt containing lanthanum and yttrium chlorides by 
reduction with cerium in Ce-Cd metal. Stage efficiencies of up to 90% of the theoretical value 
were measured at contactor speeds of up to 2700 rpm. 

This year, a four-stage countercurrent pyrocontactor was successfully tested. A four-stage 
unit can achieve about 30% better separation efficiencies than a single-stage unit. Three sets of 
tests were completed: in set one, lanthanum metal was separated from a LiCl-KCI eutectic salt 
containing LaCh and YC13 by contact with a Ce-Cd metal. In set two, CeCi], LaCh, and YCh in 
LiCI-KCI eutectic salt were reduced by reaction with a Li-Cd metal. In set three, Li, Ce, and La 
in cadmium metal were oxidized by reaction with CdCh in LiCl-KCl salt. The four-stage 
pyrocontactor achieved stage efficiencies approaching 99% of the theoretical value at rotor 
speeds near 3200 rpm. These results indicate that the pyrocontactor will effectively separate 
TRU elements from the rare earths contained in the spent salt from an electrorefiner. Because the 
pyrocontactor is better suited to production electrorefining, and because simpler separation 
methods are more appropriate to the demonstration of pyroprocessing, further development of 
pyrocontactors is being deferred. 

5 J. J. Laidler et al., Chemical Technology Division Annual Technical Report, 1994, Argonne National Laboratory 
Report ANL-95/24, p. 95 (1995). 
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C. Development of Ceramic Waste Form 

The TRU elements and the most easily oxidized fission products accumulate in the 
process salt during electrorefining of spent fuel. These salt-borne wastes are periodically 
removed and incorporated into a crystal structure; the resulting material is made into a composite 
ceramic waste form with borosilicate glass. The development of this waste form has focused on 
two composites: zeolite-glass and sodalite-glass. The zeolite composite has a higher capacity for 
salt, while the sodalite composite is more thermally stable. Fabrication of the two waste forms is 
very similar and involves the same processing operations: dehydration of zeolite A, blending of 
the salt and dehydrated zeolite A, mixing the salt-loaded zeolite A with glass, and hot pressing. 
Other than the ratio of salt to zeolite that is used, the primary difference is in the hot pressing, 
since zeolite heated to a relatively high temperature forms sodalite. In October 1997, a sodalite
glass composite was selected as the reference ceramic waste form for the project. 

Because the demonstration project of the electrometallurgical treatment underway at 
ANL-West with spent EBR-II fuel will not use zeolite columns initially, we have, for the most 
part, developed the ceramic waste form without using the zeolite ion-exchange column as a feed 
stream. Development of the ion-exchange column is being carried out parallel to the 
demonstration activities (Sec. V.B.l). 

1. Fabrication 

Improvements in waste form fabrication are being sought by testing the effects of 
additives (tougheners and getters), different salt loadings, larger particle sizes, and alternative 
consolidation methods to hot isostatic pressing. 

a. Use of Additives 

The overall goal of the ceramic waste form development is to produce a highly 
leach-resistant composite of substantial physical integrity. Both leach resistance and physical 
integrity might be enhanced by the inclusion of additional phases. We have looked at both 
tougheners and getters. The toughening additives were intended to enhance the physical integrity 
of the waste forms by preventing or limiting crack propagation. The getters were intended to 
enhance leach resistance by improving fission product retention. Approximately 50 zeolite- or 
sodalite-glass composites were tested. The effectiveness of the additives was gauged by 
measuring the mass fraction of cesium released by the waste form after immersion for 3 or 
28 days in deionized water at 90°C (following the MCC-1 test procedure). However, because it 
is possible that the effectiveness of the additives will not be determined from these 
measurements, additional tests are being conducted under more severe conditions. 

The toughening additives included fine-grained silica and both fine- and coarse
grained alumina powders. These materials were chosen because of differences in thermal 
expansion. The getters investigated were dehydrated forms of zeolite 4A, zeolite 5A, and 
chabazite. As with the toughening additives, our goal was to look for substantial improvement in 
cesium retention. All samples were hot isostatic pressed to yield either zeolite- or sodalite-glass 
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composites. Specimens were subjected to leach tests, X-ray diffraction, and density 
determination. 

The cesium mass release data for zeolite- and sodalite-glass composites with 
tougheners and with getters showed no discernible improvement compared with those obtained 
for specimens without additives. Leach resistance of the sodalite-glass composites, with or 
without additives, is such that cesium release data are very near the detection limit of the 
technique used to determine cesium content in the leach solution, inductively coupled 
plasma/mass spectrometry. Because the cesium release is roughly an order of magnitude higher 
for the zeolite-glass composites (for 3-day tests), we can better gauge the effect of tougheners 
and getters on that waste form composition. It was clear for zeolite-glass composites that no 
improvement in cesium retention was realized from the inclusion of any of the tougheners or 
getters in our study. However, the first full-scale waste forms produced at ANL-West contained 
significant cracks and had poorer fission product retention than comparable laboratory-scale 
samples. It is possible that additives may improve the waste form in full-scale operations. It is 
also possible that longer-term leach behavior will benefit from tougheners and getters; this 
hypothesis is being tested. 

b. Composite Composition 

The total volume of ceramic waste form can be reduced by increasing the salt 
loading in the zeolite or sodalite and/or decreasing the glass content. However, such composition 
changes may have detrimental effects on waste form behavior. In a series of tests, the salt and 
glass (binder) contents were varied in 60 specimens prepared by hot isostatic pressing. The effect 
of these composition changes on cesium release was measured to gauge the relative leach 
resistance of the final zeolite-and sodalite-glass composites. The salt content in the blended 
zeolite ranged between 6.5 and 10.5 chloride ions per unit cell (Cr/u.c.) in the zeolite-glass 
composites and between 3.0 and 4.0 Cr/u.c. in sodalite-glass composites. The amount of glass 
was varied between 25 and 50 wt% of the total canister charge. Each specimen type was made in 
triplicate to evaluate canister-to-canister variance. 

Both 3- and 28-day leach tests showed that higher salt loadings did not increase 
the fractional mass release of cesium for either zeolite or sodalite. The cesium release increased 
significantly, however, when the glass content of the zeolite-glass composites was reduced below 
~30 wt%. Sodalite-glass composites, in contrast, showed constant cesium releases down to 
25 wt% glass, indicating that the glass content may be reduced further without deleterious 
effects. Lower glass contents are being investigated. 

c. Particle-Size Distribution 

Most of our development work has been done with fine powders ( average particle 
sizes less than 20 µm) because pure zeolite A is only available in this form. Granular zeolite A 
contains binders, typically clays, which make up 5 to 20 wt% of the material and thus introduce 
another component to the waste form. Fine powders allow for more intimate contact between the 
zeolite and salt during blending; small particles also cause the waste form to densify more 
rapidly--which is important in making zeolite-glass composites. However, fine powders resist 
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flow, which can pose problems for remote handling. Granular zeolite and glass both flow much 
more readily than the powders, making them more suitable for remote operations. It may also be 
possible to improve powder packing ( an important factor in rapid and successful densification) 
by using appropriate particle-size distributions for zeolite and glass. 

In replacing fine powders with granulated zeolite, we were initially concerned 
with whether granules blend efficiently with salt. We also looked for changes in the leach 
resistance or physical integrity of the composite induced by the binder. Initial tests with zeolite 
granules up to ~840 µm indicated that the granular material occluded salt as effectively as the 
fine powder under the same blender conditions. The sodalite-glass waste forms fabricated from 
granular zeolite showed short-term leach resistance (static immersion tests for 3 days) and 
physical integrity compaq1ble to samples manufactured from fine powders. Longer leach tests of 
waste forms made with coarser grained materials are underway. 

d. Sintering 

We have examined possible alternative consolidation methods that can potentially 
increase ease of fabrication and throughput, relative to hot isostatic pressing, without sacrificing 
waste-form durability. The most promising alternative to date is sintering of sodalite-glass 
composites. Preliminary results suggest that green or unfired composites with densities ranging 
from 30 to 60% solids can be sintered to full density. The resulting composites appear to be as 
leach resistant as comparable hot-isostatic-pressed specimens in 3-day leach tests. The sintering 
process being developed includes moderate heating and cooling rates (5°C/min) and maximum 
temperatures ranging from 800 to 850°C. Issues related to scaleup are under investigation with 
the goal of developing a continuous consolidation process. 

2. Testing and Characterization 

a. Testing and Characterization Methods 

A wide variety of measurements are made to test and characterize the ceramic 
waste form. Part of the characterization work involves the development of tests that will be used 
to quality the waste form for disposal in a geologic repository (Sec. III.G.2). These tests are used 
to develop the processes required to produce waste forms and to characterize the waste from 
itself. The properties measured include density, apparent porosity, crystalline structure, 
microstructure, and leach resistance. The density and apparent porosity are measured by 
Archimedes method. The crystalline phases are determined from X-ray diffraction patterns of 
ground waste forms. Scanning electron microscopy/energy dispersive microscopy is used to 
examine the microstructure of the waste form and to determine qualitatively the chemical 
composition of specific phases. 

As a development test, radionuclide retention was determined by immersion of 
monolithic specimens in deionized water at 90°C following the MCC-1 test procedure. Nearly all 
of the development samples had a normalized release rate (NRR, defined in Sec. III) of less than 
1 g/(m2·day) in 28-day tests for all elements released. A release rate of less than 1 g/(m2·day) 
was a target initially set for vitrified high-level wastes. A limited number of 56-day leach tests 
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have also been completed for sodalite waste forms. The NRR for all elements released to 
solution decreased approximately by half as test duration was doubled to 56 days. The NRR 
decreased with time for zeolite-glass composites with 35% glass or more. These results suggest 
that most of the radionuclides are released in the initial segment of the test since the release rate 
declines significantly as the test proceeds. 

Most of the characterization work completed to date has involved ceramic waste 
forms containing simulated waste salt with Ce, Sr, Ba, and rare earth chlorides but no actinides. 
Scanning electron microscopic examination of the composites showed that at least some of the 
rare earths were segregated in clusters. Subsequent X-ray diffraction patterns of zeolite 
containing salt rich in rare earths suggested that the rare earths were, at least partially, converted 
to oxychlorides. The NRR values measured for the rare earths were the lowest of all the salt 
components; this finding indicates that the formation of oxychlorides does not adversely affect 
the behavior of the ceramic waste form. 

As the composition and processing of the ceramic waste form are modified and 
refined, the properties of the waste form will continue to be measured to determine how its 
behavior is affected. 

b. Characterization of Uranium- and Plutonium-Bearing Waste Forms 

Initial scoping studies of waste form fabrication were conducted by immersion of 
zeolite A in a uranium-bearing salt at 500°C. This immersion resulted in the loss of zeolite 
crystallinity and production of UO2. In similar tests, rare earth chlorides dissolved in a LiCl-KCl 
eutectic salt were observed to form oxychlorides when mixed with zeolite at 500°C. Because 
even very dry zeolite contains a residual amount of water, we are investigating the role that water 
plays in these reactions and the extent to which the zeolite framework is attacked by highly 
charged ions. Thermodynamic calculations indicate that U, Pu, and rare earths dissolved in the 
eutectic salt react to varying extents to form oxides or oxychlorides in the presence of zeolite 
and/or water. Uranium is very reactive and should react with both zeolite and water to form UO2. 
Rare earths will react with water to form oxychlorides but should not react with zeolite. The 
reactivity of plutonium is intermediate. 

Work has now started to determine if Pu and U will react with zeolite to form 
oxychlorides or oxides, and if the inclusion of these ions ( either as 3+ ions or as oxides) affects 
overall leach performance of the waste form. The work was divided into several phases: 
preparation of both salt and salt-loaded zeolite, densification of blended zeolite and glass, and 
leach testing of the ceramic waste form. Materials are being characterized in every phase. Details 
of the work over the past year are summarized below. 

Salt was prepared with 36 wt% (15 mo1%) plutonium by oxidizing plutonium 
metal with CdCh in LiCI-KCI eutectic salt. X-ray diffraction examination of the salt indicated 
that the plutonium was present as K2PuC15• A similar salt containing 52.4 wt% uranium had an 
X-ray diffraction pattern consistent with KU 1.67Cl6. Additional salts will be prepared with lower 
concentrations of actinides. 
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Zeolite 4A powder and the high-plutonium salt were mixed at 500°C. X-ray 
diffraction examination of this salt-loaded zeolite showed that zeolite 4A and PuO2 were present. 
Zeolite 4A mixed with a uranium salt in the same fashion showed formation of UO2 in the X-ray 
diffraction patterns; zeolite A and other phases were also present in some uranium-bearing 
samples. 

Both the Pu- and U-loaded zeolites were mixed with glass frit in an analytical mill 
prior to hot pressing, a process identical to that used to produce reference waste forms. The 

mixture of glass and uranium-loaded zeolites was consolidated by hot isostatic pressing, 
following the schedules developed for the ceramic waste form. 6 The plutonium-bearing samples 
were densified with a hot uniaxial press (because this press could fit in our glovebox containing 
the plutonium-bearing materials). A small amount of the powder mixture was heated to nearly 
700°C and pressed at 5000 psi (35 MPa) until the pressure stabilized, as measured by a load cell. 

The results of 28-day leach tests for a plutonium-bearing sample are given in 
Table V-3 in terms of normalized release rates. These data are compared with NRR data from 
zeolite 4A specimens (hot isostatic pressed) containing simulated fission products but no 
plutonium. Although the plutonium-bearing sample contained 6 wt% more salt than the one 
containing simulated fission ~roducts, the NRR for plutonium was comparable to that measured 
for the rare earths, 0.02 g/(m ·day). The NRR values for Al and Si were also comparable in the 
two samples, but the NRR values for the alkali metals were higher in the plutonium-bearing 
sample, which can be attributed to its greater salt content. · 

The formation of plutonium and uranium oxides, as well as rare earth 
oxychlorides, appears to result from the interaction of the chlorides and the zeolite. We are 
determining if the oxygen source is the aluminosilicate framework of the zeolite or residual 
water that is not removed during dehydration. If the framework is degraded, the capacity of the 
zeolite to occlude salt may be diminished, or the crystalline structure destroyed. If the reaction is 
with residual water, the problem is less severe, but keeping the zeolite dry becomes paramount. 
The initial water content of the plutonium-bearing zeolite was not measured, but that of the ' 
uranium-bearing zeolite was initially 0.16 wt%. At this low level, the molar quantity of uranium 
in the mixture was greater than that of water, which may be reacting with the uranium chloride to 
form uranium oxide. 

D. Development of Metal Waste Form 

Stainless steel-zirconium (SS-Zr) waste form alloys have been developed to immobilize 
metallic fission products isolated during the electrometallurgical treatment of spent nuclear fuel. 
The SS-Zr waste forms comprise spent fuel cladding, noble metal fission products, and in some 
cases, zirconium metal from alloy nuclear fuels. The designation "noble metal" means a metallic 
element that is inert, or electrochemically noble, in the electrorefiner system; the cladding and 

/ 

6 J. J. Laidler et al., Chemical Technology Division Annual Technical Report, 1996, Argonne National Laboratory 
Report ANL-97/13, pp. 112-116 (1997). 
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Table V-3. Leach Test Results for Plutonium
Containing Ceramic Prepared by Hot 
Uniaxial Pressing (HOP) and for 
Sodalite Ceramic Prepared by Hot 
Isostatic Pressing (HIP) 

Normalized Release Rate, 

Species 
g/(m2·day) 

HUP HIP 
-

Pu 0.02 a 

Rare Earthsb a 0.02 

B 0.71 0.05 

Al 0.44 0.35 

Si 0.23 0.23 

Li 0.84 0.34 

Na 0.58 0.39 

K 0.20 0.06 
8Not determined. 

bRare earths include Ce, La, Nd, and Pr. 

zirconium are among the noble metals. Since the cladding typically represents 85 to 99 wt% of 
the metal wastes from electrometallurgical treatment, the waste form alloys use the cladding as 
the principal alloying component and thus minimize the waste form volume. 

This approach gave rise to the parallel development of two nominal compositions of 
metal waste form: stainless steel-15 wt% zirconium (SS-15Zr) for stainless steel-clad fuel and 
Zircaloy-8 wt% stainless steel (Zr-8SS) for Zircaloy-clad fuel. A full-scale process 
demonstration is underway at ANL-West using EBR-Il spent fuel, which includes both driver 
and blanket fuels. Since the driver and blanket fuels from EBR-II contain stainless steel cladding, 
the research emphasis for this past year has been on the development and characterization of the 
SS-15Zr alloy. The development of the Zr-8SS alloy is still proceeding, but at a reduced rate, and 
will not be discussed in this report. 

1. Waste Form Metallurgy 

A typical SS-15Zr alloy microstructure is shown in Fig. V-4. It contains two primary 
phases that form a simple eutectic structure: (1) a ferritic iron solid-solution phase ( dark contrast 
in Fig. V-4), designated as a-Fe(Cr,Ni), that is similar in composition to ferritic stainless steel, 
and (2) a Zr-Fe intermetallic phase (bright contrast), designated as Zr(Fe,Cr,Nih+x, that is a 
Laves-type compound (AB2 structure). In addition to the primary phases, two minor phases are 
present in SS-15Zr alloys: an austenitic iron solid-solution phase [y-Fe(Cr,Ni)] and a second 
Zr-Fe intermetallic compound, (Fe,Cr,Ni)23Zr6. 
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Fig. V-4. Backscattered Electron Image of As-cooled 
Stainless Steel-15 wt% Zirconium. The image 
reveals eutectic microstructure containing an 
iron solid solution ( dark) and the 
Zr(Fe,Cr,Ni)2+x intermetallic (bright). 

The elemental composition, crystal lattice parameters, and volume fractions of these 
phases are reported in Table V-4. The composition data were generated with energy dispersive 
X-ray spectroscopy, and the crystal structure information was generated from neutron powder 
diffraction data collected at ANL's Intense Pulsed Neutron Source. The Zr(Fe,Cr,Nih+x phase 
has two crystal structures, which are designated in Table V-4 as Laves C36 (hexagonal) and C15 
(cubic). Since these crystal structures cannot be differentiated by scanning electron microscopy, 
the measured Zr(Fe,Cr,Ni)2+x composition has been arbitrarily assigned to the C36 phase. The 
composition of the C15 phase may be similar to that listed for the C36 phase in Table V-4. 
Another interesting point is that the Zr(Fe,Cr,Nih+x intermetallics contain only 24 at.% 
zirconium, a substoichiometry of more than 25% from the expected 33.3 at.% Zr. 

The distribution of noble metal fission products in SS-15Zr alloy phases was investigated 
through the addition of representative, nonradioactive elements such as Ru, Pd, Ag, and Nb. A 
summary of the elemental distribution in SS-15Zr is presented in Table V-5. In all cases, the 
noble metals were soluble in the SS-15Zr phases at representative waste form concentrations. 
Some of the noble metals (Tc, Re, W, Mo, Mn, and Co) were evenly distributed throughout the 
SS-15Zr, while others (Ru, Nb, Pd, Ta, Ag, Sn, and Si) became concentrated in the intermetallic 
phases. In general, those elements that became concentrated in the intermetallic tended to have a 
low solubility in iron. 

Since the intermetallic phases are "preferred" locations for several of the noble metals, 
fission product retention in SS-15Zr is strongly influenced by the volume fraction of the Laves 
phases, which is, in turn, influenced by the zirconium concentration in the waste form. 
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Table V-4. Neutron Diffraction and Spectroscopy Measurements from SS-15Zr Alloys 

Elemental Composition, at. % 
Phases 

Fe Cr Ni Zr 
Lattice Parameters/ nm 

Ferrite (bee) 67 25 5 <0.1 a =0.2876 

Austenite (fee) 71 19 7 <0.1 a =0.3596 

LavesC36 54 7 12 24 a= 0.4908, C = 1.6016 

Laves C15 - - - - a =0.6938 

(Fe,Cr,Nih3Zr5 58 10 9 20 a = 1.1690 

a Accurate to ±0.0001 nm. 

Table V-5. Distribution of Noble Metal Phases in 
SS-15Zr Alloy 

Element 
Ratio of Intermetallic to Iron 

Solid Solution 

Ru ~4: I 

Nb ~8: I 

Pd ~IO: I 

Tc ~I: I 

Re ~I: I 

Ta ~8: I 

Ag ~5: I 

Sn ~9: I 

w ~I: I 

Mo <1: 1 

Mn <1: I 

Co ~1: 1 

Si ~9: I 

Vol. Percent 

40±5 

9±1 

33 ±5 

16±2 

2±1 

Therefore, the noble metal distribution was also investigated for alloys containing less than 
15 wt% zirconium. In stainless steel alloys with no zirconium, fission products such as Nb, Pd, 
Ag, and Sn always precipitated to form noble metal-rich phases. In stainless steel-5 wt% 
zirconium alloys, noble metal precipitates were observed when the Zr(Fe,Cr,Ni)2+x intermetallics 
became saturated as the total noble metal content increased above ~ 1 wt% zirconium. 

The principal conclusion from these results is that SS-Zr waste forms with 15 wt% 
zirconium can accommodate all noble metal fission products from any type of fuel treated by the 
electrometallurgical process. Zirconium compositions below 15 wt% may become saturated at 
high fission product loadings. 
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2. Testing and Qualification 

Qualification of the metal waste form is a long-term task which involves demonstrating 
that the waste form material will behave and meet applicable performance requirements. In other 
words, the material must immobilize and be able to hold onto its radioactive components in a 
high-level nuclear waste repository. We have performed immersion corrosion tests, 
electrochemical corrosion tests, and property measurements as part of the development of the 
SS-15Zr alloy. Results from these tests were summarized in last year's report,7 and they 
indicated that SS-15Zr has excellent corrosion resistance and superior mechanical and 
thermophysical properties for a high-level nuclear waste form. It is now time to move past the 
developmental research phase by expanding the testing effort to facilitate the repository 
qualification of the metal waste form. 

A standard test method has been established by the American Society for Testing and 
Materials (ASTM C 1174-91)8 for the prediction of long-term behavior of nuclear waste 
materials to be placed in a high-level waste repository. We used this approach to establish a test 
matrix for the SS-15Zr waste form. The matrix is intended to provide a qualification-relevant 
data base for future repository acceptance; it contains the following test categories: attribute 
tests, characterization tests, accelerated tests, and service condition tests. 

Attribute tests are designed to quantify the physical attributes of the waste form materials. 
Characterization tests are designed to generate information on corrosion rates and material 
alteration mechanisms; test methods include immersion of waste form samples in simulated 
groundwater at representative repository temperatures for extended times. Accelerated tests are 
designed to increase the waste form alteration rates beyond those expected under normal 
conditions; the test results are then analyzed to gain fundamental understanding of the alteration 
mechanism. Accelerated test methods include electrochemical testing, vapor hydration testing at 
200°C, and static immersion testing at 90°C. Service condition tests are designed to simulate the 
actual conditions encountered in the repository. 

The test matrix for the metal waste form defines the number of tests for a particular test 
method that will be performed on a specified composition of waste form alloy. The matrix has 
four categories of alloy: "cold," "cold-process variables," "spiked," and "hot." Cold alloys are 
being generated from nonradioactive ingots containing 5, 15, and 20 wt% zirconium, with and 
without noble metal additions. Cold alloys are also being generated under various processing 
conditions, with and without noble metal additions, to examine the effects of impurities and 
cooling rates on the SS-15Zr behavior. Spiked and hot alloys are being generated at ANL-West 
and contain technetium, actinide metals, and actual waste from EBR-II fuel. 

The implementation of the test plan for the metal waste form is well underway. All of the 
new SS-15Zr, SS-5Zr, and SS-20Zr ingots needed to prepare the cold test specimens have been 

7 J. J. Laidler et al., Chemical Technology Division Annual Technical Report, 1996, Argonne National Laboratory 
Report ANL-97 /13, pp. 109-111 (1997). 

8 American Society for Testing and Materials, Annual Book of ASTM Standards, ASTM C 1174-91, Vol. 12.01, 
Philadelphia, PA, pp. 598-611 (1997). 
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generated in CMT. The majority of the attribute tests are either completed or underway. The test 
matrix is scheduled for completion in June 1999, which corresponds to the end of the 
demonstration of electrometallurgical treatment at EBR-IL 

3. Crucible Materials for Waste Form Production 

The production of SS-15Zr ingots is accomplished by melting "the alloy constituents at 
1600°C. This operation is performed in high-temperature, controlled-atmosphere induction 
furnaces under an argon cover gas at 1 atm pressure ( ~0.1 MPa). The molten metal is contained 
in a Y 20 3 ceramic crucible. Yttrium oxide is a very stable ceramic material that has strong 
chemical resistance to molten zirconium alloys at 1600°C. Unfortunately, but not unexpectedly, 
yttrium oxide is not mechanically strong, and it is very brittle. As a consequence, melt crucibles 
have fractured into multiple pieces during all production runs. On occasion, the melt crucible 
fractured while the charge was molten. The melt was still contained by the crucible if the fracture 
was small, but larger cracks can enable the melt to contact the graphite induction susceptor. 
More frequently, the fracture occurred on cooling when the metal ingot, which had bonded to the 
crucible wall, thermally shrunk to a greater extent than the crucible wall. 

We recognized from the beginning of t~s effort that yttrium oxide cannot be employed as 
a full-scale production crucible for the metal waste form. Two alternatives are being pursued: 
cold and hot crucible melting. Cold crucible melting is a wen.:established technology for reactive 
metals, such as Ti and Zr, and for alloys, but the water-cooled hearth presents engineering and 
nuclear criticality challenges for hot-cell fabrication of metals that will contain enriched uranium 
(the metal waste form may contain up to ~2 wt% uranium). Recent CMT research has thus 
focused on overcoming the challenges facing hot crucible melting and developing a crucible 
material that may be used to contain the waste form alloy. 

Our approach to crucible material development has proceeded in two phases. First, a 
variety of stable ceramic materials were tested in high-temperature interaction studies. Second, 
the promising materials were refined and tested through further interaction studies and then 
fabricated into prototype test crucibles. Major parts of this work were carried out under a 
subcontract with Integrated Thermal Sciences, Inc. (Santa Rosa, CA). 

The high-temperature interaction experiment is performed in an inert-atmosphere furnace 
at temperatures up to ~2100°C. In these experiments, small metal samples of Zr, SS-15Zr, Zr-
8SS, and uranium were placed on flat ceramic substrates and heated to a pre-determined test 
temperature. As an example of the interaction experiment, Fig. V-5 shows a video image taken 
of zirconium metal "drops" sitting on a ceramic substrate at ~ 2031 °C. The zirconium metal is 
slightly non-wetting on strontium zirconate (SrZrO3) with a contact angle of ~ 120° at 2031 °C. 
The molten zirconium is completely non-wetting on the ceramic labeled MYO-B with a contact 
angle that approaches ~ 180°, i.e., there is very little contact between the metal and the ceramic. 
(Some of the materials of interest are proprietary to Integrated Thermal Sciences and cannot be 
reported at this time.) 
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Fig. V-5. Video Image from High-Temperature Inter
action Experiment Showing Molten Zirconium 
on SrZrO3 and MYO-B Substrates 

Initial screening tests included interactions between zirconium and SS-15Zr metals and 
four potential crucible materials (Y2O3, BeO, ZrB2, and carburized tantalum). The results from 
these tests essentially eliminated BeO, ZrB2, and carburized tantalum as viable melt crucible 
materials for zirconium alloys. After these initial tests, a more complete test matrix was 
performed with 20 candidate substrate materials and Zr, SS-Zr alloys, and uranium. These 
extended results eliminated numerous materials from consideration and revealed some mixed 
oxides and stable nitrides that resisted interaction with the molten metals. 

Further interaction studies were carried out with Zr and SS-Zr alloys to refine the ceramic 
processing methods. Two prototype ceramic crucibles (~10 cm diameter by ~15 cm tall) were 
fabricated and tested. They were designated as the Metal Nitride Prototype (MNP) and the Oxide 
Ceramic Crucible (OCCR). (Composition of these materials is proprietary.) The :MNP crucible 
was used to generate two SS-15Zr ingots before it failed because of a coating defect, and the 
OCCR generated only one ingot before it failed because of thermal and mechanical stresses. 
Since the molten metal must be poured to enable the multiple use of the MNP crucible, further 
refinements of the MNP material are being investigated. 





VI 
Pyrochemical Process Applications 

The U.S. Department of Energy inventory of spent nuclear fuel consists of ~2700 metric tons of 
heavy metal and over 100 fuel types. Concerns about the enrichment, chemical stability, and 
physical condition of many of these fuel types complicate the task of preparing and qualifying 
them for repository disposal. The electrometallurgical treatment process (see Sec. V) can convert 
many of these spent fuel types into a uniform set of well-characterized, stable product streams, 
greatly simplifying the process of preparing and qualifying these fuels for storage or disposal. 

The chemical composition of the fuel matrix and cladding determines whether a particular fuel 
can be directly treated using the electrometallurgical process, or if a pretreatment step is required. 
For example, oxide fuel types require a pretreatment step that will reduce the actinide oxides to 
the metallic form prior to electrorefining. The CMT Division has been developing a pretreatment 
process that uses lithium at 650°C in the presence of molten LiCl to reduce the actinide oxides to 
the corresponding metals and LhO. The LhO, which is soluble in LiCl, is subsequently removed 
from the salt in an electrowinning cell. In this cell, LhO is electrolytically decomposed to form 
lithium metal at the cathode and oxygen at the anode. 

During the past year, work continued to develop both the reduction and electrowinning portions 
of. the lithium reduction process, with an emphasis on process scaleup. Corrosion tests were 
conducted to identify candidate construction materials for a pilot-scale oxide reduction facility 
planned at ANL-West. In addition, a new program was started to study the applicability of 
electrometallurgical treatment to the spent fuel types stored at the Idaho National Engineering 
and Environmental Laboratory (INEEL). 

A. Development of Lithium Reduction Process 

Before oxide fuels can be electrorefined they require a preliminary treatment that will 
reduce the actinide oxide components of the fuel to the metallic form. The lithium reduction 
process uses lithium, dissolved in molten LiCI, at 650°C to reduce the actinide oxides to the 
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corresponding metals and LizO. The LizO concentration in the salt is controlled by 
electrolytically decomposing it to form lithium and oxygen in the electrowinning step. 
Development work on the reduction step focused on identifying the factors affecting reaction 
kinetics and improving the transport of lithium to the fuel. Development work on the 
electrowinning process focused on improving the design of the cell electrodes and obtaining 
fundamental electrochemical data. 

1. Reduction Step 

During the past year, progress was made in understanding the factors that control the rate 
of the UO2 reduction. A parameter thought to affect the reduction rate is the rate of stirring of the 
bulk salt. Laboratory-scale experiments were run to investigate the effect of stirring on the 
reduction rate for two fuel morphologies. The fuel material was selected to simulate what might 
result from chopping individual spent oxide fuel rods into segments. This material represents a 
portion of the debris from the Three Mile Island-2 (TMI-2) accident and other disrupted oxide 
fuels. Crushed UO2 was used to represent material that might be dislodged from the cladding 
during the chopping operation. Intact UO2 pellets (1-cm long), clad with stainless steel, were 
used to represent material not dislodged from the cladding during the fuel chopping step. The 
effect of stirring on the reduction rate of crushed U02 and of clad U02 pellets is shown in 
Figs. VI-1 and-2, respectively. These results suggest that complete reduction of the crushed UO2 

can be accomplished in as little as 12 h (Fig. VI-1), provided that there is adequate stirring. 
Stirring had little effect on the reduction rate of clad U02 pellets (Fig. VI-2), which required 36 h 
to be completely reduced whether stirred or not. The difference between the effect of stirring on 
the two fuel morphologies is thought to result from the different relationship between particle 
size and the dimensions of the basket used to hold the chopped fuel. Stirring increases the rate of 
crushed UO2 reduction because it improves access of bulk salt (and lithium) into the spaces 
between the particles. Without stirring, the crushed powder tends to act like a single pellet. The 
relationship between the reduction rate and the stirring speed, fuel morphology, and basket 
dimensions will be the focus of work in the upcoming year. 

2. Electrowinning Step 

During the past year, development work on the electrowinning process focused on 
improving cell and electrode design, obtaining fundamental electrochemical data, and 
investigating new materials that could be used to fabricate the electrodes. 

The most significant technical challenge concerning cell design has been to prevent the 
recombination of the lithium metal and oxygen produced by electrowinning. This recombination 
has occurred in two ways. First, because both lithium metal and oxygen gas are less dense than 
lithium chloride salt, the two products rise to the surface of the melt, where reaction occurs. A 
less obvious mode of recombination of the reactants has been dissolution/dispersion of the 
evolved oxygen in the salt. In cell configurations that produce a low anode current density, 
essentially all the oxygen is evolved at the anode as microscopic bubbles, which become 
dispersed in the salt by Brownian motion. Previously, ceramic shrouds have been placed around 
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the anode in an attempt to maintain separation of the lithium and oxygen, 1 but this technique has 
proven only marginally successful. Separation of the reaction products has been incomplete, or 
cell performance was decreased due to diffusion/conduction restrictions imposed between the 
anode and the cathode. In addition, simple shrouds are ineffective against recombination when 
the oxygen is dispersed throughout the salt. 
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1 J. J. Laidler et al., Chemical Technology Division Annual Technical Report, 1995, Argonne National Laboratory 
Report ANL-96/10, pp. 101-103 (1996). 
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One approach to solving the problem of oxygen and lithium recombination is to use a 
porous metal cathode. 2 The advantage of this geometry is twofold. First, all lithium is held below 
the salt surface so that the surface problem mentioned above cannot occur. This, in tum, allows a 
cell configuration without any shrouding whatsoever between the anode and cathode. The 
absence of shrouding allows the anode to run at a higher current density; the high current density 
not only permits more rapid completion of the experiment, but also causes the production of 
large oxygen bubbles at the anode, effectively eliminating the problem of dissolution/dispersion. 
During 1997, laboratory-scale cells were successfully run with no shrouding whatsoever. 

In addition to improvements in the cell design, experiments were also performed to 
determine the maximum acceptable operating voltage of the system. Increasing the cell voltage 
provides another way to increase the current density. In previous test sequences, we had assumed 
that the upper limit to this approach is the standard potential for decomposition of LiCl, 
approximately 3.5 V. Since it is thermodynamically necessary to exceed the decomposition 
potential of LhO (approximately 2.5 V), there would be only a 1 V range of possible operation. 
Previously, to ensure that LiCl would not decompose, both engineering- and laboratory-scale 
tests were run at a maximum of 3.0 V at the electrode connections. This imposes a rather 
significant penalty with respect to maximum current. An experimental examination of the 
phenomenon of chlorine evolution was undertaken to help clarify this limit on cell operation. No 
evidence of chlorine evolution was found over a wide range of applied potential. Intentional 
voltage excursions to ~6-7 V did not exhibit a change in slope of the current-voltage curve. An 
increased slope is expected at the potential that chlorine evolution begins. Starch-iodide paper, a 
chlorine indicator, put in the off-gas from the cell never indicated chlorine. 

To further investigate the effect of LhO on the cell operation and to check system 
behavior in the limiting case of very low LhO concentration, we fabricated a special cell that 
contained LiCl and no Li20. Cell potential was slowly increased while the cell current was 
monitored. At approximately 3.8 V (measured outside the cell), the current began to rise very 
rapidly. At the same time, the salt surface was observed to develop a cloudy appearance. This 
was assumed to be the result of chlorine gas bubbles breaking the surface. A Drager tube was 
used to sample the cover gas and verified the presence of chlorine. Post-test examination of the 
platinum anode revealed extensive surface attack, and the salt was found to contain platinum 
chloride. 

Continued work will be needed to determine the precise phenomena that prevent the 
decomposition of LiCl, but some tentative possibilities can be suggested. One is that the voltage 
profile and the composition gradients that are established in the electrolysis of LhO (beginning at 
-2.5 V) do not allow the chloride reduction to begin. Another possibility is that the conditions at 
the anode during LhO reduction prevent the anode overpotential necessary to drive the chloride 
reduction reaction. 

2 J. J. Laidler et al., Chemical Technology Division Annual Technical Report, 1996, Argonne National Laboratory 
Report ANL-97/13, pp. 126-127 (1997). 
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In addition to the above work, development of materials to replace the expensive Pt-Rh 
anode has advanced. The candidate materials identified as promising are Fe3O4, SnO2, and NiO. 
Recent work has focused on fabrication of a Fe3O4 anode. The process being pursued involves 
fabrication of the ceramic electrode inside a metal tube. This method is being developed 
particularly for Fe3O4 because it eliminates problems unique to Fe3O4. While Fe3O4 is very 
conductive due to the mixed valence state of iron, the material readily undergoes 
oxidation/reduction during high-temperature fabrication. The approach being developed is to 
swage the Fe3O4 powder inside a metal tube and subsequently sinter the material while still 
within the tube. This controls the oxygen partial pressure within the tube so that the Fe3O4 
stoichiometry remains unchanged. We found that the process works well if the thermal expansion 
of the Fe3O4 and the metal is matched. It was demonstrated that Inconel 600 matches the 
expansion of the Fe3O4 sufficiently well that the Fe3O4 can be sintered without cracking. In 
practice, the Inconel sheath would remain on the anode and would provide protection during 
shipping and handling, as well as a convenient means of electrical connection to the electrode. 
Future work will consist of evaluating the manufacture and performance characteristics of each 
of the three alternative anode materials. 

8. Engineering-Scale Experiments 

The purpose of the engineering-scale experiments is to obtain design information and 
operating experience needed for scaling up the reduction and electrowinning processes to 
equipment sizes required for processing DOE spent oxide fuels at ANL-West and elsewhere. To 
meet this objective, the facility used for these experiments was designed to support the reduction 
of kilogram quantities of fuel. The engineering-scale facility consists of three major components: 
the reduction vessel, the electrochemical vessel, and the casting station. The reduction vessel 
holds the salt, fuel, and lithium during the reduction step; the electrochemical vessel holds the 
molten salt during the electrowinning step that regenerates the spent salt and lithium; and the 
casting station provides a means to cast the regenerated salt into ingots for storage between 
process steps. The molten salt and lithium are transferred among these three components through 
heated transfer lines. All of the equipment is enclosed in a large (7 .6 x 2.4 x 2.6 m) argon 
atmosphere glovebox; the facility is qualified to handle limited quantities of plutonium and other 
transuranics. 

The fourth engineering-scale test (ES-4) was completed in March 1997 and involved the 
reduction of unirradiated uranium oxide of two fuel morphologies. Crushed U02 was used to 
represent fuel material that might be dislodged from the fuel cladding during a chopping 
operation. The individual pieces of crushed fuel ranged in size from several millimeters down to 
325 mesh. Intact UO2 pellets (1-cm length), clad with stainless steel, were used to represent 
material not dislodged from the fuel cladding during chopping. The size and compaction of the 
fuel material that result from the chopping are believed important because they may determine 
the time necessary for the reduction step. As the irradiated spent fuel to be processed in the ANL
West pilot facility (currently under design) is expected to be more porous and contain more 
cracks than our unirradiated simulated fuel, it should reduce more quickly, and thus, the results 
obtained by ES-4 should be viewed as conservative. 
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Two fuel basket/pouch assembles were used during ES-4: one was loaded with 3.6 kg of 
crushed material and the other with 2.9 kg of clad pellets. Each of the fuel basket pouches was 
1.5-cm thick, 7 .6-cm wide, and 40-cm tall. Figure VI-3 is a schematic diagram of the reduction 
vessel and fuel baskets. Initially, 760 g of lithium was added to the vessel; 100 g of additional 
lithium was added near the end of the test to ensure adequate reduction. This second addition was 
done after it was observed that the LhO concentration in the salt had leveled off even though the 
reduction of the clad pellets was still incomplete ( as was seen by examining samples removed 
from the pellet-containing pouch on a daily basis). 
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Cut-away View of Reduction Vessel 
and Fuel Basket Assemblies Used in 
Engineering-Scale Experiments 

The reduction was terminated after 120 h. Examination of the material in the pouches and 
detennination of the LhO concentration in the salt as a function of time indicated that the 
crushed material was completely reduced in about 50 h, but the pellets were only 40% reduced 
after 120 h. 

A series of laboratory experiments done prior to ES-4 (Sec. VI.A. I) indicated that pellets 
should have been fully reduced in less than 40 h and crushed material in much less time than 
40 h, even in an unstirred system. Several reasons for the differences in reduction time between 
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the engineering- and laboratory-scale tests are being investigated, including the method of 
introducing the lithium reductant into the salt. In ES-4, the lithium floated in puddles on the top 
of the stirred salt melt, where it could have become contaminated with lithium nitride from a 
reaction with the small amount of nitrogen in the glovebox atmosphere. 

The success of ES-4 was in demonstrating complete reduction of one type of fuel 
morphology in a basket/pouch assembly similar to the design that may be used in the ANL-West 
electrorefiner operations. This experiment also provided valuable input into the design 
requirements for the fuel baskets with regard to the reduction of crushed U02. This information 
will be used in designing full basket/pouches and fuel loading for the next engineering-scale test. 

C. Treatment of INEEL Spent Fuel 

The inventory of spent nuclear fuel at Idaho National Engineering and Environmental 
Laboratory (INEEL) contains a wide variety of fuel types that are unsuitable for direct repository 
disposal in their current form. Concerns about the enrichment, chemical stability, and physical 
condition of these fuel types complicate the task of preparing and qualifying them for repository 
disposal. The electrometallurgical treatment has the potential to simplify preparing and 
qualifying these fuels for disposal by converting them into a uniform set of three prpduct streams 
(uranium metal, a metal waste form, and a ceramic waste form). At ANL-West, a demonstration 
of the electrometallurgical process is underway with sodium-bonded metallic fuel from 
Experimental Breeder Reactor-II (EBR-II), the fuel type for which the process was designed. At 
the same time, we are evaluating whether the electrometallurgical process can also be used to 
treat nonmetallic fuel types at INEEL. Examples of these include ceramic matrix oxide, hydride, 
and carbide fuels. Also included are components of metallic fuels that have reacted with water 
during storage to form uranium oxide and hydride. Issues being evaluated include the nature of 
any required head-end treatment to prepare the spent fuel for the electrometallurgical process, 
and the chemistry and the operating conditions of the electrorefining step. 

The material used to clad or alloy the uranium determines, in part, the maximum voltage 
at which the electrorefining process can take place to ensure separation of the cladding or 
alloying elements from the uranium. Oxide fuels require a preliminary treatment step to reduce 
the oxide components of the fuels to a metallic form prior to electrorefining. Thus, the first step 
in the evaluation process was to categorize the "special case" fuels by chemical composition. 

In tern:is of chemical composition, special-case spent INEEL fuel can generally be 
classified as metallic, oxide, hydride, or carbide. The electrometallurgical process can be applied 
without substantial changes to all the metallic fuel types, with the exception of U-Al alloy. The 
ability of the ANL-designed electrorefiner to separate the components of Zircaloy-clad uranium 
fuel has been demonstrated at the engineering scale using unirradiated fuel from the Hanford 
N-Reactor.3 It is anticipated that U-Mo alloy fuel (FERMI-I reactor) can be treated in a manner 

3 J. J. Laidler et al., Chemical Technology Division Annual Technical Report, 1994, Argonne National Laboratory 
Report ANL-95/24, pp. 90-93 (1995). 
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similar to the N-Reactor fuel, but a more detailed characterization of the U-Mo fuel is required, 
along with laboratory-scale testing of the U-Mo alloy in the electrorefining system. 
Electrometallurgical treatment of U-AI alloy fuels is possible with some modifications to the 
current electrorefining technique. Theoretical studies and experimental work using simulated 
U-Al alloy fuel have been employed to develop a number of process options. 

The ability of the lithium reduction process to reduce the principal components of oxide 
fuel has been demonstrated at the engineering scale.4 Experimental work done to apply the 
lithium reduction process to the reduction of simulated TMI-2 fuel debris indicates that it can be 
used to reduce UO2-ZrO2 matrix fuels, although additional work needs to be done on UO2-ZrO2-

CaO matrix fuel. The existing lithium reduction process can also be used to treat mixed-oxide 
fuels; for this type of fuel, additional work is required to verify the optimum conditions required 
to reduce PuO2• Metallic fuels that have reacted with water during storage may have become 
oxidized and must also be treated, at least in part, as nonmetallic. This degraded metallic fuel, 
along with hydride- and carbide-based fuel, requires a head-end step to reduce the fuel to a 
metallic form prior to electrorefining. The required head-end treatment steps for these fuels are to 
be studied in the next year. 

D. Materials Evaluation for Pilot-Scale Facility 

In support of design work being performed on the pilot-scale oxide reduction facility 
planned for construction at ANL-West, a series of tests was performed to evaluate candidate 
materials for vessel consn;uction. Separate tests were conducted for both the reduction vessel and 
electrowinning vessel because of the difference in conditions between the two. The reduction 
vessel will contain lithium chloride with varying amounts of lithium metal and lithium oxide. 
The hardware is exposed to essentially no free oxygen or lithium metal. The salt is at or near 
saturation with lithium metal during the process; therefore, the conditions are quite reducing. The 
electrochemical vessel components will be exposed to various concentrations of oxygen in salt 
and cover gas. The initial tests were run for 30 days, after which the test coupons were removed 
for evaluation . 

. The test conditions for the reduction vessel were the following: argon cover gas, a salt of 
LiCl/3.5 wt% LizO/1 wt% Li)N, and an operating temperature of 725°C. The nitrogen in the salt 
composition was selected in an attempt to simulate the atmosphere conditions that would occur 
in the oxide reduction facility, where the environment is primarily argon but with a significant 
amount of nitrogen. Test coupons included tantalum, stainless steel (Types 316L, 422, and 430), 
and 2¼ Cr- lMo steel. All coupons were 2.5 cm in width and 7 .5 cm in length and had a weld 
along the full length. Two tantalum samples were used, one as-welded and one with a post-weld 
heat treatment to relieve stresses. All others were tested in several forms: as-welded, post-weld 
heat treatment, aluminized, and aluminized and heat treated. The result of the test was that 

4 J. J. Laidler et al., Chemical Technology Division Annual Technical Report, 1996, Argonne National Laboratory 
Report ANL-97/13, pp. 128-130 (1997). 
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tantalum suffered minor attack, while none of the other test coupons had any measurable 
corrosion. 

The test conditions for the electrochemical vessel were the same as for the reduction 
vessel, except that the cover gas was argon- I 0% oxygen. The gas was fed in below the surface of 
the salt to better simulate the conditions in the electrowinning step. The samples for this test were 
the same as for the reduction test, except that the two tantalum samples were deleted. In this test, 
all samples were severely corroded, most beyond recognition. While some attack was expected 
because corrosion of Type 304 stainless steel had been observed in laboratory-scale 
electrochemical testing, nothing so severe had been observed. Indeed, corrosion mechanisms and 
corrosion rates could not be determined because of the extent of the corrosion. It became clear 
that oxygen attack in this system is extremely severe. 

A subsequent test was run to better understand the corrosion and to help rank materials 
with respect to corrosion resistance. Samples were tested for 6 days at 625°C with a cover gas of 
argon-IO% oxygen and a salt of LiCl-3.5 wt% LhO. Sample materials included Type 316L 
stainless steels (one aluminized, the other not), 304 stainless steel, Inconel 600, and Inconel 625. 
All stainless steels incurred more corrosion damage than either of the Inconel (nickel-chrome) 
materials. The aluminizing had no beneficial effect, but later microscopy revealed that the 
commercially applied aluminizing was quite porous and poorly bonded. Iron aluminide on the 
stainless steel and the nickel aluminide on Inconels should provide enhanced corrosion 
resistance. The characterization of the possible aluminization processes has begun, and 
aluminized sampies will be tested. A second 6-day test was completed with nickel-based alloys 
exclusively (Inconel 600, Inconel 625, Haynes 242, and Krupp alloys 31, 33, 59, 602Ca, and 
45TM). The Inconel 600 and Krupp alloy 31 experienced the least attack. Alloy 31 exhibited a 
generally very thin corrosion layer but had occasional deep penetration. Inconel 600 had a 
heavier but more uniform corrosion layer. 

Future work will continue to focus on finding corrosion-resistant materials for the 
electrochemical vessel construction. 





VII 
Basic Chemistry Research 

Basic chemistry research is being pursued in several areas: fundamental chemistry associated 
with catalyses in systems that involve molecular energy resources, mechanisms of ion transport 
in lithium battery electrolytes, materials chemistry of electrified interfaces (in connection with 
corrosion and electrochemical devices) and molecular sieve materials (in connection with 
catalysis), and the theory of materials properties. 

A. Chemical Sciences Research 

Our program employs in situ spectroscopic and mechanistic techniques to examine the 
reaction chemistry of processes that are used in the chemical industry or are under development for 
industry. Recent work in fluid catalysis encompasses (1) the first in situ nuclear magnetic resonance 
(NMR) investigation of phosphine-modified catalysts for the hydroformylation of olefins in 
supercritical fluids and (2) the study of extremely robust polyfluorophthalocyanine catalysts for 
hydrocarbon activation processes. Also, in a program associated with development of a lithium
polymer battery (see Sec. I.A.I), we are developing toroid cavity imaging techniques for the in situ 
examination of ion transport in lithium-polymer battery materials. 

1. Catalytic Chemistry in Supercritical Fluids 

Supercritical fluids (CO2 or water) offer environmentally benign alternatives to toxic 
organic solvents frequently used in homogeneous catalysis. An additional advantage is the 
elimination of energy-intensive distillations necessary for product separations and catalyst recovery 
from organic solvents. Our efforts have focused upon the development of homogeneous catalyst 
systems in supercritical carbon dioxide (scCO2) and both single- and two-phase scCO2 surfactant 
and/or solvent mixtures. 

The oxo process, in which homogeneous catalysts are used for the hydroformylation of 
olefins, is one of the largest industrial processes used worldwide today. In this process, carbon 
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monoxide and hydrogen react with an olefin to selectively produce the desired linear isomers of 
aldehydes: 

oxo 0 

~R 

R catalyst 

H~R 
/ + co + H2 )I, + (1) 

0 
R = alkyl "normal" "iso" 

The linear "normal" isomers are desired over the branched "iso" products. Oxo products are used in 
detergents, plastics, and agricultural products. The capacities of homogeneous oxo processes 
exceeded 6.6 million tons per year in 1995. 1 

Currently, we are examining high-pressure reactions of phosphine-substituted cobalt 
carbonyl catalysts with CO, H2, and excess free phosphine by NMR spectroscopy.2

•
5 The 

reactivity with CO and H2 is of interest as these gases are requisite for the oxo reaction in Eq. 1. 
The addition of excess phosphine is thought to inhibit CO substitution for phosphine in the 
substituted cobalt carbonyl complexes. It is believed that the steric effects from the phosphine in 
these complexes impart selectivity for the desired normal oxo products. 

The phosphine-substituted cobalt system examined most extensively by us has been 
[Co(n-Bu3P)(C0)3h, a Shell-type catalyst. Using specially designed in situ NMR detectors, we 
have monitored precatalytic equilibria under the high pressure and temperature regimes at which 
the oxo process is commercially operated. Solvent polarity effects are pronounced and have been 
examined in cyclohexane, benzene, dioxane, i-butanol, scC02, and scC02/toluene mixtures. 
While supercritical solvent systems offer many advantages, difficulties have arisen with their use. 
The dimer, [Co(n-Bu3P)(C0)3h, is moderately soluble in scC02/toluene; however, upon addition 
of CO, the dimer concentration in the fluid decreases. We believe that the dimer is converted to a 
disproportionation salt, and that this salt precipitates out of the scC02/toluene mixture. The 
disproportionation reaction is 

[Co(n-Bu3P)(C0)3h + CO 
[dimer] 

[Co(n-Bu3P)2(C0)3][Co(C0)4] 
[cation] [anion] 

M. Beller, B. Cornils, C. D. Frohning, and C. W. Kohlpaintner, J. Mol. Cata!. A 104, 17-85 (1995). 

(2) 

2 J. W. Rathke, R. J. Klingler, R. E. Gerald, K. W. Kramarz, and K. Woelk, Prog. Nucl. Magn. Reson. Spectrosc. 
30, 209-253 (1997). 

3 K. W. Kramarz, R. J. Klingler, and J. W. Rathke, "In Situ NMR Spectroscopy Studies of Hydroformylation 
Catalysts Using High Pressure Toroid Probes," Abstracts of the Sixth Int. Conf. on the Chemistry of the Platinum 
Group Metals, University of York, July 21-26, 1996, p. 48 (1996). 

4 K. W. Kramarz, R. J. Klingler, and J. W. Rathke, "High Pressure In Situ NMR Spectroscopy of Cobalt Oxo 
Catalysts," Technical Abstracts of the 15th North American Catalysis Society, Chicago, IL, May 18-23, 1997, 
p. 149 (1997). 

5 J. W. Rathke, J. Magn. Reson. 85, 150-155 (1989). 



Basic Chemistry Research 135 

The formation of the salt from the dimer has been examined in various organic solvents. The 
thermodynamics of salt formation (see Table VII-1) becomes more favorable as solvent polarity 
increases (benzene < dioxane < i-butanol). In addition, salt formation increases with decreasing 
temperatures and higher CO pressures for all of the solvents investigated. 

Table VII-I. Thermodynamics of Salt Formation in Eq. 2. Data given for 
equilibrium constant (K2), enthalpy of formation (.MI°), 
entropy (.6.S0

), and free energy (.6.0°). 
K -1 

2 , atm ..1Ho, ..1so, ..1Go, 

Solvent at 100°C kcal/mol eu kcal/mol 
Benzene 8.0 (±0.8) X 10·3 -14 (±0.2) -44 (±0.4) 0.3 (±0.3) 
Benzenea 1.3 (±0.8) X 10·3 -15 (±0.5) -52 (±1.4) 0.5 (±1.0) 

Dioxane 0.013 (±0.003) -21.5 (±0.6) -65 (±1.4) -2.0 (±1.2) 

i-Butanol 0.495 (±0.04) -17 (±0.3) -47 (±0.8) -3.0 (±0.6) 

aln the presence of excess free n-Bu3 P (dimer-to-Bu3P ratio of 1:1). 

The equilibrium in Eq. 2 becomes complicated at low temperatures. An additional 
resonance is evident at 20°C, as shown in Fig. VII-1. This new resonance does not occur in the 
presence of added free phosphine. Therefore, one possibility for this new species is that it is 
produced by phosphine displacement from the dimer reactant ofEq. 2, as follows: 

(3) 

Fortunately, the monosubstituted dinuclear complex can be prepared independently, and its 31P 
NMR resonance occurs at approximately 56 ppm at room temperature. This complex exhibits a 
strong and characteristic chemical shift dependence on temperature, as shown in Fig. VII-2. This 
dependence is most likely due to a bridging/terminal isomerization of the complex's carbonyl 
ligands, similar to that observed for dicobalt octacarbonyl. Significantly, this characteristic 
dependence on chemical shift allows the monosubstituted dimer to be eliminated from further 
consideration because the temperature dependence of the chemical shift for the independently 
synthesized monosubstituted dimer in Fig. VII-2 is not consistent with the observations under 
the experimental reaction conditions in Fig. VIl-1. Alternatively, the new resonance is tentatively 

JA 
57.0 53.0 

20"C 
Pc0 =227 atm 

100°c 
Pco= 248 atm 

.... 

Fig. VII-1. 

In Situ 31P NMR Spectra Showing the 
Resonance for the Monosubstituted Salt at 
20 and 100°C 
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59.0 ppm ss.o 51 .0 

Fig. VII-2. 

In Situ 31P NMR Spectra Showing the 
Chemical Shift Temperature Dependence 
for Co2(Bu3P)(COh 

assigned to a salt that is analogous to the product in Eq. 2, where one of the phosphine ligands in 
the cation has been substituted by carbon monoxide to yield [Co(n-Bu3P)(CO)4][Co(CO)4]. 
Consistent with the proposed CO substitution reaction, the resonance for the new species 
disappears in the absence of CO at ambient temperature. Preliminary experiments have shown 
that both salts are formed from Co2(n-Bu3P)(CO)7 at about 300 atm of CO. This would account 
for the absence of Co2(n-Bu3P)(CO)7 under the aforementioned conditions. 

The thermodynamics of the salt/dimer in benzene was reexamined for reactions in the 
presence of excess free phosphine. As expected from the lack of phosphine dependence for the 
reaction shown in Eq. 2, the deviation from the data obtained previously was insignificant. 
However, data were obtainable as low as 50°C without complications arising from the resonance 
assigned to [Co(n-Bu3P)(CO)4][Co(CO)4]. These observations indicate that there is very little 
[Co(n-Bu3P)(CO)4][Co(CO)4] present, if any, at temperatures above 75°C. The thermodynamic 
data obtained for the equilibrium in Eq. 2 are summarized in Table VII-1. 

For a dimer-to-Bu3P ratio of 1 :4, the 31P NMR spectra indicated that all species convert to 
an uncharacterized species with a resonance occurring at approximately -19 ppm. Free phosphine 
occurs at -30 ppm; however, it undergoes a fast exchange with the species at -19 ppm, resulting 
in a chemical shift average of the two species at temperatures above 35°C. This is significant 
because conditions that decrease the amount of precatalytic dimer decrease the amount of hydride 
formed just prior to the catalytic cycle. 

Future studies will examine the effect of adding many equivalents of free phosphine 
because the commercial phosphine-modified cobalt carbonyl process (Shell) is typically run in 
the presence of excess free phosphine. Formation of the hydride in the presence of excess 
phosphine is thus underway. Preliminary results indicate that the unknown species is present in 
significant amounts in the commercial process ~t high CO pressures. Attempts to characterize 
this species by using 13C NMR are also underway. 
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2. Hydrocarbon Activation Chemistry 

Selective functionalization of hydrocarbons remains a great challenge to organometallic 
chemists. Because homogeneous catalysts are better defined and characterized than 
heterogeneous catalysts, major advances in our understanding of catalytic processes are derived 
mostly from studies of homogeneous catalysis. In addition, the uniformity of the catalyst sites in 
these systems makes these catalysts more likely to yield good product selectivity. We have 
continued our studies of metallophthalocyanine-catalyzed hydrocarbon activation. 
Metallophthalocyanines are chosen as catalysts because of their high-temperature stability and 
their similarity in structure to porphyrins, which are the prosthetic groups of heme enzymes that 
catalyze the aerobic oxidation of hydrocarbons in biological systems.6•

7 

We reported previously that [(RPc)Rhh (where RPc = dianion of l,4,8,ll,15,18,22,25-
octa-n-pentylphthalocyanine) catalyzes the C-H bond activation by a free radical mechanism 
initiated by homolysis of the Rh-Rh bond, which is estimated to have a bond energy of 
23 kcal/moI.8

•
9 To weaken the Rh-Rh bond, we have invoked coordination of ligands on the axial 

sites. Trimethylphosphine successfully breaks the Rh-Rh bond at ambient temperature. However, 
six-coordinate (RPc )(PMe3)2Rh, instead of five-coordinate (RPc )(PMe3)Rh, was obtained, even 
in solutions in which the ratio of PMe3/Rh was unity. Our recent 1H NMR studies show that the 
initially formed five-coordinate (RPc )(PMe3)Rh simply disproportionates to (RPc )(PMe3)2Rh 
and [(RPc)Rhh(PMe3): 

3(RPc )(PMe3)Rh (4) 

In support of our conclusion that the six-coordinate 19-electron (RPc)(PMe3)2Rh is a ligand
centered radical,10

•
11 the electron spin resonance (ESR) spectrum of (RPc)(PMe3)2Rh in 

Fig. VII-3a shows that it has a g-value (electronic gyromagnetic ratio) very close to the free 
electron value of 2.0023. A calculated simulation yields gll = 1.989 and gJ. = 1.995. Shown for 
comparison in Fig. VII-3b is the ESR spectrum of the corresponding ligand-centered cobalt 
complex (RPc)(PMe3)2Co, which gives gll = 1.983 (Au= 19.5 G)* and gJ. = 1.994. The hyperfine 
couplings to 103Rh were not resolved, neither was the hyperfine coupling to 59Co in the 
perpendicular direction (AJ.). In contrast, the metal-centered, four-coordinate (RPc )Co in toluene 
glass has the following g-values: gll = 1.982 (Au = 175 G) and K = 2.627 (AJ. = 148 G). These 
data show the difference in the g-values of metal- and ligand-centered radical Co11 complexes. 

6 J. H. Dawson, Science 240, 433 (1988). 
7 B. Meunier, Chem. Rev. 92, 1411 (1992). 
8 M. J. Chen and J. W. Rathke, Organometallics 13, 4875 (1994). 
9 M. J. Chen, L. Nuiiez, J. W. Rathke, and R. D. Rogers, Organometallics 15, 2338 (1996). 
10 W. E. Geiger, Acc. Chem. Res. 28,351 (1995). 
11 D.R. Tyler, Acc. Chem. Res. 24, 325 (1991). 
• The symbols Au and A,. are the parallel and perpendicular electron-spin nuclear-spin hyperfine coupling constants. 
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Fig. VII-3. 

Electron Spin Resonance Spectra 
of (RPc)(PMe3)2Rh (curve a) and 
(RPc )(PMe3)zCo ( curve b) in 
Toluene Glass at -263°C 

We have also extended our study of [(FPc)Fe]z(µ-O) [where FPc = dianion of 
1,4,8,l l,15,18,22,25-octakis(trifluoromethyl)phthalocyanine], which catalyzes the epoxidation of 
olefins by iodosylbenzene, to include other olefins. 12 For substrates that have alkyl substituents, 
both epoxidations and alkyl C-H bond oxidations have been observed. Although trans-stilbene 
gives trans-stilbene oxide as the only product, cis-stilbene ·gives a mixture of cis- and trans
stilbene oxides. This finding indicates that epoxidation of cis-stilbene, and possibly other olefins 
as well, proceeds through a non-concerted mechanism. 

Although the oxidation of olefins has been shown to be catalytic, the turnover numbers 
are still low. We suspect that the source of catalyst instability is the eight aromatic hydrogens. 
Future work will include synthesis of phthalocyanines that have these aromatic hydrogens 
replaced by halogens or perfluorinated alkyl substituents. We are also working to isolate 
(FPc)FeIV=O for further studies. Since (FPc)FeIV=O is among the least reactive FeIV-oxo 
complexes, it offers a good opportunity for studying the chemical and physical properties of these 
complexes. 

3. Electrochemical/Battery Research 

This program investigates the mechanism of ion transport in lithium-polymer electrolyte 
battery materials by using in situ magnetic resonance imaging.13-15 An imaging approach is 
necessitated by the inhomogenous nature of existing battery systems. For example, in the current 
generation of lithium-polymer electrolytes, only a small fraction of the ionic current is carried by 
the electroactive lithium ions. Consequently, the passage of current through these battery 

12 M. J. Chen, D. E. Fremgen, and J. W. Rathke, to be published in J. Porphyrins Phthalocyanines. 
13 K. Woelk, J. W. Rathke. and R. J. Klingler, J. Magn. Reson. A 105, 113 (1993). 
14 K. Woelk, J. W. Rathke, and R. J. Klingler, J. Magn. Reson. A 109, 137 (1994). 
15 K. Woelk, R. E. Gerald II, R. J. Klingler, and J. W. Rathke, J. Magn. Reson. A 121, 74 (1996). 
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materials results in large changes in the lithium ion concentration in the region of the electrolyte 
directly adjacent to the electrodes, and an electrolyte depletion zone is rapidly established. 
Furthermore, a typical electrolyte depletion zone accounts for a only small volume percent of the 
total electrolyte material. Accordingly, the electrolyte depletion region is difficult to investigate 
by conventional spectroscopic methods, and all of the existing NMR literature on lithium ion 
diffusion coefficients and polymer interactions has been obtained for homogeneously loaded 
samples. Consequently, very little is known about how the ion mobility or the structure of the 
polymer is influenced by the electrolyte concentration gradients. 

It is generally believed16
•
17 that the cations tend to cross-link the polymer chains, thereby 

influencing the segmental motion of the polymer. Furthermore, the segmental polymer motion is 
believed to be the most important factor controlling the ionic conductivity in polymer 
electrolytes.16

•
17 Importantly, this causes changes in the region adjacent to the electrodes due to 

the dynamic nature of the electrolyte concentration gradients. With the NMR imager, it should be 
possible for the first time to probe for differences in the ion and polymer mobility across the 
electrolyte concentration gradients by measuring the NMR spin relaxation times, T 1 and T 2, as a 
function of distance from the working electrode. 

Previously, we reported that electrolyte depletion zones can be accurately mapped by 
using in situ NMR imaging.2 For example, the upper 19F NMR plot in Fig. VII-4 illustrates the 
lithium triflate concentration as a function of distance from the working electrode before (solid) 
and after (dashed) electrodepositing lithium. The electrolyte is depleted over a distance of 
approximately 0.3 mm from the working electrode, where the electrode radius is represented by 
the gray region in Fig. VII-4. At ambient temperature, the electrolyte concentration gradients 
produced in this manner are quite stable for periods of many hours. This allows ample time to 
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16 M. A. Ratner and D. F. Shriver, Chem. Rev. 88, 109 (1988). 

Fig. VII-4. 

Concentration of CF3SO3- in Sample of 
Polyethylene Oxide/CF3SO3Li before 
(solid curve in upper plot) and after 
(dashed curve) Depositing Lithium. 
Lower plot shows the resultant T 1 spin 
relaxation time (thick solid curve) in the 
polarized cell, including confidence 
interval (thin curves). 

17 P. G. Bruce and C. A. Vincent, J. Chem. Soc. Faraday Trans. 89, 3187 (1993). 
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measure the NMR spin relaxation times, T 1 and T 2, as a function of distance from the electrode 
for the ionic species, as well as the polymer backbone across the region of the electrolyte 
concentration gradient. 

The T 1 measurement requires inversion of the Boltzmann spin population. Yet, there is no 
common nutation angle for the nuclei within a toroid cavity following a simple transmitter pulse 
because of the large B1 field dependence in the toroid cavity imager. Accordingly, we have 
developed specialized composite 90° and 180° pulse sequences for toroid cavities.18 The resulting 
composite pulses are capable of simultaneously orienting the nuclear magnetization for all values 
of r across the entire sample in a phase-correlated manner with better than 98% efficiency. The 
composite 180° pulse allows the radial distribution of the T1 spin relaxation time for the entire 
sample to be simultaneously measured by a simple adaptation of the standard inversion-recovery 
method for T 1 measurement. 

This method was applied at ambient temperature to measuring T 1 for the 19F resonance in 
the CF3S03• anion across the electrolyte depletion zone indicated by the upper plot of Fig. VII-4, 
and the result is depicted in the lower plot of Fig. VII-4. The resultant T 1 within the electrolyte 
depletion zone exhibits significant variation from that which is characteristic of the bulk 
electrolyte. The latter quantity is constant for distances greater than 0.3 mm from the working 
electrode. Detailed interpretation of this trend must await a more complete investigation of the 
temperature dependence. 

In future work, the 1H and 13C spin relaxation times of the polymer will be measured as a 
function of distance from the electrode to probe for differences in the segmental motion of the 
polymer across the salt concentration gradients. Differences are expected because the cations are 
believed to momentarily cross-link the polymer chains.16

•
17 In addition, a spin-echo imaging 

pulse sequence can be used for determining the radial dependence of the T 2 spin relaxation 
time. 19 Observations of this nature are anticipated to provide insight into the effect of the 
electrolyte concentration gradients on the ion mobilities, phase composition of the polymer, and 
the segmental motion of the polymer subunits. Improved understanding of these key ion transport 
parameters will help in the design of the next generation of polymer-electrolyte battery materials. 

8. Research on Materials and Interfaces 

The research on materials and interfaces addresses a broad range of fundamental issues in 
energy and environmental science that relate to passivation/corrosion of metals, decontamination 
of scrap and waste from nuclear facilities, the kinetics and mechanisms of 
interfacial/electrochemical processes, and molecular sieve catalysis. This research is 
characterized by the development and application of advanced electrocqemical measurement 
techniques, synchrotron radiation analytical methods, and first-principle computational methods 
for determining molecular structures, molecular energies, and chemical reaction dynamics. 

18 K. Woelk and J. W. Rathke, J. Magn. Reson. A 115, 106 (1995). 
19 R. M. Dixon and P. Styles, J. Magn. Reson. Med. 29, 1 IO (1993). 
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1. Corrosion and Decontamination of Metals 

The purpose of this activity is to elucidate the relationship between the structure and 
composition of surface films on metals and their properties which are relevant to a number of 
important technological applications, e.g., corrosion protection, environmental remediation, 
energy storage, and energy conversion. Synchrotron X-ray absorption spectroscopy, as well as 
infrared and laser Raman spectroscopy, is employed for in situ determinations of structure and 
composition. Electrochemical techniques such as cyclic voltammetry, de polarization, and ac 
impedance are used to determine the energetics and mechanisms of the interfacial processes 

involved. 

Synchrotron far infrared spectroscopy (SFIRS) continues to be applied to the in situ 
identification of corrosion films on metals in aqueous solutions. The nature of the surface film on 
copper in 0.1 M NaOH solution has now been completely elucidated. As had been reported 
before, the film in the pre-passive region at -0.05 V vs. standard calomel electrode (SCE) was 
found to consist of Cu2O.20 Recently, spectra have allowed us to determine unequivocally that 
the surface film in the passive region (at 0.3 V vs. SCE) consists of both CuO and Cu(OH)2• The 
anodic corrosion film ·on silver in 0.01 M NaOCN + 0.1 M NaC1O4 solution has also been 
studied with SFIRS. Vibrational bands at wavelengths of 90_ and 360 cm-1 have been observed 
in situ at +0.35 V vs. SCE for the first time. They have been assigned to the bending mode of 
surface NCO and to the Ag-N stretching mode of terminally bonded cyanate, respectively. This 
work is being carried out in coll~boration with the University of Auckland, New Zealand, and the 
University of Poitiers, France. Future plans involve the development and use of a polarization 
division interferometer for the detection of monolayer and sub-monolayer amounts of materials 
adsorbed on a surface. Infrared spectroscopic studies of microelectrodes and pitting phenomena 
will be undertaken. 

Synchrotron X-ray absorption spectroscopy (XAS) studies are being undertaken to 
determine the local structure of heavy metal ions incorporated into the corrosion-passivation 
films on Ni, Fe, and Cr. The subject is of interest in the development of effective procedures for 
the decontamination of radionuclide-contaminated storage tanks and piping systems in DOE 
nuclear facilities, as well as other applications, e.g.; corrosion protection, batteries, and 
electrochromic devices. Electrodeposited oxide films are used to simulate the corrosion layers on 
metals. The incorporation of Ce and Sr into Ni(OHh and NiOOH films has been investigated by 
XAS. The oxides (hydroxides) of these heavy metals have been found to co-deposit without 
forming solid solutions with the corresponding nickel oxide phases. It has also been possible to 
electrodeposit pure oxides of Ce and Sr. The structure of the Ce(OH)4 and CeO2 formed is highly 
disordered and may be important in its role as a corrosion inhibitor for aluminum. Initial results 
on the electrodeposition of iron oxide (hydroxide) films on a graphite substrate showed the 
extended X-ray absorption fine structure (EXAFS) spectrum of the materials (Fig. VII-5) to be 
remarkably similar to the spectrum of the corrosion-passivation layer on metallic iron, as had 

20 J. J. Laidler et al., Chemical Technology Division Annual Technical Report, 1995, Argonne National Laboratory 
Report ANL-96/10, p. 128 (1996). 
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been reported earlier by other workers. 21 The structure of the film is similar (but not identical) to 
y-FeOOH. The EXAFS spectrum cannot be fitted by using parameters corresponding to the 
known oxides of iron. Future work will involve studies on the incorporation of Rb, Cr, and U 
into nickel oxide (hydroxide) films, as well as the electrochemical reduction and dissolution of 
the films. 
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Iron K-edge from Extended 
X-ray Absorption Fine Structure 
Spectroscopy for Iron Oxide 
(hydroxide) Film Anodically 
Deposited on Graphite Substrate 
at 0.6 V vs. SCE. The 
k-weighted Fourier transform of 
(a) is shown in (b). 

2. lnterfacial Electrochemistry and Ultracapacitor Studies 

This research concentrates on understanding ( 1) the kinetic aspects and atomistic 
mechanisms of heterogeneous charge-transfer reactions in aqueous solutions over a wide range of 
temperatures (25 to 300°C) and (2) the atomic level structure of electrified interfaces that 
strongly influence the dynamics of these reactions. The electrode kinetic measurements of this 
study are carried out with relaxation techniques such as galvanostatic, coulostatic, or 
potentiostatic pulse transients; ac-impedance measurements; and the rotating-disk-electrode 
technique. The resulting data are analyzed with computerized data-evaluation methods. The 
interfacial structural studies use synchrotron X-ray scattering techniques. Heterogeneous charge 
transfer is an essential chemical step in the reactions occurring during many energy-related 

21 M. Kerkar, J. Robinson, and A. J. Forty, Faraday Discuss. Chem. Soc. 89, 31 (1990). 
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processes, such as those involved in high power- and energy-density batteries and ultracapacitors 
for electrical vehicles and large-scale fuel cells for primary electrical power generation. Another 
electrochemical process that is relevant to practically all energy technologies is corrosion. 
Clearly, a fundamental understanding of the dynamics of these reactions could result in 
improvements to many energy technologies. 

This year, we completed our kinetic studies of the Cu2+/Cu electrode reaction, which is an 
important but poorly understood cathodic reaction occurring during stress corrosion cracking in 
light water nuclear reactors. We have extended our high-temperature/high-pressure kinetic 
measurements of the Cu2+/cu+ reaction-the rate-determining step in the overall copper 
deposition/dissolution process-from a maximum temperature of 100°C to 200°C. The activation 
energy of the reaction was found to be 32 ± 5 kJ/mol, and the transfer coefficient was found to be 
independent of temperature. This work is carried out in close coordination with the theoretical 
modeling effort described in Sec. VII.B.3.a, and the results are in good agreement with 
theoretical predictions. 

We also continued the structural investigation of buried electrified interfaces by using 
synchrotron X-ray techniques, in a collaborative effort with the Synchrotron Studies Group in the 
ANL Materials Science Division. As part of this effort, we are studying the crystallographic 
structure of underpotentially deposited (UPD) metals and the effect of anion coadsorption on the 
structure. The UPD metal layers on noble metals (e.g., Rh, Pd) are important electrocatalysts for 
fuel cells using hydrocarbon fuels, such as methanol, without the need for reforming to hydrogen. 
Preliminary measurements using rhodium single-crystal surfaces were carried out at the National 
Synchrotron Light Source (NSLS) of Brookhaven National Laboratory. However, the lower 
electron density of the anions makes their observation difficult with the relatively small X-ray 
flux at NSLS; therefore, our initial results were inconclusive. These measurements will be 
repeated at ANL' s Advanced Photon Source (APS) in the near future. This project is carried out 
with the collaboration of the Chemistry Department of the University of Illinois, Urbana. 

We have initiated a new project for the investigation of surface phenomena occurring in 
ultracapacitor energy storage devices. Ultracapacitors are electrochemical energy storage devices 
with characteristics between those of classical "dielectric" capacitors and those of batteries. The 
capacity of ultracapacitors arises predominantly from the following three phenomena: (1) the 
capacitance of the electrical double layer, (2) the adsorption/desorption pseudocapacitance, and 
(3) the capacitance caused by oxidation/reduction processes of the electrode material occurring at 
or near the interface. All three of these phenomena can be studied with synchrotron X-ray 
techniques. Initially, we are studying the solid-side phenomena occurring at RuO2 surfaces 
because this oxide is one of the most promising electrode materials ( often in combination with 
other oxides) for ultracapacitor applications. We have carried out some preliminary 
measurements at NSLS while the APS beamlines are under construction. A cyclic 
voltarnmogram of the RuO2(100) surface in 0.1 M H2SO4 solution is shown in the top panel of 
Fig. VII-6. The oxidation/reduction (Ru4/Ru3

) peaks are closely followed by the scattered X-ray 
intensity shown in the bottom panel. Preliminary modeling of the corresponding structural 
changes suggests that the top surface layer expands upon reduction (probably due to the insertion 
of hydrogen ions). Future work will be carried out on different crystal faces of the RuO2 in acidic 
and basic solutions. 



144 Basic Chemistry Research 

40 
20 

N 0 E 

~ -20 
-40 
-60 
-80 

-100 

>, 0.14 -·w 
C 0.13 
Q) -C 

0.12 

0.11 
-400 -200 0 200 400 600 

Potential vs. Ag/AgCI (mV) 

3. Theoretical Studies of Materials 

Fig. VII-6. 

Cyclic Voltammetry and Reflected 
X-ray Intensity (in arbitrary units) of 
RuOi(lO0) Oxidation and Reduction. 
Arrows indicate direction of scan. 

The goal of this work is to develop new theoretical methods and apply them, along with 
previously established ones, to the study of the Cu2+ ➔ Cu0 electrode reaction, molecular 
clusters, zeolites, thin diamond films, and lithium polymers. 

a. Electrode Reactions 

Electron transfer at electrode-electrolyte interfaces is a key step in a wide variety 
of chemical processes, including, for example, those occurring in stress corrosion cracking, in 
photoelectrochemical reactions of various types, and within fuel cells and batteries. The cuprous
cupric reaction is believed to play a role in limiting rates of stress corrosion cracking in some 
engineering environments.22 A combined theoretical/experimental study of the cuprous-cupric 
electron transfer reaction at a copper electrode has been carried out. The experimental 
measurements (see Sec. VII.B.2) involve fast electrochemical relaxation measurements (in the 
microsecond to millisecond time frame) in a unique high-temperature/high-pressure 
electrochemical cell. The theoretical effort involves molecular dynamics simulations at the 
University of Minnesota and electronic structure calculations at Argonne National Laboratory. It 
has several different aspects: (1) simulation of the ion in water, (2) simulation of the 
electrolyte/electrode interface, and (3) a quantum mechanical model for the electron transfer 
process itself. The Cu2+ ➔ Cu+ electron transfer .reaction is, in most conditions, very quickly 
followed by the reaction Cu+ ➔ Cu0

, in which the copper atom is adsorbed on the electrode. 

As reported above (Sec. VII.B.2), the measurements gave an activation barrier for 
the first electron transfer reaction of 32 kJ/mol. A value of 30 kJ/mol was obtained from the 
theoretical simulations, in good agreement with the experiment. The remarkable feature of our 

22 W. E. Ruther, W. K. Soppet, and T. F. Kassner, Corrosion 44, 791 (1988). 
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theoretical results is that the barrier to electron transfer arises predominantly from the energy 
required for the ion to approach the surface. This is in contrast to the ferrous-ferric electron 
transfer, which we studied previously,23 where the barrier was dominated by the rearrangement of 
the solvent molecules around the iron. This implies essentially different reaction coordinates for 
the two superficially similar reactions. In addition, the cuprous-cupric electron transfer differs 
from the ferrous-ferric reaction in that electronic coupling between the ion and the surface is very 
important in the former. The success of this study is an important step_ in the development of 
methodology for making reliable predictions of electron transfer reactions at electrode-electrolyte 
interfaces. In the future, we plan to extend these methods to the study of oxide surfaces. 

b. Gaussian-2 Theory 

Gaussian-2 (G2) theory,24 a method that we developed in collaboration with 
workers at Northwestern University and AT&T Bell Laboratories, has become widely used in 
computational quantum chemistry for thermochemical calculations. Originally, G2 theory was 
tested on 125 reaction energies, chosen because they pave well-established experimental 
values.24 All of the molecules contained only one or two non-hydrogen atoms with two 
exceptions (CO2 and SO2). In recent work, the test set has been expanded to include larger, more 
diverse molecules, with enthalpies of formation at 25°C (298 K) being used for comparison 
between experiment and theory.25 During the past year, we have expanded the set of ionization 
energies and electron affinities in the original G2 test set from 63 to 148. From an assessment of 
G2 and density functional theories on this test set, we found that G2 theory is the most reliable 
method. It has an average absolute deviation of 0.06 e V for both ionization potentials and 
electron affinities. The two modified versions of G2 theory, G2(MP2)26 and G2(MP2,SVP)27 

theory, perform nearly the same, with average absolute deviations of about 0.08 e V for both 
ionization potentials and electron affinities. Of the seven density functional methods tested for 
ionization potentials, the hybrid B3-L YP method28·29 had the smallest average absolute deviation 
(0.18 eV). Of the same seven density functional methods tested for electron affinities, the BLYP 
method28·29 had the smallest average absolute deviation (0.10 e V). In future work, we plan to use 
the enlarged test set to improve the reliability of G2 and density functional theories. 

c. Molecular Sieve Materials 

We are carrying out a theoretical study of zeolites, which are used in the 
petrochemical industry for acid-catalyzed hydrocarbon cracking. We use a finite cluster model 
for the Bronsted acid site, and as a first step toward the inclusion of larger hydrocarbon 

23 L.A. Curtiss, J. W. Halley, J. Hautman, Z. Nagy, Y.-J. Rhee, and R. M. Yonco, J. Electrochem. Soc. 138, 2032 
(1994). 

24 L.A. Curtiss, K. Raghavachari, G. W. Trucks, and J. A. Pople, J. Chem. Phys. 94, 7221 (1991). 
25 L.A. Curtiss, K. Raghavachari, G. W. Trucks, and J. A. Pople, J. Chem. Phys. 106, 1063 (1997). 
26 L. A. Curtiss, K. Raghavachari, and J. A. Pople, J. Chem. Phys. 98, 1293 (1993). 
27 L.A. Curtiss, P. C. Redfern, B. J. Smith, and L. Radom, J. Chem. Phys. 104, 5148 (1996). 
28 A. D. Becke, J. Chem. Phys. 98, 5648 (1993). 
29 C. Lee, W. Yang, and R. G. Parr, Phys. Rev. B 37, 785 (1988). 
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molecules, we consider the interaction of ethane with the zeolite cluster. Our 
H3SiO(H)Al(OSiH3)4 cluster model, which includes five tetrahedral atoms, allows an adsorbed 
molecule to interact with three oxygen atoms adjacent to the substitutional aluminum site. Our 
calculations, which consist of geometry optimizations, have identified several stationary points 
on the potential, energy surface for the interaction of ethane with the zeolite acid site (ZH). These 
include the following: the neutral-adsorption complex for ethane (ZH ... C2H6); the transition state 
complex for proton transfer from the zeolite to ethane (Z-... W ... C2H6); the equilibrium ion-pair 
complex between protonated ethane and the zeolite framework cz-... C2H/); and the adsorption 
complex between methane and the zeolite cluster in which the proton has been replaced by a 
methyl group (ZCH3 ••• C~). The location of these structures on the potential energy surface is 
shown schematically in Fig. VII-7. We are currently searching for the additional transition state 
for C-C cracking, so its energy is uncertain. Our results to date are noteworthy for two reasons. 
First, they provide evidence for the existence of a stable ion-pair structure cz-... C2H/), whose 
existence has been considered controversial and probably unlikely. Secondly, we have calculated 
a value for the proton transfer barrier from the zeolite to the adsorbed hydrocarbon that is in 
much closer agreement with typical experimental values than has been obtained by earlier 
studies.30

•
31 We consider these results to be significant steps in our continuing efforts to provide a 

detailed atomic-level understanding of acid-catalyzed cracking in zeolites. 
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Zeolite to an Ethane Molecule 

30 A. M. Rigby, G. J. Kramer, and R. A. van Santen, J. Catalysis 170, 1 (1997). 
31 S. R. Blaskowski, M. A. C. Nascimento, and R. A. van Santen, J. Phys. Chem. 100, 3463 (1996). 
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d. Growth Mechanisms of Nanocrystalline Diamond Films 

We have previously investigated growth on the diamond (110) surface with C2 as 
the growth species, using density functional theory and hydrogen-terminated carbon clusters. 32 

Insertion of C2 into C-H bonds on the surface followed by growth of the ( 110) surface was found 
to have small barriers and exothermic reactions, indicating that growth is favorable. The possible 
mechanisms for growth on the diamond (100) surface with C2 as the growth species differ from 
those on the (110) surface, and we have been investigating the implications of this observation 
for growth of nanocrystalline diamond films.33 In contrast to the (110) surface, several 
reconstructions of the (100) surface are possible. Growth from carbon dimer, C2, on the (100) 
monohydride surface can occur via insertion into the C-H bonds or into the C-C single bonds. 
Insertion into C-H bonds is likely to lead to growth of the (100) diamond surface similar to what 
we have found for the (110) surface.32 Alternatively, growth on the nonhydride (100) surface, 
which has dimer rows with C=C double bonds, can occur by insertion of a carbon dimer into 
C=C double bonds. The insertion of C2 into a C-C or C=C dimer bond on the surface will lead to 
a carbene-like product, and further addition of C2 dimers to this carbene may lead to nucleation 
sites for growth of a new diamond crystal. In ab initio calculations on ethylene and a C9H12 

cluster, we have found that C2 inserts into a carbon-carbon double bond without a barrier and 
with an energy lowering of about 80 kcal/mol. In future work, we will investigate the reaction 
involving C2 insertion into a C-C single bond and the energetics of graphite vs. diamond growth 
on the (100) surface. 

e. Polymer Electrolytes 

This project involves a fundamental study of lithium polymer electrolytes used in 
lithium battery systems. In this effort, we are investigating the effects of the polymer host on ion 
salvation and the attendant effects of ion pairing, which strongly affect the ionic transport in 
these systems. Ab initio molecular orbital theory is being used to investigate energetic, structural, 
and dynamical properties of ion-ion arid ion-polymer interactions at the molecular level, in 
combination with molecular dynamics simulations being carried out at the University of 
Minnesota. During the past year, calculations using ab initio molecular orbital theory were 
performed to derive potentials for use in the molecular dynamics simulations34 and to study the 
interaction of lithium cation with a polyethylene oxide chain. The polymer is being modeled for 
alkyl oxide chains. The interaction of a lithium cation with the oxygens from one and two chains 
was investigated to examine the stability of different coordinations of lithium and barriers to 
migration of the lithium cation from one coordination site to another. Structures corresponding to 
coordination of lithium cation with one to six oxygens of either one or two alkyl oxide chains 
were located (e.g., see Fig. VIl-8). The binding energies of the complexes were found to increase 
with coordination of the cation by oxygen, although the binding energy per Li-0 bond decreases. 
The barriers for lithium cation migration between coordination sites and transition states were 

32 D. M. Gruen, S. Lui, A. R. Krauss, and X. Pan, J. Appl. Phys. 75, 1758 (1994). 
33 P. C. Redfern, D. A. Horner, L.A. Curtiss, and D. M. Gruen, J. Phys. Chem. 100, 11654 (1996). 
34 P. T. Boinske, L.A. Curtiss, J. W. Halley, B. Lin, and A. Sutjianto, J. Computer-Aided Mater. Design 3, 385 

(1996). 
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located. While the barriers are found to be small for lithium cation migration from lower to 
higher coordination of lithium with oxygen, the barriers are large for higher to lower 
coordination. In future work we will investigate the effect of different anions on the potential 
energy surface and will develop additional pair potentials as is needed for the molecular 
dynamics studies. 

Fig. VII-8. 

Illustration of Lithium Cation Coordinated 
to Five Oxygens from Two Alkyl Oxide 
Chains Used to Model Polyethylene Oxide 
(dark gray in center with five bonds, lithium; 
light-gray circles, oxygen; black circles, 
carbon; white circles, hydrogen) 



VIII 
Analytical Chemistry Laboratory 

A. Introduction 

The Analytical Chemistry Laboratory (ACL) operates in the Argonne system as a full-cost
recovery service center, but it has a mission that includes a complementary research and 
development component in analytical chemistry and its applications. Because of the diversity of 
research and development work at ANL, the ACL handles a wide range of analytical problems in its 
technical support role. Some routine or standard analyses are done, but the ACL usually works with 
commercial laboratories if high-volume, production analyses are required by our clients. It is 
common for the Argonne R&D programs to generate unique problems that require significant 
development of methods and adaption of techniques to obtain useful analytical data. Thus, much of 
the support work done by the ACL is very similar to applied research in analytical chemistry. 

The ACL is administratively within CMT, its principal ANL client, but it provides technical 
support for many of the other technical divisions and programs at ANL. The ACL has four technical 
groups-Chemical Analysis, Instrumental Analysis, Organic Analysis, and Environmental 
Analysis-which together include about 30 technical staff members. Talents and interests of staff 
members cross group lines, as do many projects within the ACL. The ACL receives about 1600 jobs 
annually, many of which involve several samples. 

The Chemical Analysis Group uses wet-chemical and instrumental methods for elemental, 
compositional, and isotopic determinations in solid, liquid, and gaseous samples and provides 
specialized analytical services. The Instrumental Analysis Group uses nuclear counting techniques 
to determine the radiochemical constituents in a wide range of sample types, from environmental 
samples with low radioactivity to samples with high radioactivity that require containment. The 
Organic Analysis Group uses a number of complementary techniques to separate organic compounds 
and measure them at trace levels and has performed development work in sensors, chemometrics, 
and detectors. The Environmental Analysis Group analyzes environmental, hazardous-waste, and 
coal samples for the inorganic constituents and provides quality assurance support to the DOE and 
other clients for various kinds of analytical data. 
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A major equipment improvement was completed this year with the installation of a 
replacement for our inductively coupled plasma/atomic emission spectrometer. The new instrument 
has detection limits that are about an order of magnitude lower than those of the older instrument. 
In addition, the ACL installed a new carbon/sulfur determinator this year for inorganic analyses, 
while a new gamma spectrometry system was installed for radiological measurements. 

8. Technical Highlights 

The ACL provides analytical chemistry support to CMT, other ANL divisions and programs, 
other DOE sites, DOE' s Chicago Operations Office, and DOE Headquarters. In addition, ACL 
conducts research and development programs funded by DOE and other sponsors. Selected 
accomplishments for 1997 are summarized here. In addition, the ACL did analytic;:al work on many 
other projects, which are described in more detail elsewhere.1 

1. Support for Nuclear Technology Programs 

The ACL analyzed samples from experiments conducted by the Nuclear Technology 
Department of CMT. Results from analysis of these samples supported efforts that included 
development of a zeolite waste form, treatment of spent oxide fuel and simulated fuel debris from 
the Three Mile Island reactor accident, treatment of spent metallic fuels, and treatment of fuels from 
the Molten Salt Reactor Experiment. The samples required a variety of dissolution techniques prior 
to measurement of the requested analytes. Analytical tools applied to individual measurements 
included inductively coupled plasma/atomic emission spectrometry (ICP/ AES), inductively coupled 
plasma/mass spectrometry (ICP/MS), X-ray diffraction (XRD) spectrometry, and thermal ionization 
mass spectrometry (TIMS). These instruments were used for obtaining elemental, isotopic, and 
compound information. Many of the samples submitted contained radioactive materials, such as 

plutonium. These types of samples were analyzed with instruments, such as the ICP/AES that has 
been modified for use with the radioactive samples. Some results are given in Sections V and VI of 
this report. 

2. Continuous Emission Monitoring of Plasma Hearth Furnace 

A continuous emission monitor (CEM) based upon Fourier transform infrared (FTIR) 
technology that was developed at ANL has been used at the plasma hearth furnace, a unique waste
treatment facility at ANL-West, to monitor stack gases. The objective of the 1997 tests was to 
determine how operating conditions affect the combustion efficiency. Combustion parameters were 
changed for both the primary and the secondary combustion chambers, and the consequences were 
monitored by the CEM to determine the most efficient mode of operation for a variety of feeds. 

1 D. W. Green et al., Analytical Chemistry Laboratory Progress Report for FY 1997, Argonne National Laboratory 
Report ANL/ACL-97/5 (December 1997). 
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The stack gas at the plasma hearth furnace differs significantly from that at the Toxic 
Substances Control Act (TSCA) incinerator in Oak Ridge, TN, which we had studied previously 
with the CEM.2 Several methods that we had used to monitor stack gases at the TSCA incinerator 
had to be modified to accommodate the different stack gas compositions. Using an older method to 
detect and quantify sulfur hexafluoride, carbon dioxide, water, tetrachloroethylene, and ethylene 
caused marginal matrix spike recoveries and false positive detection of tetrachloroethylene. A new 
method was developed for these constituents. This method is a significant improvement over the 
original one, which tended to misidentify tetrachloroethylene. 

3. Characterization of Products and Residues from 
Automobile Shredder Fluff Recycling 

About 225 kg (25%) of every scrapped automobile that is processed by automobile shredders 
to recover ferrous-metal scrap is made up of a mixture of plastics, glass, fibers, and foam. This 
mixture is referred to as "fluff' and represents a substantial waste stream, which currently is sent to 
landfills. Argonne scientists are testing a potentially ·economical process to separate and recycle fluff 
recovered from scrapped automobiles. 

The ACL has been supporting the recycling process development by analyzing various 
intermediates and products to determine their compositions and by measuring potential contaminants 
in recovered oils, foams, and residual materials classified as "fines." The ACL has analyzed samples 
for metals, chlorine, sulfur, water, polychlorinated biphenyls (PCBs), and residual cleaning solvents. 
Multiple analytical techniques were applied, including the Karl Fischer titration method, oxygen 
bomb combustion ion chromatography, cold vapor atomic absorption, microwave-assisted acid 
digestion, and ICP/AES. In 1997, we developed special procedures to estimate the oil content of 
selected samples as the nonvolatile residue from a hexane extraction and to measure PCBs by using 
a modification of the Environmental Protection Agency (EPA) procedures for waste analysis. We 
also applied purge-and-trap and gas chromatography/mass spectrometry techniques to measure 
organic constitutents. The data obtained from these analyses help to evaluate the quality of recovered 
products and to establish the hazard classification of the waste streams from the process so that they 
may be disposed of properly. 

4. Support for High-Temperature Superconductor Development 

The ACL continued to provide extensive analytical support to ANL's high-temperature 
superconductivity programs. Much of this work involved analysis of starting materials, process 
samples, and products related to fabrication, as well as characterization studies on various ceramic 
compositions, including YB~Cu30 7_x ("1,2,3-compound") and lead-doped bismuth/strontium/ 
calcium/copper oxides ("BSCCO" ceramics). Our measurements included determining elemental 
composition by ICP/AES or classical wet chemical methods, anions by ion chromatography, carbon 
with a LECO™ analyzer, and phase composition by X-ray powder diffraction. We also used an 

2 J.E. Battles et al., Chemical Technology Division Annual Technical Report, 1993, Argonne National Laboratory 
Report ANL-94/15, p. 145 (1994). 
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iodometric titration method to determine excess valence of the metals in a given ceramic (e.g., Cu3;, 
which is related to the oxygen stoichiometry of the compound. 

Measurements by ACL have included the characterization of impurities in different lots of 
silver tubing used in the fabrication process, as well as determination of the BSCCO-to-silver ratio. 
Through these and related activities, the teamwork among chemists, ceramists, and analysts is 
helping to move the technology of superconducting ceramics toward practical applications. 

5. Performance Demonstration Programs for 
the WIPP Characterization Program 

The Waste Isolation Pilot Plant (WIPP) is a DOE installation (near Carlsbad, NM) consisting 
of large interconnecting cavities hollowed out of deep geologic salt beds approximately 600 m 
underground. The facility is designed to demonstrate the safe handling, transportation, and disposal 
of transuranic (TRU) waste in the salt beds. The TRU waste destined for emplacement in the WIPP 
site stems from waste generated during the 1940s from the nation's nuclear weapons program at 
various DOE sites. 

Wastes to be shipped to WIPP must first be characterized to identify any hazardous materials 
that might be present, in addition to the radioactive components. The ACL assisted in the 
implementation of a Performance Demonstration Program (PDP) that is designed to test laboratory 
performance in determining specified metals, semivolatile and volatile organic compounds, and 
PCBs in solidified wastes. Acceptable laboratory performance is demonstrated by the successful 
analysis of blind audit PDP samples. In 1997, the ACL pr~pared approximately 1 kg each of 
cemented and uncemented samples of simulated solidified waste and determined the levels of m~tal 
analytes in these materials. During 1997, materials were supplied for two cycles of the PDP. 

In addition, the ACL is involved with the preparation and distribution of performance 
demonstration samples of gas samples that simulate the headspace in WIPP waste canisters. Every 
six months, the ACL prepares standard gas mixtures containing known concentrations of various 
volatile organic compounds, hydrogen, and methane. Labeled canisters are shipped to laboratories 
that the WIPP Carlsbad Area Office wants to qualify for headspace gas analysis. The ACL provides 
confirmation analysis on an aliquot of each of the gas mixtures for volatile organic compounds, 
methane, and hydrogen. 

6. Screening of Semivolatile Organic Compounds 
in Solidified Waste 

In 1997, the ACL initiated a project to evaluate the use of Fourier transform (FT) Raman 
spectroscopy for rapid screening of radioactive samples of solidified waste for the following WIPP 
semivolatile target analytes: o-cresol, m-cresol, p-cresol, 2,4-dinitrotoluene, hexachlorobenzene, 
nitrobenzene, pentachlorophenol, and pyridine. Our objective was to develop a method that required 
minimal sample preparation and identified samples containing high levels (parts per thousand, ppt) 
of WIPP-specified semi volatile organic compounds. These samples could then be segregated and 
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classified as containing high levels of semivolatile organic compounds without extensive 
characterization .. 

Samples of simulated sludge were prepared as the interfering matrix, and sand was used as 
a noninterfering matrix. An Ff-Raman analysis was performed using an In/Ga/As detector with a 

CaF
2 

beam splitter. Without any preconcentration of analytes, a detection limit of 1 ppt was 
established in the noninterfering sand matrix for most of the WIPP semi volatile organic compounds. 
In the simulated sludge, however, detection limits were much higher, approximately 200 ppt. 

7. Characterization of Used Filters for Disposal 

Used high-efficiency particu}ate air (HEPA) filters removed from ANL laboratory exhaust 
systems represent a sizable waste stream from site operations. After composite samples are taken of 
HEPA waste destined for disposal at DOE's Hanford Reservation, the ACL characterizes them by 
chemical analysis to permit evaluation of the waste relative to Hanford' s waste acceptance criteria. 

In this characterization, each composite sample is homogenized by manual cutting and then 
analyzed for metals, semivolatile organics, PCBs, and radionuclides. Samples found to contain high 
concentrations of heavy metals are also tested according to the Toxicity Characteristic Leaching 
Procedure to determine whether the metals they contain exceed regulatory limits for mobility under 
landfill conditions. During 1997, the ACL characterized five composite HEPA filter samples. Each 
composite consisted of portions of approximately 48 filters. Thus, all filters replaced at ANL-East 
in 1997 (approximately 250 filters) were tested by this process. By shipping these wastes to Hanford 
on a regular basis, ANL avoids accumulating large volumes of HEP A waste in its storage facilities. 

8. Analysis of Process Liquors Used in Removing Zinc 
from Galvanized Steel 

Because the U.S. automobile industry is using more and more galvanized (i.e., zinc-coated) 
steel, an unprecedented volume of galvanized steel scrap is being generated. These low-carbon steels 
are ideal scrap feed for iron and steel furnaces, but only if the zinc coating is removed. Argonne is 
working with Metal Recovery Technologies, Inc. (East Chicago, IN) to develop a technology that 
will remove the zinc coating from steel surfaces so that both the steel and zinc in galvanized scrap 
can be reused. 

The ACL is contributing to this effort by performing chemical analyses on caustic process 
liquors and related materials. We have determined metal, chloride, and carbonate concentrations in 
strong sodium hydroxide solutions from the zinc-removal process, and also process parameters 
described as "total" and "free" alkali. The ACL analysts developed methods for determining the 
alkali parameters that are simpler than those recommended by the recycling industry, as well as a 
method for determining the carbonate content of the caustic liquors and process sludges. The ACL's 
measurements provided not only data for process characterization and control, but also information 
of environmental interest, including the chemical behavior of such toxic metal impurities as Pb, Cd, 
and Sb and the composition of waste streams associated with the zinc-removal technology. 
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Argonne is also developing a zinc electrowinning process for recovering the zinc after it is 
removed from galvanized scrap by dissolution. The ACL is participating in these studies by 
analyzing process samples to track such impurity elements as copper and by measuring physical and 
chemical properties of the metal product. The data from these measurements help the process 
engineers understand the effects of process variables and conditions on the electrowinning 

operations. 

9. Characterization of Phosphate-Ceramic-Stabilized 
Hazardous Wastes 

Argonne is developing a stabilization process that converts solid waste materials into 
chemically bonded phosphate ceramics. These ceramics have physical properties that make them 
good candidates for use as structural products. The process is broadly applicable to a variety of 
wastes, including combustion-process ashes, low-level mixed radioactive and' chemical waste, and 
hazardous sludges. The ceramics formed are not only inexpensive to fabricate but also dense, leach 
resistant, and stronger than concrete. During 1997, ACL staff assisted this development by 
performing tests to determine the leach resistance of both simulated and actual wastes at several 
stages in the stabilization process. In this work, the Toxicity Characteristic Leaching Procedure, as 
described in U.S. EPA Method 1311, and other standard leaching tests were applied. 

In accordance with the Toxicity Characteristic Leaching Procedure, waste samples were 
extracted with an acetic acid buffer to simulate leaching that might occur under landfill conditions. 
By leaching the wastes and analyzing the extracts by ICP/AES, ICP/MS, and cold vapor atomic 
absorption, we have obtained concentrations for Pb, Cd, Cr, Ni, As, Ba, Se, Ag, Mo, Fe, Cs, Ru, Sr, 
La, Nd, Y, Hg, Ce (a nonradioactive simulant for plutonium), and Re (a nonradioactive simulant for 
technetium). Concentrations of the radioactive isotopes 137Cs, 238U, 235U, and 241Am were determined 
in actual waste samples by gamma spectroscopy, and 99Tc was measured by application of a solid

phase extraction technology (Empore™ Disks) that ACL analysts helped develop for 
commercialization. Ion chromatography was used to determine the concentrations of phosphate, 
nitrate, sulfate, and chloride leached from the ceramic matrix. 

10. Support to Counternarcotics Efforts 

As part of collaborative work with the Houston Advanced Research Center, the ACL was 
asked to evaluate and to recommend technologies for the destruction of large quantities of seized 
illicit substances. The major criteria used in evaluation and selection of the recommended 
technologies were safety of Drug Enforcement Agency personnel, security of materials, cost of 
acquisition and operation of destruction technology, and compliance with EPA's air emissions 
regulations. The ACL' s evaluation indicated that medical waste incinerators had advantages over 
rotary kiln incinerators in meeting most of the evaluation criteria. This work will continue in 1998 
with the permitting of a facility to thermally destroy illicit substances. 
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As an extension of our prior work on transfer of cocaine from U.S. currency to people,3 we 
examined British currency and determined that the fibers used in U.S. and British currencies are 
different; consequently, they retain cocaine differently. The two samples of British currency that we 
studied were not contaminated by cocaine. Future work will expand on our efforts to characterize 
money samples from large cities to see if currency from rural areas is as contaminated as that found 
in large metropolitan areas. 

11. Development of a Rapid Water Sampling and Analysis System 

Since 1994, ANL and the 3M Company have been collaborating to develop Empore™ Rad 

Disks, which are based on a new solid-phase extraction technology for radiochemical analysis. These 
disks are thin membranes that are loaded with element-selective particles embedded in stable, inert 
polytetrafluoroethylene fibrils. The Empore™ Rad Disks selectively collect radioisotopes from 
aqueous samples, even in the presence of very large concentrations of competing ions. To date, disks 
have been developed for Tc, Sr, and Ra. 

In 1997, the ACL was part of a team that used the disks for technetium separation to evaluate 
the field performance of a rapid water sampling and analysis system developed by the team. The 
sampling system was designed to be easily portable and to work in remote locations. It was designed 
for large sample sizes (>4 L), for high flow rates (>200 ml/min), and for prefiltration, as required. 
The system was successfully tested on a variety of natural and process waters at several DOE sites. 
Results from the membrane-based system agreed favorably with the analytical results for technetium 
obtained from traditional methods. 

The rapid water sampling and analysis system using these solid-phase extraction disks offers 
several advantages: (1) extremely large specimens (1-12 L) can easily be collected so that very low 
levels of detection can be obtained; (2) the sample preparation is done at the time of sampling by the 
field personnel so that overall sample preparation time can be reduced by a factor of 10; (3) bulk 
shipping and storage can be reduced by a factor ranging from 300 to 4000 by using the field sampler; 
and ( 4) the membranes lend themselves to field analysis. A portable beta spectrometer based upon 
solid scintillation was demonstrated in this project to allow counting of the radioactivity in these 
membranes in the field. 

12. Analysis of Scale and Filter Residues in Cooling-Water Systems 
at the Advanced Photon Source 

Operation of the synchrotron particle accelerators and storage ring at ANL' s Advanced 
Photon Source (APS) requires substantial volumes of high-quality cooling water to regulate the heat 
load from power supplies, magnets, and other components. The ACL has provided support to the 
team of engineers responsible for maintaining the APS cooling water system by helping to identify 

3 J. J. Laidler et al., Chemical Technology Division Annual Technical Report, 1996, Argonne National Laboratory 
Report ANL-97/13, pp. 154-155 (1997). 
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deposits found on some system components and by making measurements to assess the nature and 
extent of corrosion taking place in the system. 

This past year, we examined several fittings associated with hoses on inlet and outlet lines 
from selected components in the storage ring. Two types of deposit were present on these fittings. 
One was a bright yellow film that was identified by FfIR spectroscopy as an epoxy resin. The other 
was a dark deposit identified as cuprite (Cu2O) by XRD analysis and scanning electron 
microscopy/energy dispersive spectroscopy. We also examined a number of filters from various 
locations in the cooling water system and determined the nature and quantity of particulate matter 
they had collected. Optical and scanning-electron microscopy showed that many of the filters 
contained tiny particles of copper metal (roughly I 0-µm diameter). By burning off the polypropylene 
filter medium, dissolving the ash in mineral acids, and analyzing the solution by ICP/AES, we 
determined that some filters contained as much as 0.25 g of copper. We were unable to pinpoint the 
source of the copper particles through measurements of the copper concentration in several sets of 
water samples and in residues obtained by filtering small volumes (I L) of water because the 

concentrations were extremely low in all cases. Apparently, the copper loading on the filters resulted 
from accumulation of a small number of particles per unit volume as thousands of gallons of water 
passed through each filter. 

13. Chemical Analysis for Electrometallurgical Treatment Program 

The DOE expects that 128 metric tons of spent aluminum-matrix reactor fuel will be 
produced from U.S. and foreign research reactors over the next 40 years and has been evaluating 
alternative means of dealing with the fuel after processing in the canyons at the Savannah River Site 
is discontinued, as planned, in 2005. As a backup option to direct geologic disposal of the fuel, DOE 
advisors recommended an electrometallurgical process for treating the aluminum-based fuels, which 
is being investigated by researchers in CMT (Sec.V.A.4). 

The ACL has provided a variety of chemical analyses in support of these studies. 
Measurements of the composition of electrolyte samples taken over a period of time helped to 
demonstrate that the electrolyte mixture is stable. Analysis of product deposits from electrotransport 
tests helped demonstrate that aluminum recovery from the spent fuel is viable. Finally, 
measurements of the component elements in simulated fuel materials and treatment residues helped 
confirm that the process can retain uranium in its desired location while the aluminum is removed 
and recovered. 

The molten fluoride salt electrolyte in which the aluminum electrotransport process is carried 
out has provided interesting challenges to the analysts supporting this work. Some of the fluoride 
components in the product deposits are exceptionally difficult to dissolve and require decomposition 
by fusion techniques or other means. 

14. Preparation of Materials for Physics Experiments 

The ACL was asked by ANL researchers to remove trace amounts of Na and Zn 
radioisotopes from a sample of 54Mn intended for use in an experiment to measure the positron decay 
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branch in 54Mn. The Na and Zn radionuclides emit particles that can interfere with the measurement 
of the 54Mn positrons. This interference is particularly detrimental because the positron decay branch 
for 54Mn is expected to be on the order of 1 x 10-9; consequently, effective removal of the Na and 
Zn was mandatory. 

The ACL devised a separation scheme in which the zinc was separated from manganese by 
anion exchange in 2 M HCl, and the sodium was removed by cation exchange in 0.5 M HCL This 
scheme was used to purify 2 mCi of 54Mn, and from it a 660 µCi source was prepared for placement 
in the APEX positron-electron spectrometer in the ATLAS linear accelerator facility. The spectrum 
of 54Mn decay from the ACL-purified source was acquired over a period of two weeks. The 
physicists have reported that the experiment was successful. 

In addition, the ACL prepared an osmium target for photon excitation studies by 
electroplating osmium metal onto a copper backing. The resulting metal planchet was then used as 
a target for photon excitation studies in which the high flux of photons from the APS would excite 
osmium nuclei by a process called NEET (Nuclear Excitation by Electronic Transition). A procedure 
for electroplating osmium is available in the literature, but direct application of the procedure did 
not work. By modifying the procedure so that the concentration of osmium in the plating solution 
was <0.006 M, the ACL was able to produce a number of osmium targets, ranging in content from 
3 to 20 mglcm2, on both copper and gold planchets. After an irradiation of approximately 12 h in the 
APS, an osmium target was counted by the physicists with a germanium detector to measure osmium 
X-rays. The use of these targets led to a successful experiment because evidence for an excited-state 
isomer with half-life of 5.7 h was found. 

15. The Integrated Performance Evaluation Program 

In collaboration with the DOE's Radiological and Environmental Sciences Laboratory 
(RESL), the ACL is developing and piloting a comprehensive Integrated Performance Evaluation 
Program (IPEP) for DOE's Office of Environmental Management (EM) as part of its National 
Analytical Services Program. The IPEP is designed to provide information on the quality of 
radiological and nonradiological analysis data being produced by all analytical chemistry laboratories 
that provide DOE and its contractors with data on environmental restoration and waste management 
samples. The ACL has been assisting in developing program requirements and implementation 
strategies, espe~ially in the nonradiological portions of the program. The CMT Computer 
Applications, Network, and Security Group is assisting the ACL in the development of strategies and 
systems for handling large data sets and for compiling and analyzing data from performance 
evaluation (PE) program studies. 

The Interagency Agreement between ANL and EPA's Region V allows the IPEP to nominate 
laboratories performing analyses for EM into the Water Supply and Water Pollution PE Program 
Studies sponsored by the EPA's National Exposure Research Laboratory (Cincinnati, OH) and to 
access relevant information about laboratories from these programs. Historical and current data from 
these PE programs are now routinely transferred here electronically from the EPA's database at 
Research Triangle Park, NC. Historical and current data from the PE Program Studies of DOE, the 
Quality Assessment Program of the Environmental Measurements Laboratory, and the Mixed 
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Analyte Performance Evaluation Program of RESL are also routinely transferred into the IPEP 
database. 

Pilot studies for the production and evaluation of IPEP reports have been conducted at DO E's 
Idaho Operations Office, the Sample Management Office at Idaho National Engineering and 
Environmental Laboratory, DOE's Albuquerque Operations Office, and the Sample Management 
Offices for several of the contractors that report through the Albuquerque Office. These pilot studies 
were designed to provide IPEP developers with an opportunity to test the feasibility of proposed 
operating mechanisms and to allow report users to have direct input on the report formats, technical 
content, and other needs during the development stage prior to implementation. 

A World Wide Web server has been established that contains general information about 
DO E's IPEP, including contact names, PE program study distribution schedules, and hyperlinks to 
other servers of interest. 

16. Corrections for ICP/MS Spectral Interference in the 
Determination of Arsenic, Selenium, and Vanadium 

The ACL bas procedures for the determination of heavy elements in a variety of solid and 
liquid media using ICP/MS. However, for elements with atomic numbers less than 36, spectral 
interferences can be severe. Under a Support Development Funds Project, the ACL has developed 
and tested the validity of a computer program that will simultaneously correct for many interferences 
in a single mass spectrum. Current research involved the correction procedures for As, Se, and V in 
a known interference matrix. These interference correction procedures will allow the accurate 
determination of interference-prone elements by ICP/MS, instead of by more mature analytical 
techniques that are either more labor-intensive (graphite furnace atomic absorption 
spectrophotometry) or have higher detection limits (ICP/ AES). Measurement of these elements by 
ICP/MS will, therefore, result in lower detection limits and cost savings for ACL clients. 

17. Determination of Minerals and Metals in Milk 

In 1993, Argonne scientists successfully tested a magnetic separation process (MAG*SEP™) 
developed and patented by Bradtec Ltd., a British company, for removing radioactive 137Cs from 
milk produced in the Ukraine. The milk is contaminated above safe drinking levels as a result of the 
1986 accident at the Chernobyl nuclear power plant. 

As a continuation of this work in 1997, Argonne researchers investigated the effects of the 
cesium removal process on levels of beneficial nutrient minerals (e.g., Ca, K, Fe, and P) as well as 
heavy-metal contaminants in the milk. In support of this investigation, the ACL established a 
methodology to measure the mineral elements and contaminant metals in samples of raw and 
processed (pasteurized and homogenized) milk before and after cesium removal treatment. For these 
measurements, we implemented a microwave-assisted acid digestion procedure for preparing the 
milk samples based on U.S. EPA Method 3051. This procedure involved treating 5 g of milk with 
10 rnL of concentrated nitric acid in a closed-vessel system. This procedure produced a digestate 
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suitable for ICP/AES measurement of Al, As, Ba, Be, Ca, Cd, Cr, Cu, Fe, K, Na, P, Mg, Mn, Pb, Sn, 
Sr, and Zn; ICP/MS measurement of As, Cd, Sn, Cs, and Pb; and cold vapor atomic absorption 
measurement of mercury. 

The preparation and analysis methods were demonstrated to visiting Ukrainian scientists who 
came to observe the treatment studies. The data from these measurements will help determine 
whether removing the radioactive cesium might lower the nutritional value of the milk or introduce 
undesirable contaminants into it. Early results showed no adverse effects. 

18. Chemical Analysis of Lithium Aluminate for Tritium Target 
Qualification Project 

In its Tritium Target Qualification Project (ITQP), Battelle Pacific Northwest National 
Laboratory (PNNL) was charged by DOE with coordinating the manufacture of6Li-enriched lithium 
aluminate powders and pellets for use as tritium production targets. In support of this effort, Argonne 
prepared batches of the LiA102 powder, which were subsequently sintered into ceramic pellets by 
a commercial vendor. The pellets were ultimately to be incorporated into a test assembly (the "Lead 
Test Assembly"). 

The ACL became involved in this project when we were asked to provide chemical analysis 
of developmental batches of the powder and pellet materials to determine whether the products met 
program specifications. The ACL was in a unique position to provide these measurements because 
we had established capabilities for analyzing these extremely refractory materials with high precision 
and accuracy when we supported early development of the LiAI02 target matrix (1983-1990). By 
far the most challenging aspect of these analyses is dissolving the materials to prepare them for Li 
and Al assay. A sealed-tube procedure using concentrated hydrochloric acid at 300°C is usually 
required, although we also had limited success with a microwave-assisted dissolution method at high 
pressure. For the powders and pellets, we determined the isotopic composition of lithium in each 
material by thermal ionization mass spectrometry, assayed lithium by isotope dilution and aluminum 
by 8-hydroxyquinolate gravimetry, measured carbonate impurity by carbon dioxide evolution, and 
measured leachable chloride by ion chromatography. 

In addition to supporting the process-development activities for the ITQP, the ACL also 
participated in a qualification exercise conducted by the Idaho National Engineering and 
Environmental Laboratory as part of a project to identify commercial laboratories that could perform 
the needed measurements. This exercise required the rapid analysis, in duplicate, of seven prototype 

production pellets. Our results were pooled with similar data from other laboratories, including the 
National Institute of Standards and Technology, to evaluate method and laboratory performance in 
terms of precision and accuracy. 

Based on ACL's historical experience with LiAI02 analysis, our performance in analyzing 
the developmental and prototype production materials, and our readiness to provide high-quality data 
with short turnaround time, the ACL was selected to provide chemical analysis data for certification 
of two productioIJ. lots of pellets incorporated into the test assembly. To meet the schedule needs of 
the ITQP, we undertook an intensive campaign to complete all measurements on the two pellet lots 
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in less than four weeks. This successful effort made the data available in time for a planned review 
of the test assembly by the Nuclear Regulatory Commission. The test assembly was approved for 
use and shipped from PNNL on schedule during August 1997. 

19. Characterization of Materials from Fernald Silos 

Fluor Daniel Fernald is evaluating options for the remediation of material stored in Silos 1 
and 2 of Operable Unit 4 at the Fernald Environmental Management Project site in Ohio. The 
material in these silos consists predominantly of residues from pitchblende ore processed to extract 
uranium. To aid in selecting among available treatment options for remediating the silo contents, 

Fluor Daniel Fernald requested that the ACL analyze material from each of the two silos to identify 
the primary chemical compounds present. 

In this effort, we determined the elemental composition of three subportions of each silo 
material and examined corresponding subsamples by XRD to provide information on specific 
compounds present. In the elemental analysis, each subsample was analyzed to determine 33 
elements, including carbon, sulfur, phosphorus, and an assortment of metals. Of these, 31 elements 
were determined by ICP/AES after total dissolution of each sample by lithium tetraborate fusion. 
Carbon and sulfur were measured with commercial combustion analyzers. We also determined the 
distribution of carbon between organic and inorganic (carbonate) forms in selected samples. 
Ultimately, the information from the elemental determinations and XRD patterns was combined and 
interpreted to allow assignment of the major components in each material to specific compounds. 
This analysis resulted in our assigning approximately 86% of the Silo 1 material's mass to the 
compounds SiO2 (65% ), PbCO3 (11.8% ), BaSO4 (7.7% ), PbSO4 (1.2% ), and CaCO3 (0.5% ). In the 
Silo 2 material, an average of 81 % of the material's mass was assigned to (Ca,Mg)CO3 (38%), SiO2 
(31 % ), Fe2O3 (6.4% ), PbCO3 (3.5% ), and BaSO4 (2.6% ). Fluor Daniel Fernald is evaluating these 
results with regard to potential implications for various processes to stabilize the silo materials for 
disposal. 

20. Demonstration of Field Portable X-ray Fluorescence 
Spectrometer 

The Large-Scale Demonstration Project at ANL's Chicago Pile-5 (CP-5) reactor is testing 
innovative technologies that offer potential benefits to the decontamination and decommissioning 
of aging nuclear reactors and other facilities. In collaboration with researchers from the Technology 
Development, Environmental Research, and Energy Systems Divisions, ACL staff participated in 
a demonstration of two commercial field portable X-ray fluorescence (FPXRF) spectrometers for 
screening of heavy metal contaminants on surfaces and on used HEP A filters removed from service 
at the demonstration facility. The FPXRF systems utilize sealed radioactive sources to provide the 
exciting radiation needed to induce emission of fluorescent X-rays. The instrument includes a device 
to expose a sample to the excitation source, a detector and energy-dispersive analyzer to acquire and 
record the fluorescent X-ray energy spectrum, and a data processor to convert the spectral data to 
elemental concentrations. 
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In the demonstration, measurements were made with two units from TN Spectrace (Fort 
Collins, CO). These units were the TN Lead Analyzer (designed to analyze for lead in matrices such 
as soil, paint, surface dust, or air filters) and the TN Spectrace 9000 ( designed to determine the 
elemental composition of a broad range of materials for environmental applications, industrial 
quality control, or other uses). The demonstration activities showed that, although the FPXRF 
technology cannot completely displace the baseline technology of collecting samples for analysis 
by regulator-approved laboratory methods, these field-portable analyzers offer considerable 
advantages in cost and time when used as a screening tool to identify areas of potential concern, to 
define dimensions of a contaminated area, to track progress of remediation activities, or to guide 
waste management strategies. 

21. Fourier Transform Infrared Analysis of Oils 

Oil samples from Fermi National Accelerator Laboratory were submitted to the ACL for 
analysis by FTIR.-microscopy analysis. The FTIR spectra of the sample oils were collected, and they 
matched the library spectrum of mineral oil. Since Fermi Laboratory was interested in whether 
silicone oil was present in the samples, another spectrum of each sample was collected, this time 
using a thicker film of the sample to increase the signal of any low-level components. The spectrum 
of each sample was scaled to emphasize the absorption bands in the 1300-800 cm-1 range, because 
mineral oil absorption bands do not occur in this region but major silicone oil absorption bands do 
occur. The spectrum in this region for each sample was carefully examined against the library 
spectrum of silicone oil. The presence of silicone oil in one of the Fermi sample spectra was noted. 
To determine the concentration, an FTIR spectrum was collected for a mixture of known 
concentration of silicone oil in mineral oil. By comparing the relative heights of the silicone oil 
absorption bands to the mineral oil absorption bands, we were able to ascertain that the concentration 
of silicone oil in the Fermi sample is low (~I%). 

22. Determination of Compounds F~rmed in 
Simulated Arcing of Cables 

A set of 11 gas samples was submitted by an engineering company for determination of 
certain inorganic and organic compounds formed as a result of simulated arcing of electrical cables. 
Each of the gas samples was contained in a glass sample bulb. Analysis of each gas was performed 
in several stages. First, each gas was analyzed by gas mass spectrometry for determination of 
hydrogen, methane, ethane, oxygen, argon, carbon dioxide, and propane. Values were also obtained 
for nitrogen, but these values were subject to potential interference by carbon monoxide. 

In the second step, low-molecular-weight organic compounds present in each gas sample 
were determined by a gas chromatography/mass spectrometry system fitted with a gas-handling 
injection valve to permit introduction of a measured amount of gas sample for analysis. We 
determined the response factors (area counts per nanogram) for carbon monoxide, ethene, ethyne, 
and ethane by using commercial gas standards that were available in our laboratories. Response 
factors determined from our previous work with headspace gas analysis were used for quantitation 
of benzene and toluene. As for the other compounds detected in the submitted samples, the response 
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factor for ethene was used for quantitation of all olefinic compounds, ethyne for all alkynes, and 
ethane for all alkanes. Therefore, quantification of organic compounds had to be considered 
semiquantitative, except for ethene, ethyne, ethane, and carbon monoxide. 

The third step in analyzing each gas sample involved a gas chromatographic analysis to 
determine carbon monoxide. Carbon monoxide and nitrogen both have peaks in their mass spectra 
at m/e 28, but carbon monoxide has a peak at m/e 12 that is not present in the mass spectrum of 
nitrogen, and this peak could be shown to give reliable quantitation for CO. 

In all, 56 organic compounds were identified in one or more of the individual gas samples. 
The predominant species were light, unsaturated hydrocarbons, especially ethene and ethyne. 
Besides air components, inorganic gases present consisted of hydrogen and carbon monoxide (both 
at fairly high concentration in some samples) and carbon dioxide. Hydrogen cyanide was detected 
in four of the 11 gas samples. 

23. Development of the Sensor Algorithm Generation Environment 

Current ACL work in chemometrics is focused on development of the Sensor Algorithm 
Generation Environment (SAGE), a graphical software "workbench" for designing automated 
monitoring algorithms for sensors of any type (optical, chemical, electrochemical, nuclear, etc.). By 
using SAGE, the developer of a sensor can selectively combine diverse procedures for digital 
filtering, pattern recognition, and multivariate calibration to produce an optimized algorithm for 
automated qualitative and/or quantitative analysis. This optimized SAGE algorithm can then be 
implemented on-board the sensor by using software or appropriate hardware to perform automated 
data analysis in real time. 

Another goal in establishing the SAGE is to develop novel algorithms for creating smart 
chemical sensors. The term "smart" means that the sensor can (1) interpret multivariate data in real 
time; (2) perform data reduction and decision making; (3) communicate processed results to a user, 
multisensor data fusion system, or process control loop; and ( 4) alter its own operation based on the 
nature of these results. By developing automated numerical procedures that mimic the analytical 
reasoning and data analysis skills of a human expert, smart sensor algorithms can be produced. 

The SAGE consists of three modules: digital filter, pattern recognition, and multivariate 
calibration. A submodule, which will contain code for analysis of hyperspectral images, has also 
been added. During 1997, the digital filter and pattern recognition modules were essentially 
completed. In addition to standard chemometric techniques, neural network analysis has been 
applied for multispectral and hyperspectral image analysis. 

We are currently investigating the effect of spectral resolution on pattern recognition with 
SAGE. This study will establish the protocol for selecting the optimal resolution at which remote
sensing FfIR data need to be collected to obtain good pattern recognition without sacrificing the 
information content of the signal. With optimized resolution, disk space for storing high-resolution 
data that do not contribute to improved pattern recognition can be reduced. Collection of low
resolution data that give poor quality results can also be avoided. 
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The target analyte in this study is diisopropyl methyl phosphonate (DIMP). Dimethyl methyl 
phosphonate (D1\.1MP) is used as an interferant to DIMP. The very strong absorption band ofDMMP 
centered around 1055 cm·1 overlaps the weaker 995 cm·1 absorption band ofDIMP, making a strong 
test case for accurate identification from FTIR spectra. Initial results indicate that it is possible to 
establish a protocol for optimal spectral resolution that performs well even in the presence of 
interfering species and gives pattern recognition results comparable to those obtained with very high 
resolution data. 

In the experimental design, short segments of a single-beam spectrum were identified that 
had maximum analyte information and were optimal in correctly identifying DIMP by use of pattern 
recognition techniques. In the training procedure, the interferograms were converted to single-beam 
spectra through fast Fourier transformation, and short segments of single-beam spectra that had 
analyte information were isolated. These short segments were subjected to piecewise discriminant 
analysis pattern recognition methodology to calculate and optimize a set of discriminants 
sequentially in order to separate maximum DIMP data from D1\.1MP data and backgrounds. These 
discriminants were tested in the prediction procedure by using a separate data set of interferograms 
not used in the training procedure. The results obtained in both training and prediction procedures 
were analyzed to establish the protocol for resolution to be used in data collection. Analysis of the 
results indicates that acceptable species identification will occur with remote-sensing FTIR 
interferograms ( 4 kilobyte file size) that result in a ~ominal spectral resolution of 8 cm·1• 

24. Analysis of Radioactive Environmental Samples 

The ACL analyzes samples from ANL submitted for the determination of hazardous or 
radiological components, many as a part of various site remediation programs. Samples are also 
received from outside programs focused on site cleanup and facilities decontamination and 
decommissioning. This year, 340 analytical samples were received for the determination of specific 
radionuclides (2261228Ra, 232Th, 235m 8U) as part of two major site remediation programs carried out 
by U.S. EPA Region V: the Ottawa landfill site in Ottawa, IL, and the Belding Warehouse site in 

Belding, MI. Matrices included soil and water from Ottawa and shredded debris (paper/cardboard, 
plastic, rubber, wood, etc.) from Belding. The Ottawa samples involved the use of standard gamma 
spectroscopy and alpha spectroscopy methods; data included analytical results, raw data ( e.g., quality 
control data, instrument output), and associated documentation (e.g., notebook entries, chain-of
custody forms). The Belding Warehouse samples required (1) development of a gamma spectroscopy 
counting technique appropriate for the sample container geometry (a 1-gal paint can) and 
(2) generation of a five-point self-absorption curve unique to the sample matrix and geometry. 
Documentation in support of each technique was prepared and forwarded to the U.S. EPA. 





IX 
Publications and Presentations-1997 

The Division's publications and oral presentations for 1997 were entered into a bibliographic 
data base. The pages that follow are a printout of this information sorted into six categories: 
(1) journal articles, books, and book chapters, (2) patents, (3) ANL progress and topical reports, 
as well as contributions to reports published by organizations other than ANL, ( 4) abstracts and 
papers published in proceedings of conferences, symposia, workshops, etc., (5) oral presentations 
at scientific meetings. and seminars not referenced in the fourth category, and (6) papers accepted 
for publication but not yet published. 



166 Publications and Presentations-1997 

Chemical Technology Division 
Publications and Presentations-1997 

A. Journal Articles, Books, and Book Chapters 

Formation of the Fe23Zr6 Phase in an Fe-Zr Alloy 
D. P. Abraham, J. W. Richardson, and S. M. McDeavitt 

Ser. Mater. 37(2), 239-244 (1997) 

Laves Intermetallics in Stainless Steel-Zirconium Alloys 
D. P. Abraham, J. W. Richardson, and S. M. McDeavitt 

Mater. Sci. Eng. A239-240, 658-664 (1997) 

Isolation of Wastes in Electrometallurgical Treatment of Spent Nuclear Fuel 
J.P. Ackerman, L. S. H. Chow, S. M. McDeavitt, C. Pereira, and R.H. Woodman 

J. Miner. Met. Mater. 49(7), 26-28 (1997) 

Gasoline to Hydrogen: A New Route for Fuel Cells 
S. Ahmed, R. Doshi, R. Kumar, and M. Krumpelt 

Electric & Hybrid Vehicle Technology '97, pp. 77-80 (1997) 

Stability of Low-Concentration Calibration Standards for Graphite Furnace Atomic 
Absorption Spectroscopy 

D. A. Bass and L.B. TenKate 
At. Spectrosc. 18(1), 1-12 (1997) 

Lithium Site Preference and Electronic Structure of Li4 V 3 Os 
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W. L. Ebert, A, J. Bakel, D. L. Bowers, E. C. Buck, and J. W. Emery 
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Presented at the 21st Annual Actinide Separations Conf., Charleston, SC, 
June 23-26, 1997 

Ceramic Breeder Materials: Status and Needs 
C. E. Johnson, K. Noda, and N. Roux 
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Presented at the Chicago-Midwest Battery Workshop, Illinois Institute of 
Technology, Chicago, IL, April 15, 1997 

Spectroscopic Study of the Proton Dynamics in Manganese Dioxide Electrode Materials 
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Presented at the IAPG Chemical Working Group Meeting, Naval Surface 
Warfare Center, West Bethesda, MD, September 16-18, 1997 

CO Removal from Reformate 
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Presented at the 37th ORNL-DOE Conf. on Analytical Chemistry in Energy 
Technology, Gatlinburg, TN, October 7-9, 1997 

An AEM Study of Glass-Palagonite Interfaces Formed in Hawaiian Basalt Glasses 
J. S. Luo, W. L. Ebert, N. L. Dietz, and J. K. Bates 
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In-Situ Infrared Spectroscopy of Electrode Surfaces with a Synchrotron Source 
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W. F. Podolski 

Presented to the Chinese Fuel Cell Bus Delegation, Argonne National 
Laboratory, May 23, 1997 
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Actinides and Fission Products in the Geosphere, MIGRATION '97, Sendai, 
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Ceramic Breeder Material Development 
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Japan, April 6-11, 1997 
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S. A. Slater and E. C. Gay 
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June 23-26, 1997 

Electrochemical Separation of Aluminum from Uranium for Spent Fuel Applications 
S. A. Slater, J. L. Willit, and E. C. Gay 
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and G. F. Vandegrift 
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An Evaluation of Empore™ Radium Rad Disks 
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W. E. Streets, P. C. Lindahl, J. J. Marr, K. J. Parish, A. E. Scandora, G. A. Anast, 
and W.R. Newberry 

Presented at the 37th ORNL-DOE Conf. on Analytical Chemistry in Energy 
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Meeting, Dearborn, MI, October 27-30, 1997 

Manganese Oxides for Lithium Batteries 
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Presented at the Royal Netherlands Academy of Science, Amsterdam, The 
Netherlands, April 7-11, 1997 
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Presented at the Am. Phys. Soc. Meeting, Kansas City, MO, March 17-21, 
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J. L. Tilson and C. L. Marshall 

Presented at the 213th Am. Chem. Soc. National Meeting on Industrial 
Applications of Computational Chemistry, Division of Computers in Chemistry, 
San Francisco, CA, April 13-17, 1997 

Treatment of Molten Salt Reactor Experiment Fuel and Flush Salts 
Z. Tomczuk, W. E. Miller, and J. J. Laidler 

Presented at the Am. Nucl. Soc. Annual Meeting, Orlando, FL, June 1-5, 1997 

ANL Nuclear Cleanup Activities 
G. F. Vandegrift 
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Discussion Notes: Production of 99Mo from Low-Enriched Uranium 
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Presented at the 21st Annual Actinide Separations Conf., Charleston, SC, 
June 23-26, 1997 
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S. F. Wolf 
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Volatile Trace Element Composition and Shock in Equilibrated H Chondrites 
S. F. Wolf and M. E. Lipschutz 
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Ion Exchange in a Zeolite-Molten Chloride System 
R. H. Woodman and C. Pereira 
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