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1992
ABSTRACT
Highlights of the Chemical Technology (CMT) Division's activities during
1992 are presented. In this period, CMT conducted research and development in
the following areas: (1) electrochemical technology, including advanced batteries
and fuel cells; (2) technology for fluidized-bed combustion and coal-fired
magnetohydrodynamics; (3) methods for treatment of hazardous waste, mixed
hazardous/radioactive waste, and municipal solid waste; (4) the reaction of nuclear
waste glass and spent fuel under conditions expected for an unsaturated repository;
(5) processes for separating and recovering transuranic elements from nuclear
waste streams, treating water contaminated with volatile organics, and concentrating radioactive waste streams; (6) recovery processes for discharged fuel and the
uranium blanket in the Integral Fast Reactor (IFR); (7) processes for removal of
actinides in spent fuel from commercial water-cooled nuclear reactors and burnup
in IFRs; and (8) 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 superconducting oxides,
electrified metal/solution interfaces, and molecular sieve structures; and the
geochemical processes involved in water-rock interactions occurring in active
hydrothermal 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 below. These programs are
discussed in greater detail in the remainder of the report.
1.

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. In addition, research is being conducted on
advanced fuel cells for power plant and transportation applications. The technical management
of industrial contracts for the Department of Energy (DOE) is also carried out in the area of fuel
cells for transportation.

The in-house battery R&D is devoted to three systems: lithium/iron sulfide,
sodium/nickel chloride, and lithium-polymer electrolyte.
Our work on the lithium/iron sulfide system, which has a molten-salt electrolyte
and operates at high temperature (375-425 °C), has been concentrated on further improving the
bipolar design. A critical component in the bipolar battery is the hermetic seal formed at the cell
periphery. We have developed sealant materials that are electronic insulators and bond
tenaciously to metals and ceramics in the molten-salt cell environment. This seal was successfully
tested in full-size cells and four-cell stacks for the electric-vehicle application. In other
development work, alternative bipolar-cell current collectors and electrode separators were
evaluated for the purposes of reducing costs or extending life. In addition, establishment of a
materials data base was initiated for purposes of documenting known information and identifying
needed information for the Li/FeS2 system.
In-house research is also being conducted on the sodium/nickel chloride battery,
which normally operates at about 300°C. Recent efforts have focused on improving the
performance of the Ni/NiCl2 positive electrode, which has limited the cell performance in the
past. As a result of this work, we have increased the Ni/NiCl2 electrode usable capacity by five
times and reduced the area-specific impedance to one-third that of a baseline Ni/NiCl2 electrode.
This substantial performance improvement was achieved by the use of additives and a modified
morphology in the Ni/NiCl2 electrode. Tests in 1-2 Ah research cells have shown that cells with
this new electrode can operate at much lower temperature (153 vs. 300°C) and will recharge
much faster (1-2.5 h vs. 10-15 h). To better understand the lifetime-limiting factors on the
Na/NiCl2 cell, we determined the solubility of NiCl2 in molten chloroaluminate electrolyte in the
presence and absence of chemical additives. By applying the results obtained in this study to cell
design, we can now routinely operate our research cells for over 500 cycles without significant
performance degradation.
An in-house R&D program has been initiated to develop the lithium-polymer
electrolyte battery. These batteries are all-solid-state electrochemical devices that operate at
<100°C and consist of ultra-thin layers of electrode and electrolyte laminated together. Effort in
the last year focused on identifying probable reference-electrode reactions and conducting
preliminary electrochemical experiments for the reactions. A Li-Sn alloy has shown promise as
the reference electrode material.
During 1991, a partnership among the three main automobile manufacturers
(General Motors Corp., Ford, and Chrysler Corp.), the Electric Power Research Institute, and
DOE was formed to accelerate the development of advanced battery systems for electric-vehicle
applications. This new partnership was designated the U.S. Advanced Battery Consortium
(US ABC). During 1992, CMT worked with the US ABC and industrial battery developers to form
baitery R&D teams and define in detail the work to be performed at ANL and the industrial
developers.
The Analysis and Diagnostics Laboratory (ADL) in CMT includes a test laboratory
to conduct battery evaluations under simulated application conditions and a post-test analysis
laboratory. In the test laboratory, cells and multicell modules of six battery systems (Na/S,
Li/FeS, Ni/metal hydride, Ni/Zn, Ni/Cd, and Ni/Fe) fabricated by various industrial firms for the

electric-vehicle application underwent performance and lifetime testing during 1992. Tests were
also conducted on two systems (lead-acid and Ni/Cd) fabricated by industrial firms for a fuel
cell/battery hybrid vehicle. In addition, a prismatic Li/FeS2 cell was subjected to post-test
analysis. The information gained from the performance and lifetime tests and the post-test
evaluations 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.
Three advanced fuel cells are under development at CMT: the solid oxide, the
molten carbonate, and the polymer electrolyte fuel cells.
For the solid oxide fuel cell, a project is underway to develop new materials which
permit operation at lower temperatures (600-800°C vs. 1000°C currently required), which would
increase flexibility in cell design and would improve thermodynamic efficiency. Our approach
is to develop a new electrolyte to replace the present yttria-stabilized zirconia. Tests to date have
shown that Bi2Al409 has promise of achieving the necessary conductivity and thermodynamic
stability for the lower temperature operation. A search is also underway for improved sealants
to be used in a stack of solid oxide fuel cells (along the edges of each electrode and between the
manifold and the stack). Over the last year, we synthesized and tested 15 different sealants, both
rigid and compliant. Two of these sealants (a cementitious material that sets at room temperature,
and a glass-ceramic composite that seals at 1000°C) were found to have the desired chemical
compatibility and sealing ability to the fuel cell ceramics. Testing is continuing to tailor the
sealant compositions for this application.
The work on molten carbonate fuel cells is focused on developing conductive
materials that are stable in the high-temperature (650°C) cell environment and testing these
materials as cell components. The cathode development effort in 1992 was focused on evaluating
LiFeO2 and Li2MnO3. These stable materials are being considered as an alternative to the present
NiO cathodes, which have dissolution/precipitation problems that limit cell lifetime under
pressurized operating conditions. We altered the operating conditions of a half cell containing a
Co-doped LiFeO2 cathode to include a modified oxidant mixture (95% air-5% CO2) and an
increase in temperature (675°C). These two conditions resulted in this cathode achieving
performance similar to that of state-of-the-art NiO cathodes at 650°C. Tests of LiFeO2 cathodes
with other dopants (Cu, Mn, or Ni), as well as Mg-doped Li2Mn03 cathodes, did not attain as
large a performance improvement. The test data obtained to date indicate that the alternative
cathode must be a p-type conductor, with little or no evidence of a significant electron
component. Therefore, ways to enhance the p-type character of doped LiFeO2 are under scrutiny.
Alternatives that exhibit sulfur tolerance are also being sought for the present
nickel anode. Emphasis is on determining the in-cell performance of doped and undoped LiFeO2
and CeO2 anodes. Tests of these anodes did not reveal any performance improvements over the
present Ni/Cr anode. However, much improved performance was observed after the CeO2 anode
was conditioned with oxidant. This suggests that the charge carrier concentration must be
controlled for better performance of this anode.
Also under investigation are ways to improve the performance of the NiO cathode
operating at atmospheric pressure. Nickel oxide cathodes produced from pre-lithiated, reagent-

grade NiO fibers have shown performance improvements over state-of-the-art NiO cathodes.
Also, addition of CaCO, to the presently used Li2COrK2CO, electrolyte (as well as Li 2 CO r
Na2CO3) was found to decrease NiO solubility. These two methods of performance improvement
will be studied in more detail.
The Division provides technical support to DOE for developing fuel cell and fuel
cell/battery systems for transportation applications. This work included technical management of
contractor efforts to develop a phosphoric acid fuel cell/battery system (for use in an urban bus)
and a polymer electrolyte fuel cell. In addition, in-house studies are being conducted on polymer
electrolyte fuel cells and on fuel reformers for converting alternative fuels (e.g., methanol,
ethanol) to a hydrogen-rich gas mixture for powering fuel cells in automotive applications.
2.

Fossil Fuel Research

The Chemical Technology Division is the lead division for several projects in the
ANL Fossil Fuel Program. These projects involve studies on fluidized-bed combustion (FBC),
the combustion of high-sulfur coal with municipal solid waste (MSW) or refuse-derived fuel
(RDF), and magnetohydrodynamic (MHD) power generation.
Metal loss from in-bed heat-transfer tubes in FBC is a recurring problem that is
impeding commercialization. To address this problem, a cooperative R&D venture was formed
with ANL and seven other organizations. Activities undertaken in 1992 included fluidized-bed
experiments at Foster Wheeler Development Corp. and the University of Illinois at UrbanaChampaign to determine the erosion rate for aluminum and polyvinyl chloride tubes in a fluidized
bed. Data from these experiments were analyzed using ANL-developed computer models of the
fluidized-bed processes. The model predictions and experimental data have been translated into
simple guidelines for the design and operation of fluidized-bed combustors with minimal metal
loss.
The presence of vapor-phase alkalis in the exhaust of pressurized fluidized-bed
combustors (PFBCs) can lead to unacceptable corrosion of the gas-turbine blade materials. Work
is in progress to develop a regenerable activated-bauxite sorber alkali monitor (RABSAM) for
the in situ measurement of alkali vapor in PFBC off-gas. The monitor will use commercial-grade
activated bauxite, which contains some clay impurities that can react with alkali vapors.
Preliminary laboratory experiments suggested that impregnating the bauxite with LiCl solution
(followed by heat treatment, water leaching, acid leaching, and Soxhlet extraction) would
deactivate these impurities. Subsequently, activated bauxite, with and without the LiCJ treatment,
was tested in a pressurized alkali-vapor sorption unit with a simulated PFBC flue gas containing
5-9 ppm NaCl vspor. The test results indicated that (1) the treated activated bauxite behaves
similarly to untreated activated bauxite in terms of the capture mechanisms for NaCl vapor from
simulated PFBC off-gas, and (2) exposure to NaCl vapor under a simulated PFBC off-gas might
almost completely deactivate the clay impurities in untreated activated bauxite.
In other FBC work, preparations are underway to measure the alkali vapor/aerosol
in PFBC off-gases downstream from a hot gas filter in the 15-MW(t) Component Test Facility
of ABB Carbon in Sweden. Also, experiments have been initiated to identify metallic material(s)

that will not adsorb alkali vapors and can be employed as alkali sampling lines and/or process
components in advanced coal utilization systems, such as PFBCs.
The disposal of refuse is of ever-increasing concern for municipalities and other
organizations and agencies throughout the U.S. This concern has led to a new interest in cofiring
MSW or RDF with coal. During this report period, we conducted a literature survey to assess the
combustion and emission characteristics of boilers burning high-sulfur coal and MSW or RDF
blends. Information on plants collecting and processing MSW for use as a boiler fuel was
reviewed, and the status of RDF processing plants in the U.S. was determined. Plants currently
cofiring coal and MSW/RDF have been identified, and where possible, information was obtained
on combustor performance, stack and ash emissions, and facility operating conditions. The ANL
Acid Rain Data Base, containing design information and operating and performance data on coalfired utility boilers throughout the U.S., was used to identify coal-fired boilers in Illinois that
have promise for cofiring coal and MSW/RDF blends.
Open-cycle MHD is a developing technology with the potential to improve
substantially the electrical efficiency of coal-fired power plants and to reduce their environmental
impact. We are participating in a project to determine the flow patterns and nonuniformities (e.g.,
in temperature) for the major components of the MHD power train (i.e., the second-stage
combustor, nozzle, and MHD channel). In the past year, this effort focused on modeling the
plasma flow patterns in the second-stage combustor and MHD channel by use of computer codes
developed at ANL. Results are given for the predicted properties (power, conductivity, and
velocity) of the plasma flow in the MHD channel of the Component Development and Integration
Facility (operated by MSE, Inc.).
Materials evaluation studies continued in support of development of the MHD
bottoming cycle (heat and seed recovery). We examined deposits from tubes used in longduration (2000 h) tests at the Coal Fired Flow Facility (operated by the University of Tennessee
Space Institute). The analysis data indicate that the chemistry of the deposit will not change
significantly with the variation in K2/S ratio for the potassium seed material anticipated in the
MHD bottoming cycle.
3.

Hazardous Waste Research

This research includes studies on methods for treating hazardous waste, mixed
hazardous/radioactive waste, and municipal solid waste.
One project in this area involves developing aqueous biphase separation processes
for solid radioactive waste and uranium-contaminated soil. For the former waste, we are
investigating the wet grinding of radioactive solids to a particle size of 1 pm, followed by
aqueous biphase extraction to maximize plutonium recovery and minimize waste volume. The
biphase system combines aqueous solutions of polymers [e.g., polyethylene glycol (PEG)] with
aqueous salt solutions (Na2SO4 or Na2CO3). Promising results have been attained in tests where
silica was separated from a wide range of metal oxides (e.g., CeO) using the 15% PEG/7.5%
Na2SO4 biphase system. Separation tests have been initiated with actual plutonium residues. In
another project, the PEG/salt system is being tested for its ability to extract uranium from
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contaminated soil. The goal is to recover a uranium concentrate that is less than 2 to 4% of the
initial feed volume, with the remainder being a "clean" soil fraction.
We are investigating the use of a microwave discharge plasma for remediating
hazardous waste containing volatile chlorinated compounds, such as trichloroethylene (TCE) or
trichloroethane (TCA). In earlier work, we demonstrated that a microwave-induced argon plasma
operating at atmospheric pressure can destroy >99% of the TCE or TCA in a feed stream
containing O2, H2O, or O2-H2O as co-reactants. Work in this past year mainly involved preparing
to conduct experiments on the destruction of chlorinated hydrocarbons in an air plasma with H2O
co-reactant.
Electrokinetics in a soil-water system is a potential remediation technology for the
in situ (subsurface) decontamination of metal-laden soils. Tests were conducted to determine the
effect of elevated temperature during electrokinetic remediation of chromate-laden kaolinite.
Under conditions of constant soil saturation, increasing the temperature from 21 to 55°C
increased the rate of chromium removal by a factor of two. Under dewatering conditions, a
similar increase in temperature caused excess cracking in the soil, resulting in less efficient
chromium recovery.
Studies are in progress to investigate actinide speciation in groundwater-relevant
systems by using high-sensitivity laser spectroscopic methods, as well as more conventional
methods (absorption spectrometry and potentiometry). Plutonium behavior is of particular interest
because of its predominance as a radioactive contaminant at DOE waste sites. During this period,
we initiated studies on the interaction of Pu(VI) with organic complexants (citric acid and
acetohydroxamic acid) in aqueous systems as a function of pH. At pH > 2, Pu(VI) was rapidly
reduced by both complexants. Reduction by acetohydroxamic acid was due to the presence of the
amine functional group. With this complexant, Pu(VI) was completed reduced to Pu(III). The
reaction with citrate was slower and only proceeded to Pu(IV). At pH < 2, a Pu(VI)-citrate
complex was stable for a period of hours. This indicates that it will be possible to measure the
formation constant. We also applied laser photoacoustic spectroscopy to the detection of uranyl
and hydrated plutonyl at micromolar actinide concentrations and room temperature in a noncomplexing aqueous medium.
Experiments are underway to determine the effect of ionizing radiation on gas
generation in the Waste Isolation Pilot Plant (WIPP) repository, DOE's long-term mixed waste
storage facility. Our recent emphasis was on gas generation due to alpha particle interactions in
two synthetic WIPP brines (WIPP brine A and ERDA-6) and two actual underground-collected
brines (DH-36 and G8-B). Solutions of each brine at 30°C were spiked with 239Pu, and the gas
phase was periodically sampled over the next 180 days. The predominant gas generated
radiolytically was hydrogen (0.9 to 1.4 molecules/100 eV for the four brines). Plutonium(VI) was
stable in the two synthetic brines but was rapidly reduced in the actual groundwaters, although
most of the plutonium remained in solution.
Transuranic-containing waste drums will be shipped io WIPP for disposal. We are
performing experiments to determine the effect of alpha particle interactions with the plastic in
the waste drum on the composition of the drum gas phase. These experiments were performed
with coupons of polyethylene and polyvinyl chloride exposed to humid air at 30, 60, and !00°C

for 1 to 6 months with energy deposition rates of 0.5 x 1010 to 1 x 10" MeV/h. The test results
indicated that pressure buildup is not likely to be an important issue during shipment of WIPP
waste at 60°C; however, temperatures of 100°C greatly accelerate gas generation, and the nature
of the species generated (volatile organic compounds and hydrogen) is an important issue that
needs further study.
4.

Nuclear Waste Programs

The volcanic tuff beds at Yucca Mountain, Nevada, are being studied as a potential
site for locating the U.S. high-level nuclear waste repository. The potential site at Yucca
Mountain is unique among sites that have been considered previously in that it lies several
hundred meters above the local water table in a hydrologically unsaturated zone. Because only
water vapor or small volumes of liquid water in the repository horizon are expected to contact
the waste forms, traditional test methods used to assess glass durability may not be appropriate
for the Yucca Mountain environment. Therefore, we have designed alternative test methods which
better represent the expected repository environment and are using them to study the interactions
that may occur and to project the long-term behavior of emplaced waste. Several tasks are in
progress to assist DOE's Environmental Restoration and Waste Management Program in
demonstrating that the Defense Waste Processing Facility and the West Valley Demonstration
Project will produce a waste glass product that will perform well in an unsaturated environment
typical of what may be expected at Yucca Mountain.
Long-term tests at 90°C are underway with EJ-13 well water and radioactive
sludge-based and simulated nuclear waste glasses having three different compositions, designated
131/11, 165/42, and 200. In tests up to 720 days at an initial ratio for the glass surface area to
solution volume (SA/V) of 340 or 2000 m"1, little difference was found between the radioactive
and simulated waste glasses. However, in tests with the 200-type glass at SA/V = 20,000 m"1, the
simulated glass leached faster than the radioactive counterpart by a factor of 40 within one year.
This accelerated glass reaction is associated with the formation of crystalline phases, such as
clinoptilolite (and/or pGtassium feldspar), and a pH excursion in the leachate. The radiation field
generated by the radioactive glass reduces the solution pH, which, in turn, may retard the onset
of the increased reaction rate.
Long-term tests are also underway to evaluate the effects of radiation on glass
reactions under high SA/V conditions. Gamma radiolysis blank tests (i.e., no glass, dose rate of
3500 rad/h, initial gas/liquid volume ratio of 100) at 25, 90, and 200°C indicate that NO3 and
NO2 yields vary inversely with temperature, with the lowest yields occurring for the highest
temperature. No differences in yields were noted when dose rates of 50,000 rad/h or gas/liquid
ratios of 10 were used. In other tests, glass wafers (1-mm thick) were exposed to a gamma
radiation field in humid air at temperatures of 150 and 200°C. After 35 days, these wafers had
reaction layer thicknesses 15 times greater than their nonirradiated counterparts. The sequence
of alteration phases that form on the glass appeared to be accelerated in the irradiated tests.
Static leach tests at SA/V ratios of 10 to 20,000 m"1 are being conducted to assess
how the SA/V ratio affects the rate and mechanism of the glass reaction. Test results through two
years show the predominant effect of the SA/V ratio to be the extent of dilution of the reaction
products. The higher pH and silicic acid concentrations that are attained in the leachate at high

SA/V ratios influence the reaction rate: the higher pH accelerates the dissolution of the silicate
network, but the higher silicic acid concentrations tend to slow the reaction. A sudden increase
in the reaction rate is observed under high SA/V conditions, and this increase is attributed to the
effects of secondary phase formation on the reaction.
Colloids formed during waste glass dissolution are being characterized by
analyzing leachate from earlier glass waste tests. These studies are prompted by the possibility
that radionuclide release may be controlled by colloid formation. The major colloid phase present
in the leachate was found to be alkali-rich clay; other phases identified include calcite kaolinite,
chrysolite, mica, and heulandite. These colloidal particles form during waste glass dissolution by
either precipitation in the leachate or spallation from the reacted glass surface. The high pH
which occurs at high SA/V increases colloid stability, in spite of a high salt concentration.
A methodology is described for relating glass-water reactions of naturally
occurring glasses (e.g., obsidian) to experimental results with nuclear waste glasses. The results
from an experimental study with tektite (a silica-rich natural glass) indicate that water diffusion
will not be the rate-controlling reaction process for the reaction mechanism of nuclear waste
glass.
In addition to glass studies, experiments are in progress to determine radionuclide
release rates by exposing simulated spent fuel to repository-relevant conditions. Results from drip
tests with UO2 pellets (nonirradiated) and EJ-13 well water for 5.5 to 6.8 years indicated an
overall decrease in leachate pH relative to the pH = 8.22 of the starting EJ-13. Analyses of
filtered residues from the long-term samples indicated the presence of titanium oxides, calcium
silicates, and uranium phases as colloidal materials. Similar tests have been started with irradiated
spent fuel.
Studies have been initiated to demonstrate the efficacy of using analytical electron
microscopy for identifying uranium-bearing phases present in contaminated soils.
5.

Separation Science and Technology

The Division's work in separation science and technology is mainly concerned
with developing the TRUEX process for removing and concentrating actinides from acidic waste
streams contaminated with transuranic (TRU) elements. The objectives of TRUEX processing are
to recover valuable TRU elements and to lower disposal costs for the nonTRU waste product of
the process. The major thrust of the development efforts has been the Generic TRUEX Model
(GTM), which is used with Macintosh or IBM-compatible computers for designing TRUEX
flowsheets and estimating cost and space requirements for installing TRUEX processes for
treating specific waste streams.
The data base generated for developing the GTM contains information (from the
literature and our own laboratory measurements) on the solution and extraction behavior of
important feed components over a wide range of possible waste-stream and processing conditions.
Our recent efforts on expanding the data base and adding extraction models have focused on
chemical species from (1) the nuclear waste housed in the single- and double-shell storage tanks
at Hanford, Washington, and (2) waste generated by the Idaho Chemical Processing Plant (ICPP)
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from the reprocessing of naval nuclear reactor fuel. The chemical species include Bi3+ and H,PO4,
which are important constituents of the Hanford storage tanks, and Cd3+, which is found in the
ICPP process stream.
Calculations with the GTM were compared with literature data on TRTJEX
processing of sludge waste at the Hanford site. Two observations were made: (1) the pleasured
and calculated distribution ratios for americium and plutonium agreed within the experimental
error, and (2) the measured extraction of zirconium and fluoride was much higher than that
calculated by the GTM. New models are thus being developed for zirconium and fluoride
extraction.
An effort is underway to redesign the ANL centrifugal contactor so that its
throughput is increased almost ten times that previously possible, yet it remains safe with respect
to nuclear criticality. This super high throughput is being accomplished by increasing the rotor
length and rotational speed. The contactor design was evaluated to determine the effect that such
super high throughput will have on contactor hydraulics and vibrations. We determined that the
rotor diameter can be no greater than 10 cm if each contactor stage is to be criticality safe by
geometry, and rotor speed can be no greater than 3600 rpm so that power consumption does not
become excessive.
The GTM was used to design a TRUEX flowsheet for treating plutoniumcontaining waste (approximately 200 L) generated at ANL and the New Brunswick Laboratory.
A batch of this waste containing 13 g plutonium and 16 g uranium was processed with the
calculated flowsheet over four days. The raffinate had an alpha activity of 18 dpm/uL
(3.2 nCi/mL), which is considered acceptable for disposal by Waste Management Operations in
ANL's Plant Facilities and Services.
An effort was begun to demonstrate the new TRUEX-SREX process, which is a
combination of the TRUEX process and a recently developed SREX (strontium extraction)
process. Both these processes were developed in the ANL Chemistry Division. The GTM was
used to develop a TRUEX-SREX flowsheet that will handle the expected range of feed
compositions for dissolved sludge waste from the Hanford site. A 20-stage minicontactor (2-cm
dia) has been set up to verify experimentally the operation of the TRUEX/SREX flowsheet.
Two other projects have recently been initiated in separation science and
technology. The objectives of these projects are to develop (1) a membrane-assisted solvent
extraction method for treating natural and process waters contaminated by volatile organic
compounds and (2) evaporation technology for concentrating radioactive waste and product
streams such as those generated by the TRUEX process.
6.

Integral Fast Reactor Pyrochemical Process

The Integral Fast Reactor (IFR) is an advanced reactor concept proposed by, and
under development at, Argonne. One of its distinguishing features is an "integral" fuel cycle in
which the discharged reactor core and blanket materials are processed and fabricated into new
fuel elements in an on-site facility. The CMT Division has the responsibility for developing the
on-site process for recovering plutonium and uranium from the core and blanket, removing fission
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products, re-enriching the core alloy with plutonium bred in the blanket, and immobilizing fission
product wastes in suitable media for disposal.
The IFR pyrochemical process flowsheet has the necessary flexibility for providing
the desired products from all IFR spent fuel compositions while generating a minimum volume
of waste, which has a very low TRU element content. In this process, successive batches of spent
fuel are immersed in molten salt (at 773 K) overlying a cadmium pool in an electrorefining
vessel; actinides are removed from the spent fuel by electrotransport of nearly pure uranium to
a solid cathode and a U-Pu mixture to a liquid cadmium cathode. The major focus of flowsheet
refinement was designing a flowsheet to evaluate proposed process changes that appear feasible
but have not yet been tested.
As part of supporting chemistry studies, the separation factors for pairs of the rare
earth elements up to atomic number 64 (gadolinium) and for neodymium vs. plutonium are being
measured. These separation factors are being determined by measuring the distribution of these
elements between LiCl-KCl eutectic salt and cadmium phases as a function of electrorefiner
operating conditions at 773 K.
In process development work, we have developed a new design for the liquid
cadmium cathode, which incorporates an agitator with both axial and rotating motion, for
improved collection of U-Pu mixtures. Collection efficiencies for this cathode were 95-100% in
ten laboratory-scale runs. In other development work, cyclic voltammetry is being investigated
for possible application to the IFR electrorefiner as a means of determining heavy metal
concentrations in processing liquids. Preliminary voltammetric results indicated that temperature
has little effect on the interfacial electrochemical kinetics of uranium electrodeposition to the
liquid cadmium cathode, and that electrodeposition at both solid and liquid cathodes is limited
by mass transfer, not by interfacial kinetics.
During the pyrochemical processing of spent IFR fuel, a heavy metal drawdown
step is required so that the accumulated fission products can be removed from the salt in the
electrorefiner. In a series of engineering-scale drawdown runs, good separation was achieved
between uranium and rare earths in the salt, and uranium and rare earth concentrations in the salt
were reduced to low levels by electrotransport. Drawdown tests are still needed to determine the
separation between plutonium and rare earths in the salt. Also reported are promising results from
electrotransport tests (using a solid cathode) to remove zirconium, a major constituent in IFR
fuel, from the electrciefiner (in the cadmium pool, and on vessel walls and surfaces of electrodes
and mixers).
Processes are being developed to recover TRU elements from the metal and salt
wastes in the electrorefiner and to convert the treated materials into disposable high-level waste
forms. The metal wastes consist of cladding hulls, zirconium, and cadmium, which contains the
noble metal fission products. Except for the cladding hulls, these wastes are expected to contain
only small amounts of actinides. The salt contains the alkali metal, alkaline earth, rare earth, and
halide fission products. It will also contain from 0.5 to 1.0% of the actinides fed to the
electrorefiner. Efforts have been concentrated on developing processes for treating and
immobilizing the waste salt. Key features in the treatment of spent salt are the countercurrent
extraction apparatus for removing low-level transuranics, the salt stripper vessel for removing rare
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earth elements and residual transuranics, and a method for immobilizing the waste salt into a
form suitable for disposal. The countercurrent extractor apparatus has been constructed and
installed in a glovebox furnace, and testing is scheduled for the next year. The salt stripper vessel
has been fabricated and is being installed in a glovebox housing an engineering-scale
electrorefiner. The major effort for immobilizing waste salt has focused on testing salt-occluded
zeolites as the immobilization matrix. Tests have been conducted to determine the leach
resistance and radiation stability of zeolites loaded with simulated fission products from the salt
(e.g., Cs and Sr). The results to date have been encouraging. Also, efforts have been initiated to
develop a suitable waste form for the metallic wastes from the IFR pyroprocess.
7.

Actinide Recovery

Spent fuel from commercial light water reactors (LWRs) contains a considerable
quantity of unreacted fissile uranium as well as transuranic elements (mainly, Pu, Np, Am, and
Cm). These elements (actinides) constitute a valuable energy resource, and the purpose of the
current work is to develop pyrochemical processes for actinide recovery for use as fuel in the
Integral Fast Reactor. We expect these processes to be simple and efficient and to provide a cost
effective method for recovering actinides from LWR spent fuel.
Three high-temperature (~800°C) processes were examined. In these processes, the
LWR oxide spent fuel is reduced to metal, and the actinide elements are separated from some
of the fission products. Calcium metal is used to reduce the oxide fuel, forming CaO. In one
process, molten salt is used to selectively recover the transuranic elements, while in the second
process liquid magnesium metal is used for this recovery. In the third process, the transuranic
elements are soluble in liquid Zn-Mg alloy, while the uranium is insoluble, and the separation
is done by separating the liquid metal alloy from the uranium precipitate. Calcium metal is
recovered from the CaO in the reduction salt by electrochemical methods and recycled along with
the salt to minimize process wastes. Mass balance flowsheets have been developed for the salt
transport, magnesium extraction, and zinc-magnesium processes.
The chemical feasibility of each step in the three processes has been demonstrated
in laboratory-scale experiments. Although each process is chemically feasible, some features of
each process are more attractive than the others. The data from these tests are being evaluated
to select the most attractive flowsheet for continued development and scale-up. Equipment for
operation of the selected process at a larger scale has been designed and is being fabricated. This
engineering-scale equipment will process 2O-kg batches of simulated LWR spent fuel. Each step
in the process will be tested as an independent unit, and the whole process will be evaluated and
further developed during this unit-operations testing. The engineering-scale experiments are
expected to start during 1993.
8.

Applied Physical Chemistry

The program in applied physical chemistry involves studies of the thermodynamic,
thermophysical, and transport behavior of selected materials in environments simulating those of
fission and fusion energy systems.
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We are experimentally determin ng the thermophysical properties of core-concrete
mixtures expected to occur during the molten core-concrete interaction phase of severe accidents
in LWRs. During this report period, ou» experiments were focused on an important property of
core-concrete mixtures, i.e., their viscosities at high temperatures (17OO-26OO°C). Our
measurements of this property were significantly higher than calculated values made with a
thermal-hydraulic code (CORCON) used to compute the consequences of hypothetical severe
accidents at nuclear reactors. This discrepancy was attributed to the viscosity subroutine in
CORCON assuming that the core-concrete mixture at temperatures below 2000°C is a Newtonian
fluid with no solids, but our experimental observations indicated that this is not the case. The
results of this study will provide improved correlations for viscosity versus composition for a
broad range of core-concrete mixtures.
Measurements and calculational analyses are being performed to provide needed
information on the thermodynamic and transport properties of IFR fuel. One study is addressing
the phase relations with fuel-cladding systems over a wide temperature range. To that end,
improvements were made to the existing Fe-Zr phase diagram, and phase diagrams were derived
for the Fe-U-Zr system. This work is an extension of our previous assessments of the U-Zr, Fe-U,
and Pu-U phase diagrams. We are also exploring the feasibility of examining IFR materials by
use of synchrotron radiation sources. The compositional and structural information obtained by
such an analysis could help in understanding and predicting intermetallic compound formation,
local melting, and fuel redistribution in IFR fuel.
A critical element in the development of the fusion reactor is the blanket for
breeding tritium fuel. Studies are underway with the objective of determining the feasibility of
using lithium-containing ceramics as breeder material. Diffusivity and desorption rate constants
were determined for Mg-doped and undoped LiAlO2 samples at 528-785°C. The data indicate
that, for sample grain radii less than 100 pm, the tritium transport will be controlled by
desorption. In other work, tritium release models were employed in analyzing data from an inpile tritium release experiment using a lithium oxide breeder blanket. The results from this
analysis are being used to refine the models.
9.

Basic Chemistry Research

Fluid Catalysis. This research encompasses exploratory investigations of
homogeneous catalysis in supercritical fluids, hydrocarbon activation chemistry, and catalytic and
stoichiometric syntheses of ceramic precursors. All of the research involves in situ spectroscopic
studies of organometallic chemistry at extreme conditions of temperature and pressure. Key
elements of the research include (1) catalyst synthesis and (2) kinetic, thermochemical, and
structural investigation of catalytic reaction chemistry under conditions typical of industrial
processes.
The program's activities in catalytic chemistry in supercritical fluids currently
include exploration of metal-centered radical reactions that occur in the oxo industrial process
for the hydroformylation of olefins. We have uncovered some pronounced synergistic effects
associated with the addition of a stable radical, »V(CO)6. This additive could lead to a lowering
of the pressure requirements for the oxo process.

13

The goal of the hydrocarbon activation research is to achieve selective catalytic
functionalization of hydrocarbons by activating their C-H bonds using soluble organornetallic
complexes. In the past year, methane activation was achieved with a soluble rhodium
phthalocyanine complex, [(n-pentyl)gPcRh]2. More recently, the structure of the methylrhodium
product of the initial activation step was determined by X-ray measurements, and this unusually
unsymmetrical structure was successfully reproduced by use of molecular mechanics combined
with semiempirical molecular orbital calculations.
The ceramic precursor research explores organometallic C-H activation chemistry
associated with the production of carbide-containing films, fibers, or larger ceramic objects. A
new catalytic strategy that uses electrophilic catalysts to achieve polymerization of teTamethylsilane was recently uncovered.
Materials Chemistry. This CMT effort involves research on high-criticaltemperature (Tc) superconductors, interfacial electrochemistry/corrosion, and molecular sieves.
The work on high-Tc superconducting oxides is directed at developing silver-clad wires
containing (Bi,Pb)2Sr2Ca2Cu3Ox (Bi-2223). The reaction of (Bi,Pb)2Sr2CaCu20y plus secondary
phases to form Bi-2223 has been shown to be controlled by a two-dimensional diffusion
mechanism that is highly sensitive to oxygen partial pressure, temperature, and secondary phase
composition. The limits of stability of Bi-2223 have been determined by an oxygen titration
technique; the limiting stability condition at low oxygen partial pressure is the CuO-Cu2O phase
boundary. This work on high-Tc superconductors is carried out in collaboration with American
Superconductor Corp., Radiation Monitoring Devices, Inc., and the ANL Materials and
Components Technology Division.
In the research on aqueous corrosion and interfacial electrochemistry, surfaceenhanced Raman spectroscopy has been employed to investigate the passive film on titanium in
a variety of aqueous solutions. Bands characteristic of the anatase form of TiO2 appeared at
highly anodic potentials, while a disordereJ amorphous film was created under cathodic
conditions. Synchrotron-based techniques are being employed to study electrified interfaces and
important electrolytic materials. Several observations were reached from these studies: (1) X-ray
absorption measurements indicated that almost all higher oxide forms of nickel (e.g., p-NiOOH,
y-NiOOH, and NiO2) have the same layered, disordered structure, which may be represented as
NiO2Hx (0 < x < 2.0); (2) X-ray reflectivity data revealed that the oxidation of the Pt(l 11) surface
proceeds by a place-exchange mechanism in which oxide ions tunnel under the first layer of
platinum atoms; and (3) synchrotron-generated far infrared radiation studies of water adsorbed
on gold and platinum crystals have allowed us to detect (for the first time) the hindered
translational mode of water and have provided data that could be interpreted in terms of the
formation of water clusters at low coverage and an ice-like layer at higher coverages.
Copper deposition is an important cathodic reaction occurring during stress
corrosion cracking in steam-generator piping of light water nuclear reactors, and its mechanism
is poorly understood. Work on the kinetics of the Cu2+/Cu° electrode reaction has demonstrated
that the Cu27Cu+ step is rate controlling and highly sensitive to anionic impurities such as CI.
The Jahn-Teller effect during solvation of Cu2+ by H2O has been successfully incorporated into
a molecular dynamics simulation of the Cu27Cu+ reaction.
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The Gaussian-2 (G2) theoretical procedure, developed in a collaborative effort with
AT&T Bell Laboratories and Carnegie Mellon University, is beginning to receive (1) wide
acclaim for its accuracy in calculating molecular energies and (2) extensive use in the field of
computational chemistry. The G2 theory is being employed in conjunction with lower-order
theoretical procedures to predict properties of molecular sieve materials, such as proton affinities,
ammonia desorption energies, geometry relaxation effects, and X-ray absorption near-edge
transitions; calculated values are in excellent agreement with experimental measurements in all
cases examined to date.
Geochemistry. The geochemistry research includes work in three areas: (1)
mineral-fluid interactions, (2) geochemistry and evolution of hydrothermal systems associated
with volcanic areas, and (3) molecular and compound-specific carbon isotopic geochemistry of
petroleum. The approach taken in the experimental studies is to observe reacting mineral surfaces
in situ by using synchrotron X-ray radiation. An initial set of experiments was carried out in a
static reaction cell at the National Synchrotron Light Source of Brookhaven National Laboratory.
These experiments focused on determining the changes in surface structure during dissolution and
growth of calcite. In our field-based studies, the ages of silica samples from fossil hot springs
in volcanic areas of the northern Kenya Rift Valley were found to correlate with high paleolake
levels, which are associated with humid climatic periods during the past 150,000 years. In a
petroleum geochemistry study, we determined the carbon isotopic compositions of n-alkanes
isolated from oils in the Phillipstown (Illinois) oil field. The results indicate that, although the
oils are chemically distinct, they were probably derived from the same source rock but have been
biodegraded to different extents. Potential applications o/ these studies are in environmental
restoration and waste management; geothermal energy exploration and utilization; and petroleum
exploration and production.
10.

Analytical Chemistry Laboratory

The Analytical Chemistry Laboratory (ACL) is administratively within CMT, the
principal user, but collaborates with most of the technical divisions and many of the programs
at ANL as a full-cost-recovery service center. In addition, the ACL conducts research in
analytical chemistry and provides analytical services for governmental, educational, and industrial
organizations.
During the past year, the ACL was involved in a diverse array of activities,
including the following: several types of analyses in support of the development of the IFR
pyrochemical process; analyses of limestone and marble briquettes exposed to a variety of
atmospheric conditions throughout the U.S.; analyses of samples from a study of molten coreconcrete interactions during a degraded-core reactor accident; analyses of thermal waters and
borehole brines to obtain information on geological formations; analyses of environmental
samples (waters, soils, sediments, filters, air) taken from DOE sites; determination of volatile
organic and inorganic compounds in the headspace of storage bins to be placed in the Waste
Isolation Pilot Plant site; analyses of leachate from long-term tests of waste glass performance
under repository-relevant conditions; establishment of procedures for determining antimony levels
in scrap aluminum; preparation of isotopically enriched tin oxide for use in synchrotron
experiments; determination of inorganic pollutants in the soil from the Grafenwohr firing range
in Germany; studies to make more efficient use of analytical standards; characterization of
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products from automobile recycling; determination of elements (such as Th, Ca, Ra) in human
tissue; development of procedures for isolating U and Th from soils for isotopic analyses;
determination of nitrogen species in sludge waste produced from NOX/SO2 scrubbing of flue
gases; analyses for basic research studies on the properties of high-Tc superconductors;
development of an extraction chromatography method to analyze environmental radioactive
samples for americium; analyses of cores from the pressure vessel of the Experimental Boiling
Water Reactor, which is undergoing decommissioning and decontamination; measurement of
volatile organic compounds at a former grain storage facility; field testing of Fourier transform
infrared spectroscopy for characterizing soil samples contaminated with explosives or selected
volatile and semivolatile organic species; development of a Fourier transform infrared
spectrometer for the continuous monitoring of incinerator emissions; and development of methods
for remote detection of illegal drug laboratories.
11.

Special Projects Group, Applied R&D

The Special Projects Group is assisting DOE in establishing and maintaining a
national program of applied R&D in the environmental restoration and waste management area.
In the past year, we provided technical management and oversight to assist 15 contractors (13
private firms, 1 university, and 1 government laboratory) in performing R&D on new
technologies for DOE to meet its compliance and cleanup goals. The R&D projects encompass
development of technologies in four general areas: groundwater contamination, soil remediation,
site characterization, and containment of contamination. We also provided technical and
administrative support to five Hazardous Substance Research Centers, which are co-funded by
DOG and the Environmental Protection Agency (EPA). Each center is located at a main
participant university but consists of a consortium of several universities in the same region.
Research at the centers includes projects on biotechnology for waste remediation; pollutant
transport mechanisms; chemical and thermal destruction of organics; and remediation of
contaminated soils, groundwater, sediments, and dredged materials. In addition, we also provided
technical and managerial support to the Superfund Innovative Technology Evaluation (SITE)
Program, which was established by the EPA in response to the 1986 Superfund Amendments and
Reauthorization Act.
12.

Computer Applications

The Computer Applications, Networks, and Security Group assists CMT staff in
many aspects of computer-related activities, including laboratory data acquisition and control,
computer modeling and simulation studies, analysis of experimental results, graphics, information
management and data-base development, computer networking, procurement of automatic data
processing equipment, and advisory and consulting services. The Group has responsibility for
software maintenance and development for several major minicomputer data acquisition systems,
the Division's local area VAX cluster (consisting of 12 VAXs), and both Macintosh and IBMcompatible personal computer networks. Additionally, the Group provides hardware maintenance
for various small computer systems and peripherals.
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I ELECTROCHEMICAL TECHNOLOGY
The 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. To date, in-house battery R&D has focused
on three advanced technologies: lithium/iron sulfide, sodium/metal chloride, and lithium-polymer.
The testing, evaluation, and post-test analysis of a variety of advanced batteries (e.g., lead-acid,
nickel/iron, nickel/metal hydride, lithium/sulfide, sodium/sulfur) fabricated by industrial firms are
performed in CMT's Analysis and Diagnostics Laboratory. Potential uses of these battery
technologies include vehicle propulsion, utility load-leveling, and other energy storage
applications. In-house R&D is also being conducted on fuel cells (with solid oxide, molten
carbonate, or polymer electrolytes) for stationary power plant and transportation applications.
A.

Battery Research and Development
1.

Bipolar Lithium/Sulfide System

The objective of this effort is the development of a prototype "bipolar" battery that
will attain the high performance (specific energy of -200 Wh/kg and specific power of
500 W/kg), long cycle life (>1000 cycles), and low cost required for use in a cost-competitive
electric vehicle. In a bipolar battery, disk-shaped cells are assembled into a series-connected stack
in which adjacent cells share a current collector, the bipolar plate (see Fig. 1-1). Lithium/iron
sulfide cells, a high-performance system that has been under development in CMT since the early
1970s, are well suited for a bipolar battery because long strings of series-connected cells can be
assembled, and the individual cells always fail in a short-circuit condition. These cells have
negative electrodes of lithium alloy, positive electrodes of FeS or FeS2, and a molten-salt
electrolyte (e.g., LiCl-KCl). To maintain the electrolyte molten, cells are normally operated at

Fig.M.
Exploded View of Lithium/Iron
Sulfide Bipolar Battery Stack
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temperatures of 375 to 425°C. The high-temperature operation of this bipolar battery provides
advantages, as well as engineering and materials development challenges.
One of the keys to the successful development of lithium/iron sulfide bipolar
batteries is a metal/ceramic-bonded peripheral seal for each cell. The development of corrosionresistant chalcogenide sealants at ANL has led to metal/ceramic bonds that are an order of
magnitude stronger than those obtainable with commercially available sealants for service over
300°C. This peripheral seal aids in achieving long life by eliminating electrolyte leakage from
and between cells of the bipolar stack.1
During 1992, we continued to develop the metal/ceramic peripheral seal and test
it in full-size cells (13-cm dia) and four-cell stacks for electric-vehicle applications. Supporting
R&D efforts were also conducted in the areas of alternative materials for bipolar current
collectors, sealants formed at lower temperatures, and improved separators. In addition,
establishment of a materials data base was initiated for the purposes of documenting known
information and identifying needed information for the Li/FeS2 system. This work was supported
by DOE and the State of Illinois and is summarized below.
To date, most Li/FeS2 bipolar cells have employed a bipolar plate material of thinsheet molybdenum because of its corrosion resistance to the high sulfur and chlorine activities
in the FeS2 electrode. In searching for a lower cost alternative to molybdenum, some success was
achieved with bipolar plates made from TiN-coated s'eel. Sealed Li/FeS2 cells (13-cm dia)
employing both types of alternative materials were fabricated. Tests and post-test analyses
indicated that suitable seals were achieved with these materials, and that they exhibited adequate
stability in the cell environment. Testing will continue on these alternative materials.
Our ability to produce acceptable peripheral seals using such diverse materials as
graphite, metals, and ceramics is a unique feature of the chalcogenide ceramic sealants developed
in CMT. This bending is possible even though these materials have large variations in thermal
expansion coefficients. Moreover, past experience has shown that the chalcogenide ceramic
sealants possess stress-absorbing characteristics that withstand the thermal stresses induced when
these seals are cooled (after formation at 1100°C) or cycled between room temperature and the
425°C operating temperature of cells. Efforts are now underway to develop new chalcogenide
compositions that fuse and form seals at temperatures below 1000°C. One such composition,
which fuses at ~950°C, appears to possess a bond strength comparable to our standard
composition. Specimens of metal/ceramic/metal composites made with this lower firing
temperature sealant were fabricated with a diameter of 2.5 cm. They are being evaluated for
fracture strength in a four-point loading test.
The separator in the lithium/iron sulfide cell provides (1) a porous medium whose
pores are filled with electrolyte for ionic conductivity and (2) effective electronic insulation
between the electrodes. The standard separator material has been MgO powder. However, the
long-term durability of pressed-powder MgO separators is a concern, especially when they are
1

T. D. Kaun, W. P. Johll, F. C. Mrazek, K. J. Palkon, and M. A. Perrine, "Prototype Bipolar Lithium/Sulfide
Battery Development," Extended Abstracts of 182nd Meeting of the Electrochem. Soc., Toronto, Canada,
October 11-16, 1992, Vol. 92-2, p 124 (1992).
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thin. Thus, we are evaluating a composite rigid separator consisting of MgO and chalcogenide
pressed powders sandwiched between perforated metal sheets. This sandwich was fired to form
a rigid porous (-65% open porosity) composite that was filled with electrolyte in a post-firing
vacuum infiltration step. A 3-cm-dia Li/FeS2 cell, incorporating this type of separator, was built
and tested for 50 cycles and 550 hours. A post-test metallographic examination of the cell
indicated that this separator system was effective in preventing migration of electrode active
materials into the separator, was wetted well by the electrolyte, and exhibited good chemical and
mechanical stability.
In other separator work, three bipolar Li/FeS2 cells (13-cm dia) were tested to
evaluate variations in thickness of the standard pressed-powder MgO separator. One cell
incorporated perforated-sheet particle retainers and a pressed MgO/electrolyte separator that was
1.8-mm thick. Test results indicated the need for improved (less restrictive) particle retainers and
the possible need for higher purity (lower SiO2 content) FeS2. The negative electrode capacity
appeared to be lowered by loss of lithium to the SiO2. A second cell, built with the same
thickness separator but without particle retainers, demonstrated improved utilization, higher
capacity, and lower impedance. A third cell, built with a thinner (1.2-mm thick) separator and
with particle retainers, performed similarly to the second cell. We are continuing to evaluate
separator thickness and alternatives to the MgO separator.
Some of our earlier peripheral seals exhibited low resistances (0.5 to 1.0 x 103 £2).
Seal processing steps were refined to produce seals with acceptably high (20 x 106 Q) resistances.
To date, more than two dozen 13-cm ID seals with high resistances, of the ring/ring design, have
been fabricated and tested. During 1992, two bipolar Li/FeS2 stacks of four cells each were
assembled using molybdenum-ring/molybdenum-cup/molybdenum-ring seals. Our plan is to
replace this type of seal with a steel-ring/molybdenum-cup/steel-ring seal, which will allow final
stack assembly and integration to be accomplished with a steel-to-steel weld, rather than the
difficult Mo-to-Mo weld used in the past. Seals of this type have been successfully fabricated,
but not yet assembled into stacks.
The first stack with molybdenum-ring/molybdenum-cup/niolybdenum-cup seals
employed cells with high-SiO2-content FeS2, nonoptimal particle retainers, and undersized
MgO/electrolyte pellets. (At the lime of stack fabrication, insufficient resources were available
at ANL to produce a properly sized sepaiator.) Stack integration and final assembly were
accomplished using tungsten inert gas (TIG) welding of the exposed edges of the molybdenum
rings. Electrolyte leakage from these edge welds was observed during subsequent testing,
indicating the need for further improvements in the final assembly process. This stack operated
for 200 cycles and 1000 h at 415°C before test termination. All four cells remained operational
throughout the test, but one cell had a high self-discharge rate, which limited the capacity of the
stack. Use of the undersized separator is the most likely source of variable performance among
the cells.
Compared with the first stack, the second stack employed properly sized separator
pellets and a FeS2 electrode with lower SiO2 content, but the same non-optimal particle retainers.
The final assembly process employed a pos'-weld braze with Hastalloy B, which was used to fill
the gaps in the TIG weld and provide a molybdenum-ring/molybdenum-ring joint that was leak
free. This stack has operated for 350 cycles and 2250 h at 415°C, during which it has been also

19
subjected to seven thermal cycles. The performance of this stack was found to be limited by
variations in the self-discharge rates of its individual cells. Component designs have been refined
to improve component fit and assembly, which should help reduce cell-to-cell variations in future
test stacks. New tooling has been designed and ordered for producing these refined components.
A materials data base is being assembled for the Li/FeS2 R&D project. This data
base will include relevant chemical and physical properties for electrodes, separators, electrolytes,
sealants, and coatings for hardware materials. In addition, the data base is designed to track the
construction details for each cell and provide test and post-test summaries for hardware. One
purpose for the data base is to facilitate transfer of this technology to industrial developers. Also,
our in-house R&D will benefit from documentation of our present knowledge base and
information needs. Collection of known information is in progress. For those areas where
experimental data are needed, we are prioritizing the ordsr in which the information will be
generated. One of the high-priority needs is obtaining physical properties data on the
chalcogenide ceramic sealant materials.
2.

Sodium/Metal Chloride System

The purpose of this research is to generate the scientific and technical base needed
for development of sodium/metal chloride (Na/MCl2) batteries for electric-vehicle (EV)
propulsion. Technically, nickel offers the most viable cell couple of the metal choices. The cell
system can be represented as

- Na/P"-alumina/NaAlCl4/NiCI2/Ni +

(1)

2Na + NiCl2 = 2NaCl + Ni

(2)

and the cell reaction is

The cell uses a P"-alumina solid electrolyte that conducts sodium ions, A liquid electrolyte,
NaAlCl4, is added to the porous Ni/NiCl2 positive electrode to transport sodium ions from the
surface of the β^alumina electrolyte to the reaction sites in the electrode interior. The NaAlCl4
and sodium are molten at the operational temperature of the cell (typically, ~300°C), but the
other constituents of the cell are solid.
These cells and batteries are under intensive development in England and
Germany, because of their attractive high voltage (2.58 V at 300°C) and high theoretical specific
energy (790 Wh/kg). The specific power and energy of the present European batteries, however,
are only moderate due to the performance-limiting Ni/NiCI2 positive electrode.
To overcome the problem of the present battery designs, we sought to improve the
performance of the Ni/NiCl2 electrode by a systematic research effort that resulted in major
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breakthroughs in the performance of the Na/NiCl2 cells. As reported in last year's report and
other publications,24 use of chemical additives and improved electrode morphology has led to
a new type of Ni/NiCl2 electrode. This electrode (designated the "ANL-92 electrode") shows a
fivefold increase of usable capacity and one-third the impedance compared with a baseline
Ni/NiCl2 electrode. The baseline electrode represents our electrode fabricated without additives
using an earlier sintering process characteristic for mid-1990. Furthermore, utilization of nickel
in the ANL-92 electrode has been improved from 16% to about 45%. In the present reporting
period, we have further improved our Ni/NiCl2 electrode by extending its operational temperature
and current density range, as well as its cycle life.
We fabricated Na/NiCl2 research cells (see last year's report for design2) with the
ANL-92 electrode and capacities of 1-2 Ah and tested them at temperatures of ~153-360°C.
Figure 1-2 shows the available discharged energy (mWh/cm2) of Na/NiCl2 cells built with the
ANL-92 electrode and the baseline Ni/NiCl2 electrode as a function of temperature. The ANL-92
electrode provides higher discharge energy than the baseline electrode over the entire 153-360°C
range. The Na/NiCS2 cells fabricated with the ANL-92 electrode can even be operated with good
performance at 153°C, which is only 5°C higher than the melting point of the NaAlCl4 electrolyte.
The early cell designs worked with acceptable performance only above 300°C. Thus, among the
advanced cell systems under intensive development, the Na/NiCl2 cell with ANL-92 electrode
offers the lowest operating temperature and widest temperature range, which should facilitate
thermal management of this cell system in a battery.
The excellent kinetics of the ANL-92 electrode permits fast recharge of the cell
at high current density. Figure 1-3 shows that the charge times can be reduced to 2.5 h with
relatively little penalty in the discharged energy. The need for long charge times (10-15 h) was
characteristic of our baseline electrodes.
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To better understand the lifetime-limiting factors of the Na/NiCl2 cell, we have
investigated the solubility of NiCl2 in molten chloroaluminate as a function of temperature in the
presence and absence of chemical additives. Previous studies2 indicated that a high concentration
of the Ni2+ ions in the chloroaluminate melt could exchange with the Na+ ions of the P "-alumina,
resulting in lowered conductivity and stability of the P"-alumina component of the Na/NiCl2 cell.
Thus, the exchange would jeopardize the P"-alumina integrity and reduce the cell lifetime. We
discovered three factors that reduce the Ni2+ concentration in the chloroaluminate melt: the low
operational temperature of the cell, basicity of the melt, and use of chemical additives.5
The solubility of NiCl2 increases about two orders of magnitude in NaCl-saturaied
molten Na[AlCl4], from 15 to 1500 ppm as nickel, when the temperature is increased from 200
to 400°C. The major part of this increase occurs above 340°C. We hypothesize, however, that
the nickel ions establish a complex equilibrium in interaction with the acid/base equilibrium of
the chloroaluminate melt. In NaCl-saturated basic melts, nickel is present mainly as a complex
ion, according to the equilibrium reaction:

NiCl2," + 4A1C13 = 2A12C17 + Ni2+ + 2C1

(3)

This equilibrium reaction, if the basicity of the melt is maintained, stabilizes nickel
in the NiCl2' form, reduces the concentration of the Ni2+, and thus, hinders the deleterious ion
exchange reaction. Furthermore, the chemical additives of the ANL-92 electrode also lower the
solubility of NiCl2. Our solubility measurements (Fig. 1-4) indicated that sulfur additive alone
significantly reduces the solubility of NiCl2 in NaCl-saturated NaAlCl4 melt; other additives
reduce the NiCl2 solubility even further, down to the few ppm level. By systematic application
of these principles to cell design, we can extend the cycle life of the Na/NiCl2 battery. Indeed,
our research cells routinely perform more than 500 cycles without significant performance
degradation, and operation is terminated owing to test facility limitations.

L. Rcdey, C. Rose, and R. Lowrey, "Solubility of NiCI 2 in Sodium-Chloroaluminate Melts," Extended Abstracts
of 182nd Electrochemical Soc. Meeting, Toronto, Canada, October 11-16, 1992, Vol. 92-2, p. 116 (1992).
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We have also evaluated the corrosion of nickel metal in chloroaluminate melts
containing the various chemical additives. The objective was to determine whether nickel can be
used not only as an active material but also as the current collector and cell-case material for the
Na/NiClj battery. In this work, we subjected nickel (Ni-200) to three types of corrosion testing
in molten chloroaluminates, with and without the additives of the ANL-92 electrode. These types
included static testing, electrochemical testing under cell cycling conditions, and stress-corrosion
testing. The tension applied in the latter testing produces extremely aggressive corrosion
conditions for metals and accelerates sfess-corrosion cracking in any intercrystalline- or
transcrystalline-prone metal/electrolyte combination. The results of these investigations fully
proved that Ni-200 can be used safely in Na/NiCl2 cells both as the current collector and cell
container.6
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Modeling calculations and performance projections based on measured data in
engineering research cells indicate that a tubular Na/NiCl2 electric-vehicle battery (50 kWh) with
the ANL-92 electrode could achieve a specific power of 235 W/kg and specific energy of
110 Wh/kg, thus exceeding the mid-term objectives of the United States Advanced Battery
Consortium (Sec. I.A.4) of 200 W/kg and 100 Wh/kg, respectively. An advanced bipolar design
of this battery would approach the long-term goals of the Battery Consortium (400 W/kg and
200 Wh/kg). Because of the excellent performance of the ANL-92 electrode, an effort has been
initiated to develop a full-size (tubular design) sodium/nickel chloride cell, which will contain
the standard sodium electrode from the Na/S cell. Sealed cells with 30-Ah capacity have been
designed and are being built in collaboration with Hughes Aircraft (Torrence, CA). These cells
will be tested in 1993. The goal of this effort, in addition to proving the concept of the ANL-92
electrode in full-size sealed cells, is to develop the technical know-how for fabricating the new
Na/NiCl2 cell and to establish its performance. In parallel, we will continue our research efforts
to further improve the nickel chloride electrodes and assess the performance of various electrode
designs.

J. Prakash, L. Redey, R. Skocypec, L. Lowrey, and D. R. Vissers, "Dual Role of Nickel in Sodium/Nickel
Chloride Batteries," Extended Abstracts of 182nd Electrochemical Soc. Meeting, Toronto, Canada, October 11-16,
1992, Vol. 92-2. p. 112(1992).
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3.

Lithium-Polymer Electrolyte System

We have initiated a research program on the lithium-polymer electrolyte battery
(LIPE). The LIPE batteries are all-solid-state electrochemical devices that operate at ambient
temperature and consist of ultra-thin (< 100 μm) layers laminated together. The negative electrode
layer is usually lithium (other possibilities include a lithium alloy or lithium carbon). The
electrolyte is generally a polyether, such as polyethylene oxide (PEO), with a lithium salt
dissolved in it. The positive electrode is a composite of electrolyte (for ionic conductivity),
carbon (for electronic conductivity), and active material, which is usually a metal oxide or metal
sulfide (e.g., VO,, MnO2, or TiS2).
The objective of our present efforts is to develop reference electrodes for
application in advanced LIPE cells. Reference electrodes are invaluable tools for battery R&D
because they provide a means for performance analysis of electrodes in working cells and
batteries. It is often difficult and sometimes impossible to determine the performance of the
individual positive and negative electrodes from cell voltage measurements. A reference electrode
is an extra electrode that is added to an electrochemical cell in order to sense the potential at
some point in the cell's electrolyte. Essentially no current is passed through the reference
electrode, which allows evaluation of individual-electrode effects. The results can then be used
to devise effective ways to improve the overall performance of the battery.
Several issues have to be considered in developing a reference electrode for LIPE
cells. First, the electrochemical reaction at the reference electrode should be reversible and have
relatively fast kinetics with at least one of the ions in the electrolyte. Further, the chemical
compatibility between the reference electrode and the LIPE cell, as well as the electrochemical
stability of the reference electrode, must be established to assure long-term life. The geometry
of the reference electrode is also a critical issue, considering the thinness of the electrolyte layer
and the requirement that the reference electrode not interfere with the cell operation.
Effort in the last year was focused on identifying probable reference-electrode
reactions and conducting preliminary electrochemical experiments for the reactions. A review of
the relevant literature revealed many likely candidates for the electrode reactions. To study these
reactions, we built a fabrication and test facility .'or LIPE cells. This involved setting up a
recirculating inert-atmosphere glovebox with the needed electronic instrumentation and computer
interface to conduct electrochemical experiments on LIPE cells. Also, separate from the inertatmosphere glovebox, a single-pass nitrogen-atmosphere glovebox was set up for fabricating the
electrolyte and positive electrode.
Since lithium is one of the active materials in LIPE batteries, it is a logical choice
as a possible reference electrode. However, lithium is known to react with impurities (e.g., H2O)
in the electrolyte, and these reactions may involve the polymer itself. Alternating-current
impedance studies on lithium/polymer/lithium laminate cells were used to determine an effective
exchange current density for the lithium electrochemical reaction (Li° <=> Li+ + e). The value of
the exchange current density determined for a LiCF^SOj-PEO electrolyte at 98°C was greater than
1 mA/cm2. The greater the exchange current density, the more reversible the reaction. A value
of 1 mA/cm2 should be more than adequate for a good reference electrode.
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In the LIPE test facility, four lithium electrodes were attached to a single piece
of electrolyte (LiCF,SO3-PEO) and brought up to 98°C. The voltage of three of the electrodes
was monitored against the fourth for several days. The voltages agreed within 0.5 mV and were
stable to within ±0.15 mV. Further testing indicated that the stability and reproducibility
improved with time. These early results indicate that lithium should make a good reference
electrode, although it may not be the best reference electrode for LIPE batteries because of its
reactivity.
Two lithium alloy (Li-Al and Li-Sn) reference electrodes were tested in a similar
fashion. A laminate of Li/LiCF3SO3-PEO/Al and one of Li/LiCF3SO3-PEO/Sn were fabricated
with an active area of 5 cm2 each and brought up to 98°C. The alloys were made electrochemically by reducing Li at Al and Sn electrodes at a relatively low rate. After formation of the
alloys, the open-circuit voltages of the cells were monitored over time.
During formation of the Li-Al alloy, the cell voltage reached a steady state
relatively quickly (few hours), but a steady open-circuit voltage was never attained, even after
three weeks. The Li-Sn alloy results were quite different. First, reaching steady state took much
longer (-14 h). However, once established, the voltage was stable (±0.17 mV) during more than
four weeks of examination. The stability of the Li-Sn alloy, its ability to be formed in situ, and
the fact that it is much less reactive than lithium make it a promising candidate for a reference
electrode.
Efforts are now being directed toward fabricating the reference electrode materials
into a form that will be useful for LIPE batteries. Considering the thinness of the electrolyte,
special thin-film preparation techniques will be required to make the configuration of the
reference electrode compatible with this feature.
4.

U.S. Advanced Battery Consortium

During 1991, a partnership among the three main U.S. automobile manufacturers
(General Motors Corp., Ford, and Chrysler Corp.), the Electric Power Research Institute, and the
Department of Energy was formed to accelerate the development of advanced battery systems
for electric-vehicle applications. This new partnership was designated the U.S. Advanced Battery
Consortium (US ABC). During 1992, CMT worked with the US ABC and industrial battery
developers to form battery R&D teams and define in detail the work to be performed at ANL and
the industrial developers. Additionally, CMT participated in the USABC Nickel/Metal Hydride
Battery Work Group and on a task force to develop standard testing methods for use in
conducting independent evaluations of contract deliverables from the industrial battery developers.
In a cooperative project with SAFT America, CMT will transfer its bipolar Li/FeS2
battery technology (Sec. I.A.I) to SAFT and work with this firm in developing this technology
to the battery module level by 1995. Detailed work plans for both the ANL and SAFT projects
were established and refined during 1992. The Li/FeS2 projects will be conducted in three phases.
In the first phase (7-9 months), CMT will transfer its baseline 13-cm-dia bipolar cell and stack
technology to SAFT and help develop first-generation stack and module designs. The firstgeneration design will be developed to the stack level during the second phase, and to the battery
module level during the third phase. In addition to supporting SAFT in the development of the
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first-generation hardware, CMT will conduct R&D on advanced components for use in the
second-generation battery.
In a cooperative project with 3M Company, CMT will provide R&D support in
the development of LIPE batteries. Our extensive battery R&D experience will be used to assist
in optimizing the design, fabrication, and performance of LIPE cells and batteries.
In May 1992, the US ABC awarded its first battery R&D contract to Ovonics
Battery Co. (OBC) for the development of nickel/metal hydride batteries. We used our experience
in the technical management, evaluation, and post-test analysis of alkaline-nickel battery
technologies to assist the USABC Nickel/Metal Hydride Battery Work Group in defining the
technical elements of this project. The Analysis and Diagnostics Laboratory in CMT (Sec. I.B)
had been evaluating OBC's nickel/metal hydride cells for DOE prior to the USABC s interest
in the technology. As a result, ADL was chosen by the USABC to evaluate OBC's deliverables
on this contract. The first deliverables were received in September, and testing commenced at that
time.
B.

Analysis and Diagnostics Laboratory

The Analysis and Diagnostics Laboratory (ADL) was established in CMT lo study
advanced battery systems for applications such as electric vehicles (EVs) 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, EPRI, and others to provide insight into those factors that limit the
performance and life of advanced battery systems. The results of these evaluations help identify
the most-promising R&D approaches for overcoming these limitations and provide battery users,
developers, and program managers with a measure of the progress being made in battery R&D
programs, a comparison of battery technologies, and basic data for modeling.
1.

Performance and Life Evaluations

As shown in Table 1-1, performance and life evaluations for the EV application
in 1992 were conducted on six battery systems (Na/S, Li/FeS, Ni/metal hydride, Ni/Zn, Ni/Cci,
Ni/Fe) from six manufacturers. Tests are also in progress on two systems (lead-acid and Ni/Cd)
for the hybrid (fuel cell and battery) vehicle application. Selected results for each system are
discussed below.
a.

Sodium/Sulfur System

An 8-V Na/S module from Chloride Silent Power Ltd. (CSPL) was under
test from June 1990 to March 1992. The module contained 120 cells (10-Ah each) configured
into 30 parallel-connected strings of four series-connected cells. This 300-Ah module was of the
same design and assembly as those (24 series-connected modules) in the battery system for the
ETX-II vehicle (a light-duty van based on the Ford Aerostar). Life testing with Simplified Federal
Urban Driving Schedule (SFUDS) discharges to a depth of discharge (DOD) of 100% was started
in October 199C, after completion of the performance characterization tests (-120 cycles
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accrued). Test results indicate that the specific energy of this module is similar to that of the
ASEA Brown Boveri (ABB) battery previously tested at ANL (see Table 1-1). However, the
CSPL module had a higher internal resistance and, therefore, could not achieve as high a peak
power. End-of-life (<80% of initial SFUDS discharge energy) occurred at cycle 795, but testing
was continued to acquire additional statistics for cell failure analyses. Testing was halted in
March 1992 (21 months and 973 cycles at operating temperature) when the SFUDS discharge
energy decreased to <75% of its initial level. There was a significant drop in module capacity
and -20% increase in module resistance between 450 and 550 cycles of operation, which
reflected the loss of four 4-cell strings (-40-Ah loss). Owing to the increase in module resistance
with life, the peak power declined from an initial 94 W/kg to only 68 W/kg at the end of testing
(50% DOD). After 973 cycles, the module retained -79% of its initial capacity (3-h rate) and
-73% of its initial SFUDS discharge energy (100% DOD). The module was returned to CSPL
(England) for post-test analyses.
b.

Lithium/Sulfide System

In July 1991, a Li/FeS cell (200-Ah rating) was delivered to ANL for
testing under an R&D development contract with SAFT of America, Inc. (Cockeysville, MD).
Based on earlier test results,7 the cell was operated at a temperature of 465°C. Performance
characterization tests were completed, and life tests started in December 1991 after 120 cycles.
After 158 cycles, testing was suspended, and the cell was cooled to ambient temperature for the
December holiday shutdown (two weeks) at ANL. In January 1992, the cell was heated to 465°C
and testing resumed. A capacity of 198 Ah (98% of initial value) was obtained on the first
discharge, but on the second discharge the capacity decreased to 174 Ah, and the cell voltage
declined to 0.8 V during an open circuit after discharge (OCAD) period of one hour (a voltage
of > 1.2 V was expected). A 120% charge return (overcharge) was applied on the subsequent
charge, but the cell voltage never increased to the constant-voltage (CV) charge level of 1.5 V.
The decline in voltage during the OCAD period and the inability to reach the CV charge level
with 120% charge return indicate a high internal self-discharge rate. A capacity of 174 Ah was
obtained on the last discharge (cycle i63). Testing was suspended at that time, and no further
analyses were performed on this cell.
c.

Nickel/Metal Hydride (Ni/MH) System

Performance and life tests were conducted on two Ni/MH cells (25-Ah
rating) manufactured by Ovonics Battery Co. (Troy, MI) to determine the suitability of this
technology for EV applications. The two cells were delivered to ANL in June 1991. Performance
characterization tests were completed, and life evaluation (SFUDS discharges to 80% DOD)
started in November 1991. The peak power of the H-cells is the highest measured at the ADL
to date (175 W/kg at 80% DOD and -200 W/kg at 50% DOD). A high peak power provides full
capacity and maximal vehicle range for all driving profile discharges. One H-cell was removed
from life test after 380 cycles due to a sudden decline in capacity (to <70% of its initial 25-Ah
capacity) caused by electrolyte loss. Water (13.6 g) was added to this valve-regulated cell, and

M. J. Steindler et al.. Chemical Technology Division Annual Technical Report. 1991, Argonne National Laboratory
Report ANL-92/15, p. 31 (1992).

Table 1-1. Performance Summary of EV Battery Systems Evaluated in the ADL between January and December 1992
Initial Module

Battery Description

Technology

Manufacturer

Model

Weight,
kg

Capacity,"
Ah

Specific
Energy,"
Wh/kg

Volumetric
Energy
Density,"
Wh/L

Efficiency11

Specific
Peak
Power, b
W/kg

Coulombic,
%

Energy,
%

Life, c
cycles

Van
Range,d
mi (km)

Sodium/
Sulfur

ABB
CSPL

B-l T
PB-MK3

253
29.2

238
292

81
79'

83
123'

152
90'

100
100

91
88

592
795

154(246)
150(240)

Lithium/
Monosulfide

SAFTof
America

Prismatic

2.94

203

66f

133'

64'

95

81

163 s

93 (149)

Nickel/
Zinc

Electrochemica

R&D
Cell

1.69

69

67

142

105

91

77

1148

108(173)

Nickel/Metal
Hydride

Ovonics

H-Cell

0.628

28.0

55

152

175

90

80

505 s

97 (155)

Nickel/
Cadmium

SAFT

STM5200

24.5

214

55

104

175

90

78

1018h

102(163)

Nickel/Iron

Eagle-Picher

NIF200

25

203

51

118

99

74

58

918gJ>

87 (139)

'Determined for 3-h rate discharges at constant current.
"Determined from driving profile discharge data at 80% depth of discharge (DOD).
'Determined with discharges to 100% DOD under the Simplified Federal Urban Driving Schedule (SFUDS), unless otherwise indicated.
d
Determined for the IDSEP (improved dual-shaft electric propulsion) Van with a 695 kg battery on an SFUDS driving schedule.
Tested in 1991; included for comparison.
'Based on manufacturer projections of future battery weight and case volume.
'Determined with 80% DOD discharges on SFUDS.
•"Determined with discharges under simulated driving profile, J227aC.

to
-J
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full capacity (26.5 Ah) was achieved on a subsequent discharge. Thereafter, the capacity declined
at a rate of -0.5 Ah/cycle. Testing was halted when the capacity declined to 13.8 Ah on cycle
399. Cell weight was reduced again (6.3 g). This suggests problems with the integrity of the
stainless steel case and/or the pressure release vent.
The second H-cell was removed from life test after 533 cycles due to
capacity and power loss. End of life (EOL) with SFUDS discharges to 80% DOD occurred on
cycle 505. The weight of this cell did not change significantly with life. The charge return was
increased from 120% to 150% after EOL, but no improvement in cell capacity resulted. The ceil
retained -78% of its initial 28-Ah capacity (3-h rate) when testing was halted. Both H-cells were
returned to Ovonics for further analyses.
d.

Nickel/Zinc System

A Ni/Zn cell (60-Ah rating) manufactured by Electrochemica Corp. was
tested from December 1991 to February 1992. Performance characterization indicated an initial
capacity of 52.3 Ah (3-h rate) with -112% charge return. The cell was operated over the
December holiday shutdown, during which its capacity increased slightly, and the charge return
decreased from -112 to 105% (for fixed 58.5-Ah return). In January 1992, when the charge
return was increased from 105 to 110% (manufacturer recommended value), cell capacity
increased from -57 to 70 Ah. Because of this large increase in capacity, the performance
characterization was repeated. The cell then exhibited a specific energy of 66.7 Wh/kg (3-h rate)
and a peak power of 185 W/kg (50% DOD). The highest constant-power discharge that could be
applied without excessive cell heating was 35 W/kg. Life testing with 80% DOD SFUDS
discharges was started in February 1992 (after 95 cycles had been accrued). The cell completed
only 20 additional cycles, when a thermal runaway condition began during the CV portion of the
constant current/constant voltage (CI/CV) charges. The cell reached EOL on cycle 114 and was
removed from test after 120 cycles. The cell was then returned to Electrochemica.
e.

Nickel/Cadmium System

Life tests were conducted on a 6-V Ni/Cd module (190-Ah rating)
manufactured by SAFT (Industrial Storage Battery Division), France, from April 1990 to August
1992. The module was received from Idaho National Engineering Laboratory, where it had
completed 35 performance characterization cycles. Life testing was started at the ADL in June
1990 after 78 cycles of performance testing. Life evaluation was conducted with discharges to
100% DOD using the J227aC driving profile for a Chrysler TEVan. The module had completed
1018 cycles and still retained -99% of its initial capacity (3-h rate) when it was voluntarily
removed from test. At that time, the TEVan discharge energy had only declined to -96% of its
initial value. Variations in module resistance, IR-free voltage, and peak power vs. DOD during
the life evaluation were examined. Analyses showed that module resistance had increased by
-23%, and IR-free voltage had remained constant to within 1.0%. As a result of the increased
module resistance, the peak power was decreased from 190 to 154 W/kg at 50% DOD (-19%
decrease) between cycles 46 and 1016. This module was sent to EPRI for other EV evaluations.
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f.

Advanced Nickel/Iron System

Life tests were conducted on four advanced Ni/Fe modules (NIF200) from
Eagle-Picher Industries, Inc. The NIF200 design provides a capacity of 200 Ah in the same
module package as the 170-Ah module developed for the dual-shaft electric propulsion (DSEP)
vehicle developed by Eaton Corp. The longest operating module completed 918 cycles with
discharges to 80% DOD (J227aC driving profile for G-Van) before reaching EOL in April 1992.
Another module was cycled using an ANL-recommended charge regime from November 1991
to October 1992. The module completed 394 cycles (to 100% DOD using J227aC for a Chrysler
TEVan) before reaching EOL. Module life was less than expected based on that exhibited by
early NIF200 modules. The two remaining NIF200 modules were voluntarily removed from
testing to prepare for future deliverables.
g.

Hybrid Battery System

Lead-acid batteries (Johnson Controls, Inc.) and nickel/cadmium batteries
(SAFT, France) are being tested for the Fuel Cell Bus Project (Sec. I.C.4). Battery evaluation
includes performance and life testing under a simulation of a hybrid bus (battery/fuel cell)
application (results not included in Table 1-1). Life testing is performed at a battery partial DOD
level with a load that simulates operation in a hybrid bus on an urban route. One 8-D lead-acid
battery (160-Ah capacity at 6-h rate) failed after completing 934 life cycles, which is equivalent
to -8,000 mi (-12,900 km) of simulated bus operation. This battery was returned to the
manufacturer for failure analysis. A second 8-D lead-acid battery accumulated 1,041 cycles
before failure (-9,000 mi or 14,500 km of simulated bus operation). After failure, a post-test
analysis was conducted. The results indicate that failure was due to the degradation and complete
breakdown of the active material. Grid corrosion was not a factor.
A Ni/Cd battery fabricated by SAFT (model STM5-200) is also under life
test with simulated bus route cycles. This battery (200-Ah capacity at 3-h rate) has now
accumulated over 3,000 cycles, which is equivalent to over 25,000 mi (40,200 km) and nearly
one year of simulated bus operation. The battery continues to perform well and has shown little
or no sign of capacity loss to date.
2.

Post-Test Analysis

Cell S2-3, a prismatic Li/FeS2 cell built and operated by SAFT, America, was
subjected to post-test analysis at the ADL. The EOL criterion for this cell was met on cycle 422,
and it was removed from testing after 434 cycles. The initial capacity was -35 Ah, and the initial
coulombic efficiency was 91%. These values declined to 28 Ah and 61% over the life of the cell.
Resistance measurements were made as Cell S2-3 was sectioned. The low cold resistance of 9 il
proved to be the cumulative effect of extended low resistance paths throughout the cell. The
feedthrough retained a very high resistance, and no hardware misalignment had led to a localized
short circuit.
Microscopic examination revealed that positive electrode expansion was the
primary cause of declining coulombic efficiency. Initial expansion spread apart the molybdenum
particle retainers for the positive electrodes. The positive active material then moved through the
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gap between the retainers and formed a weakly conductive path to the side wall of the cell.
Positive active material also extruded through the photoetched holes in the retainer faces. The
extrusion of this material generally reduced the effective separator thickness by 25 to 35%. In
some locations, the extruded material penetrated midway into the MgO powder separator because
of the existence of pre-cracked areas or low-density regions in the separator. Low resistance paths
then developed in the separator, when the active material penetrations coincided with a band of
iron deposition. The iron deposition in itself was not severe. Both the deep penetration of
extruded active material and deposition of iron near the negative electrode were necessary to
develop the low-resistance paths through the separator that contributed to the decline in
coulombic efficiency at EOL.
Other findings for Cell S2-3 were positive. The molybdenum components showed
essentially no corrosion. Galvanic reaction of the negative-electrode hardware was minimal. The
occasional areas of Al-rich intermetallic layers did not exceed 10 μm for either the nickel current
collector or the stainless steel retainer. The negative electrode retained an open, high-surface-area
structure. Operation of the cell at 425°C (instead of >450° used for earlier cells) was an
important factor in reduced corrosion and the maintenance of the desired negative electrode
structure.
3.

Future Work

In 1993, detailed performance and life evaluations, as well as post-test analyses,
will be continued on cells, modules, and batteries for the USABC, EPRI, and other research
centers. Systems to be tested include Ni/MH, Na/S, Na/Cl, and lead-acid.
C.

Fuel Cell Research and Development

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 (SOFC) and the molten
carbonate fuel cell (MCFC), which are targeted for utility applications, and are becoming
increasingly involved with R&D on the polymer electrolyte fuel cell (PEFC) and the phosphoric
acid fuel cell (PAFC) for transportation applications.
All fuel cells convert the chemical energy of fuels such as hydrogen, methane, methanol,
or ethanol to electricity with little or no pollution and with greater efficiency than heat engines.
In the low-temperature fuel cells (PEFC and PAFC), only hydrogen can be used directly, and
hydrocarbons need to be reformed in separate reforming reactors. In the high-temperature fuel
cells (SOFC and MCFC), the reforming can be internal to the fuel cell. In general, hydrogen is
converted to hydrogen ions at the anode, giving up electrons to the external circuit. At the
cathode, oxygen from the air accepts electrons from the external circuit to form oxide or
hydroxide ions. In the PEFC and PAFC, the hydroxide ions combine with hydrogen ions
migrating through the electrolyte to form water on the cathode. In the SOFC and MCFC, oxide
ions migrate to the anode to form water. Since this water can be used to reform hydrocarbon
fuels, the SOFC and MCFC systems are simpler than the PAFC and PEFC systems, but the
materials problems are more challenging because of the higher temperature operation.
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1.

Solid Oxide Fuel Cell

The present design for the solid oxide fuel cell has an oxide-ion-conducting
electrolyte material, yttria-stabilized zirconia (YSZ); a cathode of strontium-doped lanthanum
manganite; an anode of nickel-YSZ; and a cell interconnect material of strontium-doped
lanthanum chromite. The cell operating temperature is ~1000°C.
The objectives of our R&D on the solid oxide fuel cell are to develop (1) new
materials that permit the operation of a ceramic fuel cell at temperatures of 600-800°C instead
of the 1000°C now used and (2) electronically insulating sealants for use in state-of-the-art fuel
cells.
a.

Advanced Materials

Lowering the operating temperature of the solid oxide fuel cell to 600800°C has several advantages, such as increasing the cell efficiency (i.e., increased cell voltage
at lower temperatures) and decreasing thermal stresses and interdiffusion of cell components. The
present objective is to develop new candidate electrolyte materials. Once suitable electrolytes
have been identified, compatible electrodes will be developed. The new electrolyte material must
be chemically stable to both fuel (hydrogen or methane) and oxygen and have conductivities
close to the target value of 0.05 Q 'cm'1 in the 600-800°C temperature range. Our approach is
to identify and test materials which exhibit oxygen substoichiometry or have some crystallographic features which might facilitate ionic transport. This search includes materials which contain
both strong and weak metal-oxygen bonds.
Oxide-ion-conducting materials exhibit a direct correlation between metaloxygen bond strength and conductivity. That is, those materials with lower bond strengths tend
to be more conductive. For example, the free energies of formation for the fluorites, yttria-doped
ZrO2 and yttria-doped Bi2O,, are -920 and -240 kJ/mol-O2, respectively. (These free energies were
calculated from data given in Reed.8) Correspondingly, their conductivities are 1.8 x 10'2 and
1.6 x 10' fi'cm"1.910 Doped Bi2O-, is more conductive, but because of its lower bond strength,
it is unstable in hydrogen. We selected Bi:Al409 for investigation because it represents a
compromise between the high conductivity of doped Bi2O3 and the high thermodynamic stability
of A12O?. Earlier results indicated that Bi2Al409 has an intrinsic conductivity of about 58 x 10'3 Q 'cm' and an ionic transference number (i.e., fraction of total conductivity due to ionic
transport) of 0.65 at 800°C." This conductivity, although below our goal, is on the order of
that of yttria-stabilized ZrO2, the present electrolyte material.

T. R. Reed, Free Energy of Formation of Binary Compounds: An Atlas of Charts for High-Temperature Chemical
Calculations, MIT Press, Cambridge, MA (1971).
9
D. W. Strickler and W. G. Carlson, J. Am. Ceram. Soc. 48, 286 (1965).
10
T. Takahashi. H. Iwahara. and T. Arao, J. Appl. Electrochem. 5, 187 (1975).
" M. J. Steindler et ai.. Chemical Technology Division Annual Technical Report, 199/, Argonne National
Laboratory Report ANL-92/15, p. 40 (1992).
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During this report period, we determined the ionic transference numbers
of Bi2Al4O9 in oxygen-gradient cells at 8Q0°C using platinum-paste electrodes. The upper partial
pressure was kept at 1 atm (0.1 MPa), and the lower partial pressure was successively decreased
from 0.2 atm (0.02 MPa) to about 1017 atm (1012 Pa). We found that the ionic transference
number (Fig. 1-5) at first decreases and then increases with decreasing oxygen partial pressure.
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Fig. 1-5.

Ionic Transference Number of Bi2Al409
versus Oxygen Partial Pressure in
Pt/Bi2Al409/Pt Cell at 800°C

The conductivity and interfacial impedance of the Pt/Bi2Al4O9/Pt cell were
measured under equilibrium conditions at 800°C to better understand the observed behavior for
the ionic transference numbers. The data given in Fig. 1-6 indicate that the conductivity of
Bi2Al409 does not significantly depend on oxygen partial pressure. Within the error of the
experiment, the conductivity values did not change. Thus, the electrolytic domain of Bi2Al,O9
extends from 1 atm (0.1 MPa) to about 1015 atm (1010 Pa), and the material seems to be stable
toward very low oxygen partial pressures. Examining the trend in the interfacial impedances
(Fig. 1-6) revealed a likely explanation for the ionic transference numbers: the increase in
interfacial impedance to a maximum of 10"10 atm (10'5 Pa) as the oxygen partial pressure is
decreased implies a charge transfer problem between the electrodes and Bi2Al4O9. Better electrode
materials are clearly needed.
In future work, we plan to increase the conductivity of Bi2Al4O9 by doping
and to search fcr better electrolyte materials for 650°C operation. In addition, we plan to develop
compatible electrodes for the novel electrolytes.
b.

Sealants

The key to developing sealants for the solid oxide fuel cell is the matching
of the chemical and thermal properties of the materials involved. Sealing materials must form
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gas-tight seals along the edges of each electrode and between the gas manifold and cell stack,
be thermodynamically stable toward the cell gases, and be electronically insulating. The sealant
must be compatible with the thermal expansion behavior of the cell ceramics. At the cell edge,
the sealant must tolerate the thermal expansion behavior of, at most, two different cell ceramics.
A rigid sealant is suited to this application. The thermal expansion tolerance criterion at the
stack-to-manifold junction is more severe. In addition to the longer sealing distance, the sealant
must tolerate the thermal expansion behavior of four ceramics plus the manifold and, thus, must
have a degree of compliance.
During the past year, we synthesized about 15 novel sealants, which range
in flexibility from rigid to compliant. Each sealant was bonded to substrates typical of the solid
oxide fuel cell: La(Sr)MnO3 cathode, yttria-stabilized ZrO2 electrolyte, and NiO/YSZ anode
precursor. All sealants were applied as glycerol pastes to the substrates and heated to 1000135O°C. Each sample was then examined by an optical and scanning electron microscope to
gauge the extent of bonding and chemical interaction.
From our evaluation, two candidate sealants were shown to be superior in
terms of chemical compatibility and sealing ability to the fuel cell ceramics: a cementitious
material that sets at room temperature, and a glass-ceramic composite that seals at 1000°C.
The rigid, cementitious material forms denser bonds to the cathode than to
the anode or electrolyte. This is due to either the porous nature of the cathode or the inorganic
chemistry involved. We still need to improve the bond-forming ability to the anode and
electrolyte and test the chemical stability in humidified hydrogen.
Because of its glassy component, the glass-ceramic composite is expected
to have some compliance at high temperature. The glass-ceramic composite forms hard,
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mechanically durable bonds to all three fuel cell ceramics and is chemically compatible with
them. Preliminary experiments involving exposure to humidified hydrogen for 24 h at 1000°C
showed that the composite retained its mechanical integrity after the exposure. The measured
weight loss was less than 0.1%. This experiment will be repeated for longer times than 24 h to
verify the results. We also plan to gauge the sealant,s tolerance of thermal expansion mismatch
by sealing, for example, a cathode to alumina (which has a thermal expansion coefficient
mismatch of about 20%).
2.

Molten Carbonate Fuel Cell

The present molten carbonate fuel cell comprises a porous (chromium-stabilized)
nickel anode, a porous nickel oxide cathode, a liquid electrolyte of lithium and potassium
carbonates retained by a ceramic matrix of LiA102, and appropriate metal separators. The cell
operates at an average temperature of about 650°C. The objectives of our work on this fuel cell
are to develop new, electronically conductive ceramic oxides that are chemically stable in the fuel
cell environments as electrodes and to improve state-of-the-art components.
a.

Cell Testing of LiFeO2 and Li2MnO3 Cathodes

Commercial molten carbonate fuel cells are expected to operate under
pressurized conditions. However, a major lifetime-limiting problem associated with pressurization
is the accelerated dissolution rate of the nickel oxide cathode and the subsequent deposition oi
metallic nickel in the electrolyte under a reducing environment.12 Alternatives to the currently
used NiO cathode are, therefore, under investigation. The recent emphasis has been on
determining the effect of various dopants on the performance of two candidates for the cathode
material: LiFeO2 and Li2MnO3.
Our previous tests with small half cells (cathode and electrolyte) showed
that significant gains in performance could be realized with Co-doped LiFeO2 cathodes by
increasing temperature and O2 partial pressure and by decreasing CO2 partial pressure.13 When
the cell operating conditions were altered to include a modified oxidant (20% O2-5% CO2-balance
N2 instead of 14% O2-28% CCybalance N2) and an increase in temperature of 25°C (to 675°C),
the performance at a current density of 160 mA/cm2 was close to (within 20 mV) that of NiO
under our standard test conditions. It was not known whether or not the observed effect could
be enhanced with the use of other dopants.
To determine the impact of various dopants (Cu, Mn, or Ni) on the
performance of LiFeO2 cathodes, half cells were operated with these cathodes at 1 atm (0.1 MPa),
and the influence of O2 and CO2 partial pressure on performance was measured at 650-700°C.

W. M. Vogel, L. J. Bregoli, H. R. Kunz, and S. W. Smith, "Stability of NiO Cathodes in Molten Carbonate Fuel
Cells." Proc. of 166th Electrochem. Soc. Meeting, New Orleans, LA, October 7-12, 1984, Vol. 84-2, pp. 443-451
(1984).
M. J. Steindler et al., Chemical Technology Division Annual Technical Report, 1991, Argonne National
Laboratory Report ANL-92/15, p. 42 (1992).
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The effect of increasing O2 partial pressure at 650°C is shown by the
polarization curves in Fig. 1-7 for the doped LiFeO : cathodes. These curves show that increasing
the O2 partial pressure at a given current density decreases cathode overpotentials (i.e., increases
performance). At 160 mA/cm\ a decrease in overpotential of about 30-100 mV is obtained by
increasing the O2 partial pressure from 0.15 atm (15 kPa) to 0.45 atm (45 kPa), with the greatest
change occurring for Ni-doped LiFeO2. We previously repoiied13 that, with a Co-doped LiFeO2
cathode, the reduction in overpotential is about 200 mV for a comparable change in oxygen
partial pressure. Additional benefits in performance are realized by increasing the CO2 partial
pressure at 650°C. The overall gains, at 160 mA/cm2, with Mn- and Ni-doped LiFeO2 are
between 50 and 75 mV when the CO2 partial pressure is increased from 0.05 atm (0.5 kPa) to
0.6 atm (60 kPa). With Cu-doped LiFeO2 the change in performance is significantly greater,
about 15U mV for the same current density and increase in CO2 partial pressure. At 700°C,
however, the trend reverses, and the performance of all the cathodes decreases for the same
increases in CO2 partial pressure. Taken together, the test results show that while improvements
in performance are possible with Cu-, Mn-, and Ni-doped LiFeO2 cathodes, the Co-doped LiFeO2
cathode shows the most promise.
The reasons for the differences in response to the O2 and CO2 partial
pressures with the different dopants are not altogether clear. To better understand the behavior
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with respect to oxygen, we performed Seebeck coefficient measurements as a function of
temperature. Of the four doped materials, only Co-doped LiFeO2 showed little change in the
Seebeck coefficient with increasing temperature. For example, in the range of 625 to 675°C, the
Seebeck coefficient changed from +425 to +400 μV/oC, respectively. The positive coefficient
indicates a p-type conductor in which holes are the primary charge carriers. This type of
conductor generally shows an enhancement of the charge carrier concentration with increasing
oxygen partial pressure. This would account for its improvement in cell performance. In the same
temperature range, the Seebeck coefficient changed from +150 to 0 μV/oC for the Cu-doped
material and +200 to +50 pV/°C for the Ni-doped material. This decrease in the coefficient shows
the increasing influence of electrons as charge carriers. The Seebeck coefficient for the Mn-doped
material was negative (-125 to -100 μV/oC), indicating an n-type conductor, in the temperature
region of 625-675°C. Materials in which electrons are the primary or favored charge carriers are
n-type conductors and show little improvement or even decreases in performance with increasing
O2 partial pressure.
Tests were also conduced on Li 2 Mn0 3 cathodes (magnesium doped) in half
cells, with the same O2 and CO2 partial pressures and temperatures used in the study of the
LiFeO2 cathodes. The performance of these cathodes at 650°C with respect to O2 partial pressure
was similar to that of the Mn-doped LiFeO2 cathodes. Thus, this material shows the same
limitations as the doped LiFeO2 discussed above.
Our study of cathode performance as a function of O2 partial pressure
simulates the O2 conditions expected during pressurized operation. The data obtained to date
show that the candidate alternative cathode must be a p-type conductor, with little or no evidence
of a significant electron component. Therefore, ways to enhance the p-type character of doped
LiFeO2 are under scrutiny.
b.

Cell Testing of LiFeO2 and CeO2 Anodes

The nickel anodes used in current molten carbonate fuel cells have a low
tolerance for sulfur. The use of a conductive ceramic oxide could overcome this difficulty. We
are currently assessing the electrochemical behavior of two candidate materials (LiFeO2 and
CeO2) that are stable in fuel gas. Various doped and undoped LiFeO2 anodes and two Nb-doped
CeO2 anodes were tested in full cells, at 650°C, against an in situ oxidized NiO cathode. The
open-circuit potentials of the test cells were close to those obtained with a Ni/Cr anode, but none
of these anodes performed as well as the state-of-the-art (SOA) Ni/Cr anode, and none would
2
support current densities greater than about 80 mA/cm .
Figure 1-8 shows the polarization curves for the various alternative anodes,
as well as the SOA Ni/Cr anode, in full cells. The data for the alternative anodes show that the
2
polarization curves do not extend beyond about 80 mA/cm . At higher current densities, the cell
voltages did not stabilize but continued to slowly decrease until a cut-off voltage of 0.6 V was
reached. Most of the cells would recover if left on open circuit for several hours.
Post-test analysis of these cells showed that the anodes suffered from at
least some chemical instability. For LiFeO2 anodes with dopants that are reducible to metal under
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Cell Voltage versus Current Density for Various
Anode Materials in Full-Cell Tests at 650°C

anode conditions, an iron/dopant alloy formed. For example, the Co-doped LiFeO2 formed a CoFe alloy, and the Ni-doped LiFeO2 formed a Ni-Fe alloy. For cells with undoped and Mn-doped
LiFeO2 anodes, small quantities of LiFeO2 were found near the cathode. We have not ascertained
whether this amount would limit the useful life of LiFeO2 as an anode if its performance could
be improved. With Nb-doped CeO2, CeO2 was found in the electrolyte matrix as well as in the
cathode. This shows that under electrochemical conditions CeO2 is more stable in the cathode
than in the anode.
While CeO2 is clearly not a viable material for the anode in the molten
carbonate fuel cell, useful insights were gained in the course of these studies. We observed that
early in cell life the performance appeared to be better than after the electrode had equilibrated
with anode conditions. To simplify processing, these electrodes were sintered in air and then
converted in the cell to anode conditions. It is likely that the sintering environment influences
the early behavior. To test this, the influence of re-conditioning the electrode with oxidant was
assessed. As seen in Fig. 1-8, the polarization curve for the CeO2 anode does not extend beyond
about 60 mA/cm2. After conditioning with oxidant, the polarization curve extended to
120 mA/cm2 and maintained a stable voltage for about 20 h. After that, the cell voltage decreased
slowly and the maximum stable current density also decreased. Further conditioning with oxidant
had the expected results of increased stable current density. These data suggest that charge carrier
concentration must be controlled for better performance. Under equilibrium reducing conditions,
the number of electron donors will be at a maximum. When the anode is conditioned with
oxidant, the number of donors is decreased, and a corresponding number of acceptors are
produced. Future work will focus on ways to determine and control the optimum donor/acceptor
ratio.
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c.

Nickel Oxide Studies

Nickel oxide remains the cathode of choice for fuel cell stacks operating
at about 1 atm (0.1 MPa). However, because the cell performance is limited largely by the
overpotential of the NiO cathode, ways to improve its performance are under study.
Cathodes were produced from pre-lithiated, reagent-grade NiO fibers and
were tested in half cells. The results showed improvements in performance compared to SOA
NiO electrodes. Electrodes of various chickness, ranging from about 0.02 to 0.04 cm, showed
performance gains of 25 to 50 mV at a current density of 160 mA/cm2. Less than half of the
performance gains could be attributed to reduction of the iR drop. It is likely that physical
features of the electrode structure, such as agglomerate size and pore distribution, influence the
electrochemical behavior. These features will be studied in more detail in the future.
Additional iR losses result from the molten electrolyte matrix of 70%
Li2CO,-30% K2CO,. A thin structure is desired, but the standard thickness is chosen, in part, to
impede cell short circuiting due to the problem of NiO dissolution/precipitation, described earlier.
Reducing the NiO solubility and, therefore, the time to short circuit would mean that a thinner
electrolyte structure could be used.
Fundamental molten salt theories used to predict NiO solubilities in binary
alkali metal carbonate melts14"16 were expanded to include ternary systems. Calculations with
these theories indicated that the addition of an alkaline earth carbonate to binary alkali metal
carbonate melts would result in a NiO solubility that was lower than that in the corresponding
binary alone. Initial NiO solubility measurements were made at 650°C with the addition of
CaCO, to Li2COrK2CO, and Li2CO?-Na2COj melts. The results of these measurements are given
in Table 1-2. The data show that, as predicted, additions of CaCO? to the Li/K- and Li/Na-based
melts decrease the solubility of NiO significantly.
Because other components are affected by the properties of the electrolyte,
future studies with the ternary electrolytes will include determining their effect on electrode
performance, as well as corrosion, wetting characteristics, and relative ionic migration rates.
3.

Polymer Electrolyte Fuel Cell
a.

In-house R&D

Proton exchange membrane fuel cells (PEMFCs) consist of a carbonsupported platinum anode for oxidation of the hydrogen fuel, an identical cathode for reduction
of oxygen, and a polymer electrolyte membrane that transports hydrogen ions from the anode to

14
15
16

M.-L. Saboungi and M. Blander. J. Chem. Phys. 63, 212 (1975).
M. Blander, M.-L. Saboungi, and P. Cerisier, Metall. Trans. 10B, 613-622 (1979).
M. Blander and A. D. Pelton, "Calculation of the Solubilities of Oxides in Molten Carbonates," Extended
Abstracts. 177th Electrochem. Soc. Meeting, Montreal. Canada, May 6-11, 1990, Vol. 90-1, pp. 1182-1183 (1990).
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Table 1-2.

Nickel Oxide Solubilities in Electrolyte Melts
at 650°C in Dry CO2

Melt

NiO
Solubility,
wt ppm

70% Li2CO3/30% K2CO3a

9.40

58% Li2CO3/17.3% K2CO,/24.7% CaCO,

3.90

49.8% Li2CO3/21.5% K2CO3/28.7% CaCO 3

3.25

54% Li2CO3/25% K 2 CO/21% CaCO 3

3.00

55% Li 2 CO,/15% Na 2 CO/30% CaCO 3

1.00

a

Electrolyte for current generation of fuel cells.

the cathode. The fuel gas obtained by the reforming of alcohols contains substantial quantities
of carbon dioxide and traces of carbon monoxide. At the low operating temperatures of PEMFCs
(80°C), carbon dioxide and carbon monoxide decrease the efficiency of the platinum
electrocatalyst in the anode, causing degradation of the fuel cell power output. In addition to its
susceptibility to poisoning, the current anode material, with its substantial precious metal content,
adds significartly to the cost of the PEMFC system. As a consequence, the objective of our R&D
program is to develop new anode electrocatalysts which overcome the shortcomings of the
present material.
In an effort to decrease the platinum content of the fuel cell, while retaining
high electrocatalytic activity for hydrogen oxidation, we are investigating platinum-base metal
alloys as potential PEMFC anodes. The goal is to find a metal which will either sequester the
impurities or catalyze their oxidation, leaving the platinum sites free for adsorption and oxidation
of hydrogen. Selected alloys are being screened for their catalytic activity for hydrogen oxidation
and for their resistance to poisoning by carbon monoxide in an aqueous environment that
simulates the operating conditions of the PEMFC anode. The promising z'loys will be
incorporated into membrane-electrode assemblies and tested under the actual operating conditions
of a PEMFC. Toward this goal, a test stand has been built and operated in our laboratory, and
its performance has been verified using a commercial PEMFC. In addition, we have developed
a procedure for preparing membrane-electrode assemblies that allows incorporation of the new
anode materials into conventional fuel cell constructions. Testing will begin in 1993.
As mentioned in the last report of this series,17 we are also developing
computer simulations for a PEMFC to be used in propulsion systems. We use these simulations
to identify the parameters and hardware components that have a significant effect on the system
performance. As discussed in the previous report,17 the operational efficiency of the compressor
and expander was found to strongly influence the overall system efficiency, particularly at

17

M. J. Steindler et al.. Chemical Technology Division Annual Technical Report, 1991, Argonne National
Laboratory Report ANL-92/15, p. 48 (1992).
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efficiencies of 75% or less. An example of the other analyses that have been done using these
simulations is shown in Fig. 1-9. Figure I-9a gives the velocity profile for a passenger vehicle
operated on the Federal Urban Driving Schedule (FUDS). For a compact car operated on the
FUDS, the corresponding power requirements are shown in Fig. I-9b. Assuming that this power
is provided by a stand-alone PEMFC system sized for the maximum power demand, Fig. I-9c
shows the fuel-cell system efficiency over the entire FUDS time period. Thus, Fig. 1-9 indicates
that for the analyzed case, the maximum vehicle velocity is 91.3 km/h, while the average velocity
is 31.5 km/h; the corresponding maximum and average power requirements are 63.4 and 7.5 kW.
The PEMFC system offers an average operating efficiency of 36.6% and a peak efficiency of
over 50%, based on the higher heating value (HHV) of the fuel methanol. For comparison, the
peak efficiency of an automotive internal combustion engine is about 24% when operated under
ideal conditions at steady state, while the average operating efficiency of the same engine over
the typical driving cycle is about 16%.
We will continue our efforts to identify and develop anode electrocatalysts
that are resistant to poisoning by carbon monoxide, carbon dioxide, and other potential reformed
fuel gas contaminants. In our system simulation and other modeling work, we will design and
100-1
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analyze PEMFC systems for various applications to identify the factors important for specific
applications and operating modes.
b.

Technical Management

The CMT Division also manages a DOE contract with General Motors
Corp. (Allison Gas Turbine Division) for development of a PEMFC system for automotive
applications. In 1992, General Motors completed the second year of this 32-month contract.
During the past two years, state-of-the-art PEMFC stacks (5 kW) were built and tested,
membranes and electrodes were improved, and significant progress was made in developing
methanol fuel processing and control technologies. As the prime contractor, General Motors is
responsible for overall system integration; supporting subcontractors include Los Alamos National
Laboratory for reformer development, Dow Chemical Co. for membrane development, Ballard
Power Systems for fuel-cell stack fabrication, GM Research Laboratories for electrode
development, and GM Advanced Engineering Staff for vehicle system engineering. This contract
will culminate in early 1993 with the integration and testing of a complete PEMFC system
(10 kW), which is expected to demonstrate the feasibility of PEMFCs for transportation and
thereby lay the groundwork for engineering scale-up and integration of a PEMFC system into a
vehicle.
4.

Fuel Cell/Battery Powered Bus

The CMT Division, together with Georgetown University, manages the Fuel Cell
Bus Project funded by DOE, the U.S. Department of Transportation, and California's South Coast
Air Quality Management District. The objective is to develop an urban transit bus powered by
a methanol-fueled, phosphoric acid fuel cell combined with a battery, where the fuel cell provides
all the net energy needed, and the battery stores energy recovered during braking and provides
short-duration supplemental power needed during bus acceleration.
In 1992, H-Power Corp. (Belleville, NJ) completed the first year of a three-year
contract in which three fuel cell-powered buses (8-m long, seating for 25 passengers) will be
built, and a design will be developed for a full-size (12-m long, 40 passengers) transit bus. Key
subcontractors on the H-Power team are Transportation Manufacturing Corp. (the largest US bus
manufacturer); Bus Manufacturing USA, Inc.; Booz-Allen & Hamilton, Inc.; Fuji Electric Co.;
and Soleq Corp. The involvement of major bus manufacturers and their willingness to share in
the development costs are evidence of their support for this project. At the end of 1992, H-Power
had completed all subsystem designs and had begun fabrication of the bus structure and
phosphoric acid fuel cell system (50 kW). The first bus is expected to be operating by October
1993.
Much work to date in this project has focused on the development of the fuel cell
portion in the hybrid system, but additional work is required to identify the best battery type and
size for the bus application. Since the battery is used to level the power demand load on the fuel
cell, it is not deeply discharged, but it must be capable of providing and accepting power at high
rates. Thus, the requirements of the battery in this application are quite different from those of
battery-powered vehicles To address this need, we conducted testing in 1992 on 12-V batteries
(lead-acid and nickel/cadmium) using the anticipated load profile of the bus. The test results
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indicated that the Ni/Cd batteries met the bus performance requirements at lower battery weight
and offered much greater life than the lead-acid batteries. The Ni/Cd batteries have completed
over -40,000 km of simulated bus operation without any performance degradation. Testing is
continuing.
5.

Fuel Reforming Technology

To use hydrocarbon fuels such as methanol, ethanol, or natural gas as the energy
source for low-temperature fuel cells, these fuels must first be converted (reformed) to a
hydrogen-rich gas mixture, since the fuel cell reaction is the electrochemical oxidation of
hydrogen to water. Our fuel-reforming efforts include (1) in-house R&D on reforming of alcohol
fuels and (2) technical management of a DOE contract with industry for developing advanced
reformers and hydrogen storage capability.
a.

Catalysts for Ethanol Steam Reforming

The objective of this work is to develop catalysts and reformers for the
steam reforming of ethanol to produce hydrogen for use in automotive fuel cell systems. Ideally,
the steam-reforming reaction of ethanol is
C2HSOH + 3 H 2 O - > 2CO2 + 6H2

(4)

According to this reaction, a solution containing 25 mol% ethanol and 75 mol% water would
produce a gas stream containing 75% hydrogen. The actual reaction mechanism, however, is
approximately equivalent to two dissociation reactions,

C2H5OH -> CH3CHO + H2

(5)

CH3CHO -4 CO + CH4

(6)

followed by the water-gas shift reaction

CO + H2O -> CO2 + H2

(7)

C2H5OH + H2O -4- CO2 + CH4 + 2H2

(8)

to yield the overall reaction

43

We are attempting to develop catalysts that would suppress the formation oi CH4 and maximize
the generation of hydrogen.
A simple experimental setup is being used to screen potential catalysts. A
mixture of ethanol and water is vaporized in an electrically heated vaporizer, which is then
passed over a catalyst bed maintained at the desired test temperature (200-400°C) in a furnace.
The product gas flow rate and composition are analyzed to determine the conversion of ethanol
and the rate of hydrogen production. A number of potential catalyst formulations have been
screened; test results with three of them are discussed below.
Copper is known to catalyze ethanol dehydrogenation,18 and copper-zinc
oxides (in the reduced state) are used for the steam reforming of methanol.19 The copper-zinc
oxides are also commercially used for the water-gas shift reaction (reaction 7) at low temperature.
The commercial copper-zinc oxide catalyst, Katalco 83-2, commonly used for methanol
reforming, was tried for ethanol reforming. We observed very low ethanol conversion below
25O°C; at higher temperatures, the catalyst deactivated rapidly due to sintering of the metal.
Nickel is also known to catalyze the dissociation of ethanol, reaction 5 and
reaction 6.2021 We prepared and tested two batches of catalyst: (1) nickel and zinc supported
on alumina and (2) a mixture of copper, zinc, and nickel oxides. Figure I-10 shows results
obtained with the two catalysts at 400°C. The gas production rate was much higher for the
Ni-Zn-Al catalyst than for the Cu-Zn-Ni catalyst, indicating much higher ethanol conversion. The
latter catalyst, however, produced a much higher concentration of hydrogen and a much lower
concentration of methane in the product gas. Thus, while one catalyst formulation has a much
higher activity, the other offers a much better product selectivity.
Further screening of catalyst materials is continuing to achieve greater
conversions at lower temperatures, reduce CH4 content, and maintain low CO levels.
b.

Partial Oxidation Reforming of Alcohol Fuels

Partial oxidation reforming offers an alternative process for the conversion
of alcohols and other fuels to a hydrogen-rich gas mixture for use in fuel cells. It is an
exothermic process and does not require the input of heat from an external source. The dynamic
response and start-up performance of a partial oxidation reformer can be much superior to those
of a steam reformer for transportation applications. This is because the partial oxidation reformer
uses direct heat transfer, which provides very high heat fluxes; therefore, the heat transfer loads
needed for the fuel processing can increase or decrease rapidly. Partial oxidation, however,
generates less hydrogen per unit of fuel than is available by steam reforming.
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I. E. Wachs and J. Madix, Appl. Surf. Sci. 1, 303-328 (1978).
R. Kumar, S. Ahmed, M. Krumpelt, and K. M. Myles, Reformers for the Production of Hydrogen from Methanol
and Alternative Fuels for Fuel Cell Powered Vehicles, Argonne National Laboratory ANL-92/31 (August 1992).
J. Xu. X. Zhang, R. Zenobi, J. Yoshinobu, Z. Xu, and J. T. Yates, Jr., Surf. Sci. 256 (3), 288-300 (1991).
N. Iwasa and N. Takezawa, Bull. Chem. Soc. Jpn. 64, 2619-2623 (1991).
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Fig. I-10.
Steam Reforming of Ethanol on
Two Catalysts at 400°C

product

H2

CO

CO 2

CH 4

During 1992 we identified catalysts for the partial oxidation reforming of
methanol:
CH3OH

2H2 + CO2

(9)

The Cu-Zn-O catalyst for this reaction appears to have the desired activity and selectivity, as
evidenced by the performance measurements shown in Fig. 1-11. This catalyst begins to reform
methanol at about 150°C and yields 100% conversion at 35O°C. The maximum hydrogen
concentration (determined from reaction 6, on a dry basis) is 66.7%. Figure I-11 shows that a
hydrogen concentration of 65% was obtained. The CO concentration was less than 2%.
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Fig. M l . Reforming of Methanol by Partial Oxidation on a
Cu-Zn-O Catalyst: (a) Activity and (b) Selectivity
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Reduced Cu-Zn-O has h^n used as an trfective catalyst for the steam
reforming of methanol. We expect Cu-Zn-O to have better thermal stability for the partial
oxidation reforming than for the steam reforming. This increased stability should result from the
different active centers for the two different reactions, i.e., the metal for the steam reforming and
the oxide or the adsorbed oxygen for the partial oxidation. This reasoning is supported by
experiments that we performed by varying the amounts of oxygen (1 to 10%), water (0.5 to
18%), and catalyst (0.05 to 0.5 g). Our experiments showed that the H2 production first decreased
with amount of oxygen, then increased, and finally decreased again. With no oxygen present in
the reactants, fbe reaction is steam reforming. When a small amount of oxygen is added to the
reactants, the steam reforming is inhibited, and the partial oxidation begins. The latter reaction
is limited by the availability of oxygen and leads to low hydrogen production. With increasing
amounts of oxygen, more hydrogen is produced by the partial oxidation. Finally, as the oxygen
flow continues to increase, the production of hydrogen decreases due to the reaction between
hydrogen and the now excess oxygen. The experiments also showed that the amount of water in
the reactants did not affect the H2 production significantly as long as some water was present.
These results indicate that the steam reforming only occurs on the reduced surface, but oxidation
proceeds on the oxidized surface. They also confirmed that the Cu-Zn-O catalyst has greater
thermal stability for the partial oxidation at high temperature than for the steam reforming.
In sum, our experimental results indicated that the Cu-Zn-O catalyst is very
effective for the partial oxidation reforming of methanol. A small amount of catalyst (0.05 g)
easily converted methanol to hydrogen. Decreases in catalyst loading slightly increased the CO
and HCHO production and decreased CO2 production, suggesting that a portion of the CO2 may
be produced as a secondary product.
In future work, we plan to design, fabricate, and test a partial oxidation
reformer for methanol based on the identified Cu-Zn-O catalyst. We are also beginning to
develop partial oxidation catalysts for ethanol.
c.

Technical Management

The CMT Division manages a DOE contract with Arthur D. Little, Inc.
(ADL) to develop systems that will reform methanol, ethanol, natural gas, and other hydrocarbons
into hydrogen for use in transportation fuel cell systems and advanced systems for hydrogen
storage on vehicles. This project is intended to provide fuel flexibility for fuel cell-powered
vehicles and to reduce fuel processor size and cost, reduce start-up time, and increase transient
response capability. In May 1992, ADL initiated work on this 30-month contract, which is
divided into two phases: (1) feasibility studies and (2) fabrication and testing of the proof ofconcept reformer and hydrogen storage systems. In the feasibility study, ADL is examining
system tradeoffs (size, weight, efficiency, quality of reformate, life, cost, transient response
capability, start-up time). Steam reforming, partial oxidation, and combinations of these
processes are being investigated. The outcome of the feasibility study will be specifications for
the reformer and hydrogen storage systems to be developed in the second phase, where a 10-kW
reformer and a proof-of-concept system for 1-kg hydrogen storage will be built and tested. The
project is expected to be completed in November 1994.

46
6.

Fuel Cell Application Studies

We participated in several application studies and related activities in support of
the DOE Fuel Cells for Transportation Program, as follows:
• As a participant in the Fuel Cell Locomotive Task Force, convened by
California's South Coast Air Quality Management District (SCAMD), we
identified options for various fuel cell technologies and formulated preliminary
plans for a program to build and demonstrate a fuel cell-powered locomotive.
Fuel cell-powered locomotives are being considered as an alternative to
electrifying the rails via overhead catenaries. As a result of this task force,
SCAQMD will issue a request for proposals to develop conceptual designs for
such vehicles with the objective of defining the R&D needs more precisely.
• We directed two DOE-sponsored studies: (1) a comparative assessment (by
SETA Corp.) of the environmental impacts of conventional vehicles and fuel
cell-powered vehicles and (2) a life-cycle cost analysis (by Engineering Systems
Management, Inc.) comparing fuel cell vehicles with internal combustion engine
vehicles. Although the initial capital cost, of fuel cell vehicles is likely to be
higher than that for conventional cars, these analyses concluded that, when
operating and environmental-related costs are included, fuel cell vehicles have
a lower life-cycle cost than conventional cars.
• We also participated in a DOE-sponsored ad hoc technical panel to develop a
national program plan for fuel cells in transportation. This ten-year plan
presents a strategy for developing fuel cell vehicles as rapidly as possible to
achieve the following national benefits: reduced U.S. dependence upon
petroleum fuels, reduced air pollution from transportation sources, and U.S.
leadership in fuel cell development and commercialization.
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II. FOSSIL FUEL RESEARCH
The Chemical Technology Division is the lead division for several projects in the ANL
Fossil Fuel Program. During 1992, these projects involved studies on fluidized-bed combustion;
the combustion of high-sulfur coal (in particular, Illinois coals) with municipal solid waste or
refuse-derived fuel; and power genciation by use of open-cycle, coal-fired magnetohydrodynamics.
A.

Fluidized-Bed Combustion

Fluidized-bed combustion (FBC) involves a process in which coal is burned under
atmospheric or pressurized conditions in a fluidized bed of limestone or dolomite, which reacts
with most of the SO2 released during combustion, thereby reducing pollutant emissions. The
fluidized-bed combustion projects at CMT include investigations into (1) metal wastage on FBC
heat exchanger surfaces, (2) alkali vapor emissions in the off-gas from pressurized fluidized-bed
combustion (PFBC), and (3) the use of non-alkali-adsorbing materials for high-temperature
service in PFBC and coal gasification systems.
1.

Metal Wastage in Fluidized-Bed Combustors

Metal loss from in-bed heat transfer tubes in FBC systems is a recurring problem
that is impeding the commercialization of this technology. To address this problem, a cooperative
research and development venture was formed with the following organizations: DOE, Electric
Power Research Institute (EPRI), Center for Research on Sulfur in Coal (CRSC), Tennessee
Valley Authority (TVA), ASEA Babcock PFBC, Foster Wheeler Development Corp. (FWDC),
and ABB Combustion Engineering Systems (ABB/CE). The British Coal Corp. (BCC) and the
Italian firm CISE Technologie Innovative joined the cooperative venture last year. The overall
objectives are to (1) develop models and computer codes that will predict hydrodynamics and
metal wastage of tubes in fluidized beds and (2) translate model predictions and experimental
data into simple guidelines for the design and operation of FBC systems with minimal metal loss.
The ANL divisions involved in this project are CMT and Energy Systems (ES).
Activities in 1992 included analyzing data from FBC experiments at FWDC and
the University of Illinois at Urbana-Champaign (UI-UC). These data were compared with
predictions derived from hydrodynamics and erosion models (FLUFIX/M0D2 and
EROSION/MODI codes) developed at ANL. Details of the experiments are reported elsewhere.1
The experiments were run with arrays of aluminum and polyvinyl chloride (PVC) tubes with
5-cm dia, and the beds were initially filled with molochite particles (primarily SiO2 and A12O3)
to a slumped bed height of 36 cm. The molochite particles are irregularly shaped and brittle and
have a wide particle-size distribution (predominantly 1.0-1.4 mm). When fluidized at 1.22 m/s,

1

W. F. Podolski. R. W. Lyczkowski, E. Montrone, J. Drennen, Y. H. Ai, and B. T. Chao, "A Study of Parameters
Influencing Metal Wastage in Fluidized Bed Combustors," Proc. of Eleventh Int. Conf. on Fluidized Bed
Combustion, Montreal. Canada, April 21-24, 1991, Vol. 2, pp. 609-618 (1991).
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the beds expanded to a height of 41 cm, and intense bubbling was observed, though the beds
were only fluidized at 1.25 times the minimum fluidizing velocity.
The experimentally determined maximum erosion rates for four runs performed
by FWDC were 0.5 mm per 1000 h for the aluminum tubes and 2.0 mm per 1000 h for the PVC
tubes. Thus, the maximum erosion rate for PVC tubes is four times higher than that for aluminum
tubes. The average erosion rates from the experiments in the FWDC "medium bed" (0.83-m
thick) are shown in Fig. II-1. The results from the FWDC medium bed were analyzed because
its aspect ratio matched that of the square (0.3 m x 0.3 m) fluidized bed at UI-UC. As can be
seen, the average erosion rates for PVC tubes in the FWDC medium bed are comparable to those
of aluminum tubes, with the variations for both tube types being about the same. Also shown in
Fig. II-1 are erosion rates for the FWDC medium bed predicted from the EROSION/MODI code.
The predicted erosion rates average about 0.38 mm per 1000 h, which is in fair agreement with
the experimental maximum value for the aluminum tubes. This relative good agreement between
experiments and predictions reinforces confidence in the computer code. The variability in the
predicted average erosion rates from the experimental data is due to uncertainties in material
properties and restitution coefficients and lack of accounting for three-dimensional hydrodynamic
effects.
The erosion rate data obtained from the UI-UC experiments are also shown in
Fig. II-1. As can be seen, they agree reasonably well with the experimental FWDC erosion rates,
and agreement is closer to the computed predictions. The primary factor thought to produce
disagreement between the calculated and measured data was an over-prediction of solids
velocities in the vicinity of the tubes.

Units are mm/1000 h
Fig. 11-1.

FWDC Exp.
LTI-UCExp.y

FWDC Model
UI-UC Model

Average brosion Kate for Aluminum (A) and Polyvinyl
Chloride (P) Tubes in Fluidized-Bed Experiments at Foster
Wheeler Development Corp. (FWDC) and the University of
Illinois at Urbana-Champaign (UI-UC). The erosion rau;
values in the circles representing the tubes are in units of
mm/1000 h and indicate, from top to bottom, (!) average
results for the FWDC "medium bed" experiments, (2)
EROSION/MODI predictions for that bed, (3) average
results for UI-UC experiments, and (4) EROSION/MODI
predictions for that bed. The four tubes with only two
erosion rates apply to the FWDC experiments alone.
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Revised versions of the FLUFIX/MOD2 and EROSION/MODI codes, along with
their manuals, will be sent to the Energy Science and Technology Software Center at Oak Ridge
National Laboratory. Activity in this project will conclude early in 1993.
2.

Development of Regenerable Activated-Bauxite Sorber Alkali Monitor

The presence of alkalis (Na and K) in the exhaust from the PFBC of coal can lead
to unacceptable corrosion of turbine blade materials. The objective of this work is to develop a
regenerable activated-bauxite sorber alkali monitor (RABSAM) that will allow measurement, in
the field, or the alkali vapors in PFBC flue gas.
The RABSAM shown schematically in Fig. II-2 is a sampling probe based on the
analytical alkali sorber bed technique developed at CMT.2 It can be inserted directly into the
PFBC exhaust duct and requires no high-temperature/high-pressure sampling line, which was
earlier found to capture significant amounts of alkalis and thereby distort the alkali measurements.5 Alkali vapors are captured by the regenerable activated-bauxite adsorbent through
physical adsorption. The adsorbent is regenerated by a simple water-leaching process that also
recovers the adsorbed alkalis. The alkali analysis of the leachate by atomic absorption
spectroscopy provides data for calculating the time-averaged alkali-vapor concentration in the
PFBC exhaust.
Commercial-grade activated bauxite contains clay impurities that can react with
alkali vapors. If the RABSAM is to use this bauxite, these impurities need to be either removed

REGENERABLE
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Fig. II-2.
Schematic of Regenerable Activated-Bauxite
Sorber Alkali Monitor

WET TEST
METER
WATER
TRAP

S. H. D. Lee, "Regenerable Activated-Bauxite Alkali Vapor Sampling Probe," Patent No. 5,173,263, issued
December 22, 1992.
S. H. D. Lee and E. L. Carls, Measurement of Alkali Metal Vapors and Their Removal from a Pressurized
Fluidized-Bed Combustion Process Stream, Annual Report for October J986-September 1987, Argonne National
Laboratory Report ANL/FE-88-4 (1989).
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or deactivated. In earlier work,4 we found that impregnating fresh activated bauxite with a 6 M
LiCl solution at ambient conditions (followed by heat treatment at 973 K for -50 h, water
leaching, acid leaching, and five cycles of PFBC pre-conditioning/Soxhlet extraction) would
deactivate these impurities. During this past year, activated bauxite prepared by this technique
was tested in a pressurized alkali-vapor sorption test unit to determine its NaCl-vapor capture
efficiency.
For this test, a batch of fresh activated bauxite treated by the LiCl solution
technique was subjected to pre-conditioning at 895-900°C and 10 atm (1 MPa) absolute pressure
for 3.5 h with a simulated PFBC off-gas containing no NaCt vapor [3% O2, 16% CO2, 6% H2O
vapor, -1000 ppm (volume) SO2> and the balance N2]. The purpose of this pre-conditioning was
to stabilize the chemical and physical properties of the bauxite in the PFBC environment. The
pre-conditioned material was then tested for NaCl-vapor capture efficiency at a bed temperature
of 895-9OO°C and a system pressure of 10 atm (-1 MPa) absolute; the simulated PFBC off-gas
contained 3% O2, 16% CO2, 6% H2O vapor, 1000 ppm (volume) SO2, 5-9 ppm (weight) NaCl
vapor, and the balance N2. Two test runs (10-h each) with this material were completed.
The NaCl-vapor capture efficiency was 94.5% in the first test and 96.7% for the
second; surprisingly, under similar test conditions, "fresh" (i.e., not treated by LiCl solution
technique) activated bauxite achieved a capture efficiency > 99%. We concluded that the clay
impurities in fresh activated bauxite are only partially deactivated by the impregnation technique.
This result is possibly due to the atmospheric pressure conditions during the impregnation
technique, in which case the LiCl vapor generated during the heat-treatment step has only limited
access to the fine pores of the activated bauxite. Lithium chloride vapor also chemically reacts
with the alumina substrate of activated bauxite, resulting in significant pore enlargement and loss
of pore surface area. These structural changes contribute to the lower NaCl-vapor capture
efficiency of the treated activated bauxite. The test results also indicated that (1) the treated
activated bauxite behaves similarly to fresh activated bauxite in terms of the capture mechanisms
for NaCl vapor from simulated PFBC off-gas, and (2) exposure to NaCl (or, by analogy, KG)
vapor under a simulated PFBC exhaust might completely deactivate the clay impurities in fresh
activated bauxite. Work will be continued to develop the RABSAM for field application.
3.

Measurement of Alkali Vapor/Aerosol in PFBC Exhaust Gases

At the request of ABB Carbon, Sweden, we were contracted to measure the alkali
vapor/aerosol in PFBC exhaust gases downstream of a hot gas filter at the 15-MW(t) Component
Test Facility (CTF). The measurements will be made during an International Energy Agency
(IEA) project in which hot gas filters will be tested and evaluated for application in commercial
PFBC.
The Na and K concentrations in the PFBC exhaust will be measured by two
methods: the analytical alkali sorber bed (AASB) technique, which was developed in CMT,4 and
use of an alkali and particulate sampling train (APST), which is a batch-type, grab-sampling
condensation device. The scope of the work includes (1) the design and fabrication of an AASB
4

M. J. Steindler et al.. Chemical Technology Division Annual Technical Report, 1988, Argonne National Laboratory
Report ANL-89/15, pp. 44-46 (1988).
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pressure vessel to interface with the CTF exhaust ducts, (2) the purchase, assembly, and
calibration of two downstream gas-conditioning and flow-control trains for use with the ASSB
and the APST sampling systems, (3) the on-site measurement of alkalis in the CTF exhaust
during two test periods, and (4) data analysis and reporting of the results. The results from these
activities will be given in the next annual report.
4.

Selection of Non-Alkali-Adsorbing Components

The aikali metal compounds present in coal combustion off-gas and in fuel gas
from coal gasification are known to cause "hot corrosion" of fire-side boilei tubes at high
temperature and pressure. They also have deleterious effects on many process components, such
as valves, piping, filters, and separation membranes. Our earlier work3 demonstrated that the
accuracy of the real-time, on-line analyzers used for alkali measurements in PFBC off-gas is
distorted due to the significant capture of alkali vapor by the stainless steel (304 SS) sampling
line. The mechanism of this alkali-vapor capture by the sampling line is not known. For
successful operation of these analyzers, a suitable sampling line is needed.
The objective of this work, which also involves the Materials and Components
Technology Division (MCT) of ANL, is to identify metallic material(s), if any, that will not
adsorb alkali vapors and can be employed as alkali sampling lines and/or process components
in advanced coal utilization systems, e.g., direct coal-fired turbines, PFBC systems, and integrated
gasification combined-cycle systems. More specifically, Fe-, Ni-, and Co-based alloys, as well
as noble-metal-coated and ceramic-lined alloys, will be evaluated in a thermogravimetric analysis
(TGA) apparatus for their extent of alkali-vapor capture under both simulated PFBC (oxidizing)
and coal gasification (reducing) environments. After testing, the TGA-tested candidate materials
will be characterized by various analytical techniques, such as optical and scanning electron
microscopy, X-ray mapping for alkalis, and X-ray diffraction analysis. The data will then be used
to obtain a better understanding of the alkali adsorption mechanisms and behavior of the
materials.
In the past year, a TGA apparatus, shown schematically in Fig. II-3, was set up
for experimental evaluation of candidate materials at high temperatures and pressures. With this
setup, a candidate coupon sample is suspended in the TGA apparatus and heated to a selected
temperature (870-875°C) by a three-zone tubular furnace. The NaCl vapor is generated from a
bed of solid NaCl and is carried upward to the coupon sample by a preheated gas stream, which
is introduced into the TGA apparatus at the bottom of the alumina reactor tube. A packed bed
of alumina chips serves as a heat-transfer medium. To prevent vapor condensation on the
platinum wire from which the coupon sample is suspended, a downflow of nitrogen purge gas
is introduced into the TGA apparatus. The temperatures of the coupon sample and the NaCl bed
are monitored by thermocouples.
Coupon samples have been prepared for candidate materials of Hastelloy C-276,
Hastelloy X, Haynes No. 188, Allonized 304SS, Au-coated 304SS, Pt-coated 304SS, and Agcoated 304SS; for comparison, a 304SS coupon sample was also prepared. Testing of these
samples under a simulated PFBC oxidizing environment is underway. The most promising
candidate material(s) will be identified and recommended for further testing in an actual PFBC
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environment. These material(s) will also be evaluated in an atmospheric TGA for their alkalivapor capture under a coal-gasification reducing environment.
B.

Combustion of High-Sulfur Coal and Refuse Blends

The disposal of refuse is of ever-increasing concern for municipalities and other
organizations and agencies throughout the United States. Disposal in landfills is becoming more
costly, and new landfills are more difficult to site because of stricter environmental regulations.
Owing to excessive emissions, mass-burning incinerators for municipal solid waste (MSW) have
also met with increased public resistance. Nevertheless, increased awareness of the need for
alternative disposal techniques has led to a new interest in cofiring MSW with coal. The objective
of this project was to conduct a technical survey concerning combustibility and emission
characteristics of high-sulfur coal (in particular, Illinois coal), municipal solid waste (MSW), and
refuse-derived fuel (RDF). (The latter consists of the organic, or combustible, fraction of MSW,
after the raw MSW has been processed to yield a more homogeneous fuel product.) The ANL
divisions involved in this project are CMT, Energy Systems, and Environmental Assessment and
Information Services.
During this report period, we reviewed available information on power plants collecting
and processing MSW for use as a boiler fuel. The status of these facilities in the United States
was updated to reflect those that are, or will be, operational by the end of 1993. Of the 23 RDFproducing facilities in the United States, 19 are operational, 2 are in the shakedown stage, and
2 are under construction.
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We also assessed information on the performance, as well as stack (SO2, NOX, and air
toxics) and ash emissions, from cofired coal/RDF plants. We found that the cofiring of RDF and
coal has been demonstrated in utility and industrial boilers to be technically feasible and may
result in lower emissions than are achieved when they burn 100% coal. Depending on the cost
of the RDF, cofiring may result in lower fuel costs, although reduced fuel cost will be offset, to
some extent, by the cost of any plant modifications required to cofire RDF. The utilization of this
low-sulfur fuel may allow existing boilers to come into compliance with emissions guidelines or
decrease the size of pollution control equipment. For those U.S. locations with waste disposal
problems, cofiring can provide a valuable pollution-reduction service to the community.
The acid rain data base at ANL contains design and performance data on coal-fired utility
boilers throughout the United States. This data base was used to evaluate the feasibility of
cofiring coal and RDF in coal-fired utility boilers located in Illinois. We employed three criteria
in evaluating these plants: annual capacity factor greater than 50%, at least 15 years of remaining
service, and plan-area heat release rate less than 5.7 x 106 W/m2. Five candidate boilers were
identified: two of them currently burn Illinois coal, and the other three obtain 100% of their coal
from Montana and Wyoming. We determined that cofiring RDF would reduce the coal burn rate
at these units, would permit the burning of Illinois high-sulfur coal with the RDF (thereby
eliminate the need to import low-sulfur coal from Montana or Wyoming), and would maintain
or reduce the unit emission rate relative to burning 100% coal. This assessment screened the
candidate boilers on the basis of only three criteria. To determine the technical feasibility of
cofiring, a more detailed engineering and site evaluation is necessary, together with an economic
analysis to determine whether it would be cost-effective.
In another effort, regulations and legislation affecting coal/RDF cofiring, primarily at the
federal level, were reviewed and summarized. These include the recently enacted Clean Air Act
(CAA) Amendments of 1990. Cofired units may be regulated as MSW combustors or as utilities.
If they are regulated as utilities, then, as coal-fired facilities, they must meet federal standards
under Title IV of the CAA, as well as any corresponding state standards. If the cofired unit is
an MSW combustor, it would still have to comply with appropriate state emission standards in
addition to federal standards (Sections 111 and 129 of the CAA). It should be noted that
regulations are still evolving, and future rules will almost certainly alter existing requirements
for MSW combustors, utilities, and cofired units.
As a result of this survey, several areas were recommended for further investigation.
These recommendations include the following:
•

Conduct experiments in small-scale facilities to determine combustion
characteristics of Illinois coal/RDF blends and compare results with those
from coal-only experiments.

•

Study the effect on emissions of the use of binders/additives other than
limestone in RDF/coal cofiring experiments.

•

Conduct test burns in representative Illinois boilers of coal/RDF blends to
determine emissions and boiler operating characteristics.
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•
C.

Study effect of increased levels of HC1 in the furnace on boiler internal
components and heat exchanger materials.

Magnetohydrodynamic Power Generation

Open-cycle magnetohydrodynamics (MHD) is a developing technology with the potential
to improve substantially the electrical efficiency of coal-fired power plants and to reduce their
environmental impact. In the coal-fired concept of MHD, an easily ionized seed material (usually
a potassium salt) is injected into a high-temperature, slag-rejecting coal combustor (topping
cycle). The resulting electrically conductive combustion gas then flows through a high-velocity
channel in the presence of a strong magnetic field. An electrical potential develops across
electrodes in contact with the gas stream in the channel walls and produces an electrical current.
The fuel-rich combustion gas leaves the MHD topping cycle at approximately 2030°C and enters
a bottoming cycle that is similar in function to the steam bottoming cycle of a conventional coalfired power plant. However, the MHD steam plant must not only extract heat from the
combustion gas to produce high-pressure steam, but also separate the seed from the ash, recover
the seed material for reuse, preheat the primary combustion air to at least 730°C, lower nitrous
oxide emissions to acceptable levels, and inject secondary air to complete combustion of the fuel.
The CMT Division is the lead division for the ANL program in MHD; other ANL divisions in
the program include ES (power train modeling) and MCT (materials testing).
).

Power Train Modeling

The Component Development and Integration Facility (CDIF) is an engineeringscale test facility for MHD topping cycle components that is operated for DOE by MSE, Inc.
Considerable effort has been expended in the MHD community to interpret and understand the
MHD generator output obtained in testing at CDIF. As part of this effort, ANL has been
developing and using computer-generated simulations to investigate the flow patterns and
nonuniformities (e.g., in temperature and plasma conductivity) in the major components of the
MHD power train, i.e., the second-stage combustor, nozzle, and MHD channel. In the past year,
the effort focused on modeling the plasma flow patterns in the second-stage combustor and MHD
channel by use of combustion and channel simulation codes.56
The combustion code solves transport equations for multiple gaseous species and
solid particles of various sizes. General conservation laws, expressed by elliptic-type partial
differential equations, are used in conjunction with rate equations governing the mass,
momentum, enthalpy, chemical species composition, turbulent kinetic energy, and turbulent
dissipation for a two-phase reacting flow. The combustion code allows the user to model
combustion, turbulence, particle evaporation, gas ionization, and interfacial phenomena. The
channel simulation code assumes that the flow in the channel can be characterized as a three-

5
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dimensional parabolic flow and solves equations for Maxwell's electrical equations, as well as
rate equations for the mass, momentum, energy, turbulent kinetic energy, and turbulent
dissipation.
A sample calculation which utilizes both the combustion and channel codes was
made to simulate the MHD channel at CDIF. The channel is a supersonic diagonal channel with
an operational magnetic field of about 3 Tesla. Profiles of temperature and seed vapor
concentration computed in the combustor simulations were used to determine channel inlet
profiles. The channel inlet conditions were fed into the channel code to calculate flow and
electric properties in the channel. The results can be used to evaluate the effects of seed injection
flow and combustor-wall heat transfer on channel performance. Figure II-4 shows the simulation
results for power generation (P, normalized by the total power of 1.2 MW), flow velocity (W,
normalized by the inlet velocity of 1000 m/s), and gas conductivity (a, normalized by the inlet
conductivity of 8.6 mho/m) in the channel as a function of axial distance (z) divided by the total
channel length (L). At a load current of 160 A, accumulated power generation increases along
the channel length, and it reaches about 1.2 MW at the channel exit (z/L = 1.0). Load voltage
is about 7700 V. These predicted characteristics of the channel agree reasonably well with the
nominal design characteristics at CDIF. Since the channel has a divergent design and the flow
is supersonic, gas is accelerated due to thermal expansion and decelerated by the Lorentz force.
The simulation indicates that gas velocity increases from 1000 m/s at the channel inlet to about
1200 m/s at about one-tenth of the channel length, then levels off. The simulation also shows that
the gas conductivity decreases rapidly from 8.6 to 6 mho/m near the inlet and levels off in the
downstream.
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Fig. II-4. Predicted Properties of the Plasma Flow in the MHD Channel

Modeling of the integrated topping-cycle power train (combustor/nozzle/
channel/diffuser) will continue. The overall performance of the power train is sensitive to the
plasma flow in each of the power train components. To gain a better understanding of the
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performance for each component and its interaction in the power train, a model for each is being
developed. The models will then be integrated into an overall power train simulation.
2.

Materials Test Program

Materials evaluation studies continued this past year in support of development of
the MHD bottoming cycle. We have examined specimens of tube materials used in the longduration (2000 h) proof-of-concept tests with Illinois No. 6 coal conducted in the low mass flow
train (LMFT) at the Coal Fired Flow Facility (CFFF). The CFFF simulates the MHD bottoming
cycle and is operated for DOE by the University of Tennessee Space Institute.
During the past year, deposit samples, collected during 500 h of run time at several
locations in the LMFT, were characterized using X-ray diffraction and wet chemical analysis. The
chemical analysis results are presented in Table II-1. During Run LMF4-N (184 h), the K2/S ratio
was 1.0-1.1 (mole ratio of potassium in seed to sulfur in coal), and deposits were collected from
the front and back ends of a steam-superheater test section (TS1) and water-cooled section
(CS-3). Nodular deposits were also collected from a location downstream of the secondary air
inlet but ahead of test section TS1. During the deposition process, average values for gas and
metal temperatures in TS1 were 1290 and 760°C, respectively, and the corresponding
temperatures in the CS-3 section were 950 and 120°C. The initial pH of deposits collected in the
TS-1 regions was in a range of 9.0 to 10.4, while that collected from CS-3 regions was 3.1. The
chemical analysis showed that the deposits in all locations were predominantly soluble sulfate
of potassium; carbonate and bicarbonate contents were negligible.
Table II-1 also lists the analysis of deposits collected after run LMF4-R. During
this run, the K2/S ratio was maintained in a range of 1.0 to 1.1 for the first 210 h and was
increased to 1.3 for the last 50 h. Deposit samples were collected from TS1 (hopper, front and
back sides of tube 4/pass 2 and tube 6/pass 1) and TS2 (front and back sides of pass 1 and pass
2). The pH of all the deposits obtained after this run was in a range of 9.6 to 10.4. The higher
K2/S ratio for the last 50 h in Run LMF4-R seems to have slightly increased the carbonate
content of the deposit compared with that for the deposits from LMF4-N, but the soluble sulfate
content was almost the same after both runs. In sum, the data show that the chemistry of the
deposit will not change significantly with the variations in K2/S ratio anticipated in the MHD
downstream system.
The analysis of the deposits and tube specimens from the proof-of-concept tests
with Illinois No. 6 coal is continuing in the following areas: (1) microstructural characterization
of deposit materials collected from several locations in the LMFT train, (2) measurement and
calculation of heat transfer in the presence of deposit, and (3) metallurgical analysis (for
corrosion) of heat-exchanger tube materials from CFFF after a 2000-h exposure. The information
on the deposit characteristics and corrosion performance will be used to establish performance
envelopes for materials that are usable in the steam-bottoming portion of a coal-fired, open-cycle
MHD system. The materials work will continue to provide technical support to development
efforts on both the MHD bottoming and topping cycles.
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Table II-1.

Results from Chemical Analysis of Deposits
Collected at Several Locations in CFFF
Deposit Composition, wt %

Sample
Location

Initial pH

Carbonate

Bicarbonate

Soluble Sulfate

Run LMF4-N (K^S ratio, 1.0-1.1 for 184 h)
TS1-front

8.9

001

0.30

16.7

TSl-back 1

9.2

0.03

0.20

34.7

TSl-back 2

9.0

0.02

0.21

34.0

CS-3

3.1

—

—

35.8

Nodules

10.4

0.09

0.22

2.02

Run LMF4-R (K2/S ratio, 1.0-1.1 for 210 h and 1.3 for 50 h)
TS1-hopper

9.6

0.09

1.76

45.1

TS1-4-P2 front

10.3

0.16

0.38

30.0

TSl-4-P2back

10.3

0.13

0.25

36.8

TS1-6-P1 front

10.4

0.24

0.53

27.7

TS1-6-P1 back

10.3

0.17

0.36

35.1

TS2-P1 front

10.3

0.14

0.26

36.2

TS2-P1 back

10.1

0.08

0.15

43.0

TS2-P2 front

10.4

0.12

0.11

36.9

TS2-P2 back

10.2

0.11

0.15

41.0
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III HAZARDOUS WASTE RESEARCH

This research includes studies on methods for treating hazardous waste, mixed hazardous/radioactive waste, and municipal solid waste. The research on hazardous and mixed waste
includes investigation of an aqueous biphase process for recovering actinides from contaminated
soils and solid radioactive waste, a microwave-assisted process for detoxifying chlorinated
hydrocarbons, and an electrokinetics process for remediating soils contaminated by actinides and
hazardous organics. Also in progress are studies on the use of chemically bonded ceramics for
disposing low-level nuclear or mixed waste, actinide speciation in groundwater-relevant systems,
and radiolytic gas generation from transuranic (TRU)-containing waste buried underground. The
work on municipal solid waste is concerned with modeling the combustion of this waste.
A.

Aqueous Biphase Separation Process
1.

Actinide Recovery from Solid Wastes

The objective of this project is to develop aqueous biphase systems for selectively
separating submicron-size particulates and to explore the possible application of this separation
technology to the treatment of solid radioactive wastes being stored throughout the DOE sites.
A flowsheet for treating these solid wastes would include wet grinding of the solids to an average
particle size of about 1 μm to liberate refractory PuO2 and selective partitioning of the
particulates between two immiscible aqueous phases, followed by solid/liquid separation and
recycle of the aqueous phases. The goal is to produce an actinide-bearing concentrate that is only
1-5% of the initial waste volume and a nonTRU residue that is 95-99% of the initial waste
volume.
The aqueous biphase systems that we have been working with are generated by
combining aqueous solutions of polymers, such as polyethylene glycol (PEG) or polypropylene
glycol, and aqueous salt solutions, such as Na2SO4 or Na2CO3. Colloid-size particles, when
suspended in an aqueous biphase system, will partition selectively between the two immiscible
liquid phases because of surface interactions with the surrounding solvent. Aqueous biphase
systems have many similarities with conventional oil/water systems used for solvent extraction
but do not use an organic diluent, which may be either toxic or a potential fire hazard. The
water-soluble polymers used in biphase formation are inexpensive, nontoxic, and biodegradable.
The ability to effectively separate silica from a wide range of metal oxides is a
particularly attractive feature of aqueous biphase extraction. For example, the addition of 20-nm
CeO2 particles and 20-nm SiO2 particles to a 15% PEG/7.5% Na2SO4 biphase system results in
the CeO2 particles partitioning to the bottom Na2SO4 phase with a partition coefficient of 0.005,
while the silica partitions to the top PEG phase with a partition coefficient of about 25. Thus, a
separation factor of 5 x 103 is obtained in a single stage. The separation factor for the particulates
is actually much larger if one accounts for the partitioning of dissolved silica, i.e., Si(OH)4. This
silica species has a partition coefficient that is in the range of only 0.2-0.6, depending on the pH
of the system. In separate experiments, the partition coefficient for particulate SiO2 has been
estimated to be about three orders of magnitude larger than that of Si(OH)4.
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In addition to selective partitioning between the liquid phases, we have observed
that selective flocculation takes place during aqueous biphase extraction in those systems
containing high ionic strengths. In the 15% PEG/7.5% Na2SO4 system, the CeO2 and SiO2
particles become flocculated in the salt and PEG phases, respectively. Thus, a solid/liquid
separation is easily achieved by either mild centrifugation or microfikration. Solid recoveries of
85-90% are typically achieved when submicron-size feed particles are subjected to only mild
centrifugation for 2-3 min. When the PEG and sulfate phases are simultaneously centrifuged in
the same centrifuge tube, the solids appear in sharply defined bands at the bottom of the tube.
Separation studies with actual plutonium residues are also being carried out. We
have obtained samples of incinerator ash and ash heels from Rocky Flats Plant and Los Alamos
National Laboratory, metallurgical residues from the Hanford site, and LECO crucibles from
Savannah River Laboratory. We are attempting to determine the extent of plutonium liberation
that can be achieved by grinding these plutonium residues to an average particle size of about
1 μm. The samples are ground wet and mounted in epoxy for microscopic examination with a
scanning electron microscope (SEM). Samples will also be thin sectioned for analysis by
transmission electron microscopy.
To date, the SEM analysis results have been inconclusive regarding the effect of
grinding on the liberation of plutonium from these samples. While numerous silica-containing
particles not contaminated with plutonium were present in some of the samples, the particle sizes
were larger than the top size present in the feed. This suggests that the samples were
contaminated with silica originating from the agate grinding medium. We are now testing zirconia
grinding medium. This will enable us to more easily distinguish between particles originating
from the feed material and those that are shed from the grinding medium, since the plutonium
residues contain no zirconium particles.
To aid in the design of process flowsheets, we have been measuring phase
diagrams for PEG/salt systems. Nonionic surfactants are used as a means of enhancing biphase
formation at low PEG and salt concentrations. We have found that the addition of small amounts
of alkylaryl polyether alcohols, such as Triton X-100 and Triton N-101, to PEG/salt systems
causes the binodial curve to shift toward the origin of the phase diagram (see Fig. III-l). The
benefits to using PEG/surfactant combinations are an overall reduction in reagent use and
enhanced solvent performance brought about by reduced viscosity of the PEG phase.
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During 1993, we will conduct batch extraction tests with the ground plutonium
residues. These tests will evaluate the use of water soluble complexants for promoting the
selective partitioning of PuO2 into the PEG phase. Once the batch experimental studies are
completed, we will conduct continuous, countercurrent tests with these residues.
2.

Treatment of Uranium-Contaminated Soils

An aqueous biphase separation process is being developed for use in the
remediation of uranium-contaminated soil, such as that at the DOE Defense Production Facility
in Fernald, OH. This process can be used to remove submicron-size uranium oxide particulates
from clay. The goal is to recover a uranium concentrate that is less than 2 to 4% of the initial
feed volume, with the remainder being a "clean" soil fraction that contains less than 35 pCi
uranium per gram of soil. The process would also be applicable to the removal of other soil
contaminants, such as refractory PuO2.
Laboratory experiments were carried out using a model system consisting of
kaolinite and submicron-size UO2. In one test, the feed, containing 200,000 ppm uranium (dry
weight basis), was suspended in 15% PEG/10% Na2CO3 and scrubbed several times with Na 2 CO v
The recovered clay product contained 45 ppm uranium, which corresponds to less than 35 pCi/g.
These and other experimental data will be used to estimate the number of extraction stages
needed in a continuous, countercurrej^t extraction operation.
Batch extraction tests with Fernald soil samples have indicated that soil in the
0 x 50 μm size fraction can be effectively treated with PEG/salt biphase systems. This size
fraction represents about 70-80 wt% of the soil. Partitioning this soil in the PEG/Na2CO, biphase
system produces a clean soil product, which is recovered from the top (PEG) phase, and a
uranium concentrate, which is recovered from the bottom (carbonate) phase. The clean soil
fraction contains about 125 ppm uranium, whereas the uranium concentrate contains about
900 ppm uranium in a volume that is only about 1 % of the initial soil volume. Our goal is to
reduce the uranium concentration to about 50 ppm or lower. We believe that this cleanup level
can be achieved by employing continuous, countercurrent operations and by combining extraction
with pretreatment of the soil by attrition scrubbing.
We have found that significant dissolution of uranyl species present in the soil
takes place during extraction, even in biphase systems containing salts such as (NaPO3)6 or
NajSO^ Fortunately, this has no effect on the separation capability of the aqueous biphase
system, because the partition coefficient for dissolved UO2+ is about 0.005, compared with 0.04
for particulate UO2. Interestingly, the UO2+ extraction rates observed in the biphase systems
appear to be much higher than those obtained with conventional lixiviants such as sodium
carbonate/bicarbonate. The reason for this finding is not yet completely understood.
We are now beginning to carry out partitioning studies with pretreated soil samples
in which the soluble uranium species have been removed by leaching with carbonate. These tests
will give us a better indication of the ability of the aqueous biphase system to remove refractory
UO2 from silt and clay. During the next year, we will begin to scale up the biphase extraction
system and hope to demonstrate a preliminary flowsheet capable of handling about 2-5 kg soil
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per test. In 1994, the goal is to conduct field demonstration tests at Fernald and to scale up
treatment capacity to about 500 kg soil per day.
B.

Microwave Discharge Plasma Detoxification of Volatile Chlorinated Compounds

Plasma-based processes for environmental remediation applications are a rapidly
developing technology. Historically, the plasma arc incinerator, which combines plasma
technology with thermal combustion, has been the major application of plasmas for waste
treatment. The primary advantage of the plasma arc incinerator is the ability to generate higher
gas-phase temperatures, approaching 10,000 K, than can be obtained in thermal combustors
(2500 K). The higher temperatures present in plasma arc incinerators minimize the potential for
the formation of polyaromatic compounds, such as polychlorinated biphenyls and dioxins, which
is a primary concern with thermal combustors.
Recently, interest has grown in application of low-temperature (2000-5000 K) plasmas,
generated in the absence of a flame, for the destruction of low-level concentrations of volatile
organic compounds in vapor streams. Low-temperature plasmas are attractive because (1) these
waste streams can be treated without the need to concentrate the organic compounds, (2) auxiliary
fuels are not required to sustain the reaction, and (3) the reactive atmosphere can be chemically
tailored to obtain the most environmentally compatible products.
We are investigating the use of these low-temperature plasmas, sustained by microwave
radiation (2.45 GHz), for the destruction of volatile chlorinated compounds, such as 1,1,1trichloroethane (TCA) or trichloroethylene (TCE). Chlonnated compounds, in particular TCE, are
a major soil and vapor contaminant at many DOE defense production facilities. At present, there
are no technologies available which effectively destroy low-level concentrations, of these
compounds in vapor streams in a single-step process.
We previously demonstrated that a microwave-induced argon plasma operating at
atmospheric pressure can destroy >99% of the TCE or TCA in a feed stream using either O2,
H2O, or O2-H2O gases as co-reactants.1 During the past year, we have undertaken two tasks: (1)
the modification of our reactor system (a 7-kW microwave generator with a quartz reactor tube)
and (2) the investigation of the destruction of TCE or TCA in air plasmas.
The modification of the reactor system involved inserting an evaporation unit that will
increase the water content of the feed. Before the installation of this unit, the maximum water
content of the feed stream was limited to the partial pressure of water at ambient conditions
(2.5 kPa at 21°C). Consequently, since water serves as a hydrogen source for hydrogen-deficient
compounds such as TCE (hydrogen-chlorine ratio is less than 1), the TCE concentration in the
feed stream was limited to partial pressures less than water and well belcw its saturation partial
pressure of 8.0 kPa at 21°C. Since a potential application of this process is to detoxify air streams
saturated with volatile organics generated by air stripping of contaminated soils, the ability to

1

T. R. Krause and J. E. Helt, "Chemical Detoxification of Trichloroethylene and 1,1,1-Trichloroethane in a
Microwave Discharge Plasma Reactor at Atmospheric Pressure," in Emerging Technologies in Hazardous Waste
Management HI, ed., W. Tedder, ACS Symposium Series, American Chemical Society, Washington, DC, in press.
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treat these feed streams, without the need for dilution, could increase the feasibility of plasma
reactors for this application.
Using our modified reactor system, we are preparing to conduct experiments on the
destruction of chlorinated hydrocarbons in an air plasma with H2O co-reactant. Air plasmas
present two problems not encountered with the argon plasmas. The first problem is the formation
of the pollutant NOX, primarily as NO. The formation of NO is greater in an air plasma reactor
than a thermal combustor due to the more favorable equilibrium at the higher temperatures
generated by the plasma.2 In our system, the NO is hydrolyzed to HNO2 in the presence of water
vapor. We will address this problem in the near future. The second problem involves the higher
power required to maintain an air plasma compared to an argon plasma. This higher power has
a detrimental effect on the integrity of the quartz reactor tube. For instance, in our system, a
power input of 450 W is required to sustain an air plasma at atmospheric pressure, compared
with only 150 W for an argon plasma. As the power input to the reactor is increased,
significantly raising the gas temperature, the quartz reactor tube undergoes a phase transformation
to christobalite. This phase change significantly reduces the mechanical strength of the reactor
tube, resulting in useful tube lifetimes as short as 8 h for power inputs of 800-1000 W. Currently,
we are investigating whether small additions of monatomic gases, such as helium and argon, will
reduce the minimum power requirement to sustain an air plasma with varying concentrations of
water.
In addition to continuing the work on the destruction of TCA and TCE in air plasmas, we
plan to investigate alternative reactor designs, such as surface-wave launchers and waveguide
feeds into a metallic resonance cavity, that will increase the volumetric throughput to flow rates
anticipated for practical applications.
C.

Electrokinetics Remediation of Contaminated Soils

Electrokinetics is a potential remediation technology for the in situ (subsurface)
decontamination of metal-laden soils, such as found at many DOE defense production facilities.
Electrokinetics uses an applied electrical potential across a soil-water system to induce the
controlled migration of metal ions toward electrodes, which are subsequently collected and
removed for further treatment or disposal. The overall efficiency of the process will depend on
many factors, including the mobility of ions and charged particles, the viscosity of groundwater,
the ion concentration, the hydration of ions and charged particles, the dielectric constant of the
medium, and the temperature.3 We are investigating the effect of temperature on the overall
efficiency of electrokinetics remediation for the extraction of potassium dichromate, K2Cr207,
from laboratory-prepared kaolinite samples. Potassium dichromate was selected in support of an
anticipated field demonstration on a chromate waste site at Sandia National Laboratories.
Soil samples are prepared by slurring potassium dichromate, water, and kaolinite in
predetermined amounts, such that the chromium loading is near the exchange capacity of
kaolinite and the degree of saturation is greater than 90%. The soil slurries are consolidated at
2

3

M. Venugopalan and S. Veprek, "Kinetics and Catalysis in Plasma Chemistry," in Topics in Current Chemistry,
Vol. 107, Springer-Verlag, New York, pp. 1-56 (1983).
D. Cabrere-Guzman, J. T Swartzbaugh, and A. W. Weisman, J. Air Waste Manage. Assoc., 40, 1670-1676 (1990).
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incremental pressures up to 0.3 MPa over a 24-h period. The consolidation provides reproducible
soil samples. The soil samples are loaded into electrokinetics test cells (Fig. III-2), provided by
Lehigh University.
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Fig. III-2.

Schematic of Electrokinetics Test Cell (designed
and provided by Lehigh University)

Experiments are conducted using either an open or closed system. In the open system, the
cathode and anode are immersed in a water reservoir, which replaces groundwater removed from
the soil by electroosmosis. In the closed system, these electrodes are embedded in the soil, and
the groundwater removed by electroosmosis is not replenished, resulting in densification of the
soil. Since many of the potential DOE sites for electrokinetics remediation are in arid or semiarid regions, we anticipate that the closed system process will be used.
For the duration of the experiments (3-24 h), a constant electrical potential of 30 V is
maintained between the cathode and anode. Experiments are performed at temperatures ranging
from ambient temperature, defined as 21°C, to 55°C. For the open system, the rate and total
amount of chromium removed from the soil as a function of time are determined by analyzing
small aliquots periodically removed from the electrode water reservoirs for chromium content.
For the closed system, the rate of chromium migration in the soil is determined by measuring the
chromium content as a function of the distance between the electrodes for a given processing
time.
In open-system experiments, increasing the temperature increases the chromium
concentration in the anode chamber during the initial stages of the remediation process
(Fig. III-3); this increase is most pronounced at 55°C during the first 1-2 h. (Since chromium is
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Fig. III-3.
Chromium Concentration in Anode Chamber
for Chromate-Laden Kaolinite Samples
during Electrokinetic Remediation in Open
System at Various Temperatures
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present in the anionic form, it will migrate toward the anode. The electroosmotic flow of
groundwater is toward the cathode.) In the cathode chamber, the chromium concentration rises
during the first 1-2 h in the experiments conducted at 55°C, then decreases as the electrokinetics
process continues. A possible explanation for this increase in the chromium concentration at both
the anode and cathode is dewatering of the soil resulting from thermal-induced stress.4
In the closed-system experiments, the profile of the chromium concentration as a function
of the relative distance between the two electrodes (Fig. III-4) indicates that the chromium
concentration is greatest near the anode for all three temperatures. Also, the amount of chromium
present near the center of the test cell increases with increasing temperature. Since these
experiments are conducted under dewatering conditions, the degree of saturation (and hence, the
groundwater present in the soil) should decrease with increasing process temperature. This effect
was indeed observed at the anode, cell center, and cathode. This finding suggests that the
decrease in ion migration resulting from the loss of pore water more than offsets the increase in
ion mobility resulting from an increase in the process temperature. An additional problem with
closed-system experiments is the decrease in electrical conductivity of the soil resulting from its
dewatering caused by consolidation. This problem is most pronounced with increasing process
time and temperature.
In summary, these preliminary results indicate that the recovery rate of chromium from
kaolinite may be improved by increasing the temperature of the soil during the remediation
process, especially for the open system. However, changes in the physical properties of the soil
resulting from loss of groundwater may play a significant role in the overall ability to remove
contaminants in soil. Future research will focus on the effect that changes in the physical
properties of the soil during electrokinetics processing have on the ability to achieve acceptable
residual levels of contaminants.

D. H. Gray, and J. K. Mitchell, J. Soil Mech. Found. Div., ASCE, 93, No. SM6, 209-236 (1967).
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Fig. III-4.
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Chromium Concentration Profile for ChromateLaden Kaolinite after Electrokinetic Remediation in Closed System for 3 h at Various
Temperatures
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D.

Actinide Speciation in Groundwater

We have continued to investigate actinide speciation in groundwater-relevant systems by
using high-sensitivity laser spectroscopic methods, as well as more conventional methods
(absorption spectrometry and potentiometry). Our overall research emphasis is on determining
the interactions among organics, inorganics, and radionuclides (primarily plutonium) present in
groundwater. Plutonium is of particular interest because of its predominance as a radioactive
contaminant at DOE waste sites. Plutonium(VI), or PuO^, is expected to be an important species
in determining the initial near-surface chemistry of plutonium at the point of its release to the
environment.
During this report period, we initiated studies on the interaction of Pu(VI) with organic
complexants (citric acid and acetohydroxamic acid) in aqueous systems as a function of pH.
These experiments were conducted at room temperature with millimolar concentrations of
plutonium and the complexants. At pH greater than 2, Pu(VI) was rapidly reduced by both citric
acid and acetohydroxamic acid. Reduction by acetohydroxamic acid was due to the presence of
the amine functional group. With this complexant, Pu(VI) was completely reduced to Pu(III). The
reaction with citrate was slower and only proceeded to Pu(IV). The final species was a Pu(IV)citrate complex. At pH < 2, a Pu(VI)-citrate complex was stable for a period of hours, indicating
that it will be possible to measure the formation constant. The absorption spectra determined for
the citrate complex and Pu(VI) aquo ion at pH = 2 are shown in Fig. III-5. More quantitative
studies to measure the formation constant and kinetics of reduction are underway.
We also applied laser photoacoustic spectroscopy (LPAS) to the detection of uranyl
(UO^) and hydrated plutonyl (PuOj+) at micromolar actinide concentrations and room
temperature in a non-complexing aqueous medium. For uranyl, a nonlinear increase in the LPAS
signal with laser energy was observed. This was determined to be due to two-photon processes
in the LPAS experiments. This multiple absorption phenomenon is expected to lead to increased
LPAS sensitivity and selectivity to the uranyl species in aqueous solution. We also noted a
number of anomalies in the LPAS spectra for hydrated plutonyl. When comparing LPAS and
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Fig. III-5.
Absorption Spectrum of 5.3 mM Plutonium
and 38 mM Citric Acid in Sodium Perchlorate. The bottom two curves were derived
from the observed curve.

580

600 620 640 660
Wavelength, nm

680

spectrometry absorption spectra, we found that, although the band shapes do not change, the
relative extinction coefficients determined for the aquo and hydrolytic species in the LPAS
spectra do not match those observed in the absorption spectra. This is due to changes in the
photophysics of the photoacoustic process. These species-specific effects are still under
investigation.
Lastly, experimental studies were initiated to investigate the interaction of plutonium with
phosphate at room temperature (millimolar concentrations of plutonium and variable concentrations of phosphate) in aqueous solutions. In the Pu(VI) system, absorption spectroscopy bands
specific to the Pu( VI)-phosphate species were observed at wavelengths of 842, 846, and 849 nm.
Particulates were also frequently observed in both high- and low-pH aqueous solutions. These
had a unique absorption band maximum, settled out of solution with time, and were filtered by
0.2 μm filters. More quantitative experiments are underway to measure the formation constants
and establish the ability of these complexes to compete with hydrolysis and carbonate
complexation in ground water-relevant systems.
E.

Nuclear Waste Studies
1.

Chemically Bonded Ceramic Waste Forms

The objective of this effort is to investigate the suitability of chemically bonded
ceramics for converting waste materials into chemically durable mineral phases and then
solidifying them into solid monolithic forms. These chemically bonded ceramic materials are
formed through relatively low energy processing, as opposed to more conventional hightemperature sintering.s Potential applications of these materials include use as engineered barriers
in disposal of high-level nuclear waste and for solidification of secondary wastes from mixed
waste treatment (e.g., incinerator ashes and zeolite ion exchange media).
In a cooperative effort with the Materials and Components Technology Division,
we are developing processes for fabricating waste forms of phosphate-bonded materials (in
particular, magnesium ammonium phosphate and aluminum phosphate). During this report period,

D. D. Double, J. Mater. Educ. 12, 353-38) (1990).
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processes were developed for producing low-porosity monolithic specimens of magnesium
phosphate. The binding phases in these monoliths principally consist of Mg(NH4)PO4-6H2O
(struvite).
As an initial test of the waste loading capacity, magnesium phosphate was used
to encapsulate zeolite powders. The data represented in Fig. III-6 show that compressive strength
at high zeolite loadings (50-60%) decreases with increasing porosity. These and other data from
our initial test suggest that, even with high waste loadings, mechanically robust waste forms can
be fabricated. In radiation stability tests, monolithic samples of the magnesium ammonium
phosphate were irradiated (dose rate of 0.2 Mrad/h for 34 days) in air-saturated water, moist air,
and vacuum environments. Gas chromatographic examinations of the released gases and X-ray
diffraction analysis of the test samples revealed little sample degradation. Sixty-day leaching
tests, which were performed using standard procedures (ANSI 16.1 and MCC-1), showed that,
apart from an initial and apparently transient release of ammonia, the tested samples were not
significantly degraded in deionized water, brine, or a simulated groundwater at room temperatures
or 90°C. The initial work on the chemically bonded phosphate ceramics suggests that these
materials may be suitable waste forms and should be investigated further.
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2.

Radiation Effects

We are investigating the effect of ionizing radiation on gas generation in the Waste
Isolation Pilot Plant (WIPP) repository, DOE's long-term mixed waste storage facility. This work
is part of an overall effort, coordinated through Sandia National Laboratories, to evaluate the
WIPP performance for the disposal of transuranic (TRU) waste. Ionizing radiation will be present
in the WIPP primarily as alpha particles associated with the radioactive decay of the TRU waste.
The objective of our work is to evaluate the effect of the interactions of these alpha particles,
with both the waste components and the anticipated environment, on factors important in
assessing the long-term performance of the WIPP.
Our recent emphasis was on gas generation due to alpha particle interaction in two
synthetic WIPP brines (WIPP brine A and ERDA-6) and two actual underground-collected brine
samples (DH-36 and G8-B). Solutions of each brine at 30°C were spiked with 239Pu (10"4 M), and
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the gas phase was periodically sampled over the 180-day test period to determine the gaseous
products and the gas formation rate. Gas samples were analyzed by gas chromatography, and
plutonium concentrations in the brines were determined by alpha-scintillation counting. The
predominant gas generated radiolytically was hydrogen, with yields ranging from 0.9 to
1.4 molecules/100 eV for the four brines tested. Plutonium(VI) was stable in the two synthetic
brines (WIPP brine A and ERDA-6) but was rapidly reduced in the real groundwaters (DH-36
and G8-B), although most of the plutonium remained in solution.
Gas pressure buildup as a function of time is shown in Fig. III-7 for plutonium in
WIPP brine A. Pressure buildup was initially linear with time, but small changes in the slope
(usually <20%) were noted at longer times. "Best value" hydrogen yields for the four b-ine
systems are tabulated in Table III-1.
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Fig. III-7. Pressure Buildup as Function of Time for
Plutonium-Spiked (~10"4M) WIPP. The
pressure drop at -85 days is caused by a
gas-sampling operation.

Table III-1.

Hydrogen Yields Calculated from Experiments with Plutonium-Spiked Brine

Groundwater

Yield, molec/lOO eV

Brine A

l.4±0.1

ERDA-6

0.9 ± 0.2

DH-36

1.3 ±0.1

G8-B (GSEEP)

1.3 ±0.1

The most important conclusion from these data is that the high ionic strength of
these brines does not cause a large change in the hydrogen yield due to alpha radiolysis.
Although yields actually measured vary by as much as a factor of two, this is small relative to
the uncertainty in defining the solubility of the various TRU elements in the brine of interest.
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Since gas generation is expected to be proportional to solution activity, the TRU solubility values
considered by the WIPP project are more significant in predicting the gas generation rates.
In future work, we will investigate the effect of absorbed dose and dose rate on
observed hydrogen yields. This will involve the use of 238Pu instead of 2WPu. We will also be
performing experiments to investigate the effect of high levels of iinear-energy-transfer radiation
on the biodegradabiJify of plastic materials.
3.

Radiolytic Gas Generation

Transuranic-containing waste drums will be shipped to WIPP for disposal. Current
regulations provide for a period of up to 60 days where the waste drum will be sealed, and
radiolytic interactions could result in the buildup of gaseous species that may compromise the
integrity of the shipping container. We are thus investigating the effect of alpha particle
interactions with the plastic (polyethylene and polyvinyl chloride) in the waste drum on the
composition of the gas phase present in the drum. Our work is focused on waste types and
compositions specific to Westinghouse Savannah River Co. (WSRC). The data obtained will be
used to help qualify WSRC TRU waste for shipment to WIPP.
Experiments were performed with coupons of polyethylene and polyvinyl chloride
exposed to an air environment having 70% relative humidity in glass/Teflon vessels. Experimental parameters included four energy deposition rates (1 x 10", 0.5 x 10", 1 x 1010, and
0.5 x 1010 MeV/h), three temperatures (30, 60, and 100°C), and test durations of 1-6 months.
The predominant radiolytic degradation products of polyethylene were hydrogen,
carbon dioxide, and a wide variety of trace organic species. Irradiation of polyvinyl chloride
resulted in the formation of HC1, in addition to the products observed for polyethylene.
For both plastic types, total pressure decreased as a result of irradiation. This
occurred because oxygen depletion in the air atmosphere proceeded at a higher rate than gas
generation of hydrogen, carbon oxides, and volatile organics. This leaves compositional changes
due to radiolytic processes, rather than pressure buildup, as the most important radiolytic effect
during waste drum shipment.
For polyethylene material, the hydrogen and carbon dioxide concentrations
increased linearly with time at temperatures of 30 and 60°C. Hydrogen yield was about
2 molec/100 eV and was not affected by dose rate. Carbon dioxide yield was 2.5 molec/
100 eV. At 100°C, the trends for production of hydrogen and carbon dioxide were not always
linear, and coupled radiolytic-thermal effects were noted. Apparent yields increased to over
3 molec/100 eV for hydrogen and over 10 molec/100 eV for carbon dioxide. Little discoloration
of the material, even at elevated temperature, was observed. Weight gain was observed under all
irradiated conditions tested.
For polyvinyl chloride, the hydrogen and carbon dioxide concentrations also
increased linearly with time at 30 and 60°C. Figure IH-8 shows this effect for 60°C. The
formation of hydrochloric acid, measured as a chloride in a vessel rinse, was also determined.
Yields for hydrogen, carbon dioxide, and hydrochloric acid were approximately 0.6, 1.0, and
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Fig. ni-8. Concentration of Hydrogen and Carbon
Dioxide for Polyvinyl Chloride at 60°C and
Energy Deposition Rates of 1 x 10" MeV/h
(filled squares) and 5 x 1010 MeV/h (open
squares)

0.4-1.0 molec/100 eV, respectively. At 100°C, both thermal and radiolytic decomposition
processes occurred, with thermal processes the most dominant. Apparent yields increased to
1.0 molec/100 eV for hydrogen, over 10 molec/100 eV for carbon dioxide, and over
20 molec/100 eV for hydrochloric acid. Compared to polyethylene, a wider variety of trace
organics were observed; also, weight loss, rather than gain, occurred in the polyvinyl chloride.
These data indicate that (1) pressure buildup is not likely to be an important issue
during shipment of WIPP waste at 60°C or less, (2) temperatures of 100°C greatly accelerate gas
generation, and (3) the nature of species generated (volatile organic compounds and hydrogen)
is an important issue that needs further consideration. In future work, we will address the effect
of temperature more systematically, evaluate longer term effects on gas generation, and study gas
generation from materials characteristic of WIPP waste other than polyethylene and polyvinyl
chlorides.
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F.

Modeling of Municipal Solid Waste Combustion

We have developed a computer code that models the combustion of municipal solid waste
(MSW) at the point of entry into the combustor, as it moves along a grate and undergoes pyrolysis, and up to the point where the ashes are dumped out at the other end.6 During residence of
the waste within the combustor, the model considers the drying of the solids and the pyrolysis
of the cellulose fraction in the solids.
In the MSW combustion process, the solids enter the combustor at a temperature
somewhat above room temperature. Radiant heat from the flame zone heats up the bed as it is
carried across the grate. As the temperature rises, the moisture in the MSW is vaporized and
carried up into the flame zone by primary air flowing in from below the grate. The rate of drying
is dictated by an Arrhenius rate expression and is a function of the temperature and the moisture
content. As the temperature of the MSW continues to rise, the cellulose fraction of the MSW
begins to pyrolyze, yielding several gases (hydrogen, water, carbon oxides, and methane), which
are transported into the flame zone by the primary air. The pyrolysis of the cellulose also leaves
a char (carbon) and ash residue in the bed.
Our efforts in the past year focused on a literature review on the nature of char
combustion. From this review, we selected empirical equations with which to estimate char
combustion rates as a function of operating conditions, such as char particle size and combustion
temperature. Results from these calculations were then used to calculate the combustion time of
char particles varying in size from 100 to 1000 pm. For example, the combustion time for a
300 μm particle was found to be on the order of 1-3 s. This burn time is significantly shorter than
the pyrolysis time for cellulosic material in an MSW incinerator. We concluded that char
combustion should probably be a minor consideration in the design of MSW incinerators. Further
refinements in our computer model will involve assuming that char combustion will have no
impact on the incinerator design and including improved kinetics for combustion of the gaseous
products (e.g., H2, CH4, CO).

6

S. Ahmed, R. Kumar, and J. Helt, "Numerical Modeling of Municipal Solid Waste," Extended Abstracts, AIChE
Annual Meeting, San Francisco, CA, November 5-10, 1989, Paper No. 97A (1989).
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IV. NUCLEAR WASTE PROGRAMS
Work is being performed in CMT to support the development of the first U.S. repository
for high-level nuclear waste (HLW). Programs are in progress to test the behavior of HLW glass
and spent fuel upon exposure to liquid water or water vapor and to characterize the reaction
products. The alterations in the repository environment caused by the emplaced radioactive waste
are also being investigated since these will also affect the waste behavior.
A.

Glass Testing Program for Environmental Restoration and Waste Management

The Unsaturated Glass Testing Program at CMT is part of the technology support
provided to DOE's Environmental Restoration and Waste Management. The purpose is to
evaluate, before startup of the Defense Waste Processing Facility (DWPF) and West Valley
Demonstration Project (WVDP), factors that are likely to affect glass reaction in an unsaturated
environment typical of what may be expected for the candidate repository site at Yucca Mountain
(in southwestern Nevada). As part of this program, we are (1) reviewing the current understanding of parameters (e.g., temperature, glass composition) important to evaluating glass
performance, (2) performing test* to further quantify the effects of important parameters, and
(3) performing long-term tests designed to bound glass performance under the range of conditicns
identified in the Yucca Mountain Project Scientific Investigation Plan.' The data from the latter
tests can be used to validate models developed to predict long-term performance of nuclear waste
glass.
1.

Preparation of Waste Glass Compendium

During this period, a draft for a literature review entitled High-Level Nuclear
Waste Borosilicate Glass: A Compendium of Characteristics was prepared. The content is
intended to distill, into a concise form, scientific information from worldwide sources concerning
the current understanding of the alteration of borosilicate glass forms of nuclear waste under the
range of conditions to which they might be exposed during storage, transportation, and eventual
geological disposal. A key consideration in assembling this document was gaining a sound
understanding of waste-glass alteration processes over the ver long time period (extending to
tens of thousands of years after emplacement of the waste n a repository) for which such
alterations will affect radionuclide release.
In general, the document presents technical information pertinent to understanding
waste glass corrosion and weathering rates and the associated release rates of individual
radionuclides caused by groundwater and/or water vapor contact with the waste form. Also
examined are the other waste-glass alteration processes (e.g., cracking, phase transformation/devitrification, and radiation damage) that may influence the corrosion, weathering, and/or
radionuclide release rates. The types of technical information that are discussed include the range
of conditions to which the glass might be exposed during handling, storage, transportation, and
eventual geologic disposal; experimental testing data; data from natural and historical man-made
1

R. D. Aines, Plan for Glass Waste Form Testing for NNWSI, Lawrence Livermore National Laboratory Report
UCID-21190 (1987).
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glasses; interpretations of the data in terms of a mechanistic understanding of the underlying
physical and chemical processes involved; and predictions from mechanistic models. The draft
also includes a summary of waste-glass production processes and descriptions of the waste glass
products to be produced at Savannah River, South Carolina; West Valley, New York; and
Hanford, Washington.
The document was prepared by assembling and integrating contributions from
authors at Argonne National Laboratory (ANL), Westinghouse Savannah River Company
(WSRC), Lawrence Livermore National Laboratory (LLNL), and Battelle Pacific Northwest
Laboratory (PNL). Informal review comments obtained fiom a steering group consisting of
representatives from the University of New Mexico, Catholic University of America, and Battelle
Pacific Northwest Laboratory were used in guiding preparation of the review draft. The draft will
be published in 1993.
2.

Long-Term Testing of Radioactive Glass

Most testing to evaluate the performance of HLW glasses has been done using
simulated nonradioactive analogues of the same general composition as the radioactive glass. To
apply the knowledge gained in those studies to a fully radioactive production glass, we have to
demonstrate that the simulated glass experiments yield equivalent results as experiments with
fully radioa*. tive glasses. We are thus performing long-term tests on fully radioactive glasses to
compare the reaction of simulated and fully ra iioactive glasses and to collect long-term data on
glass performance under conditions that may exist in an unsaturated environment. Because an
unsaturated repository environment has a range of glass/water contact scenarios, three different
types of tests are being performed: static tests using three compositions of waste glass, drip tests
using as-cast and pre-aged glass, and a laboratory analogue test (that simulates reactions in a tuffrock environment) using as-cast and pre-aged glass.
a.

Static Tests

Several research groups have conducted studies to compare the performance
between fully radioactive and simulated nuclear waste glasses. The objective has been to assess
the differences in reaction mechanism, type and sequence of secondary phases that form on the
glass surface, and the relative durability of the two types of glasses. Most of the previous
studies2'5 have been performed at low to intermediate ratios of glass surface area to solution
volume (SA/V < 1100 m'1) and for time periods less than one year. These studies have generally
concluded there is little difference in reactivity between the two glass types. We have
reinvestigated that conclusion by using SA/V ratios between 340 and 20,000 m"1 with three waste

A. R. Hall. A. Hough, and J. A. C. Marples, Leach Testing of Fully-Active MW Class, Department of Energy
Report DOE/RW/89/115. AERE-R-13071 (1988).
L. Werme, I. K. Bjorner.G. Bart, H. U. Zwicky.B. Grambow, W. Lutze, R. C. Ewing, andC. Magrabi, J. Mater.
Res. 5, 1130(1990).
JSS-Project Phase II: Final Report of Work Performed at Studsvik Energiteknic AB and at Swiss Federal Institute
for Reactor Research, Japanese, Swiss, Swedish Project Report JSS-85-0! (1985).
J. A. C. Marples, N. Godon, F. Lanza, and P. Van Iseghem, in Radionuclide Release front High Level Waste
Forms under Repository Conditions in Clay or Granite, ed., L. Cecille, Elsevier, Amsterdam, pp. 287-301 (1991).
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glass compositions, designated 131/11, 165/42, and 200. The 131/11 glass is lowest in silicon and
is in the lower portion of the durability range of waste glasses. The 165/42 glass is higher in
silicon and is expected to be near the best range for durability. The 200 glass has less silicon than
the 165/42 glass, and a glass with this composition could be produced in the DWPF. The fully
radioactive waste glasses (R glasses) were made by WSRC, using glass frits plus high-level waste
sludge. The simulated glasses (S glasses) were made with the same compositions as the R
glasses, but no radioisotopes. The glasses are being tested at 90°C in EJ-13 water (repository
groundwater equilibrated with tuff rock) for time periods ranging up to eight years. To monitor
the reaction progress, leachate solution and glass samples are periodically taken for analysis.
1

The results at SA/V = 340 and 2000 m' from our study are consistent with
2
other studies, * in that the reactivity of simulated waste glasses is similar to that of fully
radioactive glasses. However, a large difference in the long-term reactivity between 200R and
200S glasses was observed when they were tested at SA/V = 20,000 m"'. At 364 days, the
normalized elemental loss [NL(i)] of 200S is 39, 31, 16, and 9 times higher than 200R in terms
of B, Na, Si, and Li release, respectively (Fig. IV-1). The 200S glass at 20,000 m ' initially has
a similar leach rate to 200R, but the reaction accelerates considerably between 182 and 364 days.
The surface layers also significantly differ before and after this reaction
acceleration for 200S, as shown in Fig. IV-2. Before acceleration, the surface layer of 200S is
a single-layer structure, with layer thickness of about 150 nm at 98 days (Fig. IV-2a) and about
300 nm at 182 days (Fig. IV-2b). After acceleration, the surface layer thickness increases to about
6500 nm, with two distinct regions (Fig. IV-2c). The dominant phase in the first region has a
composition and electron diffraction pattern matching those of a zeolite phase, clinoptilolite.6,7
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R. C. Surdam, in Mineralogy and Geology of Natural Zeolites, ed., F. A. Mumpton, Vol. 4, Mineralogical Society
of America, Washington, DC, p. 84 (1981).
A. J. Gude, in Mineralogy and Geology of Natural Ztolites, ed., F. A. Mumpton, Vol. 4, Mineralogical Society
of America, Washington, DC, p. 211 (1981).
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2001

(a)

(b)

(c)

Fig. IV-2. Transmission Electron Micrographs Showing Cross Sections of
200S (SA/V = 20,000 m"1) Samples Reacted for (a) 98 Days,
(b) 182 Days, and (c) 364 Days, and of 200R (SA/V =
20,000 m 1 ) Samples Reacted for (d) 364 Days.

The other region consists of three ph?rss: an iron-rich clay, an almost pure amorphous silicon
phase, and a Si-Ca phase. In contrast, the surface layer thickness of 200R glass reacted for
364 days is 150-300 nm (Fig. IV-2d), which is similar to that of 200S at 182 days. The
composition of the surface layer in the 364-day sample of 200R is also similar to that of 200S
before acceleration.
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The acceleration of glass reaction for 200S can be correlated by use of
solution pH, since the pH of the leachate increased from 11.82 to 12.29 (Fig. IV-3) during the
testing. The leach rate of 200S remained nearly constant before acceleration (-182 days), while
it greatly increased afterwards. The solution pH has been known to be one of the dominant
effects on nuclear waste glass reaction.89 In contrast to the behavior of 200S, the leachate pH
of 200R at 560 days was only slightly higher than its pH at the beginning of the test (11.3 vs.
11.6) and showed no sign of pH excursion. The lower pH of 200R may retard the onset of an
increased reaction rate. No reaction acceleration for 200R is expected, if the leachate pH remains
below 11.8. Another possible explanation for the observed rate acceleration of 200S is the
formation of a suite of crystalline phases. A surface examination of 200S samples indicated a
large increase in the formation of surface precipitates as test duration increased from 182 to 364
days (Fig. IV-4). The surfaces were fully covered with white precipitates at 364 days
(Fig. IV-4c). The dominant phase of clinoptilolite at 364 days was rarely seen at 182 days, and
this zeolite phase may be a main contributor to the acceleration.

Fig. IV-3.
Values of pH in Leachate from Tests of 200S
and 200R Glasses (SA/V = 20,000 m"1)
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These long-term tests will continue in 1993. Special attention will be placed
on the tests of 200R at 20,000 m'1 to determine whether the leach rate of the radioactive glass
will eventually reach that of 200S. For all three glass types, more emphasis will be placed on the
analyses of the surface layers, especially for the radioactive samples. In addition, data will be
generated to compare the identities and formation sequences of the secondary phases between
fully radioactive and simulated glasses. Finally, the leachate data, combined with surface analysis
results, will be used to further compare the reactivity of the radioactive and simulated glasses and
provide a data base for validation of glass performance models.
b.

Drip Tests

It. is likely that, in an unsaturated environment, the initial contact between
glass and liquid water will be through slow ingress of dripping water. The Unsaturated Test

9

K. G. Knauss, W. L. Bourcier, K. D. McKeegan, C. I. Merzbacher, S. N. Nguyen, F. J. Rycrson, D. K. Smith,
H. C. Weed, and L. Newton, Mater. Res. Soc. Symp. Proc. 176, 371-381 (1990).
X. Feng, I. L. Pegg, Q. Yan, X. Mao, and P. B. Macedo, Nucl. Waste Management IV., Ceram. Trans. 23,95-104
(1991).
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(a)

(c)

(b)
Fig. IV-4. Scanning Electron Micrographs of Surface Layer Formed
on 200S Sample (SA/V = 20,000 m"1) Reacted for (a) 98
Days, (b) 182 Days, and (c) 364 Days
Method10 has been developed to evaluate glass performance under this condition, and this test
method has been applied to 200R glass that is as-cast or pre-aged by reacting the glass in a water
vapor environment. During the pre-aging process, the glass reacts, but since no flowing liquid
water is present, the reaction products remain associated with the glass. This pre-agcd glass is
then contacted by dripping water to evaluate whether the aging process will affect the
radionuclide release response.
A series of drip tests has been ongoing for about 15 months. The tests are
performed in a continuous mode, where every six months the test vessel is opened, the glass
sample transferred to a new vessel, and the test is continued. The leachate in the original test
vessel is then analyzed to evaluate the extent of glass reaction and the distribution of
radionuclides in solution. Some tests are also performed in a batch mode whereby, after a oneyear period, the test is terminated, and both the solution and glass samples are examined.

10

J. K. Bates and T. J. Gerding, One-Year Results of the NNWS1 Unsaturated Test Procedure: SRL 165 Glass
Application, Argonne National Laboratory Report ANL-85-4 1 (1986).
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To date, two continuous tests and one batch test have been completed. The
following conclusions have been reached: (1) the leachates from the pre-aged glass samples are
concentrated in cations (mainly Li, Na, and B) and anions (SO2, PO4, and CI); (2) the release
of actinides from the pre-aged glass is considerably greater than from the as-cast glass; (3) for
the pre-aged glass tests, a significant fraction of the Pu and Cm is dissolved in solution, whereas
in the as-cast glass tests, these actinides are associated with colloidal material; and (4) a diversity
of colloidal phases have been identified in both glass types. The increased solubility inferred from
the results for the pre-aged glass is due to the high anion concentrations (between 500 and
8000 ppm), which promote the formation of stable actinide-bearing complexes. This test series
is still in progress, and more specific release trends will become available after several more
sampling periods.
c.

Laboratory Analogue Tests

In the laboratory analogue test" that simulates reactions in a tuff-rock
environment, monoliths of as-cast and pre-aged glass (200R) are placed inside a hollowed-out
tuff rock core, and very slow water flow is forced through the core, while an unsaturated
environment is maintained. In these tests, the hollowed-out section of tuff does not become filled
with water, but instead a high-humidity dripping/condensation condition exists. The solution that
passes through the tuff core is collected and analyzed for radioactivity. Two analogue tests have
been ongoing for about 12 months. In both cases, no measurable radioactivity has been detected
in the test solutions, indicating that any radioactivity released from the glass has not been
transported through the rock.
3.

Effects of Radiation

Tests are underway to determine if radiation has any significant effect on glass
behavior under the high SA/V conditions expected at a geologically unsaturated repository site.
The objectives of these tests are to (1) examine the effect of radiation on the environment of a
moist air system, (2) investigate glass reaction in a radiolytic field, and (3) determine the
influence of radiation and radiolytic products on the formation and stability of glass alteration
phases.
To examine the effect of radiation in moist air, blank tests were carried out in
pressure vessels containing deionized water (no glass) under gamma radiation (-3500 rad/h) at
25, 90, and 200°C. The initial gas-to-liquid (G/L) volume ratio was 100. The results (Fig. IV-5)
indicate that NOj and NO; yields vary inversely with temperature, with the NOX yields at 90°C
being -40% and the NOX yields at 200°C being -10% of those that characterize the 25°C results.
The 90°C results also show good agreement with NOX yields at 80°C obtained by Linacre and
Marsh.12 No differences in yield were noted during similar runs at dose rates of 50,000 rad/h
or G/L ratios of 10.

J. K. Bates, T. A. Abrajano, D. J. Wronkiewicz, T. J. Gerding, and C. A. Seils, Strategy for Experimental
Validation of Waste Package Performance Assessment, Argonne National Laboratory Report ANL-90/21 (1990).
J. K. Linacre and W. R. Marsh, The Radiation Chemistry of Heterogenous and Homogenous Nitrogen and Water
Systems, Harwell Report AERE Report D-10027 (1981).
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Fig. IV-5.

Average NOX (NO3 + NOj) Production as
Function of Cumulative Exposure and Temperature in Gamma Blank Experiments. Dashed
lines show best fit to measurements. The 80°C
line is from data of Linacre and Marsh.'2

The effect of radiolytic product formation on glass reaction is being studied by
exposing glass wafers (~l-mm thickness) to a gamma irradiation field in humid air (SA/V ratios
estimated to be as high as ~106m"') at temperatures of 150 to 200°C. Similar tests were also
performed without irradiation for comparison. Results after 35 clays indicate that the irradiated
wafers had reaction layer thicknesses -15 times greater than theK nonirradiated counterparts. In
the irradiated tests, alteration layers appeared to preferentially form along fractures, producing
altered zones that enveloped rounded and apparently unaltered glass cores. After 35 days of
testing, the glass wafers were completely altered: the glass cores were replaced by a mottled or
banded, textured, and microcrystalline material rich in Si and Fe (Fig. IV-6). This inner material
was overlain by a banded clay-rich layer, a Ca-Si layer, and a heterogeneous crystalline surface
layer. The mineral phases that precipitated on the surface were similar to those that formed on
nonirradiated samples, except that the reaction sequence appears to be accelerated in the
irradiated tests (Fig. IV-7).
Irradiated leach tests were also conducted in stainless steel vessels for periods of
up to two years with actinide-bearing glass monoliths immersed in EJ-13 water at an SA/V ratio
of 340 m"1, temperature of 90°C, and dose rate of 3500 rad/h. Cation release trends (Si, Ca, Mg,
Na, K, Li, and B) from these tests as a function of time generally display parabolic patterns, with
decreasing cation release occurring after 180 to 360 days. The solution pH trends also correlate
with these changes, with leachate pH values leveling out at ~9 after an early increase in values
between 56 and 180 days. Most of the Am and Pu released from the altered glass samples plated
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Fig. IV-6.
Scanning Electron Micrograph of SRL 202
Glass Wafer Reacted for 35 Days in a Saturated Vapor Environment at 200°C at
3500 rad/h. Horizontal white bar is due to
electron distortion.
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mineral paragenetic sequence for actinide-doped glass exposed
to an external gamma radiation field (dotted lines) and uraniumdoped glass without external radiation (solid lines).
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out on the vessel walls, while the remainder was concentrated in the undissolved (>50 A particle
size) fraction. Release of neptunium was dominated by the dissolved (<50 A) fraction.
Future work will continue to involve comparisons of irradiated test results with
identical tests being run under nonirradiated conditions.
4.

Effects of SA/V Ratio

Static leach tests, such as the standard test of the Materials Characterization Center
(MCC-1) and the Produc* Consistency Test (PCT), are being employed to measure the durabilities
of borosilicate glasses that may be used in the vitrification of high-level waste. An important test
variable in the static leach tests is the SA/V ratio, which has a major effect on the glass reaction
through dilution of the reaction products. Since the glass reaction rate depends on the solution
chemistry,13 the glass behavior may differ in tests at different SA/V ratios because of the
difference in dilution; both the dominant reaction step and the measured rate of glass reaction
may change as the SA/V ratio is varied.
The objective of this task is to assess the effects of the SA/V ratio used in a static
leach test on the mechanism and rate of the glass reaction. These tests are designed to monitor
changes in the compositions of the leachate and the reacted glass surface as a function of SA/V
ratio, reaction time, and initial solution composition. The results of these tests will provide insight
into comparisons of tests performed at different SA/V ratios, the influence of the SA/V ratio on
the secondary phase assemblage, the long-term glass reaction rate, and the validity of using SA/V
ratio as an accelerating parameter for static leach tests.
Our static leaching tests at SA/V = 10, 340, 2000, and 20,000 m"! and 90°C have
been in progress for up to two years. The glass compositions are representative of the waste
forms to be produced by the DWPF and were prepared from SRL 131 and SRL 202 glass
provided by WSRC.
As expected, the preponderant physical effect of the SA/V ratio is dilution of the
reaction products. This changes the pH and the concentrations of dissolved glass components in
the leachate, which then alter the glass dissolution rate. The boron solution concentrations for
tests with SRL 202 and SRL 131 glass are plotted against (SA/V)t (where t = time) in
Fig. IV-8. Because of its high solubility, boron is often used to indicate the extent of glass
dissolution; the parameter (S A/V)t is commonly used as a measure of the reaction progress [i.e.,
tests at different SA/V ratios but equivalent (SA/V)t should exhibit the same extent of glass
reaction]. The data in Fig. IV-8 indicate that, in contrast to expectations, tests at 20,000 m'1 result
in higher boron concentrations than tests at 2000 m'1 after equivalent (SA/V)t. This effect was
found to be caused by the higher pH values attained in the tests at 20,000 m 1 . Thus, the use of
(SA/V)t requires that the effects of pH be accounted for in the comparison of tests at different
SA/V ratios.

13

W. L. Bourcier, Mater. Res. Soc. Symp. Proc. 211, 3-18 (1991).
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Plot of Log Boron Release vs. Log (SA/V)-t for Tests with (a)
SRL 202A Glass and (b) SRL 131A Glass at SA/V = 10 rn1 (circles),
2000 m'1 (squares), and 20,000 m"1 (diamonds). Lines are drawn with
slope = 1 through long-term data at 2000 and 20,000 m',.

The data plotted in Fig. IV-8 can be further interpreted to represent the glass
reaction rate based on the model of the glass reaction used by Bourcier et al.14 The y-intercept
of the line of unit slope drawn through the long-term data can be used to derive the long-term
dissolution rate under "saturated" solution conditions. Lines with unit slope are shown in
Fig. IV-8 for the long-term data of the tests run at SA/V = 2000 and 20,000 m"1. Dividing the
log of the y-intercept values by the atomic fraction of boron in SRL 202 glass, which is 0.0248,
yields long-term dissolution rates of 0.0016 and 0.0025 (g/m2)/day, respectively. The long-term
data in Fig. IV-8a at 20,000 m 1 indicate a reacceleration of the reaction after about 182 days.
This is due to the formation of secondary phases on the glass surface, which affect the solution
chemistry and the glass reaction rate. Boron release from SRL 131 glass at SA/V = 2000 and
20,000 m"1 reaches saturation and proceeds at a constant rate at long reaction times, but the
higher pH values of tests at 20,000 m"1 lead to a higher long-term dissolution rate, 0.053 vs.
0.021 (g/m2)/day.
The above analysis shows that the long-term dissolution rate varies with the SA/V
ratio for both glass compositions. Differences can be attributed, in part, to the higher leachate pH
in tests at high SA/V ratios, which accelerates the hydrolysis reaction to release boron. The
formation of different secondary phases may also affect the long-term reaction rate.
Several long-term tests are ongoing. Detailed analyses of the reacted solids are in
progress and will represent the focus of upcoming effort. Results of tests available to date will
be compared to the results of other tests and to computer calculations. Insights gained regarding
the effects of SA/V ratio will be incorporated into a detailed description of the glass reaction
mechanism.
14

W. L. Bourcier, D. W. Peiffer, K. G. Knauss, K. O. McKeegan, and D. K. Smith, Mater. Res. Soc. Symp. Proc
176, 209-216 (1990).
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5.

Formation and Characterization of Colloids

The potential formation of colloids in nuclear waste-glass dissolution and the role
of these colloids in transporting radionuclides are important issues in evaluating the behavior of
nuclear waste glass (and indeed other waste forms) after disposal in a geologic repository. Recent
emphasis on the potential for colloidal-controlled radionuclide release has led to investigations
on the generation of colloidal particles during waste glass reaction. We previously found that
actinide-bearing particles spall off reacted glass surfaces during drip tests.15
To investigate colloid formation and morphology during waste-glass dissolution,
we collected unfiltered leachates from a number of different waste glass tests. A small quantity
of leachate was extracted shortly after the test was terminated, and a drop of the leachate was
wicked through a "holey" carbon grid with ethanol.
Examinations of this leachate by analytical electron microscopy (see Sec. IV.A.7)
showed that the major colloidal phase present in the leachate is alkali-rich smectite clay. These
clays were identified by observing their characteristic oblique textured electron diffraction
patterns, which are typical of well-dispersed, poorly crystalline dioctahedral smectites. Uranium
was found to reside in weeksite and uranophane colloids (see Fig. IV-9). Other phases identified
include calcite, kaolinite, chrysolite, mica, heulandite, corundum, titanium oxides, iron oxides,
and manganese oxides.
Two test parameters, SA/V ratio and reaction time, were found to play a significant
role in colloidal particle development. In addition, the high leachate pH, which occurs in longterm tests at high SA/V ratio, increased colloid stability, in spite of a high salt concentration.
Colloidal particles formed during waste glass dissolution by either precipitation in the leachate
or spallation from the reacted glass surface.

Fig. IV-9.
Colloidal Uranium Titanium Phases Observed
in Leachate from 131A Glass Reacted for
180 Days and Exposed to a Gamma Radiation Field

/*-

15
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J. K. Bates, J. P. Bradley, A. Teetsov, C. R. Bradley, and M. ten Brink Buchholtz, Science 256,649-651 (1992).
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We concluded that glass alteration could result in colloids adsorbing actinides and
being transported to the engineered barrier system of a nuclear repository. Investigations of
colloids will continue with more in-depth studies, which will try to draw more comparisons
between test conditions and colloidal characteristics.
6.

Natural Analogue Tests

The reaction of naturally occurring rhyolitic glass (obsidian) or tektite with water
under high SA/V conditions (i.e., reaction in water vapor) has a relatively simple reaction
mechanism, molecular water diffusion. Although obsidians and tektites are enriched in silica and
depleted in alkalis and boron, relative to nuclear waste glasses, their survival in nature for
extensive periods of time (up to millions of years) can offer insights into the long-term corrosion
of glass in a geologic setting. Thus, a detailed study of water diffusion in natural glass has been
undertaken to assist in understanding reactions of nuclear waste glass in an HLW repository.
Development of an improved understanding of how water diffusion affects nuclear waste glasses
could be helpful in understanding more complicated reaction mechanisms.
Our method of relating natural analogues to the reaction of water with nuclear
waste glasses involves a detailed experimental study of the reaction mechanisms. The initial
step is to develop a means of experimentally altering natural samples via the same reaction
mechanism encountered in nature. Because this is usually performed at reaction-accelerating
conditions, the reaction mechanisms must not be affected by the acceleration techniques. Once
experimental techniques for altering natural samples are in place, then the nuclear waste glasses
are experimentally altered by the same techniques. Detailed surface characterizations are
performed on the natural and nuclear waste glasses. If identical reaction mechanisms are found
in the experimentally altered natural and nuclear waste glasses, then a basis exists for
extrapolating the long-term performance of the nuclear waste glass from that of the natural
analogues. If the reaction mechanisms differ, the information gained from studies of natural
analogues may still be useful in interpreting reaction mechanisms of nuclear waste glass because
of their long-term nature.
16

With this approach, we postulated that the resistance to water diffusion of tektite
(a silica-rich glass that has survived in nature for up to hundreds of millions of years) is similar
to that of nuclear waste glass. The results of experiments with tektite glass in water vapor
atmospheres between 150 and 225°C for up to 400 days have previously been presented.17 These
experimental results were extrapolated to repository relevant conditions for nuclear waste glass,
giving a reaction rate of 0.01 pm/day"2 at 90°C and 100% relative humidity. This value is
significantly lower than the observed final or long-term rate reported for tests with nuclear waste
glass. This indicates that water diffusion might not be the rate-controlling process for waste glass
alteration. However, at lower temperatures (<150°C) or under conditions in which processes such
as ion exchange or dissolution are suppressed, the reaction mechanism for nuclear waste glass
may change and become dominated by water diffusion. Our results indicate that this condition
would not reduce the glass durability. Furthermore, it seems likely that physical evidence for

16
17

J. J. Mazer, J. K. Bates, C. R. Bradley, and C. M. Stevenson, J. Nucl. Mater. 109, 277-284 (1992).
J. J. Mazer, J. K. Bates, C. M. Stevenson, and C. R. Bradley, Mater. Res. Soc. Symp. Proc. 257, 513-520 (1992).
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water diffusion in nuclear waste glasses can be obscured or altered by other competing reaction
processes.
Future work is planned to investigate the use of basalt glass as a natural analogue
to nuclear waste glass performance. Basalt glasses have silica content similar to that of nuclear
waste glasses (-40-50 wt%) and may also have similar reaction mechanisms.
7.

Analytical Support

This effort provides analyses, by analytical electron microscopy, of reaction
products resulting from experimental activities in the Unsaturated Glass Testing Program.
Analytical electron microscopy (AEM) involves a combination of transmission electron
microscopy (TEM), X-ray energy dispersive spectroscopy (EDS), electron energy loss
spectroscopy (EELS), and electron diffraction (ED). Point-to-point resolution for images obtained
with the TEM approaches 3 A, and the smallest region that can be investigated using EDS is
about 200 A; smaller areas, down to 20 A, can be investigated in favorable circumstances with
EELS and ED.
For AEM identification of secondary phases to be successful, one must have
extremely thin samples, 500 A or thinner. Since reaction layers are much thicker, frequently
>50 pm, transverse cross sections must be prepared. Ultramicrotomy, i.e., thin sectioning with
a specially designed diamond knife, has proven successful in preparing ultrathin sections of a
wide variety of reacted glasses. Ultramicrotomy preparation artifacts do not interfeie with the
analyses required, and the layer structure of the reaction products is preserved. In addition, we
can safely section samples of fully radioactive glass.
The AEM is a very powerful tool for investigating inhomogeneous samples, i.e.,
those containing very small inclusions, thin layers, and colloidal particles. We have used AEM
to examine the structure of reacted glasses and have obtained accurate information as to the
reaction process. Some of the results from these analyses are given in Sec. IV.A.2 to IV.A.6.
The information obtained from the AEM studies provides important input to the
modeling efforts for waste glass performance. Analyses will continue as tests in the various glass
testing tasks are completed. These analyses will contribute to understanding the effects of
radiation, glass composition, and SA/V ratio on the glass reaction process, as well as building
confidence in our ability to accelerate glass reactions without qualitatively altering the reaction
process.
B.

Yucca Mountain Site Characterization Project

The Yucca Mountain Site Characterization Project (YMP) is evaluating the suitability of
Yucca Mountain as a site for a HLW repository. Work at CMT supported by the YMP includes
tests involving the reaction of glass and spent fuel under simulated repository conditions.
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1.

Unsaturated Glass Testing

The current reference design18 for the Yucca Mountain site calls for spent nuclear
fuel from commercial reactors and HLW glass to be contained in an engineered barrier system
(EBS) that is surrounded by the natural host rock. Ideally, this multiple barrier system (waste
form, EBS, rock) will limit radionuclide release from the waste material. In addition, radionuclide
migration will be retarded due to chemical and physical interactions with the rock.
Long-term tests to simulate glass performance are in progress with actinide-doped
glasses representative of the DWPF and WVDP. The test method" involves dripping water onto
a cylindrically shaped glass-metal assemblage that is suspended in an enclosed test vessel at
90°C. The water that collects in the bottom of the test vessel provides information regarding
(1) the identity of any radionuclides that are released from the glass and their release rates and
(2) synergistic effects that occur in the glass-metal-water system. The fcsts have been ongoing
for 348 weeks (6.7 yr), and preliminary results were given in last year's report.19 During the
past year, we have continued these tests, but no new sampling or analysis of the solution has
been performed.
2.

Spent Fuel Testing

In addition to glass studies, we are performing experiments designed to determine
radionuclide release rates by exposing simulated spent fuel to repository-relevant conditions.
a.

UO2 Unsaturated Drip Tests

Two sets of drip tests with UO2 pellets (unirradiated) and EJ-13 well water
are being conducted to examine the alteration behavior of UO2 in unsaturated conditions and
demonstrate the feasibility of using the Unsaturated Test Method10 for simulating reactions
expected for spent fuel. The two sets of tests (four tests in each set) examine reactions of UO2
samples at 90°C and variable SA/V ratios in the presence of stainless steel and Teflon support
plates and have been ongoing for periods of 5.5 to 6.8 yr (Teflon stands) and 1.75 to 3.0 yr
(stainless steel stands). We have previously reported results of glass analyses for these tests.20
Given below are recent results from leachate analyses.
Leachate samples collected for the 5.5- to 6.8-yr tests with Teflon stands
display pH values of 7.0 ± 0.2. These values are similar to those that have characterized the
leachates over the last four years and are lower than the pH = 8.22 of the starting EJ-13 solution.
Carbon analyses show that both total carbon and inorganic carbon concentrations have decreased,

1

2

U.S. Department of Energy, Site Characterization Plan: Yucca Mountain Site, Nevada Research and Development
Area, Nevada, DOE-RW-1099, 7 Vols., Office of Civilian Radioactive Waste Management, Washington, DC
(1988).
M. J. Steindler et al., Chemical Technology Division Annual Technical Report, 1991, Argonne National
Laboratory Report ANL-92/15, pp. 82-85 (1992).
Division Annual Technical Report, 1991, Argonne National
M. J. Steindler et al., Chemical Technology Di
Laboratory Report ANL-92/15, pp. 86-87 (1992).
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while organic carbon concentrations initially increased but have recently decreased to levels that
are similar to the starting EJ-13 solution. Filtered leachate analyses have revealed the presence
of titanium oxides, calcium silicates, and uranium phases as colloidal materials, while laser light
scattering analyses of unfiltered samples indicated that colloidal particles were present.
Leachate samples collected for the 1.75- to 3 J-yr tests with stainless steel
stands display pH values that range from 7.9 to 9.2, with the lowest value occurring from the
sample displaying the greatest extent of secondary phase formation Both total carbon and organic
carbon concentrations have progressively decreased, while inorganic carbon has remained
invariant. The laser light scattering analyses of unfiltered samples again indicated the presence
of colloidal particles, although the particles in the test solutions appear to have slowly
agglomerated after the leachates were collected. Particulates were not detected in any of the
filtered residues from these tests. Analysis of the leachate results from the two sets of tests is still
in progress.
b.

Irradiated UO2 Unsaturated Leach Tests

Leach tests that simulate the effect of unsaturated conditions on the
dissolution behavior of irradiated UO2 were initiated. The objective of this effort is to use these
tests to measure the reactivity of spent fuel under a range of potential repository conditions.
The test conditions are summarized in Table IV-1. The two types of
irradiated fuel, ATM-103 and ATM-106, represent the majority of the spent fuel expected to be
emplaced in the repository. The average burnup is 30 (MWdays)/(kg U) for ATM-103 ar.d 43
(MWdays)/(kg U) for ATM-106. The spent fuel samples consist of small UO2 chunks (-0.3-1 g)
placed in Zircaloy holders. During testing, EJ-13 well water will be periodically dripped on the
spent fuel samples at 90°C and water injection rates of 0.075 ML, or 0.75 mL every 3.5 days.
Two tests will have saturated water vapor and no injected water. A control test without fuel will
be used to verify that the leach solutions are not contaminated. Test pairs, like S3-1J1 and
S6-1J1, have only one variable, the fuel type; thus, the results should provide insight on the
importance of this variable on radionuclide release and the extent of fuel alteration.
Table IV-1. Conditions for UO, Unsaturated Leach Tests
Test Number

Fuel

Water Form

Water Vol.," mL

S3-1J1

ATM-K/j

Inject

0.075

S6-1J1

ATM-106

Inject

0.075

S3-2J1

ATM-103

Inject

0.75

S6-2J1

ATM-106

Inject

0.75

S3-V1

ATM-103

Vapor

—

S6-V1

ATM-106

Vapor

—

CC-Ul

None

Inject

0.075

"Injected every 3.5 days.

The reactivity of the spent fuel will be determined by measuring leachate
composition and the type and extent of secondary phase formation on the fuel as a function of
time. Aliquots of the leachate will be taken periodically to determine the rate and extent of
radionuclide leaching. At test termination, the spent fuel samples and/or the alteration products
will be characterized. Data from the tests are expected to yield information on the (1) chemistry
of the solutions after contact with the spent fuel as a function of time, (2) the dissolution rate of
the spent fuel, (3) the form of the released radionuclides, (4) the release rate of the radionuclides,
and (5) the chemistry and mineralogy of alteration products and secondary minerals that are
formed on the surface of the spent fuel. These results will be used to identify important spent fuel
degradation modes and/or processes that will affect spent fuel performance and radionuclide
release rates under unsaturated conditions. They will also be used to develop and validate models
that predict the long-term behavior of spent fuel within the repository.
C.

Fernald Soil Characterization Project

The Fernald Operation Site in Ohio became contaminated with radioactive and toxic
wastes generated during defense-related processing operations. The objective of this task is to
demonstrate the use of AEM (see Sec. IV.A.7) for identifying uranium-bearing phases present
in contaminated soils from the Fernald site.
During the past year, contaminated soils were examined by a combination of optical
microscopy, SEM with backscattered electron imaging, and AEM. To facilitate the AEM analysis,
we developed a method for preparing TEM thin sections by ultramicrotomy using nanoplast (a
water soluble melamine resin). This method allows direct comparison between SEM mounts and
TEM sections. To provide a representative characterization of uranium phases distributed in soil,
numerous uranium particles were also isolated by a special micromanipulation procedure and then
examined by SEM.
While the general mineralogy of the soil samples has been described by Lee and
Marsh2I we .< _ * tr identify the specific phases in the current samples and to determine the
distribution of uiunium in them. Examination of the soil revealed two major components, quartz
and clay. The clays were composed of illite, chlorite, and some smectite. Uranium was found
adsorbed on amorphous iron oxides, contained within phosphate [M2+(UO2)2(PO4)2xH2O] and
oxide (nonstoichiometric uraninite) phases (see Fig. IV-10), and contained within a calcium
fluorite. Very little uranium was associated with clays. The distribution of uranium phases was
inhomogeneous at the microscopic level.
Effective removal of uranium from the Fernald soils will depend on detailed knowledge
of the chemical and physical characteristics of the waste and surrounding environment. The
characterization methods described above, in combination with other methods under development,
will allow remediation technology groups to find a more direct and efficient route to removing

21

S. Y. Lee and J. D. Marsh, Characterization of Uranium Contamination Soils from DOE Fernald Environmental
Management Project Site: Results Phase II Characterization, Oak Ridge National Laboratory Report
ORNL/TM-11980 (1992).
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the contamination. These techniques are intended to be applied in contaminated sites of DOE and
the private sector.

0.1pm

Fig. IV-10.

Scanning Electron Micrograph of
Uranium Phosphate (P) and Uraninite
(Ox) Particles Found in Soil Sample
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V. SEPARATION SCIENCE AND TECHNOLOGY
The Division's work in separation science and technology during the past year was mainly
concerned with developing methods for removing and concentrating actinides from waste streams
contaminated by transuranic (TRU) elements. The objective is to recover valuable TRU elements
and lower disposal costs of nuclear waste. The major project in this area continues to involve
development of a data base and modeling capability for the TRUEX (TRansUranic Extraction)
solvent extraction process. This capability allows users to design flowsheets for specific waste
streams and estimate the cost and space requirements for implementing a site- and feed-specific
TRUEX process. It is also useful as a tool for plant operators to vary, monitor, and control the
process once it is in place. As part of this effort, the basic design of the ANL-designed
centrifugal contactor is modified as necessary to adapt it for specific TRUEX applications.
Other work in separation science and technology includes the development of (1) a
membrane-assisted solvent extraction method for treating natural and process waters contaminated
by volatile organic compounds and (2) evaporation technology for concentrating radioactive waste
and product streams such as those generated by the TRUEX process.
A.

TRUEX Technology-Base Development

The TRUEX process extracts, separates, and recovers TRU elements from solutions
containing a wide range of nitric acid and nitrate salt concentrations. The extractant found most
satisfactory for the TRUEX process is octyl(phenyl)-N,N-diisobutylcarbamoylmethylphosphine
oxide, which is abbreviated CMPO. This extractant is combined with tributyl phosphate (TBP)
and a diluent to formulate the TRUEX process solvent. The diluent is typically a normal
paraffinic hydrocarbon (NPH), either a Cl2-C,4 mixture or n-dodecane. The TRUEX flowsheet
includes multistage strip sections that separate TRU elements from each other and the solvent.
Our current work is focused on facilitating the implementation of TRUEX processing of defense
TRU-containing waste arid high-level waste, where such processing offers financial and
operational advantage to the DOE community.
1.

The Generic TRUEX Model

The Generic TRUEX Model (GTM) is a computer program that has been
developed to (1) act as a tool for designing TRUEX process flowsheets for specific waste stream
compositions, process constraints, and process goals, (2) estimate the space and cost requirements
for installing a TRUEX process, and (3) act as a guide to process monitoring and control. The
GTM is continually being improved (to run faster and work with a greater variety of possible
waste streams), and after testing, the revised version is distributed to the user community.
a.

Development of Data Base and Modeling Capability

The mechanistic- and thermodynamic-based equations in the GTM predict
the solution and extraction behavior of feed components over a wide range of possible wastestream and processing conditions. Our recent efforts have been concentrated on adding
thermodynamic extraction models for components of interest at two particular DOE waste sites:
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the Hanford site (Richland, WA), which contains single- and double-shell storage tanks of nuclear
waste, and the Idaho Chemical Processing Plant (ICPP), which has waste generated from
reprocessing naval nuclear reactor fuel. Both of these sites foresee using the TRUEX process on
their wastes. The chemical species for which thermodynamic extraction models are needed in the
GTM include Bi3+ and H3PO4 for the Hanford site and Cd2+ for ICPP. Reported below are
experimental data and extraction models obtained for these three feed components.
(1)

Bismuth Extraction

The distribution ratio of bismuth (DBj) is important for treating the
Hanford wastes by the TRUEX process. At Hanford, the initial method for separating plutonium
from neutron-irradiated uranium used bismuth phosphate to coprecipitate Pu(IV) and sodium
bismuthate to oxidize Pu(IV) to Pu(VI). Thus, many Hanford waste tanks contain large amounts
(on the order of grams per liter) of bismuth.
In the previous year, a model for bismuth extraction as a function
of nitric acid concentration was developed from a limited amount of distribution ratio (D)
measurements made by researchers in the ANL Chemistry Division and at Pacific Northwest
Laboratories.1 These data were correlated with the extraction model for Am3+ already in the
GTM. This year, experiments were initiated to measure bismuth extraction in the TRUEX process
under a variety of aqueous conditions, specifically, high nitrate salt concentrations and the
presence of aqueous-phase complexants (e.g., fluoride, oxalate, sulfate).
A radioactive bismuth isotope, 2l0Bi (a 1.16-MeV P emitter with a
half-life of 5.01 days), at tracer levels, was used to measure distribution iatios. The 2l0Bi was
separated from its long-lived parent, 2l0Pb (half-life of 22.3 yr), on a column filled with a crown
ether absorbed on XAD resin (Eichron, Inc., Darien, IL). Forward and reverse bismuth extractions
were made at 25°C and a 1:1 organic-to-aqueous (O/A) volume ratio. The organic phase was
TRUEX-NPH, and the aqueous phase was HN0 3 alone or with 1 M NaNO3. The bismuth
concentrations for these extractions were determined from liquid scintillation counting, and then
the distribution ratio was derived.
The distribution ratios as a function of nitric acid concentration for
aqueous solutions containing HNO3 alone and HNO-, plus 1 M NaNO3 are shown in Fig. V-1.
With HN0 3 alone, the ratio increases sharply with increasing acid concentration until a maximum
is reached at about 1 M HNO3, then decreases rapidly, presumably because much of the CMPO
is taken up by nitric acid (which also extracts) and is no longer available to complex the Bi3+.
The distribution ratios of bismuth are substantially greater than those for Am3+. The difference
between the forward and reverse extractions at low nitric acid concentrations is typical for
bismuth and is attributed to the tendency of bismuth to hydrolyze under such conditions. With
1 M NaNO3 present in the aqueous phase, the distribution ratios are considerably higher than in
HNO3 alone because of the presence of the nitrate salt [bismuth extracts as the neutral species
Bi(NO?)3]. A maximum is reached here also, but at 0.1 M HN03.

1

M. J. Steindler et al., Chemical Technology Division Annual Technical Report, 1991, Argonne National Laboratory
Report ANL-92-15, pp. 96-98 (1992).
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Fig. V-l.
Distribution Ratios for 2l0Bi with TRUEXNPH Solvent as Function of Nitric Acid
Concentration at 25°C. Open triangles,
forward extraction with HNO3 alone; filled
squares, reverse extraction with HNO3 alone;
filled circles, forward extraction with
HNOj/1 M NaNO3; open squares, reverse
extraction with HNO3/1 M NaNOj.
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.01

[HNO3],M

The effect of oxalic acid in the aqueous phase on the bismuth
distribution ratio is shown in Fig. V-2. The dramatic decrease in the ratios due to oxalic acid may
hold the key to limiting extraction of bismuth in treating the Hanford waste. However, low
solubility of Bi2(C2O4)3 must be investigated also. Data collection will continue on the extraction
behavior of bismuth to the point where a more precise model for its distribution ratio can be
incorporated into the GTM. More extraction data are also needed for Cr and Th, two elements
that have been found in high concentrations in Hanford wastes.

.01

Fig. V-2.
Distribution Ratios for 210Bi between Oxalic
Acid/ 0.02 M Nitric Acid/3.18 M Sodium
Nitrate Solutions and TRUEX-NPH Solvent
as Function of Oxalic Acid Concentration at
25°C
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Phosphoric Acid Extraction

Most of the phosphate-containing species found in the tanks at
Hanford were generated from the BiPO4 process. The extractability of H3PO4 by TRUEX-NPII
solvent at 25°C was determined by (1) measuring the concentration of phosphoric acid in the
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organic and aqueous phases with acid-base potentiometric titration and (2) using 32P radiotracer

and measuring its concentration by liquid scintillation counting. The potentiometric titration
measurements (Fig. V-3) indicated that the extraction of H3PO4 has a second-order dependency
on the phosphoric acid concentration. The 32P radiotracer method was used to obtain distribution
ratios under a wide range of nitric acid, phosphoric acid, and mixed acid and salt conditions.
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Fig. V-3.
Potentiometric Titration Results of Organic
HjPO4 Concentration vs. Aqueous H,PO4
Concentration for 1:1 (squares) and 10:1
(triangles) O/A Volume Ratios
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(3)

Cadmium Extraction

Cadmium was added as a neutron absorber (due to a large neutron
cross section) to dissolver solutions for the naval reactor fuel processed at ICPP. The
extractability of the Cd2+ species by TRUEX-NPH at 25°C was determined using 109Cd radiotracer
and liquid scintillation counting. A largt number of Cd2+ distribution ratios were obtained under
conditions of varying nitric acid (0.01-5 M) and sodium nitrate (0-8 M) concentrations. The
equation for calculating DCd derived from these data is

DCd = 1.07[CMPO]{NO;}7(1

(1)

where the brackets indicate molar concentration, the over bar indicates an organic species, and
the braces indicate aqueous-phase activity. This equation has been incorporated into the GTM.
A comparison of the experimental and the calculated distribution ratios from Eq. 2 is shown in
Fig. V-4. The trend for calculated DCd values to be higher than experimental DCd values calls for
modifying Eq. 2 by adding the effect of a Cd(NO3)2 complex in the aqueous phase. This
modification will be made in the near future. Data will also be collected on the extraction
behavior of HBF4, an important component of ICPP wastes.
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Fig. V-4.
Comparison of Calculated and Experimental
Distribution Ratios for Extraction of Cd2+
Using TRUEX-NPH Solvent at 25°C
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b.

Model Validation

Data vn TRUEX processing of sludge waste at the Hanford site have been
extracted from a literature source2 to compare with GTM predictions. This sludge contains large
amounts of zirconium and sodium compounds, primarily hydroxides and fluorides. It also
contains U, Pu, Am, and a mixture of fission products typical of those present in irradiated
reactor fuel. The bulk of the sludge was first dissolved in nitric acid, then Am and Pu were
extracted from Zr and other inert components by the TRUEX solvent at appropriate extraction
and scrubbing conditions.
The following two observations were made:
•

Overall, the measured and calculated distribution ratios for Am and
Pu were in agreement within experimental error.

•

The measured extraction of zirconium and fluoride was much
higher than that calculated by the GTM. This discrepancy was due
to the zirconium/fluoride extraction not being accurately accounted
for in the GTM.

To further investigate the second observation, we performed speciation calculations by using
Swanson's data and assuming thermodynamic equilibrium. The calculated results indicated that
Zr/F extraction could be accounted for by assuming the extractability of ZrF4, which was the
dominant species present for the different feeds given by Swanson. The value for the distribution
ratio of ZrF4 was obtained by fitting the distribution ratios measured by Swanson for zirconium
and fluoride. As suggested by Swanson, more weight was put on the fluoride extraction data.
The new model was then tested using zirconium tracer data collected at
ANL. We concluded that the calculated extractability of ZrF4 was not consistent with our own
distribution ratio data for zirconium and fluoride. This discrepancy could be explained if

J. L. Swanson, Initial Studies of Pretreatment Methods for Neutralized Cladding Removal Waste (NCRW) Sludge,
Pacific Northwest Laboratory Report PNL-7716 (1991).
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Swanson's feed compositions, used to calculate the thermodynamic speciation, were not at
equilibrium but reflected a metastable mixture of hydrolyzed zirconium species. Evidence of this
are: (1) some of the solutions formed precipitates on standing, and (2) interfacial crud formed
for certain extractions. Since the speciation calculations used to determine the dominant species
(ZrF4) assume thermodynamic equilibrium, an inconsistency exists.
To develop a model for calculating distribution ratios for zirconium and
fluoride, more information is needed about which zirconium species are present. We are
concentrating our efforts in this area. A series of Zr/F/NO, solutions with large zirconium
concentrations has been prepared. These solutions will be contacted with the TRUEX solvent,
and the organic and aqueous phases will be analyzed for zirconium concentration using neutron
activation analysis. These results will be used to upgrade the model in the GTM that calculates
distribution ratios tor zirconium and fluoride.
2.

Centrifugal Contactor Development

We have been modifying the basic design of the ANL centrifugal contactor as
necessary to adapt it for specific solvent extraction processes. (See last year's report for
schematic of the basic design.3) A key feature in these design efforts is the use of computational
models for (1) the flow of the organic and aqueous phases through the contactor and (2) the
vibrational parameters of the spinning motor/rotor combination. During 1992, these hydraulic and
vibrational models were used to develop a detailed conceptual design for a super high-throughput
centrifugal contactor (SHTCC), including the rotor, the motor/rotor coupling, the contactor
housing, and the support frame. This multistage contactor unit will allow an increase in contactor
throughput by a factor of four to eight times, yet keep the unit safe with respect to nuclear
criticality by its geometry. In particular, we determined that the rotor diameter can be no greater
than 10 cm if each contactor stage is to be criticality safe by geometry, and rotor speed can be
no greater than 60 Hz (3600 rpm) so that power consumption does not become excessive. Most
of the higher throughput results from a longer contactor rotor. In the conceptual design, the
length to-diameter ratio of the rotor is four times that for a normal contactor.
A schematic showing two stages of this 10-cm SHTCC is given in Fig. V-5. By
increasing both the speed of the rotor and its length and by making significant changes to the
internal design of the rotor, the nominal throughput (organic and aqueous phases) should be
increased from 5 to 48 L/min for solvents that use normal dodecane as the diluent. Another
innovation is to have the rotor operate between its first and second natural frequency. The
motor/rotor coupling is a simple design so that the rotor can be easily disconnected from the
coupling which is attached to the motor. The spacing of the contactor stages along the support
frame is increased so that the potential for nuclear criticality between stages is eliminated by
geometry.

" M. J. Steindler et al.. Chemical Technology Division Annual Technical Report. 1991, Argonne National Laboratory
Report ANL-92/15, p. 103 (1992).
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Fig. V-5. Schematic of a Two-Stage Super High-Throughput
Centrifugal Contactor
B.

Treatment of New Brunswick Waste

Approximately 200 L of waste solution from the analysis of plutonium samples has been
accumulating over the past several years at New Brunswick Laboratory (NBL) and Argonne
National Laboratory (ANL). These residues contain varying concentrations of nitric, sulfuric,
phosphoric, and hydrochloric acids, as well as U, Pu, Np, and Am. Originally destined for storage
at the Idaho National Engineering Laboratory and eventual disposal at the Waste Isolation Pilot
Plant in New Mexico, these wastes now appear to have no place that will accept them. In this
project, the TRUEX process is being used to convert the bulk of this waste into a non-TRU (lowlevel) waste. The goal is to reduce the TRU elements to a concentration that is less than
0.1 nCi/mL. The 168 g of plutonium that will be recovered by the TRUEX process will be
converted to a metal and returned to NBL for storage and subsequent transport to the DOE
complex. This demonstration will show the applicability of using the TRUEX process for treating
similar wastes at Rocky Flats Plant, Los Alamos National Laboratory, the Hanford site, and Idaho
Chemical Processing Plant.
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The general flowsheet developed for processing these waste solutions is shown in
Fig. V-6. The TRUEX solvent extraction process used to generate the non-TRU waste stream and
recover the plutonium is being completed in a 20-stage 4-cm centrifugal contactor installed in
a glovebox. A TRUEX solvent with n-dodecane diluent is used in this process. The non-TRU
raffinate produced from the TRUEX process will be further processed to make it acceptable for
handling by Waste Management Operations in ANL's Plant Facilities and Services (PFS-WMO)
by neutralizing the solution with NaOH so that the final pH is 6-9. The plutonium oxalate stream
will be further processed by evaporating the solution to dryness, calcining the resulting solids in
an oven at 600°C to produce PuO2, then converting the PuO2 to plutonium metal. The metal will
then be returned to NBL for storage and subsequent shipment to ANL-W, where the recovered
plutonium will help fuel the Integral Fast Reactor (Sec. VI).

TRU Waste
(Pu-Cocitjuning Analytical
Residue Solution* from NBL)

TRUEX Process
Pu Stream
Neutralization

Am
Stream

Concentration

nonTRU Waste
Stream
[To PFS-WMO]

(Ammonium Oxalate)

Water V»por
[Slow discharge
through glove box
ventilation system]

Evaporation

Solvent Wash Stream
[Recycle: Acidity and blend with
TRU Waste Feed Stream]

Calcination

Metal
Production
Am Product
[Keep tor Use in CMT]

Pu Mettl Product
[To DOE Defense Complex]

Fig. V-6. General Waste Treatment Flowsheet for Processing Plutonium Waste Solutions

Several other solutions are generated by the TRUEX process, namely an americium
product stream and two solvent wash solutions. The americium stream will be further
concentrated and used in future experiments. The solvent wash solutions will most likely be
acidified, then recycled to the TRUEX process by mixing it with the feed for the next batch.
Recycling these solutions is necessary because the TRU content of this waste will most likely
be greater than the 0.1 nCi/mL limit set by waste management.
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During 1991, the first batch of waste was processed by the TRUEX process.4 Approximately 80 L of waste solution was generated from (1) processing of the first batch (12 g of
plutonium), (2) centrifugal contactor decontamination efforts, a:\d (3) reprocessing of the first
batch raffinate. In 1992, to process this solution, nitric acid was added to completely neutralize
the carbonate present and to make the final solution approximately 1 M in nitric acid. Oxalic acid
was added to the waste solution during acidification to help prevent the formation of plutonium
polymers; the final oxalic acid concentration was 0.1 M. This waste is called "acidified
carbonate."
Based upon batch tests and the use of the GTM, a flowsheet was developed for processing
the acidified carbonate waste. This flowsheet, shown in Fig. V-7, incorporates two significant
improvements over the previous flowsheets. First, to avoid the precipitation problems encountered
in the plutonium strip section during batch 1 processing, a new plutonium stripping agent
[0.28 M (NH4)2C2O4] was investigated. Experiments performed with 238Pu at tracer concentrations
showed that ammonium oxalate was a very effective stripping agent for plutonium (D values less
than 105) and americium (D values less than 103). Because plutonium forms a soluble tri-oxalato
complex at high oxalate ion concentrations, it does not precipitate after being stripped from the
loaded solvent. Plutonium precipitates from oxalic acid solutions since oxalic acid is poorly
ionized, and the free QO^' concentration is too low to form Pu(C2O4)3".
The second change in the flowsheet was the incorporation of an A1(NO3)3 scrub. At the
high oxalic acid concentration in the feed (0.1 M), the Pu(IV) was severely complexed, which
prevented its extraction. By A1(NQ3)3 addition in this stream, distribution ratios of plutonium in
the extraction section were increased, and the aluminum nitrate acted to strip oxalic acid from
the solvent before the solvent entered the americium strip section.
Since the volume of waste (80 L) that had to be processed exceeded the capacity of the
feed container, the waste was processed in two batches. Processing was successfully completed
over a period of seven days. The total alpha activity of the raffinate was generally between 2 and
6 cprn^L; there were considerable fluctuations. This range is considerably above the goal
of 0.22 cpm/uL (corresponding to 0.1 nCi/mL), but it is acceptable for disposal by PFS-WMO.
Plutonium product solutions generated during the processing of batch 1 have been converted to
oxide.
After batch 1 processing, the next batch of waste was delivered from NBL. This batch
contained 13 g plutonium and 16 g uranium. The flowsheet used to process batch 2 was the same
one developed for processing the acidified carbonate (Fig. V-7). Several batch tests were
completed to verify that this flowsheet would be adequate for processing batch 2 waste.
Batch tests, however, indicated that solvent quality was inadequate; stripping of the
extracted plutonium was poor. Two ANL studies that describe various solvent cleanup

M. J. Steindler et al., Chemical Technology Division Annual Technical Report, 1991, Argonne National Laboratory
Report ANL-92/15, pp. 104-108 (1992).
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Flowsheet Schematic for Processing of Acidified Carbonate Waste
and Second Batch of Plutonium Waste Solutions

procedures5 6 concluded that the use of sodium carbonate as the primary cleanup method is not
adequate for returning the solvent to pristine condition—additional solvent cleanup steps are
necessary. In these two studies, a variety of solid sorbents were tested to determine their
effectiveness in removing acid degradation products from TRUEX solvents. To select which of
these solid sorbents (1) would clean up the degraded solvent that we now have in the contactor
system and (2) could be used for future solvent cleanup during the NBL program, tests were
conducted with the following solid sorbents: acid-washed alumina, neutral alumina, and
Amberlyst A-26 anion exchange resin. Based upon these tests, activated neutral alumina was
selected for further use. A packed column (2.5-cm dia, 30-cm long) of this alumina was
successfully employed to clean up the degraded solvent. This column was incorporated into the
glovebox equipment used for batch 2.

R. Chiarizia and E. P. Horwitz, Solvent Extr. Ion Exch. 8, 907-941 (1990).
P.-K. Tse, L. Reichiey-Yinger, and G. F. Vandegrift, Sep. Sci. Tech. 25(13-15), 1763-1775 (1990).
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Processing of batch 2 was accomplished over four days of operation. As occurred with
batch 1, the alpha activity in the raffinate, 18 dpm/uL (8.2 nCi/mL), was greater than our goal
of 0.22 dpm/mL (0.1 nCi/mL). A batch contact of a raffinate sample, however, indicated that no
additional activity could be removed (extracted). This implies that some unextractable form of
plutonium is present in solution. Nevertheless, this level is much lower than the TRU
classification limit of 220 dpm/uL (100 nCi/mL). Steady-state decontamination factors of 240,000
for americium and 5,700 for plutonium were achieved in this test, and >95% of the plutonium
was recovered in the plutonium product stream.
The processing of batch 2 created approximately 46 L of waste solution. The majority of
this waste was generated during the startup of the contactors for batch 2 processing. During initial
processing, the raffinate had an unacceptably high alpha activity level, so this solution was saved
for reprocessing. This waste was successfully processed during 6 h of operation. The plutonium
product solutions from batch 2 and from batch-2 waste processing were combined and are being
evaporated to dryness. Following evaporation, the resulting solids will be calcined, then assayed
for Pu, Am, and U content. Four more batches are scheduled for processing during the next year.
C.

Demonstration of Strontium Extraction Combined with TRUEX

We have started a project to demonstrate the new TRUEX-SREX process, which is a
combination of the TRUEX process and a recently developed SREX (strontium extraction)
process.7 The TRUEX extractant, CMPO, selectively extracts and partitions Am, Pu, and U along
with bismuth and the lanthanides. The SREX extractant, a crown ether called 4,4'(5')-di-tbutylcyclohexano-18-crown-6 (also referred to as D-t-BuCH18C6 or, simply, CE), selectively
extracts and partitions strontium and, to some extent, technetium. The combined process would
be the first step in the pretreatment of dissolved sludge waste from the Hanford site, so that the
amount of nuclear waste that has to be vitrified is greatly reduced, with an attendant major
reduction in waste disposal costs. Both processes were developed in the ANL Chemistry
Division,8 and this demonstration project is a cooperative effort with that division. Our work
includes detailed flowsheet development, solvent evaluation, and process demonstration on a
laboratory scale using a centrifugal contactor.
A flowsheet for the combined TRUEX-SREX process, shown in Fig. V-8, was developed
for cold (nonradioactive) tests that will lead to an appropriate design for the planned hot tests.
The cold tests focus on determining the concentration profile of nitric acid in a 20-stage
minicontactor (2-cm centrifugal contactor). Using the GTM and, when appropriate, additional data
specific to the combined TRUEX-SREX process, this flowsheet design was evaluated to ensure
that it would meet process goals for the subsequent tests with radioactive materials. These hot
tests will be used to design a flowsheet for the combined TRUEX-SREX process that will handle
the expected range of feed compositions for dissolved sludge waste from Hanford.

7
8

E. P. Horwitz, M. L. Dietz, and D. E. Fisher, Solvent Extr. Ion Exch. 9, 1-25 (1991).
E. P. Horwitz, R. Chiarizia, and M. L. Dietz, Solvent Extr. Ion Exch. 10, 313 (1992).
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The design criteria for the various sections of the flowsheet shown in Fig. V-8 are as
follows. In the extraction section, stages 1-6, our objective is to specify enough stages so that the
desired deconfamination factor for strontium is reached. In the first scrub section, stages 7-8,
concentrated A1(NO3)3 is added to keep oxalate and fluoride ions in the aqueous phase. In the
second scrub section, stages 9-11, dilute HNO3 is added to scrub A1(NO3)3 and concentrated
HN0 3 out of the solvent. Thus, when the solvent reaches the strip section, stages 12-14, the
HNO3 concentration will be low enough that, with the help of tetrahydrofuran-2,3,4,5tetracarboxylic acid (THFTCA), SΓ, Am, Np, Pu, and Bi will be back extracted into the strip
effluent. The strip scrub section, stages 15-19, uses very dilute HNO3 to scrub most of the HNO3
and THFTCA out of the solvent so that the carbonate wash section works well. The carbonate
wash section, stage 20, takes out both Tc and U. The effluent solvent will be rinsed with dilute
HN0 3 before it is recycled to stage 1. Only 20 contactor stages are available for the demonstration tests. In an actual process plant design, a stage would be added for the acid rinse section;
and the extraction, scrub 2, strip scrub, and carbonate wash sections would be given additional
stages.
Based on the flowsheet design shown in Fig. V-8, the process was modeled using the
GTM. Additional distribution ratio information was added into the GTM so that the final
concentration profiles for HNO3, Sr, Am, Pu, and Tc are appropriate for the TRUEX-SREX
process. The calculated HNO3 concentration profile is shown in Fig. V-9. Of particular interest
is that the HNO3 concentration in the solvent leaving stage 11 has been reduced to 0.24 M; as
a consequence, the HNO3 concentration in the strip effluent leaving stage 12 is low enough, only
0.25 M, that THFTCA will strip out both Am and Pu. The ability to achieve this low HNO3
concentration in the strip effluent will be the key to a successful cold test. In carrying out this
modeling effort, we found that solvent loading of U and Bi will be important in the final process
design. This loading will be important because of possible formation of a second organic phase
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as well as reduced distribution ratios for Am, Bi, and the lanthanides in the extraction section.
Further experimental and modeling work will be required to resolve the questions on solvent
loading.
The composition of the combined TRUEX-SREX process solvent is 0.2 M CMPO,
0.2 M CE, and 1.2 M diamyl amylphosphonate (DA[AP] or DAAP) in Isopar L. Initially, the
solvent composition was somewhat different. Changes were made to the modifier (formerly TBP)
and the diluent (formerly dodecane) to improve U and Bi loading in the solvent without a second
organic phase forming. Further changes were made after dispersion number tests showed that,
even if process throughput were reduced by a factor of three, as much as 10% other-phase
carryover would still occur between stages.
Preliminary tests of the combined TRUEX-SREX flowsheet indicated that the 20-stage
minicontactor will work properly with the new TRUEX-SREX solvent, which has a high solvent
density. In addition, a new method was developed for continuous low-flow sampling of the
aqueous phase from below the contactor rotor at selected stages. This technique will be used to
determine the steady-state concentrations for HNO, at key stages for comparison with the
calculated values shown in Fig. V-9. These concentrations are especially important sinte the
distribution ratios for many of the metal ions depend on the HNO3 concentration.
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D.

Decontamination of Groundwaters from Volatile Organic Compounds
A membrane-based solvent extraction process to recover dilute (parts per billion) volatile
organic compounds (VOCs) from water streams is under development. The VOCs studied include
chlorocarbons and hydrocarbons specific to the waste minimization and remediation needs of
DOE and the U.S. Air Force. The process uses two unit operations, membrane-assisted solvent
extraction (MASX) and membrane-assisted distillation stripping (MADS). The MASX unit
extracts dilute VOCs from water using a natural oil solvent, such as sunflower oil. The MADS
unit recovers the natural oil solvent and concentrates the VOCs for destruction or reuse.
The MASX/MADS system (Fig. V-10) consists of two modular hollow fiber units. In the
MASX unit, the organic and aqueous phases are contacted in a countercurrent direction, and the
liquid-liquid interface is immobilized by the membrane fiber walls of the hollow fibers. Water
is in the lumen, and oil is in the membrane pores and the shell. As the oil solvent passes through
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Fig. V-10. Flow Diagram of MASX/MADS Process

the module, it contacts the groundwater feed and continuously removes the VOC pollutants.
Water exits the MASX unit decontaminated to drinking water standards. By staging the extraction
units in series, the degree of decontamination can be controlled. Any required throughput can be
achieved by staging the units in parallel. After exiting the MASX unit, the oil is heated to
70-90°C, then pumped to the MADS unit. In the MADS unit, the VOC-loaded solvent is
regenerated for recycle to the MASX unit by vaporization of the VOCs. The oil is contained in
the lumen and the pores of the membrane fibers, and the VOCs are vaporized into a strip gas on
the shell side of the fibers. The VOCs along with residual water extracted by the oil in the
MASX are recovered in a condenser. Volatile organics in the weight percent range can be
recovered in the condenser, resulting in concentration factors of up to 1000 compared to the
VOCs in tne aqueous feed. The regenerated oil is recycled to the MASX to continue the
extraction of more VOCs from a continuous aqueous feed.
Experimental data are being collected to design a pilot-scale MASX/MADS unit.
Thermodynamic data measured to date have been distribution ratios for VOCs at 20°C (which
are necessary for MASX unit design) and Henry's law constants vs. temperature for the VOCs
in sunflower oil (which are necessary for MADS unit design). Table V-l shows the distribution
ratios and the enthalpies (AHdjs) and entropies (ASdis) of dissolution derived from plots of Henry's
law constants in sunflower oil versus temperature for eight VOCs. Figure V-l 1 shows the typical
Henry's law plot for three of the VOCs. Mass transfer parameters have been estimated from the
literature and will be measured in the future. Using the thermodynamic data, we prepared a
preliminary conceptual design of a MASX/MADS system that will handle a groundwater flow
of 378.5 L/min contaminated at 1 ppm with each of the VOCs in Table V-l.
Condenser performance was also investigated. The condenser is typically operated
between 1 and 10°C and operates poorly at 1 atm (0.1 MPa). We are also investigating the use
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Table V-1. Thermodynamic Quantities of VOCs in Sunflower Oil
Distribution Ratio at
20°C
AHdis,
kJ/mol

ASdis,
J/molK

Methylene Chloride

43

Trans-1,2-Dichloroethylene

Sunflower
Oil

Olive
Oil

96

47

16

42

94

130

88

Cis-1,2-Dichloroethylene

34

65

120

75

Chloroform

41

86

91

70

1,1,1 -Trichloroethane

38

78

340

160

Carbon Tetrachloride

40

83

770

230

Benzene

39

79

210

140
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Fig. V-l 1. Plot of Henry's Law Constant vs. Temperature for
Various VOCs in Sunflower Oil

of a low-temperature (20°C) sunflower oil adsorbent to recover the VOCs from the strip gas. This
adsorbent has very small Henry's law constants for the various VOCs at low temperature. Small
Henry's law constants favor VOC recovery in the oil adsorbent.
In conjunction with Hoechst Celanese Corp., prototype radial cross-flow modules will be
developed and tested for the MASX/MADS application. A field demonstration to test the
MASX/MADS system at ANL is planned.
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E.

Advanced Evaporator Technology

The purpose of this effort is to develop evaporator technology for concentrating
radioactive waste and product streams such as those generated by the TRUEX process. This effort
builds upon state-of-the-art evaporation equipment that has been developed over the past 30 years
for commercial applications. The DOE evaporator technology is typically 40 years old and would
benefit greatly from the transfer of this technology from the private sector.
Minimizing waste generation requires the installation of equipment for concentrating
radioactive waste streams and recycling the decontaminated condensates. A technology that shows
a great deal of promise is an evaporator being developed by LICON Inc. (see Fig. V-12). Initial
studies will evaluate this technology for concentrating specific process streams in terms of (1)
installation of a full-scale LICON-designed evaporator in PFS-WMO facilities for processing lowlevel waste, (2) modification of a commercial evaporator for remote operation and maintenance,
(3) demonstration of equipment (laboratory-scale and pilot-scale operation) at ANL, and (4) inplant demonstration at a DOE processing/production facility.
To design an effective evaporation process for concentrating aqueous process streams,
both solubility and vapor/liquid equilibrium data are needed. Solubility data are needed to
determine the degree of solution concentration that can be achieved without precipitating
components from the solution. Vapor/liquid equilibrium data are needed to predict the vaporphase concentrations for the various solution compositions that will be processed. Literature
surveys were completed on both topics.
The conditions at which solids precipitate from acid/metal-salt solutions as a function of
temperature, pressure, and composition were obtained from these surveys. Solubility data were
collected for nitrate salts of Al, Ca, Fe, La, Ni, Sm, Na, and U as a function of acid concentration
and temperature. From these data, we determined that aluminum nitrate has the lowest solubility
of the nitrate salts studied.
The effects of metal nitrate salts and system pressure on vapor-liquid equilibria of aqueous
HNO3 solutions have been reported in the literature. Several trends are evident from these data.
Reducing the pressure decreases the boiling point of the system but has little impact on the
vapor-phase compositions. The presence of salts, with the exception of potassium nitrate, tends
to force the nitric acid into the vapor phase and to hold back water, thus enriching the vapor
phase in nitric acid. The solution boiling point also tends to increase as the salt concentration
increases.
Prediction of the vapor composition in equilibrium with complex aqueous solutions is an
important need in designing evaporator systems for recovering nitric acid from radioactive waste
solutions. According to Raoult's law, the thermodynamic activities of nitric acid and water in an
aqueous solution are proportional to their partial pressures in the vapor phase above the solution.
Work was begun in FY 1992 to extend the correlations developed for the GTM, which calculate
activities only at 25°C, to the range of temperatures expected in the evaporator (6O-15O°C). For
this task, temperature dependencies were added to the modified Bromley equation used in the
GTM. Calculated results show that the literature data for the binary system (nitric acid and water)
can be fit by the modified Bromley equation if first-order temperature dependencies are specified
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Fig. V-12. Schematic of LICON Evaporator for Use with
Acidic, Radioactive Waste Solutions

for three of the six constants in that equation. Our work also included fitting literature data for
vapor compositions above ternary systems that include a nitrate salt constituent. We concluded
that temperature dependencies for the activities of all solution components may be necessary for
the accurate prediction of vapor compositions.
Various aspects of processing highly acidic, highly radioactive waste solutions in an
evaporator were also investigated. These included nuclear criticality safety and solution selfheating du? to radioactive decay. Several conclusions were reached. First, nuclear criticality
safety can be achieved by geometry control if the maximum diameter of the evaporator body is
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15 cm (6 in.). Because of the low concentration of fissile nuclides in many nuclear wastes,
control of feed administration may be an alternative method of achieving criticality safety in
some cases. We also found that self-heating of concentrate solutions caused by radioactive decay
of typical fission-product (Sr and/or Ce and their short-lived daughters) solutions or TRU-product
solutions should not be of great significance to evaporator operation. Generally, the estimated
0.1-30 W/L due to self-heating will be negligible compared to supplied heat input.
The materials selected for construction of a pilot-scale evaporator are important since a
common problem with nuclear waste evaporators is mechanical failure due to corrosion. A
preliminary screening of attractive candidate materials was made by reviewing published
handbooks and reports. The most commonly used material was Type 304 stainless steel. This and
other potentially useful materials need to be evaluated for the evaporator application by
immersion or electrochemical corrosion tests.
A laboratory-scale evaporator has been purchased from LICON, delivered to ANL, and
installed. This evaporator is designed for processing 12 L/h (3 gal/h) and will be used to gather
preliminary experimental data that will aid in the eventual design of a plant-scale evaporator and
to gain experience in operating the LICON evaporator. Procedures for the safe operation and
testing of the evaporator have been written. After modifications were made to the evaporator, two
trial runs were completed using neutral salt solutions. Further modifications will be necessary
before acidi J solutions can be processed.
To gain additional operating experience with LICON-designed evaporators, two new units,
each capable of processing 340 L/h (90 gal/h), are being designed for installation at ANL in
1993. These units will be used to process low-level radioactive waste generated throughout ANL
in a joint program between PFS-WMO,s waste minimization program and CMT's separation
science program.
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VI. INTEGRAL FAST REACTOR PYROCHEMICAL PROCESS
The Integral Fast Reactor (IFR) is an advanced reactor concept proposed by, and under
development at, ANL. Its distinguishing features are that it is a sodium-cooled, pool-type reactor
(all the major components, reactor core, pumps, and heat exchangers are in a large sodium-filled
pot); it employs a metallic fuel (an alloy of U, Pu, and Zr clad with a stainless steel-type alloy);
and it has an integral fuel cycle (discharged core and blanket materials can be processed and
refabricated in an on-site facility). The advantages of this concept are (1) an exceptionally high
degree of passive safety, resulting from the use of a metallic fuel with a sodium coolant, and
(2) competitive economics, resulting from low costs for on-site fuel recycle and waste form
preparation.
The CMT Division is responsible for developing the pyrochemical process for recovering
Pu and U from the core and blanket fuel, removing fission products from the recycled fuel, and
incorporating them into suitable waste forms for disposal. To accomplish this, major efforts are
directed toward flowsheet development for the pyrochemicai process, laboratory experiments on
process chemistry, engineering-scale demonstration of the process, and studies of IFR waste
treatment and management. The process developed in this effort will be demonstrated in the Fuel
Cycle Facility (FCF) for the Experimental Breeder Reactor-II (EBR-II) in Idaho. For this
demonstration, reprocessed spent fuel will be used to refuel EBR-II for continued operation and
to complete the fuel cycle.
A.

Process Flowsheet and Chemistry Studies

The flowsheet developed for the IFR pyrochemical process will handle any mix of fuel
from the IFR reactor; the process yields products from which fresh fuel can be fabricated and
incorporates iission products and cladding hardware into waste forms suitable for long-term
storage. Previous reports in this series have given details of the process flowsheet and chemistry,
which we continue to refine. The current reference electrorefining process may be summarized
as follows. Spent fuel in its stainless-steel cladding is chopped into approximately quarter-inch
lengths and placed in an anode basket. The anode basket is introduced into an electrorefining
vessel (Fig. VI-1) that contains an electrolyte of molten LiCl-KCl eutectic salt over a cadmium
anode pool. The operating temperature is 775 K (500°C). Sufficient oxidizing agent, such as
CdCl2, is added to oxidize chemically active fission-product metals (alkali, alkaline earth, and
rare earth metals) to their chlorides; these remain in the salt. Enough additional oxidant is added
to maintain 2 mol% of actinide chlorides in the salt. The basket is connected to a dc power
supply and made anodic; nearly pure uranium is removed from the spent fuel by electrotransport
to solid cathodes, then the transuranic (TRU) metals (Pu, Np, Am, and Cm) and some uranium
are electrotransported to liquid cadmium cathodes. The cadmium-cathode product will be
contaminated with small amounts of rare earths. Because of the radioactivity of Am, Cm, and
the residual rare earths, this product requires remote handling. Noble metal fission products
remain in unoxidized form throughout the process; they are removed in the basket with the
cladding hulls, although a fraction may fall to the electrorefiner bottom. Radiation levels and heat
release that result from buildup of fission products require that fission product chlorides be
periodically removed from the salt, and that accumulated noble metals be removed by filtration.

109

Fig. VI-1.
Schematic of Electrorefming Cell for IFR
Pyroprocess

Molten Salt
[Cadmium

1.

Flowsheet Development

An "advanced" IFR flowsheet has been devised to guide continued process and
equipment development. This flowsheet was designed to evaluate proposed process changes that
appear feasible but have not yet been tested. Feed processing and product processing in the
advanced flowsheet are similar to those in the FCF demonstration flowsheet; the differences
between the flowsheets lie mostly in the area of fission product removal and waste handling. The
advanced flowsheet incorporates the following ideas. First, countercurrent extraction is used for
reduction and removal of TRU elements from the electrolyte salt and TRU reoxidation back into
the salt to begin the next electrorefming campaign. This allows rapid, continuous-loop processing
of the sal; for removal of rare earth fission products and returns TRU elements to the
electrorefiner. Second, fission product metals (including Sr and Ba) are removed from the
electrolyte using zeolites. This increases the useful lifetime of the salt, decreases the salt waste
volume, and results in a much less radioactive salt waste. Third, salt electrolysis provides process
oxidant (UC13) and reductant (Li in Cd solution). This avoids the increase in salt waste volume
associated with non-renewable reagents. It also avoids the deposition of cadmium in the
electrorefiner, and hence in the waste, that is caused by oxidation with CdCl2. Fourth, volatile
metals are retorted from the feedstock. This allows the volatile metals Cs, Rb, and Na to be
handled separately from the salt, and prevents sodium buildup from raising the liquidus
temperature of the electrolyte to the point where the entire salt mass must be discarded. Fifth,
the lower cadmium pool is eliminated from the electrorefiner. Introduction of cadmium into the
electrorefiner proper is avoided by use of UC13 as the oxidant, and actinides are electrotransported
directly from the anode basket to the cathode. It thus becomes possible to avoid cadmium
contamination of cladding hulls and noble metal wastes from the electrorefiner. Removal of solids
that accumulate in the electrorefiner may also be easier without the cadmium pool. Development
of this flowsheet modification is in progress.
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2.

Process Chemistry

In all flowsheets, removal of pure uranium on a solid mandrel electrode is possible
because uranium chloride is considerably less stable than the chlorides for other actinides and the
active-metal fission products. In cadmium solution at operating temperature (-773 K), however,
the rare earths and the TRU metals become more stable due to formation of intermetallic
compounds with cadmium; uranium does not form an intermetallic compound under this
condition. As a result, mixtures of actinides and fission products are found in cadmium solutions
that contact the process salt, such as the liquid cadmium cathode and the cadmium used for the
salt renewal processing (see Sec. VI.D). Because predicting the compositions of the salt and the
cadmium that contacts it is critical to process development, we have measured the distributions
of actinide elements and the most significant rare earth, alkali, and alkaline earth elements
between cadmium and molten LiCl-KCl at -773 K. Details of the experimental method are
similar to those described earlier.'
The distributions are described by pairwise separation factors; at equilibrium, the
distribution of elements between the salt and metal phases is such that all pairwise separation
factors are satisfied. The general reaction that describes the distribution of a pair of elements
between the salt and metal phases is

- M'CL + - M y
y
x

- MCL+ x
y

M'
(1)

By convention we write Eq. 1 with the more active metal, M, on the left and refer to the M-M'
separation factor. The separation factor, SF, corresponding to Eq. 1 is

SF =

[MClxf*
[M]3/x

[M'Cly]3/y

(2)

where the brackets indicate concentration. The concentrations can be measured in any units, as
long as the separation factor remains dimensionless. With this equation, the separation factor
remains constant with concentration as long as the ratios of the activity coefficients remain
constant. Because most actinides and rare earths form trichlorides, the separation factor usually
reduces to simple ratios of concentrations.
Separation factors measured to date have been constant with concentration to
within the available precision of analyses; they can, therefore, be multiplied and divided in the
same way that equilibrium constants are combined when the corresponding chemical equations
are added or subtracted. It is thus possible to calculate the separation factor for any element pair
if the separation factors of both elements relative to a third element are known. This approach

1

J. P. Ackerman and J. E. Settle, J. Alloys Comp. 177, 129-141 (1991).
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allows one to derive large separation factors that cannot be measured directly. As the distribution
ratio of two elements becomes large, the separation factor becomes increasingly difficult to
measure directly, because at least one metal or chloride concentration becomes very small at all
oxidizing conditions. Large separation factors are thus derived by combining smaller separation
factors, as appropriate.
We have statistically analyzed the chemical analysis results for actinides and rare
earths in salt-cadmium systems obtained since the beginning of IFR pyroprocessing work.
Table VI-1 presents the mean separation factors calculated from Eq. 2 for the 48 wt% LiCl52 wt% KCl eutectic salt that is presently used, as well as the alkaline earth-rich salt (nominally
35 wt% BaCl2-32 wt% CaCl r 23 wt% LiCl-10 wt% NaCl) used early in the development work.
Table VI-1.

Mean Separation Factors for Several
Actinides and Rare Earths in LiCI-KCI
and Earlier Salt at 773 K
Separation Factor1
Alkaline EarthRich Salt

Element

LiCI-KCI Salt

Np

2.12 ±0.42

Pu

'1.88 ±0.09

1.32 ±0.14

Am

3.08 ± 0.78

2.85 ± 0.98

Cm

3.52 ± 0.59

2.3 ± 1.2

Ce

45 ± 6

48 ± 13

Nd

39 ± 6

33 ± 5

"Relative to uranium. Quoted uncertainty is standard
deviation of the sample population.

We also conducted experiments to measure separation factors among rare earths
(Nd, Pr, Gd, La, Dy, Ce, Y, Sm, and Eu), as well as Ba, Sr, and Li. Separation factors among
these elements between cadmium and LiCI-KCI eutectic at -773 K were calculated from
measurements done by inductively coupled plasma combined with atomic emission spectroscopy
(ICP-AES). In addition, measurements with isotope dilution mass spectroscopy were used to
calculate the Nd-Pu separation factor with maximum accuracy and, thus, to establish a rare eaithactinide link, because several of the rare earth-neodymium separation factors were measured. The
relatively small concentrations of the americium daughter of plutonium were also measured by
gamma counting. Table VI-2 gives the measured values of the separation factors. Separation
factors for Sm, Eu, Li, Ba, and Sr are not given in Table VI-2 because they are considerably
more active than the other metals measured; evaluation of these separation factors, which are
comparatively very large (>1010), is still underway. Because of their extremely high separation
factors, these elements are expected to remain almost entirely in the salt phase throughout the
IFR pyroprocess, even when the actinide and other rare earth elements have been reduced
completely into the metal phase.
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Table VI-2. Measured Separation Factors among
Rare Earths. Plutonium, and Americum between Cadmium and LiClKC1 Eutectic at -773 K
Element Pair

Separation Factor^

Nd-Pu

23.4 ± 1.2

Am-Pu

1.54 ±0.15

Nd-Am

15.5 ± 1.1

Nd-Pr

1.02 ±0.04

Gd-La

1.10*0.33

Dy-La

3.79 ± 1.41

La-Ce

2.72 ± 0.37

La-Nd

3.01 ±0.71

Y-La

42.5 ± 9.3

Y-Nd

140. ± 21

'Quoted uncertainty is twice the standard
deviation of the mean

Using a separation factor of 1 for uranium as a reference yields the following
series: Pu, 1.88; Np, 2.12; Am, 3.08; Cm, 3.52; Pr, 43.1; Nd, 44.0; Ce, 49; La, 130; Gd, 150; Dy,
500; and Y, 6000. These values show good agreement with the measured values in Table VI-1.
This set is being used for all extraction calculations to establish quantitative estimates of actinide
recovery and projections of waste stream compositions.
B.

Process Development Studies
1.

Electrotransport to Liquid Cadmium Cathode

During this year, laboratory-scale work has been carried out with a liquid cadmium
cathode, which incorporates an axial motion as well as a rotating motion agitator, for collection
of plutonium in the electrorefiner. The solubility of plutonium in liquid cadmium at 773 K is only
3.62 wt%. To make a reasonable size cathode for plutonium collection, the cathode must be
operated with a saturated solution of cadmium so that it collects the intermetallic solid PuCd6.
Under these conditions, stirred cathodes give low, variable collection efficiencies (40-60%).
Collection efficiency is defined as the amount of heavy metal actually deposited in the cathode,
divided by the theoretical amount of heavy metal that could be deposited at the cathode, based
on the total current (ampere-hours) passed through the electrorefining cell. (One ampere-hour
passed should deposit 2.93 g of heavy metal at 100% current efficiency.)

113
Past experience with liquid cadmium cathodes has shown that the heavy metal
deposited at the cathode tends to grow upward into the overlying electrolyte layer and does not
settle into the liquid cadmium. With a rotating stirrer, even one directed to cause downward flow,
some of this heavy metal flows out of the cathode collection crucible, giving a low collection
efficiency. The rotary stirrer also leaves a very rough surface on the product ingot at the metalelectrolyte interface; this makes the separation of the salt layer very difficult after the collection
crucible has cooled and the contents solidified. A "pounder" (vertical motion) cathode was
designed to gain improved performance relative to the rotary-stirred cathode.
The principle of the pounder design is to restrict the growth of heavy metal
crystals in the salt by pushing them downward toward the liquid cadmium in the cylindrical
collection crucible. The "pounder" is a ceramic, electrical insulator having a cylindrical shape that
fits closely within the cylindrical collection crucible. The pounder is attached to a shaft drive,
which moves the pounder to give it an axial as well as rotating motion. A hole, along the axis
of the pounder cylinder, contains a metal rod that carries the current to the cadmium pool within
the crucible. A wedge-shaped notch in the pounder provides access for the electrolyte, which is
pumped in and out of the volume between the cadmium cathode surface and the pounder face
as the pounder moves up and down. At the bottom of its axial stroke, the pounder face is close
to the cadmium surface; thus, any material growing above the salt-cadmium interface is forced
down into the liquid metal.
Ten laboratory-scale runs (200 g of cadmium in a small electrorefiner vessel) have
been completed with the pounder cathode. Collection efficiencies were excellent, between 95 and
100%. Plutonium and plutonium plus uranium have been collected, depending on the Pu/U ratio
in the electrolyte phase. As much as 38 g of plutonium (45 vol% plutonium solids) has been
collected at these high efficiencies in a single experiment. Figure VI-2 shows the type of metal
ingots which are obtained. The ingots are approximately 5 cm in diameter. The tops of the ingots
are relatively smooth and the overlaying electrolyte layer is easily removed. The discontinuity
in the surface at the center of the ingot is the area where the electrode was withdrawn prior to
ingot cooldown.

Fig. VI-2.
Product Ingot of Deposit Obtained with
Pounder Design of Liquid Cadmium Cathode

Product of NE-2
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For the plant-scale cathode, a plutonium loading of 3 kg in 30 kg of cadmium is
the goal. Results obtained in the laboratory with the pounder cathode indicate that this goal will
be achieved. Future work will be concerned with investigating variables that are thought to be
important in the scaleup of the design to the plant scale.
2.

Process Instrumentation

Cyclic voltammetry is being investigated for possible application to the IFR
electrorefining cell as a means of determining heavy metal concentrations in processing liquids.
During 1992 reproducible cyclic voltammograms were obtained for uranium electrodeposition and
anodic dissolution at solid iron electrodes (Fig. VI-3) and liquid cadmium electrodes (Fig. VI-4)
in molten LiCl-KCl electrolyte at -760 K. (In Figs. VI-3 and -4, cathodic current is plotted on
the positive y-axis, and anodic current on the negative y-axis.) The cathodic deposition and
anodic stripping waves for the solid iron cathode are clearly evident in Fig. VI-3, and the peaks
occur at the same potential for all scan rates. The cathodic waves for the liquid cadmium are
broader than those for the solid iron cathode, and the cathodic peaks shift to more negative
potentials as the sweep rate is increased. The latter is most likely due to a combined effect of
diffusion of uranium in the liquid cadmium and the activity of uranium metal at the cadmium/salt
interface. At low potential sweep rates (5 mV/s), the activity of uranium in the cadmium at the
cadmium/salt interface is less than unity due to diffusion of uranium into the cadmium. However,
at high potential sweep rates (100 mV/s), less diffusion can occur and the activity of uranium is
higher at the cadmium/salt interface. For this reason, the cathodic peaks occur at more negative
potentials as the sweep rate is increased. Theoretically, these cathodic peaks should not shift more
negative than the cathodic peaks observed for uranium deposition (at unit activity) at a solid
cathode. This seems to be the case, but the sloping background that is present in the curves for
the liquid cadmium cathode data makes it difficult to determine exact potentials at the high sweep
rates.
To our knowledge, these are the first reproducible cyclic voltommograms obtained
using a liquid cadmium cathode. The voltammograms indicate that deposition and stripping of
uranium at a liquid cadmium cathode occur as a simple three-electron transfer process.
Electrodeposition of uranium is rapid, but anodic dissolution of uranium is less so. As shown in
Fig. VI-4, the anodic peaks are significantly shifted to more positive potentials with increasing
sweep rate. A plot of anodic peak potential vs. sweep rate shows a linear relationship, indicating
some sort of resistance behavior. In terms of the IFR process, however, the impact of this
resistance behavior should be minor. This result is consistent with earlier observations of the
importance of adequate mixing in the cadmium anode pool in order to prevent excessive
polarization. Nevertheless, on the time scale of the electrorefining process, both deposition and
anodic dissolution at a cadmium electrode occur relatively rapidly.
Cyclic voltammograms taken at 700 K and 730 K with the liquid cadmium cathode
were found to have essentially the same morphology as the voltammogram taken at 760 K. At
all three temperatures, there was a significant shift in the potential of the anodic peak for the
liquid cadmium cathode as compared to that for the solid cathode. This is indicative of slow
kinetics for uranium oxidation from the liquid cadmium cathode.
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In further voltammetry studies, the liquid cadmium cathode was saturated with
uranium at 760 K. Then, voltammograms were derived for the saturated and unsaturated liquid
cadmium cathodes at 700 and 760 K. The general morphologies of the voltammograms for the
saturated and unsaturated cathodes were essentially the same at the two temperatures. There was
a shift in cathodic peak potentials with sweep rate at 700 K that was not observed at 760 K when
the liquid cadmium cathode was saturated with uranium. Moreover, at 760 K, potentials for the
anodic peak were approximately the same for the solid cathode and the saturated liquid cadmium
cathode, as expected.
These preliminary results indicate that temperature has very little effect on the
interfacial electrochemical kinetics of uranium electrodeposition at the liquid cadmium cathode,
and that electrodeposition at both solid and liquid cathodes is limited by mass transfer, not by
interfacial kinetics. These results indicate that the temperature of the electrorefmer could probably
be lowered without affecting the interfacial kinetics. At a lower temperature, the limiting current
density would be lower, but enhanced mass transfer could make up for the decrease. Much could
be gained by operating the electrorefiner at a lower temperature, most notably a decrease in the
previously determined complications due to cadmium vapor.2 Voltammograms with both uranium
and plutonium present in the system are now being obtained.
C.

Engineering-Scale Process Development

In the pyrochemical processing of spent IFR fuel, a heavy metal drawdown step (an
operation to reduce the heavy metal concentration in the salt) is required before fission products
are removed from the salt in the electrorefiner. At some point in the operation, fission products
must be removed from the electrorefiner to reduce the amount of heat generated therein. Results
from drawdown tests in an engineering-scale electrorefiner (capable of transporting 10 kg
uranium to solid cathode) are presented below. Also reported are results from electrotransport
tests to remove zirconium, a major constituent of IFR fuel, from the electrorefiner.
1.

Electrorefiner Drawdown Operations

The objective of the drawdown tests is to determine the lowest concentration of
uranium and rare earths (Ce, Nd, and Y) in the salt that can be achieved with electrotransport.
The drawdown procedure consisted of loading 5.8 wt% Li-94.2 wt% Cd in anodic dissolution
baskets, removing uranium and rare earths from the salt, and collecting the uranium and rare
earths on a steel mandrel cathode. A crucible beneath the cathode catches solids that slip off the
steel mandrel. A schematic representation of the drawdown is given in Fig. VI-5. Design
requirements of the drawdown equipment include provisions to control the rate of reduction by
lithium, to produce good separation between the uranium and rare earths, and to collect the
uranium and rare earth products over a wide range of salt compositions.
A series of eight drawdown runs was completed, during which the average
uranium concentration in the salt was decreased from 6.68 wt% to 0.015 wt%. At high (1.756.68 wt%) uranium concentration in the salt, the cathode deposits contained 70 to 90 wt%
M. J. Steindler et al.. Chemical Technology Division Annual Technical Report, 1991, Argonne National Laboratory
Report ANL-92/15, pp. 123-124 (1992).
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Fig. VI-5. Schematic Representation of Electrorefiner Drawdown
uranium. At the lowest (0.015 wt%) uranium concentration in the salt, the cathode deposit
contained less, than 0.1 wt% uranium. The concentration of rare earths in the cathode deposit
increased from 1.2 to 32 wt% as the uranium concentration in the salt decreased from 6.68 to
0.015 wt%. By the final run, only 13% of the rare earths was removed from the salt, while 99.9%
of the uranium was removed; furthermore, after the uranium had been removed, it was possible
to reduce the rare earth concentration in the salt to less than 0.01 wt%. These results indicate that
good separation can be achieved between uranium and rare earths in the salt, and that uranium
and rare earth concentrations in the salt can be reduced to low levels by electrotransport.
Drawdown tests are still needed to determine the separation between plutonium and rare earths
in the salt. Future efforts will also be directed to the development of improved electrodes with
higher drawdown rates.
2.

Zirconium Removal

With repeated electrotransport cycles, zirconium from the spent IFR fuel
accumulates in the electrorefiner (in the cadmium anode pool, and on vessel walls and surfaces
of electrodes and mixers). Results from laboratory studies to determine the behavior of zirconium
in electrorefiner operations and to devise methods for zirconium removal from the cadmium
anode pool have been reported previously.1 Tests in the engineering-scale electrorefiner were
initiated to assess the effectiveness of electrotransporting zirconium to a solid mandrel or liquid
cadmium cathode.
In this report period, zirconium transport data were collected for a solid cathode
with zirconium concentrations of 0.5 wt% (highest available concentration) and <0.0! wt% in the
salt. The best cathode deposit was obtained for the run with <0.01 wt% zirconium in the salt.

M. J. Steindler et al., Chemical Technology Division Annual Technical Report, 1991, Argonne National Laboratory
Report ANL-92/15, pp. 116-119 (1992).
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This cathode deposit (Fig. VI-6) had 13 vol% zirconium (33 wt% zirconium, 66 wt% salt, 1 wt%
uranium, and <0.01 wt% cadmium). This result indicates that our method holds considerable
promise for removing zirconium from the electrorefiner. Further efforts will be directed to the
development of improved electrodes (higher collection rates and collection efficiency) for
zirconium recovery by electrotransport.

Fig. VI-6.
Zirconium Deposit Formed with
Low Zirconium Concentration in
Salt

D.

Development of Waste Treatment Processes

Work continued on developing processes to recover TRU elements from the spent salt and
metal discharged from the electrorefiner and to separate the fission products so that the treated
salt and metal can be recycled. The current work is guided by a reference flowsheet that is a
modification of the flowsheet shown in a previous annual report.4 Similar to the previous
flowsheet, the salt from the electrorefiner is first contacted with a molten Cd-U alloy to extract
TRU elements and leave rare earths in the salt. The product metal solution is retorted to remove
cadmium, and the TRU-rich residue is returned to the electrorefiner. Salt from the extractor is
contacted with a Cd-Li alloy to remove uranium, most of the rare earths, and residual traces of
TRU elements. The salt produced by this stripping step should have a total actinide content below
0.1 ppm and an alpha activity of <10 nCi/g (<370 Bq/g). In the new flowsheet, the stripped salt
is passed through a column of zeolites to sorb a fraction of the remaining fission products so that
about 90% of the salt can be returned to the electrorefiner. The salt-zeolite mixture is

4

M. J. Steindler et a)., Chemical Technology Division Annual Technical Report, 1990, Argonne National Laboratory
Report ANL-91/18, p. 119 (1991).
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immobilized in an aluminosilicate matrix and packaged for ultimate disposal in a geologic
repository.
In another flowsheet modification, cadmium from the salt stripping step, which contains
rare earths and small amounts of actinides, is contacted with an Al-Cu alloy to extract rare earths
and actinides from the cadmium. The Al-Cu-rare earth alloy is combined with cadmium from the
electrorefiner and the cladding hulls, which contain the noble metal fission products, and the
mixture is then retorted to remove cadmium, which is returned to the process. The retort residue
is melted to produce the metal waste form.
1.

Salt Extraction

The first step in the reference process for treating spent electrorefiner salt is a
salt/metal extraction to preferentially recover TRU elements. The equipment being assembled for
tests of molten salt-metal extraction consists of (1) a high-temperature centrifugal contactor
("pyrocontactor") with a 4-cm dia rotor, (2) tanks to feed salt and metal to the contactor, (3)
tanks to receive salt and metal from the contactor, (4) tanks to clean and treat salt and metal, (5)
heated transfer lines, (6) instruments, controls, and data acquisition system, and (7) a glovebox
with an argon purification system.
The pyrocontactor has been built and installed in the furnace. Preliminary roomtemperature tests with water revealed no vibrational problems at rotor speeds up to 2600 rpm
(>130% of normal operating speed), and demonstrated that the fluid flow rate can be adequately
controlled. In other work, the salt and metal feed tanks were fabricated and installed. Using
water, we then demonstrated that load cells supporting these tanks can measure the amount of
fluid in the tanks and the feed rates to the contactor. Installation of the raffinate and treatment
tanks for metals and salts was also completed. The major work remaining before glovebox
closure is (1) the installation of the heated transfer lines, (2) pretests of the complete system,
including flow tests with water and tests of the instrument and control systems, and (3)
installation of electrical power to the glovebox, as well as the temperature and pressure control
systems.
In the first planned series of extraction tests, CeCl3 dissolved in LiCl-KCl eutectic
will be transferred into Cd-Li solutions, or cerium dissolved in cadmium will be transferred into
salt containing CdCl2. Extraction efficiency, salt entrainment, and flooding characteristics of the
pyrocontactor will be determined from these tests. In the next test series, the actinide-rare earth
separation in the waste treatment process will be demonstrated. For this test series, lanthanum
(serving as the stand-in for TRU elements) will be preferentially extracted from salt containing
LaCl, and YC1, (the stand-in for rare earth chlorides) using cerium (the stand-in for uranium)
dissolved in cadmium. These extractions will constitute a valid demonstration of the salt
extraction process because of the similarity of the separation factors for Ce, La, and Y with those
for uranium, TRU elements, and other rare earths, respectively. The goal is to develop a
continuous metal-salt extraction process that uses multistage, countercurrent pyrocontactors to
recover the TRU elements from the waste salts produced in the Fuel Cycle Facility.
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2.

Salt Stripping

A prototype of the salt stripper system to be used in the Fuel Cycle Facility has
been designed and installed in the engineering-scale electrorefiner glovebox. In this system, a
pump and transfer line are used to move salt or cadmium between the engineering-scale
electrorefiner and the stripper vessel. After the vessel has been charged with -60 L salt and
-20 L cadmium, several runs will be undertaken to determine the rate and extent of uranium and
rare earth stripping from the salt into Cd-Li alloys.
Prior to the installation of the stripper system into the engineering-scale glovebox,
pretests were performed in a glovebox mockup. The performance of the salt/cadmium pump was
determined using water over a range of impeller speeds from 800 to 1800 rpm. Fluid heads at
low flow varied widely (from 0.8 to 7.3 m). At 1150 rpm, the low-flow head was close to that
predicted by the manufacturer of a similar pump, but the measured head dropped off rapidly with
increased flow rate. Nevertheless, the pump performance at about 1200 rpm meets the
requirements (2.3 m of head and flow rate of 5 L/min) for pumping salt or cadmium between the
electrorefiner and stripper vessel.
Several tests demonstrated the operation of the transfer line between the pump
outlet and the receiver vessel, which may be either the stripper or electrorefiner. These tests also
demonstrated successful mating of the freeze seals used to join the pump discharge on one end
of the transfer line and the receiver vessel on the other. The seal consists of an inner metal-tometal seal that joins the flow tubes and an outer solder seal filled with a silver alloy (melting
point, 900 K) and a flux. Fluid leaking through the metal-to-metal seals flows by gravity back
into the vessel through an annulus between the two seals. At a head of 4.5 m of water, only a
drop-wise leakage through the metal-to-metal seal was observed. At an argon gas pressure of
0.68 MPa (10 psig), no gas leakage past the solder seal was detected at 773 K or room
temperature. With the addition of a positive clamp to exert force on the metal-to-metal seal and
an engagement gauge, the transfer line assembly was ready for installation in the giovebox.
Testing of the equipment in the glovebox mockup has been completed, and installation in the
glovebox was started.
Preparations were made for evaluating several types of devices to measure the
molten salt and metal levels in the stripper vessel. These include single and multicontactor
conductance probes, a pressure probe, and an inductance probe. In addition, the total weight of
salt and metal in the stripper vessel will be measured by load cells.
3.

Metal Waste Treatment

In the new reference flowsheet, the cadmium-rare earth stream from salt stripping
is treated to separate the cadmium for return to the stripping step and to immobilize the rare
earths and residual actinides into a waste form. During this process about 4000 kg of cadmium
must be treated per 1000 kg of actinides fed to the electrorefiner, and the fission products must
be kept dispersed to facilitate heat removal. In an earlier flowsheet concept, cadmium was
removed by transpiration distillation rather than vacuum retorting to avoid entrainment of fission
products, with copper being added to aid in heat removal and to form a waste matrix. However,
distilling cadmium from copper-rich alloys appeared to be too slow for IFR waste processing.
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In a new concept, most of the cadmium is separated from rare earths by extracting
them into 67 wt% Al-33 wt% Cu alloy, which is a eutectic with a melting point of 821 K. With
this technique, less than 200 kg Cd must be distilled per 1000 kg actinides processed. The rare
earths are extracted almost completely into the aluminum alloy, where they precipitate as ternary
intermetallic compounds. The aluminum phase contains less than 2 wt% dissolved cadmium. The
immiscible cadmium phase contains negligible amounts of rare earths, about 0.5 wt% Al, and
0.2 wt% Cu. The aluminum must be removed from the cadmium before it is returned to the
stripping step.
Laboratory experiments were undertaken to identify the rare earth compounds
precipitating from Al-Cu alloys. With cerium added to a two-phase liquid, 67 wt% Al-33 wt%
Cu/Cd melt, a precipitate formed in the aluminum phase with an approximate composition of
CeCu4Al8. With high cerium loadings, this precipitate, wet with Al-Cu, settled to the bottom
below the cadmium phase. The overall cerium content of the aluminum phase ranged from 0.8
to 1.9 wt%, but in all cases it was less than 10 ppm in the cadmium.
The cadmium vaporization rate was measured by passing a stream of argon over
67 wt% Al-33 wt% Cu/Cd melt. The vaporization data are summarized in Table VI-3. In Run
1010, the cadmium weight loss appeared to be slightly greater than the cadmium added, but this
was attributed to experimental error. For all three runs, the vaporization rates from this two-phase
liquid system were about four to five times less than the rates from pure cadmium under
comparable conditions, but were several times higher than rates from copper-rich cadmium alloys.
The rates from the two-phase liquid metal are in a range that makes retorting practical, and
design of a prototype retort can now proceed on the basis of these data.

Table VI-3. Cadmium Transpiration from 67 wt% Al-33 wt% Cu/Cd Melt (initial Al-Cu, -27 g;
initial Cd, - 4 0 g; melt surface area, ~5 cm2)

E.

Run

Estimated
Melt
Temperature,
K

Argon
Flow
Rate,
mL/min

Time
at
Temperature,
h

Weight
Loss,
%Cd

Cd
Vapor
Flux,
g-h'-cm"2

159

731

350

4.0

3.9

0.076

1012

753

160

5.0

34.7

0.53

1010

757

250

18.0

101.6

0.46

Development of High-Level Waste Form

Several techniques are being explored for immobilizing the treated salt and metal and
converting them to high-level waste forms. To immobilize and convert the waste salt, it will be
sorbed into a zeolite, and the salt-zeolite compound will be hot-pressed into a solid waste form.
The metal wastes will be combined with a matrix metal or alloy to produce a final waste form.
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1.

Salt Waste
a.

Properties of Salt-Occluded Zeolite

Salt-occluded zeolite was prepared by passing simulated IFR process salt
through a zeolite column. Then, the column was divided into four sections. Each section was
broken into small chunks, which were quickly washed to remove the salt adhering to the surface.
The powders were then dried at 383 K until constant weight was obtained. The powders from
one section (the second quarter from the top) were analyzed using ICP-AES to determine the
concentrations of Al (12.8 wt%), Ba (4.97 wt%), K (6.0 wt%), Li (4.15 wt%), Na (0.77 wt%),
and Sr (0.85 wt%). Atomic emission spectroscopy was used for determination of Cs (6.7 wt%);
and CI (16.0 wt%) and I (0.08 wt%) were measured by ion chromatography. The large chloride
ion concentration indicates that a significant amount of salt was occluded, and the large
concentrations of Ba, Cs, and Sr indicate that ion exchange occurred.
Previously reported work5 has shown that, after washing and drying, saltoccluded zeolite powders have good leach resistance in room-temperature leach tests and are
radiation stable at doses up to 109 rad. Because leach resistance is such an important property,
we investigated it further using the Product Consistency Test.67 This particular test was selected
(even though it is not a leach test per se) because it uses the particle size range of interest for
the intended application. Product Consistency Tests were run with salt-occluded zeolite A in
deionized water (volume-to-mass ratio of 100 mL/g) at 363 K (90°C) for up to 56 days. At test
termination, the leachates were analyzed for cation and anion content. The amount of each
element, i, that moves from the zeolite to the water is expressed by the normalized mass loss,
NL, defined as:

NL = QV/fjA

(3)

where C< is the concentration of the element i in the leachate in g/mL, V is the volume of
leachate in mL, f, is the initial fraction of the element i in the solid, and A is the surface area of
the solid in m2.
The normalized mass loss for cations and anions is plotted versus time in
Figs. VI-7 and VI-8, respectively. The average NL for aluminum was small (0.036 g/m2) and
constant within the 10% experimental error. The average NL for silicon (not shown in Fig. VI-7)

' M. .1. Steindler et al., Chemical Technology Division Annual Technical Report, 1991, Argonne National Laboratory
Report ANL-92/15, p. 131 (1992).
6
C. M. Jantzen, N. E. Bibler, D. C. Beam, W. G. Ramsey, and B. J. Waters, Standard Test Method Relative to
Durability of Nuclear Waste Glasses: the Product Consistency Test (PCT), Savannah River Laboratory Report
WSRC-TR-90-539, Revision 2 (1991).
J. W. Shade and G. F. Piepel, in Attachment A of Evaluation of Experimental Factors that Influence the
Application and Discrimination Capability of the Product Consistency Test (U), G. Jantzen, Principal Author,
Westinghouse Savannah River Report WSRC-TR-90-526, Revision 1 (1991).
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Normalized Mass Losses for Anions in SaltOccluded Zeolite A versus Time in Leach
Tests with Deionized Water at 363 K

was also small (0.028 g/m2) and constant within experimental error. Thus, it appears that little
or no hydrolysis of the zeolite framework had occurred.
The NL for cesium was also considerably lower than that of the other alkali
metals. This may result from the lower hydration energy of cesium,8 occupation of a more stable
site, or steric effects. The NL for the other alkali metals followed the order Na < K < Li. The
concentrations of lithium and chloride ions are approximately equal and approach 0.02 M. This
concentration represents about 65 wt% of the total lithium, which is high, but comparable to the
amount of sodium lost from sphene glass-ceramic phases leached in Ca-Na-Cl brines.9 The NL
was much higher for chloride than iodide, probably because of a steric effect.

F. A. Cotton and J. Wilkinson, Advanced Inorganic Chemistry, 3rd ed., Wiley Interscience, New York (1972).
P. J. Hay ward, D. C. Doern, and I. M. George, J. Am. Ceram. Soc. 73, 544-551 (1990).
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The NL for Sr and Ba could not be calculated because their concentrations
were below the ICP-AES detection limits of 5 and 20 ppb. respectively. These detection limits
s
5
2
correspond to NL = 5.4 x 10 and 1.4 x 10 g/m . Thus, Sr and Ba are, for all practical purposes,
not leached. These ions may occupy more stable sites in the zeolite than the alkali metals.
Evidence suggests that multivalent cations may replace the sodium ions in the ion exchange sites,
10
i.e., they may become charge-compensating cations.
The NL data for the salt-occluded zeolite were converted to leachability
2
7
units, g/(m d). Data from leach tests run under similar conditions with Savannah River
Laboratory glass (SRL-202-G) were also converted to leachability units. (One difference in the
2
test conditions was the surface area of the powders, which was 0.018 m /g for the glass and 0.75
nrVg for the zeolite.) As shown in Table VI-4, the leachabilities of the various components of the
salt-occluded zeolite are lower than those of the borosilicate glass.

Table VI-4.

Leachabilities from Salt-Occluded Zeolite and
Borosilicate Glass"
Leachability, g m 2 d '

Component

Borosilicate
Glass SRL-202-G

Salt-Occluded
Zeolite

Al

0.14

0.0048

B

0.29

ND"

Ba

NDb

BDL 1

Cs

NDh

0.0066

K

0.22

0.031

Li

0.29

0.12

Na

0.28

0.018

SΓ

NDb

BDL1

Si

0.23

0.0041

Test conditions: 90°C, 7 days, V/m = 100 mL/g,
deionized water.
h
ND = Not determined.
L
BDL = Below detection limit in leachate.

The data for the salt-occluded zeolite and the SRL-202-G borosilicate glass
can also be expressed as a normalized release unit, C/f,. The normalized releases for Al and Si
from the salt-occluded zeolite were 0.25 and 0.22 g/L, respectively. These are comparable to the
releases for Al, B, and Si from borosilicate glass at 0.18, 0.37, and 0.28 g/L, respectively. The

10

M. Liquornik. J. Inorg. Nucl. Chem. 33, 283 (1971).
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release of the alkali metals was somewhat greater from the occluded zeolite than the borosilicate
glass. The largest difference was seen for lithium, the smallest ion. The two methods for
expressing the PCT results represent two extremes, since the former (NL) assumes that the
surface area differences are linear, whereas the latter (C/F.) completely neglects surface area
effects. The comparison is strictly valid only if the leaching mechanisms for the two types of
materials are similar.
In prior studies of the alkali leaching from glass,11,,2 two time dependencies for normalized mass loss have been observed: NLt 05 and NLt1. If the mechanisms for
alkali leaching from salt-occluded zeolite and glasses are similar and if the microporous structures
are also similar, one or both of these dependencies should be observed. However, the NL data
in Figs. VI-7 and -8 do not fit linear curves. There is a large initial release, followed by a slow
release of both cations and anions. The release of the alkali metals (Li, K, and Cs) does not fit
the model for alkali leaching from glass. Moreover, regression analysis revealed that only the
sodium data followed a tos curve. However, since there was no evidence of network hydrolysis,
the tos dependency is probably accidental. We concluded that the microstructures and rate of
water transport through the glass differ from those of the zeolite.
Future work will be directed toward establishing a broader understanding
of the leaching characteristics of the zeolite-based waste form. It will be necessary to develop
a basis for making a direct comparison with the performance of borosilicate glass waste forms,
because an unequivocal comparison must be eventually made. Consideration is also being given
to the development of a leaching test specific to the zeolite-based waste form.
b.

Densification of Salt-Occluded Zeolite

While salt-occluded zeolite shows promise for waste immobilization, the
powdered material has to be consolidated into a monolithic form before disposal in a geologic
repository. Preliminary hot-pressing experiments were conducted to densify salt-occluded zeolite
powders that had been washed and dried. Pressing temperature (888-1023 K) was found to be
the most significant variable. Except for baseline elevation in X-ray diffraction spectra for pellets
pressed at temperatures greater than 1000 K, the spectra for all pellets were the same as those
of the powders. At temperatures greater than 1000 K, densification occurred, but some mass was
lost during pressing. The mass loss is believed to be caused by evaporation of salt. Baseline
elevation in the X-ray diffraction spectra was attributed to the formation of a glassy phase that
probably formed as the salt evaporated. Pellets formed at temperatures between 888 and 958 K
were very chalky.
Pellets from both high- and low-temperature pressings were leach-tested
at 363 K for seven days in deionized water. Pellets having a glassy phase lost less than 1 wt%
of their mass, whereas pellets formed below 958 K lost up to 11 wt%. One possibility is that the
glassy phase improves the leach resistance properties of the salt-occluded zeolite powders,
because it provides a secondary phase between the zeolite-salt particles and limits access to the

"
1

B. C. Burkev. Mater. Res. Soc. Symp. Proc. 84, 493 (1983).
R. M. Barnev, Zeolites and Clay Minerals as Sorbents and Molecular Sieves, Academic Press, London (1978).
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particle surfaces. Work on developing the optimum method for pressing salt-occluded zeolite will
be continued.
c.

Alternative to Salt-Occluded Zeolite

Consolidated sodalite, the major alternative to the consolidated zeolite
waste form, is fabricated from salt-loaded zeolite. Initial studies of sodalite formation were
encouraging. Heating mixtures of NaOH, A12O3, SiO2, and salt produced sodalite in 5 to 75%
yields. Subsequently, the literature on sodalite was reviewed. We sought a synthetic method that
would consistently provide high formation rates, complete reaction, and a pure product. The
review showed that sodalite syntheses have involved (1) aqueous media, (2) solid-state, hightemperature reactions, (3) organic media, and (4) molten salt media. Since aqueous and organic
media would add complication and expense to IFR processing, we gave little attention to
information in these areas. A common reaction mixture includes salt, SiO2, A12O3, and a source
of sodium oxide, such as NaOH, Na2CO,, or NaAlO2. In some cases, the source of all
components except the salt is supplied by a synthetic zeolite or by a mineral, such as kaolin or
bentonite. Chang13 noted that many methods of sodalite synthesis are fraught with difficulties,
including low yield, and recommended preparation from zeolite. Experimental work on the direct
conversion of zeolites to sodalite has begun with studies on thermal conversion of zeolite A.
2.

Metal Waste Form

The primary candidate for the metal waste form is an Al-Cu alloy that has
dissolved or encapsulated the rare earth and noble metal fission products, as well as the cladding
hulls from the spent fuel. The rare earth f'ssion products would be extracted into a eutectic
mixture of 67 wt% Al in Cu (melting point, 821 K). At temperatures below its melting point, the
eutectic alloy is a mixture of a saturated solid solution of copper in aluminum metal and an
incongruently melting 9 phase of variable composition. At 550 K and below, the 6 phase contains
roughly 53.5 wt% Cu, and the aluminum phase contains < 0.5 wt% Cu.
Sample 146 (64.5 wt% Al-30.6 wt% Cu-4.47 wt% Zr-0.39 wt% La), a simplified
simulation of the alloy after extraction, was prepared by adding Cu, Zr, and La to molten Al,
making a single-phase liquid. The lanthanum was a stand-in for all the rare earth fission products.
The melt was cooled after dissolution. This sample was designed to investigate phase formations
in the matrix metal that immobilizes the rare earth and noble metal fission products and
encapsulates the cladding hulls. Replacing this simplified composition by one having more
components will provide more accurate information on this candidate waste form. The phase
identifications on this relatively simple system will help to identify phases in the more complex
systems.
Phase identification in Sample 146 was attempted by energy-dispersive X-ray
spectroscopy and X-ray diffraction. Two of the four peaks in the X-ray diffraction pattern for
Sample 146 overlapped with the peaks of the CuAl2 and Al patterns, but the other two could be
attributed to major peaks in the diffraction pattern of either LaCu6 or the LaCu2Al,0 intermetallic

13

I. F. Chang, J. Electrochem. Soc. 121, 815 (1974).
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compound.14 Because the stability of Al-La compounds ,, is greater than that of LaCu(,,16 we
suspect that the peaks are attributable to the ternary compound.
The 45 wt% Al-55 wt% Cu alloy, formed by adding Cu to 67 wt% Al-33 wt% Cu
eutectic, is a more attractive candidate waste form than the eutectic immediately after metal
extraction. Because the aluminum activity in the aluminum-rich phase of the eutectic mixture is
expected to be nearly one, and because aluminum is readily corroded at oxygen activities much
lower than those that might be expected in any repository environment, the eutectic may be
deficient as the matrix metal for the metal waste form. In the 45 wt% Al-Cu alloy, the aluminumrich phase has been replaced by a relatively copper-rich (-70 wt%) phase. The 6 phase still
comprises most of the melt, but its aluminum activity is lower than that of the aluminum phase.
Sample 152, a mixture of alurr.; um (45 wt%) and copper (55 wt%), was prepared
for analysis. This material was prepared as follows. Aluminum containing 0.21 wt% Fe as a
contaminant was charged to an alumina crucible. The molten aluminum was stirred with a closedend alumina tube containing a Type K thermocouple. Oxygen-free copper was added to the melt.
The melt temperature was kept at 973 K until the copper dissolved, then the alloy was cooled.
In Sample 152, an iron-rich Cu-Al phase evidently separated from an iron-deficient phase. Two
phases, in roughly equal amounts, were seen in the scanning electron microscope. The Al-to-Cu
ratio was similar in both phases, but one phase contained iron in solid solution. By analogy, the
rare earths may also form a solid solution in the 45 wt% Al-Cu alloy; ihe actual form of the rare
earths will be determined in future experiments on the simulated waste form.

15

16

O. S. Zrechnyuk, E. I. Eames-Misenko, A. N. Malinkovich, and V. V. Gabrusevich, Russian Metallurgy 3,
133-135 (English translation) (1969).
R. Hultgren, P. R. Desai. D. T. Hawkins. M. Gleiser, and K. K. Kelley, Selected Values of the Thermodynamic
Properties of Binary Alloys, American Society for Metals. Metals Park, OH, pp. 177-179 (1973).
F. Sommer. D. K. Choi, and H. G. Krull. J. Less-Comm. Met. 146, 319-325 (1989).
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VII. ACTINIDE RECOVERY
Recovery of actinide elements, particularly the transuranic (TRU) elements, from light
water reactor (LWR) spent fuel for use in the Integral Fast Reactor (IFR) offers several benefits
for future energy resource conservation and waste management. Three conceptual processes have
been developed in CMT for recovery of actinide elements: the salt transport process, the
magnesium extraction process, and the zinc-magnesium process. These high-temperature
processes (~800°C) are based on work that was done at ANL during the 1960s and 1970s.
In all three processes, the LWR oxide spent fuel is reduced to metallic elements by
reaction with calcium metal in a two-phase (liquid metal and molten salt) system. The major
steps for all three processes are the same: (1) the oxide fuel is declad, (2) the declad fuel is
reduced with calcium in the presence of CaCl2-CaF2 salt, (3) the TRU elements are separated
from the uranium and collected in a volatile metal solvent, (4) the TRU elements are recovered
by evaporating the metal solvent and cast into an ingot for charging to the IFR electrorefiner, (5)
the uranium-rich product is cast into an ingot and stored for later use, and (6) the CaO reduction
product is electrochemically decomposed to recover the salt and calcium for recycle. Removal
of the fission products from the TRU-containing ingot is desirable but not necessary because the
IFR electrorefining will remove them.
The three processes differ in several important ways. In the salt transport process, the
TRU elements transfer from the liquid metal (donor) alloy into a molten salt, then the molten salt
is moved to a second reaction vessel, where the TRU elements transfer into another liquid metal
(acceptor) alloy. The metallic TRU elements are recovered by evaporation of the acceptor alloy
and are consolidated into an ingot by melting. In the magnesium extraction process, the TRU
elements are extracted from the reduction alloy by dissolution in liquid magnesium, and the TRU
elements are recovered by evaporation of the magnesium. In the zinc-magnesium process, the
reduced uranium is precipitated as a solid and is mechanically separated from the liquid metal
phase. The liquid metal phase is then evaporated to produce the concentrated TRU product, which
contains many of the fission products as well. In all three processes, the concentrated TRU
product is fed to the electrorefiner of the IFR fuel cycle, where it is processed before being
fabricated into fuel pins.
The salt transport and zinc-magnesium processes are being developed in laboratory-scale
experiments to confirm the basic chemistry of each. (During this period, work on the magnesium
extraction process was discontinued because of its poor neptunium extraction, excessive
magnesium distillation, and poor materials compatibility.) Equipment is being designed to scale
the • ost promising process up to -20-kg batch size, which is large enough for addressing
equipment engineering and design issues. Support work includes development of mass-balance
flowsheets, materials that will be stable in the process environment, and a method for the
electrochemical reduction of CaO.
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A.

Process Chemistry and Flowsheet Development

In the previous report,1 we discussed the flowsheets developed for the salt transport and
magnesium extraction processes. Summarized below is the zinc-magnesium process flowsheet.
The oxide spent fuel is reduced to metals using calcium as the reductant in a two-phase
system of Mg-Zn-Ca liquid alloy and CaCl2-CaF2 molten salt. Calcium is consumed during the
reduction step and is dissolved as CaO in the salt phase. The reduced TRU elements are
dissolved in the magnesium-rich Mg-Zn alloy, and the bulk of the reduced uranium is precipitated
as a solid. The liquid Mg-Zn alloy is physically separated from the uranium precipitate to isolate
the TRU elements. A TRU-element ingot is recovered from the liquid alloy by distilling off the
magnesium and zinc, which are recycled. The recycled zinc is used as the cathode in the
electrochemical recovery of calcium from CaO in the molten salt recovery step. The resultant
Zn-Ca alloy is combined with the recycled magnesium for the next reduction run. The uranium
precipitate is melted and cast as an ingot for storage and use as fertile blanket material in future
breeder reactors.
Because a portion of the neptunium (-20%) precipitates along with the uranium in the
reduction step of the zinc-magnesium process, the uranium product is melted and cast in the
presence of a CaCl2-UCl3 salt (halide slagging), which extracts the residual neptunium from the
uranium phase. The salt is recycled to the reduction step to complete the neptunium recovery.
Laboratory-scale (25-100 g simulated fuel) testing is being done to evaluate the flowsheet
for the zinc-magnesium process (Sec. VII.C).
B.

IMaterials Developmenf

The processes for recovery of actinides from LWR fuels for use in the IFR reqrire
containment vessels, stirrers, filters, and transfer tubing. The stability of materials used in these
components is an important factor in determining the success or failure of the pyroch'jmical
processes. The demands made on materials are stringent. First, the liquid metal solvents (e.g.,
Cu-Mg, Zn-Mg) and the molten calcium and alkaline earth halide salts must not react excessively
with the containers and other components. In addition, to allow repeated use of the containers
and components in some applications, they should not be susceptible to wetting by these metals,
salts, and radioactive materials. Second, the materials should be chemically stable, possess good
mechanical properties, and have good thermal shock resistance in environments pertinent to the
actinide-recovery processes. Third, the materials should be sufficiently dense or porous,
depending on the specific applications, and still have the mechanical integrity needed in the
aggressive chemical and thermal environments. Finally, the technology for fabrication of
components should allow scaleup from laboratory to commercial scale.
Candidate materials for high-temperature operations can be refractory metals or ceramics.
The extensive pyrochemical processing studies conducted in CMT during the period 1960-1970
have shown that some refractory metals, such as tungsten, can be used in the reduction steps of
1

M. J. Steindler et al.. Chemical Technology Division Annual Technical Report, 1991, Argonne National Laboratory
Report ANL-92/15. pp. 134-135 (1992).
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some pyroprocesses, but they are difficult to fabricate. Therefore, the focus has been on the
development of ceramic materials. Since information on corrosion of ceramics in the expected
process environments is lacking, two criteria were used to select materials for corrosion tests:
thermodynamic stability and thermal shock resistance. The thermodynamic stability is determined
by the free energy of formation of the reactants and products at the temperatures of interest. The
thermal shock resistance to crack initiation is assumed to depend on fracture strength, thermal
conductivity, Young's modulus, and the thermal expansion coefficient. Greater thermal shock
resistance is indicated by higher values for the product of fracture strength and thermal
conductivity divided by the product of Young's modulus and the thermal expansion coefficient.
Based on these criteria, we identified a number of attractive materials for further testing: oxides
(magnesium oxide, yttrium oxide, calcium zirconate, calcium yttrate, calcium titanate), nitrides
(aluminum nitride, titanium carbonitride, titanium nitride), carbides (titanium carbide, titanium
carbonitride, and tantalum carbide), and a nitrided refractory metal alloy, 50 wt% Nb-30 wt% Ti20 wt% W, designated TRIBOCOR 532N. (Graphite by itself is not suitable, but use of a coating
of some of the stable materials on graphite looks attractive and will be investigated.) Most of the
ceramic materials were fabricated in the ANL Materials and Components Technology Division
by one of two methods: cold pressing followed by sintering, or hot pressing with or without
sintering aids. The exceptions were titanium carbide and titanium carbonitride (obtained from
MER Corp., Tucson, AZ), aluminum nitride (Technical Ceramics Laboratory, Alpharetta, GA),
and TRIBOCOR 532N (Surface Engineering, Gurnee, IL).
Corrosion tests were performed on the above oxides, carbides, and nitrides by exposing
them to molten salt (85 wt% CaCl2-15 wt% CaF2) saturated with calcium at 800-900°C for
periods ranging from 26 to 168 h. In addition, the TRIBOCOR 532N was exposed to liquid metal
alloys (Cu-Mg and Zn-Mg) and salt at 800°C for 168 h. Following the exposure and cool down
to room temperature, the materials were examined by scanning electron microscopy and energydispersive X-ray analysis. In addition, thermodynamic calculations were performed to better
understand the chemical interactions between oxides and molten salt containing calcium.
The results led to several observations. First, all the oxides undergo corrosion in molten
salt containing calcium, either by reduction or reduction followed by dissolution. Second,
impurities such as alumina or silica increase the corrosion rates. Third, oxide ceramics have poor
thermal shock resistance, making them unsuitable container materials. Fourth, aluminum nitride
is not compatible with molten salt saturated with calcium, and its corrosion is associated with the
presence of yttria, which was added to aluminum nitride during processing to promote
densification. Fifth, titanium nitride, titanium carbonitride, titanium carbide, and tantalum carbide
do not undergo any measurable corrosion. Sixth, carbides and nitrides possess greater resistance
to fracture initiation under thermal-shock conditions than oxide ceramics. Therefore, carbide and
nitride ceramics appear to be more promising as container materials than oxide ceramics.
Seventh, TRIBOCOR 532N has excellent thermal shock resistance but is subject to environmentally induced cracking after exposure to liquid metal alloys in the presence of salt. Cracking of
TRIBOCOR 532N is under investigation, and improved methods are under development for
densification of nitride and carbide ceramics using various sintering aids.
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C.

Laboratory-Scale Testing

Laboratory-scale testing is being conducted in an argon-atmosphere glovebox to evaluate
and refine the flowsheets for the salt transport and zinc-magnesium processes. When sufficient
experimental data have been obtained, we will select the best process for further development
The selection criteria include simplicity of equipment and operation, high TRU recovery,
capability of large-scale operation, and minimum materials corrosion. Work on the magnesium
extraction process has been terminated because of poor materials compatibility and the large
amount of retorting required for TRU recovery.
In the salt transport process, a small fraction of the salt is discarded to decrease the
concentraiion (and generated heat) of the fission products Cs and Sr. It is likely that the fluoride
in the process salt, 85 wt% CaCl2-15 wt% CaF2, may present a problem in waste disposal by
reacting with other components in the waste form. We have, therefore, examined the possibility
of removing or reducing the amount of CaF2 in the salt.
An experiment was conducted in which 50 g of UO2 (44 g of uranium) was reacted at
800°C with a salt of pure CaCl2, a reductant of 50% excess calcium (over that theoretically
required for fuel reduction), and a metal phase of 65 wt% Cu-35 wt% Mg. After this mixture had
been stirred for 6 h at 900 rpm, the experiment was terminated, and the Cu-Mg alloy, which is
very brittle at room temperature, was crushed and ground to a fine powder. Then, the uranium
precipitate was collected and weighed. The metal phase was found to contain approximately 50%
of the uranium, as well as unreacted UO2. After 5 wt% CaF 2 was added to the salt and the
mixture was stirred an additional 6 h, the reduction of UO2 appeared to be complete.
We then repeated the UO2 reduction with a CaCl2 salt containing 2 wt% CaF2. After 6 h
of stirring at 800°C, visible UO2 remained in the product, as well as 36 g uranium. After the
product was stirred for an additional 6 h, the uranium precipitate increased to 44 g, and no UO2
was observed visually. However, UO2 was detected (by X-ray diffraction) in a dark layer of salt
beneath the metal phase. It is possible that additional stirring would force the reaction to
completion; however, the reduction using 2 wt% CaF2 was deemed as too slow for practical
applications. Some CaF2 seems to be required to achieve reliably rapid reductions and is also
believed to be important for good phase separation. It appears, however, that a quantity less than
the 15 wt% currently used would be adequate for good, rapid reductions.
Reduction experiments have also been conducted to assist us to better understand the
chemistry of the noble metal fission products in the reduction step of the salt transport process.
The reduction was conducted at 800°C using a salt of 85 wt% CaCl2-15 wt% CaF2, a metal phase
of 65 wt% Cu-35 wt% Mg, and a simulated LWR fuel of UO2 with trace amounts of CeO2,
Nd 2 O,, RuO2, MoO,, ZrO2, and Pd. A sample of the Cu-Mg phase taken at 800°C showed that
all of the Ce and Nd and most of the Pd were in this phase, whereas none of the Ru, Mo, or Zr
could be detected. Analyses of the bulk metal and uranium precipitate from the reduction showed
that essentially all of the Ru, Mo, and Zr could be accounted for in the uranium phase. Only 25%
of the palladium was associated with the uranium, with the balance in the Cu-Mg phase.
Similar experiments were conducted to determine the fate of the noble metal fission
products in the zinc-magnesium process. Similarly to the salt transport process, analytical results
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showed that all the Ce, Nd, and Pd were in the Zn-Mg alloy, whereas Ru, Mo, and Zr could not
be detected and were presumably precipitated with the uranium phase.
In the zinc-magnesium process flowsheet, after fuel reduction, the Zn-Mg is removed from
the reduction vessel and transferred to the retort to evaporate the Zn-Mg and consolidate the TRU
product. The precipitated uranium (and presumably any precipitated fission products) remaining
in the reduction vessel is dissolved in zinc and transferred to a retort. It is of interest to know
if the fission products are soluble in the zinc and can be transferred, or if they will accumulate
in the reduction vessel. Thus, sufficient excess zinc to dissolve the uranium was added to the
Zn-Mg-U ingot from the above experiments. Analyses showed that the Pd and Ru were dissolved
in the zinc, whereas the Mo and Zr were not. Analysis of the bulk metal showed Mo and ZΓ to
be present, which raised the possibility that they may accumulate in the reduction vessel. This
possibility will be addressed in the engineering-scale experiments (Sec. VILE).
Another concern in using the zinc-magnesium process is that the Zn-Mg alloy will
significantly lower the activity of calcium so that much of the reduction will be carried out by
magnesium. The extent of magnesium participation is controlled by the equilibrium:
CaO + Mg -> MgO + Ca

(1)

For salt recovery, only the CaO can be decomposed electrochemically because MgO is insoluble
in the salt. However, as calcium is produced, it will chemically react with MgO in the reverse
of reaction 1. Thus, the presence of MgO in the reduction salt is not expected to affect the
electrochemical process strongly. Several experiments were conducted to determine the extent
of magnesium participation in the reduction reaction. The extent of participation was found to
vary from 20 to 70%, depending on the amount of excess calcium and the Ca/Mg ratio in the ZnMg-Ca alloy. This amount of MgO in the salt phase should cause no difficulty in the salt
recovery step.
A question was also raised concerning the fate of yttria and iodide, which are only minor
constituents of the fuel, during reduction in the salt transport and zinc-magnesium processes.
Yttria is slightly more stable than CaO and was not expected to be reduced, whereas iodide was
expected to remain in the salt phase. A reduction experiment was conducted at 800°C in which
the simulated fuel was UO2 with small amounts of Y2O3 and Csl. Analysis of the reaction
products showed nearly complete transfer of yttrium to the metal phase and no yttrium in the salt
phase. The iodide was found only in the salt phase. Thus, it appears that the yttrium activity is
low enough in the liquid metal phase to promote yttria reduction, whereas the iodide behaves as
expected.
Future laboratory-scale experiments will be concentrated on further investigating the
process flowsheets, including methods for separation of the uranium precipitate from the liquid
metal alloys, and further improving our understanding of the behavior of noble metal fission
products. Laboratory-scale testing will also be used to support the design process on the
engineering-scale tests (Sec. VII.E).
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D.

Electrochemistry Studies

The CaO formed during the reduction process has limited solubility in the molten salt
(CaCl2-CaF2), and the reduction reaction stops when the salt becomes saturated with CaO. To
minimize the quantity of waste salt, it is necessary to reduce the CaO and recycle the salt. We
previously found that the salt can be recycled by reducing the CaO to calcium metal in an
electrochemical cell having 85 wt% CaCl2-15 wt% CaF2 electrolyte, a liquid metal (Zn or
Cu-Mg) cathode, and a graphite rod anode.2 Oxygen from the oxide spent fuel is ultimately
evolved as CO and CO2 at the carbon anode. A porous anode shroud is employed to impede
contamination of the bulk salt with carbon dust. The cell is operated at ~800°C in a heliumatmosphere glovebox. In this report period, eight electrolysis experiments (Runs EW-10 through
EW-17) were performed to evaluate the electrolysis of CaO in molten CaCl2-CaF2 electrolyte salt.
One of the objectives of Run EW-10 was to investigate the stability and the extent of
corrosion damage to cell crucibles and porous anode shrouds constructed of A12O3, instead of the
MgO used in earlier runs. Alumina crucibles are less expensive than MgO crucibles and are
available in a larger variety of sizes and shapes. The result of Run EW-10 indicated that the
corrosion behavior of A12O;, was comparable to that of MgO under similar operating conditions.
However, in both cases, the corrosion rate limits the life of the crucibles to a single run. The final
process will require crucibles that have much better corrosion resistance, so that multiple runs
can be achieved before the crucible is discarded.
Runs EW-11, -12, and -13 were performed to explore the feasibility of using a porous
anode shroud made of a commercial stainless steel filter medium. If workable, the stainless steel
shroud would be inexpensive and readily forrnable in the required shapes and sizes. However,
partial cell short circuits and anodic dissolution of the anode shroud occurred in all three
experiments. The partial cell short circuit might have been caused by reactions involving the
materials of the stainless steel shroud. Further studies would be required to find the underlying
mechanism of this short circuit, but work on metallic shrouds has been stopped.
The purpose of Run EW-14 was to determine how high the cell voltage could be extended
without causing significant decomposition of CaCl2 salt. In most previous experiments, the cell
voltage was limited to <2.7 V, the reversible decomposition potential for CaCl2 with a zinc
cathode. In Run EW-14, the upper cell voltage was increased to 4.8 V, the decomposition
potential of CaF2. This experiment was designed to collect samples of product gas from the anode
compartment and to determine if any detectable chlorine occurred in the gas samples at operating
cell voltages of 2.7 to 4.8 V. The main body of the gas collector system was a quartz bell jar
enclosing the anode and the MgO shroud. The bell jar was sealed at the bottom by immersion
in the molten salt. (A sketch of the experimental setup is shown in Fig. VII-1.)
The results of gas analyses were complicated by reactions involving anode product gases
and the materials of the gas collector system. However, it appears that chlorine gas is not
produced, even at 4.8 V, until essentially all the CaO has been reduced. Further experiments to
verify this conclusion will be performed using an improved off-gas collector system.
2

M. J. Steindler et al.. Chemical Technology Division Annual Technical Report, 1991, Argonne National Laboratory
Report ANL-92/15, pp. 137-138 (1992).
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graphite rod anode (19-mm dia)
porous MgO anode shroud (ID = 3.18 cm, height = 12.7 cm)
quartz bell-jar collector
molybdenum washer
platinum/rhodium shroud support wire
quartz tube (ID = 1.78 cm, length = 56 cm)
molybdenum conductor rod (0.64-cm dia)
MgO crucible
tungsten cathode conductor with A12O3 insulator
tantalum current and voltage lead
Teflon tube connector
gas sampling bottle (SO cm3)
chlorine filter cartridge
electrolyte
liquid zinc cathode

Sketch of Setup for Collection of Product-Gas
Samples from Anode Compartment in Electrolysis
Cell

During oxide fuel reduction with Zn-Mg-Ca (or Cu-Mg-Ca), both calcium and magnesium
participate in the reaction (as described in Sec. VII.C). For salt recovery, only CaO can be
decomposed electrolytically because MgO solubility in CaCl2-CaF2 salt is very low; however, the
electrochemically reduced calcium will chemically reduce the MgO. This concept was
demonstrated in three electrolysis experiments (Runs EW-15 through EW-17). The optimum
operation scheme, used in Run EW-17, was a period of electrolysis without stirring, followed by
a period of chemical reduction with stirring of both the salt and the liquid metal phases, and this
cycle was repeated until the oxides in the salt appeared to be exhausted. The current efficiency
obtained for Run EW-17 was 84%, and the completion of the chemical reduction of MgO was
58%.
Future electrolysis experiments will be focused on methods to assure that carbon from the
anode is not recycled with the salt. This carbon could react with the TRU product, making some
of the TRU unavailable for recovery. Work will also be done on methods to scale up the
electrolysis process and to optimize the cell design and operating parameters.
E.

Engineering-Scale Testing

Equipment is being designed and fabricated to perform engineering-scale experiments in
a glovebox enclosure. The objectives of these experiments are to verify the process chemistry,
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to gain experience in process operations, and to address design issues of larger prototype systems.
These engineering-scale experiments will be a factor of approximately 100 higher than the largest
laboratory experiments performed to date and will use up to 20 kg of simulated LWR fuel as
feed material.
The enclosure consLts of two stainless steel gloveboxes, with safety glass windows,
connected by a vacuum lock. The main large glovebox is ~7.6-m (25-ft) long, ~2.4-m (8-ft) wide,
and ~2.6-m (8.5-ft) high and will contain an argon atmosphere, where high purity is maintained
by a commercially available system. The auxiliary glovebox is -2.1-m (7-ft) long, -1.1 -m (3.8-ft)
wide, and -2.6-m (8.5-ft) high and will have a high-purity nitrogen atmosphere. The purity of
the nitrogen atmosphere will be maintained by a continuous supply from a liquid nitrogen source.
Design and construction of the shell of the main glovebox are progressing well and should be
complete in 1993. Design of the auxiliary glovebox has been initiated.
Most of the process equipment to be placed in the enclosures will be located in furnace
wells below the enclosure floor level. The major process vessels include a reduction vessel, an
acceptor (extraction and salt recovery) vessel, two casting stations, and a retort. A conceptual
design of the reduction vessel was completed (Fig. VII-2). The acceptor vessel design will be
similar to the reduction vessel design.
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Fig. VII-2.

INSULATION
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Cross Section of Reduction Vessel
Design (SST is stainless steel)

Conceptual designs are being prepared for the casting stations, which are needed for chill
casting of process liquids between process steps. In these designs, the molten material (discharged
by the transfer line) is deposited into a central mold section, which fills and then overflows to
fill adjoining mold sections. Each mold section is tapered to a generous angle to provide easy
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removal of the solidified and cooled ingot. An experimental program has been established to
evaluate candidate materials for molds and mold coatings.
The retort will separate the volatile solvent metals used in the process from the uranium
or TRU element products. Work on this component has focused on developing a conceptual
design, estimating heat loads during different phases of retort operation, and procuring an
induction power supply.
Transfer lines are required for moving liquid metals and salts from the reduction and
acceptor vessels to the casting stations and transferring the liquid extraction salt between the
reduction and acceptor vessels. One of the critical elements of each of the transfer line designs
is the tubing needed to contain the liquids during transfer. The only fabricable material known
to be compatible with all the fluids to be transferred is 70 wt% Mo-30 wt% W. Design analysis
indicated that tubing 3-m long would probably be required. Solid rods of this material were
procured and drilling is in progress.
A data acquisition and control system (DAS) will be used to collect and store sensor
information and to control selected equipment during the course of experiments. A preliminary
description of the DAS equipment design requirements was prepared, and a conceptual
configuration was developed. Computer equipment not likely to change in design was procured
so that software development could begin.
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VIII. APPLIED PHYSICAL CHEMISTRY
The program in applied physical chemistry involves studies of the thermodynamic,
thermophysical, and transport behavior of selected materials in environments simulating those of
fission and fusion energy systems.
A.

Liquidus-Solidus Temperatures and Viscosities of Core-Concrete Mixtures

Thermophysical properties of molten mixtures of urania, zirconia, and concrete were
measured in this research program. Such mixtures are expected to occur during the molten coreconcrete interaction (MCCI) phase of severe accidents in water-cooled nuclear reactors, e.g., core
meltdown. The MCCI phase is preceded by a series of other phases: loss of coolant, heatup and
degradation of the reactor core caused by heat produced by the radioactive decay of fission
products, melting of the core debris (urania, fission products, Zircaloy cladding, control rods, and
structural materials) through the stainless-steel reactor vessel, and deposition of the core debris
and molten steel on the concrete basemat beneath the vessel, where the MCCI phase begins.
During the MCCI phase, the concrete basemat reacts with the hot (~2700°C) core debris and
molten steel to form a multiphase, molten mixture, which is vigorously stirred by the gaseous
products (carbon dioxide, carbon monoxide, steam, and hydrogen) from the decomposition and
reduction of the concrete basemat. A knowledge of the thermophysical properties of the solids,
liquids, and gases that exist during the MCCI phase is crucial for understanding and modeling
the consequences of a severe reactor accident.
The results of our research will be incorporated in thermal-hydraulic codes such as
CORCON,, which is an integral part of the MELCOR code2 employed to compute the
consequences of hypothetical severe accidents at nuclear reactors. In addition, our experiments
are designed to aid researchers in ANL's Reactor Engineering Division in analyzing results from
their large-scale (-500 kg) MCCI experiments, which are being performed under international
sponsorship (the Aerosol Containment Experiment Consortium).
In earlier experiments,3 sponsored by the Electric Power Research Institute (EPRI), we
conducted source-term measurements of the vaporization of refractory fission products from coreconcrete mixtures. The experiments in this report are concerned with two other important
properties of the core-concrete mixtures: liquidus-solidus temperatures and viscosities. The
liquidus-solidus temperatures were measured by differential thermal analysis (DTA) in a program
sponsored by the Nuclear Regulatory Commission. (Liquidus temperatures are the onset of
solidification as a material is cooled from the liquid state; solidus temperatures are the onset of

2

3

R. K. Cole, Jr., D. P. Kelly, and M. A. Ellis, CORCON-Modl: A Computer Program for Analysis of Molten CoreConcrete Interactions, U.S. Nuclear Regulatory Commission Report NUREG/CR-3920 (1984).
R. M. Summers, R. K. Cole, Jr., E. A. Boucheron, M. K. Carmel, S. E. Dingman, and J. E. Kelly, MELCOR
1.8.0: A Computer Code for Nuclear Reactor Severe Accident Source Term and Risk Assessment Analyses, U.S.
Nuclear Regulatory Commission Report NUREG/CR-5531 (1991).
M. F. Roche, L. Leibowitz, J. L. Settle. C. E. Johnson, R. C. Vogel. and R. L. Ritzman, Nuc!. Technol. 96, 96
(1991).
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melting as a material is heated.) The viscosities and, in some cases, liquidus temperatures were
measured by rotational viscometry in a program sponsored by the ACE Consortium.
In the previous report in this series,4 DTA measurements of the UO2-CaO phase diagram
were described. Solidus and liquidus temperatures were also presented for three types of concrete
(limestone, limestone-sand, and siliceous) and for their mixtures at 27.5 wt% calcined concrete
with 72.5 wt% UO2-ZrO2 (1.6:1 mole ratio of UO2 to ZrO2). In addition, viscosity data for some
mixtures of urania and zirconia with these concretes were presented.
During this report period, we continued DTA measurements of liquidus-soiidus
temperatures and rotational-viscometry measurements of viscosity on mixtures of concretes with
UO2-ZrO2. In the DTA experiments, the samples, which weigh up to 20 g, were held in covered
molybdenum crucibles (9 cm3) that rest on a sample thermocouple within a high-temperature
furnace cavity. A gas of Ar-3% H2 (at a pressure of about 0.03 MPa) was added to the furnace
cavity to minimize vaporization losses to less than 2% of the sample mass. The output from the
sample thermocouple was compared with that from a control thermocouple which drove the
furnace, via a programmable power supply, between two temperature limits at a prescribed linear
rate (e.g., 900 to 2400°C limits at a rate of 30°C/min). The peaks in the resulting DTA curves
were related to the liquidus and solidus temperatures.
In the viscosity experiments, the samples, which weighed 150 to 200 g and had a volume
of about 30 cm3, were heated to temperatures as high as 2600°C within the hot zone of a
molybdenum-tungsten alloy (70Mo-30W) furnace tube. The furnace tube was continuously purged
with Ar-3% H2 gas to ensure retention of the urania in the U4+ state. A Brookfield programmable
viscometer equipped with a 70Mo-30W alloy spindle that was immersed in the molten sample
was employed to measure the sample's viscosity as a function of spindle rotation rate. The
viscosities ranged from about 0.05 to 500 Pas (50 to 500,000 cP), depending on the sample
composition, rate of spindle rotation, and temperature. Liquidus temperatures were detected by
a low sample viscosity (under 0.2 Pas or 200 cP), as well as a viscosity that was constant with
spindle rpm (Newtonian behavior).
Viscosities were measured for a mixture of siliceous concrete (27.5 wt%), urania
(56.6 wt%), and zirconia (15.9 wt%) at intervals of 50 to 70°C over the temperature range 17312322°C. The solidus and liquidus temperatures for this particular mixture were determined by
DTA to be 1139 and 2276°C, respectively. Therefore, the viscosity measurements extended from
above the liquidus well into the liquidus-soiidus temperature range. The viscosity measurements
plotted in Fig. VIII-1 indicate Newtonian behavior (i.e., viscosity independent of spindle rotation
rate) at 2171°C. Our other measurements indicated Newtonian behavior over the temperature
range 2094-2322°C. This behavior is expected of a single-phase fluid or a fluid with only a minor
volume fraction of solids. However, as the temperature was decreased further into the liquidussoiidus region, the sample exhibited a type of non-Newtonian behavior called "shear thinning,"
in which the viscosity decreased significantly with increasing spindle rotation rate (see curves in
Fig. VIII-1 at 1835 and 2OO3°C). This shear thinning was due to the presence of a significant

M. J. Steindler et al.. Chemical Technology Division Annual Technical Report, 199/, Argonne National Laboratory
Report ANL-92/15, pp. 141-144 (1992).
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Fig. VIII-1.

Viscosity of Mixture Containing Siliceous Concrete (27.5 wt%),
Urania (56.6 wt%), and Zirconia (15.9 wt%) at Three Temperatures
and Colgate Toothpaste at Ambient Temperature

fraction of solids at the lower temperatures. The large increase in viscosity with decreasing
temperature was another indication of increasing solids content (the viscosity increased by a
factor of about 1000 with a temperature decrease of about 600°C).
Figure VIII-1 also shows the viscosity of Colgate toothpaste, diluted slightly with water
(5 parts by volume of toothpaste to one part by volume of water). Its viscosity at ambient
temperature is nearly identical to that of the urania-zirconia-concrete mixture at 1835°C. This
comparison is useful because it is easy to visualize the flow of an off-the-shelf product such as
Colgate toothpaste. Toothpaste-like flow has not been considered in any thermal-hydraulic code
for nuclear reactor accidents. Indeed, the viscosity of a similar mixture of urania, zirconia, and
concrete is calculated in CORCON1 to be about 0.05 Pas (50 cP) at 1500°C. This low viscosity
is calculated because the viscosity subroutine in CORCON assumes that the mixture is a
Newtonian fluid with no undissolved solids. We could not have conducted rotational viscosity
measurements on the mixture of urania, zirconia, and siliceous concrete at I500°C because the
sample would have been essentially solid, with a viscosity in excess of 1000 Pas (106 cP). We
have conducted measurements like those in Fig. VIII-1, with similar results, on a variety of
mixtures of urania and zirconia with limestone, limestone-sand, or siliceous concretes. Since the
viscosity affects heat transfer, release of fission products, and a variety of other important
processes in the MCCI phase (such as melt spreading and cooling), reliable data are clearly
needed for incorporation in the codes. The results of this study will provide improved correlations
of viscosity versus composition for a broad range of core-concrete mixtures.
Solidus-liquidus temperatures determined by DTA and viscosity measurements for a UO2to-ZrO2 mole ratio of 1.6:1 are plotted in Fig. VIII-2 as a function of concrete weight percent.
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Liquidus-Solidus Curves from DTA and Viscosity
Data for Urania-Zirconia (1.6:1 Mole Ratio) Mixtures with Three Concretes. Arrow on top of
symbols indicates "greater than."

The values for UO2-ZrO2 (at 0 wt% concrete) were taken from the published phase diagram.5
Also shown in Fig. VIII-2 are proposed solidus and liquidus curves. Thermodynamic calculations
presented to date67 are in reasonable agreement with our solidus curves for all three concretes
and with our liquidus curves for the siliceous-concrete mixtures, but are 300 to 500°C lower than
our liquidus curves for mixtures containing limestone-sand or limestone concretes. The agreement
is expected to improve when our revised UO2-CaO phase diagram4 is incorporated in the
thermodynamic calculations.
B.

Thermophysical Property Studies

Measurements and analyses are being performed to provide needed information on the
thermodynamic and transport properties of Integral Fast Reactor (IFR) fuel (see Sec. VI). In
1992, this effort was focused on determining phase relations in the Fe-Zr rnd Fe-U-Zr systems
and the feasibility of examining IFR materials using synchrotron radiation sources.

6

E. M. Levin and H. F. McMurdie, Phase Diagrams for Ceramists, 1975 Supplement, American Ceramic Society,
Columbus, OH (1975).
P. Y. Chevalier, J. Nucl. Mater. 186, 212 (1992).
R. G. J. Ball and M. A. Mignanelli, "The Calculation of Phase Equilibria of Oxide Core-Concrete Systems,"
presented at the OEDC CSNI Specialist Meeting on Core Debris-Concrc.te Interactions, Karlsruhe, Germany,
April 1-3, 1992.
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1.

Phase Relations

The IFR currently being developed at ANL employs a U-Pu-Zr alloy fuel clad in
stainless steel. We are, therefore, interested in phase diagrams of fuel and stainless sleel
components, especially at high temperatures. In previous work, we presented our assessments of
the U-Zr,8 Fe-U,9 and Pu-U10 phase diagrams. This effort is continuing with our assessment
of the Fe-Zr and Fe-U-Zr systems.
The general methods used in our analysis have been described elsewhere."13 The
calculations are performed with programs of the F* A*C*T (Facility for the Analysis of Chemical
Thermodynamics) computer system and involve determining equations for the Gibbs energies of
all phases existing in an alloy system as functions of temperature and composition. Phase
diagrams are derived by calculating the lowest common tangents to the Gibbs energy-composition
curves. This procedure ensures thermodynamic consistency of the resulting phase diagram and
provides a powerful means for assessing conflicting data.
a.

Iron-Zirconium System

Two somewhat different Fe-Zr phase diagrams are available in the
literature. Massalski included the Fe-Zr diagram derived by Arias and Abriata,15 shown in
Fig. VIII-3, whereas Kubaschewski16 gave a somewhat different diagram, shown in Fig. VIII-4.
Our calculated diagram, shown in Fig. VIII-5, was designed to resolve the conflicts between the
two published diagrams. Some of the areas of disagreement are discussed below.
14

As reflected in Figs. VIII-3 and -4, several intermetallic compounds (e.g.,
Fe2Zr, Fe3Zr, FeZr4) have been reported for the Fe-Zr system, with some disagreement over what
compounds exist.1516 The enthalpy of formation of Fe2Zr from the solid elements has been
measured calorimetrically,15 and within the error limits of the measurements, it is independent
of temperature. We calculated the Gibbs energy of formation (AG°, in units of joules per mole
of atoms) for the reaction 2/3Fe(C) + l/3Zr(C) = l/3Fe2Zr(s) to beAG° = -46442 + 9.8073T

8
9
10
11

12

13

14

15
16

(1)

L. Leibowitz, R. A. Blomquist, and A. D. Pelton, J. Nucl. Mater. 167, 76 (1989).
L. Leibowitz and R. A. Blomquist, J. Nucl. Mater. 184, 47 (1991).
L. Leibowitz, R. A. Blomquist, and A. D. Pelton, J. Nucl. Mater. 184, 59 (1991).
C. W. Bale, A. D. Pelton, and W. T. Thompson, F*A*C*T Guide to Operations, McGill University/Ecole
Polytechnique, Montreal (1985).
A. D. Pelton, in Physical Metallurgy, 3rd. ed., Eds., R. W. Cahn and P. Haasen, North-Holland Publishing, New
York, p. 328 (1983).
A D . Pelton, in Materials Science and Technology, Vol. 5, Eds., R. W. Cahn, P. Haasen, and E. J. Kramer,
VCH Weinheim, Germany, p. I (1991).
T. B. Massalski, Ed., Binary Alloy Phase Diagrams, 2nd ed., American Society for Metals, Metals Park, OH
(1990).
D. Arias and J. P. Abriata, Bull. Alloy Phase Diagrams 9, 597 (1988).
O. Kubaschewski, Iron-Binary Phase Diagrams, Springer-Verlag, New York, p. 175 (1982).
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Iron-Zirconium Phase Diagram of Arias
and Abriata.15 Reprinted from Ref. 14.

where T is the temperature in degrees kelvin. The Fe2Zr phase was then modeled with a general
defect model recently developed for non-stoichiometric phases. This model was developed by Li
and Pelton17 and is similar to the Wagner-Shottky model.,8
The calculated liquidus curve (Fig. VIII-5) is in reasonable agreement with
the published diagrams (Figs. VIII-3 and -4); however, as zirconium content increases after the
Fe2Zr phase, the calculated liquidus curve descends more steeply than the published ones. The
liquidus of Fe2Zr has not been firmly established. Because the rate of decrease of the liquidus
temperature with composition on either side of the stoichiometric Fe2Zr composition is
determined by the same enthalpy of formation, the liquidus cannot descend much more steeply
on one side than the other. We, therefore, believe our calculated liquidus to be reliable.
Both FeZr4 and FeZr, have been proposed to be stable at high temperature.
Our assessment of the evidence led us, in the present analysis, to consider only FeZr3,
which w^.s assumed to be stoichiometric. The following Gibbs energies of formation of FeZr2 and
1516

17
18

L. Li and A. D. Pelton, Ecole Polytechnique, Montreal, private communication (1992).
H. Schmalzried. Solid State Reactions, Academic Press, New York, pp. 35-51 (1974).
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FeZr3 from the liquid elements were derived: for the reaction l/3Fe(C) + 2/3Zr(C) = l/3FeZr2(s),
AG° = -38158 + 9.623T

(2)

and for the reaction l/4Fe(C) + 3/4Zr(f) = l/4FeZr3(s),
AG° = -42007 + 16.736T

(3)

As shown in Fig. VIII-5, the eutectic reported at 928°C,15 the eutectoid
reported at 795°C,16 and the peritectoid reported at 885°C,5 are well reproduced. In contrast to
the results for the published diagrams, the calculated diagram shows FeZr2 melting congruently
at 998°C, with a eutectic at 995°C and 64.4 at.% Zr. That is, the melting is just at the limit
between being congruent and incongruent. We find that AG° for the decomposition of FeZr2 to
Fe2Zr and FeZr3 is only about 800 J/g-atom at 700°C. Small changes in the Gibbs energies of the
compounds cause large changes in the calculated eutectoid temperature. A set of Gibbs energies
which yields a eutectoid at 775°C (see Fig. VIII-3) can easily be obtained. However, this can
only be incorporated into our phase diagram at the expense of changing another calculated
invariant temperature (e.g., the 928°C eutectic, which is the melting point of FeZr2, or the 796°C
eutectoid for FeZr3) by about 10°C. Accurately measuring a eutectoid decomposition temperature
is very difficult because of the very slow kinetics and the small driving force. The measurement
technique (anneal and observe), involving relatively short annealing times, tends to give errors
suggesting too high a eutectoid temperature.
The Gibbs energy of formation of Fe3Zr was derived to give a peritectic
temperature of 1482°C and a eutectic at 1335°C and 8.8 at.% Zr. For the reaction
3/4Fe(C) + l/4Zr(«) = l/4Fe3Zr,
AG° = -34636 + 6.422T

(4)

As shown in Fig. VIII-5, our calculations predict that Fe3Zr undergoes eutectoid decomposition
below 1175°C. However, this calculation is very sensitive to small differences among the Gibbs
energies of the solid phases. Within the error limits of the optimization, a eutectoid temperature
cannot be calculated with any precision.
In sum, all the available data on the Fe-Zr system are generally well
correlated by our optimized phase diagram, but some modifications are required to ensure
thermodynamic consistency. Experiments are planned to test the reliability of our calculated
liquidus.
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Iron-Uranium-Zirconium System

b.

To derive the Fe-U-Zr phase diagram, we calculated the excess Gibbs
energies in the ternary liquid and solid phases from the values for the three binary systems. The
method used was either the Kohler equation
G

E

.. E
J
Fe/Zr

=(1 -

(

*

•

r

) GFe/(j

(5)

or the Toop equation

GE =

"Te

ZΓ

(X Fe -X Zr )

+(1 -

(6)

(XFe

These equations have been used extensively for ternary alloy systems." 13 The phases considered
in the calculation of the ternary diagram are summarized in Table VIII-1. We also assumed that
no ternary compounds occur in the system, despite the preliminary report of the existence of such
a compound.1920 We are studying the possibility of such a compound.
In developing the Fe-U-Zr phase diagram, we were not certain what
assumptions should be made about the mutual solubilities of Fe2U and Fe2Zr. Two cases were
examined: the phases were assumed to be miscible or to have no mutual solubility. Both of these
compounds have the same structure (similar to the Laves phase Cu2Mg), and the atomic radii of
Zr and U are similar. Hence, some mutual solubility is expected.
The liquidus surface of the calculated Fe-U-Zr phase diagram is shown in
Fig. Vffl-6 for both assumptions. The liquidus surface for both assumptions is dominated by the
Fe2Zr and the U(y)/Zr(P) phase fields. Small phase fields of Fe3Zr, FeZr2, Fe(y), and Fe(8) are
also seen. In comparing the phase diagram where F e ^ and Fe2Zr form an ideal solid solution
with that where they are immiscible, we find that the calculated liquidus surface in the former
case is up to 80°C higher in the vicinity of the line joining Fe2U and Fe2Zr. However, as the
distance from this line increases, the changes rapidly become much smaller. In the vicinity of the
saddie point at 996°C, for example, the liquidus temperature increases by only 2°C. In uraniumrich solutions (above 70% U), the liquidus increases by less than 5°C. In reality, Fe2U and Fe2Zr
probably exhibit limited mutual solubility, and the true phase diagram lies between the two
extremes. Work is planned to examine experimentally the region of the Fe2U-Fe;Zr connection.

19

L. R. Kelman, in Plutonium 1965, Eds., A. E. Kay and M. B. Waldron, Chapman and Hall, London, p. 525
(1967).

20

C. M. Walter, L. R. Kelman, and S. T. Zegler. Annual Progress Report for 1965, Metallurgy Division, Argonne
National Laboratory Report ANL-7155 (1966).
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Table VIII-1. Phases Considered in Calculation of Fe-U-Zr Diagram
Phase
Liquid

Kohler interpolation was used.

Fe(Y)

Assumed stoichiometric.

Fe(5)

Dissolves Zr in Henrian solution;
no solubility of U.

Zr(p)

Dissolves U in Henrian solution;
no solubility of Fe.

U(y)/Zr(p)

2.

Comment/Assumptions

Solid solution of U and Zr;
dissolves small amount of Fe in Henrian
solution; Toop model was used.

Fe2U

Assumed stoichiometric.

FeUft

Assumed stoichiometric.

Fe3Zr

Assumed stoichiometric.

Fe2Zr

Non-stoichiometric in the Fe-Zr binary;
assume no solubility of U.

FeZr2

Assumed stoichiometric.

FeZr3

Assumed stoichiometric.

Synchrotron Studies

A joint working group with representatives from CMT, the ANL Intense Pulsed
Neutron Source, and the ANL Fuels and Engineering Division has been studying the feasibility
of examining IFR materials by use of synchrotron radiation sources. Synchrotron radiation offers
advantages over existing analytical tools such as electron microscopy and neutron diffractometry.
In particular, the powerful Advanced Photon Source (APS), under construction at ANL, has the
potential to reveal compositional and structural information on a microscopic scale. This
information is important to the understanding and prediction of intermetallic compound formation,
local melting, and fuel redistribution in the IFR fuel system.
To test the feasibility of studying radioactive materials using synchrotron radiation,
a fuel-cladding diffusion couple was examined at the National Synchrotron Light Source (NSLS)
of Brookhaven National Laboratory. The diffusion couple, which was prepared at Purdue
University, consists of Fe-Cr and Ni-Cr alloys mated with an unirradiated U-10 wt% Zr fuel
sample. This couple was annealed at 700°C for four days. It was subsequently mounted and
polished longitudinally and was thoroughly characterized using scanning electron microscopy
(SEM) and energy-dispersive X-ray analysis. These examinations revealed complex diffusion
zones between the alloys that are only fractions of a millimeter in width.
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To prevent the spread of contamination from the diffusion couple, we designed and
fabricated a brass holder that will allow X-rays to pass through a beryllium window. The holder
allows for precisely orienting the diffusion interfaces and was sealed with silicone rubber. When
assembled, the brass holder was placed in a custom-made fixture that was mounted to an NSLS
specimen chamber. This fixture was designed to permit the X-ray beam to move incrementally
across the diffusion zone, so that as different phase fields are traversed, new diffraction peaks
are recorded. Previously, secondary phases were successfully identified in bulk IFR ternary fuel
samples using the ANL Intense Pulsed Neutron Source. The same phase-identification technique
was used to analyze the X-ray diffraction data from NSLS.
On examination of the diffusion sample at NSLS, we found that even though the
intermetallic phase regions in the diffusion zone were each only a few microns thick, the phases
were distinguishable from the X-ray diffraction patterns obtained. In fact, a detailed analysis of
the diffraction patterns has verified most of the phases predicted based on binary phase diagrams
and SEM studies. Moreover, X-ray flourescence results using a hard X-ray microscope at the
NSLS were found to be qualitatively consistent with SEM results. The working group is planning
additional studies at the NSLS using more powerful X-ray beam lines. At that time, an improved
sample holder, which could potentially be used with plutonium-bearing samples, will be tested.
C.

Fusion-Related Research

A critical element in development of a fusion reactor is the blanket for breeding tritium
fuel. We are conducting experimental and calculational studies with the objective of determining
the feasibility of using lithium-containing ceramics (e.g., Li2O, LiAlO2, Li4SiO4, Li2ZrO3) as
breeder material.
1.

Tritium Diffusion and Desorption in Single-Crystal LiA102

Tritium transport in lithium ceramics has received considerable attention because
of their potential use as tritium breeding materials for fusion reactors. In particular, tritium
transport in lithium aluminate has been investigated by numerous researchers starting in 1982
21
with Bruning et al. However, the mechanism of tritium transport and release from LiA102 and
the rate constants for diffusion in, and desorption from, LiA102 are still uncertain. Tritium
diffusivity values ranging over six orders of magnitude have been reported. In addition, the
question as to whether diffusion or desorption is the rate-limiting mechanism is still under debate.

In an attempt to determine the diffusivity of tritium in lithium aluminate, we have
performed isothermal anneal tests on single-crystal samples (radius, -750 μm). Large single
crystals were employed to minimize the contributions from desorption. Diffusion kinetics
becomes more dominant as the crystal radius increases due to the decreasing surface area to
volume ratio. However, the tritium release may still be in the mixed diffusion-desorption regime,
which would make obtaining the rate constants from the time dependence of the tritium release
difficult. Therefore, we have decided to section the samples and determine the diffusivity from

21

D. Bruning, D. Guggi, and H. R. Ihie, Fusion Technol. 1, 543 (1982).
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the tritium concentration profile within the sample. In addition, in an attempt to understand the
effects of impurities on the tritium transport, we have studied the tritium profiles for pure and
Mg-doped (0.3%) LiA102.
The pure and Mg-doped LiAlO2 samples were dried under vacuum at 800°C for
4 h and then packaged in aluminum capsules, which were cold-welded shut in a heliumatmosphere glovebox. The capsules were then irradiated in the Cadmium Lined Neutron
Activation Tube at the University of Illinois, Champaign-Urbana, for 3 h at a power level of
1500 kW. The calculated amount of tritium produced is approximately 1 pCi per single crystal.
Next, the single crystals were transferred from the aluminum capsules to an annealing apparatus
at ANL. The annealing apparatus was preheated to the desired temperature (528-785°C), and a
helium purge flow established. The tritium released into the purge flow was reduced in a zinc
bed, detected with a proportional counter, oxidized over a CuO bed, and then trapped in ethylene
glycol. After the heat treatment, the sample was quenched by lowering the temperature by 200°C
in about 3-5 min. Cooling was then continued until the sample reached room temperature. The
tritium inventory profile was obtained by incremental dissolution of the sample in an acid
solution followed by scintillation counting.
Tritium release from single-crystal lithium aluminate can be modeled by assuming
diffusion in the bulk with desorption occurring at the surface. The tritium concentration for the
case of a constant initial concentration is given by22

2 h C _ ,Da
. „_,.,, a2©:2n, + (ah - I)2
C =
-Y e "
. .
.
sin(aa )sin(ra )
r
a2n[a2al + ah(ah - 1)]

(7)

where C = tritium concentration at radial position r, h = K/D (K = desorption rate constant,
D = diffusivity), C, = initial tritium concentration, a = crystal radius, t = time, and o^ = roots of
aotncot(aan) = 1 - ah. Although one can determine the diffusivity and desorption rate constant
given the initial tritium concentration and the post-anneal tritium concentration at the sample
surface and center, we found a better method was to fit the observed tritium concentration versus
radial position profile to Eq. 7. This minimizes errors due to attempting to measure the very
small crystals left near the end of the dissolution. Diffusivities and desorption rate constants were
obtained by using the initial tritium concentration and a minimization routine that fit the
concentration data to Eq. 7.
Results for the diffusivities and desorption rate constants of pure and Mg-doped
LiAlO2 are plotted in Fig. VIII-7 as a function of reciprocal temperature. (Lines indicate least
squares fits to the data.) The diffusivity was observed to follow a simple Arrhenius-type
temperature dependence, with the diffusivities determined for the doped and undoped materials
being the same within experimental error. The calculated diffusivity fiom these data is given by

22

H. S. Carslaw and J. C. Jaeger, Conduction of Heat in Solids, Clarendon Press, Oxford (1959).
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4

In D = -2.246-(1.519 x 10 )/T

(8)

where T is in kelvin units. The diffusivities in Fig. VIII-7 are several orders of magnitude above
most of the reported values. However, they are comparable to the values given by Botter" and
21
Bruning et al. The desorption rate constants in Fig. VIII-7 exhibit some scatter. The scatter may
be due to experimental difficulties in determining the concentration at the surface, or due to more
complex surface desorption processes with different mechanisms contributing at different
temperatures. The desorption data from the Mg-doped material suggest that there may be two
desorption activation energies. This would be in agreement with our previous experiments, which
24
indicate several desorption mechanisms ; however, more data are needed.
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The rate-controlling mechanism can be determined from the ratio aK/D. Desorption
is rate controlling when the ratio aK/D is less than or equal to 1, and diffusion is controlling for
aK/D greater than 10. For values of aK/D between 1 and 10, release is in the mixed diffusiondesorption regime. Release for our samples (grain radius, -750 μm) was generally in the mixed
regime, as can be determined from Fig. VIII-8. This figure indicates that for grain radii less than
100 μm, the tritium transport will be in the desorption-control led regime. Thus, for in-pile tests,
where a < 100 μm, our results suggest that tritium release should be desorption controlled. Future
experimental work will be performed on small single crystals, where release should be well
23
24

F. Botter, Proceedings of the 14th SOFT, September 1986, Avignon. France, Pergamon Press, New York. p. 1023
(1986).
J. P. Kopasz, C. A. Scils, and C. E. Johnson, J. Nucl. Mater. 191-194, 231 (1992).
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within the desorption-controlled regime, to obtain more accurate values for the desorption rate
constant.
2.

Data Analysis of BEATRIX-II Dynamic Tritium Release Experiments

One of the key issues in designing a tritium breeding blanket for a fusion device
is the tritium inventory. The in-pile tritium release experiment designated BEATRIX-II is an
International Energy Agency sponsored collaboration (Pacific Northwest Laboratory, Japan
Atomic Energy Research Institute, Atomic Energy of Canada Ltd.). It is intended to simulate
tritium release from lithium oxide in a breeding blanket during neutron irradiation. The tritium
release is monitored in real time during changes in temperature or purge gas chemistry. From the
changes in monitored tritium release, we calculated the change in tritium inventory. These data
were then compared to predicted results from our tritium release models.
A set of mathematical models incorporating tritium diffusivity, desorption,
adsorption, and solubility has been incorporated into the TIARA25 and DISPL226 computer
codes. These codes were developed at ANL and are used to calculate tritium inventory/release
under steady-state and transient conditions, respectively. The revised models were used to
calculate the tritium inventory changes and tritium release curves under the conditions of the
BEATRIX-II experiment for increases and decreases in temperature and hydrogen pressure in the
purge gas. The predicted inventory changes and those determined from the BEATRIX-II data are
given in Table VIII-2. The model predictions are within about a factor of two of the observed
inventory changes (within experimental error) for the temperature-change tests. This agreement
is reasonable for samples with low tritium inventories (< 1 ppm or 116 mCi). However, for the
gas-change tests, the model predictions differ from the observed inventory changes by several

25

26

M. C. Billone, H. Attaya, and J. P. Kopasz, Modeling of Tritium Behavior in Li2O, Argonne National Laboratory
Report ANL/FPP/TM-260 (1992).
G. K. Leaf and M. Minkoff, DISPL1: A Software Package for One and Two Spatially Dimensioned KineticsDiffusion Problems, Argonne National Laboratory Report ANL-84-56 (1984).
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Table VIII-2. Experimental and Calculated Tritium Inventory
Change in BEATRIX-11 Lithium Oxide Sample
for Temperature and Hydrogen Pressure Changes
in the Purge Gas

Temp., °C

H 2 Press., Pa

Changes in Tritium
Inventory, m C i

Initial

Final

Initial

Final

Model

Exp.

598

562

150

150

+6.7

+28±54

562

513

150

150

+27.4

+26±27

513

559

150

150

-26.5

-24±19

559

596

150

150

-7.6

-1±36

596

513

150

150

+34.1

+42±10

513

506

150

150

-34.1

-55±22

599

508

150

150

+40.2

+75±5

508

598

150

150

-39.9

-85±15

594

511

150

150

+36.3

+63±13

511

594

150

150

-36.3

-88±13

602

510

150

150

+38.4

+80*10

510

602

150

150

-38.4

-100±10

596

596

150

0

+9.5

+(1.5±l)xl04

596

596

0

15

-4.0

-(3±10)xI03

596

596

15

150

-5.5

\-(S±IO)xlO>

orders of magnitude. Part of this error is believed to be due to changes in triikim adsorption in
the experimental system when the purge gas is changed.
\
A more stringent test on the tritium release models is to determine if they can
match the time dependence of the tritium release curves observed in the BEATRIX II tests. The
predicted tritium release curve and the observed curve were compared for a temperature decrease
and a temperature increase of 91°C. The model predicts a large decrease in release rate (81%)
for the temperature decrease, followed by an increase to steady state; it also predicts a large
increase in release rate (460%) for the temperature increase, followed by a decline to steady state.
The observed data show a much smaller decrease (8%) and increase (14%). Also, these data
exhibit double peaks: a sharp peak believed to be associated with HT release and a broad peak
associated with HTO release. The double peaks are believed to be due to system effects and not
related to the kinetics of the release from the lithium oxide. These system effects make it unlikely
that the transient release curves will be reproduced by a model that does not include the
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mechanisms of HT/HTO adsorption and desorption that occur on the tubing and other
components of the experimental apparatus.
End-of-life inventories are being determined by Pacific Northwest Laboratory for
BEATRIX-II samples. Inventories will be determined at several radial positions corresponding
to several temperature ranges. Our future work will be directed toward predicting the end-of-life
inventories in these samples and modifying our models if discrepancies exist between our
predictions and the observed data.
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IX. BASIC CHEMISTRY RESEARCH
Basic chemistry research is being pursued in three areas: (1) catalytic chemistry associated
with molecular energy resources and novel pre-ceramic polymers; (2) materials chemistry of
high-temperature superconducting oxides, electrified metal/solution interfaces, and molecular
sieve structures; and (3) geochemical processes involved in water/rock interactions occurring in
active hydrothermal systems.
A.

Fluid Catalysis

This research effort uses an array of in situ kinetic and spectroscopic techniques to
explore catalytic reaction chemistry at the high pressures and temperatures that are frequently
used in industrial processes. In nuclear magnetic resonance (NMR) studies of the catalytic
chemistry for the oxo process in supercritical fluids, we have recently uncovered some
pronounced synergistic effects in mixed-metal catalyst systems that point to a potential strategy
for lowering the pressure requirements of the oxo process. In other research aimed at the selective
activation of hydrocarbons, we have synthesized a soluble rhodium phthalocyanine complex that
activates methane in solution and are exploring methods of increasing the new catalyst's
reactivity. Also being investigated are C-H bond activation processes that might lead to catalytic
routes for the polymerization of small organometallic precursor molecules to yield pre-ceramic
polymers. Organometallic polymers of this type are used in the production of ceramic objects in
specially tailored shapes. We have recently identified a catalyst for the oligomerization of
trimethylaluminum and hope to extend this approach to the polymerization of trimethylborane.
1.

Catalytic Chemistry in Supercritical Media

The largest scale industrial process for homogeneous catalysis is the oxo process
for the hydroformylation of olefins. We have been investigating the role of metal-centered
radicals in the cobalt carbonyl-catalyzed hydroformylation of olefins during the oxo process.
These studies were prompted by observations that seemed to us to be at least consistent with the
participation of the tetracarbonylcobalt radical, (CO)4Co», in the catalysis, even though the
currently accepted Heck-Breslow mechanism1 assigns it no role. A particularly intriguing result
that the earlier mechanism cannot explain is the observation by Ungvaiy and Mark62 that
dicobalt octacarbonyl, Co2(CO)g, catalyzes the reaction of olefins with cobalt tetracarbonyl
hydride, HCo(CO)4. The only function of Co2(CO)8 in the Heck-Breslow scheme is to generate
HCo(CO)4, the active catalyst, by reaction with H2:

Co2(CO)8 + H2 - 2(CO)4CoH

1
2

R. F. Heck and D. S. Breslow, J. Am. Chem. Soc. 84, 2499 (1962).
F. Ungvjiry and L. Marko, J. Organomet. Chem. 219, 397-400 (1981).
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However, in the scheme that we are pursuing, Co2(CO)8 plays an additional role in that it can
also generate a reactive metal-centered radical:
Co2(CO)8 - 2(CO) ;Co»

(2)

We suspect that reaction 2 will ultimately explain Ungvary arid Marko's observations, as well
as other similar results of our own.34
In a strategy intended to elucidate the role of Co2(CO)8 as a radical precursor in
the hydroformylation reaction, we decided to investigate its effect on another hydroformylation
catalyst, dimanganese decacarbonyl. Presumably, the effects of Co2(CO)8 would be similar, but
more easily discernible in hydroformylation reactions catalyzed by cobalt and manganese
carbonyl. Although Mn2(CO),0 is only moderately active as a hydroformylation catalyst, it has
often been studied as a model5 for certain steps in the commercial cobalt carbonyl process. This
results from the greater ease in isolation of the more inert manganese intermediates and also from
the similarity of its chemistry with that of Co2(CO)3. Thus, Mn2(CO)10, like Co2(CO)g, reacts with
hydrogen:

Mn2(CO)l0 + H2 *> 2HMn(CO)5

(3)

The resultant manganese pentacarbonyl hydride can undergo additional reactions with olefins in
a fashion that parallels that for the HCo{CO)4-catalyzed hydroformylation.
We have recently determined the enthalpy (AH° = 36 ± 1 kJ mol1) and entropy
(AS° = 36 ± 0.3 J mol'K 1 ) 6 for the equilibrium in reaction 3. The thermodynamics was
investigated using a high-pressure NMR/supercritical fluid technique7,8 that we have been
developing for studies of organometallic catalysts at high pressures and temperatures. We have
found this technique to be nearly ideal for measuring reaction rates involving mixed catalyst
systems. Multinuclear NMR avoids the multiple band overlaps that would occur in the spectra
derived from high-pressure infrared studies, whereas the use of a supercritical fluid solvent avoids
gas-liquid mixing problems that complicate kinetic measurements in the usual liquid media.3'9
For the mixed Co2(CO)g/Mn2(CO),0 system, this technique revealed a strong catalytic effect of
Co2(CO)g on the reaction of Mn2(CO),0 with hydrogen (reaction 3). At 373 K in supercritical
CO2, the rate enhancement achieved using approximately equimolar concentrations of Co2(CO)8
3
4

5
6
7
8
9

J. W. Rathke, R. J. Klingler, and T. R. Krause, Organomet. 10, 1350 (1991).
M.J. Steindler et al.. Chemical Technology Division Annual Technical Report, 1991, Argonne National Laboratory
Report ANL-92/15, pp. 162-170 (1992).
R L. Sweany and J. Halpern, J. Am. Chem. Soc. 99, 8335-8337 (1977).
R. J. Klingler and J. W. Rathke, Inorg. Chem. 31. 804-808 (1992).
J. W. Rathke, J. Magn. Reson. 85, 150 (1989).
R. J. Klingler and J. W. Rathke, Prog. Inorg. Chem. 39, 113-180 (1991).
M. McHugh and U. Krukonis, Supercritical Fluid Extraction, Butterworths, Stoneham, MA (1986).
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and Mn2(CO)l0 is nearly 380. A mixed-metal complex intermediate, (CO)5Mn-Co(CO)4, was
identified in 55Mn and 59Co NMR spectra, as shown in Fig. IX-1. Early in the reaction, Co2(CO)8
equilibrates with H2 to produce HCo(CO)4, also evident in Fig. IX-1, while the mixed dimer and
the HMn(CO)5 product of the reaction appear more slowly, and level off at concentrations
corresponding to equilibrium values (Fig. IX-2). The production of HMn(C0)5 ceases when it
reaches the equilibrium value for reaction 3, while the growth of (CO)5Mn-Co(CO)4 ceases when
the equilibrium reaction between Co2(CO)g and Mn2(CO)l0 is established, i.e.,

Co2(CO)8 + Mn2(CO)10 - 2(CO)5Mn-Co(CO)4

(4)

Reaction 4 was selected for special scrutiny. We have recently determined the
thermodynamic quantities (AH° = 3.3 ± 1 kJ mol'1 and AS0 = 3 ± 3 J mor'K 1 ) for this reaction
by measuring the temperature dependence of the equilibrium constant, yielding the van't Hoff
plot. The equilibrium constant data indicate that the Mn-Co bond formation process for the
(CO5)Mn-Co(CO)4 in reaction 4 is nearly temperature independent. The equilibrium constant does
not differ substantially from unify over the temperature range of 353-463 K. The data also
suggest little ionic character in the Mn-Co bond in (CO)5Mn-Co(CO)4. Kinetic measurements

HCo(CO)4
CojfCO),

Fig. IX-1.
$9

Co and 55Mn NMR Spectra (upper and
lower traces, respectively) for Reaction
of 0.015 M Mn2(CO)10 and 0.018 M
Co2(CO)8 in Supercritical CO2 (temperature, 373 K; H2 pressure, 3.4 MPa; CO
pressure, 3.4 MPa)
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Fig. K-2.
Growth of Manganese-Containing
Species in Co2(CO)8-Catalyzed
Hydrogenation of Mn2(CO),0.
Conditions are those of Fig. IX-1.

indicate that the rate of reaction 4 is equal to the rate of the Co2(CO)8-catalyzed hydrogenation
of Mn2(CO)l0. In addition, the mixed dimer was found to react rapidly with hydrogen:
(CO)5Mn-Co(CO)4 + H2 - (C0)5MnH + (CO)4CoH

(5)

Significantly, the measured rate of (C0)5MnH formation is much higher than that of the catalyzed
reaction. Thus, the mechanism of the Co2(CO)8-catalyzed hydrogenation of Mn2(CO)l0 is now
apparent. It consists of rate-limiting formation of the mixed dimer in reaction 4, followed by
rapid conversion of the mixed dimer to (CO)5MnH in reaction 5. Note that Co2(CO)8 is not
irreversibly consumed in the catalysis because any (CO)4CoH produced in reaction 5 can be
reconverted to Co2(CO)8 by the reverse of reaction 1.
The mechanistic information obtained so far does not yet confirm that the radical
formation process in reaction 2 is involved in the catalysis. However, we note that the established
formation of the mixed dimer requires breaking of the Co-Co bond in Co2(CO)8. If in future
experiments it can be determined that the Co-Co bond breakage is not concerted with other bond
formation processes, the key role of reaction 2 will be established. Our parallel experiments with
a stable radical, vanadium hexacarbonyl, seem to indicate that this will ultimately be found to
be the case. If (CO)4Co« is important in the Co2(CO)8-cata!yzed hydrogenation of Mn2(CO)10,
then one might expect other radicals to be effective also. Preliminary experiments with 'VCCO^
show that this radical not only increases the hydrogenation rate of Mn2(CO),0 but also has a
similar effect on the hydrogenation rate of Co2(CO)8. The rate enhancement for Co2(CO)8,
approximately a factor of 30 using an equimolar concentration of «V(CO)6, is of particular
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interest because of the importance of Co2(CO)8 hydrogenation in the oxo reaction. The rate
increase in the presence of »V(CO)6 is large enough to allow the oxo reaction to occur, albeit
slowly, even at room temperature. In the commercial oxo process, high pressures of CO are
required to stabilize the catalyst at process temperatures of 423-493 K. If the process could be
operated at lower temperatures, the pressures required to stabilize the catalyst would be sharply
lowered. In future studies, we will explore the role of »V(CO)6 and other potential metal-centered
radical catalysts in the hydrogenation of Co2(CO)g.
2.

Hydrocarbon Activation Chemistry

The aim of this research is to explore new mechanistic strategies for the selective
catalytic functionalization of hydrocarbons. Current efforts focus on the use of catalytic
complexes containing rhodium centers bound to solubilized phthalocyanine (Pc) ligands. In this
approach, C-H bonds are activated by means of the rhodium center's ability to form reasonably
strong, but still reactive, metal-carbon and metal-hydrogen bonds. We have recently achieved the
activation of methane by using a metal-metal bonded rhodium phthalocyanine dimer,
[(n-pentyl)8PcRh]2. This dimer reacts with CH4 in solution as follows:

[(n-pentyl)gPcRh]2

4

*» (n-pentyl)gPcRhCH3 + (n-pentyl)8PcRhH

(6)

Our NMR studies on the hydridorhodium product of reaction 6 revealed that it can undergo an
unusual tautomerism, which involves proton migration from rhodium to macrocylic nitrogen.,0
The X-ray structure of the methylrhodium product of reaction 6, indicating the positions of
n-pentyl substitutions, is shown in Fig. IX-3. (Although many of the hydrogen atoms were

Fig. IX-3.
Structure of (n-pentyl)8PcRhCH, Determined by Single-Crystal X-ray Diffraction
Analysis at 118 K

10

M. J. Chen and J. W. Rathke, J. Chem. Soc. Chem. Commun. 4, 308-309 (1992).
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located by this analysis, others appear at the idealized fixed positions used in refining the
schematic.) Alkyl substituents on the phthalocyanine nucleus are used not only to solubilize the
complexes, but also to serve as spacers that weaken, and thereby activate, the Rh-Rh bond in the
dimer by steric repulsions between the linked macrocycles.
For these purposes, we have investigated several approaches to the synthesis of
substituted phthalocyanines1112 and are currently exploring the use of molecular mechanics13
combined with semiempirical molecular orbital calculations to evaluate various substituent types
for potential use as spacers. Preliminary results with these calculations are encouraging, e.g., they
reproduce the structure of (n-pentyl)gPcRhCH3, in close agreement with the X-ray determination.
An unusual feature in the structure of this complex, illustrated in Fig. IX-4a, is that the presence
of the substituents results in distortions such that one of the benzpyrrole groups is twisted out of
(a)

15° out-of-plane
bending

All four groups,
30° out-of-plane
bending

Fig. IX-4.

12
13

Models of Phthalocyanine Frameworks
for (a) (n-pentyl)gPcRhCH3 Determined
from X-ray Structure Measurement and
for (b) (t-butyl)8PcRhCH3 Determined
from Molecular Modeling Calculations

M. Chen, J. Rathke, S. Sinclair, and D. Slocum, J. Macromol. Sci., Chem. 27(9-11), 1415-1430 (1990).
M. Chen, C. Fendrick, R. Watson, K. Kinter, and J. Rathke, J. Chem. Soc, Perkin Trans. 1, 1071-1073 (1989).
N. L. Allinger, J. Am. Chem. Soc. 99, 8127 (1977).
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the plane of the molecule, by 15.0°, while the other three remain essentially coplanar, with an
average out-of-plane bending of only 2.6°. Calculations reproduce these angles reasonably
accurately, giving a large bend of 15.5°, and smaller bends averaging 3.4°. Calculations for the
n-butyl derivative of this molecule result in a similar structure. Apparently, the strain introduced
by long straight-chain alkyl substituents can be relieved by out-of-plane bending of only one
benzpyrrole group. This arrangement retains the ^-stabilization of the other three benzpyrrole
groups allowed by their coplanarity and stems from the high flexibility of the n-alkyl substituents.
In contrast, calculations for branched alkyl substituents give more symmetrical, but far less stable
structures. The predicted structure of the phthalocyanine framework for (t-butyl)gPcRhCH3 is
shown in Fig. IX-4b. Nearly equal out-of-plane bending of all four benzpyrrole groups by about
30° results in a symmetrical, propeller-shaped molecule. Partially because of further destabilization of the n-system in its structure, in which none of the benzpyrrole groups is coplanar, the
t-butyl isomer is estimated to be less stable than the n-butyl analog by approximately 170 kJ/mol.
Consistent with this large energy difference, octa-substituted phthalocyanines of the type
discussed here are known for long straight-chain alkyl substituents, whereas the existence of octasubstituted molecules with branched structures has never been reported.
In future studies we intend to assess, using experimental measurements combined
with calculational methods, the Rh-Rh stretching effects of alkyl substitution in the dimeric
methane activation catalyst.
3.

Ceramic Precursor Chemistry

The purpose of this research is to explore novel catalytic methodologies for the
synthesis of organometallic polymers from small precursor molecules. The research is intended
to advance C-H bond activation chemistry as it relates to organometallic substrates and to explore
the chemistry of organometallic polymers and their ceramic-forming mechanisms. The new
chemistry may result in improved processes for the preparation of coatings, whiskers, fibers, or
larger three-dimensional ceramic objects from inexpensive starting materials.
The carbides of Si, B, W, Ti, and a variety of other metals have superior hardness,
high tensile strengths, and in some cases, desirable electronic and other physical properties.14
The range of applications for these carbides is mainly limited by their extreme difficulties in
fabrication. A promising approach to the production of tailored articles of these materials is the
synthesis of pre-ceramic polymers that might ultimately be shaped by conventional polymerforming methods (e.g., melt-spinning or injection-molding) and then pyrolyzed to yield threedimensional ceramic objects that retain this shape. A major boost to this approach occurred with
Yajima's synthesis15 of β-sic fibers having high tensile strengths. This synthesis was achieved
by pyrolysis of a melt-spun polycarbosilane polymer. In this process, which is now commercial,
dimethyldichlorosilane is first reduced with sodium to yield polydimethylsilane, which is then
converted to a polycarbosilane (molecular weight -1200) by heating to 723 K. The high yield
of silicon carbide produced in the pyrolysis of this polymer is attributable to the alternate

14

R. Kiefer and F. Benesovsky, "Carbides" in Encyclopedia of Chemical Technology, Third ed., Vol. 4, John Wiley.
New York, pp. 490-505 (1978).

15

S. Yajima, Y. Hayashi, and I. Iimura, J. Mater. Sci. 13, 2569-2576 (1978).
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arrangement of Si and C atoms in the polymer, since the diamond structure of the SiC product
is ultimately a three-dimensional network based on this arrangement of atoms.
We have devised a catalytic strategy for the polymerization of small organometallic molecules, such as tetramethylsilane. In principle, this strategy can lead to polymers with an
alternate arrangement of metal and carbon atoms, as in Yajima's synthesis, without requiring the
use of expensive reducing agents, as in the commercial stoichiometric process. Our strategy is
based on two reactions:

M-CH, + (CH,)4 Si - MCH2Si (CH3), + CH4

(7)

MCH2Si(CH3), + (CH3)4Si - M-CH-, + (CH-^SiCH^UCH,),

(8)

where M represents an electrophilic metal center in an early transition metal or lanthanide or
actinide complex. The C-H activation in reaction 7 and the electrophilic exchange in reaction 8
are both well-known reaction types for highly electrophilic complexes. Together, the two steps
dimerize tetramethylsilane, with the product having the desired alternate arrangement of Si and
C atoms. The catalyst, M-CH3, is consumed in reaction 7, but regenerated in reaction 8. It is also
apparent that steps analogous to those in reactions 7 and 8 can lead to further reactions of the
dimer and higher oligomers, ultimately resulting in polymerization of tetramethylsilane. In this
strategy, branching or cross-linking could be controlled by the steric requirements of the catalyst.
In recent research we have achieved oligomerization of both tetramethylsilane and trimethylaluminum using a cyclopentadienylzirconium catalyst at 150°C. In both cases, in accord with
chemistry of the type illustrated in reactions 7 and 8, methane is produced, and the oligomeric
products have an alternate arrangement of metal and carbon atoms in their structures.
In future research, we hope to achieve greater catalyst activity through stability
improvements that will allow use of higher reaction temperatures and pressures. In parallel with
this endeavor, we are developing a high-pressure NMR probe for the in situ observation of
ceramic precursor chemistry at high temperature and pressure.
B.

Materials Chemistry

The materials chemistry program encompasses fundamental research on the phase
chemistry of high-critical-temperature (Tc) superconducting oxides, the characterization of
electrochemical metal/solution 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 molecular sieve properties by advanced computational
methods.
1.

Studies of High-Tc Superconducting Materials

The discovery of high-Tc superconducting oxides has spawned numerous research
efforts throughout the world to find practical applications for these novel materials. We are
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engaged in a cooperative effort with two industrial firms to develop current-carrying wire from
the superconducting material (Bi,Pb)2Sr2Ca2Cu3Ox (designated Bi-2223). We are also exploring
the properties of this material by use of electromotive force (emf) measurements.
a.

Development of High-Tc (Bi,Pb)2Sr2Ca2Cu3Ox Wires

Members of CMT are participating in a project with American Superconductor Corp. (ASC) to develop silver-sheathed wires containing Bi-2223. Our role in the project
is to investigate the growth and stability of Bi-2223 during heat treatment of silver-sheathed wires
containing the precursor powder (Bi,Pb)2Sr2CaCu20y (Bi-2212) plus secondary phases. Specimens
of wires prepared by ASC are heat-treated at selected temperatures (1060 to 1125 K) in a
0.1-MPa (1-atm) gaseous environment containing 2 to 20% oxygen (balance nitrogen) for times
ranging from 10 to 6000 min. The heat treatments are performed in a specially designed stainless
steel chamber that permits rapid immersion and quenching of the specimens. The heat-treated
specimens are then examined by X-ray diffraction (XRD), scanning electron microscopy (SEM),
energy dispersive X-ray analysis (EDX), and transmission electron microscopy (TEM). From
these studies, we are able to determine the time/temperature/oxygen pressure/stoichiometry
domains wherein Bi-2212 (plus secondary phases) transforms to Bi-2223.
Several significant findings have emerged from this research since the
initiation of cooperative studies with ASC eighteen months ago. First, data for fractional
conversion to the Bi-2223 phase versus time were found to correlate best with a two-dimensional,
diffusion-controlled mechanism having an unusually large activation energy (in excess of
1 MJ/mol). An induction period precedes the onset of Bi-2223 formation in wires formed from
powders with no Bi-2223 initially present, indicating the occurrence of some type of initial phase
setup/redistribution step. Second, a comprehensive study of the competing effects of temperature
and oxygen pressure (for a fixed heat-treatment time) showed that the temperature range for
Bi-2223 phase stability decreases dramatically with increasing oxygen pressure between 0.002
and 0.02 MPa (0.02 and 0.20 atm), while the peak reaction-rate temperature, TMAX, increases. The
size and amount of alkaline earth cuprate secondary phases (determined by SEM/EDX) also
increase noticeably with increasing oxygen pressure and increasing temperature. The Bi-2223
stability range and TMAX are only slightly sensitive to powder stoichiometry. Third, SEM and
XRD analyses demonstrated the occurrence of grain alignment of the Bi-2223 crystals in the
silver-clad wires during heat treatment. This alignment (crystal c-axis perpendicular to the silver
cladding) progresses to a very high degree during rolling or pressing of the wire. The effect is
greatest in wires that have small, well-distributed secondary-phase crystallites dispersed among
the Bi-2223 grains and is usually most pronounced for grain colonies lying close to the silver
sheath. Fourth, TEM micrographs of Bi-2223 wires quenched at various stages of processing
reveal many interesting facets of the transformation process. For example, Bi-2223 intergrowths
in the Bi-2212 grains are seen early in the process, as is evidence of an amorphous material that
appears to be responsible for feeding secondary-phase constituents (e.g., Ca and Cu) to the
Bi-2212 grain boundaries.
In a cooperative research program with Radiation Monitoring Devices, Inc.
(RMD), we are conducting exploratory studies of a spray pyrolysis (SP) process for manufacturing Bi-2223 superconducting films and wires. Radiation Monitoring Devices has developed a
method for preparing SP samples by spraying solutions containing stoichiometric proportions of
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Bi, Pb, Sr, Ca, and Cu cations onto heated substrates. Samples of the SP-coated substrates and
SP powder specimens scraped from the substrates are being examined at ANL by XRD, infrared
(IR) spectroscopy, and SEM. The purpose of our work is to characterize the SP product at
different stages of the pyrolysis process and during the subsequent heat-treatment steps used to
convert the SP powder to the Bi-2223 phase.
Results of IR and XRD analyses on the first series of RMD-fabricated
powders sent to ANL (a series containing no lead) showed that air calcining at temperatures
greater than 775 K is required to remove all hydrocarbon residues produced by the solvents
(formamide and glycerol) and organoanions (gluconate) during spray pyrolysis. Residual alkaline
earth (Ca, Sr) carbonates that form during calcining of SP powders were decomposed by heat
treatment. At 1050 K, precursors to the Bi-2212 phase began to appear, and at 1075 K evidence
was seen for some Bi-2212 formation. Heat treatment at 1100 K in flowing air yielded major
amounts of Bi-2212, but no Bi-2223. At 1125 K and above, only decomposition products of the
desired high-Tc phase were seen by XRD. The failure to produce Bi-2223 at 1100 K in air was
attributed to the absence of lead in the SP feed solution, and the concomitant absence of the
stabilizing effect that lead has on the Bi-2223 phase.
A second series of RMD-fabricated powders, prepared with a leadcontaining SP solution, transformed to a predominantly Bi-2212 product with minor amounts of
Bi-2223. In this case, XRD analysis indicated lead loss and formation of undesirable secondary
phases during the calcination and early heat-treatment steps.
We also investigated the phase transformation behavior in Bi-2223 wire
specimens fabricated in the ANL Materials and Components Technology Division. Two silversheathed Bi-2223 wires were prepared by heat treatment (1100 K in 7.5% O2) of a batch of
powder composed of Bi-2212 plus secondary phases. Prior to heat treatment, the powder for one
of the wires (A) had been vacuum-calcined at 875 K then air-calcined at 1075 K; the powder for
the second wire (B) had been vacuum-calcined at 1025 K then air-calcined at 1075 K. The phase
transformations were determined by XRD and SEM analyses for the heat treatment at 1100 K
in 7.5% O2. Wire A was found to react faster than wire B, illustrating the sensitivity of Bi-2223
wire to powder processing conditions. In this case, the different vacuum-calcining temperatures
appear to have altered the composition of the alkaline earth cuprate secondary phases. Secondary
phase composition is known to have a pronounced effect on the rate and course of Bi-2223
formation from Bi-2212 plus secondary phase mixtures.
b.

Thermodynamic Behavior cf fBi,Pb)2Sr2Ca2Cu3Ox System

Electromotive force (em/) measurements of oxygen fugacities as a function
of oxygen stoichiometry in the Bi-2223 system have been carried out over a wide range of
compositions (x - 9.1 to 10.0) in the temperature region from 975 to 1100 K. A coulometric
titration technique employing a yttria-doj>ed zirconia electrolyte was used to investigate the
thermodynamic behavior of the Bi-2223 system as a function of oxygen partial pressure [p(O2)],
oxygen stoichiometry (x), and temperature (T). Very few data are available in the literature
concerning (1) the dependence of oxygen partial pressure and temperature on the nonstoichiometric behavior of Bi-2223 and (2) the effect of oxygen stoichiometry on phase relationships and
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the superconducting transition temperature. Such data are vital to the task of determining
optimum processing conditions for producing Bi-2223 wires that can carry high critical currents.
The plot of p(O2) versus oxygen stoichiometry [x in (Bi,Pb)2Sr2Ca2Cu-,OJ
at 1088 K (Fig. IX-5) has two sharp changes in curvature, occurring at hypostoichiometric
compositions in the range x = 10.1-10.3. A plateau in the oxygen partial pressure curve occurs
below x - 9.8. From plots of log p(O2) vs. reciprocal temperature (1/T) for x below 9.8, we
calculate the partial molar entropy [AS(O2)] and enthalpy [AH(O2)] of solution for oxygen in Bi2223 to be -196 ± 1.2 J mol'K"1 and -266 ± 1.2 kJ moi', respectively. These values are in accord
with the partial thermodynamic values for the CuO-Cu2O system calculated from the literature,16
namely, AS(O2) = -189 J mol'K 1 and AH(O2) = -263 kJ mol1, and they indicate that the
decomposition line for the Bi-2223 system is almost identical with the coexistent condensed
phases CuO-Cu2O. Our experimental oxygen partial pressure values at the CuO-Cu2O phase
boundary are higher than the calculated values by a factor of -1.6. Plots of log p(O2) versus 1/T
in the composition region x - 9.8-10.1 had two lines intersecting at a temperature of -1035 K.
Thermodynamic quantities [AS(O2) and AH(O2)] calculated from the data measured below 1035 K
indicated decomposition to the CuO-Cu2O phase boundary.
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Future work on Bi-2223 wire development (for Sec. IX.B. 1 .a and IX.B. 1 .b)
will focus on the characterization of key intermediate phases that mediate the Bi-2212 to Bi-2223
transformation reaction, the development of quantifiable relationships between processing
conditions and Bi-2223 texture evolution, and the elucidation of how Pb2+ addition or loss
influences the phase stability field of Bi-2223.
2.

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, photoelectrochemical energy production and
chemical processing (e.g., water splitting) are at an advanced stage of development. An
electrochemical process cutting across practically all energy technologies is corrosion.
The overall goal of this research effort is to provide (1) experimental information
on the structure and dynamics of metal/solution and metal oxide/solution interfaces at room
temperature 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
spectroscopic and synchrotron X-ray methods, transient and steady-state electrochemical
techniques, and theoretical modeling based on a combination of molecular dynamics and
molecular orbital methods.
a.

Spectroelectrochemical and Synchrotron Studies

The objective of this research is elucidation of the relationship between the
structural and transport properties of metal/solution interfaces and the mechanisms of interfacial
reactions in various aqueous solutions. Vibrational spectroscopic (in situ laser Raman and
infrared) and synchrotron X-ray techniques are employed to determine the composition of
corrosion films formed on metals and to study the structure of the metal/solution interface region.
In addition, ac impedance and photocurrent measurements are used to further characterize the
electronic structure of the films and to study their transport properties. Finally, electrochemical
techniques, such as dc polarization and cyclic potentiodynamic scanning, are used to determine
the rates and mechanisms of the interfacial processes involved in the corrosion of metals.
The composition and structure of anodic corrosion films on titanium in
various aqueous environments (e.g., H2SO4, Na2SO4, H3BO3-Na2B4O7, NaCl solutions) were
determined using in situ laser Raman spectroscopy with and without surface enhancement. Strong
vibrational bands at 143, 395, 512 and 640 cm"1, characteristic of the anatase form of TiO2, were
observed in 1 M H2SO4 at potentials more positive (anodic) than about 11 V vs. a saturated
calomel electrode (SCE). Breakdown of the passive film, which occurs in this potential region,
may be a consequence of the structural transformation of the passive film from a highly
disordered (or amorphous) form into a more ordered (crystalline) one. We have also obtained the
first evidence of such an amorphous phase at potentials near about 1 V vs. SCE in 0.15 M NaCl
solution. The characteristic Raman bands appeared to occur at 270, 438, 690, and 800 cm"1.
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We have carried out preliminary synchrotron experiments using specular
and diffuse X-ray scattering techniques to elucidate the phenomena of pitting corrosion of metals
in borate buffer solution with some CI (0.1 M_ KCI). Results show that, in the presence of
chloride ions, the passive film formed on copper in borate buffer solution is considerably less
stable, while the film on iron is more stable toward breakdown. Evidence of the pitting of iron
at high positive potentials was obtained from a rapid increase in interface roughness with little
change in the thickness of the passive film.
We are conducting X-ray absorption near edge spectroscopy (XANES) and
extended X-ray absorption fine structure (EXAFS) studies of the structure of the higher oxide
forms of nickel, e.g., (3-NiOOH, y-NiOOH, and NiO2. These materials are of interest not only for
corrosion protection but also as battery electrode materials. There is confusion in the literature
concerning the structure and valency of the nickel in these compounds. We have obtained, for
the first time, the XANES spectrum of a Ni4+ compound (KNiIO6). Moreover, spectroscopic
results for the P and y forms of NiOOH show a lower K edge shift than was observed for the
Ni4+ compound, indicating that these oxides should be properly regarded as Ni3+ compounds. A
more extensive study of this system, including development of improved standards, is in progress.
Infrared spectra of H2O and CO adsorbed on a polycrystalline gold surface
under ultra high vacuum (UHV) conditions have been obtained using a synchrotron light source.
Water was found to adsorb molecularly and associatively at low temperatures, i.e., 100 to 140 K.
For example, at 117 K and an exposure of 0.3 Langmuir, IR bands were observed at 3380 and
1650 cm'1, corresponding to the O-H stretching and H-O-H bending modes, respectively. Bands
attributed to frustrated translation were observed at 230 and 290 cm 1 ; a band at 817 cm'1 was
assigned to frustrated rotational motion. The observed spectra are suggestive of the formation of
(H2O)n clusters at low surface coverage. Most of the molecules are oriented with their oxygen
ends toward the metal but some have their hydrogen atoms directed toward the surface. At high
coverage, multilayer formation with a water structure similar to that of ice is evident. A similar
study of the Pt( 111) surface will be conducted during the coming year.
All of the above synchrotron studies are collaborative efforts with outside
organizations, including Exxon Research and Engineering Co., the Naval Surface Warfare Center,
the University of Poitiers (France), and the University of Auckland (New Zealand), and with
members of other groups in the ANL Materials Science Division.
b.

Studies of Electrode Kinetics and Electrified Interfaces

This research concentrates on understanding (1) the kinetic aspects and
atomistic mechanism(s) of heterogeneous charge-transfer reactions in aqueous solutions for a
wide range of temperatures and (2) the atomic level structure of electrified interfaces that strongly
influence the dynamics of these reactions. The electrode kinetic measurements are carried out
with relaxation techniques, such as galvanostatic, coulostatic, or potentiostatic pulse transients;
ac impedance measurement •; and rotating-disk-electrode techniques. The measurement results are
then analyzed with computerized data-evaluation methods. Also employed are X-ray measurements based upon surface scattering techniques.
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This year we continued our kinetic studies of the Cu2+/Cu° electrode
reaction, which consists of two consecutive electron transfers followed by the incorporation of
the copper adatom into the metal lattice. Copper deposition is an important cathodic reaction
occurring during stress corrosion cracking in light water nuclear reactors, and its mechanism is
poorly understood. A series of experimental measurements in perchloric acid solutions at room
temperature confirmed earlier reports17 that the reaction rate is controlled by the Cu27Cu+ charge
transfer step, and that under f litable experimental conditions the other elementary steps can be
considered to be in pseudo-equilibrium. This is an important result because our theoretical
modeling studies (Sec. IX.B.2.c) can only calculate the rate of this outer-sphere redox reaction.
We also found that this reaction is strongly catalyzed by traces of chloride ions in the aqueous
solution. The mechanism of the catalysis is probably the adsorption of chloride ions on the
electrode surface and promotion of the charge transfer through an anion bridge. We also carried
out a series of experiments using 1 M perchloric acid solutions containing 0.1 M cupric
perchlorate and varying amounts of chloride ions, ranging from 47 to 191 uM. As the chloride
concentration was increased, the exchange current density of the Cu27Cu+ step doubled, while
that of the CuVCu step remained virtually constant. Because all chemicals contain some chloride
impurity,. gorous purification of the solution is needed to establish the kinetic parameters under
"chloride free" conditions (i.e., ultra-high-purity solutions with the lowest possible chloride
concentration). After identifying a suitable purification method, we will proceed with the
measurement of the Cu27Cu° electron transfer kinetics from room temperature to -560 K.
In a collaborative effort with the Synchrotron Studies Group in the ANL
Materials Science Division, we studied the incipient electrochemical oxidation of the Pt(lll)
single-crystal face in perchloric acid solution as a function of potential and time using in situ
X-ray scattering techniques. We found that oxidation in perchloric acid solution proceeds
essentially by the same mechanism as observed previously with cesium fluoride solution.18 At
sub-monolayer surface coverages, the change in the specular X-ray reflectivity can be explained
by a model in which a fraction of the atoms in the Pt( 111) layer is lifted by an amount equal to
70% of the interplanar spacing. These results indicate that the oxidation occurs by a placeexchange mechanism, i.e., the oxygen "dermasorbs" below the first layer of platinum. Upon
subsequent reduction, the original flat surface is completely restored. At higher coverages than
about one monolayer, platinum atoms are lifted high enough to migrate to neighboring sites,
leaving the surface irreversibly roughened upon reduction.
We also successfully designed, built, and tested a novel X-ray/electrochemical cell that permits 330° horizontal beam access in a synchrotron (Fig. IX-6). This device
will be used for in-plane scattering studies of the horizontal plane structure of adsorbed layers
on electrode surfaces and the three-dimensional structure of the electrical double layer.

1

I ft

U. Bertocci and D. R. Turner, in Encyclopedia of Electrochemistry of the Elements, Vol. II, Ed., A. J. Bard,
Marcel Dekker. New York, p. 383 (1974).
M.
Technol
M. J.
J. Steindler
Steindler et
et al..
al.. Chemical
Chemical Technology
Division Annual Technical Report, 1991, Argonne National
Laboratory Report ANL-92/15, p. 179 (1992).

168
CENTER

BUFFER
BAR

SECTI0N

TENSION STRAP

\

•J
-MEMBRANE
TENSION
STRAP

EXPLODED TOP VIEW

Fig. IX-6.
INNER FRAME

°

U T E R

Schematic of Design for
X-ray/Electrochemical Cell

F R A M E

V
TENSION
SCREW
COUNTER
ELECTRODE
TENSION
SAR

MEMBRANE

TENSION
STRAP

WORKING
ELECTRODE

WORKING
ELECTRODE
LEADS

C.

Theoretical Studies of Electrode/Electrolyte Interfaces

In this research, we are developing theoretical methods, using a
combination of molecular dynamics and molecular orbital methods, and applying them to the
study of electrode/electrolyte interfaces and the reactions occurring at these interfaces. The focus
of the work during the past year has been on the Cu27Cu° electrode reaction. ?.}." tfonic structure
calculations using molecular orbital theory are employed to determine potentials for use in
molecular dynamics calculations and to provide insights into electronic effects. Molecular
dynamics is used to simulate the solvated ions and the water/electrode interface and to calculate
electron transfer rates from the classical trajectories of the reactants. The theoretical calculations
are closely coupled with the experimental studies (Sec. IX.B.2.b) and are carried out in
collaboration with the Corrosion Research Center at the University of Minnesota.
We have continued with our work on the influence of the Jahn-Teller effect
during the solvation of Cu2+ in liquid water.19 (This is the first work of its kind to include the
Jahn-Teller effect in such simulations.) Using parameters from ab initio molecular orbital
calculations on Cu2+(H2O)n clusters, molecular dynamics simulations are unable to reproduce
results from neutron diffraction experiments on the solvated ion,20 including the size of the

19

20

M. J. Steindler et al., Chemical Technology Division Annual Technical Report, 1991, Argonne National
Laboratory Report ANL-92/15, pp. 177-178 (1992).
P. S. Salmon, G. W. Nielson, and J. E. Enderby, J. Phys. C 21, 1335 (1988).
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distortion and the angle between the dipoles of the solvated water and the copper-water vector.
Ab initio molecular orbital calculations on very large Cu2+(H2O)n clusters and further molecular
dynamics simulations have been used to explore the possible reasons for this discrepancy. The
results suggest that the likely explanation is inner shell complexing. The neutron diffraction
studies were carried out in 2.0 molal copper chlorate solution, where the presence of an anion
in the inner shell could result in strong bending of the water dipole direction relative to the
copper-oxygen direction, and might also influence the magnitude of the distortion.
We have initiated calculations aimed at understanding the mechanism of
the electronic coupling in the Cu2+ + 2e" -> Cu° reaction in water. The calculations employ
McConnell's model,21 which is based on the idea of super-exchange, i.e., the indirect coupling
of donor to acceptor wave functions through a chain of high-energy intermediate states. From
perturbation theory, the total coupling is the sum of all chains. These chains represent pathways
for coupling between the donor and acceptor wave functions. Localized natural bond orbitals
from ab initio molecular orbital theory are used to calculate the pathways. These provide an
understanding of how electron coupling is transmitted through the water molecules. In
preliminary calculations of the methodology, we have found that coupling is predominantly
through o* OH antibonds, and that the most important pathways are located directly between the
donor and acceptor.
Eventually, we will couple the results of our theoretical study of the
Cu 7Cu° electron transfer reaction with the molecular dynamics simulations being done at the
University of Minnesota to produce computational values for reaction parameters that can be
compared and correlated with the experimental studies discussed under Sec. IX.B.2.b.
2

3.

Theoretical Studies of Materials

We are performing theoretical calculations to study the properties of metal halides
and molecular sieve materials.
a.

Metal Halides

The Gaussian-2 (G2) theoretical procedure, developed in a collaborative
effort with researchers at AT&T Bell Laboratories and Carnegie Mellon University,22 is a very
accurate method for prediction of dissociation energies, ionization potentials, electron affinities,
and proton affinities of molecules and clusters. During the past year, we have developed a
modified version of G2 theory that can handle systems with more atoms.23 By using reduced
orders of perturbation theory in parts of G2 theory, we have increased the size of systems that
can be calculated (from <5 nonhydrogen atoms with G2 theory to -10 nonhydrogen atoms with
the modified G2 theory) with only a small loss of accuracy. This method was used to derive
accurate association energies for metal halide complexes, which have relevance to applications
in high-temperature industrial processes, catalysis, chemical synthesis, and metal halide lamps.

21
22
23

H. M . McConnell, J. Chem. Phys. 3 5 , 5 0 8 (1961).
L. A. Curtiss, K. Raghavachari, G. W. Trucks, and J. A. Pople, J. Chem. Phys. 94, 7221 (1991).
L. A. Curtiss, K. Raghavachari, and J. A. Pople, J. Chem. Phys.. in press.
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The calculated results revealed that the complex between HF and A1F, has a binding energy of
67.0 kJ mol"1. They also indicated that the structure of this complex has an undistorted HF
molecule bonded to A1F3 through both the fluorine and hydrogen, as illustrated in Fig. IX-7.

Fig. IX-7.
Structure of HF-A1F3 Complex

We used basis sets that we developed for the third-row nontransition metal
elements to calculate structures and vibrational frequencies of two metal halide dimers, Ga2Br6
and Al2Br6. The results of the calculations have been used to help assign peaks in Raman spectra
obtained for molten GaBr, and AlBrv We found that, in these melts, the dimer structure present
in the solid is retained to a high degree in the liquid. The structural results have been used to
help analyze neutron scattering data (provided by Materials Science Division) for these melts.
The neutron work also indicates that the dimer structure is dominant in the melt, which is
consistent with Raman measurements.
24

b.

ZSM-5 Zeolite

Zeolites are microporous crystals that have great significance to the
catalysis industry as size-selective molecular sieves. A fundamental characteristic of the catalytic
ability of zeolites is their Br0nsted acidity. Work in CMT has continued on the investigation of
Br0nsted acid strengths of ZSM-5 zeolite using ab initio molecular orbital theory. We are using
TSinOm (T = Si, Al) clusters tied off with hydrogens to determine the dependence of acid site
properties on cluster size. In the past year, clusters containing up to 160 atoms (including 46 Si
and Al atoms) have been used in this study. One of these clusters is illustrated in Fig. IX-8.
These represent some of the largest clusters ever used in electronic structure calculations on
zeolites. Proton affinities, ammonium ion affinities, and ammonia desorption energies were
determined for these clusters. As in our studies with smaller clusters,25 long-range electrostatic
effects were found to have a strong influence on these properties. Covalent effects are also
important but are quite local. We have also used G2 theory with reduced M0ller-Plesset
perturbation orders23 [G2(MP2) theory] to calculate the ammonia desorption energies of small
clusters for calibration of the lower level calculations on larger clusters. Geometry relaxation was
included from the smaller clusters.

24
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R. Binning, Jr., and L. A. Curtiss, J. Comput. Chetn. 9 2 , 1860 (1990).
H. V. Brand, L. A. Curtiss, and L. E. Iton, J. Phys. Chem. 96, 7725 (1992).
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Fig. IX-8. One of the Aluminosilicate Clusters Used to
Represent the Zeolite ZSM-5 in Ab Initio
Molecular Orbital Studies
The potential energy surface for transfer of a proton from the acid site to
ammonia has been studied in detail at the Hartree-Fock level and with inclusion of correlation
effects on some small model clusters. A barrier to proton transfer is present at the Hartree-Fock
level. However, inclusion of correlation effects eliminates this barrier. The ammonia desorption
energy, 130 kJ mol1, was calculated with inclusion of long-range electrostatic effects from the
larger clusters, high-level correlation effects from G2(MP2) theory, and relaxation effects from
the small clusters. This calculated value is in good agreement with the experimental range of
84-168 kJ mol"1.2627 Also, our proton affinity of 1.26 MJ mol"1, calculated in a similar way,
is in good agreement with the experimental range of 1.19-1.33 MJ mol1.28 We plan to extend
this computational method to other adsorbate molecules, such as H2O and CH3OH.
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A. Auroux, V. Bolis, P. Wierzchowski, P. E. Gravelle, and J. C. Vedrine, J. Chem. Soc. Faraday Trans. 75,
2544 (1979).
J. G. Post and J. H. C. van Hoof, Zeolites 4. 9 (1984).
J. Data, M. Boczar, and P. Rymarowicz, J. Catal. 114, 368 (1988).
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c.

Molecular Sieve Materials

As a part of a joint theoretical/experimental study into the crystallization
process in synthesis of zeolites from gels, the X-ray absorption near-edge spectrum (XANES) has
been calculated for the oxygen K edge in cluster models of pure silica sodalite and a related
sodalite containing aluminum. We determined the dependence of the calculated near-edge
spectrum on cluster size, as we;< as the presence of aluminum and the charge-balancing sodium
cations. Clusters of up to 22 silicon atoms and 62 oxygen atoms were considered. Prominent
features of the calculated spectra appear to be correlated with the underlying structure of the
cluster models. In agreement with other calculations of near-edge structure in oxides,29
backscattering of the outgoing photoelectron from oxygen atom neighbors was found to be the
dominant contributor to the XANES structure, whereas backscattering from silicon atoms was
found to have a relatively minor effect. Our calculated spectrum for a small cluster model of
a-SiO2 is in reasonable agreement with a previously reported experimental near-edge spectrum,30
but higher resolution spectra are needed for more definitive comparisons. These computational
studies of molecular electronic effects, which are also measurable, by synchrotron X-ray
techniques, will continue to be an important element of our theoretical studies in future years.
C.

Geochemistry

The geochemistry research includes efforts in three areas: (1) mineral-fluid interactions,
(2) geochemistry and evolution of hydrothermal systems associated with volcanic areas, and (3)
molecular and compound-specific carbon isotopic geochemistry of petroleum. The approach taken
in the first area is to observe reacting mineral surfaces in situ by use of synchrotron X-ray
radiation. In the other two areas, specific problems are investigated through detailed chemical and
isotopic analyses of rock, mineral, water, gas, and oil sampled from appropriate, wellcharacterized field areas. Potential applications of these studies are in environmental restoration
and waste management; geothermal energy exploration and utilization; and petroleum exploration
and production. Recent results are summarized below.
1.

Mineral-Fluid Interactions

During 1992, we initiated a new project that involves application of synchrotron
radiation techniques to in situ experimental studies of mineral-fluid interactions. For this work,
we have developed and fabricated an X-ray transparent reaction cell for in situ synchrotron
radiation studies (Fig. IX-9). This reaction cell was designed for static X-ray scattering
experiments, in which a mineral surface reacts with an aliquot of fluid at ambient temperature,
during which pH is monitored continuously as an indicator of reaction progress.
Initial tests of this reaction cell were performed at the National Synchrotron Light
Source (NSLS), Brookhaven National Laboratory, during 1992. The absoiption of X-rays by the

29
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T. Lindcr, H. Sauer, W. Engel, and K. Kambe, Phys. Rev. B 33, 22 (1986).
A. Marcelli, I. Davoli, A. Bianconi, J. Garcia, A. Gargano, C. R. Natoli, M. Benfatto, P. Chiaradia, M. Fanfoni,
E. Fritsch, G. Calas, and J. Petiau, J. Physique 46, C8-1O7 (1985).
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Fig. IX-9. Diagram Showing Cross Section of Static Reaction Cell Used for
in situ Synchrotron Radiation Studies of Mineral-Fluid Reactions.
Width of cell, 8 cm.
cell windows was found to be negligible, and the absorption of X-rays along the 3-mm path
through pure water within the cell was roughly 63%. The temperature of pure water within the
cell did not change measurably (±0.1 °C) during o/ernight irradiation in the synchrotron X-ray
beam (13.1 keV energy), but a slight increase in pH may have been caused by hydrolysis of the
metal casing for the pH microelectrode. After testing the cell with water, an initial set of
experiments was performed using as reactants the cleavage surface of calcite and deionized water
or dilute nitric acid. The cleavage surface of calcite was prepared and loaded into the cell under
nitrogen in a glovebox and first observed by X-ray scattering under nitrogen. This surface was
found to have a root-mean-square out-of-plane roughness of 2.5 A, which represents a near ideal
surface in terms of X-ray reflectivity. Moisture was added to the nitrogen atmosphere by bubbling
the gas through water. This had the effect of inducing additional roughness at the calcite surface.
Contact of the surface with liquid water (deionized) or very dilute nitric acid (pH = 4.3) did not
measurably affect the surface roughness, although some dissolution of calcite was inferred from
pH increases. Nitric acid of higher concentration (pH = 2.3) had a much stronger effect on the
surface roughness of calcite, where the root-mean-square roughness increased to at least hundreds
of angstroms following overnight reaction. Scanning electron micrographs of the calcite surface
indicated the presence of etch pits on the order of a micron (1000 A) deep. Other experiments
conducted in the static reaction cell included crystal growth of calcite from a CaCl2-NH4Cl
solution. Rapid growth of calcite in this solution resulted in overgrowths having a different
crystallographic orientation than the substrate. Also performed for the same samples, after drying,
were reflEXAFS (extended X-ray absorption fine structure measured in a reflection geometry)
measurements (under helium) using electron yield detection at the NSLS. These measurements
showed that a different phase did not form at the calcite surface during reaction. Future
experiments will employ a flow-through reaction cell in line with an autotitrator to precisely
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control the solution composition during mineral-fluid interactions. Silicate hydrolysis, redox, and
surface adsorption reactions will be studied.
2.

Geochemistry in the Northern Kenya Rift Valley

In collaboration with a British Geological Survey team conducting a geothermal
exploration program in Kenya, we collected silica deposit samples from fossil hot springs at
elevated positions on volcanoes in the northern portion of the Kenya Rift Valley (Fig. IX-10).
The samples were returned to ANL and analyzed by α-spectrometry for Th and U isotopes. The
objective was to determine the ages of the hot spring deposits, so as to elucidate the history of
geothermal activity in the area. Such information has significant implications for the geothermal
energy potential of the area. The Th and U isotopic data were used to calculate the ages of the
hot spring deposits. The ages of the hot spring deposits were well correlated with ages of high
paleolake levels within the Kenya Rift during the past 150,000 years, which were humid climatic
periods. This indicates that the long-term evolution of geothermal activity in the Kenya Rift
Valley is modulated by climate, whereby during humid periods elevated water tables provide a
medium for convective transport of heat and mass from deep, long-lived heat sources. However,
during dry climatic periods (such as at present), deep water tables do not as effectively promote
convection of heat to the near surface environment. This work has shown clearly, for the first
time, the influence of climatic variations on geothermal activity in a continental rift zone.

Fig. IX-10.
Map Showing Location of Geochemical
Study Area in the Northern Kenya Rift
Valley
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Carbon Isotopic Composition of Crude Oil

3.

Our project in petroleum geochemistry involves compound-specific isotopic
analyses of carbon in well-characterized oil samples and their interpretation in terms of the
chemical processes of oil generation and maturation. Measurements are being made using a gas
chromatograph/isotope ratio mass spectrometer. A recent study focused on ,3 C content (8I3C) of
oils from different reservoirs in an oil field located in Phillipstown, IL. The 813C values for the
n-alkanes isolated from these oils were found to be similar. As shown in Fig. IX-11, the range
of 8iyC values for each alkane is about 2%o, and the overall patterns of 513C values vs. n-alkane
chain length are parallel. This is consistent with biomarker data which indicate that these oils
were generated from a similar source rock. Also shown in Fig. IX-11 are the 513C values of
n-alkanes in oils independently correlated with the New Albany Shale (EOR-3) and Ordovician
source rocks (43T-3). The patterns for the Phillipstown oils are similar to that of EOR-3 but
distinct from that of 43T-3, indicating that the Phillipstown oils were generated from the New
Albany Shale. While this suite of Phillipstown oil samples shows very little maturity variation,
the most mature oils, by the criterion of hopane ratios (samples 240 and 157), contain the
heaviest n-alkanes. Increasing 6I3C values associated with increasing maturity has important
implications for interpreting the mechanism of oil maturation.
Related studies in progress include development of refined chromatographic
techniques for compound-specific carbon isotopic analysis of the C 4 to C l 9 fractions of whole oils,
as well as analysis of nitrogen isotope ratios in crude oils.
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X. ANALYTICAL CHEMISTRY

A.

Introduction

The Analytical Chemistry Laboratory is a full-cost-recovery service center, with the
primary mission of providing a broad range of analytical chemistry support services to the
scientific and engineering programs at ANL. In addition, the ACL has a research program in
analytical chemistry, conducts instrumental and methods development, and provides analytical
services for governmental, educational, and industrial organizations. The ACL handles a wide
range of analytical problems, from routine standard analyses to unique problems that require
significant development of methods and techniques and analytical expertise.
The ACL is administratively part of the Chemical Technology Division (CMT), its
principal ANL client, but provides technical support for many of the other technical divisions and
programs at ANL. The ACL has four technical groups—Chemical Analysis, Instrumental Analysis,
Organic Analysis, and Environmental Analysis-which together include about 45 technical staff
members.
The Chemical Analysis Group uses wet-chemical and instrumental methods for elemental,
compositional, and isotopic analyses of solid, liquid, and gaseous samples and provides
specialized analytical services. The Instrumental Analysis Group uses nuclear counting techniques
in radiochemical analyses over a wide range of sample types, from environmental samples with
low radioactivity to samples with high radioactivity that require containment. Other types of
analyses use X-ray diffraction and fluorescence of solids. The Organic Analysis Group uses a
number of complementary techniques to separate and to quantitatively and qualitatively analyze,
at the trace level, complex organic mixtures and compounds, including toxic substances, fossilfuel residues and emissions, environmental pollutants, biologically active compounds, pesticides,
potentially hazardous wastes, and drugs. Organic Analysis Group personnel also develop methods
for such purposes as continuously monitoring incinerator emissions, detecting organic compounds
remotely and performing rapid on-site analyses for organic constituents, and analyzing headspace
gases in DOE waste containers. The Environmental Analysis Group performs analyses of
environmental, hazardous waste, and coal samples for the inorganic constituents.
The ACL specializes in analysis of samples containing both hazardous and radioactive
constituents (mixed waste) and has a sample receiving system that allows efficient processing of
environmental and waste samples. The ACL also lias quality assurance (QA) and quality control
(QC) systems in place to produce data packages that meet the rigorous reporting requirements
of clients. New ACL capabilities established in 1992 include laboratory facilities for analysis of
radioactive organic samples, a system for interfacing liquid chromatography with mass
spectrometry for the determination of organic compounds, and an inductively coupled
plasma/mass spectrometer (ICP/MS) system.
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B.

Technical Highlights

The ACL provides analytical services to CMT, as well as other ANL divisions and
organizations outside ANL. Selected accomplishments for 1992 are summarized here.
1.

Engineering Studies of Pyrochemical Processes for Integral Fast Reactor Fuels

In the electrorefining of spent fuels for the Integral Fast Reactor (IFR), metallic
fuel pins (U, Pu, Zr) are chopped into small segments and placed into a basket that is introduced
into molten salt (LiCl-KCl) at 500°C (see Sec. VI). The basket is connected to a dc power supply
and made anodic; nearly pure uranium is removed from the spent fuei by electrotransport to solid
cathodes, followed by electrotranspoi* of the plutonium and any remaining uranium to liqi.id
cadmium cathodes. Engineering-scale studies are being conducted in CMT to further improve the
electrorefining process and to verify models developed to predict the recovery of U and Pu, as
well as the decontamination of these elements from fission-product elements and process
materials. The ACL has contributed to this effort by determining elements of interest in samples
from the halide-salt electrolyte, cadmium anode, and the cathode product. Special dissolution
procedures are followed for each type of sample matrix, and separation schemes based on solvent
extraction and ion exchange are used to isolate the desired elements from matrix components and,
subsequently, to separate these elements. Uranium and plutonium concentrations in IFR samples
are measured with an ICP/AES instrument configured to analyze radioactive solutions. The mass
spectrometric isotope dilution (MSID) technique is used whenever higher precision and accuracy
than attainable with inductively coupled plasma/atomic emission spectroscopy (ICP/AES) are
required.
Experiments were conducted in an engineering-scale electrorefiner to simulate the
end of a campaign run, when a heavy metal drawdown step is employed to remove most
actinides from the salt and metal phases prior to removal of the salt for waste processing. These
drawdown experiments were performed to understand the behavior of various constituents in the
electrorefiner, including the substantial inventory of zirconium, rare earths, and residual uranium.
The analytical data gave insight on electrochemical transport of these elements in solid or liquid
cathodes under different electrorefiner conditions. Results are given in Sec. VI.C.l.
Chemical analyses of liquid-cathode samples from the engineering-scale
electrorefiner were performed on the continuing experiments to study Pu-U transport from
simulated IFR fuel. Results (Sec.VI.B.l) indicated that a new design of liquid cathode, which
incorporates an axial and rotating motion agitator, will achieve very high collection efficiencies
for the heavy metals.
2.

Competitive Exchange Experiments in IFR Chemical and Engineering Support
Studies
*^
Pyrochemical reprocessing of fuel in the IFR concept is based on the partitioning
of chemical constituents from the spent metal fuel between molten cadmium and a molten LiClKC1 eutectic. In one of the studies being conducted for the IFR, researchers are using competitive
exchange techniques to determine separation factors for elements of special interest, especially
the lanthanides and alkaline-earth metals (Sec.VI.A.2). These experiments start with two metals
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of interest, such as Y and Sm, dissolved in the cadmium phase or distributed between the salt
and cadmium phases, depending on the relative activity of the metal pair. Then, successive
additions of cadmium chloride or metal chloride are made to change the relative amounts of these
metals in each phase. Both cadmium and salt phases are sampled in each step of the experiment,
and the metal concentrations determined in the samples are used to compute the separation factor.
Analytical support for these studies includes analysis of the salt and metal phases to determine
not only the elements involved in the competitive exchange, but also a variety of other
parameters related to mass-balance checks and conditions prevailing during each experiment.
In most cases, each salt phase is analyzed by ICP/AES to determine Li, K, Cd, and
the pertinent rare earths and by silver-chloride gravimetry to determine chloride. Each cadmium
metal sample is similarly analyzed to determine Li, K, CI, and the rare earths. Cadmium in the
metal samples is measured by titration with ethylenediaminetetraacetic acid (EDTA). Many salt
samples have been tested for the presence of species oxidizable by ferric ion according to a
procedure developed for measuring concentrations of divalent rare earths (Sm2+, Eu2+).
During 1992, approximately 70 salt-phase and cadmium-phase samples were
analyzed to conclude the partitioning experiments. Competitive-exchange studies between rare
earths were extended to include characterization of separation factors between the rare earths and
selected other elements. In one set of experiments, measurements were made to obtain
information on the Sm-Eu-Li-Ba-Sr system. Preliminary results from samples associated with
these experiments suggested the presence of unanticipated species in the salt phase, possibly
including monovalent alkaline earths. Methods for the qualitative and quantitative determination
of these species were investigated in the ACL, using the probable reaction of these species with
water as a basis for testing their existence. Methods were developed to measure products, such
as hydroxide ion and hydrogen gas, that would be produced when salts containing the proposed
species were dissolved in water. Preliminary interpretation of the data obtained with a series of
test salts supported the hypothesis that uncommon species are produced during the competitive
exchange redox reactions under some conditions.
3.

National Acid Precipitation Assessment Program

The National Acid Precipitation Assessment Program (NAPAP) was initiated in
the early 1980s with the goal of quantifying the extent to which air pollution, including acid
deposition, accelerates the weathering of materials used in construction of cultural resources.
Among the materials of high 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 effort at ANL, limestone and marble briquettes are
exposed to a variety of atmospheric conditions at a number of sites throughout the country and
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, CI, NOj, SO4) by ion chromatography, and a
smaller number by ICP/AES for metal cations. Little change in cation concentrations was found
to occur following exposure at the test sites. However, substantial elevations in sulfate and nitrate
were found, and these results have provided a quantitative measure of attack by atmospheric
sulfur and nitrogen oxides. Support by the ACL for this program continued this year with anion
measurements performed on approximately 90 specimens.
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4.

Molten Corium Concrete Interaction Studies

In molten corium concrete interaction (MCCI) experiments at the Reactor
Engineering Division, mixtures of uranium oxide, zirconium, steel, fission product elements, and
concrete are heated to temperatures simulating reactor meltdown conditions. The objectives are
to study vaporization behavior of the elements present and to understand the release of refractory
fission products during a degraded-core accident. Samples of solidified melt, aerosols collected
by impaction or on filters, and gases are examined to study interaction and transport of the
simulated reactor materials.
In 1992, we analyzed 30 samples from the last scheduled large-scale MCCI test
that involved a limestone/limestone concrete mixture. This test produced aerosols particularly rich
in silver, which had been added to the corium to simulate control rod materials. The ACL has
devised a repertoire of dissolution schemes for MCCI melts and aerosols, including closed-vessel
procedures using a Parr decomposition vessel or Carius tube, microwave procedures, fusion
procedures with lithium tetraborate or sodium carbonate as flux, and other special techniques. For
this last test, the aerosol dissolution procedures needed new modifications to accommodate the
silver component, which was first identified in undissolved phases by X-ray diffraction (XRD)
analysis.
In past MCCI tests, silicon compounds have accounted for most of the aerosois
released. Evidence has accumulated that the silicon is present in certain aerosols as silicon metal
and SiC, in addition to SiO2. It is believed that most of the silicon is emitted from the MCCI
melt as SiO gas, which disproportionates during aerosol formation to Si plus SiO2. For carbonate
concretes (i.e., those containing limestone), CO is present in the gas phase and reacts with SiO
to form SiC. During FY 1992, we concluded a multiyear effort to determine the distribution of
silicon among these various chemical species in representative aerosols. By means of a selectivedissolution procedure that sequentially dissolved elemental silicon in dilute sodium hydroxide
solution and SiO2 in hydrofluoric acid, we determined the amount of silicon present in each form.
Solutions were analyzed by ICP/AES to measure the dissolved silicon. Silicon carbide was
determined by measuring carbon in each aerosol and attributing the carbon to the presence of
SiC, Results from the ACL measurements were compared to similar measurements performed
with a different procedure by the AEA Technology Centre at Winfrith (United Kingdom). In
general, results from the two laboratories are in excellent agreement; where differences exist, they
are understandable in terms of the aerosol properties or differences in the samples that were
analyzed.
Rare earth elements (simulated with Ce and La) are present in the aerosols at very
low concentration but are of special interest because they represent abundant fission products
with high specific activity. In previous analyses with ICP/AES, we had been unable to quantify
reliably the rare earths at the levels at which they occur (one to a few hundred micrograms per
gram of sample). Attempts to obtain values for Ce and La by neutron-activation analysis were
unsuccessful because of interferences from other aerosol constituents (U, Ag, and Re). Recently,
we submitted solutions prepared from selected aerosols to a commercial laboratory for ICP/MS
determination of Ce, La, and Ru. The ICP/MS data demonstrated sufficient sensitivity to allow
characterization of the rare earths in all samples. For those aerosols where the rare earth
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concentrations were high enough to have been measurable by ICP/AES, agreement between our
earlier results and those from ICP/MS was good.
5.

Geoscience Programs

Analytical measurements were performed by the ACL in support of geoscience
programs at ANL and at several universities in the Midwest. These measurements included
characterization of groundwater samples by analysis for cations with ICP/AES or atomic
absorption spectrophotometric (AAS) techniques; measurement of anion concentrations (F, CI',
NOj, SO4", Br", I) by ion chromatography; determination of pH, alkalinity, or other properties by
classical methods; and isotopic measurements by thermal ionization mass spectrometry. These
techniques were applied to thermal waters from Yellowstone National park; borehole brines from
the Illinois Basin; and thermal waters, gases, steam condensates, and gas-sampling absorber
solutions from volcanoes in Colombia, Ecuador and Papua, New Guinea. The data generated by
analysis of such samples (almost 200 samples were processed during 1992) have provided
information about the age of geological formations, processes and mechanisms that produced the
formations, and the movement of groundwater in the formations, both in geologic and modern
times.
6.

Analysis of Environmental and Waste Samples

The ACL provided analytical services to a variety of environmental monitoring,
characterization, and remediation projects administered by the Environmental Research (ER),
Energy Systems (ES), and Environment/Waste Management (EWM) Divisions at ANL and
programs at other DOE facilities (Rocky Flats Plant and Idaho National Engineering Laboratory).
Samples processed during FY 1992 included waters, soils/sediments, and miscellaneous other
samples (air, filters, and sludges). These samples were analyzed according to protocols described
in the U.S. EPA Contract Laboratory Program (CLP) Statements of Work (SOW), the methods
described in EPA Document SW-846,1 or other appropriate procedures. Approximately 500
analyses were completed in 1992.
Environmental analyses provided by the ACL include determination of inorganic
constituents (metals, anions, cyanide, sulfide, and total dissolved and suspended solids), organic
compounds (volatiles, semivolatiles, polychlorinated bipheny's/pesticides, phenolics, and oil and
grease), and radionuclides (gamma emitters and actinides). One set of sludge samples was
analyzed to provide a complete compositional characterization (anions, cations, moisture, etc.)
in support of development work in CMT on a waste treatment process. Mass and charge balance
calculations applied to the data from this characterization demonstrated that all major cationic and
anionic components had been properly taken into account.
7.

Analytical Method Development in Support of WIPP

The Waste Isolation Pilot Plant (WIPP) in Carlsbad, NM, has been selected as a
possible permanent disposal site for transuranic radioactive wastes resulting from defense-related
1

U.S. Environmental Protection Agency, Test Methods for Evaluating Solid Waste, EPA Document SW-846, U.S.
EPA Office of Solid Waste and Emergency Response, Washington, DC (November 1986).
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activities at DOE sites. Over the next five years, DOE plans to evaluate the behavior of wastes
designated for burial at the WIPP site. Analyses of these wastes will be done at Idaho National
Engineering Laboratory, Rocky Flats Plant, and ANL.
Defense-generated wastes to be transported to, and stored at, the WIPP site must
be characterized and shown to satisfy Resource Conservation and Recovery Act (RCRA)
requirements, which limit the presence of hazardous compounds. One of the wastes to be shipped
to the site is Type IV organic waste sludge. The sludge results from the "solidification" of
organic waste liquids by the addition of calcium silicate absorbent to immobilize the spent
liquids. Because polychlorinated biphenyls (PCBs) are suspected of being present in the liquids
and, hence, the sludge, analyses for PCBs must be completed on each container of sludge before
shipment.
The ACL is developing an analytical method for the determination of PCBs in the
kludge. Batches of synthetic sludge have been prepared from liquids known to be present in
existing waste sludges, such as lathe coolant, machining oils, and hydraulic fluids. The selected
liquids are spiked with PCBs, and then blended with calcium silicate to form the sludge. The
starting point for the proposed analytical procedure is EPA Method 8081 (described in EPA
document SW-846), which uses a solvent extraction step followed by gas chromatographic
analysis with an electron capture detector. Interferences from the waste that tend to obscure the
presence of PCBs have been identified and can be eliminated before the gas chromatographic
step. Measurements using the modified EPA Method 8081 have shown good recovery (70 to
100%) of PCBs from the sludge. Future work will involve the analysis of synthetic sludge
containing radioactivity and of actual field samples.
8.

Analysis of Headspace Gas for WIPP

The ACL participates in determining VOCs contained in the headspace of waste
drums that will be shipped to the WIPP site for burial. The analyses are based on gas
chromatography/mass spectroscopy (GC/MS) methods developed by the ACL for determination
of 29 target compounds that are of particular interest to the project. Target compounds include
aromatic hydrocarbons, chlorinated aliphatic hydrocarbons, diethyl ether, alcohols, and ketones.
Gas samples are drawn from the waste drums into evacuated stainless steel
(SUMMA®) canisters, which are then shipped to participating laboratories for analysis. Our
analytical procedure involves pressurizing these canisters, then extracting aliquots into an
intermediate laboratory canister, to which we add an internal standard. An aliquot of 200 mL is
then drawn from the laboratory canister and passed through an analytical trap, which retains the
target compounds. The target compounds are released from the trap by heating and swept into
a GC/MS system set up for separation and quantitative analysis. Quantitation of each target
compound is based on a relative response factor for the area count of a characteristic fragment
ion and the area count of an internal standard characteristic ion. We are able, with this technique,
to quantitate the target compounds at concentrations of less than 1 ppm (by voluine) in the
headspace gas.
In addition to the analyses performed for volatile organic compounds, gas samples
withdrawn from waste drums in the WIPP Experimental-Waste Characterization Program require
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compositional analysis to determine permanent gases and low-molecular-weight hydrocarbons
(methane through propane). Volume-percent concentrations of each of ten target-analyte gases
(H2, N2, O2, Ar, CO, CO2, NOX, CH4, C2H6, and C3H8) are to be measured. Our method for these
detern "nations employs a magnetic-sector, gas-analysis mass spectrometer having moderate
resolution. Instrument stability and sensitivity have been demonstrated to meet program
requirements regarding precision and detection limits for measuring the gases of interest. Passing
scores were obtained for two performance demonstration cycles (in January and April, 1992).
9.

Development of Infrared Aerosol Analyzer

The infrared aerosol analyzer (IAA) is a device for collecting ambient atmospheric
aerosols by impaction and analyzing the material collected by infrared spectroscopy. Developed
in CMT and patented,2 the IAA has been used for several years for qualitative and semiquantitative studies involving aerosol species (ammonium, sulfate, and nitrate ions) related to acid
precipitation. Use of the IAA for quantitative analysis of aerosols has been hindered because it
is difficult to create and collect a synthetic aerosol of known composition for calibration. This
problem was recently overcome by using ion chromatography (1C) to measure the ions of interest
in actual ambient aerosols after their infrared spectra were recorded with the IAA. Selected
samples were nondestructively analyzed with the IAA and then dissolved, whereupon the amounts
of nitrate, sulfate, and ammonium ions present were measured by 1C. From these measurements,
a consistent data set has been assembled to permit quantitative determination of individual ions
from the infrared spectra of ambient aerosols.
10.

Nuclear Waste Programs

The production of stable nuclear waste forms and their long-term storage in
suitable repositories are of great importance to nuclear power production. The Glass Testing
Program in CMT (Sec. IV) is evaluating factors that are likely to affect glass reactions in an
unsaturated environment typical of the candidate repository site at Yucca Mountain, NV. Longterm leaching tests are being conducted on simulated waste glasses and spent fuel to provide
elemental release data that could be used to assess their performance in a high-level waste
(HLW) repository. The release and transport of actinides through the HLW barrier system, spent
fuel stabilities, and radiation effects are under investigation in these studies.
The ACL has provided support for these studies by the analysis of leach-test
solutions for anions, cations, and uranium. Standard operating procedures and appropriate quality
assurance measures have been implemented to support the validity of reported results. The
following anions were determined by ion chromatography: CI', F, NOj, SO2', PO2\ HCO2, and
C2O2. The following cations were measured by ICP/AES: Al, B, Ba, Ca, Cr, Cu, Fe, K, Li, Mg,
Mn, Na, Ni, Si, Th, Ti, Zn, and Zr. A special spectrometer system was used for analyzing
samples with radiation levels less than 150 pCi/mL. Uranium in solution was determined by a
kinetic phosphorimetry technique with a Chemchek phosphorescence analyzer. Results are given
in Sec. IV.

2

S. A. Johnson, G. T. Reedy, and R. Kumar, "Real Time Infrared Aerosol Analyzer," U.S. Patent No. 4,942,297
(1990).
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11.

Monitoring of Antimony Levels in Scrap Aluminum

In conjunction with the Aluminum Recyclers Association, researchers in the ES
Division have established a continuing monitoring program to follow the antimony level in
secondary aluminum scrap. Of concern is the potential for intermixing in the secondary metal
scrap of two widely used aluminum alloy modifying agents, Sb (from European and Asian
sources for grain refining) and Sr (mainly used in the United States for surfactant properties).
Work in the ES Division has shown that these two modifiers are antagonistic to one another,
resulting in poorer mechanical properties for aluminum containing both modifiers. This work has
also demonstrated an approach for removing the antimony if levels become troublesomely high.
In support of these programs, the ACL has established procedures for measuring very low
antimony concentrations in aluminum metal. Drillings or shavings of the metal are dissolved with
a nitric/hydrofluoric acid mixture, and the solution is analyzed for antimony by graphite-furnace
AAS. The method detection limit is 5 μg antimony per gram of aluminum scrap.
12.

Chemical Transformation of Isotopicallv Enriched Tin Oxide

Materials with unusual atomic-energy level configurations are being investigated
in the Advanced Photon Source (APS) Division for potential application in producing
monochromatic X-ray beams from the X-ray continuum that will be available in the APS under
construction at ANL. In a series of experiments to evaluate the performance of isotopically pure
ll9
Sn at the Cornell High Energy Synchrotron Source (CHbSS), use of several chemical forms
of tin for presentation to the X-ray light was desirable. The ACL assisted in the chemical
transformation of " 9 SnO 2 (the available isotopically pure compound) to " 9 Sn metal and to " 9 SnO.
High yields were required to avoid losses of the expensive " 9 Sn isotope. We prepared m S n metal
by hydrogen reduction of the " 9 Sn0 2 starting material (yield >99.5% of theoretical); the tin metal
was used as the starting material for the preparation of " 9 SnO. The product from this preparation
was confirmed, by XRD of identically prepared natural tin material, to be SnO. The yield for the
" 9 SnO preparation was 83% of theoretical. The " 9 SnO and " 9 Sn products were successfully used
in the experiments at CHESS.
In a related experiment, the APS researchers sought a stable ferrous iron salt for
57
studies involving Fe. In this case, ACL chemists recommended the use of Mohr's salt,
Fe(NH4)2(SO4)2»6H2O, and synthesized this compound from 57Fe metal. The identity of the
product was again confirmed by XRD. Because it is uncommonly stable to air oxidation of
ferrous iron, this compound proved to be excellent for the intended use.
13.

Advanced Photon Source Component Materials

In support of component-fabrication efforts for the APS, the ACL has verified
specified compositions for a number of materials going into the hardware for the APS facility.
Much of this work involves straightforward analysis to characterize alloy compositions or
impurities in one or another high-purity metal product. However, analytical characterization of
one material, a Zr-V-Fe alloy bonded to a substrate of constantan (a Cu-Ni alloy), was quite
challenging. An APS researcher required information on the major and minor components of the
Zr-V-Fe alloy, which is designated for use in the APS as a getter to remove residual gases from
the particle-beam path and thereby provide the high vacuum required for optimal APS operation.
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This analysis was difficult because the alloy of interest was inseparably bonded to the constantan
substrate, and samples were not available for either the coating alloy or the uncoated substrate.
To obtain the needed data, we sheared the strips of coated substrate to obtain fully coated
samples from the center of each strip and nearly uncoated samples from along the strip edges.
By dissolving and analyzing these coated and uncoated portions separately, we were able to
mathematically resolve the compositions of the substrate and coating by assuming only that
zirconium was not present in the substrate. Similar analyses of two different samples of the getter
strip material showed remarkably uniform composition and coating thickness. These results
permitted a determination to be made that the material met APS specifications.
14.

Grafenwohr Soil Samples

Soil samples from the Grafenwohr firing range in Germany were analyzed for
metals in the sample following a total digestion and extraction by the toxicity characteristic
leaching procedure (TCLP). The work was in support of the ES Division program to characterize
soil contamination by inorganic pollutants on the firing range. Approximately 50 soil samples
were analyzed by ICP/AES and cold-vapor AAS (for mercury) using EPA protocols for 25 metals
of environmental con^m. The elements of greatest interest were Sb, Ba, Cd, Cr, Cu, Pb, Mg,
Sr, Sn, and Zn. Thest measured data are also being used to develop X-ray fluorescence (XRF)
as a field screening technique for lead and to compare the amount of metals extracted using
TCLP with the total metals in the sample. We found fairly good agreement between the metal
concentrations in the soils determined by wet chemical analysis and XRF. For a few metals, e.g.,
lead, metal particles in the soil made comparison difficult.
15.

Stability of Standards for Graphite-Furnace Atomic Absorption Spectrophotometry

A study was undertaken to determine the long-term stability of low-concentration
standards used for graphite-furnace AAS. Currently, working graphite-furnace AAS standards
must be prepared daily is required by the CLP guidelines. The ACL has been following these
CLP guidelines because in-house criteria regarding graphite-furnace AAS standards stability have
not been established. This study examined the stability, over a period of eight months, of lowlevel concentrations of Sb, Pb, Tl, Se, and Ag in acids with respect to (1) variations in the acid
concentration, (2) changes in analyte concentration, and (3) presence of other analytes. We
concluded that all analytes were stable under all of the conditions studied over the entire eight
months.
16.

Stability of Calibration Standards for ICP/AES

Knowledge oi the useful lifetime of solution standards and an understanding of
how to prepare standards with long shelf life are increasingly important to operations in the
analysis laboratory. Escalating costs for chemical waste disposal and the substantial effort
involved in preparing multielement standard solutions make replacement of still-viable solutions
wasteful and inefficient. To establish replacement schedules that avoid unnecessary cost but, at
the same time, ensure that valid standards are available, the ICP/AES laboratory in the ACL
undertook a project to study the stability of standard solutions as a function of time. In this
project, the stability of a set of acidic solutions containing approximately 30 elements was
monitored for a six-month period to provide data that related stability to variables such as analyte
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concentration, acidity, and type of acid used in preparing solutions. Results of this study
demonstrate that, with properly chosen matrix characteristics, calibration standards can be stable
over a period of at least six months. The study is being extended for at least another additional
six months to obtain a larger data base.
17.

Radiochemical Method Evaluation and New Method Development

In 1992, the Laboratory Management Division of DOE's Office of Environmental
Restoration and Waste Management (DOE/EM) initiated a program to evaluate existing methods
for environmental radiochemical analysis. The goal of this program is to identify and implement
new techniques and procedures that will improve the time and cost efficiency of routine
radiochemical analyses. Such improvements could help DOE meet its goals for environmental
restoration and waste management. Argonne has been designated as the coordination center for
this program.
In technical support for this program, we have reviewed DOE environmental
surveillance reports and existing radiochemical methods to identify specific analyses that could
be improved through integration of new technology. We have identified new technologies of
potential interest to the program, e.g., ICP/MS and photon-electron-rejecting alpha liquid
scintillation (PERALS), and have reported our overall findings to an expert working group
convened by DOE/EM. Our findings, along with recommendations of the working group, will
be used to formulate statements of work for technology development and integration into
radiochemical methods.
18.

Applications of FTIR Microscope to Identification of Wastes, Spill Residues, and
Contaminants

The Fourier transform infrared (FTIR) microscope (an FTIR spectrometer coupled
to an infrared microscope equipped with a mercury-cadmium telluride detector) is a powerful tool
for examination of a variety of samples and provides rapid identification of unknown materials.
Both reflectance and transmission techniques have generated spectra from solid samples as small
as 10^m diameter, and liquid samples as small as 10 μL. In many cases, the sample composition
was determined by subjecting the spectra obtained to a computer-based library search.
Applications of this technique in 1992 include characterization of a white powder found on the
outside of a polyethylene tube after disassembly of accelerator hardware (the powder was nylon);
nonaqueous materials of unknown origin (e.g., pump oils stored in unlabeled containers); and
spill residues encountered during emergency-response activities (a pool of liquid discovered in
a parking lot was quickly identified as ethylene glycol). Even when positive identification through
a library match was not achieved, the functional-group information provided by the infrared
spectrum has helped in further characterization of unknown samples. Including analysis with the
FTIR microsope as an early step in characterizing unknowns helps reduce the difficulty and cost
of identifying and classifying certain undocumented liquid wastes and of solving contamination
problems of various kinds.

3

E. A. Huff and D. R. Huff, The Stability of Calibration Standards for 1CP/AES Analysis: Six-Month Study,
Argonne National Laboratory Report ANL/ACL-92/3 (May 1992).
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19.

Characterization of Products from Automobile Shredder "Fluff Recycling

About 225 kg (25%) of every junked car is made up of a mixture of plastics, glass,
fibers, and foam; this mixture is referred to as "fluff." Researchers in the ES Division have
developed and are testing a procedure to dissolve and recover plastics from these wastes, which
are teft over after metals are recovered from scrapped automobiles. The ACL is providing
chemical analyses to help characterize the various product streams from this process, including
oils, recovered plastics, and residues from the dissolution and extraction steps. Residues and oils
are analyzed for metals by ICP/AES, and oils are analyzed for their polychlorinated biphenyl
content. The FTIR microscope is used to examine plastics recovered from solvent extraction of
the shredder residues. Efficiency of the extraction and purity of the products are assessed by
comparing spectra from polyvinyl chloride and acrylonitrile/buiadiene/styrene standards to spectra
obtained with reconstituted plastics from the process. Obtaining pure product fractions of known
composition is important to efficient recycling of the materials recovered from treatment of the
fluff waste. The data that ACL provides on the composition and purity of these fractions help to
assess their suitability for recycling processes and to identify changes or improvements in the
treatment process that will lead to improved products.
20.

Determinations of Rare Earth Elements and Calcium in Autopsy Tissues

The Internal Emitter Project in the ER Division required measurement of rare earth
element and calcium concentrations in digested autopsy tissues from (1) thorium refinery workers
who had been exposed to dust particles from monazite ores and (2) a case study involving a
victim of radium exposure. From quantities of rare earths present in the lungs and other tissues
analyzed, the ER researchers will determine the individuals' exposure by inhalation and the
distribution of rare earths to various body tissues by metabolism of the inhaled substances.
Calcium data are needed to help define metabolism pathways for radium, which typically follows
calcium in the body but can show discrimination effects in some tissues.
Both major and trace metal concentrations in the digested tissues were determined
by ICP/AES. The spectral complexity and high concentrations of rare earths in some samples
required multiple dilutions, spectral interference corrections, and careful interpretation of the
ICP/AES data. In addition, several samples required separation of the components of interest
from matrix components to achieve quantitation limits on the order of 1 to 12 pg/mL, which met
the needs of the program. This was accomplished using extraction chromatography (with
TRU*Spec resin) in HC1 or HNO3 media. For a few samples, thorium concentrations high enough
to measure by ICP/AES (>1 Mg/mL) were found; the ICP/AES thorium results were in good
agreement with radiochemical analytical results on these same solutions.
21.

Determination of Platinum in Tissue

Black staining of tissue surrounding the battery anode of bone-growth stimulators,
which are used to increase fusion success in spine surgery, is being investigated by physicians
at the Kalamazoo Center for Medical Studies, Michigan State University (MSU). In support of
this work, the ACL was requested to determine the platinum content of blackened tissue from
three patients who had undergone removal of the stimulator. For this determination, we ashed
each tissue sample in a fused-silica beaker, dissolved the residue in aqua regia, and analyzed the
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resulting solution for platinum (and other metals) by ICP/AES. Microgram amounts of platinum
were found in two of the three tissue samples, which weighed about 50 mg. These results are
discussed by the MSU physicians in an article on the "Black-Pocket Syndrome," submitted to the
Journal of Bone and Joint Surgery.
22.

Determination of

226

Ra in Human Tissues

In the 1930s, some members of the medical community believed that radium
possessed therapeutic benefits. As a result, a number of patients were given known doses of 226Ra
for medical purposes. Subsequently, whole body counts and radon breath measurements were
performed on these subjects to determine body burden levels.
It is general knowledge that 226Ra is a bone-seeking radionuclide. However, little
is known of its behavior in soft tissue. As a result, soft tissue samples such as internal organs,
skin, and hair were obtained, posthumously, from one of these patients.
We used the standard technique of radon emanation to determine 226Ra in these
samples. Since the specific activity of 226Ra in soft tissues was expected to be quite low, large
samples were dissolved prior to analyses. Initially, radon-free air was bubbled through the
samples to remove 222Rn. At this point, the solutions were then sealed to allow 222Rn to reach
secular equilibrium with 226Ra. Subsequently, the samples were once again sparged, and the 222Rn
was determined.
The soft tissue specific activities for 226Ra ranged from 0.03 to 5.00 pCi/g, whereas
typical values for bone were on the order of 200 pCi/g. These radium results along with
analytical data for calcium are being correlated by the Biological and Medical Research Division
to determine whether calculation of a radiological dose attributable to 226Ra is feasible.
23.

Isolation of Uranium and Thorium from Soils for Isotopic Analysis

Procedures developed in the ACL for isolating uranium from a soil matrix and
purifying it for isotopic analysis by thermal-ionization mass spectrometry (TIMS) are being
modified to permit isotopic analysis of the uranium by alpha pulse height analysis (APHA).
Because APHA is the conventional radiochemical method for actinide isotopes, procedures
designed for APHA measurements will find wider application than those designed for TIMS
analysis, which is not as widely available in environmental laboratories. Moreover, the TIMS and
APHA measurements are complementary: TIMS has an advantage for measuring 235U (with
reasonable mass abundance but low specific activity), while APHA has an advantage in
measuring 234U (with low mass abundance but high specific activity).
The major difficulty encountered in applying the sample preparation procedures
for TIMS to APHA has been the incomplete removal of thorium isotopes, which have alpha
energies in the range of interest for uranium measurements. This problem has been addressed by
modifying the separation scheme that we previously used with U/TEVA»Spec chromatographic
columns (ElChrom Industries, Darien, IL). If the column is loaded with 2 N, nitric acid, U and
Th are retained, while unwanted cations are eluted. After a crossover washing with 9 N HC1,
thorium is eluted with 5 N, HC1. Then, uranium is stripped from the column with 0.02 N HCI.
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Using synthetic U-Th solutions and ICP/AES analysis of all column effluents, we
demonstrated that this scheme will yield clean separation of these actinides, with >95% recovery
of each in its respective eluant fraction. Application of this scheme to soil-matrix samples and
APHA measurements on the separated actinides will be tested in the coming year.
24.

Characterization of Nitrogen Species in Lime-Scrubber Waste

In support of an investigation into the probable post-disposal behavior of sludge
waste produced from NOX/SO2 scrubbing of flue gases with Fe(II)»EDTA in lime, ES Division
researchers sought to determine leachable nitrogen species and gaseous products evolved from
representative wastes as a function of storage time. The ES researchers set up simulated storage
of four lime-sludge wastes, with one portion of each waste open to the laboratory environment
and another portion in a closed vessel with air removed from the headspace. Approximately every
three months, a portion of each waste stored in the open was submitted to the ACL for leaching
according to the TCLP and determination of ammonia, nitrate, nitrite, and total Kjeldahl nitrogen
in the leachate. At each time interval, headspace gas over each closed-storage sample was also
analyzed by gas mass spectrometry. Changes in both the quantities of leachable nitrogen species
and the gas-phase composition were observed over the year-long test period. These changes were
not uniform among the four wastes tested, reflecting differences in the wastes' compositions. Two
phenomena determined from the gas-analysis results were a depletion of oxygen in the headspace
with time, and the observation that the oxygen depletion was accompanied by ingrowth of CO2
in three of the wastes but not the fourth. No release of nitrogen oxides from any of the wastes
was detected. More detailed study of the chemistry involved in the aging of these wastes will be
needed to fully understand these observations.
25.

Properties of High-Temperature Superconductors

The ACL continued providing extensive analytical support to high-temperature
superconductivity programs in the Materials and Components Technology (MCT) and CMT
Divisions (Sec. IX.B.l). Much of this work involves analysis of starting materials, process
samples, and products related to fabrication and characterization studies on various ceramic
compositions, including YBa2Cu307.x and newer ceramics involving different rare earths, Bi, Pb,
Sr, and other elements. Our measurements include determining elemental composition by
ICP/AES or classical methods, anions by ion chromatography, carbon with a LECO analyzer,
oxygen coefficients (i.e., the value of x in the formula YBa2Cu3O7.x) by an iodometric method,
and phases by X-ray powder diffraction.
A major new initiative in the MCT Division was begun this year with the goal of
producing 100-m lengths of high-temperature superconductor ribbon by means of a "powder-intube" process, wherein superconducting compounds containing Bi or Tl are loaded into a silver
tube, which is then drawn and rolled into a thin, flat superconducting ribbon. For this work, ACL
data have helped to eliminate some fabrication difficulties that were traced to materials problems
(e.g., copper or other impurities in some batches of silver tubing) and to relate performance of
individual products to their composition. Using chemical analysis results to guide materials and
process selection has helped the MCT team make rapid progress toward their goal.
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26.

Identification of Hazardous Wastes

According to the Resource Conservation and Recovery Act (RCRA), a waste is
classified as hazardous if it displays one or more of four characteristics: ignitability, corrosivity,
reactivity, and toxicity. During 1992, the ACL strengthened its ability to identify characteristic
wastes by obtaining a Pensky-Martins Closed Flash Point Tester (Fisher Scientific Co.) for
measuring ignitability. Corrosivity is measured with pH meters. Reactivity and toxicity are
determined by measurement of hazardous constituents (e.g., cyanide, sulfide) in the waste. For
targeted inorganic constituents, the samples are leached by TCLP, then the extract is analyzed
by ICP/AES (for metals) and cold-vapor AAS (for mercury). Samples analyzed in 1992 included
sludges, soils, and photographic plates. Paint chips, sand blasting residues, soil and gravel from
parking lot surfaces, and sludges from drain pipes have all required characteristic analysis to
ensure that they were properly classified for treatment and disposal. Additional samples were
screened by determining total metals. Whenever these measurements yield concentrations above
RCRA definition of "hazardous," the TCLP can be used to determine if the hazardous
constituents are in a leachable form. Wastes from many ANL programs, RCRA closure projects,
decommissioning projects, and other sources were analyzed to provide hazard classification
information.
27.

Development of Integrated Performance Evaluation Program

In collaboration with the Radiological and Environmental Sciences Laboratory
(RESL) in Idaho and the Environmental Measurements Laboratory (EML) in New York, ANL
is developing and implementing a comprehensive Integrated Performance Evaluation Program
(IPEP) for the DOE Laboratory Management Division (LMD, EM-563). The program is designed
to provide information on the quality of radiological and nonradiological analytical data being
produced by all laboratories on which DOE/EM is relying for analyses of environmental
restoration and waste management samples. The ACL is assisting in developing the program
requirements and implementation strategies, especially in the nonradiological portions of the
program. The ACL is also developing strategies for compiling and analyzing the performance
evaluation (PE) results and for monitoring to assure that needed corrective actions are taken. A
report formally recommending requirements for laboratory participation in existing PE programs
was completed by ANL, RESL, and EML, and submitted to EM/LMD. These recommendations
were incorporated into EM/LMD,s QA guidance documents, which have been sent to the DOE
field offices.
To develop scoring schemes for PE results, a collaboration with the University of
Illinois, Chicago, was established. The IPEP data were subjected to a performance-based
statistical assessment. A scoring scheme to address LMD criteria was developed, and a report was
submitted to LMD and EML. An algorithm was developed to deconvolute the error in previously
collected data, thus allowing all participating laboratories to identify those areas of individual
performance that could most benefit from improvements.
28.

Determination of Americium in Environmental Samples

Owing to the expanding DOE environmental restoration programs, vast numbers
of radiochemical analyses are being required of analytical laboratories. The traditional analytical
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methods for the determination of americium are laborious and costly and are plagued by low and
sporadic chemical yields. In a collaborative effort with the Chemistry Division and the
Environment, Safety, and Health Division, we have developed a cost-effective, reliable method
to determine americium in environmental samples. This extraction chromatography method allows
for the specificity of solvent extraction with the convenience of column chromatography. We
have applied commercially available resins (ElChrome, Inc., Darien, IL) in the analyses of over
200 soil samples and have seen a dramatic savings in both time and cost (a factor of two in some
cases). Equally important, we have reduced our generated waste by a factor of thirty.
29.

Environmental Restoration Program of Rocky Flats Plant

Radiochemical analyses were completed in support of the Environmental
Restoration Program at the Rocky Flats Plant. The ACL received over 200 samples and analyzed
them for gamma emitters (i.e., Cs, Ra, Th, Am, Pu, and U). In addition, gross alpha/beta
measurements were completed. Comprehensive data packages (both hard copy and electronic)
were produced for this project. To improve cost effectiveness yet maintain accuracy and
precision, new extraction chromatography methods were employed in these analyses.
30.

Rietveid Analysis of X-ray Powder Diffraction Data

A computer program for the Rietveid analysis of X-ray and neutron diffraction
powder patterns, called DBW 4.0, has been installed on the VAX computer cluster at CMT. Test
sets of data provided by Los Alamos National Laboratory were successfully analyzed by this
computer program.
X-ray powder diffraction data were also collected at ANL on alpha-alumina and
analyzed by DBW 4.0. For structural refinement by DBW 4.0, the intensity data measured at
ANL with an automatic divergence slit were converted to intensities for fixed slits. A computer
program was written for this data conversion. The data for alpha-alumina were converted by this
program and refined by DBW 4.0 to a reasonably good fit between the observed and calculated
structure factors.
In addition to DBW 4.0, the computer programs XPAS and Lazy Pulverix-PC were
added to the software available in the ACL diffraction laboratory. The XPAS program analyzes
powder X-ray diffraction data to obtain maximum information from a digital XRD pattern and
includes automatic peak fitting, peak width determination, and zooming of a pattern into a
window. The Lazy Pulverix-PC program calculates a powder pattern when the user specifies
atomic positions, the space group, and the unit cell.
31.

Radiochemical Analysis of the Experimental Boiling Water Reactor Vessel

The Experimental Boiling Water Reactor (EBWR) facility was first put into
operation at ANL in 1956 as a test reactor to demonstrate the feasibility of operating an
integrated power plant with a direct-cycle, boiling-water reactor as its heat source. The EBWR
was operated at the 20-MW (thermal) power level from its startup in December 1956 to
December 1962, after which the output was increased to the 100-MW (thermal) level. After five
years of successful operation at the higher power level, the EBWR was shut down in December
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1967. All nuclear fuel was then removed, all liquids were drained from the process systems, and
uV facility was placed in a dry lay-up status. The facility was subsequently declared surplus and
entered into the DOE Surplus Facilities Management Program. Decommissioning and
decontamination (D&D) began in 1986. The current objectives are to remove all contaminated
material from the containment building, clean up the facility to prescribed release levels, and
eventually open the building to unrestricted use.
After 24 years of dry lay-up status, short-lived radionuclides could be ignored in
the D&D operations; the remaining radionuclides of interest were I4C, 55Fe, 59Ni, 63Ni, '"Co, 93Mo,
and 94Nb. The radioactivity of the EBWR vessel was assessed using a combination of measured
values from carbon and stainless steel samples and theoretical calculations based on the chemical
composition of the alloy and the measured radioactivity levels.
During 1991, the ACL completed the determination of ^Co, 55Fe, and 63Ni in the
carbon and stainless steels. Other radionuclides of interest were present at levels too low to be
measured. During 1992, the ACL collaborated with personnel from the Engineering Physics (EP)
Division in drafting the report of the radiological assessment of the EBWR vessel. We also
assisted EP personnel in the comparison of theoretically calculated activities for ^Co, 55Fe, and
63
Ni with experimental values; agreement was reasonably good, with best agreement for ^Co, the
most active radionuclide. A final report is being prepared.
32.

Analysis of Environmental Samples for the U.S. Department of Agriculture

Over the past four years, the ACL has participated in a collaborative effort with
the ER Division that involves monitoring removal of contaminants (carbon tetrachloride and
chloroform) from groundwater under a former grain storage facility (Waverly, NE) operated by
the U.S. Department of Agriculture. Contaminants from the Waverly aquifier are being removed
by groundwater extraction and air stripping. Analyses are performed using CLP protocols. In
1992, carbon tetrachloride contamination in the Waverly aquifer was measured to have decreased
over 40%. August 1992 data indicated carbon tetrachloride levels at 48 ppb in the Waverly
aquifier. The aquifer will continue to be sampled monthly in 1993 because this decrease does not
bring the level below the federal health standard of 5 ppb. In 1992, the ACL analyzed over 100
groundwater and drinking water samples for this project.
33.

Development of FTIR Analysis for Soils

The objective of the program is to develop a new method, utilizing FTIR
spectroscopy, to analyze contaminated soil samples in the field for explosives and selected
volatile and semivolatile analytes.
We have determined that soil contaminants can be thermally desorbed into a
heated long-path infrared cell, and that explosives such as trinitrotoluene (TNT) could be detected
at levels of 40 to 80 ppm in soil. Past experience has shown that results obtained with certified
extraction methods have inaccuracies because of the bonding of the TNT to the soil. Analyses
by our FTIR method eliminate this problem and can be done in minutes in the field.
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Work is progressing on expanding the FTIR analysis to include 16 other volatile
organic compounds. We have found that these volatiles can be detected at approximately 15 to
50 ppm in soils. Quantitative accuracy exceeds that obtained for TNT and the dinitrotoluene
isomers due to better peak resolution. Prototype field equipment is being assembled, and a new
method to thermally desorb the TNT from the soil is being explored.
This technology is applicable for site characterization and remediation and could
play a significant role in monitoring cleanup in areas contaminated by explosives.
34.

Monitoring of Incinerator Effluent for Organic Analytes

The objective of this collaborative effort with ES Division personnel is to monitor
incinerator effluent from different feeds and correlate the feed content with stack effluent by
qualitatively and quantitatively analyzing the effluent using FTIR spectroscopy. A laboratory
incinerator was constructed, tested, and interfaced to an FTIR spectrometer. The incinerator is
now being used in experiments to identify and quantify the effluent from simulated PCB burns.
To test the analysis equipment, the incinerator was deliberately run at lower temperatures than
required for normal operation. Products of incomplete combustion were easily detectable by the
FTIR method. Extensive QA/QC data for standards are being analyzed. In the next year, we
anticipate using the Toxic Substances Control Act incinerator at the DOE K-25 Plant in Oak
Ridge, TN, for a field test program. The intention is to develop an EPA-certified method for
using FTIR spectroscopy as a continuous emission monitor for incinerators.
35.

Detection of Illegal Drug Laboratories

The Drug Enforcement Administration is exploring new technologies for detecting
illegal drug laboratories. The objective of this project is to perform chemical releases at field sites
and then detect the release with advanced analytical instrumentation. The ACL is responsible for
releasing known quantities of chemicals emitted by illegal drug laboratories and evaluating test
results for all analytical equipment present at the release site. Equipment evaluated to date
include spectrometers based on ion mobility, FTIR, forward-looking infrared, and fluorescence
LIDAR (light detection and ranging).
The first chemical release has been completed, and the summary report is nearin<i
completion. Both ion mobility spectrometry and FTIR spectroscopy were successful in detecting
plumes emanating from simulated illegal drug laboratories, whereas the other techniques
encountered problems. Plume models could not be used to track a plume because of slight
variations in wind and mixing, as was demonstrated by the large differences between the
concentrations detected by sorbent tubes and those obtained at ground level with conventional
infrared spectrometers.
36.

Stand-off Detection

The U.S. Army's Chemical Research, Development, and Engineering Center
(CRDEC) has an ongoing program in "stand-off or remote detection of chemical plumes. For
this project, the ACL is determining the sensitivity of newly designed passive-remote FTIR
spectrometers and enhancing the ability of existing spectrometers to properly detect plumes in
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the presence of interferences. Current work includes assisting in the development and testing of
a hand-held FTIR spectrometer. The instrument does not yet have the sensitivity of conventional
units, but its small size and weight offer potential for many specialized applications.
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XI. SPECIAL PROJECTS GROUP, APPLIED R&D

The Special Projects Group in CMT is assisting DOE in maintaining a national program
of applied R&D in the environmental restoration and waste management area. The objective of
the applied R&D is to improve the efficiency, safety, and timeliness of environmental cleanup
activities so that DOE can meet the 30-year environmental compliance and cleanup goals for its
facilities.
Currently available technology is not adequate to assess environmental contamination, take
permanent remedial action, and eliminate or minimize the environmental impact of future
operations. Technical resources to address these shortcomings exist within the DOE system and
the private sector, but the involvement of the private sector in attaining permanent and costeffective solutions has been limited. Thus, this Office is providing technical and management
support to assist private-sector contractors in performing R&D on new technologies needed for
DOE to meet its compliance and cleanup goals. It is also providing technical and management
support for R&D conducted through (1) Hazardous Substance Research Centers co-funded by
DOE and the Environmental Protection Agency (EPA) and (2) EPA's Superfund Innovative
Technology Evaluation (SITE) program.
A.

Private-Sector Contracts

On behalf of DOE's Office of Technology Development (OTD), ANL has managed R&D
projects in four general areas: ground water contamination, soil remediation, site characterization,
and containment of contamination. After a competitive procurement, 15 contracts were awarded
in October 1990, and completion dates ranged from July 1991 through December 1992. The
selected projects and contractors are as follows:
•

Groundwater Cleanup
1.

Remove radionuclides, heavy metals, and organics from contaminated
groundwater using chemical binding/filtration/cold vaporization techniques
(Atomic Energy of Canada, Ltd.).

2.

Develop vapor-phase bioreactor that will degrade trichloroethylene (TCE)
and other chlorinated hydrocarbons in groundwater (Envirogen, Inc.).

3.

Remove volatile organic compounds (VOCs) from groundwater with a
combined air stripping/membrane vapor separation system (Membrane
Technology and Research, Inc.).

4.

Evaluate the AlgaSORB process of Bio-Recovery Systems for removing
radionuclides, heavy metals, and inorganic and/or organic ions from
groundwater (Science Application International Corp.).
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Soil Cleanup
5.

Develop a soil washing/vitrification system that will reduce and stabilize
soil contaminated with radionuclides, heavy metals, and inorganic and/or
organic ions (Duratek Corp.).

6.

Investigate electrokinetic effects in the treatment of contaminated soils,
sludges, and lagoon sediments (Electro-Petroleum, Inc.).

7.

Investigate the effectiveness of composting to destroy explosives and other
hazardous organics in soil, sediment, and sludges (IIT Research Institute).

Site Characterization
8.

Develop hardware and software for three-dimensional site characterization
using three minimally invasive measurement techniques—cone penetrometry, synergistic electromagnetic mapping, and reflection seismology
(Applied Research Associates, Inc.).

9.

Develop and test hydraulically installed multisampling lysimeter for use in
a vadose zone (Bladon International, Inc.).

10.

Develop a technique that will allow the rapid emplacement of membrane
instrumentation and sampling apparatus in a punched or drilled hole
(Science and Engineering Associates, Inc.).

11.

Develop a mobile fiber-optic Raman spectrograph for in situ site characterization and monitoring (EIC Laboratories, Inc.).

12.

Develop a surface acoustic wave microsensor for subsurface detecting of
VOCs (University of Michigan).

13.

Develop a bulk soil assay system that uses gamma-ray imaging (Nuclear
Diagnostic Systems, Inc.).

14.

Investigate use of hydrogeological seismic profiling by high-resolution
shear wave reflection and conventional compressional wave technology
(Paul C. Rizzo Associates, Inc.).

Containment
15.

Investigate the fixation of heavy metals through in situ reduction followed
by injection of a silica solution to immobilize the resulting metal
hydroxides (Sizemore Technical Services, Inc.).
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Currently, all technical activities are complete, and final reports have been published for
two projects (conducted by Nuclear Diagnostics and Sizemore)12 and are in progress for the
other projects. In addition, many of the above technologies have been advanced to the
demonstration stages or are in the discussion or planning stages for demonstration. Thirteen of
the contractors have at least held discussions with DOE or DOE-managed sites on the possibility
of holding a demonstration. To date, 18 demonstrations have been conducted by six cf the
contractors.
Highlights from the private-sector efforts include the following. Science and Engineering
Associates has commercialized its SEAMIST membrane hole liner system and sold several units
to Lawrence Livermore National Laboratory for monitoring tritium plume migration in the
subsurface. Duratek has advanced from the original scope of work to a more ambitious program
that involves vitrifying uranium-contaminated soils at DOE's Fernald Environmental Management
Project Site (Fernald, OH). This Minimum Additive Waste Stabilization (MAWS) Program is
managed by the Special Projects Group and also includes technical input from the Nuclear Waste
Program (Sec. IV) of CMT. The MAWS Program aims at separating the hazardous from nonhazardous waste to minimize the amount required for vitrification and also strives for integration
of unit processes, where the effluent stream from one process is the resource for the next. For
example, the contaminated fraction from the soil washing would contain both the waste that must
be encapsulated and the silica needed to make glass in the vitrification step.
In another project, the site characterization technology developed by Applied Research
Associates (ARA) has been demonstrated at several DOE sites and is ready for implementation.
We are working with DOE and ARA to conduct tests with various geophysical sensors and to
integrate the ARA site characterization tool into strategies for site characterization by DOE and
others. Successes have already been realized by the ANL Environmental Research Division in
reducing the time for the site characterization process from approximately 3 years to 6 months,
with use of the cone penetrometer largely replacing drilling (which is expensive and slow) to
reach the subsurface contamination.
B.

Hazardous Substance Research Centers

Through a memorandum of understanding, DOE and EPA are co-sponsoring research at
five Hazardous Substance Research Centers (HSRCs). The Special Projects Group in CMT
provides technical and management support to the DOE-funded HSRC program and serves as the
technical and administrative interface between DOE/EPA and the centers. These centers are
located in different regions of the country, with each center covering two federal EPA regions.
Each center is located at a main participant university but consists of a consortium of several
universities and industrial firms in the region. These centers are the Northeast HSRC, Great
Lakes and Mid-Atlantic HSRC, South/Southwest HSRC, the Great Plains/Rocky Mountain HSRC,
and the Western Region HSRC. The basic mission of the HSRCs is to study all aspects of the

A. H. Aitken and C. W. Peters, Predicted Performance of Systems for Bulk Soil Assay Barrel Inspection and
Decommissioning, Nuclear Diagnostic Systems, Inc., Department of Energy Report DOE/CH-9210 (November
1991).
K. Schwitzgebel, Chromate Reduction and Heavy Metal Fixation in Soil, Sizemo:e Technical Services, Inc.,
Department of Energy Report DOE/CH-9214 (June 1992).
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manufacture, use, transportation, disposal, and management of hazardous waste. Research at the
centers includes multiyear research projects on biotechnology for waste remediation; pollutant
transport mechanisms; chemical and thermal destruction of organics; and remediation of
contaminated soils, groundwater, sediments, and dredged material.
Fourteen proposals were selected for DOE funding in FY 1992. These newly funded areas
of research include microbial transport in porous media, clogging of soils during bioremediation,
reductive dechlorination of chlorinated aromatics by bacterial transition-metal enzymes, factors
limiting microbial degradation of polynuclear aromatic hydrocarbons, degradation of chlorinated
aliphatic compounds by autotrophic nitrifying bacteria, use of a radon-222 method for locating
and quantifying contamination by residual non-aqueous liquids in the subsurface, disposal of
heavy metals in a ceramic matrix, the fate and biotransformation of hexachlorobutadiene and
chlorobenzenes in a sediment-water estuarine system, and the effect of natural dynamic changes
on pollutant-sediment interactions. In addition, a portable in situ electrochemical detector is being
developed for measurement of heavy metals in groundwater.
Some of the technologies that have been developed through the HSRC program are now
being advanced to field demonstration. A brief description of three technologies is given below
as illustrative examples.
Pneumatic Fracturing to Enhance VOC Removal. The New Jersey Institute of Technology
(NJIT) has developed a technology that employs high-pressure air at controlled rates to create
a network of fractures in soil and rock and thereby enhance soil vapor extraction. During 1992,
a demonstration was conducted by NJIT in collaboration with Accutech Remedial Systems, where
pneumatic fracturing was field tested along with two oiher technologies for comparison: hot gas
injection and catalytic oxidation. Preliminary data provided 10- to 50-fold increase in soil vapor
extraction with the pneumatic fracturing.
Field-Applicable Gas Chromatograph/Mass Spectrometer (GC/MS). Research at Tufts
University has led to the development of a field-applicable GC/MS. The instrument is of interest
to DOE because it has the potential of large cost and time savings in the characterization of
contaminated sites. Demonstrations of the technology have taken place at Superfund sites in
Massachusetts (North Dartmouth, New Bedford, Westboro, and Bridgewater) and a site in Florida
(Jacksonville). The results from the demonstrations have provided additional data for potential
acceptance of the instrument (by regulatory authorities) as a site characterization tool.
In Situ Bioremediation of Chlorinated Aliphatic Compounds. This technology is being
developed at Stanford University, which has conducted extensive laboratory studies and field
studies (at Moffett Field in Mountain View, CA). These studies have been conducted with
methanotrophic microbes and microorganisms containing toluene monooxygenase or toluene
dioxygenase enzymes. In field studies conducted at a Superfund Site in St. Joseph, Michigan,
natural anaerobic reduction of trichloroethylene (TCE) was reported with the Stanford technology.
Studies are in progress to enhance this technology. Combination of anaerobic and aerobic
processes may provide the most promising technique for degradation of TCE and carbon
tetrachloride.
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C.

Superfund Innovative Technology Evaluation (SITE)

An agreement between DOE and EPA, finalized in July 1992, provides the basis for DOE
participation in the SITE program. The Special Projects Group provides technical and
management support to the SITE program, which was established by the EPA in response to the
1986 Superfund Amendments and Reauthorization Act. Over 90 promising technologies have
been researched and evaluated by the EPA over the past several years. In FY 1992, the following
four projects were selected for DOE support: photothermal detoxification, removal of heavy
metals with centrifugation, photocatalytic oxidation of organics, and metal extraction with
bioremediation. In the photothermal detoxification project, Pulse Sciences, Inc., is investigating
the desta'ction of organics through irradiation with X-rays. Preliminary results have been
promising. With less than 80,000 rads of X-ray dose, a TCE concentration of 66 ppb in water
was completely mineralized. Results of other experiments have included complete mineralization
of 100 ppb of benzene in water at 7,000 rads, and reduction of 175 ppb of carbon tetrachloride
in water to 26 ppb with 200,000 rads. Results from other projects will be summarized in next
year's report.
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XII. COMPUTER APPLICATIONS

The Computer Applications, Networks, and Security (CANS) Group provides assistance
to CMT staff in many aspects of computer-related activities, including (1) information
management systems and data base development, (2) office automation, (3) laboratory data
acquisition and control, (4) computer modeling and simulation studies, (S) small and large
computer system networking, (6) post-analysis of experimental results, (7) graphics applications,
(8) computer security, (9) computer operating system maintenance, (10) procurement of automatic
data processing equipment, and (11) advisory, educational, and consulting services.
The CANS Group has the responsibility for software maintenance and development for
several major minicomputer data acquisition systems, the Division's local area VAX cluster
(consisting of twelve VAXs;, and both Macintosh and IBM-compatible personal computer (PC)
networks. The Group also provides hardware maintenance of various small systems and
peripherals, including the Division's extensive terminal communications system and local area
networks. Figure XII-1 is a block diagram of the CMT computing facilities.
During 1992, the Division's main VAX was upgraded from a Model 6000-320 to a Model
6000-420, resulting in a twofold increase in the system's throughput. This VAX provides the
primary computing resources for the CMT's diverse computing needs, which range from word
processing to complex scientific modeling. Other members of CMT's VAX cluster are providing
computing cycles for the Materials Chemistry Group (Sec. IX.B), for scientific workstation
applications and program development, and for laboratory automation as replacements for older
16-bit PDP-11 computer systems.
Group activities in the area of data acquisition and control systems include support of
traditional 16-bit minicomputers, as well as newer systems such as personal computers and both
VMS-based and UNIX-based workstations linked together in a network. An example is our work
in support of the Analysis and Diagnostics Laboratory (ADL). For over a decade, this facility has
tested a wide variety of battery systems (see Sec. I.B), some of which require unusual charging
and discharging regimes simulating vehicle driving profiles. The facility further requires an
ongoing effort to develop software to support the testing of new battery systems and new battery
testing regimes. Work on the ADL's PDP-11/44 computer system has focused on performance
improvements in driving profile discharge processing, the generation and use of data summary
files for export to a commercial PC-based spreadsheet, and various modifications to test-control
mechanisms and data processing. The major effort throughout the year, however, has been the
design and initial implementation of a distributed data acquisition system based on a cluster of
VAX workstations. These new workstations, which are not only faster but ailso permit more
complex program design, will support ten times as many tests of driving profile discharge.
Another significant difference between the old and new system is the development of a Test
Control Language, which allows the user to interactively establish a new sequence of bajtery
testing sub-cycles; this eliminates the need to write special computer programs to implement such
test changes.
During the past year, group members have also worked with Analytical Chemistry
Laboratory (ACL) staff on several tasks, including implementation of a PC data-base server for
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the Interlaboratory Performance Evaluation Program (see Sec. XI). This program is designed to
provide information on the analytical data being produced by laboratories on which DOE is
relying for sample analysis in environmental restoration and waste management. The data base
contains information on various performance evaluation (PE) programs, participating laboratories,
and analytical methods. We have imported and extensively analyzed raw and summary data from
this data base for several PE programs, including the Water Supply (WS) and Water Pollution
(WP) Programs of the Environmental Monitoring Systems Laboratory (EMSL) in Cincinnati and
the Radiological Intercomparison Studies (RIS) of EMSL in Las Vegas. In particular, for the RIS
raw data, we have done significant statistical analysis and developed a scoring procedure for PE
results. We have also initiated a pilot mixed-waste PE study in which participating laboratories
electronically enter their own data into a data base for later analysis. Other support to the ACL
included implementation of enhancements to its job-control data-base system through the use of
computer-assisted bar-code reading and sample tracking. This system monitors the progress of
sample analyses and prints chain-of-custody reports for individual samples and entire jobs.
Computer networks are of critical importance in the Laboratory's computing environment.
Connection of CMT's main VAX to the Laboratory-wide Ethernet permits access to local
resources such as the IBM mainframe, VAX cluster, and network file services of the Electronics,
Computing, and Telecommunications Division (ECT), and access to external networks, such as
ESNET (DOE energy sciences), the National Sciences Foundation network (NSFNET), and
Internet, through use of TCP/IP software. This software supports electronic mail, general file
transfer capabilities, and interactive log-ins to other systems on the network, including all ECT
computers. A Laboratory-wide fiber-optic backbone has been recently installed, and CMT will
shortly be switching over to this higher-speed backbone. This should alleviate some network
reliability problems caused by the limited bandwidth of the existing communications system
among ANL buildings. Growing complexity of our network environment has led us to purchase
a router/bridge that will help isolate network traffic. We have also purchased a sophisticated
Ethernet analyzer for diagnosing network problems and for gathering statistics to be employed
in network planning.
Use of both IBM-compatible and Macintosh PC's has continued to grow both in CMT
laboratories and offices. We have enhanced our PATHWORKS networking environment by
installing a high-speed file server, improving menu interfaces and mechanisms to access
programs, and developing improved procedures for PC setup and installation. Considerable
interest is developing in the use of Microsoft Windows on PCs, and we are in the process of
testing the new Windows/NT operating system.
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XIII. ADDENDUM.
CHEMICAL TECHNOLOGY DIVISION
PUBLICATIONS — 1992

The Division's publications and oral presentations for 1992 were entered into a
bibliographic data base. The pages that follow are a printout of this information sorted into six
categories: (1) journal articles, books, and book chapters, (2) patents, (3) ANL progress and
topical reports, as well as contributions to reports published by organizations other than ANL,
(4) abstracts and papers published in proceedings of conferences, symposiums, 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 —1992

A. Journal Articles, Books, and Book Chapters
Partition of Lanthanum and Neodymium Metals and Chloride Salts Between Molten Cadmium and
Molten LiCl-KCl Eutectic
J. P. Acker man and J. L. Settle
J. Alloys Comp. 177, 129-141 (1991)
Colloid Formation during Waste Form Reaction: Implications for Nuclear Waste Disposal
J. K. Bates, J. P. Bradley, A. Teetsov, C. R. Bradley, and M. Buchholtz ten Brink
Science 256, 649-651 (1992)
Issues Affecting the Prediction of Glass Reactivity in an Unsaturated Environment
J. K. Bates, W. L. Ebert, X. Feng, and W. L. Bourcier
J. Nucl. Mater. 100, 198-227 (1992)
Structure of Acidic Haloaluminate Melts: Neutron Diffraction and Quantum Calculations
M. Blander, E. Bierwagen, K. G. Calkins, L. A. Curtiss, D. L. Price, and M.-L. Saboungi
J. Chem. Phys. 97(4), 2733-2741 (1992)
Predictions of the Entropies of Molecules and Condensed Matter
M. Blander and C. R. Stover
Chapter 9 in Advances in Physical Geochemistry, Thermodynamic Data: Systematics and
Estimation, ed., S. K. Saxena, Springer-Verlag, New York, pp. 264-271 (1992)
Ceramic/Glass Electrolytes for Sodium-Ion-Conducting Applications
I. Bloom and M. C. Hash
J. Electrochem. Soc. 139(4), 1115-1118(1992)
Oxide-Ion Conductivity of Bismuth Aluminates
I. Bloom, M. C. Hash, J. P. Zebrowski, K. M. Myles, and M. Krumpelt
Solid State Ionics 53(56), 739-747 (1992)
Computational Studies of Acid Sites in ZSM-5: Dependence on Cluster Size
H. V. Brand, L. A. Curtiss, and L. E. Iton
j . Phys. Chem. 96, 7725-7732 (1992)
Application of Dynamical Analysis Techniques in the Extraction of Compound-Specific Information from
Fourier Transform Infrared Interferograms
S. E. Carpenter and G. W. Small
Appl. Spectrosc. 46(12), 1790 (1992)
Partitioning of Polymeric Plutonium(IV) in Winsor II Microemulsion Systems
D. J. Chaiko
Sep. Sci. Technol. 27(11), 1389-1405 (1992)
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Structural Properties of Epitaxial TiO2 Films Grown on Sapphire (1120) by MOCVD
H. L. M. Chang, H. You, Y. Gao, J. Guo, C. M. Foster, R. P. Chiarello, T. J. Zhang, and
D. J. Lam
J. Mater. Res. 7(9), 2495-2506 (1992)
Unusual Tautomerism Involving Proton Migration between Metal and Pyrrolic Nitrogen in a
Hydridorhodium Phthalocyanine Complex
M. J. Chen and J. W. Rathke
J. Chem. Soc, Chem. Commun. 4, 308-309 (1992)
Materials Recycling Considerations for D-T Fusion Reactor
E. T. Cheng, D. K. See, J. A. Sommers, and O. T. Farmer
Fusion Technol. 21, 2001 (1992)
Determining Regulated Metals in Soil: A Comparison of EPA Methods with Laser Ablation ICP-MS and
XRF Spectroscopy
J. Crain, J. Hansel, and J. E. Troxel
Spectrosc. 7(5), 40-46 (1992)
Determination of Trace Impurities in Uranium Oxides by Laser Ablation Inductively Coupled Plasma
Mass Spectrometry
J. S. Crain and D. L. Gallimore
J. Anal. At. Spectrom. 7, 605-610 (1992)
Detection of Sub-ng/L Actinides in Industrial Wastewater Matrices by Inductively Coupled Plasma-Mass
Spectrometry
J. S. Crain and B. L. Mikesell
Appl. Spectrosc. 46(10), 1498-1502 (1992)
Validity of Additivity Approximations Used in Gaussian-2 Theory
L. A. Curtiss, J. E. Carpenter, K. Raghavachari, and J. A. Pople
J. Chem. Phys. 06(12), 9030-9034 (1992)
Binding Energies and Electron Affinities of bmall Silicon Clusters
L. A. Curtiss, P. W. Deutsch, and K. Raghavachari
J. Chem. Phys. 06(9), 6868-6872 (1992)
Jahn-Teller Effect in Liquids: General Principles and a Molecular-Dynamics Simulation of the Cupric Ion
in Water
L. A. Curtiss, J. W. Halley, and X. R. Wang
Phys. Rev. Lett. 60(16), 2435-2438 (1992)
Theoretical Study of the Organosulfur Systems CSHn(n = 0-4) and CSH+ (n = 0-5): Dissociation
Energies, Ioniiation Energies, and Enthalpies of Formation
L. A. Curtiss, R. H. Nobes, J. A. Pople, and L. Radom
J. Chem. Phys. 07(9), 6766-6773 (1992)
Role of Risk Assessment in Remediation of Contaminated Sites
J. S. Devgun
Impact Assess. Bull. 10(4), 59-67 (1992)
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Electrochemical and Lasei Ramun Spectioscopy Studies of Stainless Steel in 0.15 M NaCl Solution
M. G. S. Ferreira, T. Moura e Silva, A. Catarino, M. Pankuch, and C. A. Melendres
J. Electrochem. Soc. 130, 3146 (1992)
Sealing Systems for a Heavy Water Reactoi
P. A. Finn
Fusion Technol. 21, 377-382 (1992)
Modification of a Shielded Cell to Handle Tritium
P. A. Finn and J. P. Webb
Fusion Technol. 21, 371-376 (1992)
Charge Transfer in Liquid Semiconductors: The K-Te System
J. Fortner, M.-L. Saboungi, and J. E. Enderby
Phys. Rev. Lett. 60(9), 1415-1418 (1992)
Trace Elements in Pyrites of the Green River Formation Oil Shales, Wyoming, Utah, and Colorado
W. J. Harrison, D. R. Pevear, and P. C. Lindahl
Geochemical, Biogeockemical, and Sedimentological Studies of the Green River Formation,
Wyoming, Utah, and Colorado, ed., M. L. Tuttle, Chapter D in the U.S. Geological Survey
Bulletin 1973-A-G, pp. 1-23 (1991)
Separation and Preconcentration of Uranium from Acidic Media by Extraction Chromatography
E. P. Horwitz, M. L. Diets, R. Chiarizia, H. Diamond, A. M. Essling, and D. G. Graczyk
Anal. Chim. Acta 226, 25-37 (1992)
Thermodynamic Studies of Mordenite, Dehydrated Mordenite, and Gibbsite
G. K. Johnson, I. R. Tasker, H. E. Flotow, P. A. G. O'Hare, and W. S. Wise
Am. Mineral. 77, 85-93 (1992)
Hydrogen Activation by Soluble Metal Oxide Complexes
R. J. Klingler, T. R. Krause, and J. W. Rathke
Homogeneous Transition Metal Catalyzed Reactions, Advances in Chemistry Series No. 230,
eds., W. R. Moser and D. W. Slocurn, Am. Chem. Soc, Washington, DC, pp. 337-348
(1992)
Thermodynamics for the Hydrogenation of Dimanganese Decacarbonyl
R. J. Klingler and J. W. Rathke
Inorg. Chem. 31(5), 804-808 (1992)
Tritium Release from Lithium Aluminate: Can it be Improved?
J. P. Kopasz, C. A. Seils, and C. E. Johnson
J. Nucl. Mater. 101-194, 231-235 (1992)
Investigation of Tritium Release and Retention in Lithium Aluminate
J. P. Kopasz, S. Tistchenko, and F. Botter
Fabrication and Properties of Lithium Ceramics III, eds., I. J. Hastings and
G. W. Hollenberg, Am. Ceramic Soc, Westerville, OH, 1992, Ceramic Trans. Vol. 27,
pp. 315-326 (1992)
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Alkali-Vapor Emission from PFBC of Illinois Coals
S. H. D. Lee, F. G. Teats, W. M. Swift, and D. D. Banerjee
Combust. Sci. Technol. 86, 327-336 (1992)
Thermostability and Decomposition of the (Bi,Pb)2Sr2Ca2Cu3O10 Phase in Silver-Clad Tapes
J. S. Luo, N. Merchant, V. A. Maroni, D. M. Gruen, B. S. Tani, W. L. Carter, G. N. Riley, and
K. H. Sandhage
J. Appl. Phys. 72(6), 2385-2389 (1992)
Growth of C -Axis-Oriented Films of YbBa 2 Cu 3 0 7 _« on Single and Polycrystalline MgO Substrates by
Oxidation of a Liquid Alloy Precursor
J. S. Luo, N. Merchant, V. A. Maroni, D. M. Gruen, B. S. Tani, K. H. Sandhage, and C. A. Craven
Phys. C 182, 356-3S1 (1392)
Alteration of Tektite to Form Weathering Products
J. J. Mazer, J. K. Bates, C. R. Bradley, J. P. Bradley, and C. M. Stevenson
Nature 557, 573-576 (1992)
Water Diffusion in Tektites: An Example of the Use of Natural Analogues in Evaluating the Long-Term
Reaction of Glass with Water
J. J. Mazer, J. K. Bates, C. R. Bradley, and C. M. Stevenson
J. Nud. Mater. 100, 277-284 (1992)
X-ray and Light Scattering Studies of Electrode Surfaces and Interfaces
C. A. Melendres
Equilibrium Structure and Properties of Surfaces and Interfaces, eds., A. Gonis and
G. M. Stocks, Plenum Press, New York, pp. 319-328 (1992)
On the Composition of the Passive Film on Nickel: Surface-Enhanced Raman Spectroelectrochemical
Study
C. A. Melendres and M. Pankuch
J. Electroanal. Chem. 333, 103-113 (1992)
On the Structure and Composition of Anodic Corrosion Films on Stainless Steel: A Surface Enhanced
Raman Spectroelectrochemical Study
C. A. Melendres, M. Pankuch, and M. G. S. Ferreira
Oxide Films on Metals and Alloys, eds., B. MacDougal and R. Alwitt, Electrochem. Soc,
Pennington, NJ, Vol. 92-22, pp. 250-260 (1992)
Surface Enhanced Raman Spectroelectrochemical Studies of the Corrosion Films on Iron and Chromium in
Aqueous Solution Environments
C. A. Melendres, M. Pankuch, Y. S. Li, and R. L. Knight
Electrochim. Acta S7, 2747-2754 (1992)
Epitaxial Growth of YbBa 2 Cu 3 0 7 -« Films on (lOO)-Oriented MgO and SrTiO 3 Substrates by Oxidation
of a Liquid Alloy Precursor
N. Merchant, J. S. Luo, V. A. Maroni, D. M. Gruen, B. S. Tani, S. Sinha, K. H. Sandhage, and
C. A. Craven
J. Mater. Res. 7(10), 2680-2688 (1992)
Epitaxial Growth of Cu 2 O Films on MgO by Sputtering
D. J. Miller, J. D. Hettinger, R. P. Chiarello, and H. K. Kim
3. Mater. Res. 7(10), 2828-2832 (1992)
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Catalytic Effect of Under-Potential Deposited Layers on the Ferrous/Ferric Outer-Sphere Electrode
Reaction
Z. Nagy, L. A. Curtiss, N. C. Hung, D. J. Zurawski, and R. M. Yonco
J. Electroanal. Chem. 325, 313-324 (1992)
Error Analysis of the Polarization-Resistance Technique for Corrosion-Rate Measurements
Z. Nagy and J. M. Wesson
J. Electrochem. Soc. 139(5), 1261-1266 (1992)
An Ab Initio Investigation of Disiloxane Using Extended Basis Sets and Electron Correlation
J. B. Nicholas, R. E. Winans, R. J. Harrison, L. E. Iton, L. A. Curtiss, and A. J. Hopfinger
J. Phys. Chem. 96(20), 7958-7965 (1992)
Ab Initio Molecular Orbital Study of the Effects of Basis Set Size on the Calculated Structure and Acidity
of Hydroxyl Groups in Framework Molecular Sieves
J. B. Nicholas, R. E. Winans, R. J. Harrison, L. E. Iton, L. A. Curtiss, and A. J. Hopfinger
J. Phys. Chem. 96, 10247-10257 (1992)
Velocity Distribution and Yield Measurements of Fe Ejected from FeS2 during Ion Bombardment
S. Nikzad, W. F. Calaway, C. E. Young, M. J. Pellin, D. M. Gruen, T. A. Tombrello, and
R. M. Housley
Phys. Rev. B 45, 255-263 (1992)
Crystal Structure of [PrCl3 (15-Crown-5)] Prepared via Electrocrystallization
L. Nunez and R. D. Rogers
J. Cryst. Spec. Res. 22, 3 (1992)
Thermodynamics for the Hydrogenation of Dicobalt Octacarbonyl in Supercritical Carbon Dioxide
J. W. Rathke, R. J. Klingler, and T. R. Krause
Organomet. 11(2), 585-588 (1992)
Radiolytic Gas Production in the Alpha Particle Degradation of Plastics
D. T. Reed
Waste Management '92 2, 1081-1086 (1992)
Environmental Restoration and Separation Science
D. T. Reed, I. R. Tasker, J. C. Cunnane, and G. F. Vandegrift
Chapter 1 in Environmental Remediation, eds, G. F. Vandegrift, D. T. Reed, and
I. A. Tasker, ACS Symposium Series 509, American Chemical Society, Washington, DC,
pp. 1-19 (1992)
Properties tnd Performance of Tritium Breeding Ceramics
N. Roux, C. E. Johnson, and K. Noda
J. Nucl. Mater. 191-194, 15 (1992)
Ab Initio MO Calculations of High Temperature Gaseous Fluorine Complexes MA1F4 (M = H, Li, or Na):
A Comparative Study Using Different Basis Sets
G. Scholz and L. A. Curtiss
J. Mol. Struct. (Theochem.) 258, 251-260 (1992)
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Boron-Lithium Relationships in Rhyolites and Associated Thermal Waters of Young Silicic Calderas, with
Comments on Incompatible Element Behavior
D. M. Shaw and N. C. Sturchio
Geochim. Cosmochim. Acta 56, 3723-3732 (1992)
Effects of Data Sampling Rate on Pattern Recognition Analysis of FTIR Interferograms
G. W. Small and S. E. Carpenter
Appl. Spectrosc. 46, 49 (1992)
The Heat of Formation of Formaldimine
B. J. Smith, J. A. Pople, L. A. Curtiss, and L. Radom
/.ust. J. Chem. 45, 285-288 (1992)
Three-Color Resonance Ionization of Titanium Sputtered from Metal and Oxides for Cosmochemical
Analysis: Measurements of Selectivity and Isotope
D. R. Spiegel, W. F. Calaway, A. M. Davis, J. W. Burnett, M. J. Pellin, S. R. Coon, C. E. Young,
R. N. Clayton, and D. M. Gruen
Anal. Chem. 64, 46L--475 (1992)
Dating Methods
C M . Stevenson and J. J. Mazer
McGraw-Hill Yearbook of Science and Technology, McGraw-Hill, New York, pp. 100-102
(1992)
Review of Radioactive Waste Disposal and Geology, by K. Krauskopf
N. C. Sturchio
J. Geol. 100, 259 (1992)
Yellowstone Travertines: U-Series Ages and Isotope Ratios (C, O, Sr, U)
N. C. Sturchio, M. Murrell, K. Pierce, and M. Sorey
Water-Rock Interaction, eds., Y. Kharaka and A. Maest, Balkema, Rotterdam, Vol. 2,
pp. 1427-1430 (1992)
Tritium Production, Management and Its Impact on Safety for a D-He3 Fusion React >r
D. K. See, S. Herring, and M. Sawan
Fusion Technol. 21, 994 (1992)
MHD Considerations for a Self-Cooled Liquid Lithium Blanket
D. K. Sie, R. F. Mattas, A. B. Hull, B. Picologlou, and D. L. Smith
Fusion Technol. 21, 2099 (1992)
Some Aspects of the Thermodynamic Behavior of High-Tc Oxide Systems via EMF and Related
Measurements
M. Tetenbaum, P. Tumidajski, D. L. Brown, and M. Blander
Physica C 108, 109-117 (1992)
Uranium Transport to Solid Electrodes in Pyrochemical Reprocessing of Nuclear Fuel
Z. Tomciuk, J. P. Ackerman, R. D. Wolson, and W. E. Miller
J. Electrochem. Soc. 130(12), 3523-3528 (1992)
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Removing Organic and Metal Ion Pollutants
G. F. Vandegrift, D. T. Reed, and I. R. Tasker
Environmental Remediation, eds., G. F. Vandegrift, D. T. Reed, and I. R. Tasker, ACS
Symposium Series 500, American Chemical Society, Washington, DC (1992)
Electrorefining of Uranium and Plutonium—A Literature Review
J. L. Willi*, W. E. Miller, and J. E. Battles
J. Nucl. Mater. 105, 229-249 (1992)
Trace Elements in Dolomite: Proton Microprobe Data and Constraints on Fluid Compositions
R. A. Wogelius, D. G. Fraser, D. Feltham, and M. Whiteman
Geochim. Cosmochim. Acta 56, 319-334 (1992)
Olivine Dissolution at Near Surface Conditions
R. A. Wogelius and J. V. Walther
Chem. Geol. 07, 101-112 (1992)
Uranium Release and Secondary Phase Formation during Unsaturated Testing of UO2 at 90°C
D. J. Wronkiewics, J. K. Bates, T. J. Gerding, E. Veleckis, and B. S. Tani
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X-ray Reflectivity Studies of the Metal/Solution Interphase
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D. Zurawski and A. Wieckowski
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Plutonium Recovery from Spent Reactor Fuel by Uranium Displacement
J. P. Acker man
Patent No. 5,096,545, issued March 17, 1992
Calcination and Solid State Reaction of Ceramic-Forming Components to Provide Single-Phase
Superconducting Materials Having Fine Particle Sise
U. Balachandran, R. B. Poeppel, J. E. Emerson, and S. A. Johnson
Patent No. 5,086,034, issued February 4, 1992
Highly Conductive Electrolyte Composites Containing Glass and Ceramic, and Method of Manufacture
M. C. Hash and I. Bloom
Patent No. 5,154,987, issued October 13, 1992
Bipolar Battery
T. D. Kaun
Patent No. 5,162,172, issued November 10, 1992
Regenerable Activated Bauxite Adsorbent Alkali Monitor Probe
S. H. D. Lee
Patent No. 5,173,263, issued December 22, 1992
Method of Bonding Metals to Ceramics
V. A. Maroni
Patent No. 5,079,233, issued January 7, 1992
Magnesium Transport Extraction of Transuranium Elements from LWR Fuel
W. E. Miller, J. P. Ackerman, J. E. Battles, T. R. Johnson, and R. D. Pierce
Patent No. 5,147,616, issued September 15, 1992
Uranium Chloride Extraction of Transuranium Elements from LWR Fuel
W. E. Miller, J. P. Ackerman, J. E. Battles, T. R. Johnson, and R. D. Pierce
Patent No. 5,141,723, issued August 25, 1992
X-ray/Electrochemical Cell
Z. Nagy, R. M. Yonco, H. You, and C. A. Melendres
Patent No. 5,141,617, issued August 25, 1992
Salt Transport Extraction of Transuranium Elements from LWR Fuel
R. D. Pierce, J. P. Ackerman, J. E. Battles, T. R. Johnson, and W. E. Miller
Patent No. 5,160,367, issued November 3, 1992
All-Ceramic Structure for Molten Carbonate Fuel Cell
J. L. Smith and E. H. Kucera
Patent No. 5,139,896, issued August 18, 1992
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Practical Superconductor Development for Electrical Power Applications, Annual Report for FY 1992
U. Balachandran, I. Bloom, Y. S. Cha, N. Chen, S. E. Dorris, E. D. Doss, J. T. Dusek,
J. E. Emerson, K. C. Goretta, K. E. Gray, M. C. Hash, J. D. Hettinger, J. R. Hull,
R. T. Kampwirth, M. A. Kirk, D. S. Kupperman, M. T. Lanagan, V. A. Maroni, R. L. McDaniel,
D. J. Miller, R. C. Niemann, J. J. Picciolo, J. L. Routbort, J. P. Singh, K. L. Uherka, R. Wheeler,
and C. A. Youngdahl
ANL-92/38 (October 1992)
ANL Technical Support Program for DOE Environmental Restoration and Waste Management Annual
Report, October 1990—September 1991
J. K. Bates, C. R. Bradley, W. L. Bourcier, E. C. Buck, J. C. Cunnane, N. L. Diets, W. L. Ebert,
J. W. Emery, R. C. Ewing, X. Feng, T. J. Gerding, M. Gong, W.-T. Han, J. C. Hoh, J. J. Mazer,
L. E. Morgan, J. K. Nielsen, S. A. Steward, M. Tomozawa, L.-M. Wang, and D. J. Wronkiewicz
ANL-92/9 (March 1992)
Applied Research and Development Private Sector Accomplishments, Interim Report, FY90 Contracts
N. J. Beskid, J. S. Devgun, M. D. Erickson, and M. M. Zielke
DOE/CH-9216 (April 1992)
Modeling of Tritium Behavior in Li2
M. C. Billone, H. Attaya, and J. P. Kopasz
ANL/FPP/TM-260 (1992)
Environmental Effects of Fog Oil and CS Usage at the Combat Maneuver Training Center, Hohenfels,
Germany
K. L. Brubaker, D. H. Rosenblatt, and C. T. Snyder
ANL/ESD/TM-38 (1992)
Actinide Recovery Using Aqueous Biphasic Extraction: Initial Developmental Studies
D. J. Chaiko, R. Mensah-Biney, C. J. Mertz, and A. N. Rollins
ANL-92/36 (August 1992)
Electric Vehicle Battery Testing and Development at Argonne National Laboratory, 1991 Annual Report
W. H. DeLuca, J. A. Smaga, K. R. Gillie, C. E. Webster, A. F. Tummillo, J. E. Kulaga, and
J. J. Marr
Electric Power Research Institute Report EPRI TR-101371 (December 1992)
Electric Vehicle Battery Testing and Development at Argonne National Laboratory, 1990 Annual Report
W. H. DeLuca, J. A. Smaga, K. R. Gillie, C. E. Webster, A. F. Tummillo, J. E. Kulaga, and
J. J. Marr
Electric Power Research Institute Report EPRI TR-100665 (May 1992)
Innovative Methods for Inorganic Sample Preparation
A. M. Essling, E. A. Huff, and D. G. Graczyk
ANL/ACL-92/1 (April 1992)
Determination of Si Species
D. G. Graczyk, A. M. Essling, and J. K. Fink
Appendix F to ACE MCCI Test L8, Test Data Report, Volume II—Aerosol Analysis,
ACE-TR-C32, Volume II (1992)
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Analytical Chemistry Laboratory Progress Report for FY 1992
D. W. Green, R. R. Heinrich, D. G. Graczyk, P. C. Lindahl, A. S. Boparai, and D. A. Bass (with
contributions from ACL staff)
ANL/ACL-92/4 (December 1992)
The Stability of Calibration Standards for ICP/AES Analysis: Six-Month Study
E. A. Huff and D. R. Huff
ANL/ACL-92/3 (May 1992)
Nuclear Technology Programs Semiannual Progress Report, October 1990-March 1991
C. E. Johnson, G. F. Vandegrift, J. K. Bates, V. Ambrose, J. E. Battles, P. E. Blackburn,
R. A. Blomquist, C. R. Bradley, D. B. Chamberlain, R. G. Clemmer, J. M. Copple, N. L. Diets,
J. A. Dow, W. L. Ebert, J. W. Emery, P. A. Finn, A. K. Fischer, D. R. Fredrickson, T. J. Gerding,
L. R. Greenwood, M. L. Hamilton, J. C. Hoh, J. C. Hutter, R. J. Jaskot, I. Johnson, J. P. Kopasz,
L. Leibowiti, R. A. Leonard, B. A. Loomis, H. Matsui, J. J. Mazer, B. Misra, L. Nunez,
S. Okajima, K. L. Pearce, D. T. Reed, M. C. Regalbuto, M. F. Roche, J. Sedlet, W. B. Secfeldt,
D. L. Smith, S. W. Tam, I. R. Tasker, M. A. Tranovich, E. H. Van Deventer, M. O. Wasserman,
A. B. Woodland, D. J. Wronkiewicz, and D. G. Wygmans
ANL-92/44 (December 1992)
Nuclear Technology Programs Semiannual Progress Report, April-September 1990
C. E. Johnson, G. F. Vandegrift, J. K. Bates, K. A. Barnthouse, P. E. Blackburn,
R. A. Blomquist, C. R. Bradley, M. Briec, S. Casadio, D. J. Chaiko,
D. B. Chamberlain, L. Chow, C. J. Conner, J. M. Copple, N. L. Diets, J. A. Dow, W. L. Ebert,
J. W. Emery, P. A. Finn, A. K. Fischer, D. R. Fredrickson, T. J. Gerding, J. C. Hoh, J. C.Hutter,
R. J. Jaskot, B. Karr, J. P. Kopasi, L. Leibowiti, R. A. Leonard, J. J. Mazer, B. Misra,
F. C. Mrasek, S. Okajima, D. T. Reed, M. C. Regalbuto. M. F. Roche, J. Sedlet, W. B. Seefeldt,
M. Semmens, D.-K. Sie, J. J. Takarewski, S.-W. Tarn, I. R. Tasker, M. A. Tranovich,
E. Van Deventer, M. O. Wasserman, H. Werle, A. B. Woodland, D. J. Wronkiewicz,
D. J. Wygmans, J. E. Young, A. K. Zander, and J. Zitnik
ANL-92/25 (June 1992)
Nuclear Technology Programs Semiannual Progress Report, October 1989-March 1990
C. E. Johnson, G. F. Vandegrift, J. K. Bates, J. K. Basco, B. M. Biwer, P. E. Blackburn,
R. A. Blomquist, D. J. Chaiko, D. B. Chamberlain, L. S. Chow, R. G. Clemmer, J. M. Copple,
W. L. Ebert, P. A. Finn, A. K. Fischer, D. R. Fredrickson, T. J. Gerding, R. J. Jaskot,
T. R. Johnson, J. P. Kopasz, L. Leibowitz, R. A. Leonard, J. J. Mazer, B. Misra, F. C. Mrazek,
S. Okajima, D. T. Reed, M. C. Regalbuto, L. Reichley-Yinger, M. F. Roche, J. Sedlet,
W. B. Seefeldt, S.-W. Tam, I. R. Tasker, L. E. Trevorrow, E. H. Van Deventer, E. Veleckis,
D. J. Wronkiewicz, and J. E. Young
ANL-91/42 (January 1992)
Reformers for the Production of Hydrogen from Methanol and Alternative Fuels for Fuel Cell Powered
Vehicles
R. Kumar, S. Ahmed, M. K:umpclt. and K. M. Myles
ANL-92/31 (August 1992)
The Use of a Centrifugal Contactor for Component Concentration by Solvent Extraction
R. A. Leonard, D. G. Wygmana, M. J. McElwee, M. O. Wasserman, and G. F. Vandegrift
ANL-92/26 (July 1992)
titer's Manual for the ARMLID (Argonne Metallic Lithium/Isotopic Dilution) Tritium Assay System
K. F. Porgez, M. M. Bretscher, E. F. Bennett, G. Dilorio, R. F. Mattas, and E. F. Lewandowski
ANL/FPP/TM-258 (August 1992)
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The Monitoring and Control of TRUEX Processes. Volume One—The Use of Sensitivity Analysis to
Determine Key Process Variables and Their Control Bounds
M. C. Regalbuto, B. Misra, D. B. Chamberlain, R. A. Leonard, and G. F. Vandegrift
ANL-92/7 (April 1992)
Radiolysis and Hydrolysis of TRUEX-NPH Solvent
N. Simoniadeh, A. M. Crabtree, L. E. Trevorrow, and G. F. Vandegrift
ANL-90/14 (July 1992)
Comparison of Acid Leachate and Fusion Methods to Determine Plutonium and Ameicicium in
Environmental Samples
L. L. Smith, F. Markun, and T. TenKate
ANL/ACL-92/2 (June 1992)
Chemical Technology Division Annual Technical Report, 1991
M. J. Steindler et al.
ANL-92/15 (March 1992)
The Generic TRUEX Model. Operating Manual for the IBM-PC Compatible and Macintosh Computers
G. F. Vandegrift, J. M. Copple, D. B. Chamberlain, R. A. Leonard, M. C. Regalbuto, D. J. Chaiko,
L. Chow, D. R. Fredrickson, R. J. Jaskot, L. Nunez, J. Sedlet, I. R. Tasker, L. E. Trevorrow, and
E. H. VanDeventer
ANL-92/41 (January 1992)
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D. Abstracts and Proceedings Papers
Preliminary Measurements of Stable Isotope Ratios of Boion at Mineral Surfaces and in Waters by
Resonant Ionization Mass Spectrometry
G. B. Arehart, W. F. Calaway, M. Pellin, and N. C. Sturchio
Trans, of the Am. Geophys. Union, EOS, San Francisco, CA, December 7-11, 1992, Vol. 73,
p. 603 (1992)
Strontium Isotopes in the Milk River Aquifer, Alberta
S. Armstrong, M. J. Hendry, and N. C. Sturchio
Abstracts with Programs, Geological Soc. of America Annual Meeting, Cincinnati, OH,
October 26-30, 1992, Vol. 24, p. A239 (1992)
Comparison of Leach Behavior between Fully Radioactive and Simulated Nuclear Waste Glasses through
Long-Term Testing. Part 2. Reacted Layer Analysis
J. K. Bates, X. Feng, C. R. Bradley, and E. C. Buck
Proc. of the Waste Management '92 Conf., Tucson, AZ, March 1-5, 1992, pp. 1047-1053
(1992)
Analyses and Predictions of the Thermodynamic Properties and Phase Diagrams of Silicate Systems
M. Blander, A. Pelton, and G. Eriksson
Proc. of the Fourth Int. Conf. on Molten Slags and Fluxes, Sendai, Japan, June 8-11, 1992,
pp. 56-60 (1992)
Analyses and Predictions of Thermodynamic Properties and Phase Diagrams of Silicates
M. Blander, A. Pelton, and G. Eriksson
Proc. of the 12th IUPAC Conf. on Chemical Thermodynamics, Joint Meeting with the 47th
Calorimetry Conf., Snowbird, UT, August 16-21, 1992, pp. 201-202 (1992)
Shaping Particles for Ultramicrotomy
C. R. Bradley, N. L. Diets, and J. K. Bates
Mater. Res. Soc. Symp. Proc. 254, 279-284 (1992)
Laboratory Studies of Gas Generation for the Waste Isolation Pilot Plant
L. H. Brush, M. A. Molecke, R. E. Westerman, A. J. Francis, J. B. Gillow, R. H. Vreeland, and
D. T. Reed
Proc. of the Symp. on Scientific Basis for Nuclear Waste Management XVI, Boston, MA,
November 30-December 4, 1992, Vol. 294, pp. 335-342 (1992)
Resonance Ionization of Sputtered Atoms—Progress Toward a Quantitative Technique
W. F. Calaway, S. R. Coon, M. J. Pellin, C. E. Young, J. E. Whitten, R. C. Wiens, D. M. Gruen,
G. Stingeder, V. Penka, M. Grasserbauer, and D. S. Burnett
Proc. of the Sixth Int. Symp. on Resonance Ionization Spectroscopy and Its Applications,
Santa Fe, NM, May 24-29, 1992, p. 271 (1992)
Measurements of Al(NOa)3 Activities in Aqueous Nitrate Solutions
D. J. Chaiko, I. R. Tasker, D. R. Fredrickson, A. A. DiFilippo, S. M. Smidt, and G. F. Vandegrift
Proc. of the 12th IUPAC Conf. on Chemical Thermodynamics, Joint Meeting with the 47th
Calorimetry Conf., Snowbird, UT, August 16-21, 1992, pp. 294-295 (1992)

215
In Situ X-ray Reflectivity Study on Growth Dynamics of Sputter Deposited Gold on Silicon
R. P. Chiarello, H. K. Kim, T. Roberts, D. J. Miller, R. T. Kampwirth, K. E. Gray, and H. You
Mater. Res. Soc. Symp. Proc. 237, 411 (1992)
Synchrotron X-ray Reflectivity Measurements of Pristine and Altered Mineral Surfaces
R. P. Chiarello, N. C. Sturchio, R. A. Wogelius, M. Ramanathan, and P. A. Montano
Trans, of the Am. Geophys. Union, EOS, San Francisco, CA, December 7-11, 1992, Vol. 73,
pp. 608-609 (1992)
Molten Salt/Metal Extractions for Recovery of Transuranic Elements
L. S. Chow, J. K. Basco, J. P. Ackerman, and T. R. Johnson
Proc. of the Int. Symp. on Energy, Environment, and Information Management, Argonne
National Laboratory, September 15-18, 1992, pp. 7-1 to 7-8 (1992)
Electric Vehicle Battery Readiness Working Groups and Environmental Assessment
C. C. Christianson and J. Ohi
Proc. of the Annual Automotive Technology Development Contractors' Coordination
Meeting, Dearborn, MI, October 28-31, 1991, SAE P-256 (1992)
A Quantitative Method to Detect Explosives and Selected Semivolatiles in Soil Samples by Fourier
Transform Infrared Spectroscopy
M. Clapper-Gowdy, J. C. Demirgian, K. Lang, and G. Robaittaille
Proc. of the J ANAF Safety and Environmental Protection Subcommittee Meeting,
Monterey, CA, August 10-14, 1992, Chemical Propulsion Information Agency Publication
588 (1992)
Battery Testing at Argonne National Laboratory
W. H. DeLuca, K. R. Gillie, J. E. Kulaga, J. A. Smaga, A. F. Tummillo, and C. E. Webster
Extended Abstracts, Annual Automotive Technology Development Contractors'
Coordination Meeting, Dearborn, MI, November 2-5, 1992, Vol. II (1992)
Key Results of Battery Performance and Life Tests at Argonne National Laboratory
W. H. DeLuca, K. R. Gillie, J. E. Kulaga, J. A. Smaga, A. F. Tummillo, and C. E. Webster
Proc. of the Annual Automotive Technology Development Contractors' Coordination
Meeting 1991, Dearborn, MI, October 28-30, 1991, pp. 341-348 (1992)
Results of Advanced Battery Technology Evaluations for Electric Vehicle Applications
W. H. DeLuca, K. R. Gillie, J. E. Kulaga, J. A. Smaga, A. F. Tummillo, and C. E. Webster
Proc. of the Soc. of Automotive Engineers Int. Meeting on Future Transportation
Technology, Costa Mesa, CA, August 10-13, 1992, SAE Technical Paper Series No. 921572
(1992)
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S. E. Dorris, I. Bloom, M. C. Hash, and M. Krumpelt
Presented at the Fourth Annual Fuel Cells Contractors, Review Meeting, Morgantown, WV,
July 14-15, 1992
The Reaction of SRL 202 Glass in J-13 and DIW
W. L. Ebert, J. K. Bates, and E. C. Buck
Presented at the Fall Meeting of the Materials Research Soc, Boston, MA,
November 30-December 4, 1992
Accelerated Glass Reaction under PCT Conditions
W. L. Ebert, J. K. Bates, E. C. Buck, and C. R. Bradley
Presented at the Fall Meeting of the Materials Research Soc, Boston, MA,
November 30-December 4, 1992
PCBs: Recent Environmental and Analytical Advances
M. D. Erickson
Presented at the R&D '92 Conf., San Francisco, CA, February 4-6, 1992
Does Fully Radioactive Glass Behave Differently than Simulated Waste Glass?
X. Feng, J. K. Bates, C. R. Bradley, and E. C. Buck
Presented at the Fall Meeting of the Materials Research Soc, Boston, MA,
November 30-December 4, 1992
Processing Micro-PIXE Linescan Data—Studies of Arsenic Zoning in Skarn Garnets
G. W. Grime, R. A. Wogelius, and B. Jamtveit
Presented at the Third Int. Conf. on Nuclear Microbeam Technology and Applications,
Uppsala, Sweden, June 1992
The Stability of Calibration Standards for ICP/AES Analysis
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Cherry Hill, NJ, June 22-25, 1992
Scale-Up Development of a Bipolar Lithium/Sulfide Bipolar Battery for an Electric Car
T. D. Kaun, W. P. Johll, V. Luong, F. C. Mraiek, and D. J. Palkon
Presented at the 27th Intersoc. Energy Conversion Eng. Conf., San Diego, CA, August 3-7,
1992
Window Replacement in a Large Glovebox without Atmosphere Purity Loss
R. S. Ketcham, R. F. Malecha, R. C. Frank, J. D. Arntien, and W. E. Miller
Presented at the Sixth Annual Conf. and Equipment Exhibit of the American Glovebox
Soc, Albuquerque, NM, August 17-20, 1992
High Pressure NMR Investigation of Dynamic Processes which Affect the Oxo Catalyst
R. J. Klingler and J. W. Rathke
Presented at the University of Miami, Coral Gables, FL, March 13, 1992
Tritium Diffusion and Desorption in Single Crystal LiAlO2
J. P. Kopasz, C. A. Seils, and C. E. Johnson
Presented at the Second Int. Workshop on Ceramic Breeder Blanket Interactions, Tokyo,
Japan, October 26-29, 1992
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M. Krumpelt, D. W. Dees, U. Balachandran, S. Dorris, and S. Majumdar
Presented at the Fourth Annual Fuel Cells Contractors' Review Meeting, Morgantown, WV,
July 14-15, 1992
Fuel Cell Propulsion: Ushering in a New Age in Automotive Technology
M. Krumpelt, R. Kumar, J. F. Miller, and C. Christianson
Presented at the Fuel Cell Seminar, Tucson, AZ, November 29-December 2, 1992
Development of Alternative Components for Molten Carbonate Fuel Cells
G. H. Kucera, A. P. Brown, D. D. Chu, and J. E. Indacochea
Presented at the Fuel Cell Technology Research and Development Workshop, San Francisco,
CA, April 29-30, 1992
ANL's Research and Development of Alternative Components for MCFC's
G H. Kucera, A. P. Brown, M. F. Roche, D. D. Chu, and J. E. Indacochea
Presented at the Fourth Annual Fuel Cells Contractors' Review Meeting, Morgantown, WV,
July 14-15, 1992
Modeling of PEM Fuel Cell Systems
R. Kumar
Presented at the Int. Energy Agreement Workshop on PEM Fuel Cells, Ottawa, Canada,
September 14, 1992
High-Level Waste Management with the Integral Fast Reactor
J. J. Laidler
Presented at the Minerals, Metals and Materials Soc. Annual Meeting, Denver, CO,
February 21-25, 1992
IFR Fuel Cycle—Pyroprocess Development
J. J. Laidler, W. E. Miller, T. R. Johnson, J. P. Ackerman, and J. E. Battles
Presented at the Organization for Economic Co-operation and Development/Nuclear Energy
Agency Meeting, Int. Information Exchange Program on Actinide and Fission Product
Separation and Transmut'.tion, Argonne National Laboratory, November 11-13, 1992
Computer Generation of EPA CLP Rej. orting Forms for Organic Analysis
L. L. Lamoureux
Presented at the 16th Analytical Chemical Laboratory Technical Meeting, Argonne National
Laboratory, February 25, 1992
Design and Operation of Centrifugal Contactors
R. A. Leonard
Presented at the Separation Science Symp. Series of Pacific Northwest Laboratory, Richland,
WA, April 1, 1992
Flowsheet Development for TRUEX Processing Using Computer-Aided Design
R. A. Leonard, D. B. Chamberlain, J. M. Copple, and G. F. Vandegrift
Presented at the Summer AIChE National Meeting, Minneapolis, MN, August 9-12, 1992
TRUEX Process for High Acid Wastes
R. A. Leonard, D. B. Chamberlain, and G. F. Vandegrift
Presented at the 16th Annual Actinide Separations Conf., Estes Park, CO, May 11-14, 1992
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Leach Resistance Properties and Release Processes for Salt-Occluded Zeolite A
M. A. Lewis, D. F. Fischer, and J. J. Laidler
Presented at the Fall Meeting of the Materials Research Soc, Boston, MA,
November 30-December 4, 1992
Immobilisation of High Level Chloride Salt Waste
M. A. Lewis, L. J. Smith, and D. F. Fischer
Presented at the 94th Annual Meeting & Exposition of the Am. Ceram. Soc, Minneapolis,
MN, April 12-16, 1992
DOE's Analytical Services Program
P. C. Lindahl
Presented at the DOE-CH Waste Management/Waste Minimisation Meeting, Upton, NY,
June 16-19, 1992
DOE's Environmental Sampling and Analysis QA Program—The Performance Evaluation Program
P. C. Lindahl
Presented at the Third Int. Environmental and Waste Management Conf. (Am. Soc. for
Quality Control—Energy Division), Las Vegas, NV, May 4-6, 1992
Mechano-Chemical Effects of High-Energy Attrition Milling on the Bi-Sr-Ca-Cu-O Superconductor
J. S. Luo, H. G. Lee, and S. Sinha
Presented at the Fall Meeting of the Materials Research Soc, Boston, MA,
November 30-December 4, 1992
Phase Chemistry and Microstructure Evolution in Silver-Clad (Bi 2 - x Pb I )Sr2Ca2Cu3O v Filaments
J. S. Luo, N. Merchant, V. A. Maroni, E. Escorcia-Aparicio, D. M. Gruen, B. S. Tani, G. N. Riley,
and W. L. Carter
Presented at the Applied Superconductivity Conf., Chicago, IL, August 23-28, 1992
A Study of the High-Temperature Stability of the (Bi,Pb)2Sr2Ca2Cu3OB Phase in Silver-Clad Wire
J. S. Luo, N. Merchant, V. A. Maroni, D. M. Gruen, W. L. Carter, and G. N. Riley
Presented at the Fall Meeting of the Materials Research Soc, Boston, MA,
November 30-December 4, 1992
A Study of Parameters that Influence Growth and Stability of the (Bi 1 _ r Pb I ) 2 Sr 2 Ca2Cu3O v Phase
J. S. Luo, N. Merchant, V. A. Maroni, D. M. Gruen, B. S. Tani, W. L. Carter, G. N. Riley, and
K. H. Sandhage
Presented at the Spring Meeting of the Materials Research Soc, San Francisco, CA,
April 27-May 1, 1992
Reaction of Natural Glasses with Water
J. J. Mater
Presented at the Sigma Xi Meeting, Argonne National Laboratory, November 11, 1992
Preliminary Results of an Experimental Study of the Interactions of Basalt Glass and a Water Vapor
Atmosphere: Implications for Weathering on Mars
J. J. Maier, J. K. Bates, and C. R. Bradley
Presented at the MSATT Workshop on Chemical Weathering on Mars, Lunar and Planetary
Institute, Cape Kennedy, Orlando, FL, September 10-12, 1992
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Homogeneity of Water Content in Obsidians: Implications for Obsidian Hydration Dating
J. J. Majser, C. M. Stevenson, E. Knaus, and J. K. Bates
Presented at the Int. Symp. on Archaeometry, Los Angeles, CA, March 23-27, 1992
Pyrochemical Processes for LWR Spent Fuel
C. C. McPheeters, R. D. Pierce, G. K. Johnson, T. P. Mulcahey, and P. S. Maiya
Presented at the Organisation for Economic Co-operation and Development/Nuclear Energy
Agency Meeting, Argonne National Laboratory, November 11-13, 1992
Activities of the Advisory Committee on Nuclear Waste (ACNW)
D. W. Moeller, M. J. Steindler, W. J. Hinee, and P. W. Pomeroy
Presented at the 24th Annual Meeting of the Conference of Radiation Control Program
Directors, Orlando, FL, May 17-21, 1992
Issues Related to Mixed Waste Disposal
D. W. Moeller, M. J. Steindler, W. J. Hin*e, and P. W. Pomeroy
Presented at the Summer AIChE National Meeting on Mixed Waste Disposal—A Regulatory
Dilemma, Minneapolis, MN, Augus* 9-12, 1992
Applicability of DC Relaxation Techniques to Multistep Reactions
Z. Nagy, N. C. Hung, K. C. Liddell, M. Minkoff, and G. K. Leaf
Presented at the Gordon Research Conf. on Physical Electrochemistry, New London, NH,
August 3-7, 1992
Reexamination of DC Relaxation Techniques Applied to Multistep Reactions
Z. Nagy, N. C. Hung, K. C. Liddell, M. Minkoff, and G. K. Leaf
Presented at the Gordon Research Conf. on Electrochemistry, Ventura, CA, January 20-24,
1992
Materials Performance in Fluidised Bed Air Heaters
K. Natesan and W. F. Podolski
Presented at the National Association of Corrosion Engineers Annual Conf. and Corrosion
Show, Nashville, TN, April 27-May 1, 1992
Unvented Thermal Process for Treating Mixed Waste
P. A. Nelson
Presented at Argonne National Laboratory, October 15, 1992
Laser Raman Spectroelectrochemical Studies of Fe, Ni, Cr, and their Glassy Metal AUoys with
Phosphorous
M. Pankuch, C. A. Melendies, J. C. Kang, S. Lalvani, and Y. S. Li
Presented at the Eighth Int. Symp., 181st Electrochem. Soc. Meeting, St. Louis, MO,
May 17-22, 1992
The Conversion of Methane to Higher Hydrocarbons Using a Molybdenum Sulfide-Loaded Molecular Sieve
J. Pasterczyk, L. E. Iton, M. Winterer, T. R. Krause, S. A. Johnson, and V. A. Maroni
Presented at the Symp. on Natural Gas Upgrading, Am. Chem. Soc. National Meeting,
San Francisco, CA, April 5-10, 1992
Thermodynamic Analysis of Phase Equilibria in the Iron-Zirconium System
A. D. Pelton, L. Leibowits, and R. A. Blomquist
Presented at the Eighth Symp. on Thermodynamics of Nuclear Materials, Snowbird, UT,
August 16-21, 1992
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Technical Survey of Combustion of High Sulfur Coal and MSW/RDF Blends
W. F. Podolski, D. South, O. Ohlsson, and F. Stodolsky
Presented at the Tenth Annual Contractors' Technical Meeting, Urbana, IL, August 4-6,
1992
Corrosion of Copper-Based Materials in Gamma-Irradiated Air/Water Vapor Systems
D. T. Reed
Presented at the National Association of Corrosion Engineers Annual Conf. and Corrosion
Show, Nashville, TN, April 27-May 1, 1992
Initial Hydrolysis of Pu(VI)
D. T. Reed
Presented at the WRI-7 Water-Rock Interaction Conf., Utah, July 13-18, 1992
Radiolytic Gas Production in the Alpha Particle Degradation of Plastics
D. T. Reed, J. C. Hoh, J. W. Emery, and D. Hobbs
Presented at the Waste Management '92 Conf., Tucson, AZ, March 1-5, 1992
Viscosities of Core-Concrete Mixtures
M. F. Roche, D. V. Steidl, L. Leibowitz, J. K. Fink, and B. R. Sehgal
Presented at the Advanced Containment Experiments Technical Advisory Committee
Meeting, Argonne National Laboratory, June 2-4, 1992
Plutonium Extraction Utilising Aqueous Biphase Systems
A. N. Rollins
Presented at the CHEM 515 Seminar in Chemistry, DeKalb, IL, February 11, 1992
Ion Chromatography: A Modern Version of Ion Exchange Chromatography. A General Review
C. S. Sabau
Presented at the 17th Int. Congress of the American Romanian Academy of Arts and
Science, NorthrWge, CA, June 3-7, 1992
Portable X-ray Fluorescence for Determination of Lead and Other Metals on Small-arms Firing Ranges
J. F. Schneider, J. D. Taylor, S. D. Zellmer, and D. A. Bass
Presented at the 33rd ORNL-DOE Conf. on Analytical Chemistry in Energy Technology,
Gatlinburg, TN, October 6-8, 1992
Development of an Interlaboratory Performance Evaluation Program (IPEP) for the Department of
Energy's Environmental Restoration and Waste Management Programs
W. E. Streets
Presented at the 16th Analytical Chemistry Laboratory Technical Meeting, Argonne
National Laboratory, February 25, 1992
Yellowstone Travertines: U-Series Ages and Isotope Ratios (C, O, SΓ, U)
N. C. Sturchio, M. Murrell, K. Pierce, and M. Sorey
Presented at the Seventh Int. Symp. on Water-Rock Interactions, Int. Assoc. Geochem.
Cosmochem., Park City, UT, July 13-19, 1992
Chemical and Isotopic Characteristics of Volcanic Hydrothermal Systems in the Northern Andes
Mountains, Colombia, South America
N. C. Sturchio, S. N. Williams, and Y. Sano
Presented at the 29th Int. Geological Congress, Kyoto, Japan, August 24-September 3, 1992
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Stability of Low Concentration Calibration Standards for Graphite Furnace Atomic Absorption
L. B. TenKate
Presented at the 17th Analytical Chemistry Laboratory Technical Meeting, Argonne
National Laboratory, November 5, 1992
Development of a Liquid Cadmium Cathode for the Collection of U and Pu in an Electrorefining CeU
Z. Tomcsuk, J. J. Heiberger, J. L. Willit, and W. E. Miller
Presented at the 12th Annual Pyrochemical Workshop, Gatlinburg, TN, October 26-29, 1992
Advanced Lithium/Sulfide Batteries for Electric Vehicle Applications
D. R. Vissers, P. A. Nelson, and T. D. Kaun
Presented at the Sixth Int. Meeting on Lithium Batteries, Electrochem. Soc, Munster,
Germany, May 10-15, 1992
Development of a Zirconium-Based Reference Electrode for Molten Chloride Applications
J. L. Willit, Z. Tomcauk, and W. E. Miller
Presented at the 12th Annual Pyrochemical Workshop, Gatlinburg, TN, October 26-29, 1992
Methane Coupling Catalysts from Transition-Metal Sulfur Clusters Encapsulated in Zeolites
M. Winterer, J. W. Pastercsyk, S. A. Johnson, T. R. Krause, and V. A. Maroni
Presented at the Ninth Int. Zeolite Conf., Montreal, Canada, July 5-10, 1992
Ti-Relaxation Measurements Using Toroid R. F. Coils in High Pressure NMR Investigations
K. Woelk, J. W. Rathke, and R. J. Klingler
Presented at the IBM Research Center in California, San Jose, CA, August 27, 1992
Ga, Ca, and 3d Transition Element (Cr through Zn) Partitioning Among Spinel-Lhenolite Phases from
the Lanzo Massif, Italy: Analytical Results and Crystal Chemistry
R. A. Wogelius and D. G. Fraser
Presented at the Geological Soc. of America Annual Meeting, Cincinnatti, OH,
October 25-29, 1992
Effects of Radiation Exposure on Glass Alteration in a Steam Environment
D. J. Wronkiewkf, L. M. Wang, J. K. Bates, and B. S. Tani
Presented at the Fall Meeting of the Materials Research Soc, Boston, MA,
November 30-December 4, 1992
A Theoretical Study of the Oxygen K Absorption Edge in Cluster Models of Sodalite
S. A. Zygmunt, L. A. Curtiss, and L. E. Iton
Presented at the Ninth Int. Zeolite Conf., Montreal, Canada, July 5-10, 1992
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N. C. Sturchio, S. N. Williams, and Y. Sano
To be published in Bull. Volcanol.
Prediction of the Thermodynamic Properties and Phase Diagrams of Silicate Systems—Evaluation of the
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