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CHEMICAL TECHNOLOGY DIVISION
ANNUAL TECHNICAL REPORT
1995
ABSTRACT
Highlights of the Chemical Technology (CMT) Division's activities during
1995 are presented. In this period, CMT conducted research and development in the
following areas; (1) electrochemical technology, including advanced batteries and
fuel eel is; (2) methods for treatment of hazardous waste and mixed hazardous/
radioactive waste; (3) the reaction of nuclear waste glass and spent fuel under
conditions expected for an unsaturated repository; (4) processes for separating and
recovering selected elements from waste streams, concentrating low-level radioactive
waste streams with advanced evaporator technology, and producing "Mo from lowenriched uranium; (5) electrometallurgica! treatment of different types of spent
nuclear fuel in storage at Department of Energy sites; and (6) physical chemistry of
selected materials in environments simulating those of fission and fusion energy
systems. The Division also conducts basic research in catalytic chemistry associated
with molecular energy resources and novel ceramic precursors; materials chemistry
of electrified metal/solution interfaces, molecular sieve structures, and diamond thin
films; and the geochemical processes involved in mineral/fluid interfaces and in
water-rock interactions occurring in active hydrotherma! systems. In addition, the
Analytical Chemistry Laboratory in CMT provides a broad range of analytical
chemistry support services to the technical programs at Argonne National Laboratory
(ANL).

SUMMARY
Current programs within CMT are briefly summarized beiow. These programs arc discussed
in greater detail in the remainder of the report.
i.

Electrochemical Technology

The CMT Division is engaged in a variety of activities related to the development of
advanced batteries for vehicle propulsion, utility load-leveling, and other energy storage applications.
These activities include research, performance and lifetime testing, post-test examinations, modeling,
and technology transfer. Work is also being conducted on advanced fuel cells for power pla'nl and
transportation applications. The technical management of industrial contracts for the Department of
Energy (DOE) is also carried out on the development of fuel cells for transportation applications.
The CMT electrochemical technology program continued to receive support, from the
U.S. Advanced Battery Consortium (USABC). The IJSABC is a partnership among DOC, the U.S.
automobile industry, and the U.S. electric utility industry and was formed with the objective

of accelerating the development of advanced batteries for electric vehicles. Under Cooperative
Research and Development Agreements (CRADAs), the Division has been developing bipolar
li/FeS, batteries, developing Uthium-polymer electrolyte batteries, and testing advanced batteries
in CMT's Analysis and Diagnostics Laboratory.
The CRADA on the Li/FeS2 system is a collaborative effort with SAFT America to
develop a bipolar battery that will meet the long-term goals of the US ABC. This battery system has
a molten salt electrolyte and operates at temperatures above 375"C. During 1995, the project was
redirected toward increasing the performance of full-scale engineering cells, in lieu of cell scaleup
to bipolar stacks and modules. Researchers in CMT identified chemically active and inactive
additives for the electrodes, as well as additives for the salt electrolyte, that significantly increase the
power, active-material utilization, and overcharge tolerance of engineering-scale cells. These
performance improvements should result in greater vehicle range under demanding driving profiles,
hill climbing, and high-speed driving.
Under a separate CRADA, CMT is working with 3M Corp. and Hydro-Quebec to
develop lithium-polymer batteries for the USABC. These batteries show promise for meeting the
demanding performance requirements of electric vehicles and operate at low temperature (typically
60°C). The battery's flexible, multilaminate structure makes possible very high power and energy.
Recent effort has focused on the synthesis and characterization of «-MnO2 cathodes, which show
promise of electrochemical behavior superior to state-of-the-art materials. Button cells made with
composite electrodes of a-MnO2 yielded initial discharge capacities of 180-200 mAh/g. This amount
of stored, rechargeable energy translates to a projected full-size battery module having a specific
energy of ISO Wh/kg, which is near to the long-term goal of the USABC.
The Analysis and Diagnostics Laboratory in CMT includes a test laboratory to
conduct battery evaluations under simulated application conditions. During 1995, performance and
life evaluations were conducted for nickel/metal hydride and advanced lead-acid systems fabricated
by industrial firms. In addition, nickel/metal hydride cells were subjected to post-test analyses after
life evaluations. The information gained from these evaluations and tests provides a measure of the
technical progress made by the battery developers and identifies specific areas where changes in
design or the materials of construction would improve battery performance.
Several advanced fuel cells are under development at CMT: high-temperature solid
oxide and molten carbonate fuel cells for utility applications, and low-temperature solid oxide and
polymer electrolyte fuei cells for transportation applications. Also being studied aie methods lor
reforming hydrocarbon fuels to produce the hydrogen needed by the fuei cells.
For the solid oxide fuel cell, we are developing electronically insulating sealants for
scaling the edges and gas-supply and exhaust manifolds. These sealants must be compatible with the
fuel cell materials under the aggressive fuel-cell operating conditions (including temperatures of 8001000°C). We are developing a glass-ceramic sealant with the desired properties. Conductivity testing
and long-term compatibility testing (up to 100 h at 1000°C) with cell components have confirmed
the promise of this composite material. Samples of the high-temperature sealants were sent to several
fuel-cell manufacturers for evaluation. Favorable results were reported for both a high-temperature

(1000°C) and an intermediate-temperature (800°C) version of the sealant. Work is also underway
to develop technology for the operation of solid oxide fuel cells at 450-500°C directly on methanol
and air. Tests of a small cell with a La-Sr-Fe-Co-O cathode and a thin, ceria-based electrolyte
indicated that it is capable of achieving the desired performance at 500°C.
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 (65O°C) cell
environment. Tests of two alternative stable materials (double doped LiFeO2 and LiCoO2) showed
them to have comparable performance and longer lifetimes than the conventional NiO cathode. In
other research, modeling of a new design of molten carbonate fuel cell stack (a multiply manifolded
concept) showed it to have potential for significantly increased power density, which was confirmed
in cell tests. Corrosion resistance tests were started on the different compositions of stainless steel
that could be used as components in the molten carbonate fuel cell.
Research has continued on the polymer electrolyte fuel cell, which operates at low
temperature (<100°C). In one option being considered for the transportation application of the
polymer electrolyte fuel cell, the hydrogen fuel would be produced by reforming methanol. However,
the carbon monoxide in the reformate degrades the platinum catalyst used in the anode. A group of
alloy catalysts has been found to improve the CO tolerance of platinum. There is also interest in
eliminating the need for a separate fuel reformer with the polymer fuel cell. Currently being
evaluated is use of a Pt-Ru electrocatalyst in the anode for the direct oxidation of methanoi. Further,
a computer model is being developed for optimization of a polymer fuel cell directly fed by liquid
methanoi fuel.
The Jow-rempcraturc fuel cells for the transportation application require fuel
reformers for converting alcohols to hydrogen. A bench-top [10 kW(e)] methanol reformer based
on partial oxidation has been built and is being tested. These tests have demonstrated that the
reformer can provide rapid startup and a reformate containing about 50% hydrogen. There was no
detectable methane found in the reformate. Thi& reformer is much smaller and lighter than existing
technology and represents a radical departure in reformer technology. General Motors Corp. has
initiated a new R&D program based on the success of this CMT project In another project, systems
analysis and modeling have shown that the startup of a steam reformer for methanol has a
detrimental effect on the efficiency of the overall fuel cell system if the average operating time after
each cold start is much less than about 20 min.
The CMT electrochemical technology program continues its support of the DOE
Office of Transportation Technologies by reviewing the progress of the industrial contractors and
assisting in the startup of new programs. Major ongoing programs managed by CMT include DOE
contracts with Gcncrai Motors, Ford, Chrysler, and fuel-cell component suppliers. Together with
Georgetown University, CMT has also been managing a development program for an urban bus
powered by phosphoric acid fueJ cells. In late 1995, effort was initiated to develop a fuel cell test
facility at ANL.
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2.

Hazardoits and Mixed Waste Research

This research includes studies on methods for treating hazardous waste and mixed
hazardous/radioactive waste.
One project in this area involves developing aqueous biphasic extraction (ABE)
processes for large-scale treatment of contaminated soil, solid radioactive wastes, industrial
wastewater, and mineral ores. The biphasic system combines aqueous solutions of polymers [e.g.,
polyethylene glycol (PEG)] with aqueous salt solutions ((NH4),SO4, Na,SO^ or Na,CO3].
Fundamental studies of the solution microstructure were conducted by use of small angle neutron
scattering (SANS). The SANS measurements indicated that the presence of biphase-forming salts
leads to the formation of PEG aggregates, whose size increases with increasing salt concentration
up to the point of biphase formation, where the PEG-rich phase forms an entangled mesh with loss
of polymer chain identity. Also, the SANS measurements, coupled with cloud point data of PEG in
H2O andD2O, suggest that increased structuring of water by lyotropie ions provides the driving force
behind polymer aggregation and phase separation.
A pilot-scale column (2.5-cm ID, 3.6-m height) has been installed to test aqueous
biphasic extraction with uranium-contaminated soils. In recent tests, the uranium concentration in
the soil was reduced fiom 500 mg/kg to about 77 mg/kg. In contrast, carbonate leaching alone was
able to reduce uranium concentrations only to 146 mg/kg. Another significant finding from the
column tests is that 234Th (a daughter of 2J8U) can be extracted from the soil and recovered in the
fraction of solids that partition into the salt-rich phase. A preliminary flowsheet has been developed
for uranium removal from soils by use of an ABE system.
Work has continued to investigate the effects of ionizing radiation on gas production
in environments similar to those expected in the Waste Isolation Pilot Plant (WIPP), which is DOE's
prop jscd long-term transuranic waste disposal facility. In this area, a new project was initiated to
provide experimental data on actinide solubility and oxidation state distribution. These data will be
used to test the Actinide Source Term model being developed for the WIPP project. There are no
experimental data yet to report.
Efforts were continued to investigate the speciation of radionuclides under conditions
relevant to subsurface groundwaters on DOE lands. The current focus is on the environmental
chemistry of pSutonium-organic mixtures in the presence of microbes. One study involved examining
the interactions of the plutonium-nitrilotriacetic acid (NTA) complex with the Chelaiohacter heintzii
microbe, a known dsgrader of the NTA complexant. Results showed that increased concentrations
of plutonium (up to 0.01 mM) resulted in a lower rate of NTA degradation. Also, the NTA bound
in the Pu-NTA complex was not directly accessible to the microbe for degradation, and tha
interaction of ionizing radiation with microbes reduced the bacterium survivabilily.
During the past year, technical support was provided to the privatization effort for
processing the tank wastes at the DOE Hanford site (approximately 1.4 x 10s Ci of radioactivity
dispersed in over 230,000 metric tons of process chemicals). This support involved developing
specifications for the immobilized low-activity waste products that are to be produced. These

products will be in the form of solidified waste and optional matrix and filler materials enclosed >.n
sealed metal boxes.
A^new:project was initiated to develop ^modeling capability; for assessing the
performance of proposed waste disposal Systems for geological repositories/Although the pnmary
application of this capability'is as a regulatory tool in the licensing of waste disposal systems.it can
also serve as a tool for identifying and evaluating technical issues that need to be resolved during the
identification of waste solidification/stabilization options and during the design of the disposal
systems.
3.

Nuclear Waste Programs

: :
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 highlevel waste glasses upon exposure to liquid water or water vapor. These tests are being conducted
to determine the corrosion behavior of various high-level radioactive waste forms under the
hydroiogically 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.
In one series, long-term tests are underway with radioactive sludge-based and
simulated nuclear waste glasses having three compositions (SRL131,165, and 200). Test conditions
include a temperature of 90°C and ratios of glass surface area to water volume (SAO of 340,2000,
and 20,000 m"1. In tests up to 1456 days at S/V of 340 or 2000 m*1, little difference was found
between the radioactive and simulated glasses. However, in tests with the 200-type glass at the SA'
of 20,000 m'1, the simulated glass corroded faster than the radioactive counterpart after about one
year. This accelerated corrosion rate is associated with the formation of crystalline phases on the
glass surface and a slight rise in solution pH.
The fullyradioactive SRL200giass is also undergoing drip tests with the Unsaturated
Test Method. Some of the glass samples were pre-aged by reacting lliern in a water vapor
cnvironment at 200°C before testing. In drip testing up to five years, results show a significant
difference in the reaction and subsequent solution composition of the as-cast and aged glass. For
example, the solution pH values for the aged glass were consistently in the 11.0 to 11.7 range, while
the test solutions for the as-cast glass had pH values of about 8. Differences were also observed in
the release to solution of other glass constituents.
In another series, static dissolution tests at SA7 of 10 to 20,000 m"1 with actinidedoped SRL glasses have been in progress for up to 2000 days. It was found that lower glass corrosion
rates were initially attained for the high SfV (^2000 m"1) because higher concentrations of H4SiOd
form and decrease the reaction rate. However, after one year with high SA', new alteration products
form on the glass and increase the reaction rate. While this increase in reaction rate affects the
release of radionticiides from the glass, the disposition of each of the radionuclides is controlled by

the chemistry. For example, the sparingly soluble Pu and Am are found primarily fixed on the steel
reaction vessel, whereas the U and Np are moderately soluble and are found in solution and
associated with colloids. These results indicate the importance of using aciual radioaclive glasses
to determine the long-term behavior of radionuclides rather than relying solely on surrogates. Static
dissolution tests are also in progress to assess the dissolution behavior of Environmental Assessment
(EA) glass, which is the benchmark for DWPF glasses, and a radioactive glass made from the sludge
in Tank 51 at the Savannah River Plant. In addition, long-term drip tests are underway with glasses
representative of those that may be produced at DWPF and WVDP.
Several alternatives are being considered for disposal of surplus plutonium resulting
from the dismantlement of nuclear weapons and the cleanup of weapons production sites. One
method is incorporating plutonium into a glass. An alkali-tin-silicate glass was developed in CMT
for this purpose. Testing indicated that this glass melts at a relatively low temperature, dissolves
more than 5 wt% of its own weight in plutonium, and resists reaction with water under storage
conditions. Continued tests are planned to confirm these promising findings.
Energy loss spectrometry was used to detect trace levels of transuranics and rare
earths in the alteration phases of reacted waste glasses from earlier tests. The high-energy
M-absorption edge in the electron energy loss spectrum (>3500 eV). indicated the presence of
plutonium in a phosphate .Tlteraiion phase structurally related to apatite, as well as neptunium in the
uranyl silicate alteration phase weeksite. Energy loss spectrometry will continue to be used to
provide new information on the microstrucrure of reacted nuclear waste materials.
Besides the glass studies, long-term tests with unirradiated UO:,pelleis 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 UOj pellets for 10 years indicated a large
decrease in tM uranium release rate compared with the initial 1- to 2-year period. The majority of
the uranium leased from the UO2 samples was sorbed or precipitated on the stainless steel walls
of the test vessel and the Teflon support stand. Tests have also been ongoing for three years with two
types of spent fuel (ATM-103 and ATM-106) under drip conditions. The release fractions for J3SU,
i37
Cs, ^ r , l2% and "Tc in the leachate were examined to determine if any of them reflected the rate
of fuel-matrix dissolution under unsaturated conditions. The results suggest that the release of "Tc
may serve as an indicator of matrix dissolution, though continued tests arc needed to confirm this
finding.
Other work is being performed to investigate the use of vitrification for treating mixed
ana low-level wastes. Tests are in progress to develop and analyze glass and glass/ceramic waste
forms for remediation of contaminated materials, including waste generated from ANL research
activities, storage tank waste from the DOE Hanford site, and incinerator residues. Many of the
testing and analytical techniques developed for the high-level waste form are being applied to the
low-level waste form so that its long-term durability can be assessed during development efforts.
A project was successfully completed to characterize the radioactive phases In
contaminated soil resulting from uranium processing at the DOE Femald site in Ohio and from
weapons testing at the Johnston Atoll in the Pacific Ocean.
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4.

Separation Science and Tedinology

The Division's work in separation science and technology is concerned with
developing methods for treating radioactive, mixed, and hazardous waste. The TRUBX (transuranic
extraction) process continues to be developed for removing and concentrating actinides from acidic
waste streams contaminated with transuranic elements. An important part of this effort is the
development and application of the Generic TRUEX Model (GTM), which allows users to design
multistage flowsheets for specific waste streams and estimate the cost and space requirements for
implementing a site- and feed-specific TRXJEX process. During this past year, the GTM was
enhanced for use with two types of high-level waste at Idaho National Engineering Laboratory,
sodium-bearing waste and calcined waste.
An effort was begun to evaluate a solvent extraction flowsheet being developed by
the ANL Chemistry Division for the pretreatment of nuclear waste before final disposal. A flowsheet
for the CSEX-SREX (Cs and Sr extraction) process was evaluated by using the GTM and data from
a baiih countercurrent test. The evaluation indicated that the CSEX-SREX flowsheet is attractive
for removing Cs and Sr from nuclear waste.
A new evaporator system has been fabricated for Oak Ridge National Laboratory by
Delta Thermal Systems, inc. This evaporator is to be used for volume reduction of the low-level
radioactive waste in the Melron Valley Storage Tanks. Our involvement in this project included
(1) review of the specifications, bids, and design, (2) review of the as-manufactured equipment, (3)
aid in oversight of the systems* operability, performance, and startup testing, and (4) completion of
tests in a laboratory-scale evaporator. Testing of the new evaporator is scheduled for next year at Oak
Ridge.
In support of Argonne's waste management effort, CMT staff are designing a facility
for treating waste solutions with a transuranic content of 10M07 nCi per gram and assisting in the
installation, testing, and operation of evaporators and concentrators for treating ANL wastewaters.
The Division continues its effort in determining the feasibility of substituting lowenriched uranium (LEU) for the high-enriched uranium (HEU) currently used in the production of
**Mo for medical applications. Two LEU target materials are being studied: uranium-metal foil and
uranium siiicide. In the past, the Cintichem process has been employed to produce "Mo from HEU
targets consisting of a UO2 film, and it is now being modified to process LEU targets consisting of
uranium foil. Small-scale dissolver tests indicated that the required uranium foil dissolution should
be carried out at 92 to 103 "C with an initial dissolver solution of 3 M HN0 3 and 2 M H2SO4. A
large-scale dissolver constructed of stainless steel was designed, built, and successfully tested.
Collaborative work with the University of Illinois has focused on the precipitation of molybdenum
from uranium solution containing a-benzoin oxime. Results indicate that the required purity levels
for molybdenum can be reached with the LEU-modified Cintichem process. In other work on LEU
targets, a two-step basic dissolution method is being developed for siiicide targets. Also under
investigation is a new basic dissolution method for LEU metal, foils. Ths use of sodium hydroxide
wifh sodium peroxide appears very promising as a means of dissolving a foil target in less than an
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Development efforts are underway on the concentration of plutonium-containing
liquids generated from decontamination and decommissioning (D&D) activities. Pilot-scale tests
were completed to assess the operation of an agitated-film concentrator system for use as a portable
concentrator of D&D waste solutions. Two simulated-waste solutions were tested. With both
solutions, >90% evaporation rates were achieved without operational problems. In another D&D
project, six processes were tested for their ability to decontaminate stainiess.steel coupons containing
simulated contaminants (Am, Pu, Gd, Sr, and Cs). The best decontamination results were achieved
with use of either HNO--HF solution or HBF4.
5.

Electrometallutgkal Technology

The CMTDivision is developing electrometallurgical technology for treating spent
nuclear fuels. The process uses ciectrorefining in molten salt to isolate pure uranium and to dispose
of the Sransuranic (TRU) elements and the fission products. Where appropriate, isotopic dilution of
uranium is easily incorporated into the treatment. After elcctrorefining of the spent fuel, the fuel
cladding and the fission products are placed in two stable waste forms (one 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. Past research effort has focused on the use
of electrometallurgical technology for the treatment of stainless-steel-clad metal fuel from fast
nuclear reactors. Current effort is being directed toward adapting this technology to the wide variety
of fuel types that make up the DOE inventory of spent nuclear fuel.
During this last year,- development of the electrometallurgical technology continued
at the laboratory scale (electrorefiner capable of transporting 300 g of uranium to a solid cathode).
In clectrorefining of spent nuclear fuel, it is periodically necessary to lower the amount of heat
generated in the electrorefiner by removing fission products from the electrolyte. The first step in
this process is the removal of the TRU chlorides and the bulk of the uranium chloride from the salt.
The "drawdown" operation consists of electroiransport using a Li-Cd anode. Experimental results
indicated that about 90% of the U and Pu in the salt can be reduced by the Li-Cd alloy prior to
removal of the rare-earth fission products.
After the actinide chloride concentration is reduced in the salt, die active metal fission
products will be removed by ion exchange with zeolite A in a column, and the column contents will
be disposed of as a ceramic waste form. In experiments to determine the uptake of plutoiiium by
zeolite A, it was shown that when chloride salts containing PuCl3 are contacted with solid zeolite,
plutonium is absorbed into the zeolite. Zeolite pellets containing up to 26 v/i% plutonium were
produced in this manner.
The behavior of the fission products Se, Te, and Sb is of importance in the
electrorefining process. Their behavior was therefore studied in a laboratory-scale electrorcfincr. The
potential problem is that these elements could form intermetallics that might be soluble in the
electrolyte salt. However, the experimental results indicated that Se, Te, and Sb will act as noble
metals during electrorefining and, therefore, should remain with the metal waste in the anode basket
after fuel dissolution and electrotraasport.
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New projects were initiated to study the application of electrometallurgical
technology to single-pass reactor (SPR) fuel and the uranium-containing salt from the Molten Salt
Reactor Experiment (MSRE). The SPR fuel consists of aluminum-clad uranium slugs bonded with
an Al-Si braze. Decladding of this fuel using a mechanical device was successfully tested with a
mock fuel pin composed of a brass cylinder in an aluminum can. In electrorefining tests with a small
test cell, it was shown that uranium can be anodically dissolved in the presence of metallic
aluminum. The aluminum remained untouched at voltages that dissolved the uranium. Testing of
SPR fuel treatment will be continued in an engineering-scale electrorefiner.
In the MSRE, a uranium fluoride fuel was dissolved in a mixture of molten fluoride
salts (LiF-BeF2-ZrF4), A flowsheet has been developed for treating this MSRE salt. The proposed
flowsheet has an electrorefining step that recovers uranium and TRU elements from the fluoride melt
by transport to a liquid bismuth cathode. Experiments carried out with our present laboratory-scale
electrorefiner (suitable only for chloride salts and limited to temperatures below 550°C) indicated
Chat the present design of liquid cathode should be suitable for recovering uranium from the MSRE
salt This electrorefiner is being modified for testing of the proposed flowsheet with a fluoride salt
at 600-700°C.
Ceramic and metal waste forms are being developed for handling the waste streams
from the electrorefining of spent nuclear fuel. A new Waste Form Development Laboratory has been
built for this effort. It houses engineering-scale waste removal and waste form preparation
equipment In this facility, metal waste development is now carried out on a 2.5-kg scale in a large
glovebox with a tilt-pour furnace that allows molten salt fluxing of the waste form ingot. A fourstage "pyrocontactor^* (high-temperature centrifugal contactor used for extracting actinides and
fission products between molten salts and liquid metal alloys) is housed in another glovebox. A third
glovcbox contains a zeolite column test facility that handles columns up to 5 cm (2 in.) in diameter
and 35 cm (14 in.) in length. Grinding and excess salt removal equipment are also located in this
glovcbox. Drying, blending, and other necessary equipment are in separate locations. Also installed
is a hot isostatic press and related can loading, evacuating, and welding equipment, providing a
complete facility for fabrication and study of the ceramic waste form.
Development of the ceramic waste form is proceeding on two fronts. First, zeolite
column studies, including development of a mathematical model, are beginning to identify
conditions for optimal operation and scaleup. The partition of fission products from salt to zeoiite
has been shown to be quite effective and is reasonably well understood, except for kinetic effects.
Second, waste form fabrication is being investigated in paralici with the column work. Fabrication
steps tested during this period included the dehydration of zeolite A (which is extremely hydrophilic)
and the blending of zeoiite A with simulated waste salt. Preparations are underway to test hot
isostatic pressing in the fabrication of glass-bonded zeolite.
Development of the metal alloy (stainless steei-zirconium) waste form is ai a
relatively advanced stage. Scalcup to multi-kilogram ingots has been accomplished, the alloy
metaiiurgy at the microscopic scale is beginning to be understood, the alloys have been demonstrated
to be corrosion resistant, and waste-form processing under appropriate fluxes is about to begin.
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6.

Treatment of Spent Oxide Fuel

The electrometallurgical Jreatment 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 this process, the spent oxide fuel is reduced
by reaction with lithium at 650°C in the presence of molten LiCl.
Work has been initiated on adapting the lithium process for the treatment of core
debris Som the reactor accident at Three Mile Island unit 2. This debris has been divided into four
parts, depending on the position in the core and the degree of damage sustained in the accident. A
portion of the fuel, near the bottom of the reactor, was essentially undamaged, and hence its
treatment would be similar to that of normal light water reactor fuel. A portion of the fuel in the
center of the core, which melted, is a mixture of (U, Zr)O2 ceramic phases. Surrounding the central
region are the upper and lower crust regions, which are mixtures of the ceramic phases and metallic
reactor components that melted during the accident. Flowsheets have been developed for the
treatment of all four components of the fuel debris.
The reduction salt used in the lithium process must be recycled to minimize the
process wastes. This requires removal by electrowinning of the U2O that forms in the salt. Oxygenevolving anodes have been chosen for this process because graphite anodes, which liberate oxygen
as CO-h contaminated the salt with carbon. Most of the experimental work on the electrowinning step
of the process has been conducted with a Pt-10% Rh anode. Experiments have demonstrated that the
electrowirtning and reduction steps could be combined in a single operation. This was accomplished
by making the cathode a basket which contains the UO, material. During electrolysis the lithium is
produced on the UO, in the basket, where it reacts and generates Ii 2 O, which is subsequently
decomposed at the anode.
Work has continued on the development of stable anode materials for the replacement
of the expensive platinum presently used. Because these anodes liberate oxygen, the search has
focused on oxide ceramic materials. On the basis of experimental evidence and material properties,
the primary candidates are FejO,, and Jithium-doped NiO. Both of these materials appeared to be
stable in the salt system when used in laboratory-scale experiments. Because thermal shock is a
serious problem ID using ceramic electrodes, a method was developed for improving the thermal
shock resistance of these ceramic materials. This method consisted of incorporating MgO shards into
the anode during fabrication. The shards interfere with crack propagation Krul effectively eliminate
it.
Engineering-scale experiments have been conducted in a newly completed argonatrnosphere glovebox. The first experiment combined the reduction of TRU-containing simulated
fuel with the recovery of the spent salt and reductant by electrowinning. This experiment was run
at 650°C using a purs LiCl salt and 10 kg of simulated fuel to proof test the newly installed
equipment and to verify the effectiveness of procedures and personnel training. The fuel reduction
was successful, and the procedures and training were shown to be satisfactory. However, the
eiectrowinning step did not regenerate the spent sah and reductant because of design and material
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deficiencies in the anode that were not apparent during the earlier laboratory-scale testing. A second
experiment with a redesigned anode was also unable to regenerate the spent salt.
7.

Applied Physical Chemistry

The program in applied physical chemistry involves studies of the thermodynamic
and transport behavior of selected materials in environments simulating those of fission and fusion
energy systems, as well as other technologically important systems.
Measurements and calculational analyses are being performed to provide needed
information on the thermophysical properties of metallic nuclear fuel and related waste and
plutonium-handling issues. Thermodynamic analysis of phase equilibria in metallic fuel has
progressed from the study of binary systems (Pu-U, U-Zr, and Zr-Pu) to the ternary Pu-U-Zr system.
Thermodynamic expressions for the Gibbs energy of all phases in the Pu-U-Zr system have been
derived. The phase diagram calculated from these optimized thermodynamic expressions is believed
to be the best presently available for the Pu-U-Zr system.
Because of disagreements among published phase diagrams for the binary Fe-Zr
system, differential thermal analysis and scanning electron microscopy studies have been undertaken
with annealed and quenched samples of Fe-Zr. As a result, some important regions of the Fe-Zr
phase diagram have been clarified.
Work is in progress to develop a microanalytical facility that will allow simultaneous
X-ray diffraction and X-ray fluorescence examination of materials on a microscopic scale. For this
facility, a dedicated synchrotron beam line is being prepared at the Center for Advanced
Microstructures and Devices, Louisiana State University. To date, equipment suitable for
rnicrofluorcscence studies has been installed and tested. This work will ultimately lead to a unique
facility for the microscopic X-ray examination of a wide range of technologically important systems.
A critical element in the development of the fusion reactor is the blanket for breeding
tritium fuel. Lithium ceramics are being considered for the tritium breeder material. The use of
vanadium alloy as a structural material with either Ii 2 O or Lt2TiO} as the breeder appears to be
attractive for the blanket design because of vanadium's low activation. A thermodynamic evaluation
indicated no apparent comparability problem between the ceramics and vanadium metal or alloys.
However, compatability problems may occur when small amounts of moisture are present in the
breeder blanket system. The partial pressure of moisture generated during irradiation of lithium
ceramics in a breeder blanket could be very close to that required thermodynamically for oxidation
cf vanadium to occur. More experimental data are needed on the kinetics of vanadium oxidation. In
a separate study, experimental and calculation studies were conducted to determine die interaction
of water vapor with lithium zirconate, another candidate ceramic for (he breeder blanket. The results
indicated very little interaction.
In past experiments, small amounts of hydrogen in the helium purge gas were found
to increase tritium release from Li2O surfaces. A mechanistic model has been developed to belter
understand the mechanism through which hydrogen enhances tritium release. The model was derived
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ftom ab initio calculations concerning hydrogen chemtsorption on Li2O surfaces under typical
breeder blanket conditions.
8.

Basic Chemistry Research

Fluid Catalysis. This program explores catalytic reaction chemistry of small
molecules that serve as precursors in many industrial processes. Precursors of interest include those
of the C( chemical industry, e.g., CO, CO2, and CH4; the ammonia synthesis precursors. H, and N2;
and the ceramic precursors, e.g., (CH3)4Si and (CH3)3B. The efficient utilization of these molecules
is potentially of great economic significance; however, in many cases the required conversion
chemistry is difficult to achieve by present strategies. Recent CMT research in fluid catalysis
encompasses the catalytic chemistry of (1) phosphine-modified catalysts for the hydroformylation
of olefins in supercritical fluids and (2) the extremely robust polyfluorophthalocyanine catalysts for
hydrocarbon activation processes. Also, in a new initiative associated with the advancement of the
lithium-polymer battery, ion transport mechanisms are being investigated by use of the in situ
spectroscopic techniques developed for the catalysis research.
The homogeneous catalysis research investigates the chemistry associated with the
conversion of some key industrial catalytic processes to more energy efficient and more
environmentally benign supercritical ones. The various processes designed to achieve the
commercial hydrofonnylation of olefins comprise the largest scale use of homogeneous catalysts and
are the subject of the current efforts in this area. Olefin hydroformylation catalysts based on
dicobaltoctacarbonyi can be modified with tertiary phosphines to achieve greater stability and higher
selectivity. These catalysts are used commercially to produce agricultural chemicals, industrial
solvents, and detergents from clofinic feedstocks. Using in situ nuclear magnetic resonance (NMR)
measurements that for the first time encompass the high pressure and high temperature conditions
of the process, CMT researchers have determined the thermodynamics associated with a key saltforming step for the phosphine-modsfied catalyst.
Research in hydrocarbon activation is 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. Metallophlhalocyanines can be tuned (with fluorocarbon sufctituents) to achieve very high
electrophilicities, which, combined with their high thermal and oxidative stabilities, offer some
attractive possibilities for achieving homogeneous catalytic oxidations, oxidative couplings,
substitution reactions, and other potentially beneficial hydrocarbon conversion processes. During the
past year, CMT researchers synthesized and characterized several new organometallic complexes
based on this polyfluorinated phthalocyanine strategy.
The goal of the new advanced battery project is to investigate the mechanism(s) of
ion transport in lithium-polymer electrolyte battery materials by using in situ magnetic resonance
imaging developed in the catalysis research. During the past year, the toroid cavity NMR device
developed in CMT was shown to have ample sensitivity and distance resolution in measuring
concentration profiles within a working electrochemical cell. By this means, the triflate (CF3SO3)
concentration gradient was measured both before and after electrodepositing lithium from samples
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of CFjSOjli in polyethylene oxide. Typically, the electrolyte was depleted over a distance range of
approximately 450 u.m following the electrodeposition of 5 umol of lithium. These direct
observations "of the salt depletion zones allow, for the first time, the measurement of lithium ion
transference numbers by a nondestroctive in situ spectroscopic technique.
Materials Chemistry. The Division's materials chemistry program continues to
explore corrosion and interfacial science and entails (1) development and implementation of in situ
synchrotron X-ray methods to elucidate issues related to metal/aqueous solution interfaces,
(2) theoretical studies of materials that emphasize both method development and application, and
(3) integration of theoretical studies with laboratory experiments.
In the first area, synchrotron far- and mid-infrared spectroscopy has been used to
study film formation on copper in alkaline media. The spectra reveal that Cu2O gives way to a
hydrated CuO species as the potential is increased from -0.05 to +0.3 V. Specular and diffuse X-ray
scattering have been employed to examine the morphology of electrodeposited copper in NaHCO}
solution. In contrast to earlier investigations of copper pitting, it was found that the deposition of
copper occurs in a random, uncorrelated manner. X-ray absorption fine structure measurements were
conducted to study the anodic corrosion films on nickel in alkaline solution. The results have
provided information on the bond lengths and coordination numbers for the Ni(OH)2 and NiOOH
species that exist in discharge deposits on nickel electrode surfaces. Finally, in situX-i&y reflectivity
studies of incipient pore formation on luminescent silicon surfaces have revealed a unique funnelshaped pore structure near the electrolyte/silicon interface. Porous silicon is potentially a very
important material because of its luminescence at visible frequencies.
Considerable progress has been made in the ongoing investigation of the temperature
dependence of the electron transfer reaction sequence involving Cu37Cu7Cu°, an important cathodic
reaction occurring during stress corrosion cracking in light water reactors. The Cu2 VCu* reaction rate
was found to increase 100-fold on going from 25 to 200°C, with no evidence of a temperaturedependent transfer coefficient. Li parallel theoretical studies, the interaction distances and electronic
coupling effects for bromine- and fluorine-bridged transition structures were found to be similar to
water-bridged transition structures. This finding indicates that the coupling strength is determined
by copper-copper distance parameters, not the chemical nature of the bridging UgandL
The materials-chemistry theoretical research has centered around the further
development and implementation of Gaussian-2 (G-2) theory for the accurate calculation of
thermochemical data. The theory itself has been extended to include the tliird-row elements Ga
through Kr and has been successfully tested on over 40 reactions involving these elements. In
another study, calculations were undertaken to study the interaction of a single H,0 molecule with
the acid site (Z) in a zeolile cluster embodiment resembling ZSM-5. The results revealed that
Z"...HjO* is a transition state that facilitates H+ transfer from one acid site to another. Also calculated
was the potential energy surface for addition of C^ to a hydrogen-lerau'nated diamond surface. These
results suggested little or no energy barrier to this particular mechanism of diamond growth.
Geochemistry. The geochemistry research program is focused on chemical processes
occurring at mineral-fluid interfaces that play a crucial role in geochemical transport processes.
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Several in situ X-ray scattering studies of the calcite-fluid interface are underway by CMT
researchers at the National Synchrotron Light Source. One such study has demonstrated a new and
accurate approach for measuring in situ precipitation rates and growth mechanisms in calcile-water
systems. This approach involves X-ray standing wave measurements at the caJcite-water interface.
Results from these measurements indicated that lead preferentially adsorbs onto the calcite surface
from aqueous solution.
9.

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 activities, including the
following: analyses in support of the ANL project to develop an electrometallurgies process for
treating spent nuclear fuel; development of a Fourier transform infrared spectrometer for
continuously monitoring the organic effluents of waste incinerators; characterization of products
from recycling of automobile shredder "fluff; analyses in support of the development of hightemperature superconductors; development and implementation of a comprehensive program to
provide DOE with information on data quality from laboratories analyzing environmental and waste
samples; determination of platinum content in the inner-ear fluid of guinea pigs treated with the
antitumor drug cisplatin and the antibiotic gentamycin; testing of a wide variety of oils for their
ability to remove radon from air, development of automated methods for real-time analysis of
chemical sensor data from environmental samples; sample preparation and development of analytical
methods in support of the Waste Isolation Pilot Plant; development of methods for reducing the
secondary waste and turnaround time for analyses of environmental and mixed-waste samples;
characterization of used laboratory exhaust filters for disposal; development of a method for
determining whether waste oil contains hazardous metals; development of a method for separating
mercury from americium in radioactive waste analysis; analyses of environmental samples (water,
soils, sediments, filters, etc.) and waste samples for ANL and other DOE sites; determination of the
reaction products from molten sodium and chlorinated hydrocarbons; determination of uranium in
dissolver solutions for production of "Mo from low-enriched uranium; development of analytical
procedures that will be used to characterize the lability of transition metals in textile mill wastewatcr;
research in support of a U.S. Army program on stand-off detection of chemical plumes; analysis of
U.S. currency bills for die presence of cocaine; analysis of samples from a pilot-scale lest of a
process to recycle aluminum salt cake; and determination of arsenic species in soil samples from llie
Rocky Mountain Arsenal.

I. 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/iron disulfide and lithium-polymer systems. The testing, evaluation, and post-test analysis
of a variety of advanced batteries (e.g., lead-acid, nickel/metal hydride, lithium/iron sulfide,
sodium/sulfur) fabricated by industrial firms are performed in CMTs 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 arc
targeted for utility applications, and we are becoming increasingly involved with R&D on the
polymer electrolyte fuel cell for transportation applications.
A.

Battery Research and Development
1.

U.S. Advanced Battery Consortium

The U.S. Advanced Battery Consortium (USABC) was formed in 1991 to accelerate
the development and commercialization of advanced battery technologies for electric vehicle
applications. The USABC is a government-industry partnership among the U.S. Department of
Energy, the U.S. automobile industry (Chrysler Corp., Ford Motor Co., and General Motors Corp.),
and the U.S. electric utility industry through the Electric Power Research Institute. In 199S. CMT
continued its advanced battery R&D activities under three Cooperative Research and Development
Agreements (CRADAs) with the USABC. One of the CRADAs involves the independent evaluation
of advanced batteries in CMTs Analysis and Diagnostic Laboratory and technical support to the
USABC^s Technical Advisory Committee (see Sec. I.B). The other two CRADAs involve the
development of advanced batteries to meet the long-term performance targets of the USABC. These
targets include performance of 300 Wh/L and 600 W/L, lifetime of >1000 cycles, and cost of
<S100/kWL One CRADA is to work with Saft America to develop bipolar Li-alloy/FeS, batteries
(Sec. I.A.2), while the other CRADA is to work with 3M Corp. and Hydro-Quebec's to develop
iithium-poiymer batteries (Sec. LA.3).
2.

Bipolar Lithium/Iron Sulfide System

Under this CRADA, CMT researchers have been working with Saft America on the
development of the bipolar lithium/iron sulfide battery system. The basic design for this system
employs disk-shaped cells assembled into a series-connected stack in which adjacent cells share a
common current collector, denoted the bipolar plate.1 The cells employ lithium-alloy negative
electrodes, dense FeS2 positive electrodes, molten LiCl-LiBr-KBr electrolyte, and MgO powder
G. L. Henriksen, "Lithium Suiiide Batteries," in Handbook of Batteries, 2nd ed.. Chapter 39 (1995),
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separators. Cells arc sealed around their periphery by using a chalcogenide-based ceramic-to-mctal
seal. Final assembly is accomplished with raetal-to-metal peripheral welds. Cells are operated in the
temperature range of 375-450°C to maintain the electrolyte in a molten state. Cylindrical bipolar
stacks will be housed inside thermal enclosures to form integrated modules thai are engineered to
maintain acceptable operating temperatures throughout. Vacuum multi foil thermal enclosures are
being developed to achieve low thermal losses in lightweight, low-volume packages.
During 1995, the project was redirected toward increasing the performance of fullscale engineering cells, in lieu of cell scaleup to bipolar stacks and integrated modules. The
Electrochemical Technology Program in CMT chose to pursue cell-level performance enhancements
through the development of electrode and electrolyte additives. It successfully identified chemically
active and inactive electrode additives, as weii as electrolyte salt additives, that significantly increase
the power, active material utilization, and overcharge tolerance of engineering-scale cells. Figure 1-1
illustrates the cell-level performance improvements demonstrated in full-size electric-vehicle cells
fabricated with the new additives. The increased specific energy at high power levels corresponds
to greater vehicle range under demanding driving profiles, hill climbing, and high-speed driving. No
further development .work on this battery system is planned for 1996.
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Fig. 1-1. Specific Energy vs. Power for Li-Al/FeS2 Cells
with and without Newly Developed Additives
3.

Lithium-Polymer Electrolyte System
a.

Project Overview

The lithium-polymer battery (LPB) is a lightweight, high-energy system tha?
can operate at moderate temperatures (typicaiiy 60°C). With a polymer electrolyte, this all-solidstate battery can be manufactured by using high-speed film-laminate technology. The battery's low
weight translates into high specific energy. The Li/LA* redox reaction (negative electrode, -3.0 V)
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gives the battery its high power. As mentioned earlier, the LPB for electric-vehicle applications is
being developed under a CRADA with 3M and Hydro-Qu6bec. Under the CRADA, ANL provides
technical support related to all aspects of battery development, including component, cell, and
battery testing and characterization; pc-st-test diagnostic analysis; electrochemical cell-modeling and battery design; and electrode materials evaluation and optimization.
^ ^
Component and cell testing and characterization are carried out with
electrochemical techniques such as DC methods (e.g., cdristant-current or -power.discharge, peak J:
power measurements, and current interruptions). Dynamic Stress Tests, and AC impedance methods.
The purpose of these scientific investigations is to develop a belter understanding of the cell
characteristics and to provide the critical information needed to focus the future research efforts on
improving and optimizing the LPB performance. ;
, „.,._. ,.,. ,. , sl , v ; =,
~r
7
. ^ r 3 ? : In the post-test studies, the initial focus has been the destructive evaluation
=of fractured and/or peeled cells by electron and optical microscopy. The investigation of state-of-the-f
rart nondestructive techniques has also begun. These newer methods may provide us with a better
means for conducting post-test analysis. The overall goal is to precisely determine the factors
affecting the electrochemical performance of cells.
Electrochemical modeling studies of LPB cells have been initiated to elucidate
ths phenomena occurring in the cells during operation. The time constant for the lithium transport
in the lithium polymer cells is relatively large when compared to liquid-electrolyte battery systems.
This is a result of the slow ionic transport in die polymer electrolyte and the cathode active material.
The long time constant; the fact that the cathode is a composite structure of carbon, electrolyte, and
active material; and the thin cell geometry make it difficult to separate and examine these
phenomena experimentally.
..."The overall development effort includes design of electric-vehicle batteries
for three levels of technical development. Ths Mark I design involves a battery assembled of
cylindrical wound cells having compositions and fabrication procedures which are essentially those
for the cells now being tested at ANL's and Hydn>Quebec°s laboratories. The Mark IT design will
involve the use of cells tobe developed in the next phase.-of-this program. Thesefuture^celis will
have higher specific energy and a prismatic shape to improve the packing density of the baitery
assembly. The Mark Hi design will be based on improvements in the cell expected in the longer
range.
b.

System Description

Rechargeable lithium batteries with either metallic lithium or lidiium 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 of 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
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with good electrochemical efficiency. Tn 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 reversibilitj'. For example, structures with a cubic-close-packed oxygen array are more stable
to lithium inscftion/extraction .than hexagonal-close-packed structures, which tend to shear on
lithium insertionIn response to electrostatic interactions".between'"'the^ incoming lithium ions and
transition'metal cations inface-shared octahedral sitesrThestiea^^
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
:. repeated charge and discharge.
"• v "~^=^-.:'vr'-'i-.^~":—-"'• - "- '- "" "T ¥;—c^—-••-.--,-.^.W^'r
v" Structures of transition metal oxide insertion electrodes are, in general, not
"tolerant to overcharge or overdischarge. Jt is, therefore, critically important to carefully control
=fabrication conditions so that the composition of the electrode corresponds to thai of the most stablehost structure of the metal oxide system. Furthermore, cell operating conditions, such as voltage
limits and current drain, must b e carefully controlled to ensure that the structural integrityof the
electrodes is not destroyed on cycling!;

c.

Progress

Materials development within the LPB project is focused on the synthesis and
characterization of metal oxide electrodes that offer superior electrochemical behavior to state-ofthe-art materials. A specific intercalation transition metal oxide for LPBs examined in this laboratory
5s alpha manganese dioxide (a-MtibfuHjO, where n = .0.2-0.3). The a-MnO 2 phase is made up of
a unique arrangement of comer- and edge-shared MnO 6 octahedra. A perspective drawing of the
structure is depicted in Fig. 1-2. The octahedra are situated such that the material contains 2 x 2
tunnels arranged in an infinite chain down the c-axis of she tetragonal unit cell of the framework
structure.
During cathode discharge, lithium cations are inserted preferentially into the
2 x 2 tunnels of me structure, and the valence state of manganese in the material is reduced from four

Fig. 1-2.
Perspective Drawing of «-MnO2 Structure
as Viewed Down the c-Axis of Tetragonal
Unit Cell

Tetragonal Unit Cell
Lathee Parameter Raige : a = b = 9.76 - 10.05 A
c = 2.84 - 2.87 A
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to three. The unit-cell volume for the discharged product expands only 7.1%. There is no distortion
along the c-axis of the unit cell. Consequently, the discharged (i.e., lithiated) a-MnO2 material
demonstrates an inherent resistance against crystallographic distortion. Resistance to crystallographic
distortion is important because it promotes good, repetitive insertion/extraction of lithium cations.
The discharge voltage profile has an average of 2.7 V vs. metallic lithium. It
is indicative of an intercalation process. Button cells made with" composite electrodes of cc-MhO2
yield initial discharge capacities of 180-200 mAh/g. This amount of stored, rechargeable energy
translates to a projected full-size battery module that would possess a specific energy of ISO Wh/kg,
which is near to the long-term target of the USABC.
Current efforts are focused on both applied and basic research. Specific
attention is being paid to processing conditions, chemical composition, and structure. Structure
analyses of electrode materials at various states of charge and discharge are undertaken with neutrondiffraction data from ANL's Intense Pulsed Neutron Source and with X-ray diffraction data. Such
studies provide valuable information about the stability of the host structures to lithium insertion/extraction, the mechanisms by which the cells operate, and most important, clues about how to
modify the structures to enhance their electrochemical properties.
B.

Analysis and Diagnostics Laboratory

The Analysis and Diagnostics Laboratory was established at ANL to study advanced battery
systems for applications such as electric vehicles and utility load-leveling. The facilities include a
test laboratory to conduct battery experimental evaluations under simulated application conditions
and a post-test analysis laboratory to determine, in a protected atmosphere if needed, component
compositional changes and failure mechanisms. Evaluations are performed for DOE, USABC,
Electric Power Research Institute (EPRT), and others to provide insight into those factors that limit
the performance and iife 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 mace in battery R&D
programs, a comparison of battery technologies, and basic data for modeling.
As mentioned in Sec. LA.1, performance and life evaluations were continued under a
CRADA with the USABG. These evaluations included (1) nickel/rwtal hydride (Ni/MH) cells and
multi-ceil modules from a USABC contract with Ovonic Battery Co. (OBC) and (2) nickel electrodes from Yardney Technical Products. In 1995, our activities under this CRADA were expanded
to include the development of a thermal model for Ihe Ovonic nickel/metal hydride technology and
evaluation of advanced nickel/metal hydride cells and modules. The results of these icsts and
analyses will be released by the USABC at a later date.
Advanced lead-acid battery technologies are being evaluated by ANL for EPRL These
evaluations include batteries manufactured by Electrosource, Tnc. (ELSI); Yuasa/Exide, Inc.; Optima
Batteries, Inc.; Hawker Energy Products, Inc.; andGNB Industrial Battery Co. The performance and
life data gathered from testing these technologies will be made available through an EPR1 report in
early 1996.
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A number of Ovonic Ni/MH cells have undergone post-test analysis after life evaluation in
{he Analysis and Diagnostics Laboratory. This activity is being sponsored by the US ABC to assist
Ovonic in identifying and focusing their resources on critical issues facing iheir technology. Many
of the activities performed at ANL have been a joint effort between ANL and Ovonic.
Besides battery testing and evaluation, ANL has supported the USABC by having representatives on the Technical Advisory Committee, the Ni/MH Working Group, the Nickel-Based
Compoaent Cost Reduction Group, and the Battery Testing Procedures Tiger Team. Argonne has
also participated in battery readiness review meetings for the USABC. These meetings arc held prior
to the initiation of unique battery tests to verify proper test planning, instrumentation, and data
acquisition.
In 1996, performance and life evaluations, as well as post-test analyses, will be continued
on cells, modules, and batteries for the USABC and EPRI.
C.

Fuel Cell Research and Development

Fuel cell technology could become a significant part of the economy in the U.S. and other
countries. Following the U.S. lead, Japan has mounted a major initiative to develop the molten
carbonate fael cell (MCFC) for dispersed utility applications. Europe is concentrating its efforts on
development of the solid oxide fuel ceil (SOFQ and has reoriented the R&D programs in some of
its national laboratories from nuclear to SOFC technology. Furthermore, Daimler-Benz AG in
Germany and Toyota Motor Corp. in Japan have begun major programs to explore the potential of
the polymer electrolyte fuel cell (PEFC) for automobiles.
Being a pioneer in fuel cell technology since' the 1970s, the CMT Division continues to
conduct R&D on the SOFC and MCFC. which are targeted for utility applications, and on the PEFC
for transportation applications.
All fuel cells convert the chemical energy of fuels such as hydrogen, methane, methanol,
ethanol, or other hydrogen-bearing compounds to electricity with little or no pollution and with
greater efficiency than heat engines. For efficient operation of the low-temperature PEFC, hydrogen
must be used as the fuel, and fuels other than hydrogen need to be converted to hydrogen in separate
reforming reactions. For this fuel conversion, we have developed an innovative new reformer based
on partial oxidation instead of the conventional steam-reforming reaction. This reformer is much
smaller than existing technology, which is an important asset for transportation applications. We are
also investigating the mechanisms of direct electrochemical oxidation of methanol in a PEFC to
improve performance of such direct methanol fuel cells.
1.

Solid Oxide FneiCelh

The present SOFC technology has an oxide-ion-conducting electrolyte material,
yttria-stabilized zireonia; a cathode of strontium-doped lanthanum manganite; an anode of
nicksi/yttrte-stabilized zirconia; and a cell interconnect of strontium-doped lanthanum chromire. The
typical cell operating temperature is 800-1000°C. Recent research in. CMT has focused on
developing (1) improved scaling materials for scaling the edges and gas-supply and exhaust
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manifolds in solid oxide fuel cells and stacks, (2) electrolyte and electrode materials that allow
operation at lower temperatures (400-800QC), and (3) anode/electrolyte bilayers with improved
mechanical strength.

a.

Sealant Materials

The materials under development in this project are glass-ceramic sealants for
high-temperature SOFC applications, based on a five-component oxide system: SrO, LOJOJ, A12O3,
SiO2, and B2O3. Basic requirements for the sealant are good bonding to the materials of interest,
chemical stability in the operating environment, and low gas permeability. For high-temperature
operation, the sealant must also have a thermal expansion wluch is reasonably close to that of the
other materials involved and must have some compliance, or softness, to allow for some mismatch
between the components to be joined. Past work has shown that these materials have excellent,
bonding characteristics to SOFC materials and low gas permeabilities.2 It has also been shown that
the expansion coefficients of these sealants can be matched to SOFC materials, and that
compositions can be chosen which provide mechanical compliance through viscous flow at the
operating temperature.
While some testing had previously been done on the chemical stability of the
candidate sealants in fuel cell environments, additional long-term testing was performed this year.
These tests focused on the sealant compatibility with the electrolyte and interconnect, since these
are the two materials which mest be joined by an air-tight seal. The porous anode and cathode
materials, while uninvolved in sealing, may also come into contact With the sealant; thus, some tests
were also performed on these materials.
Of the four cell components, only the electrolyte showed significant changes
after long-term exposure to the sealant in reducing conditions. The growth of large, yttria-depleted
crystals within the electrolyte was seen at die sealant interface when the materials were held in moist
hydrogen at 10C0°C for 500 h. However, the bond between the materials remained intact and
mechanically sound, and changes in the electrolyte were restricted to the immediate area of the
sealant interface. Thus, this reaction may not be detrimental to fuel cell performance, as the sealant
will not be present in an electrochemically active area of the electrolyte.
A study was also performed on the interactions between the sealant and
interconnect under a voltage gradient. In these tests, a one-volt bias was applied between two
interconnect samples with a layer of the sealant in between, simulating stack operating conditions.
The conductivity of the sealant was monitored with reference electrodes while these structures were
held at 1000°C. We found that the conductivity decreased initially and then rose very gradually for
the next 100 h. This increase still left the sealant more than sufficiently insulating for manifolding
applications. In post-test analysis using scanning electron microscopy (SEM), we found that the
positive-biased ssaiant interface was high in Sr and Ca. and that some chromium had migrated into
the sealani. This finding may account for the gradual increase in conductivity toward the end of itie

1.1. Laidler et a!.. Chemical Technology Division. Annual Tedwical Report, 1994, Argonne National Labonucry
Report ANLrOSOA, pp. 22-23 (1995).
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test The sealant/interconnect interface most likely contains strontium borate crystals, which were
predicted to be present by thermodynamic calculations. Also, SEM analysis revealed that faceted
crystals high in strontium occur at the sealant/interconnect interface.
Long-term stability tests (up to 100 h at 1000°C) of the five-component
sealant in humidijfod hydrogen were also performed. Some weight loss and porosity formation in
the sealant were detected in these tests. Using a cold finger trap in the fumace exhaust, we collected
some crystalline material during these tests, which under X-ray diffraction analysis proved to be
boric acid. Compositions of the sealant system that would possess reduced boric acid volatility were
predicted by thermedynamic calculation, and many compositions were produced and tested. A lowsilica composition was found to have greatly improved boric acid stability, and the temperatureviscosity behavior and thermal expansion were found to remain suitable for SOFC use.
In an effort to create a data base for the prediction of thermal expansion and
other properties, several series of sealants were produced and tested. Linear regression analysis was
performed on the expansion data to determine first-order effects from the variations in composition.
For simplicity, pure strontia was used as the y-intercept (plot of weight percent additive vs. thermal
expansion), since strontia has the highest thermal expansion of the five pure components
(12.5 x 10*/°C). Lanthana, alumina, silica, and boria weight percentages were used as independent
variables. The best fit gave an intercept of 13 x 10'6/°C for pure slroniia, while effects for addition
of the other oxides were all slightly negative, with coefficients (per percent of additive) ranging from
-0.01 x 10"6/°C for lanthana to -0.04 x l O V C for alumina. Higher-order analyses failed to
significantly improve the fit. The most convenient way to control the thermal expansion, then, is the
iti antia content, while the next most effective change is the alumina percentage. Other considerations, such as the viscosity behavior, determine which substitutions should be made.
Two glass manufacturers were contracted to produce commercial quantities
of promising sealants. Both vendors had difficulty in maintaining the proper composition of the
material when large batch processing was used. The two-phase nature of the molten sealant, after
several tries, was judged to be unsuitable for production by standard downspout casting. Tilt pouring
was also tried by the second manufacturer, but this method caused composition variations owing to
large-scale segregation of crystalline material within the melt. These problems remain unsolved at
present, and production is limited to small batches.
Samples of our high-temperature sealants were sent to several fuel cell
manufacturers for evaluation. Favorable results were reported for both a high temperature (1000°C)
and an intermediate-temperature (800°C) version of the sealant. We will continue to work with these
fuel cell developers to address their needs and concerns. Scalcd-up production remains the main
diffjcilry to further utilization of these sealants, as demand for large test quantities continues.
b.

Solid Oxids F«el Cell Fueled Direct'v bv Methanoi

The purpose of this effort is to develop technology for the operation of SOFCs
at 450-500°C directiy on uielbaiioi and air. At these low temperatures, the stack scaling problem
would be eased, cell lifetimes could be increased, and the SOFC technology would be more
attractive for transportation applications. Last year, we reported the development of a ceria-gadolinia
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electrolyte with higher conductivity than the conventional zirconia electrolyte. Currently, we are
developing cathodes with higher performance than conventional ones to be used at 500°C and
below. Effort this past year has focused on cathode material development, electrolyte thickness
reduction, confirmation of equivalent performance whether the SOFC is fueled by methanol or
hydrogen, and improvements in the overall cell performance.
Tests with the ceria-based SOFC showed that near theoretical open-circuit
voltage (OCV) of 0.98 V could be obtained at 500°C in air/H2. The OCV declines with increasing
temperature due u> the oasel of electronic conductivity in the electrolyte. Further, we showed that
the fuel c«B performed nearly the same with methanol as it did with hydrogen at 500, 600, and
700 a C. Since then, our effort has been aimed at improving the cell performance in air/hydrogen.
Performance was increased by improvements in the cathode material composition, resulting in lower
cathode overpotentials, and by reductions of the electrolyte thickness, resulting in lower voltage drop
due to ohmic resistance.
While the La^r^MjiOj cathode exhibits good performance in high temperature (>8C0°C) SOFCs, it is not adequate for operation at low temperatures because of the
significantly higher polarization. Therefore, use of other cathode materials, such as those from the
La-Sr-Fe-Co-0 system, were investigated. One of the compositions (Cathode A) was found to give
good performance at 700 and 6O0°G At 500°C, it exhibited a cathodic polarization resistance
between 5.1 and 6.9 W*cm2. The performance data in Fig. 1-3 were obtained with Cathode A. While
shis performance is better than that of any material reported in the literature, it is inadequate for our
application. Therefore, further work is being conducted to reduce the cathode polarization resistance
$o a target value of 1 W-cm1 or less.
The electrolytes used in our fuel cell tests were prepared by pressing and
sintering pellets that were about 2.5 cm in diameter. The pellets were fired at 16OO°C for several
hours. Initially, the pellet thickness was over J. 1 mm. Cells made with these electrolytes exhibited
iiigh OCV (0.93 V) at 5003C. To decrease the ohmic drop across the electrolyte, thinner electrolytes
1.0 --

Fig. 1-3.
Performance of a Ccria-Based Soiirf
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(0.4-0.7 mm) were made and tested in cells. These electrolytes resulted in lower ohmic resistance
but also lower OCV (0.8-0.85 V) at 500°C, as seen in Fig. 1-3. Post-test microstructural
examinations indicated that the decreased OCV was due to a small amount of interconnected
porosity within the electrolyte. Part of our future effort will be devoted to improving elecUolyte
densification. This can be achieved by improving the morphology of the starting electrolyte powder.
A smaller effort will be directed to increasing the OCV by decreasing the electronic conductivity.
It appears from our research efforts that the desired SOFC performance at 500"C is achievable by
continued improvements in the cathode material and decreases in electrolyte thickness.
c.

I Anndp. Substrates for Thin Electrolytes

The objective of this effort is to improve the mechanical and electrochemical
properties of anode/electrolyte bilayers so that they become reliable components for full-scale cells.
With large cell areas, current fabrication techniques are limited in their ability to provide defect-free
cells that have adequate mechanical properties yet still maintain good electrochemical properties.
A key problem, then, is to improve mechanical strength and cell uniformity without compromising
layer thicknesses or interfacial morphology. With regard to ceil stacking, two difficulties are the high
electrical resistance of bond layers adjoining the interconnect and the lack of mechanical compliance
in current planar stack designs. These conditions lead to large voltage losses and/or poor mechanical
integrity of stacks. In this effort, alternative fabrication methods and component microstructures arc
used to build and test planar stacks designed to overcome the above problems.
The need for both good mechanical and good electrochemical properties has
usually led to SOFC (anode/electrolyte/caihode) designs which seriously compromise one property
or the other. If a free-standing electrolyte is used as the substrate for electrode deposition, poor
mechanical properties can result even when the electrolyte is 300-|jm thick or greater, the thicknesses
at which the conductivity is severely compromised. Designs with thin electrolytes on porous
supporting anodes also may have poor mechanical properties, caused by the low volume fraction of
zirconia in the electrolyte and the reduction of the nickel oxide anode during processing (both of
these conditions create a lack of strong particle-particle bonding). In both thin and thick electrolyte
designs, interfacial morphology may be impossible to optimize if the wrong ceramic processing
techniques arc used to join the materials, leading to high electrode overpotentials or poor structural
strength of the assembly.
AlCMT, we are pursuing the approach of supporting a thin electrolyte with
a strong composite anode. The anode has been fabricated to optimize both the gas permeability and
electrical conductivity, while at the same time offering far superior strength to conventional porous
cermet anodes. In this way both the conductivity and the mechanical properties of the triiayer
(anode/eiectrolvte/cathode) are uacompromised. We also make use of ceramic fabrication techniques
that allow better control over the intcrtacial morphology, leading to superior electrochemical
performance.
We have experimented with optimized pure formers to provide our anode with
excellent gas permeability at low volume fractions of porosity. In addition, we have the capability
to fabricate conductive nickel paths along these same pore networks. This capability allows us to
create conductive materials at nickel volume fractions far below the percolation limit. With these
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reductions in the necessary volume of nickel and pore phases, we can produce an anode that contains
up to 80 vol% of a dense zirconia "backbone," with no large crack-like defects, leading to very
strong components. The high volume of zirconia also makes these anodes excellent supports for
zirconia electrolytes, in terms of matched thermal expansion and mechanical properties.
By using a novel technique, we have screen-printed a very thin (20 um)
zirconia electrolyte onto an anode; tliis technique yields an anode/electrolyte bilayer which has
optimized electrochemical properties. A porous interlayer is used to grade the properties from the
dense electrolyte to the anode. Within this interlayer, the microstructure is controlled to provide a
large gas/electrolyte/elcctrode interface area for electrode reactions. The components arc co-fired
and shrinkages are matched. Work continues on the electrochemical characterization of these ceils.
2.-

Molten Carbonate Fuel Cells

The present molten carbonate fuel cell (MCFC) has a porous nickel anode, a porous
nickel oxide cathode, a liquid electrolyte of lithium and potassium carbonates retained by a porous
ceramic matrix of LiAlO,, and an appropriate metal separator. The operating temperature is 650°C.
Our MCFC program is engaged in efforts to (1) develop alternative cathodes that will extend the
lifetime of the fuel cell, (2) develop a simpler design based on a multiply manifolded concept that
has the potential for significantly reduced cost and increased power density, and (3) improve the
corrosion resistance of the metal components of the fuel cell. The goals are extended life, increased
power density, and decreased cost for the MCFC.
a.

Improved.Cathpdes

The cathode presently being employed by commercial MCFC developers is
lithiated nickel oxide (LJ0(BN!a95O). Because of its low resistivity (0.1 Q'cm at 650°C), this cathode
has high power capabilities. However, its life is limited by transport toward the nickel anode,
particularly in pressurized cells. The transport mechanism is dissolution of NiO and migration of
Ni2* through the molten alkali-carbonate electrolyte toward the anode followed by deposition of the
Ni2* as metallic nickel in the electrolyte-LiAI02 matrix.3*4 This deposition degrades the cell
performance by forming an electronically conducting bridge between the cathode and anode. The
NiO soiubiiity and, consequently, the rate of nickel transport increases lineariy with increasing CO,
pressure, as indicated by the reaction NiO -$- CO, —»Ni2* + CO?".
We have been investigating the use of lithium cobaltate (LiCoO2) and lithium
ferrate (LiFeO,) cathodes as substitutes for the NiO cathode. These alternative cathodes originated
in early work at ANL.5 A recent study* has revealed a potential problem with the LiCoO, cathode.
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In this study, the cobalt solubility was shown to increase with increasing CO, pressure because of
the reaction LiCoO, + 1.5 C O , ' - Co2+ + CO*" + 0.5 Li2CO, + 0.25 O2. The high COa pressure
dependence of this reaction (CO2 pressure raised to the 1.5 power) leads to a LiCoQ2 solubility
approaching that of NiO in pressurized cells, in addition, thermodynamic calculations indicated that
cobalt, like nickel, will be transported from the cathode as a metal. In our cell tests to date (up to
2000 h), we have found the cobalt in small islands distributed throughout the electrolyte between
the cathode and anode. Thus, because of its increased solubility at higher CO, pressures, the LiCoO,
cathode may not be an acceptable substitute for the NiO cathode in pressurized cells. Although a
reaction similar to the above reaction for LiCoO2 dissolution can be written for LiFeO2 dissolution,
the subsequent reduction of Fe2* to metallic iron (either in the electrolyte or at the anode) is not
expected to occur because of Ihermodynamic considerations. Consequently, the LiFcO, cathode may
have a greater life expectancy than either of the other two cathodes, particularly in pressurized cells.
The problem that has prevented adoption of the LiFeOj cathode by
comrnercisi MCFC developers to date has been its poor performance in MCFCs because of its high
resistivity (300 O'cm at 650°C). As discussed in the previous report,7 double doping has decreased
the resistivity of LiFeO, to 0.3 fl-cm at 650°C and has produced a LiFeO, cathode capable of high
power density in MCFCs. Both the doubly doped LiFeO2 cathode and the LiCoO2caihode (resistivity
of 1 QTCTR at 65O"C) now exhibit power capabilities equivalent to that of the lithiated NiO cathode.
During 1995, we evaluated the relative lifetimes of the NiO, LiCoO2, and
LiFeO2 cathodes, using mixtures of CO2 and O2 as the cathode gas (this simulated pressurized
operation with air-CO^ mixtures). Results from cathode tests at 160 mA/'cnr are shown in Fig. 1-4.
The data suggest a superior life for the LiCoO2 cathode in spite of the high solubility of LiCoO, at
high CO2 pressures. These and other data collected to date suggest that both LiCoO2 and LiFeO2 may
have a longer life than the NiO cathode, but additional study is needed.
During i995, optimization studies of the doubly doped LiFeO, cathode were
continued. The solubilities of the two dopants in LiFeO, were measured, and the data are being used
to modify the composition of the doubly doped LiFeO2. Dopant migration was evaluated by post-tes?
examinations of cells. These results are also being employed to modify the composition of the
doubly doped LiFeO,. In 1996, die lifetime comparisons of the three cathode materials and the
optimization of the doubly doped LiFeO2 cathode will be continued.
b.

Muliinlv Manifolded Fuel Cells

During the past year, we continued modeling and experimental studies of the
multiply manifolded MCFC concept.8 This design employs a number of gas inlet and exit manifolds distributed across the plane of the MCFC. Because the gas flow is two dimensional, existing one-dimensional models do not adequately describe its features. Therefore, we developed a
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two-dimensional model thai relies on first principles and employs overpotential relationships
reported by Wilemski et al.9 In 1994, the model was used to calculate the performance of various
flow configurations in rectangular MCFC designs.7 In 1995, the studies were extended to cylindrical
designs because they are best suited to pressurized MCFC operation within a cylindrical pressure
vessel. These studies emphasized maximizing the power density of the MCFC while minimizing the
peak temperature within the MCFC (the lowest possible peak temperature is desired for extended
Jife).
As depicted in Fig. 1-5, four cylindrical (Cyl) and four square (Sq) flow
patterns were modeled. The calculated peak temperatures vs. specific powers for six of these flow
patterns (and the standard cathode oxidant of 70% air-30% CO2) are shown in Fig. 1-6. The two
flows not plotted in Fig. 1-6 ("Comer Sq" and "AO-CO Cyl") are neariy identical to two that are
plotted ("Cross Sq" and "Co-Flow Sq," respectively). From this study, the best designs are those that
employ co-flow of the anode and cathode gases. The best of these, because it yields the lowest peak
temperature for any specific power, is the cylindrical design with both the anode and cathode gases
flowing inward (AI-CI Cyl). These modeling results have been incorporated in a novel cylindrical
design for a high-power-density MCFC that integrates a fuel reformer and heat exchangers within
the MCFC pressure vessel.

G. Wiicnski, N. H. Kemp, and A. Oelb, Molten Carbonate Fuel Cell Performance Model Update: Final Report,
Department of Energy Report DOE/FE/15078-1742 (1985).
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Fig. 1-5. Types of Rectangular and Cylindrical Flows
Modeled for MCFC (AI = anode in, AO = anode
out, Ci = cathode in, CO = cathode out)
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Fig. 1-6. Calculated Peak Temperature vs. Specific Power for
MCFC Flow Patterns in Fig. 1-5
During 1995, we tested nine MCFCs (square design, 25 x 25 cm) employing
the multiply manifolded concept. The cell design included flat metal current collectors and dimpling
of the nickel anodes and NiO cathodes to form the gas flow channels. The volumetric power density
of the best of these MCFCs exceeded 300 kW/m3 at 200 mA/cnr. which is a factor of ten higher than
previous MCFC designs. During 1996, studies of both the rectangular and cylindiical versions of
this concept will be continued.
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c.

Pitting Corrosion of Stainless Steels in the Fuel Cell

Stainless steels are generally employed to form the current collectors, gasdistribution channels, and wet seals of the MCFC. The wei seals ace formed between the moltencarbonate electrolyte and the steel, and arc used to form gas-tight seals at the periphery of the MCFC
and around the gas manifolds that deliver fuel and'oxidant to the MCFC anode and cathode,
respectively. Type 316 stainless steel is one of the candidate materials for these applications. Others
are Type 316L (a low-carbon version of Type 316) and Type 310S (also a low-carbon stainless
steel). These steels are generally clad with nickel on the anode side of the MCFC to minimize anodeside corrosion; they are also aluminized in the wet-seal areas of the MCFC to minimize both
corrosion and shunting currents between the anode and cathode.
Severe pitting corrosion of Type 316 stainless steel exposed to a combination
of simulated exhaust anode gas (CO2-3% H2-20% H2O) and molten Li2CO3-K2COj electrolyte was
described in the previous report 7 Similar pitting has since been seen on the same stainless steel
exposed to a combination of cathode gas (either dry or humidified) and the M2CO,-KjCO3
electrolyte. The pits were found by polishing off the duplex corrosion layer and examining the
cleaned surface beneath it with an optical microscope.
During 1995, corrosion tests were conducted with Type 316L and 31 OS
stainless steels in (Li,K)2CO3 and (Li,Na)2CO3 melts. Test conditions included exposure to the
electrode exhaust gases and a potential (-800 mV vs. an O2-CO2 reference electrode) where pitting
had been previously observed with the Type 316 stainless steel. No pitting of the steels was seen
after 4 days. This suggests that the initial concentration of carbon in the steel plays a role in pitting
corrosion.
Severe pitting (millimeter-sized pits) was found when nickel-clad stainless
steel was exposed to exhaust anode gas and the (Li,K),CO3 melt at -800 mV vs. an 0,-CO, reference
electrode. A sheet of Type 200 nickel similarly exposed showed no pilling after 4 days. Additional
study is needed to confirm these observations, since no such pitting of nickel-clad steel has been seen
by the commercial MCFC developers.
The corrosion of aluminized Type 310S stainless steel in the (Li,K)2CO3 melt
was examined at a potential of -800 mV vs. an O2-CO2 reference electrode under exhaust anode gas
conditions. After a 4-day exposure, the aluminum formed a tenacious oxide scale. Some imerdifftision of aluminum into the steeS was also observed, possibly forming an intermetallic phase. No
pitting was detectable in these samples; the tenacious scale and the interdiffusion may have
interfered with detection of pitting.
Future work in this area will include testing of the nickel-clad and aluminized
stainless steels under a variety of potentials and gas mixtures. Pulse methods will also be employed
lo promote pit formation for further study of the corrosion mechanism. In addition, samples of
stainless steels from long-term eel! tests are being supplied by two commercial developers. These
samples will be tested and examined for evidence of pilling and other corrosion phenomena.
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3.

P n W r Electrolyte Fuel Cells

« The polymer electrolyte fuel cell is based on a proton-conducting solid polymer
membrane and uses platinum or platinum alloy electrocatalysts for hydrogen oxidation at the anode
and oxygen reduction at the cathode. In some designs, the catalysts are supported on carbon and may
use specially prepared carbon cloth or carbon paper to facilitate reactant gas diffusion to the
electrodes and to act as a current collector. The polymer electrolyte membrane used in most
laboratories is Nafion, developed by DuPont Corp. for the chlor-alkali process, although developmental membranes by DuPont and other manufacturers are also being investigated. The goal of our
program is to advance the technology of power systems based on PEFCs so that they meet the
performance demands of transportation applications. Advantages of these fuel cells include a high
power density and a low operating temperature (typically, below 100°C),
a.

Carbon Monoxide-Tolerant Anode Electrocataiysts

' In one option being considered for the transportation application of the PEFC,
the hydrogen fuel would be produced by the reforming of methanol. The reforming of carbonaceous
on-board fuels produces substantial quantities of carbon dioxide and small amounts of carbon
monoxide in the reforrnate. This carbon monoxide, even at a parts-per-million level, acts as a poison
for the platinum catalyst in the anode and substantially reduces cell performance. We are
investigating alternative anode electrocatalysts that are not easily poisoned by the carbon monoxide.
We have tested a group of alloy catalysts in which the alloying element is
oxidized at a lower potential than the platinum-group, metals, forms a stable oxide at the pH of the
Nafion electrolyte, and has a lower work function than platinum. The objective is to enhance the CO
tolerance of the hydrogen oxidation catalyst (e.g., platinum) by alloying it with an element that
would decrease the strength of the CO-platinum bond or would provide an oxidant to remove CO
adsorbed on the platinum- We fabricated membrane-electrode assemblies (MEAs) from these
catalysts, using a slight modification of the thin-film technique. The MEA polarization tests showed
that the alloying element improved the CO tolerance of platinum: a 100 mV improvement in cell
voltage (at 400 mA/cm2) when operating on fuel contaminated with 155 ppm of carbon monoxide.
This improvement is believed to result from a shift in the onset potential for CO oxidation rather
than from a decrease in the coverage of platinum by the CO. Efforts are underway to enhance this
CO tolerance by varying the catalyst composition, catalyst support, and the catalyst particle size.
b.

Anode Electrccatalysts for Direct Methanol Fuel CeU

There is a great deal of interest in developing a direct methanol PEFC that
would eliminate the need for a separate reformer. At present, however, such fuel cells suffer from
high anodic polarizations, methanol crossover across the electrolyte membrane, and a reduced cell
voltage due to the mixed potential at the cathode. We are conducting an electrochemical, X-ray
diffraction (XRD), and X-ray absorption investigation (using the Synchrotron National Light Source
at Brookhaven National-Laboratory) of Pt-Ru, currently the best catalyst for the electrochemical
oxidation of mcthanol. The objective of these studies is to determine the correlation, if any, between
the effect of ruthenium on platinum's electronic structure and the effect of ruthenium in enhancing
platinum's activity for e.'ec'rochemicatly oxidizing mcthanoi. Supported and unsupported Pt-Ru
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catalysts were characterized by using XRD, extended X-ray absorption fine structure (EXAFS), and
X-ray absorption near edge structure (XANES) techniques. The XRD data showed that the
ruthenium was alloyed with the platinum, but that there was no change in the Pt-Pt bond length.
However, alloying with ruthenium did decrease the d-barid electronic occupancy of platinum. ~
The catalysts are currently being evaluated in a single cell using liquid :
methanol
as
the
fuel
and
oxygen gas as the oxidant at ambient pressure and temperatures above ;
r
S0°C. For these tests, MEA^ with Pt-Ru anodes (3^10 mg/cm2), Pt/C cathodes (1-4 nig/cm2), and
•t Nation 117 electrolyte were fabricated, by the ink technique. The open-circuit potential was ;
;_/• approximately 0,7 V, and the current density at short circuit was greater than 1000 rnA/cm2. This is
4 comparable to the best such performance reported in the literature. In these tests, however, the^
« catalyst utilization is rather low. Also, any electronic propertiesaffected by the methanol oxidation
- would not be readily apparent in the X-ray studies since EXAFS and XANES are averaging]
techniques. A specially designed in situ X-ray absorption fuel cell is being modified to obtain highf
^catalyst utilization and enhanced X-ray data. To date, this cell has shown an open-circuit potential:
of 0.7 V and a current density of 500 mA/cm2 at short circuit, a somewhat lower performance than;
in the ex situ cells but considerably improved over our fust in situ cells. Additional experiments are
planned at Brookhaven with the improved cell to elucidate the effects of catalyst structural and
electronic properties on fuel cell performance.
c.

.Optimization and Modeling of Direct Methanot Fuel Cells

The goal of this work is to develop and verify a computer model for a polymer
electrolyte fuel ceil fed by liquid melhanol fuel A preliminary computer program has been devised
to track fuel and oxidant utilizations as a function of the cell current. Another program has been
developed to permit sizing of the cell block heaters for a given set of operating parameters. These
parameters include the temperatures and pressures for the fuel and air inlets, the flow rate and molar
concentration of the methanoi feed, we flow rate of the oxygen gas, the cell block geometry, and the
ceil current. The program relates the applied current to the electrochemical consumption of methanol
and oxygen, as well as the utilization of each feed given the flow rates and methanol solution
concentration. The heat loss is calculated by taking into consideration the temperature differential
between the ir.lct streams (mctbanol and bxygcn)~a^d~thlTcell bfo^
(crossover) and water produced at the cathode into the exiling oxygen gas stream, and free
convection at the surfaces of the cell block. For our cell test fixture, the largest single heat
requirement was calculated to be due to the temperature difference between the methanol feed and
the fuel ceil; the heaterpower requirementcan bereduced by heating; the methanol feed before its
introduction into the cell, especially for cells at high test temperatures. Tne second highest loss of
heat was calculated to be caused by the vaporization of methanoi and water on the cathode side.
These results are consistent with the observed cell temperatures and block heater power
consumption. The computer program is being expanded to model mass transport effects through the
cell and, ultimately, to predict the performance of a given fuel cell.
Fuel Reforming Technology
The objective of this work is to develop catalytic partial-oxidation reformers for the
generation of hydrogen from methanol and hydrocarbon fuels for use with the low-temperature fuel
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cells (polymer electrolyte and phosphoric acid fuel cells) being developed for transportation
applications. Such fuel processors need to be compact, lightweight, efficient, and capable of rapid
startup and good dynamic response to changing fuel processing rates. We are addressing the
reforming of methanol and hydrocarbons separately.
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ra. - Partial-Oxidation Reforming of Methanol " ; ; : "r^^~

„ _.__^_,,r.^...s._._.-:i For the partial-oxidation reforming of methanol, acopper-ziric-oxide catalyst
has been selected to facilitate the desired reactions and suppress the formation of the unwanted 5
methane and carbon monoxide. The desired partial oxidation of methanol can be expressed by the
idealized genera! reaction,
-~
»
-.
CH3OH + x{02 + 3.76N2)

t~2x)CO + 2H2 + 3.7&cNj

(1)

where x isi diefoxygen/methanol molar ralip:(fdr JTSO.5), and die oxygen is derived from air. Tiie
carbon monoxide produced can be converted via the water-gas shift reaction to produce carbon
dioxide and additional hydrogen.
(2)
The net reaction can then be represented as,
CH3OH</) + x(O2 + 3.76Nj) + (1 - 2x)K2O(/) = CO2 -f (3-2x)Hj + 3.76xN2

(3)

Therefore, for a given value of x, the niinimum amount of water required to ensure complete
conversion of al! the carbon in the fue! to carbon dioxide is (l-2x). As x increases, the required
amount of water and the hydrogen yield decrease. The enthalpy change for me overall reaction,
Eq. 3, also depends on x At x=0, the reaction is strongly endothern^ic. As x increases, the reaction
becomes less endothermic. At a certain value of x, the reaction becomes thermally neutral. Above
that ratio of oxygen to methanol, the reaction becomes exothermic. Depending on the feed and
product temperatures and on the amount of excess water in the feed, Eq. 3 is thermally neutral for
x « 0.27. This is the preferred reformer operating condition since at this value of x there is little or
no requirement for heat transfer into or out of ;the reaction process.
We have built a bench-scale [nominal 10 kW(e)] reformer, shown
schematically in Fig. 1-7. In this reformer, the methanol-water mixture is injected as a fine spray
through a nozzle at the top of the reactor. The spray is allowed to mix with air and flows past an
electrically heated igniter coil. The partially vaporized mixture flows into the catalyst bed, where
it reacts to produce a hydrogen-rich reformats product. The product gas is analyzed by on-line
non-dispersive infrared analyzers for GO. CO2, and CH4; an on-line thermal conductivity analyzer
for li,; and a gas chromatograph for these and other chemical species. .
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The composition of the reformer product gas obtained during eight test runs
conducted over several days is shown in Fig. 1-8. The methanol feed rates were varied from 30 to
55 mL/min; the air flow was controlled to obtain an oxygen-to-methanol molar ratio of 0.27 to 0.3 i;
and the water feed rate was held constant at 10 ml/min (which is greater than, or equal to, the
minimum amount of water required for the reaction in Eq. 3). A product composition of 5C % H2,
20% CO2, and less than 5% CO (oa a dry basis) was typical. There was no detectable methane found
in the reformate. Reformer testing is continuing to evaluate the present catalyst and some other
commercial catalysts to determine their performance w i i respect to activiiy, product distribution,
and catalyst life
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Fig. 1-8. Composition (dry basis) of Product Gas from
Methanoi Partial-Oxidation Reformer
b.

Partial-Oxidation Reforming of Hydrocarbon Fuels

The overall partial oxidation of hydrocarbons to generate hydrogen may be
represented by the following unbalanced reaction (using pentane as a surrogate):

CSH12 + O 2 - CO 2 + CO + H 2 + H2O

(4)
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The CO may subsequently be reacted with water in situ or ex situ to produce additional hydrogen
via the reaction in Eq. 2.
The objective of our present work is to identify promising catalysts that offer
the desired product distribution, i.e., high H lt low CO, and very little, if any, CH4, at a reasonably
low temperature and high activity. Analogous to the catalyst selection for methanol reforming,
catalysts which are used to form a material may be useful in breaking it down. The classic method
to produce hydrocarbons from mixtures of H2 and CO is Fischer-Tropsch synthesis (FTS). Thus,
FTS catalysts (or variants) may potentially be active for the partial-oxidation reforming of
hydrocarbons.
We have begun preliminary experiments with pentane because this
hydrocarbon is volatile enough to make handling easy in the experimental apparatus and yet
incorporates the important chemistry needed to reform the heavier hydrocarbons, such as those
present in gasoiine and other distillate fuels. For these tests, penlane vapor was mixed with water and
oxygen and fed to a microreactor loaded with a small amount of the test catalyst material and placed
in a furnace. The product gas was analyzed by a gas chromatograph for H2, CO, CO2> CH4, and other
chemical species.
We found that the product distribution is sensitive to the promoter used in the
catalyst. For example, one FTS catalyst in its usual composition produced 3% H2, 15% CO,
419o CO2, and 41% K-O. With a more acidic, electron-deficient promoter, the product gas
composition changed to 19% H,, 3% CO, 67% CO 2 ,1% CH4, and 10% H2O. Clearly, this product
gas mixture does not contain enough hydrogen for a practical application. However, the results
illustrate the promise of the approach. Work is continuing to evaluate different promoters for the
FTS catalysts, as well as different catalytic schemes.
c.

Systems Modeling and Analysis

In this activity, we develop computer simulations of various fuel ceH system
designs for transportation applications. The different types of simulations range from complex but
idealized spreadsheet models to much more rigorous simulations thai use the GPS systems analysis
code.10 The major activity is related to the design and analysis of PEFC systems and components;
oiherfiiei cell systems, such as the phosphoric acid fuel cell (PAFC), are also modeled, as needed.
In meihanol-fueled PEFC and PAFC systems, the methanol is first converted
to a hydrogen-rich gas, which is then fed to the fuel cell stack (except in the case of the direct
mstbanoi fuei cell). Steam reforming of methanol is presently used in the PAFC buses developed
by H-Power Corp. and in the PEFC light-duty vehicles being developed by General Motors. The
dynamic response of the fuel reformer is likely to govern the dynamic performance of the complete
fuei cell system. We have, therefor*, begun developing a dynamic mode- of a generic steam reformer

to R. Kumar, R. AhiuwjJia, H. K. oeycr, and M. Kriimpell, "MocJeiing of Polymer Electrolyte Fuel Cell Systems," Proc.
of the Annual Automotive Technology Development Contractors' Coordination Meeting, SAE Publication P-27S,
Society of Automotive Engineers, Warrentlale, PA, pp. 409-417 (May 1994).
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for methanol. This model has been used to simulate three types of operations: constant temperature,
steady state, and startup and transient conditions. Some of the results obtained from the reformer
simulation are summarized below.
We found that methanol conversion on the coppcr-zinc-oxide catalysts is
affected mast strongly by the reaction temperature, while the amount of catalyst has a much weaker
influence. The conversion of methanol is z99% at temperatures *250°C and a moJar ratio of water
to methanol of al.O. In a steam reformer the heat of reaction is provided by hot combustion gases.
Therefore, significant variations occur in the catalyst temperature in the radial and axial directions.
Since the reaction kinetics are strongly affected by temperature, these temperature variations have
a pronounced effect on methanol conversion. Further, although the reformer is essentially a heat
exchanger, the reaction energies greatly affect the temperature distribution, compared to that
obtained for a simple heat exchanger; without the endothermic reaction, no heat exchange occurs
beyond about 50% of the catalyst bed length, while with the reaction, heat transfer occurs over the
entire bed length. Methanol conversion is also strongly influenced by the ratio of the flow rate of the
hot combustion gas to the flow rate of the process gas; a ratio greater than three is needed to obtain
nearly 100% conversion. Finally, small-diameter (e.g., 1-cm-dia) catalyst tubes have a smaller radial
temperature difference than large-diameter (e.g.. 5-cm-dia) catalyst tubes and provide more complete
conversion of methanol.
Simulating startup from room temperature, we found that with 5-cm-dia
catalyst tubes, a significant warmup time of over 900 s was required to reach 50% methanoi
conversion, and that even after 1500 s, only 81% of the feed methanol was converted. In 2-cm-d"a
catalyst tubes, methanol conversion reached 50% in 520 s and 96% in 1500 s. Increasing the flow
rate and the temperature of the hot gas can reduce the time needed for startup. If the hot gas
temperature is increased from 625 to 925 °C, and its flow rate increased to three times that needed
at normal operating conditions, methanol conversion of greater than 80% can be obtained in
approximately 3 min. However, the methanol consumed during startup (to provide the energy
required to raise the reformer to the operating temperature) decreases the fuel cell system's
efficiency over the driving cycle. This decrease in efficiency is a function of the operating time (at
fuiS load) after each startup, as shown in Fig. 1-9; for example, an operating time of 300 s after
startup reduces the system's efficiency to about 70% of its normal efficiency. The dynamic steam
reformer model will be incorporated into the PEFC system model to examine the dynamic
performance of the toial system on one or more standardized driving cycles.

Fig. 1-9.
Overall System Efficiency vs. Operating
Time after Startup for Steam Reformer
with 2-cm Catalyst Tubes
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5.

Technical Management

The CMT Division, through the ANL Electrochemical Technology Program, provides
support to the DOB Office of Transportation Technologies. This support is in the form of technical
management of R&D contracts with industrial developers of iuel 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, Ford, Chrysler, and
fusl-cell component suppliers.
The Electrochemical Technology Program is managing a multi-year DOE contract
with General Motors for development of a methanol-fueled PEFC propulsion system for automotive
applications. General Motors continued work toward designing and developing a 50-kW fuel cell
engine scheduled for delivery to ANL in early 1997. In 1995, a 30-kW PEFC stack was built, and
several 10-kW size methanol reformers were built and tested.
The Electrochemical Technology Program also manages two contracts awarded by
DOE in 1994 to teams headed by Ford and Chrysler. The goal is to develop PEFC propulsion
systems for passenger cars fueled directly by hydrogen carried on the vehicle. In 1995, Ford and
Chrysler (1) developed conceptual designs of passenger vehicles powered by PEFC systems,
(2) investigated on-board hydrogen storage technologies, and (3) conducted R&D programs to
develop fuel cell technology.
The Electrochemical Technology Program, together with Georgetown University,
manages a fuel cell bus development program sponsored by DOE, the U.S. Department of
Transportation, and the California South Coast Air Quality Management District. During 1995,
H-Power Corp., the prime contractor, fabricated the second and third U.S.-built buses powered by
fuel cells. The buses have a capacity of 25 passengers and meet all applicable standards for transit
buses, including wheelchair lifts and air conditioning. Phosphoric acid fuel cells (5G-kW capacity)
supply all the vehicles' energy needs. The fuel celis operate on methanol fuel at over 40% fuel
efficiency. The buses emit carbon monoxide and nitrogen oxides at levels that are more than
30 times lower than ths 1998 federal standards for heavy-duty diesel emissions, with essentially no
hydrocarbon or paniculate emissions.
The Electrochemical Technology Program also continues to manage a DOE contract
(co-funded by the State of Illinois) with Arthur D. Little, Inc. (ADL) to develop a multifuel fuel
reformer. In 1995, ADL developed a prototype partial oxidation reformer and demonstrated its
capabilities to reform ethanol, methanol, natural gas, and gasoline into a hydrogen-rich gas stream.
The goal of the 1996 work is to develop a complete, integrated partial oxidation reformer for
gasoiine and similar fueis.
In late 1995, we initiated development of a DOE fuel cell test facility at ANL,
building upon and augmenting our existing extensive battery testing capabilities (see Sec. I.B). We
also initiated development of fuel cell testing standards through a DOE-sponsored working group
to establish a set of metrics for evaluating fuel ceils on a common basis.
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HAZARDOUS AND MIXED WASTE RESEARCH
A major challenge facing the Department of Energy (DOE) is management of the massive
quantity of hazardous and mixed (hazardous/radioactive) waste ihat 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 mannta- is now
a major DOE mission. In 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 conducting a variety of projects aimed at treating
and disposing of hazardous and mixed wastes in support of DOE's waste management mission. In
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

We have been evaluating the possible application of aqueous biphasic extraction (ABE) to
the large-scale treatment of contaminated soils, solid radioactive wastes, industrial wastewater, and
mineral ores. The ABE systems are heterogeneous liquid/liquid solutions composed of immiscible
combinations of inorganic salts and water-soluble polymers, such as polyethylene glycol (PEG).
Inorganic salts that promote biphase formation with PEG solutions include the sodium/potassium
salts of carbonate, nitrate, sulfate, phosphate, and hydroxide.1 In addition to pilot-scale studies of
extraction systems, we have been conducting fundamental studies of the microstructure of aqueous
PEG solutions. This effort is directed toward furthering our understanding of the factors governing
biphase formation and partitioning behavior of ionic species in ABE systems.
1.

Fundamental Studies of Aqueous Biphasic Formation

In collaboration with the ANL Intense Pulsed Neutron Source and the Los Alamos
Neutron Science Center, we carried out small angle neutron scattering (SANS) studies of various
PEG/salt solutions.2 Variables included polymer molecular weight and salt type and concentration.
In addition, anion effects on biphase formation were investigated by cloud-point measurements in
K2O and D2O.
The SANS results indicated that, in the presence of NaNO3, PEG behaves like a
random coil with no evidence of aggregation, whereas the presence of either Na3PO4 or NajCOj leads
to aggregate formation. The aggregate size increased with increasing salt concentration until a
discontinuity appeared at the point of biphase formation, where the polymer in the PEG-rich phase
formed an entangled mesh with loss of chain identity. In the monophasic regime, the aggregates were

1

2
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elongated with a radius of approximately 19 A and a length which varied with salt type and
concentration and polymer molecular weight.
Analysis of the effects of electrolytes on the cloud points of PEG in H2O and D2O
suggests that the polymer phase behavior in solution is entropy driven, in agreement with results
from earlier studies.3'4 Salt effects on cloud points and biphase fonnation follow the well-known
Hofmeister series.3 That is, salt anions leading to increased structuring of water lower the cloud
point. We have found that this cloud-point lowering of PEG correlates linearly with the change in
water entropy (ASn) upon the addition of electrolytes.2 This is illustrated in Fig. H-l, where the cloud
points of PEG-3400 arc platted as a function of AS,, for a variety of single- and multiple-charged
anions. While the linear fit to the data is quite good, the cloud point for the PEG/N^CO, system
deviates somewhat from the behavior of the other sodium salts. The reason for the discrepancy is nor
known at this time, but we are investigating a possible error in the entropy data and will be making
extensive measurements of cloud points as a function of polymer concentrations, molecular weight,
and salt concentration.
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Fig. H-1. Effect of Sodium Salts on the Cloud
Points of PEG-3400. The solution
compositions were kept constant at
7 wt% PEG/5 wt% salt.
Just as the addition of structure-making ions lowers the cloud point of PEGs, so too
does the substitution of D2O for H2O. This effect is illustrated in Fig. H-2, where the cloud points
in H2O and D2O are compared for various PEG-3400 salt solutions. The linear fit of the data
indicates that the effects of salt and D,O are additive, suggesting thai both influence the cloud point
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through a mechanism of increasing water structure. As shown in Fig. U-2, the difference between
the cloud point in D2O and that in H«O decreases with increasing temperature. This behavior mirrors
the strength and magnitude of the hydrogen-bond network of D2O as a function of temperature,
which breaks down faster than that of HZO as temperature increases.
Our experimental results also indicated that the effects of sodium salts (e.g., Na3PO4,
Na,CO3, NajSQi, Na2SO3, NajCrO^, Na,WO4, and Na^MoO,,) on the cloud points of linear PEGs,
branched PEGs, and polyvinylpyrrolidone (PVP) all correlate linearly with the changes in water
entropy caused by the formation of the hydrated anion. This implies that the conformation of the
polymer chain (e.g., linear or branched PEG) and its chemical structure (e.g., PEG vs. PVP) is not
the dominant factor in salt-induced clouding and aqueous biphase formation.
We also found that it should be possible to predict the partitioning behavior of tracerlevel ions in PEG/salt systems. Published ihermodynamic data indicate that ions with highly negative
ASa values should exhibit partitioa coefficients (D) that are either equal to, or less than, those of the
biphase-forming salts (c.g., D - 0.1-0.2), while ions that are structure-breaking (e.g., those exhibiting
only slightly negative and positive ASa values) should have D values close to 1. For example, we
have found that the partition coefficient of Pu(IV) (ASI( for Pu(IV) = -1462.3 J"K"l-moi!) in the
PEG-3400/Na,SO4 system at 25°C is about 0.17, while that of polymeric Pu(TV) under the same
conditions is about 0.00I.6 Similarly, low partition coefficients (i.e., 0.004) were measured for uranyl

D. J. Ciiaiko, R. Mensab-Bincy,. C. J. Meriz, and A. N. Rollins, Actinlde Recovery Using Aqueous Biphasic Extraction:
Initial Developmental Studies, Argonms National Laboratory Report ANL-92/36 < 1992).

40
carbonate- (AS,,for UO;+ = -106.3 J-K'-mol1) complexes in the PEG-3400/NaXOj system.7 The
extremely low partition coefficients for complex ispecies like uranyl carbonate and polymeric
plutonium reflect an additional entropy loss caused by a large rotational contribution.
As a result of our work, past attempts to approximate the PEG molecule as a noninteracting, hard sphere in modeling partition behavior will have to be reevaluated. Future
development of thennodynamic models of partitioning behavior will need to explicitly account for
the heretofore unrecognized effects of salt on PEG aggregation.
2.

Removal of Uranium and Thorium from Contaminated Soils

We are evaluating the use of ABE systems for the recovery of radionuclides from
contaminated soils. The contaminated soils used in this work were provided by DOE's Fernald
Environmental Management Project (FEMP) at Femald, OH. The Femald site had at one time been
employed for production of uranium metal for use in defense .reactors. During operation of the
defense production facility, the soil at the site became contaminated with uranium from a variety of
sources, including deposition of airborne uranium particuiates, spills of solvents, and escape of
process effluents.
The ABE process for contaminated soil involves the selective partitioning of fine
particulates and dissolved species between two immiscible aqueous phases. The contaminated soil
is suspended in an aqueous polymer solution (e.g.. polyethylene glycoi) and is contacted in a
countercurrent fashion with an aqueous salt solution (e.g., sodium carbonate). The liquid/liquid
extraction is carried out in a Karr column because of its ability to handle solids without blockage.
During the liquid/liquid contact, heavy-metal contaminants, such as U and Th, are selectively
partitioned from the polymer solution to the salt solution, while the cleaned soil particles remain
dispersed in the polymer phase. Typically, 99 to 99.5% of the soil is recovered in the cleaned soii
fraction, while only 0.5 to 1% is recovered in the contaminant concentrate.
The selective partitioning of particulates in the ABE systems is based on
physiccchemical interactions between the particle surface and the liquid phases, rather than on bulk
phase properties such as density. Consequently, particle size should be small enough that the rate of
particle settling due to gravity is slow compared to the rate of liquid/liquid phase separation. In
general, we have found that an upper particle size of about 150-200 um can be accommodated during
continuous, countercurrent extractions.
Test-tube-scale experiments have shown that, in general, liltrafme metal oxide
particulates (such as PuO2, UCX, CeO2, F e ^ , TiO2, and Al,Oj) partition preferentially into the saitrich phase in PEG/salt systems. The only exceptions that we have found so far are the crystalline
silicates (e.g., quartz and cristobalite), layered silicates (e.g., clays such as kaolinite and montmorillonite), and glass. Clays partition into the PEG-rich phase with partition coefficients of about 100,
regardless of pH in the aqueous phase (we investigated pH values ranging from 2 to 12). On the other
D. J. Cliaiicci, Tt. Mensah-Biney, and E. Van Deventer, in Removal of Uranium from Uranium-Conlaminaud Soils.
Phnse f: Bench-Scale Testing, Oak Ridge National Laboratory Report ORNT.-f.762 (1993).
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hand, the partition behavior of crystalline silicates and glass depends on the degree of surface
ionization. At pH values near the point-of-zero charge (PZC), these materials partition into the PEGrich phase, while partitioning into the salt-rich phase occurs when the pH is either above or below
the PZC.
The aqueous biphasic extraction of soil samples from the Femald site was tested in
a pilot-scale Karr column (2.5-cm ID, 3.6-m height). In these tests, we were able to reduce the
uranium concentration in the -100 mesh soil fraction from about 500 mg/kg to about 77 mg/kg. In
contrast, carbonate leaching alone was able to reduce the uranium concentration only to 146 mg/kg.
We also found that dissolved soil organics (e.g., bumates) and dissolved uranium species can be
recovered from the salt phase by selective precipitation with methanol. This process produces an
easily filtered solid residue and can reduce the residual uranium concentration in the salt stream to
below 1 mg/kg. The methanol would be recovered for recycle from the methanol/salt solution by
distillation.
Another significant finding from the Karr column tests is that 234Th (a daughter
product of^U) can be extracted from the soil and recovered in the fraction of solids that partition
into the salt-rich phase. The thorium was concentrated by 6- to 16-fold, a result demonstrating that
refractory materials can be extracted and concentrated by the ABB process.
We have developed a preliminary flowsheet for uranium removal from soils by use
of an ABE system (dry soil capacity of 20 tons per hour). Treatment costs with this flowsheet were
estimated as $160 per ton of dry soil. We are confident that the processing costs can be reduced even
further by continued technology development and by process scaleup to treatment rates of 100 to 200
tons per hour.
The most expensive component for the flowsheet, in terms of both capital and
operating costs, is the methanol precipitation/distillation step. This operation is energy-intensive and
consumes a significant fraction of carbonate from the biphase system. Further development work on
alternative methods for the removal of dissolved uranium from concentrated sodium carbonate
solutions is recommended. Advances in techniques for radionuclide removal from carbonate
solutions with high ionic strength would not only be of benefit to soil washing, but would also be
of use in the treatment of process solutions generated in decontamination and decommissioning
operations. In this regard, a new solvent extraction process developed at CMT shows great promise
in its ability to remove actinides from concentrated (>5 wt%) carbonate solutions. It should be.
pointed out that this secondary treatment of the salt-rich phase is necessary only because a significant
portion of the uranium present in the Fernald soil is easily dissolved in the salt-rich phase.
B.

Laboratory Studies in Support of the Waste Isolation Pilot Plant

The Waste Isolation Pilot Plant (WIPP) in Carlsbad, NM, has been selected as a possible
disposal site for transuranic radioactive wastes resulting from defense-related activities at DOE sites.
Over the past few 3/ears, we have conducted a number of studies in support of WIPP. These studies
were centered on the potential effects of ionising radiation on repository performance and actinide
spsciation/solubiiity issues. In this past year, a new project was begun to study actinide stability and
solubility in simulated WIPP brine. This work is part of an overall effort, coordinated through Sandia
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National Laboratories (SNL), to help evaluate the long-term performance of WIPP for the disposal
of transuranic waste.
The objective of the new project is to provide experimental data on actinide solubility and
oxidation state distribution to test the Actinide Source-Term (AST) model being developed for the
WIPP project. The experimental plan consists of determining the stability of actinides in two
synthetic WIPP brines (G-Seep and ERDA-6) and measuring the solubility of selected actinides in
these brines. The effects of carbonate and three organic complexants (oxalate, citrate, and ethylenediamineletraacetic acid) on actinide solubility will also be evaluated, in addition to providing a test
for the AST model, the solubility measurements serve as a backup. In the event certain parts of the
model cannot be completed by the deadline for submission of the WIPP compliance application to
the Environmental Protection Agency (EPA), the empirical data will be used to supplement the AST
model and provide a complete data set for actinide solubility.
Two sets of experiments were initiated during 1995: (1) stability/solubility experiments with
U(VI), Np(VI), and Pu(VI) in an aqueous solution with and without carbonate and (2) experimental
determination of the effects of the three organic complexants (oxalate, citrate, and ethylenediaminetetraacetic acid) on Ihe stability of the VI oxidation state. There are no data yet to report. The studies
wilt be extended to include the IV and V oxidation states, as well as the long-term solubility of
actinidss in the presence of selected organics.
During the past year, studies were also continued on the effects of ionizing radiation on gas
production in environments similar to those expected in WIPP. Experiments were conducted in
which ^ P u was spiked into WIPP brine A held in titanium high-pressure autoclaves, and the
pressure buildup was monitored. The objective is to establish the equilibration hydrogen
overpressure caused by alpha-particle degradation of the WIPP brine. Figure II 3 shows the pressure
buildup measured in two experiments with -10"3 and l(y* M plutonium concentrations in WIPP
brine A. Gas generation, up to -1000 psi (-7 MPa), has been linear with time and absorbed dose.
These experiments will be continued until an equilibration pressure is established, or the expected
hydrostatic pressure in the WIPP, 2200 psi (55 MP>0. is exceeded.
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C.

Laboratory Studies on Actinide Speciation in Groundwater

The speciation (i.e., complexation, oxidation state, and aggregation) of radionuclides is
being investigated under conditions relevant to subsurface groundwaters on DOE lands. Emphasis
is on factors that affect both the mobilization and immobilization of plutonium species. As a result
of this work, v s expect to more clearly establish the key factors that define the speciation of
plutonium in the subsurface. Tlus is expected to lead to new concepts for the mobilization/
immobilization of plutonium and an improved capability to predict the migration of co-contaminant
mixtures in the subsurface. This work is part of a multi-investigator effort, which includes
collaborations with investigators at Northwestern University, Pacific Northwest Laboratory,
Brookhaven National Laboratory, and Lawrence Berkeley Laboratory.
Our recent work has centered on the interactions of the plutonium-nitrilotnacctic acid (NTA)
complex with Ckelatobacter keintzii in a near-neutral solution. The C. heintzii bacterium is an NTA
degrader and is a candidate for in situ bioremediation of contaminated DOE sites. Specific issues
addressed were the effect of piutonium on the degradation of the NTA complex, the fate of
plutonium in the microbial system, and the radiation tolerance of the bacterium.
The interactions of the PuOV>NTA complex with C. heintzii were investigated in a series
of experiments performed at near-neutrai pH (pH - 6.2) with 0.01 M PIPES [1,4-piperazincbis
(ethane-sulfonic) acid] buffer solution. In these experiments. 15-25 mL of test solution was held in
gas-tight serum bottles for 3-14 days. Plutonium concentration was established by alpha scintillation
counting, NTA concentration was determined with an ion chromatograph, and the Pu(IV)-NTA
complex was monitored in the 475-520 nm range by absorption spectrometry. The viability of the
bacterium was established by bioassay. The measured plutonium concentrations were initially in the
range of 10 9 to i 0 s M with NTA concentrations fixed at -I0"4 M, corresponding to ligand-to-metai
ratios of 20 to 200.000.
The degradation of NTA as a function of time and plutonium concentration is shown in
Fsg. 2-4. Increased concentrations of plutoniurn resulted in a lower rate of NTA degradation.
Furthermore, the NTA bound in the Pu-NTA complex was not directly accessible to the microbe for
degradation. At a high concentration of plutonium (10"s M), where we could directly monitor the
Pu(IV)-NTA complex spectroscopically, the Pu-NTA complex persisted well past the time when
microbiai degradation of the NTA had stopped (-100 h in Fig. fl-4).
The fate of plutonium in the Pu-NTA system was also related to the concentration of plutonium present in solution. The partitioning of the plutonium species between the aqueous complex
and the microbial fraction (defined as the. fraction of the plutonium that could not go through a
0.2-um filter) is shown in Fig. H-5. At low concentrations of plutonium (107 to 10* M), where very
high ligand/metai ratios existed, almost all the plutonium was very quickly associated with the
microbial fraction. In contrast, at higher plutonium concentration (-10'5 M)» most of the plutonium
remained in solution as a Pu-NTA complex. This finding is not consistent with our initial hypothesis
that the plutonium reduces the availability of the NTA in that the Pu-NTA complex becomes more
strongly associated with the microbial fractions when it is stabilized at the iow piutonium
concentrations. We now hypothesize that a small but significant interaction occurs between the
complex and the bacterium, which is overwhelmed at the higher piutonium concentration.
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The radiation tolerance of C. heintzii, defined as the ability of the bacterium to survive in the
presence of ionizing radiation, was evaluated by exposure to both external radiation (gamma rays)
and internal radiation (alpha particles from the decay of plutonium) in high purity water and 0.01 M
PIPES solution. The interaction of ionizing radiation with microbes, whetlier it be gamma rays or
alpha particles, reduced the microbe survivability, which was established by bioassay. The results
for gamma irradiation arc shown in Fig. H-6. For &3 C. heintzii microbe suspended in water and
0.01 M PIPES, the radiation tolerance was low, with less than 10% survivability after 0.03 Mrad.
When plutonium was used as the source of ionizing radiation, the decreased survivabiliry could only
be explained if the plutonium was assumed to be strongly associated with the bacterium. The
observed radiation tolerance of the bacterium was less than expected but is known to depend on the
microbe's history (e.g., how/where the bacterium was grown), as well as the aqueous environment
in which the microbe exists. Future work will focus on isotope-variable studies and Pu(V)-NTA
interactions, where biotic transformation will be examined along with aclinide interactions and
toxicity.
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Development of Acceptance Specifications for Hanford Low-Activity Waste

The legacy of past defense reprocessing operations at the DOE Hanford site includes over
140 MCi of radioactivity dispersed in over 230,000 metric tons of process chemicals, currently
stored underground as sludge, saltcake, and highly alkaline solutions in 149 single-shell and 23
double-shell tanks. The overall strategy for management of these wastes is to remove them from the
tanks, then separate them into a high-activity fraction containing most of the radionuclide inventory
and a low-activity fraction containing most of the nonradioactive solids. These separated fractions
are to be converted into forms suitable for subsequent storage, transport, and disposal. During 1995,
the decision was made to "privatize" the treatment and solidification steps. Under privatization,
contractors from the private sector will be responsible for performing the waste separations and for
converting the separate fractions into forms that meet the requirements of pre-established specifications. The DOE will contract with private companies for the waste treatment and solidification
services involved and will pay for these services based on a pre-established price for the delivered
products that meet or exceed the requirement in the product specifications.
During 1995, we provided technical support to the privatization effort for the Hanford tank
waste by developing specifications for the immobilized low-activity waste (ILAW) products dial are
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to be produced. The ILAW products will be in the form of solidification waste and optional matrix
and filler materials enclosed in sealed metal boxes. The specifications were developed with due
consideratibnWthe regulatory requirements that will govern the transportation^ storage, and disposal ~
of these prpHucfe. T%'i^n^fy"thfc'ch^^sU«'-of\the.poducts that are to be controlled, the f
acceptance criteria, and the testing methods that are to be employed for assessing compliance with v
tnese criteria. The acceptance criteria cover the physical characteristics of the containers, the ;-'
chemical and physical characteristics of the waste form and other materials that may be included in
£ the container, the waste loading, and the radionuclide leaching performance of the waste form. The
criteria also include requirements to ensure that, if the ILAW products are hazardous or dangerous
wastes as defined by the Resource Conservation and Recovery Act or the State of Washington
Dangerous Waste Regulations, they must meet applicable requirements forJand disposal.(The
specifications will be completed in 1996. r~?--" •*-'•'**•-•• -.-' ~;
E.

^Performem^Assessmmrpjf. Waste Disposal Facilities

We; haveInitiated a n£w task to develop arnodeling capability for assessing the performance
of proposed waste disposal systems for geological repositories. Performance assessment involves
the use of mathematical models (computer codes) that simulate the long-term degradation of final
waste forms and subsequent release and transport of radionuclides from these waste forms through
engineered barriers and the surrounding natural environment. Although the primary application of
this capability is as a regulatory tool in the licensing of waste disposal systems, it can also serve as
an important tool for identifying and evaluating technical issues that need to be resolved during the
formulation of waste solidification/stabilization options and during the design of the disposal
systems.
Our approach to developing a performance assessment capability is to build on past
knowledge and technologies that have been developed for disposal of radioactive waste. It includes
the following three general steps: (1) evaluate the existing computer models on gaotransport,
geochemical behavior, and waste form and repository performance, focusing on the principles used
to derive the various modek, thejLmcejtaindes in both the model as a whole and model parameters,
and the applicability of a given model to a specific repository design or site; (2) develop improved
models that address uncertainties and deficiencies in existing models; and (3) link the various models
together in an integral framework that enables the long-term projection of the impact of a proposed
waste repository on the surrounding environment.
In 1995, we focused part of our effort on evaluating current models for subsurface flow,
geotransport, and waste-form and disposal-system performance. We have also developed a mode!
for diffusive transport through the low-pcrrncability engineered barriers (e.g., compact clay layers)
often used in disposal systems. In the model, an effective diffusion coefficient is used to account for
chemical and lnicrostmctural effects involved in the transport through these barriers. Chemical
effects arc manifested as the result of sorprion of leached contaminants oiilo the interior pore
surfaces of the barrier materials. Microstruetural effects, such as porosity and connectivity, on
transport are accounted for by measuring the eieecrical conductivity of fluid-bearing rocks and using
a differential effective medium model to derive the diffusivity from the measured conductivity. In
1996, work will continue on evaluating current models and further development of our diffusive
transport model.
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F.

Waste Minimization Technologies

For about a^decadeTnucleaFpoweTutilitieshavcbeenimplementing waste-minimizationstrategies ..and employing vdlume-feTductidn technologies because of the diminishing access to
disposal sitesaridJtheescalating; disposal costs. Over the past decade, these utilitieshave reduced the
annual volume of low-level waste shipped for disposal to one-fifth of the original volume. The
lessons from industrial experience in this area are of direct relevance to DOE's needs in waste
•, minimization.
li;
Iii this project, information from various sources was analyzed, including technical reports
irom the Electric Power Research Institute and the National Low-Level Radioactive Waste Managefment Program, operational waste management reports from reactor utilities, relevant literature
previews, and DOE reports. Reactor utilities were visited to examine firsthand the waste minimization j
strategies and practices in operation. These included McGuire Station of Duke Power Co., Pilgrim
^Nuclear Station of Boston Edison, Monticello and Prairie Island Stations of Northern States Power
Co., and the volume reduction facilities of the Scientific Ecology Group at Oak Ridge, Tennessee.
Results from this project, as well as the recommendations for application of waste minimization
technologies, arc to be issued in a formal report to DOE.
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ffl. NUCLEAR WASTE MANAGEMENT

Before nuclear waste can be buried in a geologic repository, its corrosion behavior over
extremely 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 unsaturatcd
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 glasser and spent nuclear fuel, under
unsatuiated conditions. Tests are also underway to support development of vitrified forms of lowlevel waste generated at Argonnc and the DOE Hanford site, as well as glasses for the disposal of
surplus plutonium and piutoaium-bearing wastes. Our work to characterize the radioactive phases
in contaminated soil and other materials was successfully completed.
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.
During 1994, critical reviews were completed on glass reaction modeling, glass composition, and
ratio of glass surface area to water volume (S/V) on glass reaction. Although no critical reviews were
completed in 1995, two reports are due to be completed in 1996: one on the effects of unsaturated
conditions on glass durability, and the other on the corrosion behavior of natural analogues to the
waste glass.
B.

Testing of High-Level Waste Glasses

Piojects have been ongoing for many years to support DOE in efforts to qualify vitrified highlevel nuclear wastes for geologic disposal. The work has been aimed primarily at glass compositions
similar to those to be produced at the Savannah River Site in the Defense Waste Processing Faci lity
(DWPFj and at the West Valley Demonstration Project (WVDP). In this work, important
information is being gathered on the reaction of the glass waste forms with groundwater. This
information is useful to performance assessments in which the long-term behavior of glass exposed
lo water must be known. In another project, tests are being conducted to measure the durability of
vitrified waste forms developed at Lockheed Idaho Technology Co. (L1TCO) for the immobilization
of calcined radioactive wastes at Idaho National Engineering Laboratory.
1-

Static Tests of Savannah River Giass

The long haif-iife periods of the transuranic elements in high-ievei nuclear waste
require a stable final waste form for a long lime frame (>10,000 years). The chosen verification
material, borosilicatc glass, will confine the transuranic elements, and understanding its corrosion
mechanism is important to evaluate the performance of glass destined for a repository. The
performance of glass scheduled for production at the DWPF must be evaluated experimentally.
However, me time frame for opening a repository sits obviously excludes any long-term
experimentation that would involve hundreds of years of data collection. Thus, the corrosion

49
behavior must be experimentally evaluated in a more realistic time frame. The glass corrosion
mechanism is being studied by varying physical parameters to accelerate the glass reaction. The
variation of the S/V ratio is one parameter used jointly with elevated temperature to accelerate glass
reaction.
Static dissolution tests with simulated high-level waste glasses that may be produced
at the DWPF are in progress at various S/V ratios and 90°C. The objectives are to (1) compare the
corrosion behavior of three fully radioactive glasses with that of analogous nonradioactive glasses,
(2) determine the effects of S/V on the corrosion behavior of two radionuclide-dopcd glasses and
en the disposition of released ladionuclides, (3) measure the long-term dissolution rate and study the
corrosion behavior of Environmental Assessment glass, which is the benchmark glass for DWPF
glasses, and (4) measure the long-term dissolution rate and study the corrosion behavior of
radioactive glass made from the sludge in DWPF Tank 51. Results from these ongoing tests are
summarized below.
a.

Corrosion Behavior of Fully Radioactive vs. Simulated Glasses

Static dissolution tests with fully radioactive glasses (SRL131, SRL165, and
SRL 200 frits pius actual DWPF sludge) and nonradioactive homologues are being conducted at
90°C and S/V ratios of 340,2000, and 20,000 m 1 to determine the effect of radionuclides on the
glass dissolution and the rates of elemental release. Each S/V ratio is designed to provide
information or. the different stages of glass reaction. The S/V ratios of 340,2000, and 20,000 in s
provide information regarding the initial, interim, and long-term stages of glass reaction,
respectively. The corrosion mechanism of the glass is interred from the release rate of the glass
matrix elements (Li, Na, B, and Si) and the radionuclides, solution pH, and alteration phases that
form on the glass surface. Tests have been in progress for up to 1456 days.
The following observations were made from the test results obtained to date.
The dissolution rates of the fully radioactive glasses are similar to those of the corresponding
nonradioactive glasses in tests at low S/V (340 and 2000 m"') and at short test duration (365 days).
However, alteration phases that increase the glass dissolution rates form after about one year in tests
ai 20,000 m"1 with the nonradioactive glasses, but not in the tests with the fully radioactive glasses.
Rsciiolysis of the air and solution in the tests with the fully radioactive glass results in solutions that
have lower pH values (differences of between 0.5 and 1.0 pH unit). Also, the solutions in tests with
radioactive glasses do not become saturated with respect to those alteration phases that form with
nenradioactive glasses.
The fully radioactive SRL 200 glass is aiso undergoing tests with the
Unsaturated Test Method, which involves slowly dripping groundwater onto a glass sample
supported above the leachate in a test vessel at 90°C. Some of the glass samples had been pre-aged
by reacting them in a water vapor environment at 200°C before testing. In testing up to 5 years,
results show a significant difference in the reaction and subsequent solution composition for the ascast and aged glass. The solution pH values for the aged glass were consistently in the I i.O to 11.7
range, while the test solutions for the as-cast glass had pH values of about 8. Differences in the
release to solution of anions, cations, carbon, and radionuclides were also significant.
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Major glass elements (such as Li. B, Na, and Si) were initially detected in
solution at levels several hundred times greater for the aged glass than for the as-cast glass. This
probably occurred because not all of the major elements are incorporated into stable alteration
products as the glass is aged and forms a hydrated layer, thus, those elements are readily rinsed from
the surface during initial contact with liquid water. In fact, the amounts of Li and B in solution have
steadily decreased throughout the test.
The measured amount of actinides in solution for the first two sampling
periods (at 18 and 55 months) with the radioactive SRL 200 glass was given previously.1 Alpha and
gamma spectroscopy of the leachates was initially used to measure the actinide release levels;
however, owing to problems caused by the salt content in the aged samples, additional analytical
methods have been employed. Over the past year, the radionuclide contents in Icachates and in
filtered samples of the leachates have been analyzed by use of alpha spectroscopy combined with
evaporation and electroplating methods, gamma spectroscopy, and inductively coupled plasma/mass
spectroscopy (ICP/MS). A combination of all analyses wili be used to ensuis that we report correct
and consistent values for actinide release. Considerable data are available from test solutions that
were passed through filters of decreasing pore size. Both the filters and filtrates have been analyzed.
The results of these analyses are not yet correlated and thus are not reported here.
Some indication of the distribution cf radionuciides and other species in
solution has been obtained by isolating particles on perforated carbon grids and then analyzing them
with transmission electron microscopy (TEM). The solutions from tests with the as-cast glass wicked
easily through the grid and produced good samples for analysis. The solutions from the aged-glass
tests contained a large salt content and were wicked with more difficulty through the grid. While the
salt content disrupts the clear distinction of colloidal particles, some discrete colloids were identified.
The particles identified are summarized in Table HI-1. The results show the presence of various
metal oxides. The surfaces of oxides are amphotcric; as a result, the surface charge is dependent on
the pH and will vary depending on the type of oxide. In most ground waters, the surface charge (i.e.,
zeta potential) will be negative for clay colloids, whereas the sols of metal hydroxides mostly carry
positive charges in groundwaters. Hence, there will be an electrostatic attraction between the metal
hydroxide sols and clay col'oids. This behavior was observed in our drip tests with the SRL 200
glass, where corrosion took place in the test vessel. Panicles of iron oxide from the container vessel
were attracted to the smectite clay particles; this created larger agglomerates, which may be less able
to remain in solution.
b.

Effects ofS/V Ratio

Tests with SRL 13 J and SRL 202 glasses doped with Tc, Np, U, Pu, and Am
are being used to determine the effects of the S/V ratio on the glass dissolution rate and the release
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Table 111-1. Results of Surveys from Transmission Electron Microscopy
of Colloidal Particles in Test Solutions

Large agglomerates on grid; calcium-rich regions in the agglomerates; Cr-Pb and Fe-Cr-Mn
psrticles.

As-Cast Samples

Agglomerates of particles; Cap, particle; some clays containing lead and uranium:
FeCrOx particles.
•
•,-^rCalcium oxide particles and a mcicei-nch clay.
Barium sulfale particles; clays conUiining Mn-Fe and Zn-Mn panicles; Ca-Al silicates witli
j trace strontium; a magnesium aluminosilicate phase.
/ > .,
, . - •'•\ , *

II Aged Samples

; Calcium aluminosilicate phases and iron-ncn clay.

A large amount of clay material; evidence of iron chromium particles, possibly corrosion I
products. - j v d i w ^ ^ j ^ - ^ f ^ T i s ^ i ^ 1 ! ^ ^
Calcium silicate phosphorus phase, possibly nagelschmidrite; small amount of strontium in
this phase, which may have been background contamination; nickel-rich clay (smectite).
Silicate agglomerates; electron diffraction patterns indicating presence of clay.

behaviors of these radionuclidcs. Static dissolution tests at S/V - 10,340,2000, and 20,000 m*' and
T = 90°C have been in progress for up to about 2000 days. Lower glass corrosion rates were initially
attained in tests at high S/V (2000 and 20,000 m*1-) because higher concentrations of H4Si04 form
and decrease the reaction rate. However, at long reaction times (>i year) and high SA', new
alteration products form and increase the reaction rate. While this increase in reaction rate affects
the release of fadionuclidcs from the glass, the disposition of each of the doped radionuclides is
controlled by its chemistry. Sparingly soluble Pu and Am are found primarily fixed on the steel
reaction vessel, whereas U and Np are moderately soluble and are found in solution and associated
with coiloids. Also, techneiium is highly soluble and is released into solution as fast as the glass
dissolves. However, the amount of technetium in solution decreases significantly under test
conditionsin whichi the sdlutiofEhjEccrcase^^^
and
glass corrosion. This shows the importance of using actual radioactive glasses to determine die longterm behavior of radionuciides rather than relying solely on the behavior of surrogates.
c.

Long-Term Corrosion Behavior of Environmental Assessment Glass

We have conducted static dissolution tests at S/V ratios of 2000 and
20,000 m'1 and 90°C with Environmental Assessment (EA) glass to measure its corrosion rate in the
presence of alteration phases. The EA glass has been identified as the benchmark glass for w i t e
glasses to be produced at the DWPF. These tests were conducted to determine if the short-term
durability of the EA glass is representative of its long-lerm durability after alteration phases have
formed. Alteration phases that increase the glass dissolution rate (including analcirr.e, gmelinite,
calcium silicates, and sodium aluminum silicate hydrates) formed within 1 year in tests conducted
at an "S/V of 2000 m"1 and within 56 days in tests at 20,000 m"! The glass dissolution rate in the
presence of these alteration phases is 0.07 g/(nr-d) at 2000 m"1 and 0.2 g/(m2'd) at 20,000 m'1. These
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rales are less than that measured in a 7-day test, which was 0.7 g/Oir^d). Therefore, the corrosion rate
of EA glass measured with a 7-day test provides an upper bound to the corrosion rate, even after
alteration phases form.
d.

lamp-Term Corrosion Behavior of Tank 51 Slud^-Based Glass

Static dissolution tests are being conducted with a radioactive glass made
during a demonstration of the DWPF process (sludge from Tank 51 at Hanford) and with a
nonradioactive homologue glass. The objective is to measure the long-term dissolution rate of the
sludge-based glass and to determine if alteration phases that increase rtie dissolution rate form under
the same test conditions as occur for other DWPF glasses. Tests are being conducted at 90°C and
SA' ratios of 2000 and 20,000 m'1. Tests with the nonradioactive glass completed through 140 days
show it to have a durability similar to that of the SRL 202-based glass (see Sec. HLB.l.b). Alteration
phases are expected to form after about 1 year in tests conducted at 20.000 m'\ Tests with the fully
radioactive glass have been started, and results of 7-day tests with the radioactive and nonradioactive
glasses arc similar.
2.

Drip Tests of Savannah River Glass

Unsaturated Glass Tests (designated the N2 tests) were initiated in February 1986 on
actinide- and technetium-doped SRL 165 glass, which is representative of the glass to be produced
at the DWPF. These tests are still in progress, and the test solutions have been sampled intermittently
over the ensuing period of nearly nine years, with regular sampling at 26-weck intervals since
December 1993. In these tests, designed to simulate potential conditions at the proposed Yucca
Mountain Repository, groundwater representative of the site (EJ-13 water) is slowly dripped onto
uie waste giass sampie at 90*C in a closed stainless steel test vessel. Periodic analysis of the lcachatc
water is performed to monitor release of glass components, including aciinidcs. Paniculate and
colloidal materials released to solution are also analyzed with TEM (for structure) and with
sequential filtering and alpha spectroscopy (for transuranic content). These combined data indicate
that insoluble elements, including U, Pu, and Am, are incorporated into alteration phases as the giass
reacts and are subsequently released with participate or colloidal matter as the alteration products
spall from the glass. Ultimately, the transport of these actinides in the repository will be determined
by the transport of the particulates suspended in solution.
3.

Drip Tests of West Vallev Glass

Unsaturated Glass Tests, designated the N3 tests (similar to the N2 tests described
in Sec.ffiJB.2),are being conducted with an actinide- and technetium-doped glass (ATM-10). These
tests were started in July 1987 and remain ongoing, with regular sampling at 26-week intervals. The
ATM-10 giass is a former reference glass for the WVDP. and iis composition differs only slightly
from the present West Valley reference glass. Test results to date indicate that the release of actinide
elements, besides neptunium, is controlled by their incorporation into alteration phases that may
subsequently spall from the glass and become suspended in solution. The ATM-10 glass, like other
West Valley glasses, contains substantial amounts of thorium, which has been found to cause extensive formation of an actinide-bearing phase called brockite [nominally, Ca2*Th**PO4)|'J. Brockite is
known to incorporate rare earth elements and uranium, as well zs americium and possibly pluionium,
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into its crystal structure. Its appearance as an alteration phase may explain the low initial release rates
of actinides observed in the N3 tests.
Laboratory tests are being conducted with a nonradioactive homologue of WVDP
reference glass to characterize its corrosion behavior and ossess its long-term durability,. The
nonradioactive glass is referred to as WV6. The fully radioactive glass will be tested when it
becomes available. Static dissolution tests are being conducted at 90°C and S/V ratios of 10,2C00,
and 20,000 nf1. Vapor hydration tests (200°C under saturated vapor) have been completed. The
results available to date indicate that the WV6 glass is at least as durable as other high-level waste
reference glasses. A variety of alteration phases were observed to form during corrosion in the vapor
hydration tests, including zeolites, phosphates, and uranium silicate phases. These alteration phases
will likely incorporate some radionuclides.
la the static dissolution tests with WV6 glass, no alteration phases that increase the
dissolution rate have formed through two years; only a thin layer of clay has formed. However, the
results of the vapor hydration tests indicate that these alteration phases should form after longer
reaction times. Long-term tests are ongoing.
4.

Immobilization of Plutonium Glass

Several alternatives are being considered for disposal of surplus plutonium resulting
from the dismantlement of nuclear weapons and the cleanup of weapon production sites. One method
is incorporating plutonium into glass. This year, we have studied the corrosion behavior of an alkaiitin-silicate glass containing plutonium, as well as DWPF reference glasses containing plutonium.
The test data will be used as input to performance assessment calculations being performed for the
Yucca Mountain Project. The alkaii-tin-silicate glass was developed at CMT as a low processing
temperature (1150°C) alternative to other commercially available glasses that can dissolve high
levels of piutoniurr.. A giass with low processing temperature addresses several melter options for
waste form production and will take on added importance if surplus plutonium and scrap material
(e.g., ash from Rocky Flats) need to be vitrified. Ths alkali-tin-silicate glass was engineered to
accommodate a high piutonium loading and to be durable under all test conditions, especially those
conditions that have been found to be deleterious to the durability of some high-level waste glasses.
Tne glass dissolved about 7 wt% Pu together with the neutron absorber gadolinium, and under test
conditions expected to accelerate the glass reaction with water, this glass was resistant to corrosion.
In vapor hydration tests (200°C uader saturated vapor), die Pu and Gd were released from the giass
al nearly the same rate as in static dissolution tests and were not segregated into surface alteration
phases. This release behavior suggests that criticality should not be an important issue for the
disposal of high-plutonium-Ioaded glass. Similar results for the release behavior of Pu and Gd were
obtained for the DVVPF reference glasses, although the reaction for the reference glasses under
vapor-hydration conditions was more rapid than for the alkali-tin-silicate glass. Continued tests are
planned to confirm these findings.
5.

Testing of L1TCQ Glass

Argonne National Laboratory has completed a testing program in support of the
efforts of L1TCO to vitrify high-level waste calcines from Idaho National Engineering Laboratory.
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Both Product Consistency (FQ tests and Vapor Hydration (VH) tests were performed on ten glasses
supplied by LSTCO. Nine of these contained 3-11 wt% fluorine, and so differ substantially in
composition from other high-level waste glass candidates developed at DOE laboratories. The PC
tests include temperatures of 90°C and S/V ratios of 2000 and 20,000 m"1, and have been in progress
for up to 182 days. The VH tests expose the samples to water vapor (relative humidity above 90%)
and 200°C and have been run for up to 56 days.
The primary conclusions from the testing program are as follows:
•

AH glasses contain primary crystalline phases, which affect, to varying
Gegrees, the composition of the residual glass and the way that the glass and
crystal react with water. In the fluoride-bearing glass, the main crystalline
phase is fluorite, CaF2, whereas in fluoride-free glass, the main crystalline
phases are virgilite (LiAlSijOj), a copper titanium oxide (Cu3Ti04), and rutilc
(TiO2). The degree of crystallinity and the distribution of crystals throughout
the glass matrix vary with glass composition and with processing conditions.

•

In PC tests of 7-day duration, normalized releases of major glass-forming
elements are comparable to, or lower than, normalized releases obtained from
other candidate waste glasses.

•

The fluoride-free glass forms alteration phases (zeolite) relatively early in its
reaction with water. The zeolite acts as a sink for Na, Al, and Si and increases
the rate of glass reaction. However, even after 182 days at an S/V of
20,000 m": in the PC tests, the normalized releases of B, Li, Na, and Si are
still four times lower Chan those obtained from EA glass in only 7 days.

•

The fluoride-bearing glasses are highly durable and form alteration phases
only after prolonged exposure to water. Alteration phases formed during tests
on one fluoride-bearing glass but had little effect on the rate of glass
corrosion. The duration of the longest PC tests for the remaining fluoride
jijsses was insufficient to cause formation of alteration phases. Zeolites
formed during VH tests of these glasses, however, indicating that zeolites
would eventually form in PC tests as well. In VII tests, zeolites increase tSic
rate of fluoride glass reaction.
The corrosion behaviors of mixed-alkali glasses and single-alkaii glasses are
similar. Using normalized releases of B and Li obtained from PC tests, we
determined that the mixed-alkali glasses react at a somewhat higher rate than
the single-alkali glasses. In vapor hydralioa tests, both single- and liiixedalkaii glasses form zeolite phases, which increase the rate of glass reaction.

6.

Use of Energy I>oss Snectrornetrv to Analyze

Although the presence of transnranic elements in alteration phases on reacted g!ass
(and spent fuei) has been determined indirectly using autoradiography. these elements have never
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been detected dkectiy, as the levels are often too small for deteclion with elemental analytical X-ray
methods. We are exploring the use of energy loss spectrometry to detect trace levels of transuranics
and rare earths in the alteration phases of reacted waste glass. Using the high-energy M-absorption
edges of the transuranics (>3500 eV), we have been able to detect plutonium in a phosphate
alteration phase structurally related to apatite, as well as neptunium in the uranyl silicate alteration
phase weeksite (Fig. EI-1). The release of neptunium from reacted glass has been generally
considered to be solubility controlled, yet here we have- direct evidence of its incorporation into an
alteration phsse. Energy loss spectrometry will continue to be used in glass testing efforts to provide
new information on the microstructure of reacted nuclear waste materials.
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C.

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 wili be designed to limit the radionuclide release from the spent fuel, which
is irradiated UOj. Long-term tests with both unirradiated UO2 and spent fuel are in progress to
determine the behavior and radionuciide release characteristics of spent fuel under unsatunued
conditions.
l.

Unsaturated Tests wiih TTO, Samples

The objective of mis program is to evaluate the reaction of unirradiated UOj pellets
after long-term 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 and will provide input to drip tests with spent nuclear ftie! (see
Sec. ffl.C.2).
Drip tests of UO2 pellets supported by a Teflon test stand are continuing into their
eleventh year. Reactions of the test samples analyzed during the past decade are characterized by a
rapid period of uranium release between one and two years of testing, followed by relatively low
amounts of release over the following eight years. Calculated uranium release rates (normalized to

56
sample surface area) during the last year were also similar to earlier results. For example, sample
PMP8U-3 (geometric surface area = 0.0486 m2) has a normalized uranium release rate of
0.0163 mg/(m^day) during the interval of 9 to 10 years. This rate is similar to that observed over the
past several years and is the lowest rate observed from all of the original eight tests. Sample
PMPSU-6 (surface area = 0.0022 m2) has continued to display an increase in uranium release, from
0.0925 mg7(irf-day) for the 4.5-5.5 year interval, to the present value of 0.4402 mg/(m2-day) for the
9-10. year interval.
An analysis of the uranium release trends indicated that 87-99% of the uranium
released from the samples was recovered from a solution aliquot obtained by soaking the inside of
the test vessel in dilute nitric acid for -10 min. Less than 2% of the uranium passed through a filter
with a pore-size opening of 5 nm, whereas 1-12% of the uranium was present as particuljites that did
not pass through the same filters. This finding indicates that the majority of the uranium released
from the UO2 samples is sorbed or precipitated on the stainless steel walls of the test vessel and the
Teflon support stand.
Cation analyses indicated that alkalis, alkaline earths, and silicon continue to be
depleted from the £1-13 Ieachant. Previous analyses with scanning election microscopy and X-ray
energy dispersive spectroscopy revealed that these elements were incorporated into secondary uranyl
phases on the sample surfaces, with the uranium being derived from the dissolution of the UO2
pellets.2 Our recent analyses indicated that magnesium was generally depleted to the greatest extent,
with ieachate concentrations typically reduced to -10% of the initial EJ-13 values. Calcium and
potassium were depleted to -30% of the original EJ-13 compositions, while silicon was depleted to
a level that is within 50-60% of the original EJ-13 composition. Sodium concentrations were
depleted to the least extent, at a value that was -90% of the EI-13 composition.
Four tests are in progress with UO2 pellets supported by Stainless steel stands. After
six years of testing, these samples visually appeared to be much less reacted titan their Teflonsupport-stand counterparts were after the same extent of testing. Greenish patches of what appeared
to be dehydrated schoepite (UCy0.8H2O) were observed on the surfaces of some samples, although
detailed characterization studies have yet to be conducted. Solution aliquots were collected from
these tests for determination of cations, anions, pH, carbon, and uranium (obtained after solution
passed through 5-nm filter). These aliquots fractions are currently being analyzed.
2.

Unsaturated Tests with Spent Fuel Samples

To provide input with which to evaluate the reaction of spent fuel for the unsaturated
conditions that may be expected in the Yucca Mountain candidate repository, we have ongoing tests
at 90°C in which £1-13 groundwater is dripped at 0.75 mL every 3.5 days oa spent fuel samples,
ATM-103 and ATM-106. The leachate is characterized at intervals of approximately six months.
These tests have been in progress for nearly 3 years. This year, the release fractions for ~3U, !37Cs,
'"Sr, n% and *Tc were examined to determine if any of them reflected the rate of matrix dissolution

h J. Laidler ct al.. Chemical Technology Division Annual Technical Report, 1994, Argonne National Laboratory
Report ANL-95/24, p. 61 (1995).
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under unsaturated conditions. (Release fraction is the ratio of the material collected divided by the
total amount of material in the fuel sample. Material in alteration products is not included.) The
dissolution results reported from flow-thrdugh tests by others3-4 were used to provide a measure of
the magnitude of fuel matrix dissolution.
The release fraction for **U was smaller than that for any of the other radionuclides.
This finding can be correlated with the formation of large amounts of alteration products on the spent
fad, including a billieute-related phase (uranyl oxide hydrate) containing Mo, Ba, Cs, and Sr (very
small amount). The formula of the new phase is considered to be CfcCUO^jO^MoOjXQFfyxHA
"Hie incorporation of Cs and Sr in alteration products reduced their measured release. For both ATM
fuels, the *°Sr fractional release rates were comparable to the l37Cs fractional release rates, ranging
between 10"5 and lO^/day in the ATM-106 test and falling from an initial value of 2 x 10"Vday to
4 x 10^/day in the ATM-103 test.
The I29I fractions, which were very large in the first two test intervals (up to about 275
days), decreased during later time intervals. The cause of the major part of the decrease may be
exhaustion of the nil inventory in the Zircaloy/fuel gap. The ATM-103 contains large amounts of
the fission gas xenon in particles along the grain boundaries, and this finding suggests lhat IWI is
located there. The ATM-106 fuel has a large fission gas release (11.2%). which suggests a large IMI
release to the gap.
Large "Tc fractions, which were comparable to those reported by Gray et ai.M for fuel
matrix dissolution, were found for ATM-103 fuel throughout the first 1.6 years of testing. For the
ATM-106 fuel at the 1.6-year test interval, the fractional release rate for "Tc, 1 x 10*7day, was
orders of magnitude larger than that for U7Cs, 2 x 10^/day. For the ATM-103 fuel at the 1.6-year
interval, the fractional release rate for "Tc, 6 x 10r*/day, was also higher than that for I37Cs,
2 x 10^/day. In flow-through tests at 25°C by Gray et al.,3 the dissolution rate for "Tc in the fuel
matrix was'the same order of magnitude as that of ^ U . The rate for matrix dissolution at 90°C for
an activation energy of 30 kJ/mol (taken from Ref. 3) was calculated to be 9 x 10'Vday, a rate
comparable to our measured ^Tc rates at 90°C. Thus, the release of "Tc may reflect the dissolution
rate of the spent fuel matrix under the conditions of our tests. If the ^Tc release behavior is
maintained in future test intervals, then "Tc release may be used as an indicator of the magnitude
of fuel matrix dissolution.
D.

Vitrification of Low-Level Waste
I.

Development of Low-Level Glass Waste Forms

The objective of this study is to identify and produce glass formuiations that can be
used to vitrify low-level radioactive mixed waste (LLMW). We have developed a compositional
envelope of glass formulations that could eventually be used by DOE's Environmental Management

3
4

W. J. Gray. D. M. Srrachan, and C. N. Wilson, Mater. Res. Sue. Symp. Ptoc. 257,353-360 (1992).
V.'. J. Gray. K. R. Leider, and S. A. Steward. I. Nuci. Mater. 190.46-52 (1992).
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Operations in the. full-scale vitrification of LLMW. Several criteria were used to select glass
formulations for inclusion in the compositional envelope:
•

the formulation melts and pours at temperatures consistent with commercially
available vitrification systems;

•

«he melted mixture has a viscosity amenable to pouring at the melt temperature; and

•

the resultant waste form passes the Environmental Protection Agency (EPA) Toxicity
Characteristic Leaching Procedure (TCLP), the regulatory basis for determining
whether the LLMW materials have the characteristic of being hazardous.

The waste streams used in developing the compositional envelope included storage tank sludge,
evaporator concentrator bottom sludge, HEPA (High Efficiency Paniculate Air) filter media, and
contaminated soils. These waste streams contained various radioactive elements (e.g., B2U, 2iWi*°Pa,
a7
Np, 210Po, MJAm, l37Cs, "Co) and hazardous components (e.g., Ag, As, Ba, Cd, Cr, Hg, Se, Pb)
at levels above the EPA limits as determined with the TCLP.
The compositional envelope for waste vitrification covers'a range of alkali boroaSuminosiSicate glasses. The glasses within the compositional envelope were produced with relatively
small amounts (7 to 28 wt%) of glass-forming additives; these additives, borax, diatomaceous earth,
boric acid, and sodium carbonate, were easily bandied. The overall waste volume was reduced by
a factor of eight to a factor of four during vitrification, depending on the glass formulation and the
degree of pretreatment. Characterization of the glass waste forms within the compositional envelope
indicated that they are homogeneous on a millimeter scale. Furthermore, TCLP results with glasses
produced with added amounts of hazardous metals provided compelling evidence that alkali
borosilicatc glasses could potentially be used in treating a wide range of ANL waste streams.
2.

Development and Testing of fiiass-Crvstal Composite Waste Forms

Glass-crystal composite (GCQ waste forms have been examined for their potential
use in the immobilization of mixed low-level nuclear and toxic waste materials. Approximately 40
samples were produced as crucible melts with both simulated and actual DOE wastes. Processing
temperatures ranged from 1300 to 1500°C, with crysta! formation being induced by the proper
blending of the simulated waste streams, slow cooling of the molten waste material, and addition of
chemical additives such as Zr, Ti, and P. The formation of iron-rich spinels was the primary
requirement for the high meit temperatures, which may be reduced when large amounts of metal
components are not included in the waste stream. Melting of die actual waste materials also reduced
waste volume by 80% relative to the original air-dried and pulverized feed material.
The hazardous elements U, Pu, Sr (analogue for *°Sr), Cr, Cd, Pb, As, Ba, and Ni
were incorporated into corrosion-resistant crystalline phases such as zirconoiite (CaZrTiaO7). monazite [(Ce,Th)PO4], perovskite [(Ca,NA,Fe,Ce,Sr)TiO33, spinel [(Mg,Fe,ZnMn,Ni)(Al,Fe.Cr,Ti),OJ.
titanite [CaTiSiQ,(F,O,OH)], baddeleyite (ZrOj), and apatite [Ca«(PO4)3(F,Cl,OH)). This versatility
suggests that GCCs can be applied to a much wider range of waste stream compositions Ihan would
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be amenable to homogeneous glass production alone. The crystal phases also incorporated Fe, P, and
F, thereby showing promise for the processing of waste streams containing large proportions of scrap
metals and other components undesirable for glass formation. Determination of partition coefficients
for the crystal/glass matrix indicate that U and Ce are preferentially partitioned into zirconolite,
perovskite, baddeleyite, monazite, and apatite; Cr. Ni, and Cd into spinels; and As aud Sr into
apatite. Lead also displays a limited partitioning into apatite.
The GCCs passed the TCLP for toxic metal components, despite loadings that were
up to 11 element wt% of hazardous metals. In Product Consistency tests at 90°C for intervals of 7
to 365 days, the GCCs also have uranium-retention capacities that are up to 300-fold better than
those of SRL 202U, a simulated high-level nuclear waste glass. The GCCs thus combine
advantageous features of both the excellent durability exhibited by predominantly crystalline waste
forms, such as Synroc, with the ease in processing offered by use of commercially available
vitrification facilities. No future work is planned.
3.

Glass Waste Forms for Low-Level Waste

Both Product Consistency (PC) and Vapor Hydration (VII) tests are being conducted
to assess the long-term behavior of a sodium borosilicate waste glass (LD6-5412) that has been
developed as a reference glass for stabilizing low-level radioactive wastes generated during the
remediation of tank wastes from the DOE Hanford site. This testing program supports performance
assessment calculations by measuring long-term corrosion rates and identifying alteration phases that
form as the glass corrodes. The PC tests were conducted at temperatures of 20,40,70, and 90°C;
at S/V ratios of 2000 and 20,000 m 1 ; and for reaction times from 28 days to more than one year. The
VH tests were performed at 70,120,150,175, and 200°C with durations from one day to more than
one year. The measured rates were then extrapolated to low temperatures for comparison with the
rates measured in the PC tests.
Release rates of Si and B from the glass matrix in the PC tests were nearly identical,
while the release rate of sodium was always higher. The persistently high sodium release may have
profound implications regarding the dissolution model5 used to assess the disposal site performance.
It is usually assumed that ion exchange of alkali elements is a transient phenomenon that occurs soon
after water contacts the glass, and that continued glass dissolution is controlled by matrix dissolution.
The results obtained in this study suggest that, while the ion exchange might be a transient
phenomenon at 90°C, it may affect glass dissolution much longer at 20°C. An understanding of the
glass dissolution mechanism is necessary to calculate the release of nidionudides over long disposal
limes. Testing of a glass containing radionuclide surrogate elements wil! be conducted during 1996
to provide deeper insight into the release behavior of radionuclides at low temperatures.
Alteration phases, including analcsme and gobbinsite, were formed in PC tests
conducted at 90°C and 20,000 m'1 for 98 days and longer. The precipitation of these phases
increases the glass dissolution rate because they are more stable and have lower solubilities than the
glass. The glass dissolution rate was 0.003 g/(nr«d) before these phases formed and increased lo
3 . P. McGraiJ, M. J. Apia], O. W. Engel, and A. M. Liebeirau, Mater. Res. Soc. Symp. Proc. 176.785-792 (1990).
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0.5 g/Cnrni) after they formed. Alteration-phase formation has previously been found to increase the
dissolution rales of high-level waste glasses^ ^ r ^ ^ = ^ - - v ; " S T r ? t ; ^ ^ ^ ^ ~ ' T ^ : s : : i : \ ^ £ i i
-r r
in the VH tests, the same alteration phases formed as in the PC tests. Similar to the r
PC tests, much higher glass dissolution rates occurred after the alteration phases formed. Using an=
Arrhenius plot, we extrapolated the VH results to lower temperature and obtained the following:«;
2 g/(m2«d) at 90°C, 0.5 g/(m^d) at 70DC, 0.02 g/(m*d) at 40°C, and 0.003 g/(m ; d) at 20°C. Theiextrapolated rate at 90°C is consistent with that measured in the PC tests. i~.-i^f*<-A '-"> "'
, ~:,S, ~\:., rThe dissolution rate of the LD6-5412 glass at 90°C was measured in a newly
developed test, the Accelerated Dissolution test, la this new test, the dissolution rate of a sample is
measured after it is placed in a solution generated by a PC test along with a VH test sample of the
same glass. The dissolution rate at 90°C was measured to be about 1.8 g/(m2«d), which is in good
agreement with the rates measured using the. PC test and extrapolated from the VII test. Accelerated
Dissolution tests are in progress at 40 and 70°C. Also, PC and MCC-1 (Materials Characterization
Center) tests are being conducted with the LD6-5412 glass to measure its dissolution rate under
highly dilute solution conditions.
E.

Oiaracterization of Contaminated Materials
1.

Fernald

The Femaid site in Ohio has become heavily contaminated with uranium as a result
of uranium processing operations. To assist in developing remediation techniques, we determined
the composition of the uranium in the soil. We developed a new sample preparation method for
examining the sub-micrometer phases present in the soils by transmission electron microscopy.8 The
analytical results indicate that uranium exists in several forms in the soils. The major uraniumbearing phase in the site soils was.identified as meta-autunite, a calcium uranyl phosphate.* Also
found in the soils were phosphate phases, which possibly arose from the widespread use of tributyl
phosphate for uranium purification!/This completes our characterization of the contaminated Fernald
soil. The results should be useful in the site remediation efforts at Femaid.
2.

Johnston Atoli

We have completed our examination of the Pu and U contamination that resulted
from the abort of a nuclear weapon on Johnston Atoll in the Pacific Ocean in the early 1960s.
Detailed analyses of fragments of bomb components indicated that the Pu and U in these fragments
have oxidized and formed carbonate complexes, facilitating their migration to surrounding soii
surfaces. Results from this investigation are being submitted for journal publication.

W. L. Ebert, J. K. Bales, E. C. Buck, and C. R. Bradley, Mater. Res. Soc. Symp. Proc. 294, 569-576 (1993).
P. Van Iscghem and B. Grambow, Mater. Res. Soc. Symp. Proc. 112,631-639 (1988).
E. C. Buck, N. L. Dielz, and J. K. Bates, Microsc. Res. Tech. 31,174-181 (1995).
E. C. Buck, N. R. Brown, and N. L. Dietz, "Contaminant Uranium Phases ami Leaching at the Femaid Site, in Ohio,"
Environ. Sci. and Techno!., in press.
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Cement Work

Leach testsi-have been conducted on cement mbrtarifdrmu^
Innovation Inc. The objective is to elucidate the capacities of these formulations to retain radioactive
elements from radioactive waste, toxic waste, and mixed waste. If successful, these Portland cementbased mortars could find wide applications in the immobilization and containment of radioactive,
toxic, and mixed wastes. \Ve have determined theteachability'indicesof mortars containing Tc, Gs,
Sr. Uansuranic elements, and hazardous metals. These mortars were subjected to the American
NucSear Society ANS 10lest, and the leachates were analyzed by inductively coupled plasma/mass
spectroscopic ^vand\gamiria.:spectroscopic analyses. The Nuclear Regulator
suggested that a low-level >vaste form should have an effective diffusivity of less tharTl x;lQ^ cm2/s
or a teachability index of 6,ljhus, only leachabttity indexvaluesi of6^oigreater^ are acceptable for
a low-level wasie^orri^^
showed that meleachabUity iSdjcesforj^ese ^elements ^
respectively. ;i
Radioactive cement mortars were prepared by using a lowyeyel waste^suffi^siudge (II wt% in
mortar) generated by ANL Waste Management Operations and demonstrated ieachabiiity indices for
Tc, Cs, Sr, U, and Cd of 15,14,11,17, and 15, respectively. These excellent results are attributed
to tiie reducing nature of the waste stream itself. These results are encouraging for the development
of materials for immobilization of low- level waste. The next series of studies will yield information
on the ieachability of radionuclides and hazardous metals in mortar prepared with a variety of curing
times, waste loadings, and low-level waste content.
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IV. SEPARATION SCIENCE AND TECHNOLOGY

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

Treatment of radioactive, mixed, and hazardous waste

•

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

•

Radionuclide decontamination of facilities undergoing decommissioning

The main project in the first area involves R&D on solvent extraction processes, namely,
TRUEX (transuracic extraction) and CSEX (cesium extraction) combined with SREX (strontium
extraction). These processes are designed for the cleanup of acidic nuclear waste solutions. In
another project, we are developing evaporator/concentrator systems for treating low-level radioactive
waste at Oak Ridge National Laboratory and the Savannah River Technical Center. We also continue
to provide technical support for ANL's Waste Management Organization; our major task in 1995
was designing and starting up a. waste treatment facility for liquid transuranic (TRU) waste.
In the second area, we are developing a law-enriched uranium target and a processing method
for production of **Mo to be used for medical applications. The third area entails developing
radionuclide cleanup processes applicable to the decontamination and decommissioning activities
in progress throughout the DOE complex.
A.

Solvent Extraction Technology

Although our separation science and technology activities have broadened into many new
areas, solvent extraction R&D remains a significant fraction of our development work. In earlier
tests,1 the TRUEX solvent extraction process was demonstrated to bexapablc of recovering TRU
elements from nuclear waste solutions containing a wide range of nitric acid and nitrate salt concentrations. The TRUEX extracJant is octyl(phenyl)-N,N-diisobuiylcarbamoylrnethylphosphine oxide
(abbreviated as CMPO), which is combined with tributyi phosphate (TBP) and a diluent to formulate
the TRUEX solvent. The Generic TRUEX Model (GTM) was developed in the CMT Division for
designing TRUEX flowsheets for specific waste streams. Work during the past year was focused on
modifying the GTM for use with two types of high-level waste at Idaho National Engineering
Laboratory (INEL): (i) sodium-bearing waste, which is a highly acidic waste solution currently
stored in stainless steel tanks, and (2) calcined waste, which is stored in silos in a dry form and must
be dissolved in nitric acid before treatment. In a collaborative project with the ANL Chemistry
Division, we are also providing engineering and modeling support and testing countercurreni
flowsheets for the combined CSEX-SREX process, which was invented in the ANL Chemistry

1

J. t . Battles ct ah, Chemical Technology Division Attnual Technical Report, JV93. Argonne National Laboratory
Report ANL-94/1S, p. 78 (1994).
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Division. This solvent extraction process is applicable to removing i37Cs and MSr from acidic waste
solution, such as that presently stored at INEL.
1.

TRUEX Process

The TRUEX process was selected as a reference technology for the removal of
actinides from die WgjSteVdSo&u^^
While the TRUEX
process is predominantly designed to remove actinides from acidic nitrate solutions, the extraction
behavior of these waste components by TRUEX solvent will be affected by the presence of the
significant quantities of chloride, mercury, and zirconium in the INEL waste.
Experimental studies at INEL have shown that mercury is effectively extracted as a
chlorocomplex from nitric acid and simulated sodium-bearing waste when chloride is presenL2 Batch
extraction experiments were performed at CMT to derived model for mercury extraction by the
TRUEX process. Data were collected to measure the mercury distribution ratio (concentration in the
organic phase dividedbythatin aqueous phase) as a function of the concentrations of HNO3, NaO,.and HC1 in the aqueous phase and the concentrations of CMPO and TBP in the organic phase. The
mercury distribution ratio was found to be highly dependent on both the chloride and acid
concentrations. Figure IV-1 shows the mercury distribution ratios as a function of HC1 and NaCl
concentrations. Initial modeling of mercury distribution ratios was performed with speciation results
from the Environmental Simulation Program (ESP, a product of Oil Systems, Inc.), which resulted
in good fits to the data. The dichloromercuric complex was shown to be extracted well by the
TRUEX solvent at low concentrations of acid and chloride, while the tetrachloromercuric complex
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was extracted as a neutral acid at high chloride concentrations. (Note that the chloride concentration
was greater than the mercury concentration.) Mercury complexation constants for Cl\ P , NO;, and
SOj have been incorporated into the GTM, and the GTM now accounts for over ten aqueous-phase
mercury species. In the future, GTM-derived speciation will be used to calculate mercury(II)
distribution ratios.
We continued our efforts in the modeling of the extraction behavior of Zr/F (major
components in the INEL waste) for use in the GTM. Two different models that fit the previously
collected experimental zirconium distribution ratios were tested. The first model assumed the
extractability of ZrF2 and produced poor results at high HNO3 concentration (> 2 M)- The second
model assumed the extractability of ZrF,(NO,)2. and although more accurate than the first, it did not
accurately predict the distribution ratio cf zirconium over a wide range of F/Zr ratios (0 to 6) and
HNO3 concentrations (0. Uo 5 M)- To increase GTM accuracy, we assumed the extractabiliry of both
ZrF, and ZrF2(NO.j), and fit the model using all available data; Future plans are to assist INEL in
demonstrating the TRUEX processing of actual sodium-bearing high-level waste.
2.

X-SREX Proems

Pretoeatment of nuclear waste before final disposal would greatly reduce the amount
of nuclear waste that has to be disposed in a high-level waste repositciy, with an attendant major
reduction in waste disposal costs. We are working with the ANL, Chemistry Division on the
development and demonstration of new solvent extraction flowsheets for the cleanup of nuclear
waste. The flowsheet evaluated during this reporting period was the CSEX-SREX process, which
combines the SREX and CSEX extractanls. The SREX extractant is a crown ether called 4,4'(5')-dit-butylcyclohexano-lS-crown-e, which selectively extracts and partitions Sr, Pb, and. to some extent,
Tc. The CSEX extractant is a new crown edier (designated CE_Cs) that selectively extracts cesium
and, to some extent, sodium. Combining these extractants reduces the number of steps needed in the
pretreatment of nuclear waste from Idaho and Hanford, while the overall extraction process is made
more effective. Our work includes an evaluation of the combined process in a batch coumercurrent
test and the extension of the results to continuous countercurrent operation. In ]996, we expect to
have enough of the CE_Cs extractant for a process demonstration to be condt,stcd with a multistage
2-cm centrifugal contactor (minicontactor) of the Argonne design. The. centrifugal contactor is an
excellent device for testing solvent extraction flowsheets because it allows process evaluation under
conditions very close to those that might be expected in a foil-scale plant. Thus, if the process runs
well in the ininicontactor, one can be reasonably sure that it will work in a full-scale plant.
In our work with the Chemistry Division, we developed a mathematical correlation
for their data on the distribution ratios of Cs and Sr for CSEX-SREX solvent and used this
correlation to analyze a batch countercurrsnt test being done in the Chemistry Division. To do this
analysis, we needed to obtain distribution ratios for nitric acid from the GTM. Our analysis indicated
thai the batch countercurrcnt test was close to steady-state conditions. We used the analysis of the
batch lest to improve the distribution-ratio correlations for Ct and Sr. These correlations were then
used to evaluate the operation of continuous countercurrent flowsheets. For this evaluation, we used
the SASSE (Spreadsheet Algorithm for Stagewise Solvent Extraction) worksheet from the GTM.
Extraction efficiency was found to be especially important. The evaluation showed that, even if stage
efficiencies for Cs and Sr are low in the extraction section, the desired decontamination factors can
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be achieved by adding more extraction stages. Overall, our analysis of the batch countercurrent test
indicates ihat the CSEX-SREX flowsheet is an attractive process for removing Cs and Sr from
nuclear waste.
B.

Advanced Evaporator Technology

A new evaporator system (capacity of 340 L/h) has been fabricated for ORNL by Delta
Thermal Systems, Inc. (Mobile, AL). The new evaporator system is to be used for volume reduction
of the supernatant liquid (low-level radioactive waste) from ORNLfc Melton Valley Storage Tanks
under the Out-of-Tank Evaporation Demonstration. Our involvement in the project during 1995 has
included (1) review of the specifications, bids, and design of the evaporator, (2) review of the
as-manufactured equipment, (3) aid in oversight of the systems operability, performance, and startup
testing, and (4) completion of laboratory tests in our evaporator manufactured by LICON, Inc.
(Model FVP-C3, capacity of 12 L/h).
Tests of a Melton Valley simulated waste in our laboratory-scale evaporator indicated that
a volume reduction of 25% can be achieved in ORNL's evaporator system without difficulty. Boiling
point elevations seen in ANL's tests under these conditions were less than 7°C. Although some
foaming in the form of large bubbles was encountered, it wili most likely uoi cause problems in
ORNL's system. No measurable scaling of the tubes was encountered. Overall heat transfer
coefficients of 3.1 kW/(mr*K) were measured, which are typical for wastes processed in this type of
equipment. Very high decontamination factors (in the range of 106) were attained.
Although one test showed solids forming in the process concentrate at volume reductions as
Sow as 30%, ail other indications are that solidification should not start until about 65% volume
reduction. Solids formation in cooled concentrate was not seen below volume reductions of about
50%. Should solids formation result from a process upset, redissolution of these solids with fresh
feed should be relatively straightforward, although the mixing efficiency for the concentrate
recirculalion system and/or flushing system should be investigated.
On-site testing and radioactive operation of the Delta Thermal evaporator at ORNL are
scheduled for 1996. We will again have a small program to support this task.
In a new project, we will determine the feasibility of concentrating blowdown waste from
the Consolidated Incineration Facility (CIF) at Savannah River Technical Center. This waste stream,
consisting mainly of sodium chloride and fly ash, is generated during scrubbing of the off-gas from
the CIF. In an evaporation study, we will determine the composition and physical properties of the
condensate, concentrate, and feed streams during concentration, including boiiiug temperature,
density, viscosity, and composition. In addition, we will observe and measure evaporation behavior
with (1) increasing waste concentration and (2) variable ash loading. Also determined will be the
potential for scale formation, foaming tendencies, and decontamination factors". Some modeling
work wiii be completed to compare predicted solubilities with experimental data. Modeling wiii be
done wish Jhe Environmental Simulation Program of OLJ Systems. This work will be completed in
1996.

C.

Technical Support to ANL Waste Management

Argonne's Waste Management Organization is storing waste solutions with a TRU content
of 102-107 nCi/g because no disposal site will currently accept them. Much of this TRU waste is in
highly acidic solution that requires stabilization for storage until a disposal site is available. The
process developed in CMT to treat these wastes uses coprecipitaUon of the TRU elements with
magnetite (FeOFejOJ, a mirture of ferric and ferrous oxides. The magnetite is formed by making
ihe waste alkaline and then adding ferric and ferrous salts in a 2:1 stoichiometric ratio. Magnetite
precipitates, carrying the TRU elements with it. In laboratory tests with simple acid solutions, very
high decontamination factors (> 10s) for Pu and Am have been achieved. The goal is to reduce the
TRU content in the bulk of the waste below 100 nCi/g so that it can be disposed of in the low-level
waste system at ANL. The precipitate, containing most of the TRU elements, .is suitable for longterm storage.
A block diagram showing the overall process steps for treatment of TRU-containing waste
is shown in Fig. «V-2, A glovebox facility is being built to perform the magnetite carrier precipitation
and filter the resultant slurry. The chemical treatment module will consist of a semiautomated system
to make the waste solution alkaline and to add the ferric and ferrous salts. Once the waste has been
processed in the chemical treatment module, it will be passed through the filtration module. The
nitration module consists of a 5-}im bag filter to remove the bulk of the solids, then 1-um and
0.1-um cartridge filters to remove any fine paniculate. After passing through the filtration module,
the supernatant is collected and analyzed for radioactivity before being processed in an evaporator/
concentrator system. If the supernatant still contains >100 nCi/g of TRU, then it may be processed
again to reduce the radioactivity even further. The solids can be mixed with sufficient absorbent to
absorb any remaining liquid and placed in storage until a disposal site is available. The TRU waste
glovebox will be installed, tested, and placed into operation during 1996.
Argonne's Waste Management Organization currently has a low-level waste e%'aporator/
concentrator system that is more than 30 years old. We are assisting in replacement of tlie evaporator
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and concentrator with up-to-date technology by providing technical support, including assistance in
purchasing, design, installation, and startup. Two new evaporators (from LICON, Inc.). rated for
distillate production of 340 L/h (90 gal/h), and two agitated-liim concentrators (Rototherras from
Artisan Industries, Inc.), rated for a distillate production rate of 0.5 L/h (0.15 gal/h), have been
purchased and installed. The equipment is undergoing operability testing before being placed in
service. Once in service, the old equipment will be decommissioned.
During operation of the LICON evaporators, scale is formed on their titanium heat
exchangers. A nitric-acid cleaning solution is used to remove this scale. Since one of the components
of the scale is calcium fluoride, a corrosive nitric/hydrofluoric acid solution is generated. This
solution is particularly aggressive to titanium. To reduce the corrosivity of this solution, Al or Zr can
be used to complex the fluoride. We developed a chemical model that includes accurate aqueousphase speciation in acidic fluoride solutions containing Al or Zr. This was accomplished by use of
two thermodynamic software programs: the Generic TRUEX Model (version 3.1.1) developed by
QvST and ESP developed by OH Systems. The chemical model predicts the distributions of Al, Zr,
H, and F species in acidic fluoride solutions containing Al or Zr. Various molar ratios (up to 6:1) at
several temperatures (25, 50, and 80°C) were investigated with the model. In addition, using a
polarization resistance method, we measured corrosion rates for titanium in nitric/hydrofluoric acid
solutions containing Al or Zr as a complexanL The experimental and calculated values indicate that,
with regard to titanium corrosivity, the optima: Al/F ratio is 1:3, and the optima! Zr/F ratio is 1:4.
This information can be used in determining the amount of aluminum or zirconium nitrate that
should be added to the acid cleaning solution in order to control titanium corrosion.
D.

Production of' Molybdenum-99 front Low-Enriched Uranium

Moiybdenum-99 (t)/2 = 66.02 h) decays by beta emission to " T c (tjQ = 6.02 h). The latter
nuclide is used in many nuclear medicine applications. For clinical use, it is prepared first in the form
of TcO; and then suitably changed to other chemical forms, depending upon the intended application.
The TcO;is washed from an alumina-column generator that contains the parent "Mo by elution with
a saline solution. Much of the world's supply of "Mo is produced from fissioning of high-enriched
uranium (HEU).
The Reduced Enrichment for Research and Test Reactors (RERTR) program has been active
for 18 years at ANL and many countries throughout the world to modify reactor and fuel designs so
thai reactors could switch from HEU to low-enriched uranium (LEU) with no or little loss in flux.
Many reactors have converted to LEU, and many more are in progress. While conversions of reactor
fuel have proceeded, the amount of HEU being exported from the United States for use in "Mo
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 uranium silicide (UjSi^. At present, either UO2 or various UAlx alloys are used in HEU
targets. The siiicide fuel is being developed as the LEU substitute for UAL. alloys, and the uranium
metal foil is being primarily developed as the LEU substitute for UO2. We are also looking into the
possibility of substituting the LEU metal foil target for ali current HEU targets.
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1.

Cintichem Processing of LEU Targets

The Gntichem process produces, recovers, and purifies "Mo from HEU targets that,
consist of a thin coating of UO, on the inside of a cylindrical target, which is also used as a dissolvcr
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. The new chemical procedures are expected to resemble closely the
original Gntichem process. The initial chemical procedure is to dissolve the uranium, release the
gases generated during dissolution in an appropriate manner, and separate "Mo from the uranium
and fission and activation products by a series of purification steps. The key purification sitep is the
precipitation of molybdenum from the dissolver solution by use of a-benzoin oxime.
Work in CMT has continued to measure the dissolution rate for uranium foil in
nitric/sulfuric acid mixtures over a wide range of conditions. Most of these measurements were done
with less than 1 g of uranium foil in a 15-mL test tube held in a constant-temperature bath. From the
data obtained, we developed a mathematical correlation that gives the dissolution rate for uranium
foil as a function of temperature, nitric acid concentration, and sulfuric acid concentration. The
correlation indicates that the required uranium foil dissolution should be c;vried out at 92 to 103°C
with an initial dissolver solution of 3 M HNO3 and 2 M HjSO4. Also, we determined that the volume
of dissolver solution should be such that the final concentration of uranium is 1 MTo carry out large-scale dissolver tests that would allow this technology to be
demonstrated at the PUSPIPTEK facilities of the National Atomic Energy Agency in Indonesia
(Badan Tenaga Atom Nasional), a stainless steel (Type 304) dissolver was designed at ANL, and two
units were built The dissoiver units have a length of 4S7 mm, an outside diameter of 31.3 mm, and
a wall thickness of 0.89 mm. This design allows for a maximum operating pressure of 4.8 MPa
(700 psig), about twice the pressure expected when SO mL of solution is used to dissolve 18 g of
uranium foil. A flange at the open end of the dissoiver allows the uranium foil to be inserted easily.
After a successful first test of the large-scale dissolver at ANL, the second unit was used at
PUSPIPTEK to do further tests. Figure IV-3 gives typicai results for 3 to 18 g of uranium foil. As
s^own, the dissolver pressure became steady in 30 to 40 min after the start of dissolution. This
finding indicates that the dissolution of the uranium foil is complete well within the 60 min required.
For high amounts of uranium foil (5 to 18 g), the pressure curve shows a distinct peak. This peak
indicates that the dissolution becomes self-heating. This heat greatly speeds up the dissolution;
otherwise, our calculations show that these dissolutions would have taken much longer than 60 min.
Because of our success with the stainless steel dissolver, we arc planning to extend its use to
(1) uranium foil dissolution using only HNOj, (2) uranium foil dissolution using H,O2 and NaOH,
and (3) U3Si, particle dissolution using H2O2 and NaOH.
Collaborative work at the University of Illinois has focused on the precipitation of
molybdenum from a dissolver solution containing c-benzoin oxime. The precipitation was studied
for a wide range of conditions, including (1) nitric- and sulfuric-acid concentrations, (2) partial
neutralization of the acids, (3) molybdenum and uranium concentrations, and (4) the ratio of
a-benzoin oxime to molybdenum. Decontamination factors were measured for U, Np, and various
fission products, and the results were presented at the 1995 international RERTR meeting. Three
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Fig. IV-3. Variation of Pressure with Time during
Dissolution of Uranium Foil in Stainless
Steel Dissolves Tests carried out by
Badan Tenaga Atom Nasional (BATAN)
and ANL, as indicated by legend.
mock demonstrations were conducted with tracer levels of irradiated LEU (i.e., low-level
radioactivity compared with the 59Mo production process) to test molybdenum recovery and
purification during each step of the Cintichem process. A sampling procedure and gamma-counting
technique were developed for this purpose. The results indicate that the required purity levels can
be reached with the LEU-modified Cintichem process.
During 1996, we plan to demonstrate the LEU-modified Cintichem process on a fullsize, fully irradiated target in PUSP1PTEK. After that, we will begin collecting all necessary data for
the approval of the "Mo product by the Federal Drag Administration.
2.

Basic Processing of UjSi2 Targets

Over the last several years, uranium siiicide fuels have been under development as
LEU targets for "Mo production. The LEU siiicide is aimed to replace the UA1X in the HEU dissolution process used throughout the world.34 Replacement of UA1, with UjS^ targets requires
development of an aggressive dissolution process. Unlike UA1X. U3Si, targets do not readily dissolve
J. Sulacz, "Reprocessing of Irradiated U-235 for the Production of Mo-99,1-I3!, and Xc-133 Radioisoiopes," in
Fission Molybdenum for Medical Use, Proceedings of the Technical Committee, International Atomic Energy Agency.
Karisruhc, Germany, IAEA-TECDOC-515, pp. 149-154 (1987).
R. 0 . Marques, P. R. Cristini, H. Fernandez, and D. Mtuziale, "Operation of the Installation for Fission Mo-99
Production in Argentina," in Fission Molybdenum for Medical Use, Proceedings of the Technical Committee,
International Atomic Energy Agency, Karisruhc, Germany, IAEA-TECDOC-515, pp. 23-33 (1987).
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in base. In acid dissolution tests ran in Canada, silica was precipitated, and the "Mo was recovered
from the solution in very low yield.5
We employ a two-step process to dissolve the silicide targets. First, the aluminum
alloy cladding and matrix aluminum are dissolved in 3 M NaOH-3 M NaNO,. Then, the dispersed
U3Si2 particles are dissolved in a mixture of 5 M H2O2 and 0.1-2 M NaOH. The procedure to remove
the aluminum cladding was developed in the fifties at ORNL^and slight variations of it are practiced
all over the world. It has worked well for removing cladding from nonirradiated and unannealed
("cold") targets, as well as thermally annealed and irradiated targets. However, the aluminum powder
in the. meat of the thermally annealed and irradiated targets did not dissolve well after the cladding
was removed. Also, the silicide particles did not disperse but remained affixed with matrix
aluminum powder in a thin wafer. The annealed targets required approximately double the time of
the cold targets to dissolve the matrix aluminum and disperse the particles. After the silicide
dispersed, it dissolved readily, as in the cold targets.
Target dissolution continues to be the primary development need for the replacement
of conventional HEU aluminide with LEU silicide targets for "Mo production. We found that
aluminum alloy cladding dissolved easily in base, but sintering of matrix aluminum powder and
adhesion of gas bubbles to the silicide matrix during dissolution retarded aluminum dissolution and
prevented silicide panicle dispersion. Once dispersed, siiicide particles dissolved in solutions of
alkaline hydrogen peroxide. Reduction of base concentrations from 5 to 0.1M NaOH yielded similar
silicide dissolution and peroxide destruction rates, simplifying later processing. The kinetics of the
dissolution process was shown to favor a plug-flow reactor configuration that frequently replaces
a small volume of the dissolving solution or continuously'replenishes hydrogen peroxide.
Downstream process development remains to be done, including ion chromatographic recovery of
"Mo and waste disposal. We are hoping to demonstrate this process in the future in either Argentina
or South'Africa.
3.

Basic Dissolution of LEU Metal Foil

During 1995, we started studies on a new process for the use of LEU metal foil targets
in **Mo production. The LEU metal foil target is aimed at replacing the HEU-U Alx and HBU-UO,
targets. In this process, an irradiated LEU metal foii target is dissolved in a mixture of hydrogen
peroxide and sodium hydroxide. The !*Mo is then recovered from the dissolved solution and is
decontaminated. A literature survey revealed that dissolution of uranium metal with alkaline
peroxide solutions has received little study. Our R&D efforts have been focused on chemical kinetic
studies and dissolution optimization.
During 1995, we completed uranium dissolution experiments over a wide range of
base concentrations (0.0 i to 5.0 M) and hydrogen peroxide concentrations (1 to 4.0 M) under various

K. A. BiarilJ and R. J. Harrison, "Development of the Mo-!)9 Process at CKNL," m Fission Aiotybdenumfor Medical
Use, Proceedings of the Technical Committee, international Atomic Energy Agency, Karlsruhe, Germany, IAEATECDOC-515, pp. 35^46 <iy»7).
S. Stroller and R. Richards, Eds., Reactor Handbook: Fuel Reprocessing, Interscicncc Publishers, New York (1961).
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temperatures in an open, batch-type reactor. It was found that uranium dissolution in an alkaline
H.O, solution is a 0.25th order reaction with respect to equilibrium hydrogen peroxide concentration
and can be divided into a low-base (<0.2 M hydroxide) and a high-base (>0.2 M hydroxide) jocess.
In the low-base process, the equilibrium concentrations of hydrogen peroxide and hydroxide affect
the rate of uranium dissolution. In the high-base process, uranium dissolution is independent of alkali
concentration, and the presence of base affects only the equilibrium concentration of hydrogen
peroxide. We have developed a chemical kinetics model that fits the experimental data:

R.. =

(i)

where R,, is the rate of uranium dissolution (g"Cm"V), T is temperature in Kelvin, Ej (= 48.8 kJ/mol)
is the activation energy, A (= 1.65 x 103) is a pre-exponential factor, R is the gas constant,
K, (= 20.4) is a constant, [OH] is the initial (total) hydroxide concentration, n"and n are constants
(2 and 0.25, respectively), and [t^Od,^-^.^ is the equilibrium concentration of hydrogen peroxide
(mol'L'1). Equation 1 will be used in designing the dissolution process and equipment. Present plans
are to (1) design the equipment necessary to dissolve the foil in alkaline peroxide, (2) develop means
to destroy excess peroxide, and (3) recover and purify "Mo from the dissolved uranium under
conditions similar to those used for base-dissolved HEU targets. We will also be seeking a partner
to undertake full-scale demonstration of the process on an irradiated LEU target.
E.

Decontamination and Decommissioning

With the change in focus from weapons production to cleanup and environmental restoration
at many DOE sites, technologies are needed to expedite decontamination and decommissioning
(D&D) of plants and equipment. Development efforts are underway on die concentration of
plutonium-containing liquids generated from D&D activities and ihe in situ decontamination of
equipment (piping systems, storage tanks) in production plants.
i.

Concentrator Application

In this activity, we investigated the operation of an agitated-film concentrator system
(fabricated by Artisan Industries, Inc.) for use as a portable, modular concentrator of D&D waste
solutions. Pilot-scale tests at Artisan were completed to (1) determine the concentration factor
achieved with different waste streams and (2) estimate the process conditions at which stable
operation can be achieved. Two solutions were tested. The first solution simulated a decontamination
reagent that is proposed for use in the nuclear industry. The main components arc 4 M nitric acid and
0.1 M hydrofluoric acid. The metals present (iron, chrome, and nickel) are from the dissolution of
stainless steel. Aluminum was added to complex the fluoride ions and thereby reduce the
corrosiveness of the solution. The second solution simulated the plutonium-nitric acid solutions mat
are generated during the processing of plutonium. This solution contains only two components, nitric
acid and bismuth; the bismuth served as a stand-in for piutonium.
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For the decontamination solution, a processing rate of 13 L/h was achieved in the
Artisan concentrator. The bottoms product was well behaved when the concentrator was operated
at less than a 93% evaporation rate. At higher rates, the bottoms solidified upon cooling. We
encountered no major problems that would prevent scaleup to a production system. For the
plutonium solution, a processing rate of 10 L/h was achieved. At a 97% evaporation rate, a "wet"
powder was generated, and 12 M nitric acid was recovered in the distillate. Although some solids
tended to build up in the concentrator body, the bottoms stream was well behaved. Extended steadystate tests are needed to establish operating limits for this concentrator system. A report is being
drafted on the application of the Artisan system for concentrating D&D waste solutions.
2.

Evaluation of In Situ Chemical Decontamination

la another D&D project, we are evaluating methods for the in situ decontamination
of equipment interiors. On the basis of an extensive literature survey, six decontamination processes
were selected and tested in the laboratory; for a base-case comparison, nitric acid decontamination
was also tested. The seven solutions tested were as follows:
•

Nitric Acid

•

Nitric Acid plus Hydrofluoric Acid

•

Fiuoboric Acid
Alkaline Persulfate Followed by Citric Acid plus Oxalic Acid (CITROX)
Hydrogen Peroxide plus Oxalic Acid plus Hydrofluoric Acid

•

Silvcr(D) Pcrsulfate

•

Electropolishing with Nitric Acid Electrolyte

For the process testing. Type 304 stainless steel coupons were contaminated with either Pu, Am, or
a mixture of Cs, Sr, and Gd. Then, decontamination factors for these contaminants were measured
for each of the seven decontamination processes. The decontamination factors given in Fig. 1V-4 arc
for the conditions that appeared to produce the best results; these test conditions are reported in
Table IV-1.
In general, the higher the temperature and the longer the contact time, the higher the
decontamination factor. The nitric/hydrofluoric acid and fluoburic acid solutions achieved consistently high decontamination factors for the five isotopes tested and are much higher than the
decontamination factor for the nitric acid solution (base case). For most of the processes, decontamination factors were highest for strontium and lowest for cesium, with the other three isotopes
falling in between. For the processes involving the silver(II) perSuIfate and the oxalate-peroxidehydrofluoric acid, tests showed that the solutions must be used immediately after preparation. Even
a delay in 30 min caused a significant decrease in the measured decontamination factor. Because of
this time constraint, implementation of either process for remote, in situ decontamination would be
difficult.

Fig. IV-4. Decontamination Factors for the Seven Processes Evaluated in
the Laboratory. Values represent the average decontamination
factor for the best results.
Tafaie IV-1. Best Conditions* Tested for Each Decontaminaiion Process
Represented in Fig. FV-4
Decontamination
Processes

Solution
Composition

Best Decontamination
Conditions

Nitric Acid

4MHNOj

6hat80"C

Nitric-Hydrofluoric
Acids

4MHNOj
0.1 MHF

6 >i at 80°C

Fiuoboric Acid

4MH3F <

6hat80°C

0.2MKAO,
IMNaOH
50 g/L Oxaiic Acid
100 g/L Citric Acid

4hat80°C
6h aiSCC

0.4MHAO,
0.1 MHF
O.OiMHA.

3hat80"C

Alkaline-Pcrsulfate
! CXTROX (two-step)
1
! OxalatcPeroxidc1 Hydrofluoric Acids
Si!vcr(ll) Pcrsulfatc

3hat40"C
0.2&3AgNO3
3MHNO,

Eletiropolishing

4-6MHNOj

400 mA/cm3
10minat25°C

"Best condition was selected from the limited number of laboratory tests
completed.

S

i
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Coupon weight loss follows these same trends, with increased contact time and
temperature relating to higher corrosion rates. The highest corrosion rates, 7-17 um/h, were achieved
with the nitric/hydrofluoric acid and fluoboric acid solutions at 80°C; for comparison, the corrosion
rates measured with the nitric acid process are s0.3 um/h. While corrosion rates with the fluoboric
solutions appeared to be fairly constant over the time evaluated (6 h), corrosion rates for the
nitric/hydrofluoric solutions appear to decrease slightly. Continuation of this work awaits additional
funding.
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V. ELECTROMETALUJRGICAL TECHNOLOGY
The CMT Division is developing an electrometaliurgical treatment for spent nuclear fuels.
The process uses electrorefining in.a molten salt to isolate;pure uraniurn and to dispose of the
transuranic (TRU) elements and fission products.1 Where appropriate, isotopic dilution of uranium
is easily incorporated into the treatment. After dectrorefiriing of the spent fuel, the fuel cladding and
the fission products arc placed in two stable waste forms (one a glass-bonded zeolite, the other a
metal matrix.), 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. Waste volumes are low
because the treatment uses electrotransport for separation, rather than chemical additions, which
generate additional residues that most be disposed of, and because the cladding hulls form the matrix
for much Gf the waste. ;
.-•,--•'---.=; :
r Past effort has been focused on the development of electrometaliurgical technology for the
treatment of stainless-steel-clad metal fuel from fast nuclear reactors, such as the Experimental
Breeder Reactor-H (EBR-K) and Integral Fast Reactor (IFR). Much of this technology (with some
variation) can be applied to other spent nuclear fuels that exist in the DOE complex. Spent "N"
reactor fuel is an example. This fuel is Zircaloy clad, and with slight process modification the fuel
will anodicaily dissolve in molten salt. Aluminum-clad metal fuel is a similar example. Coupled with
a lithium reduction step, the elecLrometallurgical technology is also able to process spent oxide fuel
(see Sec. VI). Development of the etectrometallurgical technology for treatment of DOE spent fuel
will require a large scaieup. Select topics from the electrometaliurgical programs in CMT are
discussed below.
A.

Process Development
i.

Drawdown Experiments

"~ '

The electrometaliurgical process involves eiectrqrefining spent nuclear fuel in a^
molten salt (LiCl-KCl-U/PiiCl3) at 500°C (773 K). At some point, the concentrations of alkali,
alkaline earth, and rare earth fission products that accumulate in the sail must be reduced in order
to lower the amount of heat generated in the electrorefiner. The heavy metal concentration in the salt
must be reduced before fission products are removed from the salt.
In the drawdown operation, a li-Cd alloy that is solid at 500"C (773 K) is loaded into
anodic dissolution baskets and rotated in a molten electrolyte salt; current is driven from the anodic
dissolution baskets to a solid-mandrel cathode (see Fig. V-l), where nearly pure uranium metal is
coiiectcd, or to a liquid cadmium cathode (liquid cadmium in ceramic crucible), where a mixture of
uranium and plutonium is collected.

!

J. J. Laidier et al., Chemical Technology Division Annual Technical Report, 1994, Argonns National Laboratory
Report ANL-95/24, pp. 86-92 {1995).

Fig. V-l. Schematic of ESectrorefincr for Drawdown Operation
with Solid Cathode
Engineering-scale tests conducted earlier1 demonstrated that this reduction step
proceeds quite satisfactorily when a Li-Cd alloy (6 wt% Li) is used as an anode and when the
electrolyte contains UC13 and representative fission product chlorides. However, because these tests
did not involve plutonium, it was necessary to demonstrate that a similar reduction would take place
in the presence of plutonium. Because of limits to the amount of plutonium available for testing, we
were restricted to <150 g plulonium.
Hve scouting tests with our laboratory-scale eiectrorefiaer (capable of transporting
300 g of uranium to a solid cathode) were conducted a the past year. In the first four tests, a liquid
cadmium "pounder" cathode was used to collect the reduced metals. In the last tsst, the same
"pounder" design was used but without the liquid cadmium in the ceramic crucible. (The details of
the "pounder" cathode have been presented earlier1 and will not be repeated here.) Of importance,
the design allows operation of the electrorefiner in either the solid cathode mode to collect uranium
alone or the liquid cathode mode to collect a TRU-U product.
Results from these tests are summarized in Table V-l. To ensure that the results could
be compared from test to test, the electrolyte composition was maintained constant for each test by
returning the recovered cathode product from each test back*, into the electiorefiner, and then adding
CdCi2 as oxidant in amounts sufficient to convert all the reduced metals to their corresponding trihalides.
The optimum lithium content in the Li-Cd alloy could not be determined from the
results of only five tests. Nevertheless, the results demonstrate that we can safely draw down the U
and Pu concentration in the electrolyte by greater than 90% before starting to draw down the rare
earth elements. Because these tests support the earlier engineering-scale results,1 we plan no further
work in this area.
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Table V-1. Results from Drawdown Experiments
Test
Number

Results

Purpose
i

1

Decrease (UClj and PuClj) concentration in electrolyte using Li-Cd alloy
(6 wt& Li) as anode material.

UCI, and PuCl3 concentration reduced by a factor of 150,
while rare earths reduced by factor of 4. Cell temperature
increased during operation, which can be accounted for by
chemical reaction of Li-Cd alloy with electrolyte.
Coulombic efficiency not as high as expected.

2

Same as above except current not
passed.

UCI, and PuCl, concentration decreased by a factor of 3.2,
while rare earths decreased by <1.4.

3

1 Same as 1 except ti.at lithium content of
j Li-Cd alloy reduced to 2 wt%.

!

|

Product contained U, Pu, and rare earths.
Amount recovered greater than can be accounted for by
electrochemistry. Thus, chemical reduction still taking
place, but at reduced rate.

4

Repeat 3.

Experimental difficulty but data sufficient to allow
calculation of collection efficiency to be -67%.

5

Collect the reduced melais using
"pounder" in solid cathode mode
(no cadmium in ceramic crucible).

Weight of recovered product greater than can be accounted
for by electrochemistry.

j!

2.

Fission Product Behavior during Eleetrorefining

The behavior of the fission products Se, Te, and Sb is of importance in the electrorefining process. Their behavior was therefore investigated in our laboratory-scale eiectrorefiner.
The expectation was that these elements could form compounds that might be soluble in the salt
phase. However, because these elements form strong intenaetaiiic compounds with cadmium, they
might remain in the cadmium pool at the bottom of the electrorefining vessel (see Fig. V-l). An
additional complication is that the distribution of these elements between the cadmium and salt
phases would likely change as the oxidation state of the eiectrorefiner is varied. Thus, to resolve Uiis
issue, three tests were conducted to establish the distribution of these fission products under normal
operating conditions and with variations in the oxidation slate of the eiectrorefiner (by addiiion cf
CdCi2tosait).
For each test, a metal ingot was prepared by heating mixtures of Se, Te, Sb, U, Pu,
and Cd in an AiN crucible, and the resulting ingot was contacted with molten salt electrolyte for
12 to 19 days. Filtered salt samples were taken at different lime intervals, and cuttings of the iugots
were taken after the first and third test. (It was not possible to obtain a representative sample of the
metal ingot after the second test.) Sample analyses were done with inductively coupled plasma/
atomic emission spectroscopy (ICP/AES).
The analytical results are summarized in Table V-2. The identical values for Se, Te,
and Sb for the salt samples taken at 15 to 19 days and after the second and third tests (increased
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Table V-2. Analytical Results For Solubility Studies of Fission Products in Electi orefining Process
Composition,** %

Pu

U

Se

Te

Sb

Salt after IS days

0.093

0.017

<0.03

<0.03

<0.03

Salt after 16 days

0.105

0.031

<0.03

<0.03

<0.03

Salt after 19 days

0.139

0.064

<0.03

<0.03

<0.03

Metal ingot from 1st test

4.12

1.89

4.35

2.84

0.31

Salt after 2nd testc

0.369

0.0S5

<0.03

<0.03

<0.03

Salt after 3rd test*1

0.493

0.185

<0.03

<0.03

<0.03

Metal ingot from 3rd test

137

0.896

2.27

1.73

1.02

Sample Type

*AH are ICP/AES values.
h
Less than sign indicates amounts below limit of detection.
'Cadmium chloride (CdCM added prior to test.
'Additional CdCl, added prior to test.

oxidation conditions) indicate that equilibrium was reached, and that the solubility of these elements
in the salt was low. The analytical results for the first product ingot indicate that essentially all of the
added Sc and Te remained in the mctai ingot. The results for the metal ingot from the third test
suggest that Se and Te were partially lost. It is possible thai fission products escaped as volatile
species, which condensed on the cooler part of the clcctrorefiner, more likely, however, these species
were transported through the salt phase and were subsequently reduced by the large cadmium pool,
which was not sampled. (The low antimony results for the first ingot compared to the third ingot are
due to sampling error.) These results represent the first measurement of the behavior of these fission
products in the electrorefiner and should be useful in helping to model the clcctrometaiiurgical
process. These preliminary results indicate that Se, Te, and Sb behave like noble metals and are
likely to be left in anode baskets when spent metal fuel is anodica!!y dissolved.
3.

Zeolite Experiments with Plutonium Salts

After the actinide chloride concentration is reduced in the electroreflner salt (see
Sec. V.A.1), the active metal fission products will be removed by ion exchange with zeolite A in a
column, and the purified sail will be returned to the eleclrorefiner. The column contents then can be
disposed of as a ceramic waste form. Since it will not always be desirable to reach extremely low
levels of actinides, the electrolyte contacting the zeoiite will aiso contact salt sdil containing
plutoiiii'oi. Because the uptake of plutonium by zeolite A was not known, we conducted a series of
ten experiments in our Jaboratory-scale electrorefiner to measure this uptake. Five of these
experiments were conducled using an electrorefiner salt which contained <1 wt% plutonium plus
representative fission product elements, notably the rare earths. The next five were conducted with
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plutonium concentrations varying from 3 to 19.1 wt%. For these tests, a special batch of salt
(containing 20.6 wt% PuCl3) was prepared.
The experimental procedure consisted of heating at -450°C (-723 K) weighed
amounts of zeolite and plutonium-containing salt for either 24 or 72 h periods in the laboratory-scale
eiectiorefmer. A porous nickel crucible was used to contain the zeolite and salt mixture. At the end
of the heating period, the contents were removed, cooled to room temperature, and weighed. Mass
balance checks indicated that some small weight losses were associated with each experiment, which
could have been due to loss of moisture present hi the starting zeolite material. Samples were taken
of the zeolite embedded in the salt mixture and zeolite that had passed through the porous nickel
crucible. Chemical analysis of these samples indicated that plutonium uptake by zeolite does occur,
and that the uptake amount is substantial (up to 22 wt%). Thus, zeolite A appears to be a good
candidate for removing plutonium from molten salts.
B.

Alternative Process Applications

New projects were initiated to study the application of clectromctallurgical technology to
single-pass reactor fuel and the uranium-containing salt from the Molten Salt Reactor Experiment.
1.

S;ngte-Pass Reactor fuel

Application of clectrorcfining to processing single-pass reactor (SPR) fuel is being
investigated. This fuel consists of aluminum-clad uranium slugs bonded with an Al-Si braze.
Decladding of this fuel was successfully tested with a mock fuel pin, composed of a brass cylinder
in an aluminum can. The SPR fuel deciadder works by drawing a cutting blade longitudinally along
the surface of the SPR fuel element to remove the aluminum cladding. In the actual process, this step
exposes the uranium and the Al-Si bond to the clectrorefiner salt for anodic dissolution. This
successful test with a mockup fuel pin was the first phase in development of the deciadder device.
The next phase will test the dccladder with a uranium cylinder bonded to an aluminum can by a thin
layer of Al-Si intermetailic braze. This test specimen has already been fabricated.
In the proposed treatment of SPR spent fuel, uranium will be separated from the
aluminum cladding, TRU elements, and fission products. This low-level uranium would reduce the
volume of high-level waste from the spent fuel and result in a significant savings in disposal costs.
To test this concept, a uranium rod was placed inside an aluminum sheath to simulate the
configuration o;" SPR fuel. This assembly was used as an anode in a email test cell, and a charge of
0.82 Ah was passed between this anode and a cathode at a controlled voltage of -0.150 V and
temperature of 525°C. The mass of the aluminum sheath remained constant, and there was no visible
evidence of corrosion. The mass of the uranium, however, decreased by 0.408 g. Based on the
amount of charge passed, the theoretical mass loss was 0.540 g. The current density during this test
was 60 to 80 mA/cm1. These results demonstrate *iiat uranium can be selectively oxidized in the
presence of aluminum at a reasonable current density and at a current efficiency of 75%. Testing of
SPR fuel treatment will be continued in the engineering-scale electrorefiner. Some of the aluminum
ciadding will be removed from a uranium rod, and the uranium will be anodically dissolved with no
dissolution of the remaining cladding.
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Waste Salt from Molten Salt Reactor Experiment

a.

Background

In the 1960s, Oak Ridge National Laboratory (ORNL) operated a reactor that
used a uranium fluoride fuel that was dissolved in a mixture of molten fluoride salts. In the Molten
Salt Reactor Experiment (MSRE), the initial charge loaded as fuel was I35U, but this was later
changed to ^ U . The reactor achieved criticality on June 1, 1965, and was operated until
December 12,1969. As designed, the reactor had a fjel salt containing the uranium and a flush salt
that did not At *he end of the test, the fuel salt was drained, and the reactor vessel and piping were
rinsed with the flus* salt. Both fuel and flush salts were stored in three criticality-safe storage tanks.
During most of the shutdown period, the salts in the storage tanks were kept molten, but in recent
years, the salt has been stored as a solid.
Almost from the beginning, some migration of fissile materials, notably U as
UF6, was detected. These volatile products were transported through the off-gas system for the
storage tanks and collected in auxiliary charcoal beds, in which the carbon functions as a moderator.
It" this migration had been allowed to continue without some intervening action, a major criticality
safety problem would eventually have ariscii. Several measures were taken to stabilize the salt and
reduce the uranium migration. Nonetheless, the radioactivity level within the containment building
continued to increase. The level was sufficiently high thai the offices in the containment building
had to be evacuated. As a first step in disposing of the MSRE fuel salt, it is necessary to identify a
suitable waste form, establish any processing needs, and develop a workable flowsheet for salt
treatment. Oak Ridge asked ANL to develop a method for treating the MSRE fuel salt. We
responded with ?. proposal that included conducting process development work and a cold
(nonradioactive) demonstration.
b.

Flowsheet Development

The basic elements of the proposed approach include receiving the salt in a
sealed can inside a shipping cask container, removing the can from its container, and placing the can
in an electrorefining vessel heated to ~500-600°C (773-873 K). Next, a solid lithium alloy electrode
is placed inside this crucible, and the zirconium in the salt is collected by electrorcllning with a solid
cathode (~30-cm long). After the zirconium is removed from the electrorefining vessei, a bismuth
cathode is inserted into the vessel. This cathode consists of a bismuth ingot {15-cm dia by 9-cm high)
contained in a ceramic crucible. The cathode design is a "nounder," which is similar to that used with
the iiquid cadmium cathode (see Sec. V.A.1). This bismuth cathode is used for the collection of
fission products (rare earths, alkali metals, and alkaline earths), uranium, TRU elements, and thorium
and its daughters. The reaction vessel at the end of the processing is allowed to cooi down, and the
reaction crucible, which contains the original shipping can, is removed, sealed, and transferred into
a cask for shipping. At this point, the processing is complete.
Two types of waste streams, metallic and salt, result from the proposed MSRE
flowsheet, shown in Fig. V-2. The metallic waste streams are denoted by the letters B, E, F, I, and
L. The uranium cathode product, E, will be pure 2i3U and will be returned to the I33U stockoiie at

30 L batch of MSRE salt
(fluoride saS)
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l amove noUa
metals and
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Fjg. V-2. Flowsheet for Treating MSRE Fuel Sail
(TRU = transuranics, RE = rare earth fission products)
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ORNL. Waste streams B, F, and I are essentially metals or bismuth alloys with noble metal fission
products, zirconium, rare earths, cesium, barium, and thorium daughters. The last metal waste
stream, L, contains a nitride bed that serves to scavenge Sr, Y, and the remaining Ba and Cs. This
nitride bed can either be removed from the molten bismuth and converted to glass, or the entire
metal/nittide bed can be converted to glass. The salt waste stream consists of a low-level salt waste
(stream K) and a chloride salt containing TRU elements and rare earths (stream G). The latter
chloride stream is identical to salt found in the process used to treat EBR-B fuel at ANL-West and
will be treated by essentially the same process. The low-level fluoride salt will be converted into a
ceramic waste form.
c.

Preliminary Eyperiments with Liquid Bismuth Cathode

The proposed process for treatment of MSRE salt has an electrochemical step
that recovers uranium and TRU elements from the fluoride melt by transport into a liquid bismuth
cathode. To obtain experimental validation of this step in the process, we conducted 12 experiments
(Table V-3) with liquid bismuth. These experiments were also done to gain information on the
parameters that would affect the performance of the liquid bismuth cathode. We did mis testing with
our present laboratory-scale electrorefiner, which has a molten IiCl-KCl salt and contains UC13 and
PuCl3 and a large cadmium pool.
The general experimental procedure for these tests consisted of loading
bismuth (or the product ingot from the previous test) into an A1N or BeO crucible, placing the
crucible in the electrorefiner, conducting electrochemical operations for one or two days, removing
the crucible from the electroretiner at the end of testing, removing the product from the ceramic
crucible, visually examining the recovered ingot, and obtaining samples for chemical analysis. This
procedure was modified for the first and last tests, as no current was passed in those tests. The
observations from these tests (Table V-3), as well as the analytical data, indicate the following:
1. A clean salt-metal separation was routinely obtained. Thus, we should be
able to routinely obtain clean product ingots.
1. The experimental variables that affected the performance of the liquid
cadmium cathode were found to be nearly the same for liquid bismuth.
3. The pounder operation is necessary if uranium loadings above saturation
are needed.
4. The product ingots contained very low levels of plutonium and rare earth
elements. Thus, a high degree of decontamination of uranium from these
elements was achieved.
5. A very-high loading of uranium in bismuth is possible. The B1 -8 product
ingot contained 15.4 wt% U. This high value may not be needed, bul it
is indicative of good cathode operations.
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Table V-3. Results for Bismuth Caihode Experiments
Test
Number

Purpose

BI-1

To determine the compatibility of bismuth with AIN.

No attack of AIM.

To load Bi w'nh U above solubilHy limit.

Good product ingot obtained.

Bl-3

To study the morphology of the product ingot when
the axial gap* was reduced by 0.058 in. (0.147 crri).

Ingot appeared same as R1-2.

B!-4

To operate bismuth cathode without pounder.

Dendritcs, material growing out of crucible.

Bi-5

To test pounder in mixing motion only, i.e., no upand-down motion.

Ingot appeared unaffected; U-Bi intermetallic
formed as thin layer around periphery of crucible.

Bl-6

To determine the effect of reducing radial gap6 on
product morphology.

Product morphology superior to that obtained
with larger radial gap.

To repeal Bl-6, except with more uranium
deposited.

Thin product layer on surface of ingos.

BI-S

To determine ihe effect of raising pounder speed
from 35 to 67 rpm.

Ingot raised on periphery.

SS-9

To operate bismuth cathode using A1N crucible
under conditions that were established to be near
optimum with BcO crucible.

Similar to thai obtained in 31-2-

Bl-IQ

To determine the effect of increasing current from
0.75 to 1.0 A.

Similar toBl-8.

BI-Il

Same as for B i-iO, except current raised to IS A.

Ingot raised on periphery more so than in
Bl-8.

Results

11

!!

1
|
ft

n
14
i

|
j;

|! 31 -12
•

"

j To determine if additional healing time would affect
j morphology of product ingot obtained in Bl-1 1.

No shape change from that obtained in Bi-11;
the two ingot halves did not melt.
|

-Separation between the face of the pounder piston and the surface of the bismuth ingot.
"Separation between the cylindrical wall of pounder piston and the wall of Hie pounder crucible.

To demonstrate the viability of the proposed flowsheet for the cleanup of
MSRE salt, we will have to modify our present laboratory-scale ekctrorefiner 10 work with a
fluoride rather than chloride salt and with higher operating temperatures [60O-70O°C (873-973 K)
vs. 500°C (773 K)]. Planned changes to the electrorefiner include using a larger diameter crucible
(20 cm instead of 15 cm), Hastalloy 422 as construction material for the crucible, a new upper flange
assembly, new anode baskets to contain the lithium aUoy, and a catch basket that will be placed
below the lithium anode. We are in the process of designing and procuring the needed hardware.
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C.

Testing of Advanced Electrorefiner Concepts

An effort is underway to develop an advanced electrorcfiner having high throughput (>40 kg
uranium per hour) and large batch size (>100 kg). The high throughput electrorefiner is proposed for
treating large quantities of spent nuclear fuels, such as the N-rcactor fuel from the Hanford site.
During the past year, a high-throughput electrorefiner (HTER) was designed for laboratory-scale
testing to process ths granular uranium product from the lithium reduction step of the elcctrometallurgical treatment. This eleclrorefiner has been installed in a piutonium glovebox. Shakedown tests
have been completed on the electrorefiner, the electrode insertion fixture, and the uranium-product
compactor.
The anodic dissolution baskets for the electrorefiner are shown in Fig. Y-3. Four baskets are
attached to a common shaft, which is rotated to force electrolyte through the granular uranium bed
in the baskets. After electrorefining, the uranium is separated from fission products and TRU
elements in the feed. The baskets contain a stainless-steel screen (325 mesh) to retain fine particles
in the granular feed and perforated steel plates \.o provide additional current collection in the bed.
The cathode is a steel crucible with a salt drainage hole in the bottom of the crucible. The electrode
assembly is shown in Fig. V-4. During electrorefining, uranium is clcctrodepositcd on the walls of
the cathode crucible, scraped off of the crucible by steel blades attached to the rotating anodic
dissolution baskets, and collected in the bottom of the cathode crucible.

Fig. V-3.
Anodic Dissolution Baskets for Processing
Product from Lithium Reduction Process

j.:—:.
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The initial anodic dissolution tests in the laboratory-scale HTER have been completed.
Granular uranium (4.9 kg) collected in two earlier HTER tests in our engineering-scale eiectrorefiner
was used as the feed in these laboratory-scale HTER tests. The density of the granular uranium from
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Fig. V-4. Electrode Assembly for Processing
Product from Lithium Reduction Process
the KTER tests was 4.1 g uranium per cubic centimeter, and the room-temperature packed density
was 6.6 g/cm3. Chendeal analysis of the uranium indicated that the bulk of the material contained
about 6 v/i% sail.
In a typical anodic dissolution run in the laboratory-seals HTER, the ceil voltage was 0.! 5 V
at 0.08 A/cm2, and the couiombic efficiency was 94%. This performance meets the voltage, current
density, and couiombic efficiency goals required of an HTER to treat the uranium product from the
lithium-reduction metallurgical treatment. The tests of uranium anodic dissolution will be continued
until 1 to 2 kg uranium is eiectrodeposited into the cathode crucible. Then, the anodic dissolution
baskets will be replaced with the compactor to compact the uranium at about 400°C (673 K). A
compacted product of greater than 10 g uranium per cubic centimeter is expected. This liigh density
product will allow for a high throughput rate in the cathode processor.
D.

Waste Form Development

A ceramic waste form (glass-bonded zeolite) and a metal waste form (stainless steel and
zirconium) are being developed to contain the fission products and actinides from the electrometallurgical treatment of spent nuclear fuel. The ceramic form contains the fission products (rare earth,
alkali and alkaline earth metals, halogens, and chaicogens) that accumulate in the electrorefiner sait.
Il is also the currently preferred stream for disposal of the TRU elements in the spent fuel. To make
the ceramic waste form, the fission product and TRU ions are removed from the salt by ion exchange
into a column of zeolite A, and the salt is returned to the electrorefiner. The zeoiite column contents
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are mixed with a low-melting glass binder and additional zeolite A; this additional zeolite
immobilizes excess salt by occlusion into its crystal structure. The mixture is hot pressed to make_
a monolithic waste form.
'"vcs
The metal form contains the cladding bolls, zirconium, and noble metal fission products; these are all chemically unaffected by the electrorcfining process. These constituents are melted
together under a slag salt to make an actinide-free ingot that is highly durable and corrosion resistant. ;
.'If desired, TRU elements can be placed in the metal waste rather than the ceramic waste. To do this, i
the TRU elements (and a large excess of uranium) are temporarily extracted from the electrorefmcr;
salt into a liquid cadmium solution; "pyrocontactors" (centrifugal contactors designed to work at
high temperatures) are used to effect the mixing and separation of the molten salt and liquid metal.}
The iission products are removed, as usual, from the salt Next, the TRU elements are returned to
the electrolyte salt by reoxidation using CdCl2 oxidant in the salt phase, and the salt is returned to
the electrorefiner. After sufficient TRU has built up in the salt, it can bs removed.asan alloy with
uranium and some rare earth metals by electrotransport to a liquid cadmium cathode.
1.

Waste Form Development Laboratory
a.

FacilitiesJUjosrade

A new facility, the Waste Form Development Laboratory, has been built; it
contains engineering-scale equipment for developing the processes needed for waste removal and
waste form fabrication. The equipment is housed in three argon-atmosphere gioveboxes. One of the
gioveboxes contains (1) a zeolite ion-exchange column to study removal of fission product ions from
the process electrorefiner salt, (2) an apparatus to remove excess salt from the resulting zeolite
material, and (3) a grinder to reduce die particle size of the column material before waste form
fabrication is started. All related equipment (including dryers, blenders, and a hot isostalic press) has
been installed in separate locations. The second glovebox holds a d't-pour induction furnace for
melting and casting samples of simulated metal waste. This furnace can melt up to 2.S kg of waste
form metals under a molten salt flux; to date, over 20 kg of^simulated waste form alloys has been
generated as large-scale ingots (~3 kg each). The third glovebbx contains a four-stage,
countercurrent-flow pyrocontactor, which will be used for extracting actinide and fission product
constituents between molten salts and liquid cadmium alloys. This facility is currently undergoing
shakedown testing.
b.

Process Equipment

Tests were undertaken in the Waste Form Development Laboratory to assess
the performance of the equipment for pumping molten salt and cadmium, the four-stage
pyrocontactor, and the ion-exchange column. Demonstrating the pumping of molten salt and
cadmium and filtration of insoluble constituents is an essential step in waste extraction. In a
successful series of nine tests at 5G0°C (773 K), molten LiCl-KCl and molten cadmium were
pumped through sintered stainless steel or woven-wire mesh filters having either 10- or 35-um pore
sizes. In each lest, flow and pressure data were obtained at several pump speeds. In these tests, a
submerged centrifugal pump assembly could be positioned so that cither salt or cadmium could be
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pumped from a vessel, through the filter, and back into the vessel. The pump and filters operated
more than 300 h acceptable
flo^rates^J^nfor^thesait
and 8.5 L/min fbr^e^cadmium.
%
Pyrocontactors effect chemical reactions between solutes in molten salt and_-:
liquid cadmium by intensively mixing and then cleanly separating these streams. Previous work2;
carried out at ANL with a single-stage pyrocontactor used cerium as a stand-in for uranium,;
lanthanum for plutonium, and yttrium for rare earths, because of the similarity of the relative
separation factors. These tests showed that it should be possible to use the pyrocontactor to separate
theTRU elements from the rare earths in the electrorefiner spent salt; stage efficiencies of 90% were
achieved at contactor speeds of 2700 rpm. A trend of increasing extraction efficiency with increasing
contactor speed (between 2100 and 2700 rpm) was consistently seen.;
During" 1995f a'lour-stage"pyrocontactor was, designed, fabricated,^and
installed,: Tiie^pyrocbntactor unit has rotors of 4-cm dia in housings of 6.4-cm diayThe housingsjire
drilled into a single block of steel; internal flow between stages is obtained via drilled passages.
Moltenlnctal from a feed tank is fed to the contactor through the housing of the first stage; it exits
the block from the fourth stage, at the other end of the unit Salt flows in the opposite direction. The
four-stage unit was tested outside the glovebox in the Waste Form Development Laboratory; it ran
for more than 130 h up to the maximum speed of 3300 rpm without vibrational or oilier problems.
It was then installed in the glovebox and successfully tested without liquid at 500°C (773 K} for 16 h
up to contactor speeds of 3300 rpm. How tests have been initiated and will be followed by extraction
tests.
The ion-exchange column apparatus was built, in the Waste Form Development Laboratory to determine the performance of a zeolite coluirn. under conditions expected in a
large-scale facility. The column setup allows rapid interchange of columns of variable diameter to
expedite operation at different temperatures and salt flow rates and to permit multiple reuse of salt
batches. Two symmetric tanks supported on load cells serve as both feed and receiver tanks for the
rnciten salt (sea Fig. V-5). Interchangeable columns are connected to a transfer line by-a threaded
gasket connection; the transfer line is mounted on the feed tank by a freeze seal. The column is
immersed in a gas-tight feed tank. Argon pressure forces salt upward through the column and
transfer line to the receiver tank. Column effluent is collected through a sampling port above the
column. Salt flow rates, which are monitored by changes in tank mass, load cell output, and
thermocouple readings, are collected by a data acquisition system.
Initial runs established that the column system would operate at constant salt
flow rates between 1.7 and 94 g/min and at temperatures between 425 and 500°C (698 and 773 K).
We have also found that much of the residual salt remaining on the surface of the column beads can
be removed as follows. Columns arc detached from the transfer line and attached directly to an argon
gas line, heated to 500°C (773 K), and then pressurized until gas breakthrough occurs. Salt is
collected in a crucible located below the column. Initial tests of salt removal showed that the surface
sait remaining on the zeolite can be reduced to less than 20 wt% of the total sample.
* J. J. Laidicr ct a!.. Chemical Technology Division Annual Technical Report, 1994. Argonne National Laboratory
Report ANL-95/24, p. 95 (1995).

Because our present equilibrium column model does not describe dynamic
operations, a model incorporating heat and mass transport, chemical kinetics, and equilibrium data
is being developed 10 assist laboratory-scale testing as well as design of full-scale columns. This
model[ is being verified with experimental column data.
..-:
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Fig. V-5. Experimental Setup for Testing Zeolite Ion-Exchange Column
2.

Development of the Ceramic Waste I^orm

In tlie project to develop the ceramic waste form, we have determined the solubilities
of the active metal fission products in die molten salt and measured exchange factors for the distribution of fission products between the molten salt and zeolite. We also tested a dehydrator for zeolite
A, which is extremely hydrophilic; a blender for mixing waste salt and dehydrated zeolite at high
temperatures; and a hot isostatic press for fabricating the waste form of giass-bonded 7xolite.
In electrometallurgicai treatment, the active metal fission products must remain
dissolved in the molten salt. The approximate solubility of several fission product chlorides in Hie
molten LiCi-KCl salt at eutectic composition was determined as follows. Each fission product
chloride was added to a separate batch of the eulectic salt at a 20:80 weight ratio. The mixture was
heated to 450°C (725 K) and inspected. If solids were present, the supernatant was poured off and
analyzed. The measured solubilities of all Ihe individual fission products are given in Table V-4; all
ar«, significantly higher than is anticipated in the waste stream for the eiectrorefincr salt.
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Table V-4. Results of 24-h Solubility Experiments of Various Components
in Eutectic LaCl-KCl Salt at 45O°C

Component

K(°O

Solubility,11
wtS6

Nad

1074(801)

>20.3b

0.194

KI

958 (685)

14.9

—

CsCi

919 (646)

>19.0

0.071

SlCI;

1147(874)

>19.5

0.144

Bad,

1235 (962)

>19.3

0.112

YCI,

994 (721)

15-0°

0.128

!

LaCi,

1133(860)

18.3

0.131

!

CeCl,

1090(817)

19.1

0.137

!

P'Cl,

1059 (786)

19.3

0.138

!

NdCI3

1033 (760)

>19.8

0.140

Melting Point,

Equivalent Fraction

^Greater sign indicates that no solids visible; solubility exceeds reported value.
''When cooied slightly below 450°C, a solid precipitate appears.
This solution had a melting point very close IO 450°C.

The distribution of fission products between molten LiCl-KCl and pure zeolite A
(powders) was measured as a function of fission product concentration (6-8 wt%) and temperature
[4GQ-5i2°C (673-785 K)]. The exchange reaction is described by
A*(z) +

Mn*(z) + A+(s)

(1)

where Mn* represents a fission product ion, A* symbolizes an alkali metal ion (Li, K, or Na), and z
and s denote the zeolite and salt phases, respectively. The exchange factor (EF) using lithium as the
reference cation is defined by the following equation:
EF= {Mnf(z)/Mn+(s)}i/n- {Li+(

(2)

Exchange factors are analogous to equilibrium constants except that concentrations (expressed as
mole fractions) are used in place of activities. Typical exchange factors calculated from the measured
concentralions are tabulated in Table V-5. At very low flssion product concentrations (<1 wt%), the
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Table V-5. Exchange Factors of Fission
Products vs. lithium
Cation

Exchange Factor

Cs
Ba
Sr

5.2

Sm

2.5

Ce

2.9

La

3.3

Nd

2.5

Pr

2.4

Y

2

1.6
1.5

exchange factors for all fission product ions showed a marked increase; this effect is being
investigated. The temperature dependence of the exchange factors was small, but a slight decrease
with temperature was observed in the range 400 to 512°C (673 to 785 K).
Because zeolite A is extremely hydrophilic, it must be dehydrated before it can be
contacted with molten salt. A dehydrator was built and operated to conduct this step. It consists of
a cylindrical stainless steel vessel that can be sealed to isolate a bed of zeolite pellets or powder from
ambient air. The vessel is heated in stepwise fashion to 527 °C (800 K) in a resistance furnace;
desorbed water is carried away in downward-flowing nitrogen gas. Zeolite is heid at each
temperature until the moisture content in the effluent nitrogen drops to inlet levels. Tests with the
dehydrator demonstrate thai zeolite can be fully dried in 48 h or, possibly, less.
The waste salt remaining on the surface of zeolite panicles after ion exchange and
bulk salt removal is incorporated into the crystal structure of additional zeolite. This is accomplished
by blending anhydrous zeolite with the column contents at high temperatures in an axially rotating,
double-cone blender. Simulated waste salt and dehydrated zeolite A have been blended at
temperatures from 450 to 550°C (723 to 823 K) for 24 to 44 h. rotation speeds of 20 to (30 rpm, and
total sampie sizes of 100 to 400 g. Samples of the resulting blended zeolites were washed with water
for one minute. The chloride content of the water was used as a measure of the quantity of free salt
remaining on the blended zeolite. Relatively low concentrations of free chloride (<0.5 wt%) were
obtained when the gross number of chloride ions per unit cell of zeolite was less than 8.5. Lower
rotation speeds, lower salt-to-zeolite ratios, and higher temperatures appeared to lower the free
chloride concentration in the blended zeolite.
A hot isostatic press has been obtained to fabricate the glass-bonded zeolite. It allows
multiple samples to be run at up to 1500DC (1773 K) and 200 MPa (30 x 103 psi). The temperature
gradient within its cylindrical hot zone (10-cm dia x 13-cm length) is less than 25°C. Samples of
ceramic waste are prepared as follows. Hot-blended zeolite powders are mixed with glass frit ia a
glovebox. The mixture is cold-pressed in thin layers into cylindrical stainless steel cans until the cans
are filled. Caps, which are welded to evacuation stems, are then welded onto the cans in air. The cans
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are evacuated and heated to remove any residual gases and water, then the stem is crimped and
welded. The sealed cans then undergo hot-isostatic pressing at temperatures near 700°C (973 K) and
pressures near 170 MPa (25 x 103 psi). Samples of glass-bonded zeolite prepared with the hot
isostatic press are being characterized by leach testing, and the physical and chemical characteristics
of the resulting monolith are being measured. Compositions and pressing conditions are being
systematically varied to determine optimum fabrication conditions.
Samples of glass-bonded zeolite cut from the interior of the sealed cans are routinely
analyzed with scanning electron microscopy and energy dispersive X-ray spectroscopy. In analyses
done to date, two distinct phases are visible: an amorphous glass phase and a cubic zeolite phase.
The chloride is present in the zeolite phase, and the glass phase is rich in the glass constituents, e.g.,
Si and Ca. Aluminum is present in both phases but is more concentrated in the zeolite phase, as
expected. These observations are evidence that the zeolite contains the salt, and that the glass acts
as a binder or matrix material for the zeolite.
Because of operational limitations of our plutonium gloveboxes, a mechanical
uniaxial press has been built for making plutonium-containing disposition forms that are similar to
the ceramic waste form. Powdered mixtures of salt-loaded zeolite and glass frit are placed in a
graphite die, the die and part of the press are heated in a glovebox well, and pressure is applied to
the mixture with a worm gear-drive jack screw. The hot parts of the press are made of a high-strength
Zr-Ti-Mo alloy. Temperatures up to 750°C (1023 K) and compressive forces up to 44 kN (10,000 lb)
can be achieved. This waste form testing will be conducted in 1996.
3.

Development of the Metal Waste Form

The metal waste form being developed for electrometallurgies] treatment is a uniform
stainless steel-zirconium alloy that is corrosion resistant. We are developing fabrication methods,
studying the physical metallurgy, and evaluating the properties and performance of the waste form
alloys. The first application of the electrometallurgical treatment will be to spent fuel from EBR-II;
existing equipment at the Fuel Conditioning Facility of ANL-W will be modified to fabricate The
metal waste form. A significant part of the metal-waste development effort at CMT is expended to
guide this work.
The metal waste stream includes the cladding hulls, which constitute most of the
waste, the noble metal fission products, and any zirconium from metal fuel alloys. The baseline
compositions for the metal waste form are stainless steel-15 wt% zirconium (SS-i5Zr) and Zircaloy-8 wt% stainless steel (Zr-8SS). The former is for stainless-steel-clad fuels, and the latter,
zirconium-clad fuel. Each will also contain 1 to 5 wt% (depending on fuel burnup) of the abundant
noble metal fission products (Ru, Rh, Pd, Tc, Mo, Zr, and Ag) and smali amounts of other metals.
The metal waste stream is cast at 1600°C (1873 K) under a controlled atmosphere
and a molten salt flux. Because the molten alloy contains zirconium, it is very reactive; an inert
atmosphere and a stable material for containing the melt arc required. Yttria (Y20j) crucibles have
been used, but the poor thermal shock resistance of yttria limits the furnace heating rate to less than
~i0°C/min. Alternative containment materials and processing techniques are being sought to
overcome this limitation. We have found that crucible-meii interactions do not occur in the yttria
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crucibles containing steel-rich melts, but zirconium-rich melts (>50 v/t% Zr) result in minor
dissolution of the yttria.
Small-scale (-20 g) alloy samples were generated with a range of zirconium compositions (5 to 92 wt% Zr) to simulate the SS-15Zr and Zr-8SS waste forms and off-normal alloy
compositions. The alloy samples included noble metals. Molten samples were held at 16OOBC
(1873 K) for 1 to 2 h and solidified by cooling slowly. Then, they were sectioned, polished, and
examined using a scanning electron microscope with energy dispersive X-ray analysis for
quantitative composition analysis of individual phases. The samples had uniform microstructure and
low porosity.
The stainless steel-rich alloys were found to contain ferritic and austenitic phases of
stainless steel along with a brittle Laves intermetallic Zr(Fe, Cr, Ni)2+:t. A eutectic exists at
15.1 \vt% Zr in the Fe-Zr system; the baseline composition SS-15Zr has the euteclic rnicrostructure
(Kg. V-6). The fraction of Zr(Fe» Cr, Ni)2+S in the alloy increased with zirconium concentration until,
at -40 wt% Zr, the alloy was completely intermetallic. Compositions between 40 and 84 wt% Zr
contained only intermetallic phases; these compositions would be unacceptably brittle. Between
84 and 100 wt% Zr, the alloys contained increasing fractions of a-Zr solid solution. The baseline
composition Zr-8SS showed a microstructure dominated by the primary a-Zr solid solution
(Fig. V-7). This primary phase was surrounded by a complex eutectic structure containing the a-Zr
solution and intermetailics, which were qualitatively identified as Zr2(Fe, Ni) and Zr(Fe, Cr)2.
The noble metals Ru, Pd, Mo, and Ag were added to the SS-15Zr and Zr-8SS waste
form samples. In addition, rhenium and technetium ("Tc) were added in experiments carried out at
ANLr-West. The noble metal additions did not result in the formation of discrete phases indicative
of fission product segregation. In the SS-15Zr alloy, some metals (i.e., Ru, Pd, and Ag) showed a
preference for the intermctallic phase; others (e.g., Rh) showed a preference for the iron solution
phases. The noble metal distribution has not yet been quantified for the Zr-SSS alloy.
Stainiess steel-zirconium alloys containing actinide metals are being investigated for
two reasons: (1) to understand the fate of actinide residues from the hulls if the salt flux should fail
to remove them and (2) to evaluate incorporation of actinides into the metal waste form. Several
small-scale samples of simulated waste form alloys (-30 g) containing U, Pu, and Np were placed
in yttria crucibles and cast in an induction furnace. The compositions studied include SS-15Zr alloys
with (in wt%) 0.5U-0.5Pu, 2U-2Pu, 6Pu, lOPu, 6Pu-2Np, and 2Np; in addition, Zr-8SS alloys with
4,7, and 10 \vt% Pu were studied. The SS-15Zr alloys were generated using Type 316 SS, and the
Zr-8SS alloys were generated using Type 304 SS.
The microstructures of the SS-15Zr alloys (Fig. V-8) are similar to the two-phase
SS-15Zr euiectic structure, except for the presence of a third phase that is rich in actinides. This third
phase is apparently an JntermetalJic that is miscible with the Zr(Fe, Cr, Ni)2 intermetallic, and its
composition is essentially 33 at.% Fe-33 al.% Ni-20 at.% aclinide (U, Pu, and/or Np) plus small
amounts of Zr, Cr, and minor components. This phase was observed in all of the actinide-bearing
SS-15Zr alloys, regardless of the actinide or group of actinides present; increasing the actinide
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Fig. V-6. Backscattered Electron Image (500X) of the SS-15Zr
Eutectic Structure. The dark phase is an iron solid
solution, and the bright phase is the Zr(Fe, Cr, Ni)2+X
inlermetallic.
content resulted in a higher volume fraction of this phase. The microstructiire for the Zr-SSS-xPu
alloys (Kg. V-9) resembles the nonactinide Zr-8SS alloy. Plutonium was observed in solution in the
a-Zr matrix, but it also was found in higher concentrations at the a-phase boundaries. For the alloy
compositions that were examined, increasing the amount of plutonium in the alloy increased the
amounts of plutonium in the «-Zr matrix, phase and at the a-phase boundaries. These results indicate
that actinide metals are intimately entrained in the metal phases and do not segregate into discrete
phases consisting of pure actinides. Future efforts will investigate the corrosion and leach behavior
of the actirade-bearing metals.
Ingots of SS-l5Zrand Zr-8SS were used to generate small- and large-scale samples
(-20 g and ~3 kg, respectively) for testing and evaluation. Samples with various zirconium contents
were machined and polished into disks (~1.6-cm dia) and tested using general and electrochemical
corrosion methods in simulated J-13 well water that is representative of the groundwater at the
Yucca Mountain site in Nevada.
Electrochemical corrosion tests were carried out at room temperature in simulated
J-13 weii water; the solution pH was varied from 2 to 10. The test method uses a corrosion cell with
a potentiostat, and the cell current is measured vs. a controlled-potential scan over a small voltage
range with respect to the measured corrosion potential. General immersion tests were canicd out in
sealed vessels that contained neutral J-13 solutions at 90°C (363 K) for extended durations up to

Fig. V-7. Backscattered Electron Image (100X) of the Zr-8SS
Structure. The gray major phase is a zirconium solid
solution, and the darker phases are intermetallics.

Fig. V-8. Backscattercd Electron Image of SS-15Zr
Alloy Containing 2 \vt% U and 2 v/i% Pu.
The bright contrast phases are rich in U
andPu.
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Fig. V-9. Backscattered Electron Image of
Zr-8SS Alloy Containing 10 wt% Pa.
The zirconium solution phase contains
some plutonium, but the bright-contrast
features indicate high plutonium contents at cc-phase boundaries.
one year. Stainless steel (Types HT9,304, and 316), zirconium, copper, low alloy steel, aluminumbronze, and Incoloy 825 were tested along with the waste form alloys for comparison.
The electrochemical corrosion rate for both SS-15Zr and Zr-8SS alloys in neutral pH
well water was approximately 0.5 to 0.8 um per year [(4 to 6 g/(nr*yr)]. This range is comparable
or less than the measured rates for Types 316 and 304 stainless steel, zirconium metal, and Incoloy
825, and it is one to two orders of magnitude lower than the rates for copper, bronze, and low alloy
steel. The corrosion rates are even lower in pH = 10 solution than neutral solution. At pH 2, the
corrosion rates for Zr-8SS samples increased very slightly, and those for SS-15Zr increased by about
an order of magnitude. The very acidic conditions at pH = 2 are not expected to occur naturally but
serve only to accelerate corrosion rates. The electrochemical results indicate superior corrosion
resistance for the waste form alloys. In the immersion tests, corrosion rates were at or below the
resolution of the test sensitivity. More severe test solutions and alternative test methods are being
considered.
Large-scale (-3 kg) SS-15Zr alloy castings were used to prepare mechanical test
specimens. A tensiie test was performed in air at 93 ° C with a deformation rate of 8 x 10'7 cm/s; these
conditions were selected to enable future comparisons with tests designed to evaluate environmentally assisted corrosion. The tensile fracture stress of the SS-15Zr sample was measured to be
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296 MPa (42.9 x 103 psi) with <l% elongation and reduction of area. Charpy impact tests were also
performed on this alloy at 25 °C, and the measured absorbed energy and normalized absorbed energy
were 0.7 J and 0.8 J/cm2, respectively. Intermetallic materials or composites containing intermetallics
are commonly observed to fail under tension with very low ductility. However, they reportedly
exhibit some ductility under compression. We intend to measure a complete set of thermophysical
properties for the waste form alloys. These results, taken together, indicate that the cast SS-1 SZr
alloy has good strength but low ductility in tension compared to other metals (e.g., annealed Type
316 SS). Compared to other waste forms such as borosilicate glasses, the strength of the metal waste
form is superior.
Future development activities for the metal waste form will continue to characterize
the various alloy phases and evaluate the performance for SS-15Zr and Zr-8SS. Neutron diffraction
and transmission electron microscopy methods will be used to advance the current understanding
of the alloy phases, and me behavior of actinides and noble metals in the waste form alloys will be
investigated further. Corrosion and mechanical testing will continue, and alternative performance
evaluation methods will be investigated. The focus of all of these efforts will be on the SS-lSZr
composition because this alloy will be generated during the first demonstration of the electrometalSurgical process when EBR-H fuel is treated.

97

VT TREATMENT OF SPENT OXIDE FUEL
Many different types of spent nuclear fuels are now in storage at several Department of
Energy sites. Some of these spent fuels cannot be placed directly in a geological repository, without
treatment, because of their chemical reactivity, the presence of hazardous materials, or difficulty of
characterization. ElectrometallurgicaJ treatment (sec Sec. V) of these spent fuels would convert this
large variety of fuel types into well-characterized waste forms, and it would remove the chemical
reactivity and hazardous material characteristics. An additional benefit would be separation of the
uranium to a low-level waste stream, thus greatly reducing the volume of material destined for a
geological repository.
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.1
In this process the spent oxide fuel is reduced by reaction with lithium at 650°C in the
presence of molten UC1. The !i 2 O formed during the reduction process is soluble in the salt. The
spent salt and lithium are recycled after the Li2O is electrochemically reduced. The oxygen is
liberated as either CO2 at a carbon anode or as oxygen at an inert anode. The reduced metal
components of the spent fuel are separated from the LiCI salt and introduced into an electrorefiner.
The clectrorefining step separates the uranium into a pure product The uranium product may be
enriched for recycle or converted to a suitable form for storage or disposal as low-level waste. The
TRU elements can be recovered and alloyed with cladding material and combined with fission
products to produce a leach-resistant and diversion-resistant form for ultimate disposal. Alternatively, the TRU elements can be converted, with the fission products, into a ceramic waste form.
Recent work has concentrated on developing an electrometallurgical process flowsheet for
treating fuel debris from the accident involving the Three Mile Island-2 (TMI-2) reactor, improving
the design of anodes used for electrowinning lithium oxide, and testing the electrometallurgical
process steps in engineering-scale experiments (20-kg batches). Laboratory-scale experiments
(0.5-kg batches) have also been done to help understand the rare-earth chemistry in the reduction
salt.
A.

Process Chemistry and Flowsheet Development for TMI-2 Core Debris

Prior to the accident (March 1979), the TMI-2 core consisted of 177 fuel assemblies, each
of which was made up of a 15 x 15 array of fuel rods. Each fuel rod had UO2 pellets stacked inside
aZircaioy-4 tube. Some of the fuel assemblies contained control rods in addition to (he fuel. These
control rods consisted of an Ag-Jn-Cd alloy clad with 304L stainless steel. Inconel spacer grids were
located at intervals along the fuel assembly to prevent the fuel rods from contacting each other and

1

J. J. Laidter et ai.. Chemical Technology Division Annual Technical Report, 1994, Argonne National Laboratory
Report ANL-95/24, pp. 101-102(1995).
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to provide rigidity to the assembly. At the top and bottom of each assembly were end fittings made
of Type 304 stainless steel.
A significant portion of the core was severely damaged in the accident. The upper portion
of the core was essentially completely destroyed. The fuel rods in the central portion of the core
melted together and formed a region consisting of a high-temperature ceramic melt containing
separate uranium- and zirconium-rich phases of (U,Zr)O2. This central region was bounded above
by the upper crust and below by a metallic melt region (lower enist). The upper crust was formed
when molten structural materials and control rod alloys flowed onto cracks in the solidified upper
portion of the central ceramic melt. The lower crust was formed by molten metallic materials that
relocated to the bottom of the core relatively early in the accident sequence; it contained intact fuel
pellet stacks surrounded by a solidified metallic melt.
Four flowsheets have been developed for treating the TMI-2 debris. The first flowsheet is
similar to one developed earlier for processing spent fuel from a light water reactor (LWR).1 It is
meant for use with fuel from the TMI-2 reactor that has remained intact. The second flowsheet has
been developed for the mixed ceramic melt, (U,Zr)O2, containing separate uranium- and zirconiumrich phases. The third and fourth flowsheets are intended to handle debris containing agglomerates
of metallic and ceramic phases. The metallic phases contain both structural and control rod
components (iron- and silver-rich phases). One flowsheet is for handling a charge that is mainly
mixed (U,Zr)O, phase (90 wt%), while the other flowsheet deals with a charge thai is predominantly
metallic (90 wt%) in composition. These two flowsheets represent two extreme situations, and the
real debris composition may lie anywhere in between these rwo extremes. In developing all four
flowsheets, we made certain assumptions:
(1)

The bumup is assumed to be one-tenth that of the LWR fuel. Thus, the bumup for the
TMI-2 fuel is assumed to be 0.33 wt%, while the burnup for the LWR fueS is
3.3 wt%. This effectively increases the amount of uranium and reduces the amount
of fission products in the charge.

(2)

The cladding material is assumed to be oxidized in all cases, except for the portion
of the fuel that is treated as being intact. All the components of the cladding material
(Zr, Fe, and Sn) are assumed to be oxidized to ZrO2, FejOj, and SnO2, respectively.

(3)

The elements from the structural and the control rod components are assumed to
remain metallic, as observed in the upper and lower crust regions. The flowsheets
developed for the TMI-2 rubble are similar to the flowsheet developed for the LWR
fuel, except that a larger amount of reductant is required for the oxidized cladding,
and the amount of noble metal stream is larger wherever structural elements arc
mixed with the fuel.

The characteristics of the TMI-2 core debris were reviewed to find a suitable simulated fuel
that could be used in laboratory- and engineering-scale experiments. The TMI-2 debris characteristics were compared with those from earlier ANL core-melt experiments, which were designed to
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determine the interactions that occur between molten reactor fuel and concrete.3 This comparison
has confirmed that the core-melt experiment debris will be a satisfactory substitute for the mixed
UOy-ZrO; phase in TMI-2 fuel. Future work will concentrate on demonstrating that the lithium
reduction process can be applied to simulated TMI-2 debris.
B.

Laboratory-Scale Testing
1.

Electrolysis of Lithium Oxide

The initial step in the lithium process uses lithium metal to reduce the oxide fuel in
molten salt. The Li2O reduction product dissolves in the salt. To minimize waste, an electrochenucal
step is under development to recover the salt and lithium for recycle by converting the Li2O back to
lithium metal. Laboratory-scale experiments were performed during this period to investigate
clcctrowinning of lithium metal from Li2O in molten LiCl salt.
Anode performance is one of the key factors that has to be improved to successfully
regenerate the reduction salt and lithium metal by electrowinning. In our earlier experiments testing
a Pt-Rh anode, it had been observed that when tellurium was present in the electrolyte, a layer of
compounds formed on the Pt-Rh anode surface and insulated the anode.3 Therefore, experiments
were conducted to test the concept of employing a molybdenum getter electrode to remove tellurium
from the electrolyte. These experiments were carried out in two stages. The first stage was a
preliminary electrolysis to remove tellurium from the electrolyte by using a molybdenum rod as the
anode. The electrolysis was conducted at a constant eel! voltage of 1.6 V. This voltage was chosen
because it lies between the decomposition potential of Li2Te and the LuO-Mo reaction potential. The
final stage was the electrowinning of lithium metal from Li2O. A Pt-Rh tube was employed as the
anode, and the electrowinning was performed at a constant cell voltage of 3.0 V. The experimental
results indicated that the concept of using a molybdenum sacrificial electrode to remove the tellurium
has promise. The electrolysis was successfully brought to completion, and the current efficiency
achieved was 81%. Further work on the electrowinning anode is reported in Sec. VI.B.2.
Two experiments were conducted to demonstrate the concept of direct UO2 reduction
with lithium electrowinning. This concept is illustrated in Fig.VI-1, which is a sketch of the celi
setup employed in these experiments. The anode is a Pt-Rh tube, which is housed inside an MgO
sliroud that is open at the bottom. The cathode is a cylindrical basket made of stainless sieel (SS)
screen (325 mesh), with a SS support frame and SS tube (3.2-mm OD). The tube serves as a
conductor and also as a helium-gas purge tube for the cell. The purpose of the helium purge is to
dilute the oxygen concentration in the gas phase during electrolysis. The cell container is a
high-density MgO crucible.

J. E. Battles ct al., Chemical Technology Division Annual Technical Report, 1992. Argonne National Laboiatoiy
Report ANL-93/17, p. 137 (1993).
J. J. Laidier el a!., Chemical Technology Division Annual Technical Report, 1994, Argonne National Laboratory
Report ANLr95f24, p. 107 (1995).
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Fig. Vl-1. Schematic of Experimental Cell for Uranium
Oxide Reduction with Simultaneous Lithium
Etectrowinning
For the first experiment, the cell container was loaded with 429 g of LiCl salt and
8.75 g of Ii 2 O, and 100 g of UQj chips was ioaded inside the basket cathode. The second experiment
was similar except that only 55 g of UO2 was used. During electrolysis, the lithium metal produced
at the cathode reduced the UO-, to uranium metal and re-created the lithium oxide:

LUO

14 O2
(cathode) (anode)

UO, + 4 Li

2Li2O

(i)

(2)

The experiments were performed at 650°C and at a constant voltage of 3.0 V. The
cell current was very stable during the entire period (approximately 30 h) of electrolysis.
Post-electrolysis examination of the two cells showed that the SS basket cathode and conductor tube
maintained their original condition. For the first experiment, in which 105% of the theoretical current
was passed, some of the interiors of the uranium chips contained unrcacted UO:. In the second
experiment, in which 140% of the theoretical current was passed, the UO2 chips contained in the
cathode basket were completely reduced to uranium metal. This experimental result demonstrated
that the concept of direct UO2 reduction is workable.
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2.

improved Anodes for Electrolysis of Lithium Oxide

Work on improvement of anodes for the electrochemical reduction of lithium oxide
in a lithium chloride melt has focused on developing inert anode materials and improving the cell
geometry for the platinum anode system. In laboratory- and engineering-scale cells tested to date,
Pt-10% Rh electrodes have shown good stability. Performance (as measured by the production of
lithium metal) in the laboratory-scale cells has also been good. Therefore, the primary objective in
seeking new materials has been to reduce cost by eliminating the expensive Pt-Rh anode without
seriously lowering performance. In the initial engineering-scale test, the performance with a platinum
electrode was poor. Work was, therefore, focused on identifying the reason for the poor performance
and correcting it. This problem developed into one of designing the electrode and cell geometry so
that the desired fluid flow in the cell could be achieved.
The initial engineering-scale experiment (Fig. VI-2) used a cylindrical cell with a
centrally located finned anode (6.4-cm high and 8.9-cm OD) inside a 43.2-cm dia cathode. A
10.5-cm ID shroud was intended to capture the oxygen released from the anode, A second shroud,
35.6-cm dia, was submerged about 5 cm into the salt xo isolate the lithium evolved at the cathode.
Unfortunately, this geometry did not produce lithium metal; the flow patterns that appeal- to have
contributed to this problem are indicated in Fig. VI-2. Oxygen was liberated at the anode in the form
of very small bubbles, which did nol coalesce rapidly and which remained relatively stationary with
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Anode Design Used in First EngineeringScale Experiment for Electrowinuing

respect to the surrounding fluid. Consequently, the released oxygen did not rise to the surface of the
salt. This oxygen may be thought of primarily as creating a homogeneous fluid with a lower density
than the salt alone. When the current is initiated, the oxygen-salt mixture rises within thft shroud;
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after a short period the shroud becomes tilled with the salt-oxygen mix, and the driving force for
continued flow into the shroud is eliminated. Once this occurs, the additional oxygen produced nows
outside the stopud by natural convection, and the oxygen reacts with the lithium in the salt near the
cathode.This scenario was'confirmedfirilflow visualization test with a full:scale water electo
mockup, using Piexiglas® components and a 1M KOH solution,
A new design was developed to correct this flow problem. In this geometry
(Fig. VI-3), an upward flow of salt within the shroud is driven by the rising sparge gas. Holes in the
inner shroud near the salt surface permit the salt to exit the inner shroud, flow downward between
the shrouds, and thereby complete the.flow loop. Oxygeri from the anode is en!rained by the flow,
rises with the salt, and is largely removed from the salt In the turbuicm .alt surface. Tests and
f calculations for this new design confirmed the expected performance. In flow visualization tests,
i- water was seeded with reflective particles and illuminated with a fan-shaped laser beam. These
f:confirmed that the flow pattern produced by sparge gas formed as anticipated and also confirmed that;
"-• ihe region outside the outer shroud could be made relatively quiescent by extending the outer shroud i
^eeriy in the salt. Water electrolysis testing was again done for the new conditions, and the flow
velocities anticipated in the various regions of the system were calculated. An anode assembly was
designed based on the results ofthe experiments and calculations. __._-.
:
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Work has also progressed on identifying stable materials to replace the expensive
Pt-Rh anode. Metal electrodes are precluded because of stability problems. Recent effort has focused
on ceramic oxides because of the oxygen evolution at the anode surface. On the basis of
experimental evidence and material properties, the primary candidates are lithium-doped NiO and
Fc^O^. Each is orders of magnitude more conductive than the salt and appears to be stable in the
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anode environment. Cracking from thermal shock is a significant problem for all potential ceramic
electrodes. It is of particular concern for this application because relatively frequent insertion and
removal of the electrode from the molten salt will be required. A method of imparting a high degree
of thermal shock resistance for the electrodes has been demonstrated. Approximately 10 wt% MgO
incorporated into NiO resulted in a laboratory-scale electrode that could be removed from a furnace
at 650°C and immediately quenched in water without apparent physical degradation. Both FejO4 and
NiO anodes have been run in laboratory-scale cells. The V^O4 anodes were mechanically weak due
to fabrication problems but appeared to be stable. The NiO suffered little or no attack in
laboratory-scale testing. The emphasis is now on improved fabrication procedures for both candidate
materials. For Fe3O,, this requires procedures for preventing oxidation or reduction during
fabrication, and for both NiO and F e ^ , it requires development of an integral metal component for
attachment of current leads. Effort will ba focusing on developing a continuous metal sheath that will
allow current-iead attachment and will provide a very durable component for in-cell handling.
3.
•M

••

Behavior of Rare-garth Fission Products

In the electromctallurgicai treatment of spent oxide fuels, it is important to understand
the behavior of the fission products. A detailed study is underway to determine the behavior of
rare-earth (RE) fission products in different processing conditions. First, it is important to determine
the concentration of rare earths in the salt phase. This determination is complicated by three main
factors: the rare earths do not all behave similarly; the sesquioxides, REUOj, arc convened to the
mixed oxides, LiREO,, under certain process conditions; and there is a strong mutual influence
among the rare earths in solution in the salt phase. Several laboratory-scale experiments have been
performed to address these factors.
Laboratory-scale experiments were performed by the equilibration of LiCi containing
known concentrations of lithium and Li,O with REjO3 at 650°C. The rare earths chosen for this study
included Nd, Ce, Eu, and' . Several experiments were conducted at various concentrations of LUO
(G to S wt%) in LiCl. After equilibration, filtered salt samples were analyzed for their rare-earth
concentration by inductively coupled plasma/atomic emission spectrometry and for their Li2O
concentration by titration with O.i £i HC1. At the end of the experiment, the insoluble rare-earth
oxide phase was identified by X-ray diffraction. The analytical results were used to derive
thermodynamic data for the mixed oxides. Models are being constructed to predict the behavior of
the rare-earth fission proa^ts under various process conditions.
The results obtained so far indicate that Nd and Ce behave in a similar manner in diat
their concentration in the salt phase increases with increasing Li,0 concentration. On the other hand,
Eu and Sm concentrations in the salt phase decrease with increasing Li2O concentration in the salt.
Most experiments were done under conditions where the salt was saturated in lithium. However,
experiments were done in the absence of lithium, and the results showed that the concentrations of
Eu and Sm in the salt phase are significantly reduced in the absence of lithium. This is illustrated for
europium in Fig. VI-4, and a similar behavior is observed with samarium. It is consistent with the
expectation that the dichlorides of Eu and Sm, formed in the presence of lithium, arc the dominant
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soluble species for the Eu and Sm fission products, Mixed oxides, LiREO2, were observed to form
in all the cases when the LUO concentration in the salt phase was high enough, and this transition
point (LijO concentration) for the change from the sesquioxide to the mixed oxide depends on the
relative free energies of formation of the mixed oxide and the sesquioxide. Free energies of
formation of LiREO2 have been derived from the experimental measurements. The derived free
energies of formation at 650°C are -101.445 kJ/mol for LiNdO2(c), -100.628 kJ/mol fo
-995.8 U/r&ol for LiEuO2(c), and -103.365 kJ/mol forLiSmO2(c).
The only factor that remains to be investigated is the complex issue of the mutual
influence of the rare earths in the salt phase. This will be part of a future study.
C.

Engineering-Scale Demonstration

The objectives of the engineering-scale demonstration are to (1) provide proof that the
individual process steps defined by the laboratory-scale experiments work at the 20-kg batch size
and (2) obtain engineering information needed to further scale up the equipment and operations to
larger plant sizes needed to process the DOE spent fuel in the time frame allocated and at the
locations specified. The demonstration experiments are conducted in a large (7.6 x 2.4 x 2.6 m)
argon-filled glovebox and a smaller (2.4 x 1,1 x 2.6 m) nitrogen-filled glovebox with an
interconnecting transfer lock. A schematic of the gloveboxcs is given in Fig. VI-5. Tests in these
gioveboxes are underway to demonstrate the electrometaUurgical process steps of reduction,
electrowinning, casting, oxidation, drying, and retorting. The g'oveboxes have the capability of
storing the process materials between steps. The argon giovebox was completed in 1993, and the
initial reduction demonstration (ES-1) was run with 4.4 kg of natural UO2-based simulated fuel. The
reduction was based on the lithium process and employed a LiCl-KC! salt at 500°C. The product was
a very fine metal precipitate, that was not easily consolidated into ingots or electroreCned. The spent
salt from this experiment was not recovered, as is required to meet the waste minimization goal of
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the process. During 1994 new process equipment was installed in the argon glovebox, and the
nitrogen glovebox was completed.
•25*(7.6m)-
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Fig. VI-5. Engineering-Scale Process Glovebox (Plan View)
Two experiments were run in 1995. The first experiment (ES-2) combined the reduction of
TRU-containing simulated fuel with the recovery of the spent salt and reduelant by electrowinning.
It was conducted at 6S0°C using a pure LiCI salt and 10 kg of simulated fuel to proof test the newly
installed equipment and to verify die effectiveness of procedures and personnel training. The fuel
reduction was successful, and the procedures and training were shown to be satisfactory. However,
the electrowinning process step did not regenerate the spent salt and reductant because of design and
material deficiencies in the anode that were not apparent during laboratory-scale testing. The second
experiment run in 1995 was a test of a redesigned anode to regenerate the spent salt left from the
unsuccessful first attempt
The design of the ES-2 experiment differed from the earlier experiments in that the reduction
process step used a stacked basket that held the simulated fuel immobile during the reduction. This
basket concept was introduced to enhance the ability to easily transfer die reduced fuel from the
reduction vessel to the next process in the flowsheet, electrorefining. This basket concept is in
keeping with the present direction of development of large-scale electrorefmers.
The anode design in the ES-2 experiment also differed from the laboratory-scale tests. The
laboratory-scale tests used Pt-10% Rh tubing (12.7-nim dia) for the anode, and the anode and
cathode were usually contained in shrouds, which ducted the oxygen out of the crucible (anode) or
confined the lithium produced to a localized volume (cathode). The ES-2 experiment used a
slar-shaped anode to enhance the effective surface area in an attempt to increase the evolution of
oxygen. It also used an alumina shroud around the anode with the stainless steel crucible as the
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cathode. During the ES-2 experiment, no oxygen was present in the anode off-gas stream, and upon
post-test analysis of the anode shroud, significant quantities of the alumina were found to have
eroded away and dissolved in the salt, probably as lithium aluminate. The reactants present in the
process had been expected to react with the alumina, but chemical kinetics were thought to be slow
because no problems had been observed during the laboratory-scale experiments.
Water electrolysis visualization and flow studies were done to determine other probable
causes for the failure of the first engineering-scale anode, as described in Sec. VI.B.2. An
electrowinning experiment, ushig the redesigned anode, did produce oxygen but much less than
expected. In addition, the cylindrical Pt-Rh anode was severely corroded. Post-test analysis is not
yet complete; however, further laboratory- and engineering-scale tests of the electrowinning process
will bs necessary to gain an understanding of the important design parameters involved in producing
a workable anode.
Future engineering-scale tests will be used to demonstrate that flowsheet processes are viable
for the DOE spent fuel inventory. The near-term emphasis will be on processing simulated TMI-2
core debris (Sec. VIA).
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VH. APPLIED PHYSICAL CHEMISTRY

The program in applied physical chemistry involves studies of the thennodynamic and
transport properties of selected materials in environments simulating those of fission and fusion
energy systems, as well as other technologically important systems.
A.

Thermophysical Property Studies of Metallic Nuclear Systems

We are continviing to develop a consistent set of phase diagrams for key systems of
importance to nuclear reactor technology and related waste and plutoniuni-bandling issues. Presented
below is the most recent in a series of studies involving the critical evaluation and thermodynamic
optimization of binary and ternary subsystems of the Pu-U-Zr-Fe system at high temperatures. In this
work, all available thermodynamic and phase equilibrium data for a system are collected and
critically evaluated simultaneously to obtain one set of model equations for the Gibbs energies of
all phases as functions of composition and temperature. From these equations, all of the
thennodynamic properties and the phase diagram can be calculated. In this way, all the data are
rendered self-consistent and consistent with thermodynamic principles. Discrepancies can often be
resolved, and interpolations and extrapolations can be made, in a ihermodynamically correct manner.
1.

Binary System Calculations

Complete optimizations of the Pu-U, U-Zr, and Zr-Pu binary systems have already
been presented.1'3 Since these were published, new measurements of the liquidus and so'idus of the
Pu-U and Zr-Pu systems have become available. Accordingly, the liquid phases of these two systems
were re-optimized in a collaborative project with Ecole Polytechnique, Montreal. Except for the
Siquid-phase properties and the liquidus and solidus in the Pu-U and Zr-Pu systems, these differ only
very slightiy from those reported previously.1'3
The most significant changes from the previous work involved the Pu-U system.
Recent measurements of the liquidus and solidus temperatures by Okamoto et al.4 using differential
thermal analysis (DTA) show liquidus temperatures up to 40" lower than those reported by Ellinger
et al.,s upon which our earlier evaluation2 was principally based. A datum of Kehnan et al." is in good
agreement with Okamoto ct al.4 As discussed in the previous evaluation,2 the width of the two-phase
(solid + liquid) region depends upon the enthalpy of fusion of uranium. The controversy surrounding
this value was resolved earlier in favor of the value 9.148 kJ/mol (2185 cal/mol)- However, this
resulted in the calculated two-phase region being significantly narrower than that reported by
Eilinger et al.5 Nevertheless, the width of the two-phase region reported by Okamoto et al.4 and
1
2
3
4
s
s

L. Uibowitz, R. A. Blomquisi, and A. D. Pelton, J. Nucl. Mater. 167,76-81 (1989).
L. Lcibowitz, R. A. Biomquisl, mid A. D. Peiton, J. Nucl. Mater. 184. 59-64 (1991).
P. K. Talley, A. D. Pclton, and L. Lcibowiiz, to be published in J. Nucl. Mater.
Y. Oicamoto, A. Macda, V. Suzuki, and T. Ohmkhi, J. Alloys Compounds 213/214.372-374 (!5W).
R H. Eiiinger, R. O. Elliott, and E. M. Cramer. J. Nticl. Moter. 3,233 (1559).
L. R. KeSman, H. Savage, C. M. Waller, B. Blumemhal, R. J. Dunworth. and H. V. Rhude. in Plutonium J96S.
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Kelman et al* is in excellent agreement with the calculations based on this enthalpy of fusion for
uranium.
At uranium fractions below 0.4 in the Pu-U system, liquidus and solidus points
measured by the Mound Laboratory7 lie at somewhat higher temperatures than the points of Okamoto
et at. that were given preference. The present evaluation thus results in a small (liquid + r\) region,
whereas the earlier evaluation,2 as well as the Pu-U diagram proposed by Ellinger et a!.,5 showed no
such region, although the (liquid + T) and (T +T|) regions were calculated to approach within 2° of
each other. However, within experimental error limits, the data of Ellinger et al.5 are consistent with
the present interpretation. Work in this area will continue as new data become available.
2.

Ternary System Calculations

The earlier calculation* of the solidus and liquidus surfaces of the Pu-U-Zr ternary
system has been revised to take account of additional experimental data and to render the
optimization self-consistent with sub-solidus data which were not considered in the earlier
evaluation. In collaboration with Ecole Polytcchnique, Montreal, we have now optimized all
available data on sub-solidus equilibria in the Pu-U-Zr system lo obtain Gibbs energy expressions
for all solid phases. From these expressions, the solvus surface and the solubilities in all solid ternary
phases have been calculated.
The Gibbs energy of the ternary solution phases has been represented by means of the
Kohier equation,9 which is based upon an extension of regular solution theory:
+ Xv In Xv

G = (X^C*. + XuG'u +XZrG°a) + RT
2

G

UZl
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(1)

* + XPf G

where X; is the atom fraction of species i, G°= is the free energy of species i, GEAB is the excess free
energy from the A-B binary system, and GSABC is the excess free energy from the A-E-C ternary
system.
Li Eq. 1, the GEAB binary terms are evaluated not at the ternary composition point but
in the A-B binaiy system at the same ratio XA/(XA + XB) as at the ternary composition point. That
is, XA and XB in the expressions for GEAB are replaced by XA/(XA + Xa) and XB/(XA + XB),
respectively. The GBM terms are preceded by the factor (XA + XJr, which represents the probability
that a pair of neighboring atoms is either an A-A, a B-B, or an A-B pair. The Kohier equation thus
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assumes that the Gibbs energy of forming two A-B bonds from an A-A and a B-B bond remains
constant at constant XA/(XA + XB) ratio.
The ternary excess terms, C ^ , vanish in all three binary systems (Pu-U, U-Zr, and
Zr-Pu). In the present study, these were either set to zero or were given by a one-parameter
expression aXpuXuXz,, where a is a temperature-independent adjustable parameter chosen to best
represent the available data for the ternary system.
For solutions in which the solubility of one component is limited, the G°j terms and/or
certain G^y, expressions in Eq. 1 were also found by fitting ternary data. For example, for the
i\ phase in the Pu-U binary system, the calculated solubility of zirconium can be controlled through
the terms G ^ G ^ and G ^ , which were chosen to give the best representation of the available
ternary data.
All available phase equilibrium data in ihe Pu-U-Zr ternary system have been
analyzed to obtain optimized equations for the Gibbs energies of all phases as functions of
composition and temperature. Phase diagrams calculated from these optimized thennodynamic
equations (see Fig. VII-1 for ternary phase diagrams at 873 and 923 K) agree with all reported data
within experimental error limits. The calculated liquidus and solidus temperatures are estimated to
be accurate to ±25° to ±50°, and the calculated T-phase solvus temperatures (the point at which
another phase first precipitates from the T-phase) have an estimated accuracy of ±10°. The extent
of ternary solubility in the other solid phases has been calculated as a function of temperature and
is in agreement with the published data.110 The calculated phase diagram is believed to be the best
presently available estimate of the Pu-U-Zr system.
3.

foperimental

Studies of Fe-Zr System

Because of disagreements among published phase diagrams for the Fe-Zr system,
experimental studies have been undertaken following our previous work on a tiiermodynainic
optimization of that system." Studies involving differential thermal analysis and scanning electron
microscopy of annealed and quenched samples have been performed. Clarification of some important
regions of the Fe-Zr systeia is in progress. To dale, we have verified the existence and extent of the
FejZr-FeZrj, FeZr2-FeZr3, and FeZr3-Zr fields. However, a field supposedly existing just below the
1200 K cutcctic that should be a FeZ^-Zr field has not been confirmed. This > ark is continuing to
attempt to clarify the phase relations existing in this complex system. The previously calculated
Fc-U-Zr ternary system may also require modification, depending on the results of our resxamination of this binary system.
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Fig. V2-1. Calculated Pu-U-Zr Phase Diagram at 873 K (a) and 923 K (b)
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B.

Development of Synchrotron Analytical Capabilities

The purpose of this work is to develop a micro-analytical facility that will allow simultaneous
X-ray diffraction and X-ray fluorescence examination of materials on a microscopic scale. For this
work, a dedicated beam line is being developed at tlie synchrotron radiation source at the Louisiana
State University Center for Advanced Microstructures and Devices. This work will result in a unique
facility for the microscopic X-ray examination of a wide range of technologically important systems.
A vast array of technologies face fundamental materials issues related to small-scale
structures. The present work employs a synchrotron source to extract structural and compositional
information from bonded materials that can lead to a better understanding of the processes involved.
In contrast to scanning electron microscopy, synchrotron radiation sources can reveal both
composition (via fluorescence) and structure (via absorption spectroscopy and diffraction), providing
an ideal tool for studying materials and their interactions on a microscopic scale. For example, the
kinetics and thermodynamics of material interactions can be studied by conducting experiments with
isothermal diffusion couples. These experiments consist of bonding two materials under controlled
conditions and examining the interdiffusion of the chemical elements. In such a study, a collimated
or focused synchrotron X-ray beam can be translated in steps across the diffusion zone. At each step,
diffraction patterns or fluorescence spectra can be collected to provide structure and composition
profiles along the diffusion path.12 Similar techniques can be applied to other interfaces of interest
such as welds, brazes, and battery or fuel-cell connections.
The micro-analytical beamline is now capable of performing X-ray fluorescence studies by
using a collimated beam of white X-rays. A unique four-circle goniometer with an X-Y-Z translation
siage containing l-//m stepping motors allows samples to be manipulated and scanned in many
orientations. An intrinsic germanium detector for collecting characteristic X-rays from samples was
designed with a snout that can be placed close to the sample to maximize collection efficiency. A
special X-ray collimator was also designed to provide a thin line of X-rays cither 50 um, 20 nm, or
6 /zm wide. This coliimator is now being marketed for other synchrotron users.
The table and diffractometer motors that are used for sample alignment and positioning have
been successfully tested remotely through an Alpha computer (Digital Equipment Corp.). Software
provided by the University of Chicago allows "virtual motors" to be defined, so that several motors
can be activated simultaneously. For example, a single command can pitch the table to a given angle
by operating four motors at the same time. Software was also set up to collect X-ray spectra from
three detectors and to analyze the results. A linear fluorescence scan was performed by collecting
spectra as a copper and titanium sample was stepped through a collimated X-ray beam. The spectra
were then analyzed to produce a qualitative profile of the copper and titanium concentrations in the
sample. Quantitative fluorescence work will require that reference standards with known
concentrations be used. Additional software will be needed to account for cross-absorption effects
between elements. Development work is also needed for a monochromator that will allow X-ray
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dif&action measurements. In a collaboration with Univei'sity of Chicago researchers, focusing optics
will be designed to intensify the X-ray flux. These upgrades will allow X-ray diffractometry and
X-ray absorption spectroscopy for structural analyses.
C.

Fusion Materials Studies

A critical clement in the development of a fusion reactor is the blanket for breeding tritium
fuel. We are conducting experimental and calculation^ studies with the objective of determining the
feasibility of using vanadium alloys as structural materials and lithium-containing ceramics (e.g.,
Ii 2 O. LiAlO2, LUSiO,,, LUZrOj, and Ii.TiO3) as breeder materials.
1.

Use of Vanadium Alloys with Ceramic Breeder Materials

Fusion energy is considered to be an attractive energy form because of its minimal
environmental impact. To maintain this favorable status, everyeffort needs to be made to use low
activation materials wherever possible. For example, of the several candidate lithium-containing
ceramics being considered for use in the breeder blanket, Li2O and LijTiO3 are attractive choices
because of their low activation. Also, other low activation materials, including vanadium alloys, arc
being considered for use as structural materials in the blanket. The suitability of vanadium alloys for
containment of lithium ceramics is the subject of this study. Thermodynamic evaluations arc being
used to estimate the compatibility and stability of candidate ceramic breeder materials (Li,O,
Li2TiO3, and Li2ZrO3) with vanadium and vanadium alloys. This thenr.odynamic evaluation will
focus first on solid-solid interactions. As a tritium breeding blanket will use a purge gas for tritium
recovery, gas-solid systems will also receive attention.
This thermodynamic evaluation focused on the oxidation of vanadium/vanadium alloy
by lithium oxide, an undesirable reaction if vanadium were to be used as a structural material. The
vanadium/oxygen phase diagram is quite complicated. The region of interest for this study is the
a region, which exhibits an oxygen content well below that required for stoichiometric vanadium
oxide. The chemistry of this region depends strongly on the oxygen potential and the kinetics of the
dissolution of oxygen into the vanadium.
Equilibrium-type calculations were carried out for the Li2O/V system. The equilibrium constants were calculated to range from 10"7 to 50" for a typical blanket operating
temperature regime (700-1000 K), indicating little potential for oxidation of vanadium. Similar
calculations have been carried out for reactions resulting in the formation of V2O3 and VJOJ. These
calculations show en even stronger resistance to formation of the vanadium oxide, with equilibrium
constants in the range of 10'20 to 10"*° for a similar temperature regime.
The competitive reactions of various metal/metal oxide couples have been represented
in an Ellingham diagram (see Fig. VH-2), wherein the oxygen potential for each couple is plotted
against the temperature. This plot includes the elements Fe, Cr, V, Ti, Zr, and Li, which are all
components in the candidate ceramics and structural materials. From a thermodynamic perspective,
the diagram shows that Fe, V, and Cr are unable to reduce lithium oxide. Zirconium is able to reduce
lithium oxide above 1300 K, while temperatures have to be increased above 1400 K before titanium
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is able to reduce lithium oxide. This thermodyuainic analysis suggests a very low probability for
vanadium oxide formation under breeder blanket conditions.
The approach taken to evaluate the ternary lithium ceramics LijZrC^ and L^TiOj was
to consider thai these materials were composed of the binary oxides LUO and ZrO2 and Ii 2 O and
TiOz. This separation into binary components facilitates assessing whether either of the components
making up the ternary ceramic may, in any fashion, interact with vanadium (alloy) to form a
corrosion layer. As can be seen from the oxygen potential data for TiO2 and ZrO2 in Fig. VII-2,
vanadium metal will not likely reduce cither zirconium oxide or titanium oxide. Therefore, it appears
safe to conclude that the lithium-containing ceramics are compatible with vanadium metal or
vanadium alloy for the expected range of blanket operating temperatures.
300 :
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Ellingham Diagram for Metal/Metal
Oxide Couples at 450-1300 K. The
y-axis plots -Gf = RT in Po2, where
Gf is the "oxygen potential," R is the
gas constant, T is temperature, and
Poj is the oxygen partial pressure.

A possible problem may arise when these ceramics arc placed in a neutron environment, where transmutation of lithium takes place. When tritium is released from the ceramic, it
is believed that the tritium is likely to be released as a condensable "tritiated water" (TjO), which
may react with the lithium oxide to form LiOH (where H has been used instead of T):
LiA's) + H2O(g) = 2 LiOH(s.I)
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The LiOH is soluble to a small extent in the lithium oxide, and a solid solution is thus likely to form.
Also important to this evaluation is to estimate the expected partial pressure of tritiated water in an
operating blanket. Such infonnation can be used to determine the potential for formation of lithium
tritoxide, LiOT(g). Because the tritoxide species can be very reactive, its behavior in this system
must be thoroughly understood.
The SOLGAS computer code" was used to carry out equilibrium calculations that
would simulate the transmutation (i.e., neutron irradiation in a breeder blanket) of lithium to tritium
for both the Li,O and the Ii2ZrO3 blankets. For the LijO blanket, we assumed that the LiOH (LiOT)
was either in solid solution in the Li2O or in the gas phase. The purge gas was assumed to be a
mixture of He, H:> and the oxygen-containing species formed by the liberation of oxygen resulting
from the transmutation of lithium. This equilibrium calculation indicated that essentially all of the
liberated oxygen ended up as VO; a very small amount of the oxygen formed H-.O, O2, and LiOH(g);
and a small amount of the LiOH was present in solid solution in the Li2O. However, these "sinks"
for oxygen were not very competitive with vanadium. For up to 2% transmutation of the lithium,
only VO was formed. The higher oxides of vanadium and the lithium vanadate (LiVO3) were not
formed. The results for the Li2ZrO3 blanket were similar to those found for the Li2O blanket;
however, no solid solution of Li2O and LiOH formed. Some of the liberated oxygen from the
transmutation ended up as a separate ZrO2 solid phase.
Our study assessing the compatibility between lithium-containing ceramics and
vanadium alloys indicates that vanadium alloy has potential for use as a structural material in the
design of ceramic breeder blankets for fusion reactors. There is no apparent compatibility problem
between the ceramics and vanadium metal or vanadium alloys. However, compatibility problems
may exist when small amounts of moisture are present in the system- The partial pressure of moisture
generated during irradiation of lithium ceramics in a breeder blanket could be very close to that
required thsnnodynamically for oxidation of vanadium to occur. However, there is still a paucity of
data on the kinetics of vanadium oxidation. To resolve this issue, laboratory and in-reactor
compatibility experiments need to be pursued.
2.

Interactions of Water Vapor with LizZrO?

The interaction of water vapor with lithium-containing oxide ceramics is of interest
because they are being considered for use in the tritium breeding blanket of a fusion reactor. The
extent of interaction may affect the performance of the ceramic in two major areas, its physical
integrity and the tritium inventory within the ceramic. Concern has been expressed that the reaction
of water vapor with ceramic breeder material can form LiOH(g) and thereby enable transport of
lithium from the breeding blanket region, affecting the breeding characteristics and mechanical
strength of the blanket. In addition, the equilibrium between tritiated water in the gas phase and
tritium in the ceramic breeder plays an important roie in determining the tritium inventory in the
ceramic.

. txiksson, Cheroica Scripta S, 100 (1975).
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The interaction of water vapor with lithium oxide has been investigated by a number
of workers.|4>IS However, very little quantitative work has been performed to characterize the extent
of reaction between water vapor and LijZrOj, Our recent work in this area has included
(1) themiody •iamic calculations to detennine whether breeder blanket transport of UOH from
Li-ZrOj reacted with water vapor will be a problem and (2) measurement to determine whether the
reaction between water vapor and LijZrO, affects tritium inventory.
The thermodynamic calculations were carried out to determine the changes in Gibb's
free energy for the reactions between water vapor and Li2Zr03 to yield LiOH as a gas, liquid, or
solid. The data for the free energy of formation for the respective reactants and products were
obtained from Barin.16 For the condensed phases, solid LiOH was considered for temperatures below
744.3 K, while liquid LiOH was considered for temperatures above this point. Calculations for
gaseous LiOH were performed over a wide temperature range.
The thermodynamic calculations indicated that the reaction to form LiOH(g) and ZrQ,
is highly unfavorable, with the free energy of formation ranging from +322 kJ at 600 K to +192 kJ
at 1300 K. This translates into very low pressures of LiOH(g) over Li2ZrO3. For moisture partial
pressures of 10'5 atm (1 Pa), LiOH(g) pressures of less than 10"7 aim (10": Pa) at temperatures up to
1200 K were found. Even for moisture partial pressures as high as 104 atm (10 Pa), typical for some
breeder blanket designs, LiOH(g) partial pressures less than 3 x 107 atm (3 x 10'3 Pa) at 1200 K were
found. As a check on the LiOK(g) pressures obtained from these calculations, we also calculated the
LiOH(g) pressure above LuZrO3 from reported LUO(g) pressures and the equilibrium Li2O(g) +
KjO(g) = 2 LiOH(g). Both calculations indicate that the vapor pressure of IiOH(g) above LijZrOj
is extremely low, and that lithium transport via LiOH(g) vaporization should not be a problem when
LijZrO, is the breeder material.
The interaction of tritiated water vapor with Li2Zr03 is also of interest dus to ths
influence this reaction may have on the tritium inventory in such a material. Reaction of the LijZrOj
with HTO(g) or T3G(g) to form LiOT as a separate phase or in a solid solution would increase the
tritium inventory. Adsorption of HTO or T2O species on the LUZrO3 surface can also affect the
tritium inventory. The extent of these reactions was investigated gravimetrically at temperatures of
473-923 K; water vapor was used as a substitute for HTO(g). A sample of commercial Li2Zr03 was
placed in a platinum crucible suspended from a microbalance. The sample was heated to 1073 K.
under flowing helium for 5 h to remove any residual moisture from the sample. The furnace
temperature was then lowered to the desired value under a flowing helium stream. After the sample
had reached thermal equilibrium and the balance mass reading was steady, the gas was changed to
Ke + H2O (HjO concentrations were 202 ppm and 1000 ppm by volume). Changes in mass were
followed over time to determine the weight gained by the sample. Also, mass loss was followed for
the gas change from He + H2O to pure helium.

i. H. Norman and G. R. Hightower. J. Nucl. Mater. 122&125,913 (1984).
M. Tetenbaum, A. K. Fischer, and C. E. Johnson, Fusion Technol. 7,53 (1985),
I. Barin, Thermochemkal Data of Pure Substances, VCH Vcriagsgcsselschaft mbK, Wcinheim, Germany (1993).
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The results indicate that very little interaction occurred between water vapor and
lithium zirconate, and the extent of interaction decreased with increasing temperature. It also
appeared that the amount of water which reacted was proportional to the square root of the water
pressure. Figure~yiI-3 shows the weight gain as the number of moles of H2O reacted per niole of
li^ZtO/normalized by: the square root of the moisture partial pressurc(in atmospheres). The mole
fraction of viraterin the solid corresponding to this weight gain can be expressedas

(3)
The Li2ZrO3 weight gain generally occurred over a time period of 2-3 h; however, the experiments
were continued for an additional 10-12 h, with no additional weight gain noticed.
ie-2

Fig.VH-3.
Weight Gain as Function of Temperature
for Water Vapor Reacted with Li2ZrO3
Samples (XH,O = mole fraction of water;
PKjO = moisture partial pressure in atmospheres)
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The decrease in the extent of the reaction with increasing temperature suggests that
the Li2ZrOj weight gain is due_td moisture adsorption. Thesquare-rootdependence oh the water
partial pressure indicates dissociative chemisorption of the water molecule. The amount of surface
coverage was estimated by assuming that the dissociatively chemisorbed water occupies the same
volume as physisorbed water (1.08 x 10"9 mVmoIecule). The surface coverages were estimated to be
in good agreement with those obtained by Kawamura et ai.17 for samples with a similar specific
surface area (our samples, 0.02 m'/g; Kawamura et al., 0.06 nr/g). Tliese estimates indicate that the
amount of reaction corresponds to less than a monolayer of surface coverage for the conditions
investigated.

17

Y. Kawamura and M. Nishikawa, J. Nucl. Mater. 218, 57 (1994).
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Fig. VH-4. Measured and Calculated Weight Gain
as Function of Temperature for Water
Vapor Reacted with LijZa^ (XIJOH =
mole fraction of LiOH; PH,O = moisture
partial pressure in atmospheres)
Alternatively, the weight gain in these experiments may be due to formation of
IiOH(s) in the bulk LijZrOj. Figure VH-4 compares the observed weight gain (expressed in terms
of the mole fraction of LiOH which would form) with ideal solution calculations, which were based
on the change in Gibb's free energy for the reaction Ii^rO 3 (s) + H,O(g) = 2iiOH(i) + ZrOj(s). The
figure shows a much lower solubility than calculated from an ideal solution approximation. This
indicates that the IiOH/Li2ZrO3 system is nonideai, with the activity coefficients for LiOH on the
order of 100. This was not unexpected since LiOH in LijO also shows a large positive deviation from
ideality, with activity coefficients for LiOH ranging from 20 to about 10,000 over the temperature
range of interest for ceramic breeders.'"1'5 This leads to much lower solubility than predicted from
an idea! solution calculation.
The Sow reactivity of H2O(g) with Li2ZrO3 suggests that the tritium inventory due to
adsorption and/or solubility in Li^ZrO3 wiil be iower than the corresponding inventory for Li2O. Of
particular interest is the low temperature range, where precipitation of LiOH may lead to very large
inventory in Li,O. No hint of LiOH precipitation has been seen for LijZrOj at temperatures down
to 473 K. In sum. our results indicate that the thennodynamic stability of LijZrOj makes it an
excellent candidate for use in a tritium breeding blanket.
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3.

Modeling ot Tritium Release from Lithium Oxide Surfaces

lithium ceramics are being considered as tritium breeders for fusion technology, hi
numerous in-pile experiments, small amounts of hydrogen in the helium purge gas have been found
to enhance the release of tritium from lithium ceramics. Despite this benefit, there are problems
associated with tritium management via isotopic separation (due to the large hydrogen/tritium ratio)
and tritium containment (arising from the presence of the reduced form of tritium and the potential
permeation loss). To solve these problems, we need a better understanding of the mechanism through
which hydrogen enhances tritium release. This knowledge would benefit the search for alternative
"accelerator" materials for tritium release besides hydrogen. We have therefore developed a
mechanistic model for the role of hydrogen in affecting tritium release. The model was derived from
ab initio calculations concerning hydrogen chemisorption on Li2O surfaces under typical breeder
blanket conditions.
The ab initio calculations have provided insight into the experimental observation that
tritium is released from LuO in the form of HT and HTO. Firstly, a bombardment of lithium ions
by fast neutrons creates tritium in the form of T*. In this situation, there are several ways in which
tritium could escape from the surface. Under normal conditions, a chemical species will be released
from a solid surface in a molecular form, such as T2 or T2O. In the steady state and in the presence
of irradiation with no hydrogen in the helium purge gas, the concentration of T* inside the solid is
of the order of a few tens of parts per million.18"22 If the released form of tritium is T2 or T2O, the rate
of release is proportional to the square of the tritium concentration in the lithium-based solid breeder
material. The probability of forming T 2 or T2O is therefore very small; consequently, the release rale
is low. According to the present model the slow release of tritium in the absence of hydrogen is
reaction-limited; that is, the process is limited by the difficulty of forming molecular species that
require two tritium atoms. This slow •ritium release in the absence of H2 in the purge gas has been
observed very extensively both in in-reactor tests and laboratory experiments.18""
The presence of H2(e.g., as an additive in the range of 0.1%-1%) in the purge gas
stream provides a very different environment. The hydrogen is chemisorbed onto the lithium ceramic
surfaces, forming OH' and Li*H'Li* (as shown by the ab initio calculations). There are two possible
reactions with the T*:
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O. D. Slagle and G. W. Holicnberg, Beatrix-H, Phase 1: Data Summary, Pacific Northwest Laboratory Report
PNL-1O279(1995).
\V. Dienst, D. Schiid, and K. Werle. Kernforschungszcntrum Karlsruhe Report KfK-5109 (1992).
O. D. Slagle, T. Takahashi. F. D. Kobbs, K. Noda, D. L. Baldwin, G. W. Hollenberg. and R. A. Vcrrall,
"Postirradiaiion Examination of BEATRIX-H, Phase I," So be published in J. Nucl. Mater.
H. Kwasi. A. Koui, R. P. Muis, M. P. Stijkcl, A. J. Fiipot and J. D. Elen, Fusion Eng. Dcs. 8, 359 (1989).
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2Li:'solid
nlirf + HT'

(4)

or
OH+T+

(5)

In both reactions, the tritium release rate scales as the product of the surface coverage of the
chemisorbed hydrogen and the tritium concentration. The hydrogen surface coverage is usually much
larger than the tritium concentration. Therefore, the tritium release rate is proportionat to the first
power in the tritium concentration and not to its square, as is the case in the absence of hydrogen.
As a consequence, the addition of hydrogen to the purge gas enhances the tritium release rale.
The present model suggests that relying on only the "intrinsic" impurity hydrogen
level (which is present to the level of a few parts per million even in nominally "pure" helium), in
contrast 10 adding hydrogen, is unlikely to be effective. In the former case die chemisorbed hydrogen
surface coverage would be very low. The rates of ITT and HTO formation would be no better, or
even lower than, those of T2 and T2O. Hydrogen has to be added to a level substantially above the
"normal" impurity level for it to be effective in enhancing tritium release. The present model also
suggests that the tritium release rate cannot be enhanced by simply increasing the hydrogen partial
pressure in the helium purge stream. In other words, there is a saturation effect. Our simulations
indicate that a majority of the surface sites (i.e., the terrace sites) are not available for hydrogen
chemisorption. Only a minority of sites (such as step ledges and point defects) arc favorable. Once
those sites are all occupied, further increases of the hydrogen partial pressure would not be useful.
This pfic-t has been observed experimentally, where hydrogen partial pressure beyond a few percent
leads to no further significant enhancement of tritium release. No further work on this model is
planned.
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BASIC CHEMISTRY RESEARCH

Basic chemistry research is being pursued in three areas: (1) catalytic chemistry associated
with molecular energy resources and precursor ceramic polymers, (2) materials chemistry of
electrified metal/solulion interfaces, molecular sieves, and diamond thin films, and (3) geochemical
processes involved at nuneral/tluid interfaces and in water/rock interactions occurring in active
hydrothermal systems.
A.

Fiuid Catalysis

This program explores the catalytic reaction chemistry of small molecules that serve as
precursors in many industrial processes. Precursors of interest include those of the C, chemical
industry, e.g., CO, CO,, and CH4; the ammonia synthesis precursors, H2 and N2; and the ceramic
precursors, e.g., (CHj)4Si and (CHj)3B. The efficient utilization of these molecules is potentially of
great economic significance; however, in many cases the required conversion chemistry is difficult
to achieve. We are exploring the conversion chemistry for several alternative strategies, including
use of (!) phosphinc-modified catalysts for the hydroformylation of olefins in supercritical fluids
and (2) poiyfiuorophthalocyanine catalysts for hydrocarbon activation processes. Also, in a new
initiative associated with development of a lithium-polymer battery (sec Sec. I. A3), ion transport
mechanisms are being investigated by focusing the powerful in situ spectroscopic techniques
previously developed in our catalysis research on near-electrode organometallic processes within the
polymer electrolyte.
1.

Catalytic Chemistry in Sunercritical Fluids

More than 90% of all industrial processes involve the use of catalysts, and nearly half
of these are homogeneous catalytic processes that use soluble catalysts dissolved in a fluid. Catalyst
recovery and product separation arc pervasive problems in industrial processes that utilize
homogeneous catalysts, which are otherwise desirable because of their high reactivity, selectivity,
and relative ease of modification for specific purposes. Use of supercritical fluids as the reaction
medium is a potential solution to the problems with product separation and catalyst recovery, which
are normally accomplished through energy-intensive distillations in conventional homogeneous
catalytic processes. Supercritical fluids (CO, or H2O) are also emerging as environmentally benign
alternatives to the. use, storage, and eventual disposal of organic solvents that arc the mainstay of
conventional catalytic processes. Compared with typical organic solvents, CO- is relatively more
essiiy separated and less toxic. At approximately 4 cents per pound, CO, is the second least
expensive industrial solvent; only water is less expensive. Our research into the catalytic chemistry
of supercritical media could eventually lead to the conversion of some key industrial homogeneous
catalytic processes to supercritical ones that are energy efficient and environmentally benign.
The largest scale industrial process for homogeneous catalysis is the oxo process for
the hydroformylalion of olefins. In this process, CO aiid H2 are reacted with an olefin in the presence
of a soluble catalyst to produce aldehydes and alcohols for use in detergents, plastics, and
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agricultural products.1 Our previous experiments with propylene hydroformylation in supercritical
CO, using Co^CO),, as catalyst indicated that the catalyst works well in this medium, and that high
selectivity to linear products is achieved.13 In the past year, our research was focused on use of
in situ nuclear magnetic resonance (NMR) to study the hydroformylation process with phosphinemodified Co^CO^ catalysts. Phosphine ligands having differing o-donor, K-acceptor, and steric
properties can often be used to probe how conditions at the metal center affect the component steps
of a catalytic reaction. An in situ NMR investigation of the phosphine-modified catalysts would not
only result in the first definitive scrutiny of the component steps in these industrially important
materials but would also settle, by some simple therrnodynamic measurements, long-standing
questions as to how phosphine substitution for carbonyl ligands on the cobalt catalyst affects the
metal-metal, metal-carbon, and metal-hydrogen bonding in the cobalt carbonylphosphine complexes.
Currently, our efforts are concentrated on measuring the effects of increased CO
pressures on the composition of cobalt species present in the catalytic solutions of the Iributylphosphine-modified catalyst, pUjPCo(CO)J2. Potential reactions of CO with this catalyst at high
pressures include CO addition to form a salt,

+ CO - [(BujP^CoCCO)/ + [Co(COU

(1)

or phosphine displacement to form uncoordinated tributylphosphinc,
(2)
As shown in Kg. VIII-], 3IP NMR spectra measured at CO pressures of 3.5-17.3 MPa prove that CO
addition to produce the salt in Eq. i is the dominant reaction pathway. In this figure, the 3IP signal
for ihe catalyst, [BUJPCO(CO)J] 2 , decreases with increasing CO pressure, while a corresponding
increase is observed in the 3IP signal for the cationic product of Eq. 1, [(Bu3P),Co(CO)j]\ Since the
salt produced via the reaction in Eq. 1 would be expected to be inert in hydroformyiaaon catalysis,
use of high CO pressures that encourage catalyst formation would appear to be counterproductive.
Remarkably, at 100°C in 1.4-dioxane solution, most of the catalyst is converted to the salt at a
relatively modest pressure, 17.3 MPa, as shown by the spectra in Fig. Vlll-1. However, preliminary
experiments at elevated temperatures (above ambient) indicate thai the enthalpy change for the salt
formation reaction is negative; hence, the equilibrium in Eq. i has a negative temperature coefficient.
As a result, use of elevated temperature tends to counteract ihe effect of higher CO pressure.

1
I Kirshenbamn and E J. InchsJik, "Oxo Process," in Encyclopedia of Chemical Technology, Third e d . Vol. 16. John
^ Wiley & Sons, New York, pp. 637-«53 (1931).
2
1. W. Kathke, R. J. K!ir.g!er,andT. R. Krause,Organomsttllics 10, 1350-1355 (1991).
' J. W. RaiJike and R. J. Klingler. U.S. Patent No. 5.198,589 (March 30, 1993).
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The results reported here clearly establish Eq. 1 as an important equilibrium process
in the hydroforrnylation system using phosphine-modified catalysts. In future efforts, we will
complete our work on determining the thermodynamics for Eq. 1 and investigate the effects of
solvent polarity on the salt formation process.
2.

Hydrocarbon Activation Chemistry

Catalyticfiinctionalizationof unactivated hydrocarbons remains a great challenge to
organometailic chemists. The report by Sherry and Wayland4 that mononuclear (TMP)Rh (where
TMP2" = dianion of a, p, Y. S-tetraniesitylporphyrin) reacts with CHt reversibly under mild
conditions has greatly promoted interest in hydrocarbon activation by radical metal complexes. We
have also shown that [(RgPc)Rh)j (where R,Pc7" = dianion of 1,4,8,1 l,15,18,22,25-octakis-/i-pentylphtha'ocyanine) activates hydrocarbons reversibly, via the Rh(II) radical complex (RsPc)Rh
generated by hornolysis of [(RgPcJRh]^56 Our investigation of the chemistry of Rh(II) radical
complexes has continued.
The reaction of [(RgPc)RhH]2 (designated as compound 1) with trimethyiphosphine
in toluene-dg at ~40°C leads to immediate formation of the six-coordinated hydride complex
(RgPc)(PMe,)RhH (compound 2) in 91% yield, as revealed by the two doublets for the hydride
resonance at -20.810 ppm in the NMR spectra. The remaining 9% yield is the six-coordinated Rh(H)
complex (R8Pc)(PMe,)2Rh (compound 3), which has been isolated in a separate experiment and
characterized by chemical analyses and by 'H NMR spectra. At -40DC, compound 2 is quite stable

A. E. Sherry and B. B. Wayland. J. Am. Chem. Soc. 112.1239 (1990).
M. J. Chen and I. W. Ralhke, Organometalllcs 13,4875 (1994).
M. J. Chsn and J. W. Rathke, J. Chem. Sec, Chem. Commun., 308 (1992).
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in the presence of PMe3; however, compound 2 and PMe, react at higher temperatures to produce
compound 3 and H2:
[(RgPc)RhH32 + 2PMe3
2(R8Pc)(PMe3)RhH + 2PMe3

»- 2 (R8Pc)(PMe3)RhH
>• 2 (R8Pc)(PMe3)2Rh + H2

(3)
(4)

Figure VIIX-2 shows the spectral change in the high field region, which indicates the successive
conversion of compound 1 to 2 and 3,
If compound 2 is warmed up from -40°C to ambient temperature in the absence of
PMe3, compound 3 and [(RgPc)Rh]2'PMe3 (compound 4) are produced in equal moles; H, is also
liberated. This reaction may be depicted by
6(R8Pc)(PMe,)RhH

v 2(R8Pc)(PMe3)2Rh + 2 [(R8Pc)Rh]2PMc3 + 3 H2

(5)

Compounds 3 and 4 are also generated by the reaction of PMe^ with the Rh-Rh
bonded dimer [{RgPc)Rh], (compound 5). As a matter of fact, compound 5 may be titrated with PMe3
10 produce compound 4, which reacts with additional PMe, to give compound 3:
KRjPORh],

+ PMe,

[(R8Pc)Rh]2-PR3 + 3PMe3

> [(RgPcy&hlvPMej
*-2(R8Pc)(PMe3)2Rh

(6)
(7)

The compound 3 generated from the reaction, jf compound 1 or 5 with PMe, is stable
indefinitely under an inert atmosphere. It is most likely that compound 3 is a ligand-centered " 18+6
complex,"7*9 in which 5 indicates the fraction of the unpaired electronic charge that is delocalized
onto die metal. The strong delocaljzation of the unpaired electron onto a iigand orbital is manifested
by the large upfield shift of the 'H NMR for the aromatic H's of compound 3 (see Fig. VHI-2). Our
failure to produce the analogous (RftPc)(pyr)2Rh by the reaction of pyridine with compound 1 or 5
must be due to the weaker Rh-pyr bond.
In another study, we found that [(CFj)gPc](MeO)Rh and [(CF3)8Pc3(Me0XPMej)Rh
were reduced by NaBH4 in MeOH-d4 to give the five-coordinaled ((CF,)gPcKMeOH-d,)Rli and the
six-coordinsted f(CR3)gPc](MeOH-d;)(PMe3)Rh, respectively. These fluorinated Pc-Rh(III) and
1

W. E. Gciger, Ace. Chcm. Res. 28,351 (1995).
D. R. Tyler, Ace. Chem. Res. 24,325 (1991).
* D. Astruc, Ace. Chem. Res. 24, 36 (1991).
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Fig. VHI-2. Plots of 'H NMR Spectral Change in the High-Field Region in
Reaction of [(R4Pc)RhH32 with PMe3
Pc-Rh(a) complexes are being examined for their catalytic activities in hydrocarbon activation. We
are also extending our studies to include fluorinated Pc-Fe and Pc-Mn complexes as catalysts for
hydrocarbon activation.
3.

Ton Transport Properties Determined by In Situ NMR Snecfrosconic Imaging

Nuclear magnetic resonance spectroscopy is one of the most powerful tools available
for the determination of chemical structure and reaction dynamics. Yet, it has not been widely used
to study electrochemical systems because the concentration profiles within the diffusion layer, the
electric double layer, and the electrode-electrolyte interface arc not uniform. Furthermore, ail of
these latter areas of electrochemical interest have very small volumes in comparison to the bulk
electrolyte. In contrast, conventional NMR methods work best on identifying the major components
in homogeneous samples. Magnetic resonance imaging (MRI) adds the ability to map the spin
density of a target nucleus. However, the distance resolution of standard MRI methods is gained at
the cost of sacrificing-all chemical structure and reaction dynamics information. Consequently,
traditional NMR and MRI methods are not well suited to study near-electrode chemistry. Indeed, the
primary use of NMR spectroscopy for electrochemical systems has been for the ex situ analysis of
complex electrolyte materials, such as polymers. Notably, NMR spectroscopy is one of the best
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methods to measure ionic mobility. It can distinguish between motion in the amorphous and
crystalline phases that often coexist in polymer-electrolyte systems.
We have discovered a new analytical technique that better bridges the disciplines of
NMR spectroscopy and electrochemistry. The method under development provides high-resolution
NMR spectra as a function of distance from the working electrode. Furthermore, the distance
resolution of this NMR imaging method is close to the micron scale, which is sufficient to resolve
most of the details that are of interest to electrochemical problems. Significantly, all of the NMR
chemical shift, coupling constant, and relaxation lime information are retained in this new
electrochemical-NMR imaging technique.
The electrochemical-NMR imaging technique employs a modification of the toroid
cavity detector that we initially developed for in situ NMR work on fluid catalysis at high pressure
and temperature.1043 The central conductor of the cavity detector (Fig. VHI-3) functions both as the
electrochemical working electrode and as the central wire in the NMR detector circuit. Distances are
measured radially with respect to the working electrode. Currently, the cell is being used to
investigate the mechanism(s) of lithium ion transport in lithium-polyme. electrolyte batteries.
Lithium ion mobility is macroscopically characterized by the lithium-ion diffusion coefficient, the
overall ionic conductivity, and the fraction of the ionic current that is carried by the lithium ion (its
transference number). Because the lithium-ion transference number is the least well documented of
these three factors, it is a primary focus of our NMR imaging work.
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U

Reactor 3ociy

Counter Electrode
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Fig. VIII-3.
Schematic of ElcctrochemScal-NMR
Imaging Device
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R. I. Kiingler ana J. W. Rathkc, Prog. Inorg. Chem. 39,13 i-180 (1991).
K. Wotlfc, J. W. Rathfce, and R. J. Kiingler, JL Magn. Rcson. A 109.137 (1994).
K. Woslk, J. W. Rathke. and R. J. KlinE!er, J. Magn. Reson. A 105.113 (1993).
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In past studies, the lithium-ion transference numbers have been measured by the
traditional Hittorf method, in which the amount of the electrolyte that is depleted directly adjacent
to the electrodes is measured after the passage of a known quantity of charge through the cell. This
has been done by mechanically dissecting the polymer-electrolyte cells with a razor blade so that the
lithium content in the various regions of the polymer electrolyte can be chemically determined.M
This tedious mechanical procedure has limited the number of polymers that have been investigated
by the Hittorf method.
Significantly, our electrochemical-NMR imaging technique is ideally suited for the
rapid, nondestructive measurement of the ion concentration profiles in the electrolyte depletion area
adjacent to electrodes. The results in Fig. Vffl-4 illustrate the triflate (CF3SOj) concentration as a
function of distance from the center of the working electrode both before and after 0.5 C of charge
is passed through a sample of CF3SO3Li in polyethylene oxide. The triflate concentration was
measured using I9F NMR spectroscopy. We found that the electrolyte is depleted over a range of
approximately 0.5 mm after 5 ftmol of lithium is electroplated onto the working electrode. The
results in Fig. YIE-4 demonstrate that the NMR imaging technique has ample sensitivity and
distance resolution to directly measure electrolyte depletion zones adjacent to the electrode. These
measurements can then be used to calculate lithium-ion transference numbers.
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Fig. VHI-4.
Ion Migration in CF3SOjLi/Polyeihylene
Oxide. Initial concentration profile of the
lithium triflate (dashed curve), concentration profile after 0.5 C of charge (solid
curve), and the difference (dotted curve).
Shaded region indicates radius of the
electrode.
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In addition to transference numbers, our electrochemical-NMR imaging cell will be
used to better define the iithium-ion diffusion coefficients in lithium battery systems. The diffusion
coefficients will be measured by two NMR techniques. The first technique will employ the salt
depletion zones as depicted in Fig. VIII-4. Thus, it should be possible to monitor the electrolyte as
it diffuses back toward the electrode by imaging the salt depletion zone after various time intervals.
The second method of measuring diffusion coefficients will employ another new NMR technique.
The essence of the technique is the use of the rf field gradient (B3) in the toroid cavity NMR ceil to
"spin label" the sample as a function of distance from the working electrode before tlw, image data
are collected. Spin labels are frequently used in NMR spectroscopy to follow chemical reactions.
Thus, it is possible to follow the rate at which spin-labeled nuclei move from an initial focus
compound to other compounds by chemical reaction pathways. In the current application, a spin

P. C. Bruce, M. T. Hardgravc. and C. V. Vincent. Solid State Ionics 53-56,1087 (1992).
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label is being used to follow diffusion. Therefore, the spin labeling is done on the basis of different
regions of space and not on different chemical shift environments. For example, if a sample is spin
iabeled with a longitudinal magnetization grid along the distance axis, then the resultant NMR
intensity of the subsequent image will oscillate with the frequency of the initial magnetization grid.
The results in Fig. VIII-5 illustrate this effect in an electrochemical-NMR cell that was homogeneously filled with a sample of chloroform. These oscillations in the NMR signal intensity decrease
with time due to diffusion as the sample labeled with excess a spin (maxima in Fig. VHI-5) mixes
with the sample labeled with excess P spin (inimima in Fig. VHl-5). Quantitative analysis of the
oscillations in Fig. VIII-5 provides a measure of the self-diffusion coefficient.

Distance, 1 / r

Fig. VIII-5. Image from 'H NMR Spectroscopy of z-Magnetization Grid in Sample of Chloroform
Future effort will focus on using the e'ectrochemical-NMR imaging cell to more
closely analyze the chemical composition of the components in the lithium-polymer electrolyte
battery. The lithium foil anodes, as well as the lithium-polymer electrolyte interface, will be
investigated by a combination of 7Li, 'H, "C, and I7O NMR spectroscopy. The resulting NMR
chemical shift information should be useful to probe the chemical composition and other factors lhat
influence the growth of films at the eiecirode-elecirolyte interface. In addition, the NMR spectra!
properties of the polymer electrolyte will be probed as a function of distance across the lithium-ion
concentration gradient established in a working elearochemical cell. This information will be used
to search for specific ion-polymer interactions during the ion transport. Finally, the factors that
influence dendriis formation on the lithium anodes will bs probed in a working secondary battery
by imaging the surface wirh 'Li NMR spectroscopy.
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B.

Materials Chemistry

The materials chemistry program encompasses fundamental research on the characterization
of electrochemical metal/soiution interfaces under conditions that are relevant to corrosion science
and to electrochemical devices, the development of first-principle methods for computing molecular
energies, and the study of materials properties by advanced computational methods.
1.

Electrochemical and Corrosion Studies

Electrochemical processes occurring in aqueous media are key steps in many
established and emerging energy-related technologies. Two such technologies, high-performance
batteries for electric vehicles and large-scale fuel cells for primary electric power generation, are on
the verge of commercialization. Moreover, photoelectrochemlcal energy production and chemical
processing (eg., water splitting) arc also at an advanced stage of development, and corrosion is an
electrochemical process that cuts across practically all energy technologies. The goal of this research
effort is to provide (1) experimental information on the structure and dynamics of metal/solution and
metal oxide/solution interfaces as a function of temperature and solution chemistry and (2)
theoretical models against which the experimental results can be tested. The research program that
we have established to reach this goal employs in situ surface-sensitive synchrotron radiation
methods, transient and steady-state electrochemical techniques, and theoretical modeling based on
a combination of molecular dynamics and molecular orbital methods.
a.

Synchrotron and Spectroelectrochemical Studies

The purpose of this activity is to elucidate the relationship between the
structure of metal/solution interfaces and the mechanisms of interfacial reactions in various
solutions. Synchrotron X-ray scattering (specular and diffuse), X-ray absorption spectroscopy, and
far infrared spectroscopy techniques are employed for in sim determinations of the structure of the
electrode surface and the metal/solution interface region, as well as the composition of corrosion
films on metals. Electrochemical techniques, such as dc polarization, ac impedance, and cyclic
potentiodynamic scanning, are used to determine the rates and mechanisms of the interfacial
processes involved in the corrosion of metals.
In situ synchrotron far infrared spectroscopy is being used to study surface
films formed on a copper electrode in 0.1 M NaOH solution. At -0.05 V vs. a standard calomel
electrode, spectral bands at 1110 and 630 cm"1 were observed (Fig. Vffi-6), which are characteristic
of Cu2O.ISI6 At 0.30 V, a broad band was found at -410 cm"1, which is significantly lower than the
literature value of 515 cm"1 for bulk CuO.17 This shift may reflect the difference between a hydrated
thin film and fairly crystalline bulk material. We also believe that the band is likely to be a
superposition of bands due to CuO and Cu(0H)2, which is also present in the film. Future
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Fig. Vm-6.
In Situ Synchrotron IR spectrum of Copper in 0.1 M NaOH solution at -0.05 V
(vs. standard calomel electrode)
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measarements will endeavor to confirm this hypothesis. This work is being done in collaboration
with the University of Auckland (New Zealand) and the University of Poitiers (France).
In situ synchrotron X-ray absorption spectroscopy is also being used to
determine the structure and composition of the anodic corrosion films on nickel in alkaline solution.
The problem js of great interest from the standpoint of developing advanced nickel-based batteries
and electrochromic devices. During the past year, thin films (50 to 250 A) of nickel were vacuum
deposited on a chromium overlayer on mica sheets, which were then used as electrodes in 5 M KOH.
These films were anodically polarized and cycled in the appropriate potential region? to form Nr2*
and Ni3* oxides (including hydroxides). In situ spectra were simultaneously obtained using X-ray
absorption spectroscopy (extended X-ray absorption fine structure and X-ray absorption £>ear edge)
with fluorescence detection. Preliminary results indicate the formation of Ni(OH)2 and NiOOH,
depending on the potential. The data are now being analyzed to obtain bond lengths and coordJn Jtion
numbers. This work is being done in collaboration with the Naval Surface Warfare Center,
Carderock Division.
Synchrotron X-ray scattering (specular and diffuse) studies are being
conducted to examine the morphology of electrodeposited metals. The problem is analogous to that
of electrccriemicaliy induced pitting, which was reported previously.1* Pits formed on copper in
0.0 i M NaHCO3 solution showed a distinct correlation in their average separation. In contrast, our
initial results showed that bulk crystallization of copper on a copper substrate in CuSO4 acidic
solution proceeds randomly, with no correlation in the microcrystal separation. The same appears
to be true for the deposition of silver on platinum from acidified nitrate solution. Further study of
the early stages of nudeation and growth of the eiectrodeposit is planned. This work is being
undertaken in collaboration with workers in ANL's Advanced Photon Source and Materials Science
Divisions.
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b.

Electrode Structure and Kjnetics

This research concentrates on understanding (1) the kinetic aspects and
atomistic mechanism of heterogeneous charge-transfer reactions in aqueous solutions at a wide range
of temperatures (25to 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 arecarried out with relaxation techniques, such as galvanostatic, coulostatic, or potentiostatic pulse;;
transients, ac-impedance measurements, and rotating-disk-electrode technique, and the resulting data
jare evaluated by computerized methods. The inlerfacial structural studies use synchrotron X-ray'
t surface scattering measurements. Heterogeneous charge-transfer reactions are the essential chemical
reactions in many energy-related technologies, such as high power-density and energy-density
batteries for electrical vehicles and large-scale fuel cells for primary electrical power generation.
They are also involved in corrosion of these and other electrochemical processes cutting across
practically all energy technologies. Clearly, a fundamental understanding of the dynamics of these
reactions could; result inimprovements in many .energy technologies:'~
This year, we continued our kinetic studies of the Cu'VCu0 elccirodc reaction,
which is an important cathodic reaction occurring during stress corrosion cracking in light water
nuclear reactors. The mechanism for this corrosion is poorly understood. The reaction consists of
two consecutive electron-transfer steps followed by the incorporation of the copper adatom into the
metal lattice. Earlier, we determined that the reaction rate is controlled by the Cua7Cu* charge
transfer step, and that this reaction is strongly catalyzed by traces of chloride ions in the solution."
We have begun high-temperature/high-pressure (HTHP) kinetic measurements under conditions
when the chloride catalytic effect is negligible. A thermodynamic calculation of the Cu/Cu+/Cu2+
equilibrium in the temperature range of 25 to 300°C was performed, and the results were used to
modify our HTHP measuring system in order to achieve the above equilibrium. Initial I-ITHP
measurements indicated that the rate of the Cir7Cu+ charge-transfer reaction increased about a
hundred fold between 25 and 2G0°C, with the transfer coefficient seemingly independent of
temperature. Indications are that we can also measure this reaction rate on a gold (rather than copper)
electrode surface; this will make the comparison with theoretical predictions much easier. This work
is carried out in close coordination with the theoretical modeling effort described in Sec. V1H.B. i .c.
In a collaborative effort with the Synchrotron Studies Group in the ANL
Materials Science Division, %ve continued the use of synchrotron X-ray techniques in probing the
structure of electrified interfaces buried under or within condensed phases. A synchrotron X-rayscattering study of incipient pore formation in luminescent silicon layers was completed during the
past year. It is widely recognized that porous silicon, and porous semiconductors in general, are
potentially very important materials for future industrial applications because of their luminescence
at visible frequencies. We prepared porous silicon samples by anodic dissolution of single-crystal
silicon (p-f- type) in aqueous/alcoholic hydrogen fluoride. In situ measurements of the porous layer
were then performed in our transmission X-ray/eiectrochemistry cell. The structure of pares near the
liquid/porous silicon interface was determined from X-ray reflectivity and diffuse-scattering

J. J. Laidier cl al.. Chemical Technology Division Annual Technical Report, 1994, Aigonne National Laboratory
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measurements. We found a funnel-shaped (tapered) interfacial layer, followed by a layer of uniform
porosity with relatively straight circular pores and increased branching with depth. For our
conditions, the porosity was around 50%, and the pore diameter was 50 to 70 A. These and future
results will be used to establish the validity of competing theoretical models of pore growth.

c.

Theoretical Studies of Electrode Reactions

The Cu*7Cu° electron transfer reaction is very important in stress corrosion
cracking in nuclear reactors. In a theoretical study, we recently reported on how chloride anions
catalyze electron transfer in the copper deposition reaction in aqueous solutions.20 In this work, it was
found that any increase in electronic coupling for the inner-shell reaction (chloride bridge) compared
to the outer-shell reaction (water-water bridge) is due to a shorter copper-copper distance rather than
intrinsic chemical effects. In the past year, we have investigated the effect of other anions, including
fluorine and bromine, on the electronic coupling in the Cu2+/Cu° electron-transfer reaction. We found
that the electronic couplings for bromine- and fiourine-bridged reactions are similar to those of the
water-water bridged reaction. Hence, as in the case of the chloride anion, any catalytic effect of the
fluoride or bromide anions because of increased electronic coupling results from a structural
difference in the two types of reactions, such as a closer approach of the donor and acceptor in the
inner-shell (anion bridge) electron transfer reaction. In future work we will include a model for an
electrode surface in our computations and compare the results to experimental studies of anion
cata!ysis at the electrode/electrolyte interface.
2.

Theoretical Studies of Materials

The goal of this work, is to develop new quantum mechanical methods and apply
them, along with previously established ones, to the study of zeolites, thin diamond films, and
mo!ecuiar clusters. One of the methods that has been developed, Gaussiaa-2 (G2) theory,21 is now
being widely used in universities and industry for the accurate calculation of thennochemical data.
The method is based on ab initio molecular orbital theory and was initially designed to calculate
accurate thennochemical data for molecules containing first- and second-row atoms. Since its
introduction, G2 theory has been applied to numerous species for which experimental data are
lacking or uncertain.

a.

Gaussian-2 Theory Development

During this reporting period, G2 theory has been extended to the elements Ga
through Kr of the third row in ihe periodic table. Basis sets compatible with those used in G2 theory
for molecules containing first-row and second-row elements have been derived. Spin-orbit
corrections for atoms and molecules having spatially degenerate states are explicitly included in the
G2-ca!cu!atcd energies. The average absolute deviation from experiment for 40 test reactions
involving species containing Ga-'Kr atoms is 1.37 kcal/moi, which is oniy slighiiy higher than the
deviation determined for the C2 treatment of first- and second-row elements. In contrast to the
20
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situation for first- and second-row elements, inclusion of spin-orbit effects is very important in
attaining accurate energies for molecules containing third-row atoms. Without spin-orbit effects, the
average absolute deviation is 2.36 kcal/mol. Li future work. G2 theory will be applied to moiccules
with third-row atoms and to clusters for which experiment?. I data arc not reliable or unavailable. In
addition, alternative methods for assessing residual basis set errors will be investigated for molecules
of third-tow atoms.
b.

Molecular Sieve Materials

Zeolites are solid acid catalysts that are widely used in the petrochemical
industry for hydrocarbon cracking. Proton transfer from the Br0nstcd acid site to an adsorbed
molecule is assumed to be the key step in reactions in zeolites not only involving hydrocarbons, but
also involving other molecules such as ammonia, water, and methanol. Our previous computational
study on water adsorption in the zeolite ZSM-5 (ZH) based on large clusters suggests that the
structure resulting from proton (H) transfer to an adsorbed water molecule (Z\..HOK2*) exists only
as a transition state for proton movement from one acid site to another.22 This transition state is about
5 kcal/mol higher in energy than the minimum for the adsorbed H2O molecule. While the proton
transfer structure is a transition state when only one H,O molecule interacts with the Br0nstcd acid
site, we have calculated that the addition of a second H2O molecule to the first HjO molecule
stabilizes the proton transfer structure, making it a local minimum in the potential energy surface.
This structure is shown schematically in Fig. VEI-7. Calculated vibrational frequencies of the
resulting equilibrium ion-pair structure, Z'...H(OH2)2+, show significant changes from those of the
neutral structure with no proton transfer to the adsorbed water molecule. These changes are
consistent with experimental IR spectra23 at pressures above lO'^mbar (1 Pa). The theoretical
methods used in this study of H2O adsorption wili be employed in studies of mechanisms for
hydrocarbon cracking and NOX reduction in zeolites.

Structure of Ion-Pair Complex Z\..H(OH-,V
Rerjiting from Proton Transfer to Water
Dimer from an Acid Site in Zeolite ZSM-5

" L. A. Curtiss, L. E. Icon, and S. A. Zygmunt, "Computational Studies of Sronsted Acid Sites in Zeolites," Proc. of
1995 Simulation Multiconfcrencs, Society for Computer Simulation. San Die"O, CA, April 9-13,1995. pp. 111-115
(IS95).
A. Jcnjys, G. Warccfca. M. Dercwinski, and J. Lcrchsr, J. Phys. Chcnt. 93,4837 (1989).
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c.

Diamond Thin Films

Rapid growth of thin films of diamonds has been observed in experiments
involving chemical vapor deposition following fragmentation of C& ("buckyball") in a microwave
discharge.2" We have carried out» theoretical study of the potential energy surface for addition of
Qto a diamond (110) surface us;ng diamond-tike clusters of 18 and 46 carbon atoms terminated by
hydrogens. The purpose was to help explain the reaction mechanism for diamond thin-film growth
from buckyball precursors. By use of molecular orbital calculations, the addition of a C2 to a
hydrogen-terminated diamond (110) surface was found to be very favorable, with energy lo:; erings
of about 200 kcal per mole of Q . Unlike diamond growth with other species, this addition does not
require abstraction of hydrogen atoms from the surface. The barriers for addition of C, to the (110)
surface were determined to be small (<10 kcal/mol). Adjacent C2 moieties on the (110) surface,
adsorbed in ethylene-like arrangements, can be connected via a radical mechanism involving
initiation by hydrogen atom addition to the double bond of one ethylene-like group. The results
suggest that there is little or no energy barrier for this reaction. A path also exists for linking adjacent
surface ethylene-Jike species directly, without the assistance of hydrogen addition. The barrier for
this process is also small and corresponds to the linking of the first two ethylene-like units to form
a singly bonded diradical structure. The results of this theoretical study are consistent with diamond
growth from buckyball precursors in the absence of hydrogen in the feed gas.M In future work, we
will investigate growth mechanisms on (100) and (111) diamond surfaces and compare the results
to those obtained for the (110) surface.
C.

Geochemistry

The geochemistry research program in CMT is currently focused on experimental studies of
the chemical processes occurring at mineral-fluid interfaces. The approach is to observe reacting
mineral surfaces in situ by use of synchrotron X-ray radiation. Reactions occurring at mineral-water
interfaces play a crucial role in geochemical transport processes. Traditionally, atomic-scale
structural information concerning these processes has been inferred from chemical measurements
made in systems where powders are reacted with fluids. In these studies, the initial condition of the
surface is unknown, crystallographic control is lacking, reactive surface area is difficult to determine,
and product characterization may be extremely tedious if not impossible. We have applied
synchrotron X-ray scattering techniques in response to the need for high-resolution atomic-scale
structural information regarding processes at the mineral-water interface. To understand these
processes, we need to study solid-liquid interface phenomena that occur at mineral-water interfaces,
including dissolution and precipitation, adsorption, heterogeneous nucieation. epitaxial growth,
recryslalli'zation, solid-solution formation, oxidation-reduction, and the formation of an electric
double layer.
Here we present some results of X-ray standing wave measurements made at mineral-water
interfaces. The objective of these measurements is to provide atomic-scale information on the
structure of metal adsorbatcs at mineral-fluid interfaces. Such information is crucial for understanding contaminant transport in groundwater aquifers, but as yet may only be inferred indirectly from
D. M. Gruen, S. Liu, A. R. Krauss. and X. Pan, J. Appl. Phys. 75.1758 (1994).
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other data. Specifically, we have applied the X-ray standing wave technique25 to determine the
location of adsorbed lead atoms relative to the (104) lattice plane of. calcite. In an earlier
publication,2* we presented results from an experiment in which lead was adsorbed from an aqueous
solution onto the (104) cleavage surface of calcite, and then the solution was removed from the
surface with a jet of helium gas prior to making the X-ray standing wave measurements ex situ in
a flowing helium atmosphere. We found that approximately 5% of a monolayer of lead was adsorbed
onto the calcite surface, and that this lead occupied the same position as calcium relative to the (104)
lattice plane. Since that time, we have developed the capabilities to make these measurements
relative to lattice planes other than the (104) plane and to make them in situ in the presence of a thin
film of aqueous fluid at the calcite surface. The former uses a conventional four-circle diffractometer, while the latter also uses a new type of sample cell.
During 1995, we performed experiments comparing the results of X-ray standing wave
measurements of adsorbed lead, made both /« situ and ex situ, on the same samples, and
measurements made ex situ relative to lattice planes other than (104). These experiments used a
pH = 9 solution that was approximately ealcite-saturated and contained about 20 mg/L lead. Most
of the lead in this solution was complexed with etnylenediaminctetraacctic acid, and about 0.05 mg/L
lead was present as Pb2* or PbOH* ions that are available for adsorption to the calcile surface. This
uncomplexed concentration of lead is representative of naturally occurring concentrations in
groundwaters. Coverage of the lead on calcite was estimated from measurements of a lead-implanied
silicon mirror having a known lead concentration.
The results of die X-ray standing wave measurements were as follows: (1) about 5-17% of
a monolayer equivalent of lead was adsorbed from the solution onto the calcitc surface, (2) the
amount adsorbed was independent of time from 5 to 93 h of reaction; (3) the lead occupied calcium
sites, (4) the coverage and ordering of the lead were about the same for in situ and ex situ
measurements, and (5) the adsorbed lead was stable in both aqueous solution and flowing helium
for the duration of the X-ray standing wave measurements (up to about 96 h).
These results are significant because they represent, the first atomic-scale informal .on for lead
adsorbed on calcite and demonstrate that in situ and ex situ measurements yield the same results for
this mineral-water system. Because of the large ionic radius of lead relative to calcium, we did not
expect lead to be preferentially incorporated into calcite. However, these results show that lead is
preferentially adsorbed to the calcite surface from aqueous solution. This lead is apparently
chemisorbed to calcite, and we infer that it is exchanged for calcium in the surface layer of calcile.
Further work is planned using X-ray standing wave techniques to examine the structure of other
metai adsorbates at the calcite-water interface.
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IX. ANALYTICAL CHEMISTRY LABORATORY

A.

Imraduction

The Analytical Chemistry Laboratory is a iull-cost-recovery service center, with the primary
mission of providing chemical analysis and related technical support to solve research problems of
our clients—Argonne National Laboratory, the Department of Energy, and others. The ACL also
docs research and development in analytical chemistry and its applications. In carrying out this
mission, the ACL handles a wide range of analytical problems. Although some routine or standard
analyses are done, many Argonne programs generate unique problems that require significant
development of methods and adaption of techniques to obtain useful analytical data.
The ACL is administratively within CMT, its principal ANL client, but provides support for
many of the 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 45 technical staff members. Talents and interests of staff members cross group lines,
as do many projects that the ACL undertakes.
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. Other
types of determinations use X-ray diffraction and X-ray fluorescence of solids. The Organic Analysis
Group uses a number of complementary techniques to separate organic compounds and measure
them at trace levels. Samples that can be analyzed include complex organic mixtures and
compounds, environmental soils and waters, potentially hazardous wastes, and drugs. The
Environmental Analysis Group analyzes environmental, hazardous-waste, and coal samples for the
inorganic constituents.
New ACL capabilities established in 1995 include an X-ray diffractometer system, a Fourier
transform infrared (Piik) spectrometer for use with an infrared microscope, a microwave sample
preparation system for inorganic determinations, a detector for an existing ion chromatograph, a
Fourier transform Raman system, and an automated sample changer for the X-ray diffractonieter.
In addition, the control system for our thermal ionization mass spectrometer was upgraded.
B.

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 olhsr sponsurs. Selected
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accomplishments for 1995 are summarized here. In addition, the ACL did analytical work on many
other projects, which are described in more detail elsewhere.1
1.

Electrometallurgical Treatment Applications

In 1995, the ACL continued to provide analytical support for various projects
involving electrometallurgical treatment of spent nuclear fuels (see Sections V and VI). These
projects included further development of electrorefiner applications and oxide fuel treatment,
investigations of the behavior of elements not previously studied in eiectrorefiners, and experiments
on the feasibility of using zeolites as the basis for waste forms with a high plutonium content.
Cations, including U and Pu. are determined by using an inductively coupled
plasma/atomic emission spectrometer (ICP/AES) that has been configured to analyze radioactive
solutions. The mass spectrometric isotopic dilution technique is used whenever higher precision and
accuracy than attainable with ICP/AES are required. X-ray diffraction is frequently used to identify
chemical components.
Examples of work supported by the ACL were tests performed to understand the
behavior of elements such as Se, Te, and Sb in the electrorefiner process. Analytical results indicate
that in the electrorefiner these elements be.have like noble metals. Also, studies were undertaken to
determine whether plutonium could be incorporated at high levels in zeolite, which could then be
used as a waste form. Analytical data showed that when zeolite is exposed to PuClj in electrolytic
salt (LiCl-KCl), substantial amounts of plutonium can be contained within the zeolite.
2.

Development of a Continuous Emission Monitor for Thermal Treatment Systems

The objective of this project, which is a collaboration with the Energy Systems
Division, is to develop a continuous emission monitor based on FTIR technology. This on-stream
device will monitor stack gases for volatile organic and selected inorganic compounds.
The primary benefit of an ou-stream monitor for stack effluent is the near real-time
determination of the performance of the thermal treatment systems being monitored. On-stream
analysis of the stack, effluent would satisfy the requirements of the Clean Air Act of 1990 and
address public concern about incinerator safety. Another benefit is that such a monitor eliminates
the need for the expensive techniques currently employed to characterize the effluent, such as use
of a volatile organic sampling train followed by gas chromatography/mass spectrometry (GC/MS)
in the laboratory. In addition to cost considerations, the techniques required under current procedures
provide a one-time analysis only.
Development of the monitor has progressed in three focus areas. The first is technical
development in instrument optimization, automation software, sampling, and advanced data analysis.
The second is obtaining regulatory approval by the Environmental Protection Agency (EPA), and
D. W. Green ct al., Analytical Chemistry Progress Report for FY 3995, Argonne National Laboratory Report
ANL/ACL-95-5 (December 1995).
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the third is commercialization of the instrument. At the successful completion of this project, al! data
would comply with EPA requirementss and the instrument would be packaged as a complete unit.
Instrument development has largely been completed. A commercially viable
instrument that consists of three transportable modules has been constructed and successfully tested.
Data analysis is currently being improved with time-domain and Fourier-domain methods that use
peak width to mathematically separate components with overlapping bands. This two-domain
approach will enhance the system's ability to detect substances that have overlapping absorbances
and allow us to digitally filter system noise. We submitted a procedure (described in Sec. K.B.3)
to EPA in October 1994 and to the American Society for Testing and Materials in April 1995. At this
stage, data generated with our system will be accepted by the EPA Office of Air Quality Planning
and Standards. In October 1994, a Cooperative Research and Development Agreement (CRADA)
to commercialize the system was completed with Clean Air Engineering and Martin Marietta Energy
Systems, the operators of DOE's Toxic Substances Control Act incinerator at the K-25 site in
Oak Ridge, TN.
3.

Characterization of Products from Automobile Shredder Fluff Recycling

About 225 kg (25%) of every junked car 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 from the automobile
shredder industry. At present, shredder fluff is sent to landfills. Researchers in ANL's Energy
Systems Division have developed and are testing technologies to segregate and recover the plastic
and foam fluff components for recycling. They are- also exploring alternatives to landfill disposal for
residues ("fines") that are collected during segregation of the recyclable materials.
The ACL is providing chemical analyses to help characterize the various product
streams from these processes, including oils, recovered plastics and foams, and the shredder fines.
We use an FITR microscope to examine plastics recovered by solvent extraction of shredder
residues. With this technique, selectivity of the extraction and purity of the products are assessed by
comparing spectra for polyvinylchloride and acrilonitrilebuiadienestyrene polymer standards wilh
spectra from reconstituted plastics produced by solvent extraction. Other analytical mediods are
applied to determine specific contaminants in the foams, oils, and fines. Heavy metals and
po'ychlorinated bipnenyls (PCBs) are common contaminants in the shredder fluff as a result of their
presence in automotive components and fluids (e.g., lead from batteries, mercury from mercury
switches, PCBs from capacitors or hydraulic fluids). After suitable treatment of samples to bring the
metals into solution, all metals except mercury are determined by ICP/AES. Mercury is determined
by cold vapor atomic absorption (CVAA) spectrophotometry. The PCBs are extracted with an
appropriate solvent and measured by gas chromatography. We also determine the total chlorine
content of many sampies by a procedure that employs oxygen-bomb combustion and ion
chromatography to measure the chlorine as chloride.
These and other analysis tools were used to provide the Energy Systems Division with
(1) data on the effectiveness of a new process that removes metals and oil contaminants from the
polyurethane foams generated from the shredder fluff and (2) a comprehensive characterization of
shredder fines to determine their suitability for use as a raw material in the manufacture of cemsnt.
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4.

Support for High-Temperature Superconductor Development

The ACL continued to provide extensive analytical support to high-temperature
superconductivity programs in ANL's Energy Technology and Chemical Technology Divisions.
Much of this work involves analysis of starting materials, process samples, and products related to
fabrication, as well as characterization studies on various ceramic compositions, including
YBajCUjO^ and lead-doped bifanuth/strontium/calcium/copper oxides. Our measurements include
determining elemental composition by ICP/AES or classical methods, anions by ion chromatography, carbon with a LECO™ analyzer, and phase composition by X-ray powder diffraction. We also
use an iodometric duration 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. Through these and related
activities, the tsamwork among chemists, ceramists, and analysts is helping to move the technology
of superconducting ceramics toward practical applications.
5.

Integrated Performance Evaluation Program

In collaboration with DOE's Radiological and Environmental Sciences Laboratory
and the Environmental Measurements Laboratory, the ACL is developing and implementing a
comprehensive Integrated Performance Evaluation Program (EPEP) for DOE's Office of
Environmental Management (EM). The program is managed by EM's Analytical Services Division
and is designed to provide information on the quality of radiological and nonradiological analytical
data being produced by all laboratories that provide DOE wife data on environmental restoration and
waste management samples. The Interagency Agreement between ANL and EPA's Region V
establishing IPEP as a pseudo-EPA Region was renewed for 1995. This Interagency Agreement
allows the 1PEP to nominate laboratories performing analyses for EM into the Water Supply and
Water Pollution programs sponsored by the National Exposure Research Laboratory (Cincinnati,
OH), and to access relevant information about laboratories from these programs. Historical and
current data from these programs are now routinely transferred electronically from the EPA data base
at Research Triangle Park, NC, to the IPEP data base at ANL. Contract Laboratory Program (CLP)
data for government-owned, contractor-operated laboratories are being entered into the IPEP data
base by double hand-keying to make them available for electronic generation of reports. The IPEP
is routinely transferring current EML Quality Assessment Program data via modem to its data base.
These data have been used to develop a performance-based statistical assessment and scoring scheme
to address EM criteria.
Pilot studies for the production of IPEP reports are being conducted with both the
Idaho National Engineering Laboratory Sample Management Office and the DOE Albuquerque
Operations Office Reid Sample Management Program. These pilot studies lire designed to provide
IPEP developers with an opportunity to test the feasibility of the proposed operating mechanisms and
to ailcw report users to have direct input about the report formats, technical content, and other needs
during the developmental stage.

6.

Determination of Platinum in fnnftr-Kar Finirf of Guinea PIPS

The concurrent use of the antitumor drug eisplatin [cis-dich)orodiaminepia$!num(H)]
and the antibiotic gentamycin is known to cause inner-ear damage in humans (usually cancer patients
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with unspecified bacterial infections). Researchers at Loyola University Medical Center are
examining the mechanisms by which this damage occurs. In the Loyola study, a large group of
Duncan Hartley guinea pigs was placed on a cisplatin/gentamycin dosing protocol. After an
appropriate post-dose delay ranging from 0 to 21 days, subjects were anesthetized, and samples of
inner-ear fluid (perilymph) and inner-ear bone (cochlea) were drawn. The subjects were then
sacrificed for additional postmortem examination.
After sampling, the cochlea was examined for damage, and the gentamycin content
in the pcriiymph was determined. However, Loyola did not have the analytical technology necessary
to determine the cisplatin content in the perilymph, as the samples were very small (less than 10 uL)
and the expected platinum concentrations were quite low (less than 100 ng/mL). Therefore, the
perilymph samples were sent to the ACL, where they were prepared for ICP/MS analysis.
Preparation involved digestion of the samples in aqua regia and dilution to a manageable volume
(5 mL). The prepared samples were introduced into the ICP/MS instrument by using ultrasonic
nebulizalicn.
Instrument detection limits for platinum were on the order of 0.3 pg/mL, and all of
the samples were found to contain detectable quantities of platinum. As expected, the platinum
content in the periiymph samples (which is a direct indicator of cisplalin content) was strongly
correlated with the delay between dose administration and sampling; i.e., longer delays yielded lower
platinum concentrations. Furthermore, as expected, the platinum concentration in pcriiymph samples
drawn from the right and left ears agreed to within several percent. Further analysis of the samples
using ICP/MS and the technique of standard additions indicated that the initial data obtained by
ICP/MS were accurate to within several percent for all but the lowest platinum concentrations. These
data indicate that the platinum measurements are reasonably accurate and thus may be used by the
Loyola team as they attempt to understand the mechanism for cochlea damage.
7.

Radon Remediation

A researcher in ANL's Reactor Analysis Division has observed ihar oil can remove
radon and other noble gases from air. Under a project sponsored by DOE and EPA, an apparatus
containing an oil-based liquid for continuous, low-cost removal of radon is under development. Such
a device is needed because radon is present in many homes and pubiic buildings, sometimes at
unsafe levels. Natural radon accounts for about two-thirds of the annual radiation exposure received
by individuals worldwide.
In support of this project, the ACL tested a wide variety of oils for their ability to
remove radon from air. Among the best were com, soybean, and mineral oii. Other oils tested
included olive, safflower, peanut, and walnut oil and various types of motor oil. Corn oil was
selected for use in a prototype radon-removal system, and very good results—up to 95% removal
efficiency—were obtained with this small-scale model. The final design of the radon removal
apparatus has not yet been determined. Additional work is needed to develop a method for removing
the accumulated radon from the oil, so the oil can be reused continuously.
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8.

Development of "Smart" Chemical Sensors

Current ACL research efforts in chemometrics (the use of mathematics, statistics, and
formal numerical methods for analysis of chemical data) are focused on the development of a
software workbench for designing automated monitoring algorithms for spectroscopic, chromatographic, electrochemical, and radiochemical sensors of interest to DOE. The objective of this work
is to produce "smart" chemical sensors. The term "smart" is used to imply that the sensor can (1)
interpret multivariate data in real time; (2) perform data reduction and decision making; (3)
communicate processed results to an end user, process control loop, or data fusion system; and (4)
alter system operation based upon certain detection results. Smart sensors have obvious advantages
for both invasive and noninvasive monitoring scenarios. We have designed unique signal processing
algorithms that combine digital filtering, pattern recognition, and multivariate calibration methods
to provide enhanced qualitative and quantitative data analysis. These algorithms are initially
developed using software; however, final versions of the algorithms can be implemented in hardware
by encoding ths algorithm onto a small digital signal processing board, which would become an
integral part of the sensor electronics. Although the software workbench for designing these
algorithms is still in the development phase, novel algorithms have been successfully generated for
(1) qualitative processing of data from a passive FTER sensor used for remote monitoring of chemical
emissions and (2) quantitative processing of data from an extractive FTIR system used for
continuous monitoring of incinerator emissions. In 1996, we will also begin development of
qualitative and quantitative algorithms for infrared monitoring of the plasma hearth system at ANLWest. The plasma hearth is a prototype thermal system for treating mixed organic and radioactive
wastes. Smart sensor algorithms have also been designed for automated analysis of multispectral
image data and recognition of naval ships.
9.

Performance Demonstration Program for the WIPP

The Waste Isolation Pilot Plant (WIPP) is a DOE installation consisting of large
interconnecting cavities hollowed out of a salt vein approximately 600 m underground in the vicinity
of Carlsbad. NM. It was prepared approximately five years ago to be used as a test itpository for the
disposal of transuranic (TRU) waste resulting from defense-related processing of nuclear materials.
Wastes to be shipped to the site must first be characterized to identify the presence of any hazardous
materials in the waste in addition to the radioactivity. One waste form present in relative abundance
dial requires characterization is semisolid waste sludge. The WIPP Transuranic Waste Characterization Program of the Carlsbad Area Office of DOE has established a performance demonstration
program (PDP) for laboratories that will participate in the analysis of sludge to be shipped to the
WIPP site. The ACL was given the task of preparing, verifying, and distributing samples for the
PDP.
The PDP was designed to qualify those laboratories planning to suppiy analytical data
that wil! be used to characterize solidified TRU waste destined for the WIPP site. Three
organizations were chosen to participate in the PDP: Oak Ridge National Laboratory, Los Alamos
National Laboratory, and Rocky Fiats Plant.
The sample material that was prepared for Cycle 1 of the PDP was synthetic
wastewater sludge. The synthetic sludge was prepared by the ACL to simulate Type I waste, which
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is defined as cemented or dewatered sludge precipitated from aqueous waste treatment processes.
The ACL prepared both cemented and uncemented forms of this sludge type.
The TRU Waste Characterization Quality Assurance Program Plan lists both
inorganic and organic analytes required for characterization of waste prior to shipment to the WIPP
site. The list includes both inorganic and organic analytes. The organic PDP samples were more
challenging to prepare than the inorganic PDP samples because some of the organic analytes are
unstable in the highly alkaline sludge matrix, and some analytes are very volatile; so the potential
for analyte loss is high. The reproducibility and accuracy of the spiking procedures were extensively
tested. In addition, holding-time studies were conducted for up to 14 days after initial sample
preparation to track the stability of organic constituents and the loss of volatile organic compounds
(VOCs) expected to occur over time.
The PDP samples were prepared to cover the analytes of concern to die program and
their expected concentration ranges. Approximately 250 bottles of PDP samples were shipped in July
1995. Results of the participating laboratories' analyses have been sent to Lockheed Martin Idaho
Technologies Co. and are currently to be scored according to guidelines from the Carlsbad Area
Office. Results of the scoring are not yel available.
10.

Holding-Time Study of Volatile Organic Compounds in WIPP Sample Canisters

Before radioactive wastes can be transported from various DOE sites for burial at the
WIPP repository near Carlsbad, NM, they must be analyzed to determine whether they pose a
chemical hazard in addition to the radioactivity hazard. Measurements must be made tc determine
the gaseous compounds in the void spaces (headspace) of the waste. Target analytes for these
measurements include 29 VOCs that are listed as hazardous under the Resource Conservation and
Recovery Act (RCRA). At the sites where the waste is stored, headspace gas samples are drawn and
analyzed. In following this procedure, it is important that no change in composition occur when the
gas is drawn into the shipping container and held for subsequent analysis. A study has been
completed in which gas samples drawn at a waste storage site were held for an extended period, and
measurements were made to determine any change of composition with time.
Nine of the most frequently occurring RCRA-iisted hazardous organic compounds
were present in, or added to, the actual field samples. The concentrations of the anaiytes were
repeatedly measured by use of gas chromatography with mass spectrometric detection. Nine sets of
measurements were made, spanning a period of approximately 900 days. For each measurement set,
five replicates were obtained by withdrawing aliquots from a diluted portion of the field sample. The
measured values for the individual analytes over time were fitted with a straight line by using
regression analysis. The fitted lines had slopes between +9.5 and -6.2% change in composition per
year. To assess the significance of the slopes, the fits were evaluated in terms of the scatter of the
data points around the values predicted by the fit. For the analytes studied, die fitted lines with finite
slopes were not significantly better models of the data according to the statistical F- and t-tests than
the assumption of zero slope, which corresponds to no change of composition with time.
The conclusion of this work is that there is no technical basis for the present WIPP
requirement to measure field samples within 28 days to avoid the effects of changes in gaseous
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composition within the canisters. In fact, the allowable holding time could well be extended to
several months if the extension would improve the efficiency of sampling and analytical operations.
U.

Validation of Mercury Determination Methods for WIPP Program

In a collaborative effort under the WI?P Transuranic Waste Characterization
Program, the ACL participated in a study led by Oak Ridge National Laboratory to validate
alternative methods for deternuning mercury in wastes composed of soils, sludges, sediments, and
oils. This study was intended to demonstrate equivalence between the conventional EPA method
(SW-846 Method 7471. which specifies aqua regia digestion in a water bath, subsequent additions
of several reagents, and measurement by CVAA) and two alternatives: (1) a newer method that
replaces water-bath digestion with a microwave-assisted acid digestion based on EPA Method 3051
and (2) neutron activation analysis. If the alternative methods could be shown to be equivalent to
Method 7471. they would be submitted for inclusion in the DOE Methods Compendium. They
would then be considered acceptable for use in analyzing waste for mercury to determine the waste's
confonaance to the acceptance criteria established for the WIPP. For its part in the study, the ACL
helped select reference materials suitable for testing each method and performed measurements on
each reference material with the neutron activation method and the method based on microwave-assisted acid digestion.
For the validation measurements, five portions of each of four different referencs
materials were digested by both the water-bath procedure and the microwave oven procedure, and
each digestate was analyzed in triplicate by CVAA. With the materials used (sediment, fly ash, sewer
sludge, and oil), both methods gave excellent recovery of mercury over a range of concentrations
from 0.16 to 100 mg/kg. The microwave procedure has several advantages: it uses fewer reagents,
is faster, results in lower blanks, and is likely to be less susceptible to contamination. Data from the
ACL measurements were submitted to Oak Ridge within the specified schedule so that they could
decide whether to use the microwave method or other methods later in 1995 for analysis of siudgc
wastes in support of the WIPP project.
12.

Method Development for WIPP Program

As part of the characterization of waste to be shipped to WIPP, the determination of
seven special VOCs in solidified waste is required. These special VOCs are polar and water soluble,
properties that prevent them from being determined by traditional purge-and-trap methods.
The ACL has developed an aqueous extraction method to analyze WIPP Type i
sludge waste for the seven special VOCs. This extraction method involves addition of a known
volume of water to a sludge sample, followed by vigorous agitation to extract the VOCs. The sampleis then centriruged for several minutes to separate the sediment. This separation is followed by direct
injection of an aliquot of the water extract into a gas chromatograph equipped with a flame
ionization detector.
This aqueous extraction technique was chosen because of its compatibility with polar
VOCs, its simplicity, and its time-saving ability. Any time saved in sample preparation reduces the
cost of analysiii and reduces analyst exposure to radioactive samples. The ACL has validated the
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performance of this method by meeting all of the WIPP quality assurance objectives for method
detection limits, precision, and accuracy. This validated method was used to verify the polar VOC
concentrations in samples for the performance demonstration program involving WIPP Cycle 1^
solidified waste.
....,_...._.._^. .
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Analytical Procedures for Waste Minimization and Pollution Prevention v

,;
;^^ The waste generated by the analytical procedures used for characterization of waste
is a significant source of new DOE waste. Success in reducing the waste volume and corresponding
^costs of handling this waste would significantly decrease the overall cost of characterization. We are
"studying the performance of waste-minimizing analytical procedures in three areas: microanalysis
lusing flow injection nebulization, reduction of the solvent volume required for dissolution of waste
samples for radiochemical analysis, and alternative sample preparation for analysis of organic
constituents in waste samples. We have completed our comparison of nebulization techniques for
ICP speetrometry. With continuous pneumatic nebulization as the baseline technology, we have
concluded that flow injection/direct injection nebuiization will reduce waste and analysis time with
little or no compromise in analytical figures of merit. Significant reductions in waste volume from
radiological analysis have been achieved by preparing samples with a high-pressure microwave
system. In addition, we have demonstrated that alternative, nonloxic solvents can be used for
preparation of samples for radiological analyses without compromising, extraction efficiency.
Recoveries using microwave-assisted extraction of sernivolatile organic compounds (SVOCs) from
soil, sediment, and sludge compare well with those using traditional extraction techniques. Solvent
usage, and thus waste produced, is decreased by an order of magnitude with microwave-assisted
extraction. We are aiso investigating methods for analyzing high-efficiency particular air
(KEPA) filters, which provide the final stage of containment on many exhaust systems in DOE
facilities by preventing the escape of chemical and radioactive materials entrained in the exhausted
air. Before used HEPA filters can be accepted for disposal, they must be tested for the presence of
regulated contaminants. One of these tests is U.S. EPA SW-846 Method 8270 for the determination
of SVOCs. This test is especially important for HEPA filters because dioctylphtlialate, a regulated
S VOC, has historically been used to test and certify each filter's efficiency.
^m

We studied supercritical fluid extraction using carbon dioxide fluid as an alternative
meihod for removing SVOCs from HEPA filters. Traditional extraction methods for removing
SVOCs require up to 300 mL of hazardous solvents and produce significant amounts of secondary
waste. By contrast, SFE uses only small amounts of solvent for analyte trapping.
Recoveries obtained with SFE were compared to those obtained with Soxhlct,
automated Soxhiet (Soxtec) and sonication (currently the ACL standard method) extractions. The
traditional methods required 75 mL (Soxtec and sonication} or 300 mL (Soxhlet) of extraction
solvent, whereas the SFE method required only 10-15 mL of collection solvent. In terms of average
recoveries, the SFE method (70%) compared favorably with sonication extraction (74%) and with
Soxtcc extraction (63%). Soxhlct extraction yielded an average recover}' of 83%.
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Although SFE extraction yields of SVOCs from HEPA filters are somewhat lower
than Soxbiet yields, SFE decreases solvent usage and waste production by more than an order of
magnitude and decreases extraction times by more than a factor of 20. Addition of supercritical fluid^
modifiers will likely increase SFE yields, making them comparable to those obtained with Soxhiet:
extraction. zj?.:t.-i..-^-.tJ:.':.:„';... ... ?_.'_ •.i_:;v_:-..f:-.ii.-;-lr!- :^ u~. -; -- •-.-£«>!;;:•;; :'yir-^-i^y-r *
14;

Orphan Waste Work Project?

..__-_;. Many ANL facilities have "orphan" waste•materials that remain from programs that
are no longer funded, have unknown origins, or bave inadequate documentation. Funding made
available through ANL's Environmental Management Operations (EMO) Division has provided
inany of these facilities with the opportunity to undertake work projects directed at accumulating;
characterizing, and documenting these so-called "orphan wastes" so that they may be properly
disposed of. In support of these work projects, the ACL is conducting chemical and radiological
analyses to provide the composition and hazards-classification data needed by treatment/
storage/disposal facilities that will ultimately process the wastes. Working closely with EMO to
ensure that information and procedural requirements of; the^appropriate trearment/storage/disposal
facility are satisfied, ACL staff have prepared detailed sampling and analysis plans for some projects,
have fielded sampling teams to collect appropriate representative samples, and have collaborated
with EMO staff in interpreting the analysis results for waste handling.
Through its orphan waste work projects, EMO has helped ANL divisions dispose of
tens of thousands of kilograms of waste materials. The difficulty and expense of orphan waste
disposal have brought home to many ANL divisions the need for timely and complete records on
stored materials and prompt disposal of materials that are no longer needed.
15.

Characterization of Used HEPA Filters for Disposal

For a number of years, used HEPA filters removed from laboratory exhaust systems
at ANL had accumulated in the EMO Division because no facility could be found that would accept
them for disposal: In 1993, EMO aeternuned that these used filters would be accepted for disposal
at DOE's Hanford Reservation if they could be shown to meet the relevant waste acceptance criteria.
Procedures were proposed by EMO for repackaging and composite sampling of the used HEPA
filters, and the ACL established an analysis methodology for evaluating the composite samples
against the Hanford criteria.
Over a period of one and a half years, EMO repackaged and sampled 102 bins of
these stored filters and submitted the composite samples from each bin to the ACL for analysis.
During 1995, data from the last batches of filters were reported to EMO. Overall, approximately 80
bins were found to meet the Hanford acceptance criteria and were shipped by EMO to Hanford for
disposal. These shipments substantially reduced die historical waste inventory a$ ANL. Now, new
HEPA waste is characterized as it is generated so that it does not accumulate.
In the characterization process, each HEPA composite is homogenized (by manual
cutting) and then analyzed for metals, semivolatile organics, PCBs, and radionuciides. Samples
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shown to contain high concentrations of heavy metals are also subjected to the Toxicity Characterization Leaching Procedure to determine whether the metals they contain exceed regulatory standards
for mobility under landfill conditions. Early batches of samples were also screened for pH, cyanide,
suifide, and inorganic anions, but these tests were discontinued when a clear pattern of negative
results was established to Hanford's satisfaction. This has been a very successful collaborative effort
between ACL and EMO, with considerable benefit to many ANL operations.
16.

Methods for Determining Metals in Waste Oil

Many ANL programs depend on vacuum pumps, hydraulic systems, or machines that
contain oil, which needs changing and, ultimately, disposal. To dispose of oil properly, one must first
determine whether it is contaminated with hazardous metals (e.g., As, Ba, Cd, Cr, Hg, Pb, Se, Ag)
and/or radionudides. Because commonly used methods for measuring these contaminants perform
best with aqueous samples, we studied two methods for decomposing oils to provide a single
aqueous solution that could be used in all the hazardous metal determinations. For this project,
elemental measurements were done by using graphite furnace atomic absorption, cold vapor atomic
absorption, or ICP/AES.
The two preparation techniques evaluated were (1) combustion of the oil with oxygen
in a sealed pressure vessel and (2) decomposition/digestion of the oil with acid and microwaveenergy heating in a closed vessel. The microwave digestion procedure proved more effective in
recovering most metals (>90% recovery for every metal tested).
Following the microwave decomposition, the results obtained for all 20 hazardous
metals measured in this project (Al, As, B, Ba, Ca, Cd, Cr, Cu, Fe, Hg. Mg, Mn, Mo. Ni, Pb, Se, Ag,
Ti, V, and Zn) were within ±10% of the certified values. Because no oil standard is available with
certified quantities of radionuciides, we were not able to evaluate the radiological measurements.
However, we are confident that these measurements can be done reliably on a portion of the solution
prepared by microwave digestion. Having this method available will help the ACL to provide ANL
programs with reliable, cost-effective characterization of waste oil.
17.

Separation of Mercury from Americium for Radioactive Waste Analysis

Analysis of waste solutions to provide proper hazards classification for disposal often
requires determination of toxic metals, including mercury, in the waste. The ACL is able to measure
most of the toxic metals in the presence of substantial amounts of radioactivity (using our "hot"
ICP/AES), but our facilities for measuring mercury are more limited. Therefore, when we were asked
to characterize a group of strongly acidic waste solutions containing as much as 10s dpm/mL MIAm
(in support of efforts by ANL's Environmental Management Operations Division to dispose of
historical waste), we needed a means for removing the radioactive amerieiuin without affecting the
reliability of the mercury measurement.
We determined that this separation could be achieved through column chromatography with Diphonix resin (Eichram Industries, Darien. EL). With dissolved waste solution having a
concentration of 2 M in hydrochloric acid, the Diphonix resin shows quantitative retention of
americiurn but virtually no retention of mercury. By merely diluting a portion of each waste solution
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to obtain the 2 M acid concentration and passing the diluted sample through the Diphonix column,
we obtained an eluate that contained no detectable alpha activity. By spiking a few solutions with
alcnown amount of mercury, we also demonstrated high recovery (>909c>) of mercury in the column
eluate. This separation technique will allow the ACL to use existing facilities to determine mercury
in many types of americium-contaminated waste solutions. It might also be useful for the analysis
of other types of mixed waste because it should be possible to adapt the technique for use in
separating mercury not only from americium but also other radioactive actinide elements.
18.

National Acid Precipitation AssessmentProfrram

The National Acid Precipitation Assessment Program (NAPAP) was initiated in the
early 1980s with rhe goal of quantifying the extent to which air pollution, including acid deposition,
accelerates the weathering of materials used in the construction of cultural resources. Materials of
particular interest are marble and limestone because they are widely used in exterior structures and
monuments and because the calcium carbonate stones are especially sensitive to acid attack. In one
NAPAP subprogram at ANL, limestone and marble briquettes are exposed to a variety of
atmospheric conditions at a number of sites throughout the country. The weathered briquettes are
brought to ANL for sampling and analysis to determine the surface chemistry and mineralogical
changes in the test stones. In support of this program over the past few years, the ACL has analyzed
hundreds of specimens for anions (F, Cl\ NO}\ SO42") by ion chromatography and a smaller number
for metal cations by ICP/AES. Cation concentrations changed little following exposure at the test
sites. However, sulfate and nitrate concentrations were substantially elevated in some samples. These
results have provided a quantitative measure of attack by atmospheric sulfur and nitrogen oxides.
This year, the ACL performed anion measurements on 256 specimens.
19.

Determination of Reaction Products from Molten Sodium and Chlorinated
Hydrocarbons

Researchers in the Reactor Engineering Division at ANL performed a series of
preliminary experiments to study the reaction between molten sodium and chlorinated hydrocarbons.
This reaction might provide a means for treating waste solvents to destroy such compounds. The
ACL assisted in this study by analyzing samples of argon cover gas from the reaction vessel to
identify products of die reaction. Each argon sample was analyzed by gas mass speclromelry to
determine the permanent gases (H2, N2, CO2, etc.) and light hydrocarbons (methane through
propane). The argon samples were also analyzed by GC/MS to measure VOCs. These measurements
demonstrated that H2 and CH4 were major products, although trace amounts of many VOCs (up to
32 compounds in one test) also formed. Evidence for residual chlorinated hydrocarbons was found
in only one test.
The ACL also analyzed a black slag material that was found on top of the sodium bed
after the tests were completed. This material was reacted with water under a flowing helium stream,
and the evolved gases were collected for analysis. Acetylene present among these gases provided a
measure of reactive carbides in the slag. The slag also evolved trace amounts of other VOCs and
contained a substantial amount of elemental carbon. The data provided by the ACL will help the
Reactor Engineering team determine whether further investigation of the proposed waste-treatment
process is warranted.
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20.

Dissolution Process for Low-Enriched Uranium Metal Targets

The radioisotope "Mo is the precursor to 99mTc, which is an important nuclide in
diagnostic nuclear medicine. At present, "Mo is produced by neutron irradiation of highly enriched
uranium (HEU) oxide targets, which are subsequently processed to recover the ^Mo product. Under
the aegis of the Reduced Enrichment for Research and Test Reactors program at Argonne, work is
underway to develop a low-enriched uranium (LEU) metal foil target to replace the HEU oxide target
(Sec, TV.D). However, new procedures are needed to recover "Mo from the LEU targets. The ACL
has been assisting in this research by analyzing dissolver solutions to determine reaclants and
reaction products and by conducting experiments to determine the types and quantities of gases that
are released during the dissolution reaction.
Information on the consumption of nitrate ion during the dissolution is being obtained
by applying ion chromatography to acid solutions in which varying amounts of uranium metal were
dissolved. Acid consumption during the dissolution is being evaluated by titration of the "free acid"
remaining in the same solutions. This procedure employs fluoride ion as a cornplexant to prevent
reaction between uranium species and the hydroxide titrant Gas evolution during the dissolution
process is being studied with a specially designed vacuum manifold, which allows pressure changes
accompanying the dissolution to be measured and also allows samples of the evolved gases to be
acquired for analysis by gas mass spectrometry or other means. The combination of data from these
various measurements is expected to help guide selection of an appropriate acid mixture for effective
dissolution of the LEU metal targets and to aid design of a dissolver vessel. Results obtained so far
have been quite interesting in that they show the dissolution reaction to be fairly complex, with a
number of variables affecting the reaction rate and product distribution in unexpected ways.
21.

Transition Metal Speciation in Textile Mill Wastewater

Under the new Stream Quality Standards enforced by EPA, certain metals discharged
into receiving streams from industrial facilities will be sharply curtailed. This reduction is cspcciaily
significant to the U.S. textile industry because many of the important dyes used in textile processing
are "premetallized"; i.e., the dye molecules contain Cu, Cr, or Co as part of the chromophore. With
support from the AMTEX™ partnership (a CRADA-based initiative between DOE and the textile
industry), the ACL is developing analytical procedures that will be used to characterize the lability
of these mctais as they appear in textile milt wastewater. In these procedures, cationic metal species
are isolated by using ion-exchange chromatography, and organically bound metals are isolated by
using columns of nonionic polymer resins. The isolated meiais are stripped from the columns and
determined by ICP emission spectroscopy. For quality -ssurance. the sum of the speciated metal
concentrations is compared to the total metal concentration, which is determined separately. The data
on metal speciation (categorized by lability of the metal) will be used to assess the bioavailability
and environmental impact of the metals present in the wastewater. These data will also provide the
information necessary to formulate an effective process by which toxic species can be removed from
ths wastewater.
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22.

Automated Target Recognition Using Multispectral Images

A state-of-the-art algorithm was developed in the ACL to achieve automated,
accurate, and rapid target recognition regardless of the orientation and size of the target objects. This
algorithm was designed to identify naval ships in multispectral imaging data. The Airborne
Muliisensor Pod System was established through DOE's Office of Nonproliferation and National
Security to develop a new generation of technology for airborne data collection, integration, and
analysis. Our work demonstrates that multiple images from several spectral bands can be combined
and used simultaneously to produce results that could not be obtained from a single-band image. The
power of this approach is fully realized by combining multispectral image preprocessing techniques
with a novel artificial neural network, adaptive resonance theory (ART2A). for pattern recognition.
The ART2A network can create new classes dynamically, thus providing a way to identify both new
types of targets and anomalous observations. Because of the simplicity of the ART2A algorithm, it
is computationally rapid and could be used for on-line data processing. It is also important co note
that the pattern recognition results show that the algorithm can distinguish moving from nonmoving
ships. By combining innovative preprocessing procedures with a state-of-the-art pattern recognition
method, this work represents a highly effective technique for automated, accurate identification of
targets in multispectral images.
23.

Project in Support of Coiinternarcoiirs Efforts

The ACL continued to provide analytical support to a collaborative program between
ANL's Technology Development Division and the Office of the National Drug Control Policy. In
1995,2S7 U.S. currency bills from 13 iocations in the suburbs of Chicago were each treated with
methanol e-xtractant and analyzed by GC/MS for the presence of cocaine. We obtained a five-point
calibration curve using 1 pL injections of calibration standards consisting of cocaine at concentrations of 10,40,80,120, and 160 jtg/mL, For every 12 h of data acquisition on the GC/MS, a 40-ng
or 80-ng standard was analyzed. Cocaine was identified by retention time and mass spectrum. The
external standard method was used for quantification of cocaine in the sample extracts.
The bills for GC/MS analysis were acquired at five types of locations: banks, family
restaurants, high schools, public places, and places where liquor/gambling exists. The experimental
results indicated that 220 of the bills analyzed, or approximately 78%, were contaminated with
cocaine, ranging from trace level (less than 1 ug) to about 1.0 mg on a single bill.
Ion mobility speclrometry (IMS) was used to screen the bills prior to sample
extraction. Of the 220 contaminated bills, only 37 had shown an IMS response. An additional nine
samples with nondetectable or trace cocaine contamination had elicited positive results from the
IMS. Cursory examination of analytical data seemed to indicate no discernible one-to-one
correspondence between cocaine concentration and IMS response. However, when all samples with
positive IMS hits were sorted by currency age and the GC/MS results were plotted, a mcy- revealing
pattern emerged. All new bilis that had IMS hits had negligible cocaine concentration, while all very
old bills with IMS hits had significant levels of cocaine concentration. One explanation of these
observations might be that cocaine in bills is cumulative and dependent on the surface morphology
of the bills. In very old bills, the protective coaling either wore thin or was cracked. Cocaine particles
failing into cracks in older bills would then become trapped and accumulate in the crevices. To verify
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whether IMS hits indicate more recent contamination, IMS data for bills from specific locations were
checked. It was found that 40% of the bills from a gambling casino and 50% of the bills from a
grocery store had positive IMS hits. In contrast, bills from family restaurants and schools had
relatively low cocaine contamination, as determined by both IMS and GC/MS.
24.

Chromatographic Optimization for the GC/MS Analysis of Semivolatile Organic
Compounds

The ACL performs many analyses to determine SVOCs according to EPA methods.
The GC/MS analysis techniques required by these methods involve instrument run times on the order
of 50-60 rain per sample. In addition, instrument check and continuing calibration samples must be
analyzed during each 12-n period. Our objective was to improve the efficiency of our semivolatile
analyses by reducing the run times for the splitless-injection GC/MS technique for environmental
and mixed-waste samples.
The determination of base/neutral/acid components under SW-846 Method 8270
involves the separation, detection, and quantitation of 92 analytes, 6 surrogate standards, and 6
internal standards. There are nine pairs of compounds that have similar mass spectra and tend to be
particularly difficult to separate chromatographically. Any new chromatographic method must be
abSe to achieve reasonable resolution between these pairs of compounds. The standard GC column
is a 5% phenyl-substituted methyl siiicooe (J&W DB-5). A new chromatographic method was
developed that makes use of a DB-5 column having a length of 30 m, diameter of 0.25 mm, and a
film thickness of 0.5 urn. We were able to reduce the GC/MS run lime from 58 to 34 min, a savings
of over 40%. This improvement allows us to analyze approximately 15 samples in 12 h, compared
to approximately 10 samples using the pisviously established method. In ail nine pairs of problem
compounds, the resolution is such that there is at least an S5% valley between the two peaks, a
difference adequate for compound quantitation.
25.

Development of Solid-Phase Extraction Disks for Radiochemical Analyses

Disk solid-phase extraction technology has been proven to be highly effective for
sample preparation in the analysis of organic compounds, wastewaters, and other aqueous samples.
Through a CRADA, the 3M Co. and ANL are expanding the 3M Empore™ technology lo address
sample preparation and recovery of radionuclidcs from aqueous samples, i.e., surface, ground, and
drinking waters. Disk technology significantly improves sample throughput while reducing
secondary waste and disposal costs. Sample processing and procedures for counting source
preparation may be condensed into a single step, thereby significantly improving laboratory
efficiency. Sample preparation takes as little as 20 min for a 1-L sample. Moreover, many of the
hazardous chemicals associated with traditional procedures are eliminated. Disks have been
developed that demonstrate high selectivity and great affinity for important radionuclides, including
^ c , S9WSr, and 2W28Ra. The ACL, in collaboration with ANL's Environmental Research Division,
is evaluating the performance of these disks and developing appropriate analytical procedures.
Methods for determining S5Tc and '"^Sr have been submitted for inclusion in a DOK report on
methods for evaluating environmental and waste management samples.
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Analysis of Samples from

to Rec.ynfe Aluminum Salt Cake

When aluminum is recycled, it is melted in the presence of an alkali-mctal-chloridc
flux, which serves to extract impurities from the molten scrap metal. The spent flux, after it
solidifies, is referred to as "salt cake." Composed of salt, aluminum melal, and oxide residues, the
salt cake represents a substantial waste stream in the aluminum recycling industry, which is seeking
ways to eliminate the eavironmental and economic disadvantages associated with disposing of salt
cake waste. Researchers in ANL's Energy Systems Division are working with the Aluminum
Recycling Association to develop cost-effective processes for treating salt cake to recover the salt
cake constituents, recycle the aluminum and salt fractions, and convert the oxide-residue fraction to
high-value-added products.
The ACL has been assisting in this research by analyzing samples from a pilot-scale
test of a process that converts the oxide residues into fiber insuJation products. Materials from
various stages of the process have been analyzed to determine elemental composition, leachable salt
content, free-metal content, and phase composition. Data from these analyses are being used to
assess the effectiveness of individual process steps (e.g., removal of the salt fraction from the oxides)
and to evaluate the roles of minor elements and compounds in causing difficulties that have been
encountered with the process. 3 y providing expertise in compositional analysis of refractory
materials (dissolution and analysis by atomic emission or ion chromatography). X-ray diffraction,
and gas-generation methods (free metals by hydrogen evolution), the ACL is working with the
Energy Systems Division team to enhance the viability of the aluminum recycling industry and the
environmental and economic benefits associated with it.
27.

Determination of Arsenic Species in Soil Samples from the Rocky Mountain Arsenai

In 1995, the ACL continued a collaborative research effort with ANL's Energy
Systems Division and the U.S. Army at the Rocky Mountain Arsenal. As part of this research effort,
we developed a method to distinguish among arsenic(HI), arsenic( V), and organoarsenic compounds
in soil samples. This method will be used to support studies being conducted at Rocky Mountain
Arsenal on the use of thermal desorption to remove chemical warfare agents and pesticides from soil.
The approach chosen was a combination of high-performance liquid chromatography and ICP/MS.
Tliis permits separation of the arsenic species, followed by sensitive detection of arsenic. This project
draws upon the ACL's experience in soil extractions, chromatographic separations, and atomic
spectroscopy.
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X. ADDENDUM.
CHEMICAL TECHNOLOGY DIVISION
PUBLICATIONS—1995

The Division's publications and oral presentations for 1995 were entered into a bibliographic
data base. The pages that follow arc a printout of this information sotted 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.
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Chemical Technology Division
Publications—1995

A. Journal Articles, Books, and Book Chapters
Tie Investigation of Cerium ss a Cataodic Inhibitor for Aluminum-Copper Alloys
A. 3. Aldykiewics, H. S. Isaacs, and A. 3. Davinport
2. Elecirochem. Soc. 142(10), 3342-3350 (1995)
Modeling of Growing Oxide Film: T i e Iroa/Iion Oxide System
V. S. BfiUaglia and J. Newman
J. Blectrochem. Soc. 143(5), 1423-1430 (1895)
Determination of Decontamination Actors of Radioactive Liquid Waste Streams Using Neutron
Activation Analysis
S. E. Belts, S. Landsbeiger, D. B. Chamberlain, and G. V. Vandcgtifl
Radioactive Waste Manage. Environ. Restor. 20, 43-BS (1995)
The Inorganic Chemistry of Wood Combustion for Power Production
M. Blander, K. W. Ragiand, R. L. Cole, J. A. Libera, and A. D. Pellon
Bioraass Bioeneigy 8(1), 29-38 (1995)
Leaching Dynamics Siudies of Municipal Solid Waste Incinerator Ash
B. A. Buchholx and S. Landsberger
J. Air & Waste Manage. Assoc. 45, 579-590 (1995)
Uranium-Contaminated Soils: Ultramiciotomy and Electron Beam Analysis
E. C. Back, N. L. Dietz, and J. K. Bates
Mterosc. Hes. Tech. SI, 174-181 (19S5)
Simultaneous Daal-Elcinent Analysis of Refractory Metals in Naturally Occnreiug Matrices Using
Resonance lonization of Sputtered Atoms
W. F. Calaway, R. C. Wiens, D. S. Burnett, M. J. Pellin, and D. M. Gruen
J. Vac. ScL Technol. A 13, 1310-1335 (1995)
Issues in the Scale-Up of Aqueous Biph&sic Extraction of Uranium from Contaminated Sails
D. J. Chaiko, Deepak, 3. GartelniRnn, Y. Vojla, E. Thnillet, and C. J. Meit*
Separations of j-Elemer.U, Eds., K. L. Nash and G. R. Choppin, Plenum Press, NY,.
pp. 225-240 (19S5)
Extraction of Technclium fxom Simulated Hanford Tank Wastes
D. J. Chaiko, Y. Vojta, and IS. TaVeuchi
Sep. Sci. Technol. S0(7-S), 1123-1137 (1995)
The Calcite (1014) Cleavage Surface in Water: Early Results of a Crystal Truncation Rod Study
R. P. Chiareiio and N. C. Stntchio
Gcochim. Cosmochim. Acta 50(21), 4557-45S1 (1995)
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A Quantitative Method Using FT-IR to Detect Explosives and Selected Semivolatiles in Soil Samples
M. Clapper, 3. C. Demiigian, and G. Robitaille
Spectroscopy 10(7), 45-49 (1995)
Determination of Long-Lived Actinides in Soil Lcachatcs by Inductively Coupled Plasma-Mass
Speetiometry
J. S. Ciain, L. L. Smith, J. S. Yaegex, and J. A. Alvarado
J. Radioanal. Nud. Chem. 194(1), 133-139 (1995)
Energies of C 2 H 5 O and CzEsO* Isomers
L. A. Chutiss, D, J. Lucas, and J. A. Pople
J. Chcm. Phys. 102(3), 3292-3300 (1995)
Extension of Ganssian-2 Theory to Molecules Containing Third-Row Atoms Ga-Kt
L. A. CUFVISS, M. P. McGrath, 3. P. Blaudeau, N. E. Davis, R. C. Binning, and L. Radom
J. Clicm. Phys. 103(14), 6104-6113 (1995)
Supeiexchange Pathway Calculation of Electronic Coupling through Cyclohexane Spacers
L. A. Cnxtiss, C. A. Naleway, and J. I t Millet
J. Phys. Chem. 09(4), 1182-1193 (1995)
Calculation of Accurate Bond Energies, Electron Affinities, and lonizalion Energies
L. A. Cuztiss and K. Raghavachan
Quantum Mechanical Electronic Structure Calculations •with. Chemical Accuracy:
Ur.dcrsiar.iir.g Chemical Reactivity, Ed., S. R. Langhoff, Kluwer Academic Press,
The Netherlands, pp. 139-171 (1995)
Gaussian-2 Theory: Use of Higlier Leve! Conelation Methods, Quadratic Configuration Interaction
Geometries, and Second-Order M0llcr-Ple3set Zero-Point Energies
L. A. Corliss, K. Saghavachari, and J. A. PopJe
J. Chem. Phys. 103(10), 4192-4200 (1995)
Eitects of Multiple Pulping Variables on Ihe Molecular Weiglit »ntJ Molecular Weight Distribution of Kraft
Lignin
D. Dong and A. L. Fricke
J. Wood Chcan. TechnoL 15(3), 369-393 (1995)
Intrinsic Viscosity and the Molecular Weight of Krafl Lignin
D. Dong and A. L. Fricke
Polymer 30(10), 2075-2078 (3995)
Radiocheinical Method Development
M. D. BricJtson, J. H. AJdstadt. J. A. Alvarado, 2. S. Crain, K. A. Oilandini, aad L. L. Smith
J. Hazard. Mater. 41, 351-358 (1395)
Thermal Conductivity of Zirconium
J. K. Fink and L. LeibowilK
J. Nad. Mater. 226, 44-50 (1995)
Meyer-Neldel Rule for Liquid Semiconductors
3. A. Portner, V. G. Karpov, and M.-L. Saboungi
Appl. Phys. Lett. 68(8), 997-999 (1995)

154
Gainer Density Enhancement in Semiconducting NaSn and CsPb
J. A. Fortner, M.-L. Sabonngi, and J. E. Enderby
Pays. Rer. Lett. 74(8), 1415-1418 (1995)
Gomptessive Creep of CaAljS*
K. C. Goictta, G. Siochniol, M. A. Boling-Risser, J. t . Roulbort, T. IX Kaun, and M. C. Hnsli
J. Hard Matei. 8, 89-95 (1995)
Confronting Staff Performance Issues Positively
D. \V. Green
Managing the Modern Laboratory, Vol. 1, No. 3, pp. 83-37 (1095)
Getting Results fiom Individual Goal Setting
D. W« Green
Marjiging Hie Modern Laboratory, Vol. 1, No. 1, pp. 17-23 (1995)
Lithium/lion Sulfide Batteries
G. L. Henriksen
Chapter 39 in Bandbook of Batteries, Second Edition, Ed., D. Linden, McGraw-Hill Book
Co. (1995)
Safety Characteristics of Lithium Alloy/Metal SuJfide Batteries
G. L. Hemiksen, D. R. Vissers, and A. A. Chilenslcas
3. Power Somccs 54, 134-137 (1995)
Atomic Weights of the Elements 1993
K. G. Heumann, T. B. CopJen, H. J. Dietze, M. fibihata, J. W. Giamlich, H. S. Herts,
H. R. Kionsc, R. D. Loss, G. Rainendik, K. J. R. Rosman, L. Sennits, M. Shima, P. Taylor,
L. Tnipin, K. Wade, P. De Bievre, E. Giesbiecht, N. N. Greenwood, D. RicJiardson, and Y. Xiao
Pure Appl. Chem. 68(12), 2423-2444 (1994)
Ultrasonic Vacuum Extraction of Gases from Water for Chemical and Isotopic Analysis
B. D. Holt, >J. C. Sturchio, G. B. Axchait, and A. J. Bakei
Chem. Geol. (Isotope Geosci.) 122, 275-284 (1995)
AThcoreticat Study of the Energetics of Insertion of Dicarbon (Cj) and Vinylidene into Methane C-H
Bands
D. A. Homer, L. A. Curtiss, and D. M. Grncn
Chem. PLys. Lett. 23S, 243-248 (1095)
Ils
Xe MAS Spectra of Xenon in Zeolite NaA. Direct Observation of Mixed Clusters of Co-Absorbed
Species
A. K. Jameson, C. J. Jameson, A. C. de Dios, E. Oldficld, R. B. Gerald, and G. Turner
Solid State Nucl. Magn. Reson. 4(1), 1-12 (1S95)

Xe» Clusters m the Alpha Cages of Zeolite KA
C. 3. Jameson, A. K. Jameson, R. E. Gerald, and H. M. Lim
J. Chem. Phys. 103(20), 8811-8820 (19S5)

155
Treatment ofHigh-Level Wastes from the IFR Fuel Cycle
T. R. Johnson, M. A. Lewis, A. E. Newman, and J. 3. Laidiet
Chemical Prelreaimenl of Nuclear V/tute for Disposal, Eds., W. W. Schulz and
B. P. Horwitz, Plenum Press, New York (1995)
Elcctrodeposiion. and Characterisation of Amorphous Fe-Ni-Cr Based Alloys
J, C, Kang, S. B. Lalvani, and G. A. Melcndics
3. Appl. Electrochem. 25, 376 (1995)
Applications of Totoids in High-Pressure NMK. Spectioscopy
R. 3. Klinglw, J. W. Rathke, X. Woellc, X. W. Krainata, aud R. B. Gerald
Asa. Cheni. Soc. Division of Fuel Chemistry Preprints 40(3),, 415-419 (1995)
Investigation of Cell Resistance for Molten Salt Etectrorefining of Spent Nuclear Fuel
T. Kobayashi, M. ToJdwai, and E. C. Gay
J. Nucl. Sci. Technol. 32(1), 68-74 (1395)
Performance of Ceramic Breeder Materials in the SIBELIUS Experiment
J. P. Kopass, C. K. Johnson, and D. L. Baldwin
J. Nucl. Hater. 219, 259-264 (1995)
Solvent Characterisation Using the Dispersion Number
R. A. Leonard
Sep. Sci. Technol. 30(7-9), 1103-1122 (1995)
Sputtering of Group IIIA-Elemcnts: Properties of the Metal Cluster Formation Mechanism
T. B. Lill, W. P. Calaway, Z. Ma, and M. J. Pellin
Surf. Sci. 322, 361-372 (1995)
Cluster Emission during Sputtering of the Liquid Gallium-Aluminum Entectic Alloy
T. B. till, W. P. Calawayf and M. J. Pellin
J. AppL Phys. 78, 505-509 (1995)
Sputtering of Tin and Gallium-Tin Clusters
T. B. Lill, W. F. Calaway, and M. 3. Peffin
NucL Instxurs. Methods B 100, 351-365 (1995)
Effect of Lead Loss and Sheath Structure on Phase Formation and Alignment in (Bi.PbJjSriC
Composite Conductors
3. S. Lno, N. Merchant, V. A. Maroni, S. E. Dorris, M. T. Lanagan, and 3 . S. Tani
J. Am. Ceram. Soc 78(10), 2785-2789 (1995)
X A P S Investigation of the Structure and Valency of Nickel in Some Oxy Compounds
A. N. Mansour and C. A. Mclcndrcs
Phys. B 208 & 209, 583 (1995)
Development of Calibration Standards for Fourier Transform Isfraied Speetiometer in Continuous
Monitoring of Incinerator Emissions
Z. ?.'HO and J. C. Demirgian
W«sle Tvfaiittge. 15(3), 233-241 (19S5)
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Far Infrared Spectroscopy of a Platinum Electrode In Situ Using a Synchrotron Source
C. A. Melendres, B. Beden, and G. A. Bowmaker
3. Electioanal. Chem. 383, 191 (1995)
X-ray Diffuse Scattering for the Jn Site Study of Electiochemically Induced Pitting on Metal Surfaces
C. A. Mdcndies, Y. P. Feng, D. D. Lee, and S. K. Sinha
J. Electrochem. Soc. 142(1), L19-L21 (1995)
Applications of Inductively Coupled Plasma-Mass Spectroraetry to Radionudide Determinations
R. W. Morrow and J. S. Ctain, Editors
Application! of Inductively Coupled Plasma-Ma** Spectrometry to Radianudide
Determinations, American Society for Testing and Materials, STP-1291, Philadelphia, PA
(1935)
Chloride Ion Catalysis of the Copper Deposition Reaction
Z. Nag}-, J. P. Slaudcau, N. C. Hong, L. A. Cuitiss, and D. 3. Zurawski
3. ESectrochera. Soc. 142(6), L87-L89 (1995)
Radiolylic Effects on the In Situ Investigation of Buried Interfaces with Synchrotron X-ray Techniques
Z. Nagy and H. You
J. Electroanalyt. Chem. 381, 275-279 (1995)
Waste Remediation Using In Situ Magnetically Assisted Chemical Sepaiation
L. Nunez, B. A. Buehholi, and G. F. Vandegrift
Sep. Sd. TechnoL 30(7-9), 1455-1471 (1995)
Plutonium and Americium Sepaiation Using Organophospliorns EitracUnt Absorbed onto Fertomagnetic
Particles
L. Nunez, and G. F. Vaadegiifi
Separation of f-Eleiuents, Eds., K. L. Nash and G. R. Chappin, Plenum Press, New York,
•pp. 125-140 (1995)
Thermodynamic Modeling of the Extraction of Cadmium Nitrate by the TRUEX-NPH Solvent
1. Nunez, and G. F. Vandegrift
Sep. Set. Occhaol. 30(18), 3455-3470 (1995)
Thermochemistry of (Germanium + Sulfur) IV. Critical Evaluation of the ThermodyTmmic Properlies
of Solid and Gaseous Getmaniurn(II) SulTide GeS and Germanium(IV) Disulfide GeS2l and Digeimanium
DisulRde G^Ssfe). Enthalpies of Dissociation of Bonds is GeS(g), GcS2(g), and Gc 2 S 3 (g)
P. A. G. O'Hare and L. A. Cnrtiss
J. Chem. Thermodyn. 2T, 643-662 (1995)
Air Emissions from Pressurized Fiuidized Bed Combustion
W. P. Pcdolski, W. M. Swift, and S. A. Miller
Chapter in Pressurized Fluidized Bed Combustion, Eds., M. Alvarez Cuenca and
E. J. Anthony, Blaekie Academic and Professional, an Imprini of Chapman und Hoii,
Glasgow, United Kingdom, pp. 257-317 (1995)
Genetic Organization and mRNA Expression of Eno'ase Genes of Candida aibicans
P. D. Postleihwait and P. Sundstrom
J. Bacterial. 177(7), 1772-1779 (1995)
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Accurate Theoretical Studies of Small Elemental Clusters
K. Raghavachau and L. A. Curtiss
Quantum Mechanical Electronic Structure Calculations viilh Ckeminl Accuracy:
Understanding Chemical Reactivity, Ed., S. R. LanghoiT, Kluwei Academic Publishers,
The Netherlands, pp. 173-207 (1995)
Evaluation of Bond Energies to Chemical Accuracy by Quantum Chemical Techniques
K. Raghavachari and L. A. Curtiss
Chapter 14 in Modern Electronic Sirvciiire Theory, Ed., D. R. Yarkony, World Scientific
Press, Singapore, pp. 991-1021 (1995)
Summary of Experimental Results for Ceramic Breeder Materials
N. Rom, G. W. Hollenberg, C. E. Johnson, K. Noda, and R. A. Vwrall
Fusion Eng. Design 27,154-166 (19S5)
Evaluation of a Field Portable X-ray Fluorescence Spectrometer for the Determination of Lead
Contamination in Soil
3. F. Schneider, 3. D. Taylor, £>. A. Bass, S. D. Zellmer, and M. Rieck
Am. Environ. Lab. 8(10), 3S-3S (1904)
Flux-Pinning Mechanism Associated with YjBaCuOs Precipitates in Melt-Processed YBa a Cu 3 O x
S. Sengupta, D. Shi, J. S. Luo, V. R. Todt, Z. Wang, C. Vaianasi, P. 3. McGinn, U. B&ladhandran,
and K. C. Goietta
Advances in Cryogenic Engineering, Ed., R. P. Reed et a!., Plenum Press, New York,
Vol. 40, pp. 87-93 (1994)
Transferring Waste Minimisation Solutions between Industrial Categories with a Unit Operations
Approach: I. Chemical and Plating Industries
S. A. Slater, J. Khan, and R. L. Smith
J. Environ. Sci. Health A30(2), 373-406 (1995)
Improved Separation Method for Determining Actinides in Soil Samples
L. L. Smith, J. S. Cr&in, 2. S. Yaeger, E. P. Horvritz, H. Diamond, and R. Chiarisia
3. Radioannl. Nucl. Chera. 184, 151-156 (1995}
Quaternary Deformation in the Eastern Pamirs, Tadzhildstan and Kyrgyzstan
M. R. Streclcer, W. Frisch, ?«T. W. Hamburger, L. Ratsclibacliet, S. Semuetkin, N. C. Sturcliio, and
Z. Zamoruyev
Tectonics 14, 1061-1079 (1985)
Ab Initio Calculations for Dissociative Hydrogen Adsorption on Lithium Oxide Surfaces
A. Sutjianto, S.-W. Tam, R. Pandey, L. A. Curliss, and C. E. Johnson
J. Nuci. Mater. 219, 250-258 (1995)
Tritium Transport and Retention in SiC
S.-W. Tam, J. P. Kopass, and C. E. Johnson
J. Nucl. Mater. 210, 87-92 (1995)
Oxygen Sioicoiometry, Phase Stability, and Thennodynamic Behavicr of the Lead-Doped Bi-2223 and
Ag/Bi-2223 Systems
M. Tetenbaum, M. C. Hash, B. S. T&ni, J. S. Luo, and V. A. Maroni
Physka C 240, 386-402 (1995)
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Structural Considerations of Layered and Spinel Lithiated Oxides for Lithium Ion. Batteries
M. M. Thackeray
J. Electrochem7"SocTl43(8)~255S-2563 (1995)
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A Neutron Scattering Study of Polyethylene glycol) in Skcttolyte Solutions
P, Thiyagarajan, D. J. Chaiko, and R. P. Hjebn
Macromolecules 28, 7730-7736 (1995)
Solubility of CoCh in Molten NaCl-AlCl3
P. 3, TnmidajsH and M. Blander
3. Pays. Chem, 08(24), 9992-9995 (1995)
Magneto-optical Imaging ofFlai Patterns in Mnltiiilamqntary (BiPfa)3SrjCa2Cu3OI Composite ----Conductors
.---.: , ^v
V. Welp, D. O. Gontei, G. W. Ciabtree, 3. S. Lno, V. A- Maroni, W. L. Carter,
V, K. Vlasko-Vlasov, and V. I. Nikitenko
.
,.._. ..,._,^,L--'•'-'-_
--<..- Appl. Pays. Lett. 66(10), 1270-1272(1995)
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Niuagen Geochemistry and Isotopic Variations in Organic Maiier and Diagenetic Minerals Influenced by
Fioid Migration
L. B. WilEams, R. E. Fettell, I. Hutcheon, A. J. Bakel, M. M. Waish, and H. R. Ktouse
Gcochim. Cosmochim. Acta 59, 765-779 (1995)
Composite 90° and ISO0 Pulses to Compensate for Radiofrequeney Gradients in Toroid-NMB. Detectors
X. Wodk and 3. W ; Rathke
J. Magn. Reson. A 115(1), 106-115 (1995)
Wullivaiiate Statistical Techniques for Trace Elemental Analysis
S. F. Wolf and M. B. Lipschuta
Advances in Analytical Geochemistry, Eds., M. Hyman and M. W. Rowe, JAI Press,
Grecnweh, CT, pp. 241-281 (1995)
. Place Exchange during Surface Oxidation of Platinum
E. You and Z. Nagy
CorndQ^University CHESSJfewsletter, pp.J7-18^(1995)
Computational Studies of Water Adsorption in Zeolites
S. A. Zygnwint, L. A. Curtiss, and L. E. Iton
Zeolites: A Refined Tool for Designing Catalytic Sites, Eds., L. Bonucvioi and S. Kaliguine,
Elsevier, The Netherlands, pp. 101-107 (1995)
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B. Patents
Compliant Sealants for Solid Oxide Fuel Cells and Other Ceramics
1. Bloom and K. L. Ley
Patent No. 5,453,331, issued September 26, 1995
Method for Extracting Metals from Aqueous Waste Streams for Long Term Storage
D. J. Chaiko
Patent No. 5,395,532, issued March 7, 1995
Aqueous Biphasic Extraction Process with pH and Particle Control
D. J. Chaiko and R. Mensan-Biney
Patent No. 5,411,149, issued May 2,1995
Synthesis of Highly phase Pure B3CCO Superconductors
S. B. Dorris, R- 3 . Poeppd, B. C. Piotok, M. T. Laaagan, and V. A. Maroni
Patent No. 5,468,566, issued November 21,1995
Method of Removal of Heavy Metal from Molten Salt in IPft Fuel Pyxoprocessing
S. C. G»y
Patent No. 5,454,914, issued Ociober 3, 1S95
Corrosion Resistant Ceramic Materials
T. D. Kaun
Patent Mo. 5,455,206, issued October 3, 1995
Fecdihrough Apparatus
T. D. Kaun
Patent No. 5,397,661, issued March 24, 1995
Electroief.ner
W. E. Mi'iler and Z. Tomcauk
Paient No. S . ^ J D S , issued August 22,1995
Batch Extracting Process Using Magnetic Particle Held Solvents
L. Nunez, and G. P. Vendegrift
Patent No. 5,488,456, issued November 21, 1995

SLZJt

160

C. Reports
Practical Superconductor Development for Electrical Power Applications, Annual Report for FY 1995
T. R. Aslcew, Y. S. Cha, S. E. Dorris, J. T. DuseJc, 3. E. Emerson, B. L. Fisher, K. C. Goretla,
K. E, Gray, 3. D. Hettinger, a. R. Hull, R. T. Kampwiith, D. S. Kuppciman, M. T. Lanagan,
J. S. Lao, VL. MarinelK, V. A. Maroni, R. L. McDaniel, N. Merchant, D. 3. Miller, R. C. Niemann,
J. 2. Picciolo, T. Pillai, 3. L. Routbort, J. P. Singh, V. R. Todt, K. L. Uheria, and
C. A. Youngdahl
ANL-95/42 (October 1995)
Development of Mixed-Waste Analysts Capability for Graphite Furnace Atomic Absorption
Spcctiophotometry
D. A. Bass, L. B. TeiiKale, and A. WroWewsSd
ANL/ACL-95/2 (March 1995)
ANL Technical Support Program for DOB Environmental Restoration and Waste Management Annual
Report, October 1993-Septemher 1994
3. K. Bates, N. R. Brown, E. C. Buck, Nf. L. Dieta, T. DiSanto, W. I,. Eberl, A. J. G. Ellison,
J. W. Emeiy, 3. A. Pottnex, L. D. Safenriditer, 3. C. Hoh, 1. 2. Mazer, M. T. Surchik, S. P. Wolf,
and D. 3. Wrorddewicz
ANL-95/20 (June 1SS5)
Yucca Mountain Project—Argonne National Laboratory Annual Progress Report, PY 1994
J. X. Bates, J. A. Fortner, P. A. Ran, D. J. Wionlriewicz, 3. C. Hoh, 3. W. Emety, E. C. Buck, and
S. P. Wolf
ASL-94/42 (February 1995)
Review and Evaluation of Sxtractaats for Strontium Removal Using Magnetically Assisted Chcisical
Separation
C. B. Bauer, R. D. Rogers, L. NuSes, M. D. Zicmcr, T. T. Plenne, and G. F. Vandegrift
ANIi-95/2G (November 1995)
Characterization of Plutonium-Bearing Wastes by Chemical Analysis and Analytical Electron Microscopy
R. G. BeWns, E. C. BucV, N. L. Diet*, J. K. Bates, E. H. Van Devcnter, and D. J. Chaiko
ANL-95/3S (September 1995)
Ra<iio)ysis ami Hydrolysis of Magnetically Assisted Chemical Separation Particles
B. A. Buchhoiz, L. Nunez, and G. F. Vandegrifi
ANL 05/19 (May 1995)
Analytical Electron. Microscopy Characterization of Feinald Soils, Annual Report, October 1953September 1994
B. C. Buck, N. R. Brown, and N. L. Dicir
ANL-94/41 (March 1995)
Aqueous Biphasic Extraction of Uranium and Thorium torn Contaminated Soils
D. i. Chaiko, 3. Cartclmann, 3. L. Henrikscn, T. R. Kiause, Deepak, Y. Vojta, E. ThuiUct, and
C. J. Hertz
ANL-35/34 (July 1095)
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Extinction of Long-Lived Radionudides from Caustic Hanford Tank Waste Supernatants
D. 3. Chaiko, C. 3. Mert*, Y. Vojta, 3. L. Henriksen, R. Neff, and M. Takeuchi
ANL-95/39 (July 1995)
Advanced Evaporator Technology Progress Report, FY 1992
D. B. Chamberlain, S. B. Betts, J. C. Hutter, D. A. Johnson, M. D. Kammslri, S. Landsberger,
R. A. Leonard, L. Nunes, D. G. Wygmans, and G. F. Vandegrift
ANL-95/23 (January 1995)
Equipment Decontamination: A Brief Survey of the DOB Complex
C. J. Conner, D. B. Chamberlain, L. Chen, and G. F. Vondogrift
ANL-95/32 (Match 1995)
Treatment of Plutonium-Bearing Solutions: A Brief Survey of the DOE Complex
C. 3. Conner, D. B. Chamberlain, L. Chen, and G. F, Vandegrift
ANL-95/31 (Match 1995)
A Comparison of Continuous Pneumatic Nebulisaiion and Flow Injection-Direct Injection Nebnlisation for
Sample Introduction in Inductively Coupled Plasma-Mass Spectiometxy
3. S. Crain and 3. T. Kiely
ANL/ACL-95/4 (August 1995)
Electric Veliicle Battery Testing and Development at Argonne National Laboiatory, 1994 Annual Report
W. H. DeLuca, K. R. Gillie, 3. B. Kulaga, A. F. TummiHo, and C. B. Webster
Electric Power Research Institute Report EPRI-RP3150-0X (May 1995)
The Effects of the Glass Surface Area/Solution Volume Ratio on Glass Corrosion: A Critical Review
W. L. Ebert
ANL-94/34 (March 1995)
Laboratory Testing of Glasses for Lockheed Idaho Technology Company, Fiscal Year 1991 Report
A. 3. G. Ellison, S. F. Wolf, and 3. K. Bates
ANL-95/12 (April 1995}
Preparation of Waste Oil for Analysis to Determine Hazardous Metals
A. M. Essling, D. R. Huff, E. A. Huff, I. M. Fox, and D. G. GracByk
ANL/ACL-95/l (Jnly 1995)
Glass Optimization for Vitrification of Hanford Site Low-Level Tank Waste
X. Feng, P- R- Hrma, J. H. Westsik, M. 3. Schweiger, E. Li, J. D. Vienna, G. Chen, G. F. Piepei,
D. K. Peeler, D. E. Smith, B. P- McGraH, S. E. Palmer, D. Kim, Y. Peng, W. K. Hahn,
A. J. Bakel, and W. L. Ebert
Pacific Northwest Laboratory Report PCTD-T3B-95-208 (1985)
Analytical Chemistry Laboratory Progress Report for FY 19S5
D. W. Green, A- S. Bopsrai, D. L. Bowers, D. G. Grawyk, and P. C. Lindahi (with contributions
from ACL Staff)
ANL/ACL-95/5 (December 1995)
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Investigation of Tritium Release from Titanate
J. P. Kopass and C. B. Johnson
Fusion Materials Semiannual Progress Report for Period Ending Match 31,1995,
DOE/ER-0313/18, p. 355 (1995)
Sludge Technology Assessment
T. R. Kiause, 3. C. Cunnaae, and J. E. Helt
ANL-94/45 (December 1994)
Chemical Technology Division Annual Technical Report, 1994
J, 3. Laidlet ct a].
ANL-95/24 (June 199S)
Testing of Candidate Materials for Their Resistance to Alkali-Vapor Adsorption in PFBC and Gasification
Environments
S. K. D. lee, X. NAtesan, and W. M- Swift
ANL/FE-95-01 (August 1995)
Afiaii Emission Measurement in Atmospheric Circulating Flnidizcd-Bcd Combustion Using Illinois Coal
S. H- D. Lee and W. M. Swift
Final Report prepared for Ailstrom Pyropower, Inc., San Diego, CA (January 1935)
Magnetically Assisted Chemical Separation. (MACS) Process: Preparation and Optimization of Particles
for Removal of Transuranic Elements
L. Nnfier, M. D. Kaminski, C. R. Bradley, B. A. Buchhola, S. Landsberger, S. B. Aase,
H. E. Tuazon, and 6 . F. Vandegrifl
ANL-95/1 (May 1995)
Validation of the Generic TRUEX Model Using Data from TRUEX Demonstrations with Actual
High-Level Waste
M. C. Regalbulo, S. B. Aase, and G. F. Vandegcift
ANL-95/21 (August 1995)
Alkali Emission and Control in Pressurised Fluidised-Bed Combustion
K. M. Seliakumar, S. E. D. Lee, and G- Tuncay
Final Technical Report for September 1, 1993 through January 31,1995, Acnuol Repori of
Dlinoia Clean Coal Institute, Cartervflle, IL, pp. 43-1 to 43-4 (October 1995)
Carbon-13 Isotopic Abundance and Concentration of Atmospheric Methane for Background Air in the
Southern and Northern Hemispheres from 1978 to 1939
C. M. Stevens
Oak Ridge National Laboratory Repori ORNL/CDIAC-80 (NDP-049) (March 1995)
Separation Science and Technology Semiannual Progress Report, October 1992-March 1993
G. F. Vssdsgrii, S. B. Betts, D. L. Bowers, D. B. Chamberlain, C. J. Conner, J. M. Copple,
S. E. Farley, K. Fob, J. C. Hutter, S. Landsherger, R, A. Leonard, L. Nunei, M. C. Regalbuto,
J. Sedlet, B. Sriniv&san, D. Taylor, and D. G. Wygmans
ANL-95/4 (January 1995)
Waste Tvlinimizaiion through High-Pressure Microwave Digestion of Soils fc-I Gross aj(i Analyses
J. S. Yaeger and L. h. Smith
ANL/ACL-95/3 (April 1995)
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D. Abstracts and Proceedings Papers
Quick-Start Catalysed Methanol Paitial Oxidation Reformer
S. Ahmed and R. Kumar
Preprints of the Annual Automotive Technology Development Contractors' Coordination
Meeting, Dearborn, MI, October 23-27,1995 (1935)
Gas Chemistry and Isotopic Signature of Fumaroles at Galeias Volcano, Colombia
G. B, Aiehait, N. C. Stutchio, T. P. Fischer, and S. N, Williams
Proc. of the PACRIM Conf., Autralasian Inst. Mining and Technology, Pub!. Series
No. 9/95, pp. 19-24 (1U95)
Long-Term Durabilities of Glasses for Hanford Low-Level Waste
A. J. Bakel, W. L. Ebert, and J. S. Ltio
Ceram. Trans. 61, 515-522 (1995)
Reactivity of High Plutonium-Containing Glasses for the Immobilization of Surplus Fissile Matenals
j . X. Bates, J. W. Emery, J. C. Hoh, B. C. Buclt, J. A. Fortner, S. F. Wolf, and T. R. Johnson
Proc. of the Sixth Annual Int. Conf. on High-Level Radioactive Waste Management, Am.
Nud. Soe., Las Vegas, NV, April 30-May 5, 1995, pp. 588-593 (1995)
Performance of High Plutonium-Containing Glasses for the Iuimobnimitiou of Surplus Fissile materials
J. K. Bates, J. W. Emery, 3. C. Hoh, and T. R. Johnson
Ceram. Irans. 61,447-454 (1995)
Reaction Progress Pathways for Glass and Spent Fuel under TJnsaturated Conditions
3. K. Bates, P. A. Finn, W. L. Bouicier, and R. B. Stout
Proc. of the Sixth Annual Int. Conf. on ffigh-Level Radioactive Waste Management, Am.
Nud. Soc, Las Vegas, NV, April 30-May 5, 1995, pp. 600-602 (1995)
A Theory for Conelating the Thermodynaxnie and Structural Properties of Molten Silicate Soiutions
M. Blander and I. Bloom
Proc. of the Int. Syrup, in Honor of Harald A. 0ye, Norwegian Institute of Technology,
Trondheim, Norway, pp. 251-259 (1995)
High Power Density Molten Carbonate Fuel Cells
I. Bloom, S. A. Johnson, E. K. Gey«, M. F. Roche, M. Krunjpelt, and K. M. Myles
Proc. of the BPRI/GRI Fuel Cell Workshop on Fuel Cell Tehnology Research and
Development, Irvine, CA, April 4-5,1395, Paper No. 12, EPRI Report No. TR-105039,
Palo Alto, CA (1995)
Microscopic Characterization cf Crystalline Pauses in Waste Forms
E. C. Buck, N. L. Diets, D. J. Wronkiewics, J. K. Bates, and A. Millar
Ceram. Trans. 61, 577-584 (19B5)
A Portable Concentrator for Processing Plutonium-Containing Solutions
D. B. Chamberlain, C. J. Conner, L. Chen, D. G. Wygmans, and G. F. Vandegrift
Extended Abstracts, Emerging Technologies in Haiardous Waste Management VII Symp.,
Am. Chem. Soc, Atlanla, GA, September 17-20, 1995, pp. 1212-1214 (1995)
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Synchrotron X-ray Scattering Studies at Mineral-Water Interfaces
Ti. P. Chiarello and N. C. Sturchio
Mater. Res. Soc. Symp. Proe. 375,181-186 (1995)
Evaluation of Six Decontamination Processes on Actinide and Fission Product Contamination
C. J. Conner, D. B. Chamberlain, L. Chen, C. J. Mert«, G. F. Vandegrifl, D. Drocke'man,
M. D. Xamtnslci, S. Lanosberger, and J. Slublnns
Extended Abstraeis, Emerging Technologies in Hazardous Waste Management VII Synip.,
Am. Chem. Soc, Atlanta, GA, September 17-20,1995, pp. 1215-1217 (1995)
Uranium-Series Disequilibrium and Stable Isotope Analysis of Travertines iiom the Kuikur Oasis, Western
Dcscxt, Egypt
K. Crombie, R. Arvidson, N. C. Sturchio, Z. El Alfy, and K. Abu Zeid
Abstracts with Programs, Geological Soc. of America, Vol. 27, p. A207 (1995)
Paleocilmatk Inferences fiom Travertine Deposits, Kurlcur Oasis, Western Desert, Egypt
K. Crombie, R, E. Arvidson, N. C. Sturchio, M. Sultan, Z. El Alfy, and K. Abu Zeid
Ttans. of the Ara. Geophys. Union, EOS, Voi. 76, p. S-114 (1995)
Computational Studies of Bronsted Acid Sites in Zeolites
L. A. Cartiss, L. E. Iton, and S. A. Zygmunt
Proc. of the Simulation Multiconfcrence, Soc. for Computer Simulation, High Performance
Computing, Phoenix, AZ, April 9-13,1995, pp. 111-115 (1995)
Laboratory Testing of West Valley Reference 6 Glass
W. I. Sbert
Ceram. Trans. 81, 471-478 (1995)
The Corrosion Mechanism of DWPF Glasses
7/. I/. Bbert and J. K. Bates
Ceram. Trans. 81, 479-J88 (1995)
Performance Testing of West Valley Reference 6 Glass
W. L. Bbert and J. X. Bates
Proc. of the Sixth Annual Ini. Conf. on High-Level Radioactive Waste Management, Am.
Nud. Soc, Las Vegas, NV, April 30-May 5, 1995, pp. 583-587 (1995)
Evaluation of Models of Waste Glass Durability
A. 3. G. SHison, W. L. Ebert, and J. K. Bales
Ceram. Trans. 61, 417-430 (1995)
Laboratory Testing of LITCO Glasses
A. J. G. Ellison, S. F. Wolf, B. C. Back, J. S. Luo, N. L. DieU, 3. K. Bates, and W. L. Eberi
Ceram. Trans. 81, 463-470 (1995)
Alteration of Spent Fuel Matrix under Unsaturated Water Conditions
V. A. Finn, J. K. Bates, E. C. Buck, D. J. Wronlriewicz, 3. C. Hoh, and S. F. Woif
Proc. of Uie Sixth Annual Int. Conf. on Uigh-Level Radioactive Waste Management, Am.
Nucl. Soc., Las Vegas, NV, April 30-May 5, 1995, pp. 806-608 (1995)
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Spent Fuel's Behavior under Dynamic Drip Tests
P. A. Finn, E. C. Buck, J. C. Hoh, and J. K. Bates
Proc. of the GLOBAL '95 Int. Conf. on Evaluation of Emerging Nuclear Fuel Cycle
Systems, Versailles, Stance, September 11-14,1995, Vol. 1, pp. 240-248 (1995)
Long-Term Test Results ftom a West Valley Actinide-Doped Reference Glass
2. A. Fbitnex, T. J. Gerding, and J. K. Bates
Cetam. Ttans. 81, 455-462 (1995)
Glovebox Design Checklist
A. A. Frigo
Extended Abstract, The Enclosure, Ed., R. B. Smith, Am. Glovebox Soc, Santa Rosa, CA,
Vol. 8, No. 2, p. 6 (1995)
Developing a Dynamic Model of a Methanol Steam Reformer for Use in a Fuel Cell Impulsion System
H. X. Geyer, R. K. Ahluw&lia, R. Kumar, and M. Krumpelt
Piepxints of the Annual Automotive Technology Development Contractors' Coordination
Meeting, Dearborn, MI, October 23-27,1995 (1995)
Secondary Waste Minimisation in Analytical Methods
D. W. Green, L. L. Smith, J. S. Crain, A. S. Bopaxai, J . T. Kiely, J. S. Yneger, and J. B. Schilling
Pzoc. of the 11th Annual Waste Testing and Quality Assurance Symp., Washington, DC,
July 23-28,1995, pp. 518-528 (1995)
Waste Minimization in Analytical Methods
D. W. Green, L. L. Smith, J. S. Ctain, A. S. Boparai, J. T. Kiely, J. S. Yaeger, and J. B- Schilling
Proc of the DOB Pollution Prevention Conf. XI, Knoxvilk, TN, May 16-18,1995,
pp. 144-150 (1995)
Thermal Oxidation Vitrification Flue Gas Elimination System for Hazardous, Mixed, and Transursnic
Waste Processing
W. Kephart, F. Angelo, and M. K. Clemens
Proc. of the 14th Int. Incineration Conf., Bellevue, WA, May 8-12,1995, pp. 211-222 (1995)
An Investigation of the Desorption of Hydrogen from Lithium Oxide Using Temperature Programmed
Desorplion and Diffuse Reflectance Infrared Speclroscopy
J. P. Kopasz, J. Ortiz*Villaruerte, and C. B. Johnson
Proc. of the the Third Int. Workshop on Ceramic Breeder Blanket Interactions,
Los Angdes, CA, June 22-24,1994, pp. 116-147 (1995)
Sealant Materials for Solid Oxide Fuel Celts and Oilier nigh-Temperature Ceramics
T. W. Kueper and I- Bloom
Proc. of the Second Int. Conf. on He&t-Resist&nt Materials, Gatiinburg, TN,
September 11-14, 1995, pp. 545-552 (1995)
Overview of Fuel Processing Options for Polymer Electrolyte Fuel Cell Systems
R. Kumar
Preprints of the Annual Automotive Technology Development Contractors' Coordination
Meeting, Dearborn, MI, October 23-27,1995 (1995)
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Fuels Processing for Transportation JFuel Cell Systems
R. Kumar and S. Ahmed
Proc. of the Fiist Int. Symp. of New Materials for Fuel Cell Systems, Montreal, Canada,
July 9-13,1955(1995)
Rare-Eaith Element Behaviour in the Yellowstone Geothcim&l System
A. J. Lewis, M. R. Palmer, A. J. Kemp, and N. C. Sturchio
Proc. of the Eighth Int. Cont on Water-Ro-k Interactions, Eds., Y. K. Kharaka and
O. V. Chudaev, Bauccma, Rotterdam (1995)
Effect of Different Glasses in Glass Bonded Zeolite
M. A. Lewis, S. Verma, and J. P. Aclterman
Ceiam. Tans. 61, 381-388 (1995)
High Resolution Transmission Bleclton Microscopy Study or Diamond Films Grown from Fuilctene
Precursors
. J. S. Lao, D. M. Graen, A. R. Krauss, X. Z. Pan, and S. Z. Liu
Pioc. of the 187th Electroeiem. Soc. Meeting on Recent Advances in the Chemistry
and Physics of Pullerenes ana Related Materials, Reno, NV, May 21-2G, 1995, Vol. 95-10,
pp. 43-46 (1995)
Quantitative SEM/EDS Analysis of Eigh-Lcvcl Waste Glasses
J. S. Luo, S. F. Wolf, W. L. Bbert, and 3. K. Bates
Proe. of the 29th Animal Conf. of the Microbeam Analysis Soc, Brecitmridge, CO,
August 6-11, 1985, p. 375 (1995)
I» Situ XAFS Study of Oxides Formed on Nickel Thin Film Electrodes ia KOE Solution
A. N. Mansoui and C. A. Melendres
Extended Abstracts, 187th Slectrochem. Soc. Meeiing, Reno, NV, May 21-28, 1995,
Vol. 95-1, pp. 964-965 (1995)
Advances in the Development of an PTIR Continuous Emission Monitor for Incinerators
Z. Mao, 3. C. Demirgian, and B. Y. Hwang
Proc. of tae 14th int. Incineration Com" on Thermal IVeaiineni Technologies, Seattle, VVA,
May 8-12, 1995, p. i l 5 (1995)
Synchrotron X-ray Scattering Techniques for In Situ Studies of Conosion-Passivation Phenomena in
Metals
C. A. Baelendres
Extended Abstracts, 187th Electrochem. Soc. Meeting, Reno, NV, May 2i-26, 1995,
VoJ. 9S-1, pp. 74-75 (1995)
Performance, Efficiency, and Economic* of System Integration
J. F. Miller, R, Kumar, H. X. Geyer, and R. K. Alilnw&lia
Proc. of the First Int. Energy Agency (IEA) Workshop on Fuel Processing for Polymer
Electrolyte Fuel Cells, Paul Sr.herrer Institute, Villigen, Switzerland, September 25-27, 1995,
pp. 211-230 (1995)
Radiolylic Effects in the Use of Synchrotron X-ray Techniques
Z. Nagy and H. You
Extended Abstracts, 157th FAedrochem. Soc. Meeting, Reno, NV, May 23-2C, 1395,
Vol. 95-2, p. 858-953 (1935)
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Thermal Control of Electric Vehicle Batteries
P. A. Nelson, V. S. Battaglia, A. A. Ciulenslws, and G. L. Henrifcen
Proc. of the 30th Iatersce. Energy Coaveision Bag. Conf., Orlando, PL, July 31-Angust 4,
1995, pp. 267-273 (1995)
Fuel Processing Research and Development for Polymer Electrolyte Fuel Cells
P. G. Patil and J. F. Miller
Proc of the First Int. Energy Agency (IBA) Workshop on Fuel Processing for Polymer
Electrolyte Fuel Cells, Paul Scherrcr Institute, Villigen, Switzerland, September 25-27,1995,
pp. 5-22 (1995)
International Fuel Cell Activities
P. G. Patil and J. F. Miller
Proc. of the Seventh Annual Sustainable Transportation Symp. on Solar and Electric
Vehicles, S/EV '95, Providence, RI, November 13-15,1995, pp. 6.2.1-6.2.4 (1995)
An Investigation of Through-Bond Coupling Dependence on Spacer Structure
B. P. Paulson, L. A. Curtiss, J. R. Miller, B. Bal, and G. L. Closs
Proc. of the 19th DOE Solar Photochemistry Research Conf., Tamiment, PA, June 4-8,
1995, p. 106 (1995)
Sr Isotope Systematic for Identifying Sources of Groundwater S&liniraiion in Volcanic Islands
N. M. Peres, J. S. Hanoi, L. H. Chan, N. C. Sturchio, and J. C. Means
Abstracts with Programs, Geological Soc. of America, Vol. 27, p. A298 (1995)
A Sard X-ray Micro-Analytical Beamline at the CAMD Synchrotron
M. C. Petri, L. Leibowite, and P. Schilling
Proc. Reprint from X-ray Microbeam Technology and Applications, Soc. of Phoio-Opticnl
Instrumentation Engineers, San Diego, CA, July 11-12, 1995, Vol. 2S16, pp. 180-184 (1995)
Se'atively Short and Long-Term Variations in Stable Isotopes of Volcanic Condensates from Teide Volcano
and Relation to Recent Seismic Activity in the Canary Islands, Spain
J. M. Salaaar, P. A. Hernandez, N. C. Sturchio, G. IS. Arehart, and N. M. Peres
Abstracts with Programs, Geological Soc. of America, Vol. 27, p. A433 (1995)
Surface Enhanced Raman Spectroeiectrochemic&I Studies of the Corrosion Films on Iron in Aqueous
Carbonate Solutions
L. 3. Simpson and C. A. Melendres
Extended Abstracts, 187th Eiectroehem. Soc. Meeiing, Reno, NV, May 21-26, 1995,
Vol. 95-1, pp. 7G-77 (1995)
Development of Assessment Protocols for DOE's Integrated Performance Evaluation Program (IPEP)
W. E. Streets, P. C. Lind&hl, P. L. Johnson, J. 3. Marr, X. J. Parish, D. A. Bass, A. E. Sc&miora,
J. B. Htnslcy, W. R. Ncwberry, and M. H. Carter
Proc. of the 11th Annual Waste Testing and Quality Assurance Symp., Washington, DC,
July 23-28, 1995, pp. 712-726 (1095)
Synchrotron X-ray Scattering Studies of Mineral-Water Interfaces: Relevance to Chemical and Nuclear
Waste Management
N. C. Stutchio, R. P. Chiarelio, and M. 3. Bedxyk
Abstracts, Am. Crystal!. Assoc. Annual Meeting, Montreal, Canada, July 23-2S, 1995,
Vol. 23, p. 38 (1995)
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New Constraints on Quaternary Paleodimate of North Africa
M. Sultan and N. C. Sturehio
Abstracts with Programs, Geological Soc. of America, VoL 27, p. A265 (1995)
Ab Initio Calculations for Hydrogen Adsorption on Lithium Oxide Surfaces
A. Sutjianto, S.-W, Tam, h. A. Cnrtiss, and C. E. Johnson
Pxoc. of the Third Int. Workshop on Ceramic Breeder Blanket Interactions, Los Angeles,
CA, June 22-24,1994, pp. 246-267 (1995)
Transition Metal Oxides for Rocking-Chair Cells
M. M. Thackeray
Mater. Res. Soc. Symp. Proc. S68, 17-27 (1995)
Continuing Investigations for Technology Assessment of ""Mo Production from LEU TaTgets
G. F- Vandegrift, J. D. Kvrok, S. t . Marshall, D. R. Vissers, and J. B. Malos
Proc of the Tenth Int. Meeting on Reduced Enrichment foi Research and Test Reactors,
Buenos Aires, Argentina, September 28-October 2, 1987, pp. 471-486 (1995)
Validation of the Generic TRTJEX Model Using Data from TRUEX Demonstrations with Actual
Kigh-Level Waste
G. F. Vandegrift and M. C. Regalbuto
Proc. of the Fifth Int. Conf. on Radioaetive Waste Management and Environmental
Remediation, ICBM '95, Volume 1: Cross-Cutting Issues and Management of High-Level
Waste and Spent Fuel, Berlin, Germany, September 3-7, 1995, pp. 457-462 (19S5)
Development and Performance Characteristics of Bipolar Lithium/iron Disuliide Batteries
D. R. Vissers, T. D. Kaan, J. Prafcash, R. L. Turner, M. C. Hash, and G. L. KenriJcsen
Proc. of the Int. Worishop on Advanced Batteries, Osaka, Japan, February 22-24,1995,
pp. 164-170 (1995)
Plutoninm Weathering on Johnston Atoll
S. F. Wolf, J. K. Bates, E. C. Buck, N. L: Dietg, and J. A. Fottner
Extended Abstracts, Emerging Technologies in Hazardous Wasle Management VII Symp.,
Am. Chem. Soc., Atlanta, GA, September 17-20, 1395, pp. 21-24 (1995)
la Silu Synchrotron X-ray Scattering Study of Incipient Formation of Porous Silicon
H. You, K. Huang, S. S. Yoo, and Z. Nagy
Extended Abstracts, 188th Electroehem. Soc. Meeting, Chicago, IL, October S-13, 1995,
Vol. 95-2, p. 1287-1288(1995)
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E. Papers Presented at Scientific Meetings
Investigation of Material and Processing Parameters in the Development of the Metal Waste Form
D. P. Abraham and S. M. McDeavitt
Presented at the Fall Meeting of the Minerals, Metals, and Materials Soc, Physical
Metallurgy and Materials, Cleveland, OH, October 29-November 2,1995
Immobilization of Chloride Wastes and Residues with Glass-Bonded Ceramic Waste Forms
J. P. Ac'xerman, M. A. Lewis, and Z. Toxncznk
Presented at the Plutonium VUrincation/Immobuwotion Workshop, Washington, DC,
August 22-24,1995
Advanced Waste Forms from Spent Nuclear Fuel
J. p. Ackerxnan and C. C. McPheeters
Presented at the GLOBAL '95 Int. Conf. en Evaluation of Emerging Nuclear Fuel Cycle
Sysiems, Versailles, Fiance, September 11-14,1995
Development of a Catalytic Methanol Partial Oxidation Reformer for Light-Duty Fuel Cell Vehicles
S. Ahmed, R. Kumar, and M. Krumpelt
Presented at the Symp. on Electrochemical Power Sources for Electric Vehicles, AIChB
Annual Meeting, Miami Beach, FL, November 12-17,1995
Determination of Actinides in Environmental Samples by Flow Injection InductiveJ/ Coupled Plasma-Mass
Spectrotnetry
J. 5 . Aldstadt, J. M. Kuo, L. L. Smith, and M. D. Bridcson
Presented at the Seventh Int. Conf. on Flow Injection Analysis, Seattle, WA, August 14,
1995
Processing of L15U Targets for s M o Production—Demonstration of & Modified Cintichem Process
Z. Aiiiudin, A. Mutalib, A. Sukmana, Kadarisman, A. H. Gunawan, G. F. Vandegrift,
B. Srinivasan, J. L. Snelgrove, D. Wu, and S. Landsberger
Presented at the Int. Meeting on Reduced Enrichment for Research and Test Reactors
(RERTR), Paris, France, September 18-21,1395
Determination of Long-Lived Radioisotopes in Environmental Samples by Inductively Coupled
Plasma-Mass Spectrometer
J. S. Aivarado, M. D. Brickson, J. S. Crain, T. J. Neal, and L. L. Smith
Presented it the 36lh OHNL-DOE Conf. on Analytical Chemistry in Energy Technology,
Gatiinburg, TN, October 10-12, 1995
Sample Preparation Techniques for Analysis of a Unique Matrix: Radioactive and Acidic Mired Waste
D. V. Applcg&te, L. L. Cltromisky, Y. Tsai, S. D. Kent, and A. S. Boparai
Presented al the 46th Pittsburgh Conf. nnd Exposition on Analytical Chemistry and
Applied Spectroscopy, New Orleans, LA, March 5-10, 1995
Environmental Analytical Chemistry and What it Means at Argonnc National Laboratory
D. A. BASS

Presented at Illinois Benedictine College, T.isle, IT/, February 22, 1995
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Inorganic Analytical Instrumentation fot Environmental Analysis
D. A. Bass
Presented at tie Department of Educational Programs Workshop, Instrumental Techniques
in Environmental Analysts, Aigonne National Laboratory, April 7, 1995
Arsenic Sptcmliou Using High Performance Liquid Chtomatograpay-Inductively Coupled Plasma-Mass
Spectioraetry
D. A, Bass, J. S. Yaeger, 3. S. Crain, 3. T. Kiely, K. 3. Parish, M. J. Gowdy, and G. B. Mohrrnsa
Presented at the Workshop on Metal Speciation and Contamination of Surface Water,
Jekyll Island, GA, June 25-28, 1995
Detecting and Quantifying Lewisite Degiadation Products in Envitoamental Samples Using Arsenic
Speciation
D- A. Bass, J. S. Yaegcr, 3. T. Kiely, 3. S. Crain, L. M. Shem, H. J. O'NeDl, M. 3. Gowdy,
M. Besaacr, and G. B. Mohrinan
Presented at the Scientific Conf. on Chemical and Biological Defense Research, Aberdeen
Proving Ground, MD, November i4-17,1995
Aissnic Speciation in Soil Using High Performance Liquid Chronmtography-Inductivdy Coupled
Plasma-Mass Specirometry (HPLC-ICP-MS)
D. A. Bass, J. S. Yaeger, K. 3. Parish, J. S. Crain, J. T. Kidy, M. 3. Gowdy, and G. B. Mohrm&n
Presented at the 37th Rocky Mountain Conf. on Analytical Chemistry, Denver, CO,
3uly 23-28,1995
High Performance Liquid Chromatogrophy-Induetively Coupled Plasma-Mass Spectrometry
(HPLC-IP-MS) for Measurement of Arsenic Species in Soil
D. A. Bass, J. S. Yaeger, K. J. Parish, J. S. Grain, 3. T. Kiely, M. J. Gowdy, L. M. Sbem, and
G. B. moKrmatt
Piesented at the 36th ORNL-DOE Conf- on Analytical Chemistry in Energy Technology,
Gatltnburg, TN, October 10-12, 1935
Immobilization of Plutonium in Glass: Issues and Approaches
3. K. Bates and A. .T. G. Ellison
Presented at iae 19th Actinide Separations Conf., Monterey, CA, June 12-15, 1995
Evaluation of the Behavior of Glasses for fie Immobilization of Plutonium
J. X. Bates, A. 3. G. BHison, J. W. Emery, and 3. C. Hoh
Presented at the Plutonium Vitrification/Immobilisation Workshop, Washington, DC,
ABgnst 22-24,1995
Glass as a Waste Form for the Immobilization of Plutonium
3. K. Bates, A. 3. G. BHison, J. W. Emery, and 3. C. Hoh
Presented at the Fall Meeting of the Materials Research Soc, Boston, MA,
November 27-Deeember 1, 1995
Glass Corrosion and Irradiation Damage Performance
3. K. Bates, D. M. Strachan, A. 3. G. Ellison, E. C. Buck, B. P. MeGraU, B. Gnunbow,
S. Simonsen, N. E. Bibler, W. L. Bourcier, K. Sylvester, and K. Weniel
Presented at the Plutonium Stabilization aad Immobilisation Workshop, Washington, DC,
December 11-14, 1395
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The Inorganic Chemistry of the Combustion of Biomass
M. Blandei
Presented at the 209ih Am. Chem. Soc. National Meeting, Anaheim, CA, April 2-G, 1395
Chloride Ion Catalysis of the Coppex Deposition Reaction
3. P. Bluudeau, L. A. Curtiss, Z. Nagy, N. C. Hung, and D. J. Zuiawski
Presented at the 210th Am. Chem. Soc. National Meeting and Exposition Program,
Chicago, IL, August 20-24,1995
Evaluation of Radioactivity Removal Procedures
A. S. Boparai, M. A. Gritteis, Y. Tsai, and L. L. Smith
Preaentcd at the 46th Pittsburgh Conf. and Exposition on Analytical Chemistry and
Applied Spectroscopy, New Orleans, LA, March 5-10,1995
Waste Minimisation via Preparative Scale High Performance Gel Permeation Chiomatography
A. S. Boparai, K. I. Parish, S. D. Kent, Y. Tsai, and D. A. Joe
Presented at the 46th Pittsbuigh Conf. and Exposition on Analytical Chemistry and
Applied Specttoscopy, New Orleans, LA, March 5-10,1995
Fuel Cell Technology Development
C. Bortoni-Bird, S. Swathitajan, R. Sims, and J. F. Miller
Presented at the National Research Council Review of the Research Program of the
Partnership for a New Generation of Vehicles (PNGV), Dearborn, MI, August 27-31,1S95
Processing of LEU Targets for "Mo Production—Dissolution of UaSi2 Targets by Alkaline Hydrogen
Peroxide
B. A. Buchholz and G. F. Vandcgrift
Presented at the Int. Meeting on Reduced Enrichment for Research and Test Reactors
(RBRTR), Paris, France, September 18-21,1995
The Natnre of Uranium Contamination at Fersald, Ohio
E. C. Buck, N. R. Brown, and N. C. Dietz
Presented at the Emerging Technologies in Hazardous Waste Management VII Symp., Am.
Chem. Soc, Atlanta, GA, September 17-20,1995
The Nature of Contaminant Uranium Phases at Fernald
E. C. Suck, N. L. Dietz, and R. 3. Abite
Presented at the Emerging Technologies in Hazardous Waste Management VII Symp., Am.
Chem. Soc., Atlanta, GA, September 17-20, 1995
Characterization of Uranium- and Plutonium-Contaminated Soils by Electron Microscopy
E. C. Buci, II. L. Diets, J. A. "ortnei, 3. K. Bates, and N. 11. Brown
Presented at the Waste Management '95 Conf., Tucson, AZ, February 2G-Maich 2, 1995
Trace Analysis Using Lasers and Ion Beams
W. F. Calaway
Presented at Beloit College, Department of Chemistry, Bcioit, WI, April 21, 1995
Yield and Distribution of Atoms and Molecules from Calcium Metal during Ar + Ion Bombardment
W. F. Calawey
Presented at the Fall Meeting of the Illinois Chapter of the American Vacuum Society,
Argonne National Laboratory, September 14,1995
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An Integrated, Chemometrics-Based Approach to Creating "Smart" Chemical Sensots: A Necessary Step
Ibvrards Multisensor Data Fusion
S. E. Qarpenleir
Presented at the Ninth Ini. Forum on Process Analytical Chemistry in Conjunction with the
Third Int. Conf. on On-Site Analysis, Houston, TX, January 22-25,1995
A Comparative Study of PLS-Based Techniques for Quantifying Methane in Stack Gas Emissions
S. E. Carpenter, 3. C. Deniirgian, and A. R. Derulow
»
.'..'..
Presented at the 46th Pittsburgh Conf. and Exposition on Analytical Chemistry nnd
Applied Spectroscopy, New Orleans, LA., March 5-10, 1395
Expansion on Reduction of Calcium Doped Lanthanum Chromite
J. D. Carter, P. V. Eendriksen and M. Mogensen
Presented at the BPRI/GRI Fuel Cell Workshop on Fuel Cell Technology Research and
Development, Irvine, CA, April 4-5, 1995
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Portable Concentrator: for Processing Plutonium-Contaminated Solutions --"._-.-"-"::-~:r: I '.
D. B. Chamberlain, C. J. Conner, and D- G. Wygmans
-•-•---v--.--.-_--.-. _._-^__Piesenied at the Facility Transitioning, Deeomnsissioning, and Final Disposition Focus Area
Mid-Year Review, Gaitheisburg, MD, May 2-4,1995
TRuEX Pxocessuig of Plutonium Analytical Solutions at Aigonnc National Laboratory
D. B. Chamberlain, C. 3. Conner, D. G. Wygmans, J. C. Sutler, R. A. Leonard, and _
G. F, Vandegrift
Presented at the Ninth Symp. on Separation Science and Technology for Energy
Applications, Gatlinbuig, TN, October 22-26,1935
I.tetaUophthalocyanine Radicals in Catalysis
M. J. Chsn and J. W. Rathke
Presented at the Catalysis Club of Chicago, Spring Symp., Argonne, IL, Inay S, 1935
Persistent tLo(II) Phthalocyartine Radicals
M. 3. Chen and J. W. Rathke
Presented at the Int. Chemical Congress of Pacific Basin Societies, Honolulu, HI,
December 17-22, 1S95
X-ray Scattering «t Mineral-Water Interfaces
R. P. Chkieno
Piesented at the Brookhavcn National Laboratory National Syaduotion Light Source
Annual User's Meeting, Upton, NY, May 8, 1SS5
X-ray Scattering at Mineral-Water Interfaces
R. P. Chiarello
Presented at the Am. Phys. Soc. Meeting, Pittsburgh, PA, March 1995
X-ray Scattering at Mineral-Water Interfaces
R. P. Chiarelio
Presented at the University of Washington, department of Physics, Seattle, WA, April 14,
1935

X-iay Scattering at Mineral-Water Interfaces
R. P. Chiudlo
Presented at Stanford University, Department of Material Science, MenL. Park, CA,
March 21, VJ95
X-iay Scattering at Mineral-Water Interfaces
R, P. Chiarello
Presented at the X-tay Pliysics Gordon Conf., Plymouth, NK, July 31-August 4, 1995
X-ray Scattering at Mineral-Water Interfaces
R. P. Chiarello
Piesenied at the Argonne Na'ional Laboratory Material Science Division Seminar, Argoane,
IL, April 5,1995
Determination of Naturally-Occurring Actinides and their Progeny in Fresh Water Using Inductively
Coupled Plasma-Mass Spectrometry and Batch Separation
J. S. Cram, J. A. Alvarado, J. T. Kiely, L. L. Smith, J. S. Yaeger, and F. G. Smith
Presented at the 209th Am. Chem. Soc. National Meeting, Anaheim, CA, April 2-6,1995
Actinides ai the Crossroads: ICP-MS or Alpha Speclromeiry?
J. S. Crain, L. L. Smith, F. P. Smith, J. T. Kiely, D. G. Graesyk, and 3. A. Alvorado
Presented at the Fourth Annual Meeting of the Council on Ionising Radiation Measurements
and Standards, Gaithersbuxg, MD, November 28-30,1995
Chloride Ion Catalysis of the Copper Deposition Reaction
L. A. Curtiss, J. P. Blaudeau, Z. Nagy, N. C. Hung, and D. 3. Zurawski
Presented at the Annual DOE/SES Corrosion Contractors' Meeting, University Park, PA,
September 14-15,199S
Ab Initia Calculations of Structures, Energies, and Dynamics of Zintl Molecules
L. A. Curtiss, C. Cramer, and M.-L. Saboungi
Presented at the Ninth Int. Conf. on Liquid and Amorphous Metals, Chicago, IL,
August 27-September 1,1395
Theoretical Stcdies of Reaction Mechanisms for Growth of Diamond Surfaces trom Buekybali Precursors
L. A. Curtiss, D. A. Horncr, P. Rcdfcm, and D. M. Crucn
Presented at the Int. Chemical Congress of Pacific Basin Societies, Symp. on Computational
Quantum Chemistry: A Viable Partner to Experiment is Chemical Research, Honolulu, HI,
December 17-22,1995
Detection of Emission Sources Using Passive-Remote Fourier Transform Infrared Speetroscopy
J. C. Demirgiaa, S. M. Madia, S. M. Darby, and J. Ditiilo
Presented at the Fourth Int. Symp. on Field Screening Methods for Hazardous Wastes and
Toxic Chemicals, Las Vegas, NV, February 22-25,1995
A Continuous Emission Monitor for Incinerators: Advanced Field Test ResuUs
J. C. Demirgian, Z. Mao, and C. J. Chapo
Presented at the 46th Pittsburgh Conf. and Exposition on Analytical Chemistry and
Applied Spcctroscopy, New Orleans, LA, March 5-10,1995
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Development of Low-Level Radioactive Waste Disposal Capacity ia the United States—Progress or
Stalemate?
J. S. Devgun and G. S. Larson
Presented at the Fifth Inl. Conf. of Radioactive Waste Management and Environmental
Remediation, ICBM '95. Berlin, Germany, September 3-9, 1995
Processing of LEU Targets for 09Mo Production—Dissolution of Mcial Foil Targets ny Alkaline Hydrogen
Peroxide
D. Song, G. F. Vandegtift, S. Amini, J. B. Hcrsubeno, E- Nasution, and Y. Nnmpira
Ptesented at the Int. Meeting on Reduced Enrichment for Research and Test Reactors
(RBRTR), Paris, fiance, September 18-21,199S
Electrode Development for a Low Temperature Direct Melhanol Solid Oxide Fuel Cell
It. Doshi and M. Krumpcit
Presented at the 187th Electiochem. Soc. Meeting on Direct Electrochemical Oxidation
Reactions of Methanol, Reno, NV, May 21-26,1995
Ceramics in Electrochemical Devices
R. Doshi, M. Krumpelt, R. Kumar, T. W. Keeper, and 3. D. Carter
Presented at the Ceramic Industry Manufacturing Exposition, Pittsburgh, PA,
October 12-13, 1995
Status of Plutonium Ceramic Immobilization Processes and Waste Forms
B. B. Ebbinghaus, R. A. Vankonynenburg, E. R. Vance, A. Jostons, R. G. Anthony, C. V. Philip,
and D. 3. Wionlriewics
Presented at the Plutonium Vitrification/Immobilization Workshop, Washington, DC,
August 22-24, 1995
The Release of Technetinni irom Defense Wasie Processing Facility Glasses
W. L. Ebert, S. F. Wolf, and J. K. Bates
Presented at the Fall Meeting of the Materials Research Soc, Boston, MA,
November 27-Dcccmber 1, 1995
Collaborative Study to Validate Procedure for the Determination of Strontinm-89/St»ontium-90 in Water
M. A. Edgeli, M. D. Erickson, S. Hedajat, P. C. Lindahl, A. E. Scandora, L. I . Smith,
W. E. Streets, and G. Sn
Presented at the 36th ORNL-DOE Conf. on Analytical Chemistry in Energy Technology,
Gatlinburg, TN, October 10-12, 1995
Cost Effective Methods for Environmental Radionuclides
M. D. Erickson, 2. H. Aldstadt, J. S. Alvarado, J. S. Crain, K- A. Orlandini, and L. L. Sinilli
Presented at the Seventh National Technology Information Exchange (TIE) Workshop
Cincinnati, OH, April 18-20,1995
Snvironcental Sadioanalytical Methods Development
M. D. Srickson, J. H. Aldstadt, 3. S. Alvarado, J. S. Crain, K- A. Oriendini, and h. L. Smith
Presented at the 3Gth ORNL-DOE Conf. on Analytical Chemistry in Energy Technology,
Gatlinbuig, TN, October 10-12, 1995
faster, Cheaper Radioanalytical Methods
M. D. Erickson, J. H. Aldstadt, J. S. Alvaiado, J. S. Crain, K. A. Oriandini, and L. L. Smith
Presented at Ihe Waste Management '05 Conf., Tucson, A2, February 26-Mareh 2, 1995
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Methods for Environmental Radionuclides
M. D. Erickson, J. H. Aldstadt, J. S. Alvarado, J. S. Crain, K. A. Orlandini, and L. L. Smith
Presented at the 46th Pittsburgh Conf. and Exposition on Analytical Chemistry and
Applied Spestzoscopy, New Orleans, LA, March 5-10,1995
Faster, Cheaper, and Pollution-Preventing Analytical Methods for Environmental Radionuclides
M. D. Erickson, J. H. Aldstadt, J. S. Alvarado, J. S. Crab, K. A. Orlandini, and L. L. Smith
Presented at the 41st Annual Conf. on Bioassay, Analytical, and Environmental
Radiochemistry, Boston, MA, November 12-16,1995
Glass Durability Evaluation Using Product Consistency, Single-Pass Flow-Through, and Vapor Hydratioa
Tests
X. Feng, D, K. Peeler, B. P. McGrail, P. Srma, M. J. Sehweiger, H. Li, A. J. Bakel, and
W. L. Ebert
Presented at the Fall Meeting of the Materials Research Sac, Boston, MA,
November 2?-December 1,1995
X-ray Off-Specular Reflectivity Studies of Electrochemical Pitting of Copper Surfaces in Sodium
Bicarbonate Solution
Y. P. Feng, S. K. Sinha, C. A. Melendres, and D. D. Lee
Presented at the Fourth Int. Conf. oa Surface X-ray and Neutron Scattering, Lake Geneva,
WI, June 26-30,1995
Spinel Anodes for Lithium-Ion Batteries
S. Fcrg, R. J. Gummow, A. de Kock, and M. M. Thackeray
Presented at the Ninth Int. Battery Association Syxnp., Cape Town, South Africa,
March 20-22,1995
The Behavior of Spent Fuel during Unsaturated Testing at 90°C
P. A. Finn, J. C. Hoh, S. F. Wolf, 2. W. Emery, £ . C. Buck, D. J. Wronkiewics, S. A. Slater, ond
J. K. Bates
Presented at the Spent Fuel Workshop, Uberlingen, Germany, September 18-20,1995
The Release of Cesium and the Aciinides from Spent Fuel under Unsaturated Conditions
P. A. Finn, J. C. Koh, S. F. Wolf, S. A. Slater, and J. K. Bates
Presented at the Fall Meeting of the Materials Research Soc, Boston, MA,
November 27-Dccerabcr 1,1035
The Release of Uranium, Plutonium, Cesium, Strontium, Technetium, and Iodine from Spent Fuel under
XJnsaiurated Conditions
P. A. Finn, 2. C. Hoh, S. F. Wolf, S. A. Slater, and J. X. Bates
Presented at the Fifth Int. Conf. on the Chemistry and Migration Behaviour of
Actinides aad Fission Products in. the Geosphere, MIGRATION '95, Saint-Molo, Fiance,
September 10-15,1995
tong-Term Results from Unsaiuralrel Durability Testing of Aclinide-Doped DWPF and VWDP Glasses
J. A. Fortner and J. K. Bates
Presented at the Fall Meeting of the Materials Research Soc, Boston, MA,
November 27-Deeember 1, 1995
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Disposition of Plutonium and Cerium in Waste Forms Determined by Electron Energy Loss Spcctxoscopy
2. A. Fortnei, E. C. Buck, and J. K. Bates
Presented at the 29th Annual Meeting of the Micxobcani Analysis Soc, Breckenridge, CO,
August 6-11, 1995
Analytical Electron Microscopy of Alteration Phases torn Nuclear Waste Glasses
J. A. Fottncr, E. C. Buck, N. L. Dietz, and J. K. Bates
Presented at the Ninth Int. Conf. on Liquid and Amorphous Metals, Chicago, IL,
August 27-Septembei 1,1995
Disposition of Plutonium and Cerium in Realistic Glass-Crystalline Composite Wasle Forms
J. A. Foitnei, E. C. Buck, 2. W. Richardson, D. 1. Wronkiewict, and J. K. Bates
Presented at the Am. Crystall. Asscc. Annual Meeting, Montreal, Canada, July 23-28, 1995
The Mcyer-NeWel Rule in Semiconductors at High Temperatures
J. A, Fortner, M.-L. Saboungi, and V. G. Karpov
Presented at the Fall Meeting of the Materials Research Soc, Boston, MA,
November 27-December 5, 1895
Feedback Revision Request Process
A. A. Frigo
Presented at the Ninth Annual Conf. and Equipment Exhibit of the Am. Glovebox Soc.,
Minneapolis, MN, July 19-22, 1395
A Glovebox Design Checklist
A. A. Frigo
Presented at the Ninth Annual Conf. and Equipment Exhibit ofllie Am. Glovebox Soc.,
Minneapolis, MN, July 19-22, 1995
Plant-Scale Anodic Dissolution of TJniiiadiated N-Reactor Fuel
B. C. Gay, W. E. Miller, and 3. J. Laidler
Presented at the GLOBAL '95 Int. Conf. on Evaluation of Emerging Nuclear Fuel Cycle
Systems, Versailles, Stance, September 11-14, 19SS
Separation of Uranium fcom Ziicaloy Clad N-Reactor Fuel in a High Throughput EicctroreJinex
B. C. Gay, W. E. Miller, »ne! J. J. Laidler
Presented at the 19th Actinide Separations Conf., Monterey, CA, June 12-15, 1995
Visualization of Second-Rank Tensors: Electronic Shielding. TJie Computational and Visual Geometry
Seminar aeries
R. E. Gerald
Presented to the Department of Mathematics, University of Wisconsin, Madison, WI,
May 10, 1S95
Visualization of Second-Rank Tensors: Electronic Shielding
a. E. Gerald
Presented at the 37th Rocky Mountain Conf. on Analytical Chemistry, Denver, CO,
July 23-28, 1SS5
Radial Distribution of 7 Li + lone in Polyethylene Oxide in a Cylindrical Cavity Imagcr
R. E. Gerald, J. W. Rathkc, and R. J. Klingler
Presented at the 37th Rocky Mountain Conf. on Analytical Chemistry, Denver, CO,
July 23-28,1995
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Secondary Phase Formation and the Microstructural Evolution of the Surface Layer during Vapor Phase
Alteration of the French SON 68 Nuclear Waste Glass at 200°C
W. L, Gong, R. C. Ewing, L. M. Wang, B. Vernaz, J. X. Bates, and W. L. Ebert
Presented at the Fall Meeting of the Materials Research Soc, Boston, MA,
November 27-Deecmber 1, 1995
Determination of Free Energies of Fotmation of Mixed Oxides between Li2O and RE2O3 (RE-Ce, Nil, Eu,
Sin) in LiCl Melts
K. Gonrishankar, G. K. Johnson, and I. Johnson
Presented at the 50th Calorimctry Conf., National Institute of Standards and Technology,
Gaitherslxizg, MD, July 23-28,1995
One Handled and One Ways to Obtain Fiecise but Inaccurate Numbers by Thermal Ionization Mass
Spcctiometry
J. W. Gramlich
Presented at the University of Michigan, Ann Arbor, MI, July 13,199B
Reflections on the DAM Mission
D. W. Green
Presented at ihc 13th DOS Analytical Lab Managers Meeting, Las Vegas, NV, October 2-5,
1995
Some Areas of Potential Growth for Chemists
» . W. Green
Presented at the 210th Am. Ch .ni. Soc. National Meeting and Exposition Program on
Chemistry and the National Agenda: Future Employment Opportunities in the Chemical
Sciences, Chicago, IL, August 20-24,1995
New Analytical Methods to Minimize Secondary Waste
D. W. Green, L. L. Smith, J. S. Crain, A. S. Boparai, J. T. Kiely, 3. S. Yaeger, and J. B. Schilling
Presented at the Laboratory Safety and Environmental Management Conf., Baltimore, MO,
June 27-29, 1995
Microslructuie of CVD Diamond Films Grown from Fullerene Precursors
D. M. Gnien, 3. S. Lno, C. D. Zniker, and A. R. Krauss
Presented at the 187th Elcctrochcm. Soc. Meeting, Reno, NV, May 21-28, 15)35
Environmental Control Processes Using Plasmas
3. Kark ness and T. R. Krausc
Presented at the Workshop on the Treatment of Gaseous Emissions via Plasma Technology:
Present and Future Needs, National Institute of Standards and Technology, C&ithcrsburg,
MD, March 19-21, 1995
IPEP Laboratory Performance Evaluation Reports for Management of DOii EM programs
J. B. Hensley, P. C. Lindahl, W. E. Streets, D. A. Bass, S. W. Warren, and W. R. Newberry
Presented at the DOE ER '95 Environmental Restoration Conf., Denver, CO, August 13-17,
1995
Mierowave-Extreciion of Polynuclear Aromatic Hydrocarbons from Coal Ash Samples
£. Y. Hwang and K. R. Vanderveen
Presented at the 46th Pittsburgh Ccnf. and Exposition on Analytical Chemistry and
Applied Spectroscopy, New Orleans, LA, March 5-10,1995
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Thermodynamic Considerations for the Use of Vanadium Alloys with Ceramic Breeder Materials
C. E. Johnson, I. Johnson, and 3. P. Kopasss
Presented at the Fourth Int. Workshop on Ceramic Breeder Blanket Interactions, Kyoto,
Japan, October 9-11,1895
Characteristics of Lithium Ceramics Irradiated in the FUBRIB/BEATRIX Experiment
C- B. Johnson, L. A. Neunark, and D. L. Bowers
Presented at the Fourth Ini, Workshop on Ceramic Breeder Blanket Interactions, Kyoto,
Japan, October 9-11,1995
Preparation and Characterization of a-MnOa fas Rechargeable Lithium Butteries
C. 8. Johnson, D. W. Dees, M. F. Mansuetto, M. M. Thackeray, D. R. Visscrs, D, Argyrion,
C.-K- Loong, and L. Christensen
Presented at the Int. Battery Association Meeting, Chicago, 1L, October 7-8, 1995
Iron Corrosion Inhibition by the Carbonate System in Oxygenated Water, A Mechanistic Study
E>. A. Johnson, R. V. Davis, S.-H. Shim, L. J. Simpson, and C. A. Melendrcs
Presented at the Eighth European Symp. on Corrosion Inhibitors, Fararia, Italy, March
1995
The Calorimetry Conference and Argonne National Laboratory, Fifty Yeats of Collaboration
G. K. Johnson
Presented at the 50th Calorixnetry Conf., National Institute of Standards and Technology,
G&iihexsburg, MD, July 23-28,1395
High Temperature Treatment of Oxide Spent Fuels and Residues
G. K. Johnson, R. D. Pierce, C. C. McPheeters, and K. Gourishankar
Presented at the 19th Actinide Separations Conf., Monterey, CA, June 12-15, 3695
Infrastructure Impact of PNG V Technologies
L. Johnson, J. F. Miller, and G. Fenske
Presented at the National Research Council Review of the Research Program of ihe
Partnership for a New Generation of Vehicles (PNGV), Dearborn, MI, August 27-31, 1995
Determination of the Sorptioa Capacity of Europium onto Ferromagnetic Micropartieles Coated with
CMPO
M. D. Kansinslri, L. Nnrtez, S. Landsbergex, and G. F. Vandegrift
Presented at the Ninth Symp. oa Separation Science and Technology for Energy
Applications, Gatlinbuig, TN, October 22-25, 1995
Script for Argonne Lithium Process Video
E. J. KareH
Presented at the 19th Actinidc Separations Coot, Monterey, CA, June 12-15, 1995
Engineering-Scale Demonstration of Oxide Spent Fuel Treatment: Part II—Test Results
R. J. Karell, T. P. Mukahey, G. K. Johnson, C. C. McPhccters, R. E. Everkat, R. G. Paim,
R. D. Pierce, J. L. Smith, U. A. Vest, and D. W. Warren
Presented at the 13th Actinide Separations Conf., Monterey, CA, June 12-15, 19S5
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Toxic Combustion Byproducts: Generation, Containment, Separation, Cleansing for Hazardous, Mixed
and Transuranic Waste Processing
W. Kephart, K. Eget, and M. K. Clemens
Presented at the Fourth Int. Congress on Toxic Combustion Byproducts, Bejkeley, CA,
June 5-7,1995
Flow Injection-Direct Injection Ncbulisatiort (PI-DIN) for High Efficiency Sample Introduction and Waste
Minimisation in ICP-MS
J. T. Xidy and J. S. Crain
Presented at the 36th ORNL-DOE Conf. on Analytical Chemistry in Bneigy Technology,
Gatlinburg, TN, October 10-12,1995
Radium Separation and Measurement Using BmporcTJU Radium Rad Disks
R. M. Kinney, R. T. Shannon, L. L. Smith, K. M. Hoffmann, and D. C. Seely
Presented at the 41st Annual Conf. on Bioaasay, Analytical, and Environmental
Radiochemisiry, Workshop on Innovative Radiochemical Analyses through the Use of
BmporeTW Rad DisVs with Analig™, Boston, MA, November 12-16, 1935
High-Pressure NMR Studies in Supercritical Media
R. J. JOingler, J. W. Rathke, and K. W. Kramars
Presented at the Catalysis Club of Chicago Spring Symp., Argonne, IL, May 9,1595
Investigation of the Interactions of H j O ^ with LijZrOa
J. P. Kopass and C. B. Johnson
Presented at the Fourth Int. Workshop on Ceramic Breeder Blanket Interactions, Kyoto,
Japan, October 9-11,1995
ANL's Proposed SOFC Research for FY 96 end FY 97
M. Ktnmpelt and R. Doshi
Presented to Westinghouse Corporation, Churchill, PA, June 6, 1995
Overview of Fuel Cell Power Sources for Vehicles
M. Krumpelt and R. Kumar
Presented at the Symp. on Electrochemical Power Sources for Electric Vehicles, AIChE
Annual Meeting, Miami Beach, FL, November 12-17, 1995
Sealant Materials for Solid Oxide Fuel Cells
T. W. Kueper, M. Knunpelt, and J. 5 . Meiser
Presented at the Fuel Celis 'S5 Review Meeting, Morgantown Snergy Technology Center,
Morganiown, WV, August 9-10, 1995
Development of a Catalytic Partial Oxidation Reformer for Methanol Used in Fuel Cell Transportation
Systems
xt. Kuinttr and S. Ahmed
Presented at the Fuel Cells for Transportation TOPTEC Meelbg, Santa Fe, NM,
Match 28-23, 1995
Modeling the Methane] Steam Reformer
R. Kumar, H. K. Geyer, R. X. Ah'uwalia, mid M. XrumpeH
Presented at the Int. Energy Agency Annex IV Annual Meeiing, Ottawa, Ontario, Canada,
October 5-6, 1595
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Electrochemical Processing of Spent Nuclear Fuel
J. 3. Laidlex
Presented at the GLOBAL '95 Int. Conf. on Evaluation of Emerging Nuclear Fuel Cycle
Systems, Versailles, franco, September 11-14,1995
Use of Spent Fuel Treatment Technology for Plutonium Immobilisation
3. 3. Laidlei, J. P. Ackerman, and C. C. McPhcctcrs
Presented at the 19th Actinide Separations Conf., Monterey, CA, June 12-15,1905
Implementation of Waste Minimization of a Complex R&D Site
R. B. Lang, J. R, Thuot, and J. S. Devgtm
Presented at the Waste Management '95 Conf., Tucson, AZ, February 26-Match 2, 1995
Polymers, Ceramics, and Nuclear Energy
ft. A. Leonard
Presented at the Dept. of Chemical Engineering Seminar, University of Cincinnati,
Ciacinnati, OH, October 19,1995
Centrifugal Contactors for Laboratory-Scale Solvent Extraction Testa
R. A. Leonard, D. B. Chamberlain, and C. J. Conner
Presented at the Ninth Symp. on Separation Science and Techrobgy for Energy
Applications, Gatlinbuig, TN, Oetober 22-26,1995
The Sorpiion Properties o£ Zeolite A for + 1 , -j-2, and -i-3 Ions in Molten LiCt-KCl Sail .
M. A. Lewis, J. C. Hntter, and J. P. Ackerman
Presented at the fall Meeting of the Materials Research Soc, Boston, MA,
November 27-December 1,1995
DOE'a Integrated Performance Evaluation Program (IPEP) Laboratory Performance Reports for Sample
Management Ofiic.es
P. C. Lindahl
Presented at the Sample and Data Management Workshop, Richlnno, WA, May 23-24, 1995
Laboratory Performance Evaluation Reports for Management
P. C. Lindahl, J. B. Heasley, D. A. Bass, P. L. Johnson, J. J. Maw. W. B. Streets, S. W. Warren,
acd W. R. Newberry
Presented at the Sixth Int. Environmental Quality and Waste Management Conf., Denver,
CO, April 17-20,1995
Development of the Integrated Performance Evaluation Program (IPEP) for the Depaitment of Energy's
Office of Environmental Management
P. C. Lindahl, W. E. Streets, D. A. Bess, J. E. Eensley, W. R. Newberry, and M. H. Carter
Presented at the Seventh National Technology Information Exchange (TIE) Workshop,
Cincinnati, OH, April 18-20, 1995
IPS?—The Integrated Performance Ev&lnation Program for the Department of Energy's Office of
Environmental Management
P. C. L'mdahl, W. E. Streets, D. A. Bass, P. L. Johnson, 2. 3. J.Iair, A. E. Scandora, J. E. Hcnslcy,
K. J. Parish, W. R. Newbeny, and M. H. Carter
Presented »t the 37th Rocky Mountain Conf. on Analytical Chemistry, Denver, CO,
July 23-28, 1995
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IPEP: The Integrated Performance Evaluation Program for the Department of Energy's Office of
Environmental Management
P. C. Lindahl, W. E. Streets, D. A. Bass, P. L. Johnson, J. 3. Man, A. E. Scandora, K. J. Parish,
J. E. Sensley, W. R. Nevrberry, and M. H. Carter
Presented at the DOE ER '95 Environmental Restoration Conf., Denver, CO, August 13-17,
1995
pilot Implementation Studies of the DOE's Office of Environmental Management's Integrated Performance
Evaluation Program (IPEP)
P. C. LindaM, W. E. Streets, W. R. Newberry, M. H. Carter, 3. Connolly, C. Waikins, J. Fisk, and
3 . Baugher
Presented at the 36th ORNL-DOE Conf. on Analytical Chemistry in Energy Technology,
Gatlmburg, TN, October 10-12,1995
The Department of Energy's Integrated Performance Evaluation Program (IPEP): Pilot Studies for
Implementation
P. C. Lindahl, W. E. Streets, W. R. Newberry, M. H. Carter, C. WatJcins, J. Connolly, J. FIVK, and
S. Baugher
Presented at the 41sl Annual Conf. on Bioassay, Analytical, and Environmental
Radiochemistry, Boston, MA, November 12-1G, 1995
Glovebox Window Seal Tcsi
R. F, Malecha, D. S. Pieuss, and S. G. Wiedmeyer
Presented at the Ninth Annual COP.I. and Equipment Exhibit of the Am. Glovebox Soc,
Minneapolis, MN, July 19-22, 1995
Analysis of Carbon Species in High Temperature Superconducting Ceramics Using the BIO-RAD FTS-385
V. A. Maroni
Presented at the BIO-RAD 1995 FT-IR User's Meeting, Cambridge, MA, June 20-22, 1995
Silver-Sheathed 3i(Pb)-2223 Composite Conductors: What's Going on during Theimomechanical
Processing?
V. A. Maroni, N. Merchant, S. E. Dorris, and 3. S. Luo
Presented at the Materials Science Division Seminar, Materials Science and Chemical
Technology Division, Argonne National Laboratory, April 26, 1995
Silver-Sheathed Bi(?b)-2223 Composite Conductors: What's Going on during Th -rinoinrclmnical
Processing?
V. A. Waroni, N. Merchant, S. B. DorriS] and J. S. Luo
Presented at the 124th Annual Meeting and Exhibition of the Minerals, Metals, and
Materials Soc, Las Vegas, NV, February 21-25, 1995
The Application of Imaging Raman Microscopy to High Temperature Superconducting Ceramics
V. A. Maroni, K. WII, and A. fv. Fischer
Presented at the Federation of Analytical Chemistry and Spectroseopy Meeting, Cincinnati,
OH, October 18, 1995
Trace Analysis of Calcium Impurities in Silicon
A. H. Marshall, D. R. Spiegel, and W. F, Calaway
Presented at the Texas Section of the Am. Phys. Soc., Lubbock, TX, October 27-28, 19DS
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Vitrification as a Low-Level Radioactive Mixed Waste Treatment Technology at Argonne National
Laboratory
J. J. Maaer sad H. J. No
Presented at the Third Biennial Mixed Symp., Am. Soc. Mcch. Eng., Temple University,
Baltimore, MD, August 7-11,1095
ViiriScation of Low-Level Radioactive Mixed Waste at Aigonne National Laboratory
3. J. Maser, S. *•'. Rosine, and H. J. No
Presented at Waste Management '95 Conf., Tucson, AZ, February 26-March 2, 1995
Alloy Waste Forms for the Disposal of Low TRU Metal Wastes from Spent Nuclear Fuel Treatment
S. M. McDeavitt, D. P. Abraham, aad 3. Y. Park
Presented at the Sail Meeting of the Minerals, Metals, and Materials Soc, Physical
Metallurgy and Materials, Cleveland, OH, October 2S-Novembcr 2, 1995
A Zirconium Metal Alloy for the Immobilization of Surplus Fissile Materials
S. M. MeDeavitt, T. R. Johnson, R. P. Jacqmin, R. N. Hill, and D. D. Reiser
Presented at the 19th Actinide Separations Conf., Monterey, CA, June 12-15, IS95
X-ray Diffuse Scattering for the In-Sitv Study of Electroch«mically Induced Pitting on Metal Surfaces
C. A. Mdendres
Presented at the Gordon Conf. on Electrochemistry, Ventura, CA, January 16-20, 1995
In-Situ Lsset Raman aad Infrared Spectroscopic Studies of Anodic Corrosion FHms on Metals
C. A. Melendres
Presented at the Fall Meeting of the Minerals, Metals, and Materials Soc., Cleveland, Oil,
October 29-J.Tovember 2, 1395
Phase Evolution and Microstructure Development in Mono- and Muliifilajnentary Ag/Bi-2223 Composite
Conductors: A Comparison
N- Merchant, V. A. Maroni, W. L. Carter, and E. Podtburg
Presented at the Spring Meeting of the Materials Research Soc, San Francisco, CA,
April 17-21,1395
Objectives for Breakout Working Groups
J. F. Miller
Presented at the Partnership for a. New Generation of Vehicles (PNGV) Workshop on Fuel
Processing for Proton Exchange Membrane (PEM) Fuel Cells, Dearborn, Mi, October 24,
1995
PNGV Overview—A Technical Roadmap
J. F. Miller
Presented at the Intciagency Advanced Power Group Meeting, Cleveland, OH, May 25, 199
Potential of Solid Oxide Fuel Cells for Transportation
.T. F. ?«fii?er
Presented at the Society of Automotive Engineers TOPTBC Meeting, Santa Kc, NM,
March 28-29, 1995
Engineering-Scale Demonstration of Oxide Spent Fuel Treatment: Port I— Operations
T. P. 'nuicpliey, £ . J. Karell, G. K. Johnson, C. C. McPheeters, R. E. Evcrhart, R. G. I'ahn,
R. D. Pierce, i. L. Smith, M. A. Vest, aad D. W. Warren
Presented al the 19Hi Actinide Separations Conf., Monterey, CA, June 12-15,1995
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Radiolytic Effects in the Use of Synchrotron X-iay Techniques with Aqueous Solutions
Z. Nagy and H. You
Presented at the 210th Am. Chem. Soc. National Meeting and Exposition Program,
Chicago, IL, August 20-24,1995
Radiolyiic Effects on the Investigation of Buried Interfaces wiih X-ray Scattering
Z. Nagy and H. You
Presented at the Fourth Int. Conf. on Surface X-ray and Neutron Scattering, Lake Geneva,
WI, June 26-30,1095
Radioly tic Effects on the Investigation of Electrode/Solution Interlaces with X-rays
Z. Nagy and H. You
Presented at the Gordon Research Conf. on Electrochemistry, Ventura, CA, January 15-20,
1095
Fuel Cell Systems for First Lunar Outpost - Reactant Storage Option
P. A. Nelson
Presented at the Fourth Space Electrochemical Research and Technology (SBRT) Conf.,
NASA Lewis Research Center, Cleveland, OH, May 2-3, 1995
Application of Single-Ion Activity Coefficients to Determine Solvent Extraction Mechanism for
Components of High Level Nuclear Waste
L. Nu5e», and G. F. Vandegrifl
Presented at the Ninth Symp. on Separation Science and Technology for Energy
Applications, Gatlinburg, TN, October 22-25,1995
Ultratzace Analysis Using Laser Ablation and Laser Postsonization
M. 3. Pellin and W. F. Calaway
Presented at the OE/LASB '95 Conf., Advanced Optical Methods for Ultrasensitive
Detection, San .lose, CA, February 4-10, 1995
Femtosecond Laser Postionization of Sputtered and Laser Desorbed Atoms
M. 3. Pellin, K. R. Lykke, and W. F. Calaway
Presented at the Fourth Workshop on Postionization Techniques in Surface Analysis
(PITSA4), Rust Buigenland, Austria, April 23-27, 1995
Supercritical Hydrofbrmylations
J. W. Rathke and R. J. KKngier
Presented at the 209th Am. Chen. Soc. National Meeting, Division of Industrial and
Engineering Chemistry, Anaheim, CA, April 2-8, I&95
Holding Titan Study of Volatile Organic Compounds in SUMMA Canisters
G. T. Reedy, D. V. Applegate, M. A. Gritters, S. B. Carpenter, and A. S. 3oparai
Presented at the 46th Pittsburgh Conf. and Exposition on Analytical Chemistry and
Applied Spectroscopy, New Orleans, LA, March 5-10, 1995
Speclroscopy of Plutonium-Organic Complexes
M. K. Richmann and D. T. Rsed
Presented at the Fall Meeting of the Materials Research Hoc, Boston, MA,
November 27-Dccernber 1, 1995
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Progress in Carbonate Fuel Cells
M. F. Roche, M. Xtumpelt, I. Bloom, H. K. Geyer, J. B. Indacochea, S. A, Johnson,
M. T. Lanagan, and S, H. D. Lcc
Presented al the Fuel Cells '95 Review Meeting, Moigantown Energy Technology Center,
Morgantown, \VV, August 9-10,1995
The Use of DiphoniX Ion Exchange Resin as a Preconcenttation Step for the Aclinides and Lanthankles in
Analytical Applications
A. N. Rollins, A. Thakkei, M. J. Gula, M. 3. Fern, E. P. fiorwita, R. Chiariaia, E. Diamond,
L. L. Smith, and S. Maxwell
Piesentcd at the 209th Am. Chem, Soc. National Meeting, Anaheim, CA, April 2-6, 1995
Reactions of MnaOa with Acid: Synthesis and Electrochemical Characterisation of o-Mn0 3
M. H. Rossonw, D. C. Lilcs, and M. M, Thackeiay
presented at the Ninth Int. Battery Association Symp., Cape Town, South Africa,
March 20-22,1995
DOE's IPBP on the Infobahn—Electronic Dissemination of Assessments from Multiple Performance
Evaluation Programs
A, B. Scacdora, P. L. Johnson, W. E, Streets, P. L. Vignolo, D. A. Bass, P. C. Lindahl,
W. R. Newfaerry, and M. H. Carler
Presented at the 210th Am. Chem. Soc. National Meeting and Exposition Program,
Division of Computers in Chemistry, Chicago, IL, August 20-24, 1S95
Extraction of Semivoiatik Organic Pollutants from HEPA Filters Using Supercritical Carbon Dioxide
J. B. Schilling
Presented at the 36th ORNL-DOE Conf. on Analytical Ghcroistry in Energy Technology,
Gatlinbuig, TN, October 10-12,1995
Microwave-Assisted Extraction of Semivo'atile Organic Pollutants from Soil
J. B. Schilling and C. M. Ncwcomb
Presented at the 46th Pittsburgh Conf. and Exposition on Analytical Chemistry and
Applied Spectroscopy, New Orleans, LA, March 5-10,1995
••

ii& Ir.iiio Hariree-Fock Calculation of Dimeric Iron(III) Chloride
G. Schob and L. A. Curtiss
Presented at the Molecular Quantum Mechanics and Applications Conf., Cambridge,
England, September 3-7, 1995
Thermal Desorption of Agent Simulani-Spiked Soil Rocky Mountain Arsenal
L. M. Shem, H. J. O'Neill, D. A. Bass, D. E. O'Reilly, and ML Besraer
Presented at the 10th Annual Conf. on Contaminated Soils, Analysis, Fate, Environmental
and Public Health Effects and Remediation, University of Massachusetts ai Amherst,
Amhetst, MA, October 23-26, 19S5
Thermal Desorption Screening of Agent-SiniuluiiUSpiked Soil from Rocky Mountain Arsenal
L. M. Shem, H. J. O'Neill, D. A. Bass, D. B. O'Reilly, and M. Besiner
Presented at the Scientific Conf. on Chemical and Biological Defense Research, Aberdeen
Proving Ground, MD, November 14-17, 1995
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Optimisation of Magnetite Carrier Precipitation Process for Transuranic Waste Reduction
S. A. Slaiei, D. B. Chamberlain, S. A. Aase, B. D. Babcock, C, 3. Conner, J. Sedlet, and
G. F. Vandegritt
~T^
Presented at the ;Ninth Symp. on Separation Science and Technology for Energy•-yi5
0;
Applications, Gatlinbuig, TN, October 22-26,1995
-.._.-,_±^•_••_•-\
, Materials Issues in USABC-Sponso«d Battery Technologies
^Z'\JI€JZfp..j:'zI:~:~.Z^'T.
:
%;: r 3 . A. Saiaga
V /cr-r-j 1 ,^ ^~ r ~r-*c^:"xkiv\ ~. .-_ __
"•_7 Presented at the Capital Metals and Materials Forum in Electric Vehicle Battery
r
-i' Technology, Washington, DC, January 18,1995 j
^ ,:'l~.'LSZ^~2^-'"~

.

,.
"~

Innovative Radiochemical Analyses through the Use of Empore™ Disk Technology";
-L. L. Smith* K. A, Otlandini, J. A. Alvarado, M. D. Eriekson, K. M. Hoffmann, D.C.Seely, and
~—
H»T. Shannon ' ~-- - - -- L ^'-'-'---—"----^"^J_.^pv". Lvi"K-^«'%t^-ii^.- .. . .
~~i-i,
U-=""« Presented a t the 36th ORNL-DOE Conf.i on Analytical Chemistry in Energy Technology, =;=
l.:-_
G&tlinburg, T N , October 1 0 - 1 2 , 1 9 9 5
._^_liL_^.y "f-Z?. Applicatiwi of Brnpore 7 *" Disk Technology t o Environineatal Radiochemieal Analysis
^T:ESr5?i£^
:t :
L ! i ^ S m i t h , K. A . Orlacdini, J. A . Alvarado, K. M. Hoffroann, D. C. Seely, and R..T. Shannon e
._•--..-..-K-Presented a t the 41st Annual Conf. o n Bloassay, Analytical, and Environmental '~~
Radiochemistty, Boston, MA, November 12-16,1905
A n Evaluation of Emporc T ' v f Strontium R e d Disks
L. L. Smith, K. A . Orlandini, J. S. AJvarado, M. D . Brickson, K. M. Hoffmann, D . C.'Seely, and
R. T . Shannon
Presented a t the 41st Annual Conf. o n Bioassay, Analytical, a n d Environmental
Radiochernistry, Workshop on Innovative Radiochemical Analyses through the Use o f
B m p o t e ™ R a d Disks with A n a l i g ™ , Boston, MA, November 12-16,1995
Application of Selective Membrane Technology t o Environmental Radiochemical Analysis: S 0 5r and M T c
L. L. Smith, K. A . Oilandini, M. D . Erickson, G. L. Gokca, T . A . Diiksen, K. M. Hoffmann, a n d
D . C . Seely
Presented a t t h e 46th Pittsburgh Conf. a n d Exposition o n Analytical Chemistry and
Applied Spectroscopy, New Orleans, L A , March 5-10,1995
Development and Processing o f LETT Targets for " M o Production—Overview o f t h e ANL Program
J. L. Snelgrore, G. Li Hofcnan, T . C. Wiencek, C. T . Wu, G. F. Vandegrift, S. Aase,
3 . A. Buchholz, D . J. Dong, R. A. Leonard, B . Srinivasan, D . W u , A . Suripto, and Z. Aliluddin
Presented w the 1st. Meeting on Reduced Enrichment for Research and Test Reactors
(RERTR), Paris, France, September 1 8 - 2 1 , 1995
Processing of LETT Targets for " M o production—Dissolution of lviclal Foils by Nilric-Acid/Sulfuric-Acid
Mixtures
B. Srinivasan, R. A . Leonard, S. B. Aasc, G. F . Vandegrifi, A. A. Rauf, H. Lubis, A. Hardi,
S. Amini, and Y . Narnpira
Presented at the Int. Meeting on Reduced Enrichmen for Research and Test Reactors
(71BRTR), Paris, France, September 1 8 - 2 1 , 1995
Designing Electrodes for Lithium-ion Batteries ~
M. M. Thackeray
Presented at the Ninih Int. Battery Association Symp., Cape Town, South Africa,
March 2 0 - 2 2 , 1995; and Northwestern University, Chicago, IL, May 24, 1SSS

3 a

Insertion Electrodes for Lithium-Ion Batteries
M. M. Thackeray
Presented al the Electrochem. Soc. Meeting, Ann Arbor, MI, October 24,1995
Structural Stability of LUMH2O4 (Spinel) and Li r CoO 3 (Layered) Insertion Electrodes
M. M. Thackeray, M. F. Mansuetto, D. W. Decs, and D. R. Vissers
Presented at the Int. Battery Association Meeting, Chicago, IL, October 7-8, 1005
Electrochemical Processing Using Cadmium Electrodes
Z. Tomcsuk
Presented at t i e 19th Actinide Separations Conf., Monterey, CA, June 12-15,1995
Cocaine Contamination on Currency
S. Uhick, 3. Cui, T . Kunz, J. C. Demirgiaii, E. Y. Hwang, B. S. Tani, C. Roche, C Su, and
S. Rigdon
Presented at the Tactical Technologies and Wide Area Surveillance Int. Syrup., Nashua, NR,
October 23-27, 1995
ANIr/TJ of I/3ATAN Studies of the Cintichem Process and its Conversion to LEU
G. F. Vandegrift, R. A. Leonard, B. Stinivasan, D. Wu, and S. Lantkbcrger
Presented at Sandia National Laboratory, Albuqueque, NM, November 6,1995
TRXJBX Processing of Idaho Sodium-Bearing Wasies: Treatment of the Extraction Behavior* of Mercury
and Zirconium in the Generic TRUEX Model
G. F. Vandegrift, C. J. Merts, and M. C. Hegalbuto
Presented at the 19th Actinids Separations Conf., Monterey, CA, June 12-15, 1995
The Development of a Bench-Scale Metal Distillation Furnace
M. A. Vest, J. L. Smith, and R. D. Pierce
Presented at the Am. Nud. Soc. Meeting oa Computer-Based Human Support Systems:
Technology, Methods, and Future, Philadelphia, PA, June 25-29, 1995
JRadionudide Content of Simulated and Fuiiy Radioactive SRL Waste Glasses: Comparison of Results
iiosi ICP-MS, Gamma Spectrometry, and Alpha Specirometry
S. F. Wolf and 3. K. Bates
Presented at the Fall Meeting of the Materials Research Soc., Boston, MA,
November 27-December 1,1995
An Evaination of Glass-Crystal Composites for the Disposal of Nuclear and Hazardous Waste Maletinls
O. J. Wronkicwicz, T. DiSanto, S. F. Wolf, B. C. Buck, N. L. Diets, and X. Peng
Presented at the Waste Management '95 Conf., Tucson, AZ, February 26-March 2, 1995
Apatite- and Monazite-Bearisg Glass-Crystal Composites for the Immobilization of Low-Level Nuclear
aad Hazardous Wastes
D. 3. Wronkievficss, S. F. Wolf, and T. S. DiSanto
Presented Hi the Fall Meeting of the Materials Research Soc., Boston, MA,
November 27-December 1,1995
Processing of LEU Targets for 9S Mo Piodnction—Tcstisg and Modification of the Cintiehem Process
D. Wu, S. Landsbergei, B. A. Bnchholz, and G. F. Vandegrift
Presented at the Tnt. Meeting on Reduced Enrichment for Research and Test Reactors
(RERTR), Paris, France, September 18-21,1095
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Application of Neutton Activation Analysis in a Fission Molybdenum Separation Study
D. Wu, S. Landsberger, and G. P. Vandcgrift
Presented at the Ninth Int. Conf. on Modern Trends in Activation Analysis, Seoul, Korea,
September 24-30,1995
iC6mpositioris~and Spatial Distributions of Second Phases in Bi-Pb-Sr-Ca-Cu-O Powders ^Determined by;
Imaging Raman Microscopy
_.._-__.__•:. ;;^"p.;"~^'W''"-'Vr- "Y^-"^ "" "" ' " ' "7
"'-:=^K. Wu, A. K. Fischer, and V^ A. Maroni: : :
. „ ._.__
--_;.-- -r-^-,-^--_. P r e s e n t e d at the Spring Meeting of the Slatcrials Rweareh Soc.f San ©raneisco, CA,
April 17-.21,1905
'
' ' " "
.•.-•.-.-H*,-Place Exchange during Surface OxJdatjon of Platinum
H! YOU and Z. Sagy
"Presented at the Cornell University CHESS User's Meeting, Ithaca, New York, June 20-21,
1995
Proton Transfer via Adsorption of Water in Zeolites
S. A. Zygmunt, X. A- Ciirtiss, and L. E. Iton
Presented at tne 210th Am, Chem. Soc. National Mertijig and Exposition Program,
Chicago, IL, August 20-24, 1995
A Computational Study of SoO Adsorption in H-ZSM-5
S. A. Zygmunt, M. Ethardt, L. A. Cttrtiss, and L. E. lion
Presented at the lat. Zeoliie Symp., Quebec, Canada, October 10-20,1995
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P. Papers Accepted for Publication
Microstructure and Phase Identification in Type 304 Stainless Steel-Zirconium Alloys
D, P, Abraham, S. M. McDeavitt, and J. Y. Park
s 3 £ 5 ~ ~ ~ To be published in MetaHrTtaa^^fi: : ^|g : ^_±:e^:^..,
..-.:.-.
Determination of Uranium by Flow Injection Inductively Coupled Plasma Mass Specttometry
:; 3. H. Aldstadt, J, K, Kno, L. L. Smith, and M. D. Erickson
; I. To be published in Anal. Chun. Acia I'.
Dissolution of Plant Tissue and the Subsequent Determination of Trace Lnnihanide nnd
Actiniae Elements by Inductively Coupled Plasma-Mass Spectrometiy
' - ~~ I. S. Alvarado, T. J. Neal, L. L. Smith, and M. D.Brickson
To be published in Anal. Chira. Acta
RadiolyM and Hydioly^sisrofMagneticiJl^ Assisted Chemical Separation Pastielea
B. A.^Juchholz,L.-Nunea, and G/F.; Vajidcgiift
To* be pubtisnedin Sep. Sci. Teclinol.
Contaminant Uranium Phases and Leaching at the Fernald Site in Ohio
E. C. Buck, K. R. Blown, »na' N. L. DieSz
To bs published in Environ. Sci. Technol.
Eydrido(l,418,ll,15,18,22,25-octR-n-penlylplillialoeyaninato)-rhodimn Dimers: Single-Crystal X-ray
Structure and the Isomerizaiion of the Four Isomcrs
M- J. Chen, L. Nunez, 3. W. Rathke, and R. D. Rogers
To be published in Organomct.
Phthalocyanines in Hydrocarbon Activation
M. J. Chea and J. W. Rathke
Book Chapter to be published in Volume 4 of Pkihalocyaninca: Properties end Applications,
Eds., A- 3 . P. Lever and C. C. Leznoft, VCH Publishers, Inc., New York
Removal of COj in Closed Loop Off-Gas Treatment Systems
M. K. Clemens, P. A. Nelson, and W. M. Swift
To be published in 3. Environ. Sci. Health, Special Edition on Toxic and Hazsrdous
Substance Control
Applications of ICP Mass Spectroxnefcry in Environmental Radiocheinistry
J. S. Crsin
To be published in Spcctrosc.
fllcctrokinctic Study of Kraft Lignin
D. IDong and A. L. i?ikkc
To be published in Tappi J.
investigation of Pulping Effect on Pulp Yield and the Lignin Content of Black Liquor with a Central
Composite Kraft Pulping Design
D. Dong and A. L- Frickc
To be published in EoljiforRchung
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Kinetics of Dissolution of Uranium Metal Foil with Alkaline Hydrogen Peroxide
O. Dong and G. P. Vandegrift
To be published in Nucl. Sci. Eng.
A Glovebox Design Checklist
. A. Frigo
e published in Release 2 of Guideline /or G/o»e&OM$rAmr Glovebox Socr, Santa Rosa,

Avoidance of Suspect/Counterfeit Products
A. A. Frigo and R. B. Smith f
To be published in Release 2 oi Guideline for Gloveboz&s, Am. Glovebox Soc, Santa Rosa,
CA
Secondary Waste"Minimisation in Analytical Methods
D, W J G r e ^ ^ f L f ^ i t h V ^ r S ^ i a i n ^ S^oparai, J. T. Kiely, J. S. Yaeger, and J. B. Schilling
To be published in Am. Environ. Lab.
Sulfidc Ceramics in-Mplten-Salt Electrolyte Batteries
T. D. Kaun, M^C^Kash, andJD. R. Simon
To be published in C«am. Trans.
Glove Protection for Extended Periods of Non-Use
R. F. Malecha and A. A. Frigo
To be published in Release 2 of Guideline for Gloveboxes, Am. Glovebox Soc, Santa Rosa,
CA
Test Requirements Tor Gloveboxes
R. F. Malecha, A. A. Frigo, and J. L. Bailey
To be published in Release 2 of Guideline for Glovebasu, Am. Glovebax Soc., Santa Rasa,
CA
Poliuiion Prevention and Waste Minimization
L. Nunez
Chapter to be published in Industrial Waste Stream Generation, Reduction., and Treatment,
Eds., I. Tasker, L. I. Middleman, M. Lee, and L. Nunez, INTELBCOM, Pasadena, CA
V/asie &om the^Cqnsiimer-Relatcd_Iiidusirics
L. Nunez
Chapter to be published in Indiistriai Waste Stream Generation, Reduction., and Treatment,
Eds., I. Taskcr, L. I. Middleman, M. Lee, and L. Nunez, INTELECOM, Pasadena, CA
Waste from the Hazardous Wasle Clean-Up Industry
I>. Nunez
Chapter to be published in Industrial Waste Stream. Generation, Reduction, and Treatment,
Eds-, I. Tasker, L. I. Middleman, M. Lee, and L. Nunez, INTELECOM, Pasadena, CA
Waste from the Meat Packing Industries
L. Nunez
Chapter to be published in Industrial Waste Siream Generation, Reduction, and Treatment,
Eds., I. Taskcr, L. 1. Middleman, M. Lcc, and L. Nunez, INTELECOM, Pasadena, CA
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Waste from, tlie Metal Production Industry
L. Nucea
Chapter to be published in Industrial Watte Stream Generation, Reduction, and Treatment,
Eds., I. Tasker, L. I. Middleman, M. Lee, and L. Nunet, INTELECOM, Pasadena, CA
Waste from the Mining Industries
L. Nufies
Chapter to be published in Industrial Waste Stream Generation, Reduction, and Treatment,
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