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NUCLEAR TECHNOLOGY PROGRAMS
SEMIANNUAL PROGRESS REPORT

April - September 1990

ABSTRACT

This document reports on the work done by the Nuclear Technology
Programs of the Chemical Technology Division, Argonne National Laboratory,
in the period April-September 1990. These programs involve R&D in three
areas: applied physical chemistry, separation science and technology, and
nuclear waste management. The work in applied physical chemistry includes
investigations into the processes that control the release and transport of fission
products under accident-like conditions in a light water reactor, the
thermophysical properties of the metal fuel in the Integral Fast Reactor, and the
properties of selected materials in environments simulating those of fusion
energy systems. In the area of separation science and technology, the bulk of the
effort is concerned with developing and implementing processes for the removal
and concentration of actinides from waste streams contaminated by transuranic
elements. In the area of waste management, investigations are underway on the
performance of materials in projected nuclear repository conditions to provide
input to the licensing of the nation's high-level waste repositories.

SUMMARY

Applied Physical Chemistry

The program in applied physical chemistry involves studies of the thermochemical,
thermophysical, and transport behavior of selected materials in environments simulating those of fission
and fusion energy systems.

During this report period, solidus-liquidus temperatures were determined by differential thermal
analysis (DTA) measurements on three calcined concretes (limestone, limestone-sand, and siliceous) and
mixtures of each of these concretes with U02-Z02. Such mixtures are expected to occur during the
molten core-concrete interaction phase of severe reactor accidents in light water reactors. The results are
to be incorporated into a thermal-hydraulic code (CORCON) that treats core-concrete interactions in
hypothetical sever- reactor accidents and is an integral part of the Nuclear Regulatory Commissiun's
Source-Term Code Package. The differences between the solidus and liquidus temperatures for the three
core-concrete mixtures (27 wt % concrete plus 73 wt % U02-ZrO2) were found to be more than 1200'C,
while the differences currently employed in CORCON (for same core-concrete composition) range from
500 to 700'C. Our results are in reasonable agreement with hypothetical liquidus-solidus curves obtained
by assuming limited solubilities between the urania-zirconia-calcia phase and the concrete. Additional
DTA experiments at 10, 60, and 85 wt % concrete will be required to establish liquidus-solidus curves
over the range of core-concrete mixtures that may be encountered in severe reactor accidents.

Measurements and calculational analyses are being performed to provide needed thermophysical
property data for Integral Fast Reactor (IFR) fuels. Our efforts are focused on gaining a more thorough
understanding of the phase relations involved in the U-Pu-Zr fuel and in fuel-cladding compatibility.
Results are presented for an analysis of the Pu-U and the Fe-U systems. Calculations of the Pu-U phase
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diagram indicated that some of the assignments in the general' 'ccepted diagram are probably incorrect.
A revised Pu-U phase diagram is presented. Also, DTA measurements were completed for the Fe-U
system, and a revised phase diagram was calculated for that system. Good agreement was obtained
between our DTA measurements and the calculated diagram.

In several IFR fuel cycle concepts under consideration, the recycled fuel could contain
concentrations of the so-called minor actinides. We conducted a preliminary analysis of metallic fuel
systems containing these actinides. It was found that properties of actinide-containing metallic fuel can
change markedly depending on the actinides present. Thus, if IFR fuel is to contain significant amounts of
minor actinides, particularly Am or Cm, careful study will be needed to determine their effect on the fuel
properties.

The DOE initiated the New Production Reactor (NPR) Program to plan, design, and construct
safe and environmentally acceptable new reactor capacity for an assured supply of tritium. The CMT
Division has supported this program by conducting several studies on an NPR that is a heavy water
reactor (HWR). One such study concerns the release of fission products and tritium from U-Al fuel and
Li-Al targets in a hypothetical severe accident with the HWR-NPR. Two approaches are being pursued in
this study: experimental measurements using transpiration and high-temperature mass spectrometry and
thermodynamic analyses using the SOLGASMIX computer code. Preparatory work needed before
initiating the experimental measurements is underway. Preliminary results are reported for SOLGASMIX
calculations for U-Al, Li-Al, and selected fission products at 1000 and 1700 K. Conclusions reached from
these calculation are that LiI is important as a gaseous species and in the condensed phases, tellurium is
bound by uranium as UTe and is retained in the condensed phases, iodine is essentially not bound as UI3
or All3 in the gas or condensed phases, and AlTe is significant in the gas phase.

In another HWR-NPR study, a computer model was developed to simulate detritiation processes
in the event of either chronic or burst releases of tritiated species into the containment structure. The
model incorporates the interaction between the vapor phase species and species on the surfaces and the
bulk interior of the structural components, such as concrete walls and coatings. Calculated results indicate
that, under a wide range of circumstances, the time necessary to reduce the activity level to an acceptable
limit after a tritium spill is dominated by the retention capability of the tritiated species in the structural
components. This implies that development of optimal barriers against tritium penetration into these
components is important.

A critical element in the development of a fusion reactor is the blanket for breeding tritium fuel.
Several studies are underway with the objective of determining the feasibility of using lithium-containing
ceramics as breeder material. In one such study, temperature programmed desorption (TPD)
measurements are in progress to provide data that describe the kinetics of desorption of H2(g) and H20(g)
from one of the candidate ceramic breeders, LiAlO2(s), under a helium pure gas (with and without 990
ppm H2). The TPD spectra for H20 evolution from LiAlO2, pretreated with helium containing 900 ppm
H2(g) at high temperature (673 K), indicated first-order desorption processes involving three different
types of sites on the LiAlO2 surface. The activation energies for desorption from LiAlO2 in pure helium
and He-H2 mixtures were calculated for each type of site. An explanation is given for the previously
reported enhancement of tritium release attending the use of H2 in the helium purge gas.

In another blanket study, data from experiments carried out at the Centre d'Etudes Nucleaires
(CEN) de Grenoble were analyzed to determine the effects of key parameters (tritium residence time,
temperature, ceramic microstructure, and purge gas composition) on tritium release. This analysis
revealed that a model with multiple desorption activation energies (as opposed to one) is necessary to
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account for variations in tritium inventory observed with different purge gas compositions. Some data
also suggest that a second mechanism, probably diffusion, contributes to the tritium inventory.

Blanket design studies are in progress for the International Thermonuclear Experimental Reactor
(ITER)--an international project whose purpose is to produce a conceptual design of a tokamak reactor
that can be used to test components for a prototype fusion reactor and plasma operations. The blanket for
this facility will use Li2O as the breeder, beryllium as the neutron multiplier, and water as the coolant. We
have defined the components needed for the processing system to recover and purify tritium from the
blanket. The components were selected to minimize the tritium inventory of the recovery system and to
minimize waste products.

Separation Science and Technology

The Division's work in separation science and technology is mainly concerned with removing
and concentrating actinides from waste streams contaminated with transuranic (TRU) elements by use of
the TRUEX solvent extraction process. 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) or a nonflammable chlorocarbon
such as tetrachloroethylene (TCE). Other projects in separation science and technology include
developing processes for plutonium recovery from pyrochemical wastes and incinerator ash and for
cleanup of contaminated groundwater.

The major TRUEX effort involves development of a generic data base and modeling capability
for this solvent extraction process. The Generic TRUEX Model (GTM) was developed for site-specific
flowsheet development directed to (1) establishing a TRUEX process for specific waste streams, (2)
assessing the economic and facility requirements for installing the process, and (3) improving,
monitoring, and controlling on-line TRUEX processes. In September 1990, version 2.1 of the model for
the Macintosh computer was issued. New options available in this version include the ability to calculate
distribution ratios for a user-specified aqueous phase, where the organic phase is assumed to have been
pre-equilibrated; calculate distribution ratios for equilibration of user-specified aqueos s and organic
phases; estimate solvent degradation for a specific TRUEX process; and generate reports from existing
TRUEX flowsheets or space and cost calculations.

One of the sections in the GTM, the Spreadsheet Algorithm for Stagewise Solvent Extraction
(SASSE), was modified so that a user can specify (1) an extraction efficiency for each stage in the process
and (2) a fixed effluent flow rate for either the organic or aqueous phase at any stage. In previous SASSE
calculations, extraction efficiency was assumed to be 100%, and effluent flow was specified as a fraction
of the total flow of the organic or aqueous phase from a stage.

Mathematical models of extraction data for the GTM continue to be improved as more extraction
data are collected. Current efforts are directed toward providing a realistic model of oxalic acid extraction
by TRUEX-NPH solvent.

Laboratory studies were conducted to obtain data on the extraction behavior of feed components
(including Pu, Np, Am, and Cm) under a variety of process conditions. Distribution ratios were measured
for Pu(IV) extraction from nitric acid solution by TRUEX-NPH at 25'C. This polymer was found to be
poorly extracted. Distribution ratios were in the range of 1 to 10, compared to ratios of 104-0 for
monomeric plutonium in the same solution. Hydrofluoric acid (0.05.M) was ineffective in stripping the
extracted plutonium from the organic phase. Only 15-20% was stripped, although monomeric plutonium
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is almost completely removed under the same conditions. Distribution ratios were also measured for
Np(IV) between TRUEX-NPH and either nitric acid/sodium nitrate solution or nitric acid/sodium
nitrate/sulfuric acid solution at 25'C. For both nitric acid-containing solutions, the nitrate ion
concentration was kept constant at 3.2M. With the former solution, the neptunium distribution ratios
ranged from about 400 at 0.O1M HNO3 to 3 x 105 at 1.OM HNO3. This behavior contrasts with that of
americium and curium, whose distribution ratios decrease with increasing nitric acid concentration. The
high nitrate ion concentration increases the neptunium distribution ratios over those in nitric acid solution
alone. With the solution containing sulfuric acid, the neptunium distribution ratios decreased with
increasing acid concentration due to the complexing action of the sulfate ion. Distribution ratios were also
measured for the extraction of 241AM and 2 "Cm by TRUEX-NPH at 50'C with each of the following
complexants: oxalic acid, sulfuric acid, phosphoric acid, and hydrofluoric acid. These solutions also
contained sodium nitrate with nitric acid. Preparations are in progress to measure distribution ratios for Th
and Nd.

Much of the extraction data generated through September 1990 have been entered into the GTM
data base. Emphasis has also been placed on collecting relevant data from the literature. To that end,
literature searches have been conducted using the DOE Energy Data Base and the data base of the
American Chemical Society. The search was for all abstracts mentioning CMPO and yielded 109
references.

A literature review was carried out to determine the instrumentation and control requirements for
the TRUEX process. An examination of the conceptual design flowsheet for the generic TRUEX process
indicated that one can characterize the instrumentation requirements as follows: (1) conventional
instruments to detect, monitor, and control basic process variables and (2) more sophisticated analytical
techniques for measurement and control of transuranics. Analytical techniques for on-line monitoring of
transuranics are not well developed and would require development of instruments and monitoring
techniques. In a modeling effort, equations were derived to determine the effect of deviations from steady
state due to perturbations in feed composition at constant flow rates.

The GTM was used in performing a sensitivity analysis to determine the effect of perturbations in
feed composition and flow rates for a base-case flowsheet with regard to meeting goals set for processing
nuclear waste generated by the Plutonium Finishing Plant (PFP) of Westinghouse Hanford. Also
calculated was whether losing a stage in the extraction section, scrub section, first strip, or second strip
would result in one of the process goals being exceeded.

The GTM was also used to develop a TRUEX flowsheet for treating plutonium-containing waste
(approximately 200 L) generated at ANL and the New Brunswick Laboratory (NBL). This flowsheet will
be used in converting the bulk of this waste into a nonTRU product by removing the TRU elements to
activity levels <10 nCi/g. This waste can then be disposed of under existing regulations. The recovered
plutonium will be converted into solid PuO2 for storage and subsequent shipment to the DOE defense
complex. A safety review, which covers the evaporation, filtration, and calcination of the plutonium
oxalate that will be recovered from the processing of plutonium waste solutions, has been completed and
awaits approval.

Laboratory verification tests of the TRUEX process are being completed to gain a better
understanding of the process chemistry, to test and verify process modifications, and to verify the results
of GTM calculations. One verification test was completed in this period with a 2-cm centrifugal contactor
with 16 stages. The titration results from the organic phase collected from the contactor stages agreed
favorably with the GTM calculations. However, the agreement between the titration results for the
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aqueous phase and GTM calculations was not as good. Reasons for this discrepancy are likely due to the
shutdown procedures for the contactor and are under further investigation.

Centrifugal contactor development continues to be an important part of the TRUEX process
development. To support the design of new contactors, a worksheet (called "Beam") using Microsoft
Excel software was developed to calculate the first natural frequency of rotating systems. It provides the
vibrational analysis needed to complete the mechanical design of motor/rotor systems for centrifugal
contactors. The Beam worksheet was tested against calculated results from other vibrational models and
experimental data and found to work well. Techniques for measuring vibrations and the application of
Beam to the design of high-throughput contactors are discussed.

We are exploring the use of the centrifugal contactor as a concentrating device. This work builds
on an impressive feature of centrifugal contactors--their ability to operate at very high and very low
organic-to-aqueous (0/A) ratios. The ability of the centrifugal contactor to act as a concentrating device
was experimentally demonstrated over a wide range of O/A flow ratios, from 0.01 to 33. In addition, a set
of equations was derived to facilitate the design of contactors for this application. Other contactor efforts
included (1) modifying the design of a 10-cm contactor for the proposed TRUEX facility at the
Westinghouse Hanford PFP and (2) fabricating and testing a 24-stage 2-cm contactor to be used by Chalk
River Laboratories.

Work is also underway on separation science and technology not using TRUEX. One such project
involves plutonium recovery from pyrochemical wastes and incinerator ash. An aqueous biphasic
separation process is being examined as a means of recovering and concentrating actinides in particulate
form. The biphasic extraction of polymeric plutonium was studied with the use of 7.5% sodium sulfate
solution (Na2SO4), 15% polyethylene glycol (PEG) solution, and a variety of transfer agents (0.1 and
0.01 wt %) at 25'C. Of the transfer agents examined, humic acid had the most pronounced influence on
the partitioning behavior of the plutonium polymer. The distribution ratios of the plutonium polymer
increased from 0.001 to 2.2 for the PEG/Na2SO 4 system with and without 0.01 wt % humic acid,
respectively. In almost every case, poor plutonium recoveries occurred when a transfer agent was added
to the biphase system. Much of the plutonium was found on the walls of the glass tubes employed in these
tests and in the interfaces between the phases. With the addition of Aerosol OT, most of the unaccounted
plutonium was found at the liquid/liquid interface. This finding implies that the transfer agent completely
prevented the plutonium polymer from adsorbing onto the test tube walls. Aged plutonium polymer is
known to adsorb onto all kinds of surfaces (e.g., glass, metal). This tendency makes it difficult to process
aqueous solutions containing polymerized plutonium.

Studies on the biphasic separation of plutonium from solid waste require the measurement of
plutonium in particles ranging in size from 1 to 0.001 pm. Four methods for this measurement were
evaluated: liquid scintillation alpha counting, L X-ray counting, gamma-ray counting, and optical
absorption spectrometry. Advantages and disadvantages of each are discussed.

A process is being developed for cleanup of volatile organic compounds in contaminated
groundwater. The contaminants will be extracted by membrane-assisted solvent extraction and then
recovered in a membrane-assisted distillation stripping section. This process is being evaluated as an
alternative to groundwater remediation procedures using activated carbon or air stripping/activated
carbon. Work at the University of Minnesota has demonstrated, on a laboratory scale, the membrane-
assisted solvent extraction of dilute volatile components from water using sunflower oil. The regeneration
of the solvent and recovery of the volatile contaminants by membrane-assisted distillation stripping have
not yet been demonstrated. Work in this area of solvent regeneration is now in progress.



6

Nuclear Waste Programs

The volcanic tuff beds of Yucca Mountain, Nevada, are being studied as a potential repository site
for isolating spent reactor fuel and high-level defense and commercial waste. The behavior of this spent
fuel and waste in the host environment must be sufficiently well understood to project its stability over
very long time periods.

A nuclear waste program has been established for DOE Environmental Restoration and Waste
Management to evaluate factors that are likely to affect waste glass reaction in an unsaturated
environment. Such an environment may exist at the potential Yucca Mountain site. Six tasks in this
program are underway in CMT.

The first task involves a critical review of the literature relevant to those parameters that affect the
reactivity of glass in an unsaturated environment. Temperature is the first parameter examined in detail. A
general conclusion reached from this review is that temperature can be used as an accelerating parameter
for chemical reactions that affect waste glass/water interactions when they are identified and understood.
However, key aspects of these reactions must be investigated further to develop an understanding of the
complex overall reaction that will occur under repository conditions.

The objective of the second task is to evaluate the reactivity of fully radioactive glasses in a high-
level waste repository environment and compare it to the reactivity of nonradioactive glasses of similar
composition. Static leach tests at 90'C were initiated using SRL 165/42 and SRL 131/11 glasses and
simulated nonradioactive glasses. Tests with monolith and powder samples have been in progress for 180
days, but the data are too preliminary to draw any conclusions as yet. Tests with 200R glass will begin as
soon as the complete shipment of glass is received.

The third task entails determining the effect of radiation upon the durability of waste glasses at
high ratios of glass surface area to liquid volume (SA/V). These tests examine (1) the effect of radiation
on the environment of a moist air system, (2) glass reaction in a radiolytic field, and (3) the influence of
radiation and radiolytic products on the formation and stability of glass alteration phases. Results from
blank tests (no glass, moist air under alpha or gamma radiation field at 25'C) indicate that NO3, organic
carbon, and inorganic carbon are readily produced in gamma and alpha fields, and that NO3 varies
linearly with respect to time and dose. The results also suggest that the radiolytic products are
concentrated in thin films of water that condense on the test vessel walls and/or radioactive source
materials. Preliminary qualitative results (56 days) from glass reaction tests indicated that the reaction
rates in an irradiated water vapor environment (0.005 rad/h with 200'C steam) may be significantly
increased compared to those in a nonirradiated water vapor environment.

A fourth task is underway to compare the extent of reaction of waste glasses (SRL 131 and SRL
202) at SA/V ratios from 10 to 20,000 m1. Short-term test results (30 days at 90'C) indicate that the SRL
131 glass is more reactive than the SRL 202 glass, and that the extent of reaction is greater for tests at the
higher SAN ratios.

In a fifth task, analytical electron microscopy (AEM) is being used to assess the glass/water
reaction pathway by identifying intermediate phases that appear on the reacting glass. Significant
experience was gained in sample preparation and microscopy by applying AEM to a wide variety of
existing glass samples, which ranged from glass with no reacted layer, to a reacted layer forming as the
glass etches, to a reacted layer forming in situ as the glass restructures.
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The objective of the sixth task is to assess the reaction of naturally occurring glasses (obsidian,
tektite, basalt) with water under conditions where the SAN ratio is large. A number of different obsidians
were hydrated in vapor between 100 and 230'C for up to 256 days at relative humidities of 60-100%. The
rate of growth in the hydration layer was found to be proportional to the square root of time, a dependence
consistent with a diffusion process. Further investigations are being pursued to characterize the strong
dependence of the isothermal hydration rate for obsidian on its intrinsic water content.

Several different experiments involving the reaction of glass and spent fuel under simulated
repository conditions are being performed in support of DOE's Yucca Mountain Site Characterization
Project (YMP).

In an ongoing YMP study, simulated waste glasses (SRL 165 and ATM-10) have been
intermittently contacted with dripping well water (J-13) using an unsaturated test method at 90'C. These
tests have been in progress for 234 weeks with SRL 165 glass and 219 weeks with ATM-10 glass. In
another YMP glass study, results were analyzed from previously performed leach tests (SRL 165 glass
reacted with well water at 90'C in stainless steel vessels for 14 to 280 days at an SAN ratio of about
30 m 1). This analysis led to the proposal of a model for glass reaction under unsaturated conditions. In
addition, the model from the EQ3/6 computer code, which is currently used in the YMP to simulate the
long-term reaction of glass under various possible repository environments, was compared with the
reaction path suggested by the leach tests. The test results were consistent with the EQ3/6 model but did
not sufficiently validate it. Longer term data are needed to verify the EQ3/6 predictions.

In corrosion studies for the YMP, oxygen-free copper, 70/30 copper-nickel, and aluminum bronze
are being evaluated as candidate materials for the construction of the high-level nuclear waste container in
the mined geologic disposal system. Experiments were performed at a dose rate of 1-2 x 104 rad/h,
temperatures of 90 and 150'C, durations of 30 and 75 days, and dry and moist air (40% relative humidity
at 90'C). Under these experimental conditions, only oxides of copper (cuprite and tenorite) were
identified as corrosion products. No evidence of localized corrosion (e.g., pit formation) was found.
General corrosion rates observed were between 0.1 and 3 mg/(cm 2-yr) and increased with temperature. At
150'C, the corrosion rate increased by 50% due to the presence of the ionizing radiation. Comparisons
between analytical results from the dry and moist air experiments indicated that radiolytic products of
water are more effective oxidants than those of molecular oxygen.

In spent fuel studies for YMP, two sets of experiments are underway to investigate the reaction
behavior of Zircaloy clad-U0 2 pellets (unirradiated) exposed to dripping groundwater in an oxidizing
environment at 90'C. Tests have been in progress for 5.5 years with a Teflon support stand. A pulse of
uranium release from the UO2 solid, in conjunction with the formation of several uranyl oxide hydrate
mineral phases across the sample surface, was observed after one or two years of testing. Thereafter, the
uranium release decreased, and a second set of secondary phases was observed.

In groundwater-speciation work, photoacoustic spectroscopy is being employed to study the
solubility and speciation of radionuclides in groundwater. This work has yielded information concerning
complexant and temperature effects on the solubilities of important radionuclide species. Recent emphasis
has been on the Pu(VI) hydrolysis in near-neutral aqueous systems. Absorption spectra of the initial
hydrolysis products of Pu(VI) were obtained over a range of Pu(VI) concentrations (10-2-10-4M) in 0.1M
sodium perchlorate at room temperature. The data indicate that the extent of hydrolysis is greater and the
contribution of polynuclear hydrolysis products is much more important than previously thought. The
formation constant for the initial hydrolysis product of Pu(VI) was estimated. The influence of
temperature (10-45'C) on the formation of the initial hydrolysis product of Pu(VI) ws also determined.
The results indicate that the temperature effect is much lower than estimates published in the literature.



8

Experimental effort is also underway to investigate the effect of ionizing radiation on the
potential for gas generation in the Waste Isolation Pilot Plant (WIPP) site. In this report period,
experiments were performed to determine the effect of gamma and alpha radiation (dose up to 367 Mrad)
on two gas compositions: (1) 90% nitrogen and 10% carbon dioxide and (2) 90% nitrogen, 6.25% carbon
dioxide, 2.5% hydrogen, and 1.25% oxygen. The two-component gas mixture was stable to radiolytic
decomposition, with only minor amounts of oxygen and carbon dioxide generated from the carbon
dioxide at absorbed dose greater than 40 Mrad. In the foul-component gas mixture, nitrous oxide, carbon
monoxide, ammonia, and NO, were generated. Stability studies of Pu(VI) in WIPP brine were also
completed. Plutonium concentrations [as Pu(VI) and Pu(V)] above 0.001M were stabilized for over two
months as dissolved species in actual WIPP groundwater. This indicates that the plutonium was
sufficiently stable as a dissolved species to proceed with planned work on gas generation due to dissolved
actinides in WIPP brine.
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I. APPLIED PHYSICAL CHEMISTRY
(C. E. Johnson)

The program in applied physical chemistry involves studies of the thermodynamic, thermophysical,
and transport behavior of selected materi ils in environments simulating those of fission and fusion energy
systems.

A. Behavior of Care-Concrete Mixtures under Accident Conditions
(M. F. Roche)

1. Introduction

The objective of this research program is to provide experimental data on the onset of
melting (solidus temperature) and the onset of solidification (liquidus temperature) for mixtures of urania
and zirconia with four types of concrete: limestone, limestone-sand, basalt, and siliceous. Such mixtures
are expected to occur during the molten core-concrete interaction (MCCI) phase of hypothetical severe
reactor accidents at light-water reactors (LWRs) and pressurized-water reactors (PWRs). The MCCI
phase is preceded by a series of other phases: loss of coolant, heatup and degradation of the reactor core
(urania and its fission products, Zircaloy cladding, control rods, and structural materials), melting of the
stainless-steel vessel, and collapse of the hot core debris and melted vessel onto the concrete basemat. A
knowledge of the thermophysical properties of the solids, liquids, and gases that exist during each of these
phases is crucial for understanding and modeling the consequences of an accident.

In the previous report in this series (ANL-91/42, Sec.I.A), we reviewed the state of
knowledge of certain thermophysical properties of concretes and core-concrete mixtures at elevated
temperatures. We concluded that experiments are needed to measure liquidus-solidus temperatures,
viscosity, thermal conductivity, and foaming-emulsification characteristics of core-concrete mixtures.
A three-year program plan and test matrix to investigate these properties were submitted to the Nuclear
Regulatory Commission (NRC) in November 1989.

In this report period, we measured the liquidus and solidus temperatures of core-concrete
mixtures using a differenLi1 thermal analysis (DTA) technique. The results are to be incorporated in the
CORCON' thermal-hydraulic code, which is an integral part of the NRC's Source-Term Code Package. 2

At the present time, CORCON employs an ideal-solution model to compute liquidus and solidus
temperatures for mixtures of concrete with U0 2 and ZrO2. Liquidus- and solidus-temperature curves are
shown in Figs. 1-1 and -2 for the three concrete types (limestone, limestone-sand, and basalt) that are
currently treated as defaults in the CORCON code. These concretes are typical of those employed in
reactors in the United States. We generated the curves in Figs. I-1 and -2, which differ only in the units
"or their abscissas (mol % concrete in Fig. I-1 and wt % concrete in Fig. 1-2), from the appropriate
subroutines in the CORCON code. At the time that the CORCON code was written, there were few data
to support a realistic modeling of core-concrete mixtures; the properties of the concretes were either
estimated (heats of melting) or approximated (initial melting-temperature ranges3 of the highly
inhomogeneous concretes were assumed to be equivalent to their equilibrium solidus-liquidus temperature
ranges). Thus, the curves shown in Figs. I-I and -2 involved a number of untested assumptions.

Solidus temperatures of -1140 and -2100C were reported by Skokan et jL.4 for two
concretes of unspecified composition, but labeled as "basaltic concrete" and "limestone concrete." For
increasing concentrations of U02-ZrO2 in mixtures with "basaltic concrete," the reported4 solidus
temperature increased continuously up to -2550'C, which corresponds to the U02-ZrO2 solid solution.
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Solidus temperatures were also reported4 for mixtures of "limestone concrete" with either U02 or U0 2-
ZrO2-FeO-Cr2O3 (but not with U02-ZrO2); these curves exhibited minima (-1550 to -1700'C) at about
50 wt % concrete. The data from Ref. 4 (and an assumption of ideal solid and liquid solutions) were later
employed in the WECHSL code5 to approximate solidus and liquidus temperatures for mixtures of U0 2 -
ZrO2 and siliceous concrete (siliceous concrete is the type employed in European reactors). Liquidus-
solidus curves for mixtures of limestone, limestone-sand, and siliceous concretes with UO2 -ZrO2 have
been estimated by Cenerino6 using the limited data contained in Ref. 4; however, additional data are
needed to test these estimates.

The ideal-solution assumption was shown to be a poor approximation during our earlier
study? of the vaporization of refractory fission products from core-concrete mixtures. The compositions
of the four concretes (limestone, limestone-sand, siliceous, and basalt) that were employed in our
vaporization study are presented in Table I-1. The limestone, limestone-sand, and basalt compositions

Constituent
Na20
K20
MgO
CaO
SrO
BaO
A1203
Si02
TiO2
V205
Cr203
MnO
Fe20 3

NiO
CuO
ZnO
ZrO2

C0 2+H20

(CO2)

Sum:

Table I-1. Results from Analyses of Concretes (in weight percent)

Limestone Limestone- Siliceous
Concrete Sand Concrete Concrete

0.034 1.09 0.69
0.40 0.57 1.41
7.44 9.62 0.70

42.96 26.02 13.47
0.030 0.031 0.023
0.007 0.032 0.021
1.91 3.48 4.04
7.13 28.27 68.99
0.097 0.143 0.81
0.011 0.012 0.0
0.006 0.009 0.007
0.014 0.054 0.028
0.80 1.64 1.00
0.003 0.003 0.0
0.004 0.005 0.0
0.011 0.005 0.0
0.005 0.007 0.0
0.004 0.019 0.0

40.64 27.54 7.91
(33.63) (21.41) (4.23)

101.5 98.6 99.1

are similar to those employed in the CORCON code.' The major components (ignoring the CO2 and
H2 0, which are lost by decomposition of the concretes at temperatures below 1000'C) are CaO, SiO2 , and
MgO. Significant concentrations of Na2O, K20, A1203, TiO2, and Fe203 are also present, particularly in
the basaltic concrete. If the ideal-solution assumption were valid, only one phase (the ideal solid solution)
would form on cooling molten mixtures of these concretes with urania and zirconia. However, two
distinct solid phases crystallized from the melt on cooling mixtures of U0 2-ZrO2 with limestone-sand or
siliceous concrete from a temperature of 2125'C.7 One pha ie was rich in urania and zirconia, and the
other was rich in silica, calcia, and magnesia. (The basaltic-concrete phases were not determined, but are
expected to be similar to the siliceous-concrete phases.) A mixture of the limestone concrete with

Basalt
Concrete

3.06
1.41
3.03

12.51
0.046
0.07

11.26
52.80

1.35
0.045
0.016
0.137
8.58
0.006
0.006
0.008
0.024
0.026
4.36

98.7

m

m
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U02-ZrO2 , when cooled from a temperature of 1875'C, yielded not only these two solid phases (with the
U02-ZrO 2 phase also containing a significant concentration of CaO) but also two others: MgO and
CaZrO3.7 We concluded that there were only two oxide phases in this mixture at 1875'C: a solid oxide
phase containing mainly urania, zirconia, and calcia, and a liquid oxide phase containing mainly calcia,
zirconia, silica, and magnesia. The very small concentrations of magnesia and silica in the solid and
urania in the liquid indicated non-ideal behavior.

We completed DTA measurements for each of the concretes shown in Table I-1 (limestone,
limestone-sand, and siliceous) and mixtures of each (27.5 wt % concrete) with U02 -ZrO 2. The mole ratio
of U02-to-ZrO 2 was 1.625:1. The experiments were designed to aid researchers in the ACE program at
ANL in analyzing their large-scale MCCI experiments (now in progress). The DTA measurements, in
addition to providing the desired liquidus-solidus temperatures, are also useful in determining the type of
crystallization pattern. The presence of a single, broad peak in the DTA curve extending from the
liquidus to the solidus temperature would suggest solid-solution formation (supporting phase studies
would be needed to confirm this). A sharp peak in the DTA curve at the solidus temperature would
suggest a eutectic. Multiple peaks in the liquidus-solidus temperature range would indicate that the
course of crystallization included a number of phases crystallizing a different temperatures. Glass
formation also has a unique DTA signature. An excellent discussion of crystallization paths in complex
systems is given in the first volume of Phase Diagrams for Ceramists.9

2. Experimental

a. Development of DTA Apparatus

Our studies began in November 1989 with assembly of a high-temperature DTA
apparatus needed for the experiments. A new diffusion pump, a Eurotherm programmable temperature
controller, and a DTA head (which we designed and fabricated after receiving two defective DTA heads
from a commercial source) were added to the Brew Model 1064-C High Temperature Vacuum Furnace
(Richard D. Brew, Inc.) that had been used in our earlier transpiration studies7 of U0 2-ZrO2-concrete
mixtures. The DTA head was designed to use the same tungsten cups as were used in the commercial
DTA head. It consisted of two adjacent tungsten tubes (6-mm OD, 5-mm ID, 20-cm long) to which were
physically attached tungsten-rhenium wires to form W-25 wt % Re vs. W-3 wt % Re thermocouples. The
tubes extended half way into the cylindrical (7-cm dia x 20-cm height) furnace cavity and were supported
in an alumina base that electronically isolated them. The small tungsten cups rested in the tops of the
tubes; one cup held the sample, while the other contained an inert material, yttria (mp, 2410'C).

During the period November 1989-April 1990, we developed computer programs to
be used in the thermodynamic analysis of data from the DTA experiments. The thermodynamic data base
was an extension of one we had employed in earlier transpiration experiments. 7 The necessary
programming was completed to permit generation of a thermodynamic data file for each temperature of
interest. We have continued to add data for important gaseous, liquid, and solid species during this
research program (the data base now contains about 500 species). At this time, however, we have not
tested the thermodynamic data base against our DTA experiments because the data base is incomplete.
When it is complete, we will compare its output with the results from the DTA experiments and will
report the results to the NRC. Researchers in France and Ergland are also calculating solidus-liquidus
temperatures for core-concrete mixtures from their thermodynamic data bases. We plan to compare our
results with theirs.

By April 1990, assembly and testing of the DTA apparatus were completed, and a
DTA experiment was conducted on a calcined limestone-concrete sample weighing 70 mg and held in the
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small tungsten cup. (All concretes employed in our experiments were finely divided with the aid of a
shatterbox to approximately -100 mesh and were then calcined in air at 1000'C in alumina crucibles.) A
DTA peak was detected at about 1650'C on heating and cooling as the sample was cycled between 1200
and 2200'C, but the data were not reliable because the sample had completely vaporized from the
tungsten cup during the DTA measurements (the fumace was being operated under vacuum, which
accentuated vaporization). This experiment was repeated, but short circuiting between the sample and
reference thermocouples prevented accurate temperature measurements, and the sample again vaporized
completely. Examination of the thermocouples after the experiment revealed that they had become
contaminated by the samples and had also become disconnected from the cup holders. At this point we
decided to redesign the apparatus.

The redesigned apparatus was assembled for use with much larger samples (5 to 6 g
of calcined concrete and about 20 g of the mixtures of concrete, U02, and ZrO2). These samples were
held in covered molybdenum crucibles (9 cm3) that rested on a molybdenum-sheathed, beryllia-insulated
W-26 wt % Re vs. W-5 wt % Re thermocouple obtained from Omega Engineering, Inc. The Brew
furnace was controlled by an identical thermocouple placed above the crucible and connected to the
Eurotherm programmable temperature controller. The voltage difference between the sample
thermocouple and control thermocouple (sample TC - control TC) was amplified electronically and
plotted to detect transitions occurring in the sample. In a preliminary test of this apparatus with a 5-g
limestone-concrete sample, two peaks (one at -1560'C and the other at -1230'C) were .;etected on
cooling from 2000 to 1200'C. However, after several cycles to temperatures as high as 2200'C, the 5-g
sample had lost 1.2 g. Thus, the sample vaporization was still unacceptable. In addition, shunting of the
thermocouples through their sheaths and the resulting coupling of their voltages caused severe
temperature oscillations above 2000C.

To reduce vaporization losses, Ar-3% H gas (at a pressure of about 0.3 atm) was
added to the furnace; vaporization losses were then reduced to less than 2% of the mass of concrete in
subsequent experiments. To solve the problems of thermocouple shunting and coupling, a new electronic
device was designed and constructed with independent, isolation amplifiers, which multiplied the
millivolt-range thermocouple voltages (by a factor of about 100) prior to taking their difference. This
effectively solved the problem of coupling between the sample- and control-thermocouple voltages and
permitted DTA measurements to temperatures as high as 2400'C. The upper limit was dictated by the
tendency of the beryllia insulation in the thermocouples to degrade at temperatures above 2400'C.

The thermocouple voltages, their amplified difference, and the voltage from an
ambient-temperature thermocouple were stored by an MRL data logger (Esterline-Angus Instrument
Corp.) and a VAX 6220 mainframe computer (Digital Equipment Corp.). These data were later used to
produce the DTA curves. Thermocouple voltages were converted to temperatures using an equation
recommended in Ref. 10. Baseline corrections were required because of the large difference in thermal
mass indicated by the sample and control thermocouples. A slightly nonlinear baseline correction was
applied, as needed, by fitting a cubic polynomial to the raw data (amplified difference signal vs. sample
temperature). The relative positions and heights of the peaks were unaffected by these baseline
corrections.

b. Experimental Procedures

With the redesigned apparatus, DTA experiments were first performed with the
calcined concretes alone (limestone, limestone-sand, and siliceous). The programmed temperature
cycling sequence consisted of cooling at 20'C/min, heating at 20'C/min, cooling at 10'C/min, and,
finally, heating at 10'C/min over the chosen temperature range. Next, 72.5 wt % U0 2-ZrO2 (1.625:1
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mole ratio of UO2 to ZrO2) was added to each concrete. Fur instance, a mixture of 12.7 g U0 2 and 3.6 g
ZrO2 was added to the 6.2-g sample of siliceous concrete. The weight fractions of urania, zirconia, and
concrete in these mixtures were chosen to be identical to those in an ACE large-scale MCCI experiment
employing siliceous concrete as a basemat.8 The DTA experiments were then successfully completed on
each of the three U02-ZrO2 -concrete mixtures with the same programmed sequence as described above.

The U02 -ZrO2 mixtures added to the three concretes were individually prepared for
each experiment from UO2.25 (< 150 ppm total impurities) and ZrO2 (Spectrographic Grade, 99.95%
minimum assay, Atomergic Chemetals Corp.). The appropriate weights of UO2.25 and ZrO2 powders
were mixed together in a molybdenum crucible and treated for 8 h or more in flowing He-6% H2 at
1550'C, while the water concentration in the outlet gas stream was monitored with a thin-film alumina
hygrometer (Model 550, Panametrics, Inc.) to ensure that the reduction process was essentially complete
(<100 ppm H20). Weight-loss measurements indicated that the UO2.25 in each mixture was reduced to
UO2.. The above process sintered the gray mixture of finely divided powders into a reddish-brown
cylindrical pellet of U02-Zr02, which could be conveniently added to each concrete sample.

3. Results and Discussion

a. Limestone Concrete and its Mixture with Urania-Zirconia

The DTA curves for a Calcined limestone-concrete sample (5.0 g) are presented in
Fig. 1-3. The two lower curves are for heating, and the two upper curves are for cooling. Three very
broad peaks are seen in the 10'C/rnin heating curve. These are centered at approximately 1500, 1900, and
2250'C. The onset of melting (or solidus temperature), which is taken from the first break detected in the
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10'C/min heating curve, is 1222'C. At least three broad peaks and two narrow peaks (at approximately
1565 and 1220'C) are also seen in the 10'C/min cooling curve. These narrow peaks were the only ones
that were detected in our preliminary experiments with the limestone concrete (Sec.I.A.2.a). The onset of
crystallization (liquidus temperature) is taken from the first break detected in the 10' C/min cooling curve
at 2304'C.

The limestone-concrete composition (see Table I-I), after calcining to remove CO2
and H2 O, may be approximated as 71wt % CaO,12 wt % SiO2 ,12 wt % MgO, and 5 wt % other
ingredients (mainly A1203). Ternary sections of the quaternary system CaO-SiO 2-MgO-A1 203 are
available for 10 wt % MgO9 and for 5 wt % Al203.1 These sections indicate a solidus-liquidus
temperature range of 1235'C to -22500C for a mixture containing 71 wt % CaO, 12 wt % SiO2, 12 wt %
MgO, and 5 wt % A1 203. This range is in reasonable agreement with our solidus-liquidus temperature
range of 1222 to 2304'C for the more complex limestone concrete.

To the limestone-concrete sample (5.0 g) was then added 10.4 g U02 and 2.9 g ZrO2.
The DTA curves for this sample are shown in Fig. I-4. The solidus temperature is taken from the first
break detected in the heating curves and is approximately 1247'C. There is a large peak beginning at
21300C and extending well beyond 2350'C at the 10'C/min heating rate; this peak is associated with
melting of a U0 2-ZrO2 -CaO solid solution. Phase diagrams have been published for the U0 2-CaO9 and
ZrO2-CaO" systems. From these phase diagrams and the DTA curves in Fig. I-4, we estimate a liquidus
temperature of greater than 24500C for the U0 2-ZrO2 mixture with limestone concrete. The DTA curves
could not be extended to that temperature; the thermocouples (beryllia-insulated, molybdenum-sheathed
W-Re alloys) failed when we attempted to do so.
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The crystallization path involves a number of phases. In our earlier study, 7 a CaO-
U02-Zr02 solid solution, CaZrO3, MgO, and a CaO-MgO-SiO2 phase were identified in a sample
containing limestone concrete, U02, and ZrO2. As noted in the introduction, the ideal-solution model
currently employed in CORCON is a poor approximation for this system. Our measured solidus-liquidus
temperature range exceeds 1200'C, while the range in CORCON is about 500'C at 27.5 wt % concrete
(see Fig. 1-2).

b. Limestone-Sand Concrete and its Mixture with Urania-Zirconia

The DTA curves for a limestone-sand concrete sample (4.9 g) over a temperature
range of 1000 to 1600'C are shown in Fig. I-5. Solidus and liquidus temperatures are obtained from the
10'C/min heating and cooling curves and are 1120'C and 1295'C, respectively. Another sample of this
concrete was tested to temperatures as high as 2000'C; no higher temperature peaks were detected. The
composition of the calcined limestone-sand concrete (see Table I-1) may be approximated as 37 wt %
CaO, 40 wt % SiO2, 13 wt % MgO, 7 wt % A1 203 (combining A1 203 and Fe203), and 3 wt % other
ingredients (mainly Na2O). The Na20-CaO-MgO-Al 203-SiO 2 system has been studied in some detail;"
it contains compositions similar to that of the limestone-sand concrete. The reported phase diagrams for
this system show that a solidus-liquidus temperature range of 1120 to 1295C is reasonable for the
limestone-sand concrete.
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Fig. I-5. Differential Thermal Analysis of Limestone-Sand Concrte

The DTA curves for the mixture of limestone-sand concrete (4.9 g), urania (10.2 g),
and zirconia (2.9 g) are shown in Fig. 1-6. The solidus temperature is 1087'C, as determined from the
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first break detected in the 10'C/min heating curve. The onset of a very large peak occurs at this

temperature on cooling and suggests the possibility of a eutectic. The liquidus temperature is given in

Fig. I-6 as greater than 2365'C because the onset of the broad peak, which is centered at about 2150'C

and extends down to about 2000'C on cooling, is above 2365'C. This peak is associated with

crystallization of a U02-ZO2-CaO solid solution.

c. Siliceous Concrete and its Mixtre with Urania-Zirconia

The DTA curves for the siliceous concrete sample (6.2 g) over a temperature range of

900 to 1550'C are shown in Fig. I-7. No crystallization peaks were detected; instead, the sample

exhibited a glass transition extending from 1130 to 1250'C. These temperatures are not equilibrium

solidus and liquidus temperatures. Skokan et al.4 reported the "softening temperature" of this concrete to

be -11400C and also noted that this softening temperature is more relevant than the thermodynamic

crystallization temperature because the silicate-type melt solidifies to a glass. Our 1130'C value for the

onset of the glass transition is in good agreement with the previously reported value of 1140'C. Another

sample of this concrete was tested to temperatures as high as 2000'C; no higher temperature peaks were

detected.

The composition of the siliceous concrete, after calcining, may be approximated as

15 wt % CaO, 77 wt % Si02, and 8 wt % other ingredients (mainly A203). A ternary diagram for the
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CaO-A1 203-SiO2 system has been published.9 The equilibrium crystallization temperatures for 15 wt %
CaO, 77 wt % SiO2, and 8 wt % A1 203 are 1170C (solidus) and -1520'C (liquidus). Thus, the glass
transition of the siliceous concrete occurs over a smaller temperature range (1130 to 1250'C) than the
equilibrium temperature range (1170 to -1520'C).

To the siliceous-concrete sample (6.2 g) was then added 12.7 g U0 2 and 3.6 g ZrO2
The DTA curves for this mixture over the range 900 to 2300'C are shown in Fig. I-8. The onset of
melting is tentatively assigned a value of 1134'C (very close to the value for the siliceous concrete); the
10'C/min heating curve is labeled to indicate a glass transition extending fr'm this temperature to
1322'C. Note that the DTA curves in the 1100 to 1500'C temperature range are similar in this figure and
Fig. I-7. However, a minor peak (beginning at -1005'C) precedes the region labeled as a glass transition,
and we cannot exclude the possibility that it represents melting of some crystalline material in the sample.

In Fig. 1-8, the liquidus temperature is assigned a value of 2276'C from the onset of
the first peak detected on cooling at 10'Chin. The large, complex peak centered at -2100'C and
extending to -2300'C on heating is believed to be caused by fusing of the U0 2-ZrO2 solid-solution phase
with the liquid silicate phase. There are very sharp "reverse" peaks embedded within the higher
temperature peaks in Fig. 1-8. The average temperature of these "reverse" peaks is -2035'C at a rate of
10'C/min. From an analysis of the sample- and control-thermocouple voltages, these "reverse" peaks
were found to be associated with the control thermocouple. A possible mechanism is contamination of
the molybdenum sheath of the control thermocouple by reaction of silicon monoxide gas from the sample
to form Mo3 Si (the Mo-Mo3 Si eutectic occurs at 2025'C).13
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Our earlier studies7 indicated that a U02-ZrO2 phase and a silicate phase were present
on cooling mixtures of U0 2, ZrO2, and siliceous concrete. A ternary diagram for the UO2-ZrO2-SiO2
system is not available, but our measured liquidus temperature of 2276"C for the mixture of UO2 -ZrO2

with siliceous concrete appears to be reasonable when compared with the liquidus temperatures in the two
binary systems: SiO2-UO2 " and SiO2-ZrO2 1

d. Liquidus-Solidus Curves

The liquidus-solidus temperatures from our measurements are plotted in Fig. 1-9; the
values for UO2-ZrO2 (at 0 wt % concrete) were taken from the published phase diagram.12 Also shown in
Fig. 1-9 are hypothetical liquidus-solidus curves that assume limited solubilities between the urania-
zirconia-calcia phase and the concretes; these curves are not calculated from any theoretical model. The
limited-solubility assumption, which is supported by our earlier phase studies, 7 is more reasonable than
the solid-solution assumption currently employed in the CORCON code. The solidus-liquidus
temperature intervals shown in Fig. 1-9 are hundreds of degrees greater than the ideal-solution values
shown in Fig. 1-2. At 27.5 wt % concrete, our measured values differ by over 1200'C, while the
differences in CORCON range from 500 to 7509C.

Additional data (at approximately 10, 60, and 85 wt % concrete) are needed to refine
the hypothetical liquidus-solidus curves shown in Fig. 1-9. It is possible, for instance, that eutectic-type
liquidus curves will be found for mixtures of either limestone concrete or limestone-sand concrete with
UO2-ZrO2 since CaO forms eutectics with both U02

9 and ZrO2.12
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B. Thermo hvyical Prooercy Studies
(L. Leibowitz and R. A. Blomquist)

Measurements ard analyses are being performed to provide needed information on the
thermodynamic and transport properties of Integral Fast Reactor (IFR) fuels. Current increased interest in
metallic fuel for nuclear reactors has prompted a re-examination of the thermodynamic and transport
properties of alloys containing U, Pu, and Zr. We previously reported on an assessment of the U-Zr phase
diagram.14 We have performed a similar evaluation of the Pu-U and Fe-U systems. Also studied was the
behavior of minor actinides in IFR fuel. The results are summarized below.

1. Plutonium-Uranium System

A phase diagram for the Pu-U system has been published by Peterson and Foltyn.'5 Aside
from the phase diagram itself, relatively little thermodynamic data exist for the Pu-U system. What is
available has been summarized by Chiotti et al. 6 and has been previously discussed by us.17 The data
appear to be so imprecise and their interpretation involves so many assumptions that they should be
viewed cautiously and, therefore, were not included in our calculation. The general methods used in our
analysis are discussed in our work on the U-Zr system'4 and have been well documented in the
literature.18.19 In general, these involve the critical evaluation and analysis of all relevant thermodynamic
data for the system to obtain mathematical expressions for the thermodynamic properties of all phases as
functions of composition and temperature.

The Gibbs energies of transition for pure Pu and U are required in our analysis. Data for the
solid-state transitions were taken from a review by Oetting et al.20 The melting transition for uranium
presented a problem, which was discussed previously. 4"7 In brief, the generally accepted value for the
enthalpy of fusion (AHf) of uranium of 2185 cal/mol at the melting point' appears to be inconsistent with



21

the solidus-liquidus in the Pu-U system.21 Another value for AHf was obtained by Savage and Seibel,22
2900 cal/mol, which agrees much better with the U-Pu phase diagram. This problem was resolved by us
earlier14'17 in favor of the AHf of uranium recommended by the International Atomic Energy Agency.20

The result is that, while this AHf agrees reasonably well with the Pu-U liquidus, our calculated solidus is
somewhat higher. Ellinger et al.21 also reported difficulties in measuring the solidus.

The Pu-U phase diagram given by Peterson and Foltyn15 is shown in Fig. I-10, which we
have assessed and modified. As can be seen from the diagram, solubility of U in the Pu phases is very
low, and we have treated these as Henrian solid solutions. Although the solubility of Pu in U(a) and U(fl)
ranges up to about 20 at. %, we have found that these phases could also be treated satisfactorily as
Henrian solid solutions. The two body-centered cubic phases, Pu(t) and U(y), form a solid solution,
which we will refer to as the e-phase. Two intermediate phases, 4 and q, also exist over fairly wide
composition and temperature ranges. Despite the complexity of the system, we were able to describe it
using sub-regular models.
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Fig. 1-10. Published Plutonium-Uranium Phase Diagram from Peterson
and Foltyn. 5 (Reproduced with pennission.)

Henry's law coefficients were calculated for the Pu and U phases for the appropriate
measured solubilities. The solubility of uranium in Pu(ac) was considered to be negligible. For each of
the other phases, the solvent was considered ideal (as in the case in Henrian solutions).

The intermediate q and phases presented the greatest difficulties in performing our
assessment. Gibbs energies of hypothetical pure Pu(q), U(q), Pu(t), and U( ) were required.
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Extrapolation of the appropriate phase boundaries to pure Pu and pure U provided us with some guidance
for estimation of hypothical transition temperatures. As can be seen from Fig. 1-10, however, there is no
reasonable way to extrapolate the q-i two-phase field to the plutonium edge. We took this to indicate
some inconsistency in that portion of the diagram. Other regions of the diagram were also used to help
determine parameters for the q and t phases. For example, the wide two-phase t + U(ac) field seems to
be well supported experimentally. Because the boundaries are essentially parallel, the entropy of the

t-+U(oc) transition for both pure Pu and pure U was taken to be zero. The region of the diagram
containing the two invariants at 560 and 590'C was crucial in determining the choices made for the
thermodynamic properties of the q and t phases.

Our calculated Pu-U phase diagram is shown in Fig. I-Il1 and, in general, is similar to the
diagram of Peterson and Foltyn' 5 shown in Fig. I-10. As discussed above, our solidus is higher than that
in the literature because of the value chosen for the AHf of uranium. The q and t fields are consequently
shifted as well. The minimum in the calculated solidus-liquidus appears at 626'C and about 10 at. % U,
compared with the Ellinger et al. values of 610'C and 12 at. % U.21 The absolute positions of the q + (
two-phase field could have been preserved. However, this would have produced a very broad t solid-
solution field, for which there is no evidence. It seemed more reasonable, particularly in view of the
reported difficulties in measuring the liquidus, to preserve the relative positions of the q + c and
liquid + boundaries, rather than their absolute positions.
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Fig. I-11. Calculated Plutonium-Uranium Phase Diagram

The region shown in Fig. 1-10 between 560 and 705'C conta'is three invariants. Our
calculated eutectoid at 702'C agrees well with Fig. 1-10. The calculated two-phase q + U() field differs
from that shown in Fig. I-10, but there are essentially no data for that area. At 590'C we could not
maintain the broad two-phase 4 + U(mc) field and also produce a peritectoid. We chose to maintain the
4 + U(oc) region because it appeared to be well supported experimentally and to modify the transition at
590'C to produce a eutectoid. However, the calculated e-q-U(p) eutectoid, which appears at 590'C, is
not in serious disagreement with the experimental data. Also, the calculated t-U(P)-U(oc) eutectoid at
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560'C is in good agreement with Fig. I-10. In general, only a relatively small number of experimental
points need be rejected in the calculated diagram.

Overall, our calculated diagram is a reasonable representation of the available data. One of
the key points of disagreement involves the calculated solidus and the AOH of uranium. Our calculated
phase diagram will be used to help guide further measurements on the Pu-U system, which could clarify
areas of concern.

2. Iron-Uranium System

Experimental and analytical work is continuing on the Fe-U system to gain better
understanding of the phase relations involved in fuel-cladding systems. Differential thermal analysis
studies of the Fe-U system have essentially been completed, and scanning electron microscope
examination of a selected set of residues has been performed. In Fig. I-12 is shown our measurements
(solid points) along with our calculated results (dotted line) incorporated in the Fe-U phase diagram
provided by Massalski. 23 As can be seen, our calculated results are in better agreement with our
measurements than is the published diagram. Based on our new data, a refined calculation is oeing
performed, and the results of this work will be published.
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3. Mira: Actinide Systems

In several IFR fuel cycle concepts under consideration, the recycled fuel could contain
concentrations of the so-called minor actinides, which would have an effect on the fuel properties and
behavior. We conducted a preliminary analysis of metallic fuel system containing the minor actinides.

It is important to recognize that the actinides are not simple analogs of the lanthanides. In
the lanthanides, the 4f electrons are highly localized and interact little with electrons in the 5d shell. In
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contrast, in the "light" actinides, elements from Th through Pu, the 5f electrons interact strongly with 6d
and 7s states, thus forming a series more akin to the 3d transition metals than to the lanthanides. For the
"heavy" actinides beginning with americium, the 5f electrons are more localized, and this group behaves
somewhat more as a lanthande-like series. As a result, a great many properties of the actinide elements
change markedly between Pu and Am.20' 2 s5

Crystal structure and phase relations also change notably as one traverses the actinide series.
The crystal structure that exists at the melting point is body-centered cubic (bcc) in the lighter actinides
but changes after plutonium to face-centered cubic. A bcc phase expected to exist for americium has
evidently not been found.2A The heavier actinides, beginning with americium, also show a double
hexagonal close-packed structure, which is not seen in the lighter elements of the series. These
differences are also shown in phase diagrams. There is a broad solid-solution field below melting, which
is bcc for Np-Pu and fcc for Am-Pu. These effects could be elaborated upon but the main point is clear:
properties of actinide-containing alloys can change n arkedly in going from Pu to Am. If FR fuel alloys
are to contain significant amounts of minor actinides, particularly Am or Cm, careful study will be needed
on the behavior and properties of this fuel.

C. Support Studies for New Production Reactor

fl DOE initiated the New Production Reactor (NPR) Program to plan, design, and construct safe
and environmentally acceptable new reactor capacity for an assured supply of tritium. We are supporting
this program by performing experimental and calculational studies on an NPR that is a heavy water
reactor (HWR-NPR).

1. Fission Product Release from HWR-NPR Fuel and Targets
(P. E. Blackburn, A. K. Fischer, and S. W. Tam)

This effort consists of two parts: (1) development of thermodynamic models to predict the
release of fission products and tritium from Al-U fuel and Al-Li targets in a severe accident with the
HWR-NPR and (2) experimental measurements using transpiration and mass spectrometry, along with
results of experiments planned in several other programs, to verify the thermodynamic predictions. The
modeling will include (1) initial release from fuel during melting, (2) release from targets during melting,
(3) longer-term release from melts as a function of temperature, and (4) release from molten aluminum
during high-temperature oxidation or burning. The work will encompass thermodynamic analyses using
the SOLGASMIX computer code to establish vapor species and their pressures for fuel only, target only,
and fuel/target mixtures. The calculations should cover D20 steam reaction with fuel and/or target. In the
experiments, mixtures of Al-U and Al-Li with selected fission products will be tested in flowing steam-
hydrogen-helium mixtures at temperatures up to 1700 K.

a. Preliminary Analysis for Experimental Work

Preliminary analysis has shown that, because fission product iodine and cesium have
such high partial pressures, difficulty may be experienced in dissolving them in aluminum. Table 1-2
gives the melting and boiling points of the three major elements (Al, U, Li) and the simulated fission
products. As indicated by Table 1-2, elemental cesium and iodine will vaporize before aluminum melts as
the temperature is raised from room temperature. The pressure of cesium is almost an atmosphere at the
melting point of aluminum (932 K). Iodine pressure is much higher, boiling at 458 K. Since the vapor
pressures of iodine and cesium are too high, these two elements must be added to the fuel, target, and
fission product mixture/melt as compounds with lower vapor pressures. Table 1-3 lists melting points,
boiling points, and enthalpy of formation at 298 K (AHf29) per iodine atom of the fuel, target, and
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simulated fission product iodides. The enthalpy of formation is a measure of the iodide stability. It is
apparent that iodine may be introduced as Lii, CsI, SrI2, BaI2, or LaI3 without vaporizing before the
aluminum melts. With the exception of CsI, we have not found any stable compounds of cesium with the
other elements in the system. To maintain the cesium-to-iodine ratio of about 18 produced by fission of
235U, cesium may be introduced as CsOH.

Table 1-2. Melting and Boiling Points for Selected Elements

Temp., K
Ref

Element No. Melting Boiling
Iodine 26 387 458
Cesium 27 302 952
Tellurium 27 723 12P2
Lithium 26 454 1620
Strontium 27 1041 1650
Barium 27 1002 4171

Aluminum 27 933 2767
Lanthanum 27 1193 3730
Uranium 27 1405 4407
Ruthenium 27 2523 4423
Molybdenum 27 2892 4919

Table 1-3. Melting and Boiling Points and Enthalpy of Formation (AHf29)
for Fission Product Jodides and Cesium Halides

Ref Temp., K
Ref AHf29s,

No. Melting Boiling kcal per I atom
Iodine 26 387 458
All3  26 464 658 -24.6
UI4  27 779 1030 -25.6
LiI 26 742 1449 -64.6
CsI 26 894 1553 -80.5
SrI2  28 811 2181 -67.0
BaI 2  28 985 2340 -72.4
La3 27 1051 1745 -52.3

b. Determination of Compatible Container Materials

We conducted a search for container materials compatible with Al-U fuel, Al-Li
target, and simulated fission products at temperatures as high as 1700 K. These materials will be used in
experiments to determine the extent of fission product release expected in a severe accident. We have
considered oxides, carbides, borides, and nitrides. The enthalpies of formation for the fuel, target, and
fission product oxides are given in Table 1-4. Aluminum oxide appears to be compatible with the fuel
elements (Al and U), target elements (Al and Li), and all fission products included in this study. Graphite
is unsatisfactory for container material. Aluminum and uranium form stable carbides: A14 C3, UC, U2C3 ,
UC19, and UC 193. Strontium, barium, and molybdenum react with graphite to form SrC2, BaC2, MoC,
and Mo2C. Some of the other elements may also form carbides. The enthalpies of formation for the
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carbides are listed in Table 1-5. Boron nitride is the most stable boride found, as shown by the data in
Table 1-6. However, as shown by Table 1-7, AlN, LaN, and UN are more stable than BN. Since most of
the experiments will be carried out in a steam, neither the borides nor the nitrides will be stable enough to
resist steam oxidation.

Since aluminum oxide is compatible with the steam environment and aluminum oxide
crucibles and tubes are readily available, it was chosen as the container material. One disadvantage of
aluminum oxide is the problem of distinguishing between condensed aluminum and the aluminum in the
oxide tube. In cases where this is necessary, we will use another container material.

Table I-1. Enthalpies of Formation for Fuel,
Target, and Fission Product Oxides

Ref AHfm,
Oxides No. kcal r-r Oatom

Cs20 27 -75.9
TeO2  27 -38.6
Li2 O 27 -143.1
SiO 27 -141.5
BaO 26 -132.3
A1 203  27 -133.3
[a203 26 -142.9
UO2  26 -129.7
RuO2 27 -36.4
M02  26 -70.3
B203  27 -101.2

Table I-5. Enthalpies of Formation for Fuel, Target,
and Fission Product Carbides

Ref AHf 29 ,
Carbides No. kcal per C atom
SrC2  27 -10.1
BaC2 27 -8.9
A1 4C3  26 -16.5
UC 26 -23.2
Mo2C 26 -11.0

Table 1-6. Enthalpies of Formation for Fuel, Target,
and Fission Product Borides

Ref AHf 3S,
Borides No. kcal per B atom
BI3(g) 26 -17.0
BN 26 -60.3
AlB2  27 -8.0
UB2 27 -19.7
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Table 1-7. Enthalpies of Formation for Fuel,
Target, and Fission Product Nitrides

AHf298 ,
Nitrides Ref No. kcal per N atom

Li3N 26 -47.2
Sr3N2  27 -46.8
Ba3 N 2  27 -40.8

AIN 27 -76.0
LaN 27 -71.5
UN 26 -70.4
Mo2N 26 -16.6
BN 26 -60.3

c. Experimental Design for Transpiration Studies of Fission Product Release

Prediction of release of fission products from core-melt accidents in the HWR-NPR
requires information on the kinetic, transport, and thermodynamic factors. The transpiration technique is
uniquely suited for this work because all aspects of the release and transport process can be investigated.
The transpiration technique involves passing a gas at a known flow rate over the material to be studied,
and measuring the amount of material volatilized. Experimental studies are performed as functions of
flew rate, temperature, and condensed phase composition and provide data on material behavior.

Our transpiration system consists of a closed-end tube in which resides a crucible to
hold the sample material. Gas is passed down the tube, and an inner collector tube is positioned so that
the gas flcws over the sample and up through the collector tube. As the gas flows up the inner tube, a
thermal gradient causes volatilized material to condense. At the end of the experiment, the collector tube
is removed and the condensed material is analyzed. In some experiments, the sample will be held in a
crucible which will be suspended from a vacuum balance to measure the rate of vaporization during the
experiment. This will allow us to measure the pressures of the most-volatile species. Partial pressures of
less-volatile species can be determined from analysis of the condensed material.

The first phase of the program involves construction of the transpiration system,
initial testing, and benchmarking. Initial testing will involve measurement of the vapor pressure of pure
aluminum to verify that our apparatus is providing reliable data. Following this, measurements will be
performed on mixtures of aluminum and Al-U with selected fission product elements. These mixtures
will be studied from about the melting point of aluminum, 932 K, to 1700 K. Relevant fission product
concentrations will be used in these mixtures. The flow rate needed to achieve saturation of the flowing
gas with the vapor will be determined. From the measured vapor pressure of the fission product, its
activity coefficient in the solution can be calculated. By raising the flow rate, information on the liquid-
phase diffusion control for release of a given fission product from the melt can be obtained. Following
calibration and initial testing, transpiration measurements will be performed in flowing steam-hydrogen-
helium gas mixtures. 7n a steam-containing environment, formation of a surface layer of aluminum oxide
will be expected on the molten aluminum and aluminum alloys. Transport of vapor species through this
surface layer will be important in determining the vaporization rate,

d. SOLGASMIX Calculations on Fuel-Target-Fission Product System

The initial system for which we assembled data and performed SOLGASMIX
calculations consists of U-Al fuel, the Li-Al target, and selected fission products (Cs, I, Te, and Ba) at
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1000 and 1700 K. This is a metallic system without oxygen. The thermodynamic properties were taken
from the JANAF tables, 28 where possible, and from Barin and Knacke otherwise. The temperature of
1000 K was selected because it is slightly above the melting point of the intennetallic compound, LiAl,
and the temperature of 170E K is a little higher than the 1673 K (1400'C) considered to be the upper
temperature of interest.

The amounts of the elements in the initial system were determined from information
provided by J. E. Matos (ANL Reactor Analysis Division) to be 19.7 g-atoms uranium, 30.0 g-atoms
lithium, and 1841 g-atoms aluminum. The system is extremely aluminum-rich, and the SOLGASMIX
code had difficulty reaching equilibrium at 1000 K, but was able to do so when the amount of aluminum
was reduced by a factor of ten. This was still a very aluminum-rich system. However, the impact on the
calculated fates of the fission products is not expected to be significant because the important species are
not aluminum compounds. The SOLGASMIX code had no difficulty in handling the 1700 K calculations
with the full amount of aluminum.

The condensed phases were taken to be two in number, an U-Al phase and Li-Al
phase. For the U-Al phase, the puent element species were Al and UA14 at 1400 K and Al and UAl2 at
1700 K. Although the phase diagrams might suggest that these aluminum-rich systems are far removed
from the indicated intermetallic compounds, they were included in our calculations to make some
allowance for attractive interactions between Al and U, rather than just to treat the U as a simple solute in
AL This is a point for future work to clarify. For the Li-Al phase, data for the intermetallic compound,
LiAl, were found only up to the melting point (966 K) and were extrapolated slightly to 1000 K. For the
1700 K calculation, the aluminum-rich system was treated as a solution of Li in Al. More careful
consideration of the best way to treat Li-Al at high temperature should also be a future effort.

In the calculations, UTe was included as a species in the condensed phases, although
no data for it were in the consulted literature sources. Instead, data for USe were used. The importance of
UTe that emerged (certainly at 1000 K, though less so at the higher temperature) suggests that more
detailed search for information or experimental efforts to derive it would be useful future work.

To summarize the results from the SOLGASMIX calculations, the results are grouped
by fission product element.

Cesium. At 1000 K, the elemental species, Cs(g), is the dominant cesium carrier in
the gas phase. Its vaporpressure of 4 x 104 atm is about four orders of magnitude greater than that of
CsI. However, in the system considered, the quantity of this cesium in the gas phase is only about
0.001% of the cesium in the system. At 1000 K, about 94% of the system cesium is distributed in the
elemental form in the two condensed phases. Another 5% is dissolved as CsI.

At 1700 K, the gas-phase species that predominantly carries cesium is Cs(g) at a
partial pressure of 8 x 104 atm, amounting to about 0.01% of the cesium in the system; the amount of CsI
is four orders of magnitude smaller. Essentially 100% of the cesium is distributed as the elemental solute
cesium between the two condensed phases. Only about 0.08% is distributed as CsI.

Iodine. At 1000 K, the strongest iodine-bearing species is CsI with a vapor pressure
of about 2 x 10-s atm; therefore, the iodine content of this phase is regarded as negligible. The condensed
phases at 1000 K contain 91% of the system iodine as CsI and 8% asLii.

At 1700 K, LiI(g) is the strongest contributor of iodine to the gas phase, with a partial
pressure of 4 x 10- atm, about two orders of magnitude greater than that for CsI(g) or AlI(g). Its quantity
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is still small, however, about 0.001% of the system's inventory. At 1700 K, LiI distributed in the
condensed phases accounts for 99% of the iodine in the system; CsI accounts for 1.1%.

Tellurium. The gas phase at 1000 K contains Te(g) at 2 x 102 am as the "strongest"
tellurium species. Tellurium is absent from the gas phase. Also, 100% of the system tellurium is
contained in the U-Al phase as UTe; 0.004% '; in the Li-Al phase as Li2Te.

At a Te(g) partial pressure of 2 x 10" atm and temperature of 1700 K, the tellurium
in the gas phase is still negligible. Also, 5% of the tellurium is dissolved in the U-Al phase as UTe and
95% is dissolved in the Li-Al phase as Li2Te.

Barium. At 1000 K, Ba(g) at 7 x 10 atm makes the barium level in the gas phase
negligible. Also, barium is dissolved in elemental form, with 39% in the U-Al phase and 61% in the Li-
Al phase.

At 1700 K, the Ba(g) partial pressure is about 10 atm, and still probably negligible.
At 1700 K, barium is distributed in the elemental form between the U-Al phase (39%) and the Li-Al
phase (61%), the same distribution calcdated for the lower temperature.

Several conclusions emerged from the calculations for 1000 and 1700 K. One is that
LiI is important both as a gaseous species and in the condensed phases. Tellurium is bound by uranium as
UTe and is retained in the condensed phases, especially at the lower temperature. Iodine is essentially not
bound as UI3 or All3 either in the gas or condensed phases. Also, AlTe is significant in the gas phase.

In the available time, no inquiry was made into the ternary system, U-Al-Li. This
needs to be done. It will also be important to determine the immiscibility of the U-Al and U-Li systems
so that the most realistic calculations of distributions of fission products may be made. Experimental
exploration of the overall features of the phase diagram could be pursued by thermal analysis or quench-
and-analyze techniques. A further question to be examined is whether it is more realistic to group the
salt-like species (e.g., LI, CsI, Bai 2, Li2Te) as a separate phase rather than as solutes in the metallic
phases.

2. Containment Habitability
(S. W. Tam, A. K. Fischer, and B. Karr)

The principal objective of this effort in the HWR-NPR Program is to provide an analytic
tool for meeting the detritiation requirements in the event of accidental releases of tritiated species into
the HWR-NPR containment environments, given a particular release and subsequent removal scenario. A
critical parameter is the time required to reduce the activity within the containment structure to a level that
is acceptable for human entry (for the purpose of repair, maintenance, etc.) without elaborate protective
measures. The reactor containment is composed of different compartments. We are developing a detailed
model for detritiation in an individual compartment. This single-compartment model will be integrated
into a multi-compartment effort for the total containment environment, which is being carried out by
Westinghouse Savannah River Laboratory.

Because of the oxidizing containment environment, the tritiated species in the event of
leakage is expected to be dominated by DTO. This is in contrast to the fusion reactor environment, where
both HT and HTO species are expected.23 Furthermore, in the present detritiation model for fusion
reactors, detailed consideration is given to the temporal and spatial evolution of the penetration profile of
leaked species (e.g., DTO and D20) into the structural components, which are assumed to consist of
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concrete walls with a barrier/coating on its inner surface (i.e., the surface that is facing the containment
chamber). For the results that follow, the barrier/coating is considered to be epoxy paint. However, the
model could easily be used for barrier of other materials, e.g., steel, provided the appropriate materials
characteristics such as diffusion coefficient and adsorption rate constant are employed.

We developed a Dynamic Tritium Release and Analysis Model (DTRAM), which simulates
the detritiation processes in the event of either chronic or burst releases of tritiated species into the
containment structure of the HWR-NPR. The model incorporates the interaction between vapor-phase
species and species on the surfaces and the bulk interior of structural components. The interactions
include exchange, desorption, adsorption, dissolution, and bulk diffusion. The boundary conditions were
chosen to be consistent with the physics and chemistry of the system. For example, a condition that is
consistent with the dynamics of the adsorption/desorption processes on the surface of the barrier has been
adopted. At the same time, the outer boundary condition for the concrete wall is chosen to be consistent
with the expectation that the transport of tritiated species through the concrete is diffusion limited. The
materials characteristics were obtained from an extensive literature search supplemented by available
information from literature on fusion-technology-related activities.930

A series of calculations using DTRAM was cared out for both chronic and burst release
scenarios. Figure I-13 shows the case for a burst release with a duration of 3 x l0 s into a chamber with
a volume of 1.6 x O3 m3. Th# concentrations of DTO in the vapor phase as well as in various
components of the structural materials are shown as a function of time. The vapor-phase concentration is
the highest up to approximately 103 s. Then, it reaches a steady state from which it abruptly declines after
the leakage was stopped at ~ 3 x lOs s. However, the concentrations in the paint and the concrete
continue to rise long after the vapor concentration has reached a steady state. For the paint surface, the
concentrations actually surpass that of the vapor phase by well over an order of magnitude before they
decline. For the concrete surface, they reach a lower but still significant level at about 10 s. This
behavior indicates the relative difficulty of removing tritiated species from structural materials compared
with the vapor species. This difficulty is due primarily to the lower transport rate in a heterogeneous
structure such as concrete. The time necessary to reduce activity level to an acceptable regime is
dominated by the retention capability of tritiated species of the structural materials. Thus, the present
analysis indicates that one of the primary objectives in detritiation is to select the right combination of
barrier/concrete materials and configuration such that tritium permeation is minimized initially.

It is important to realize that despite the "open" nature of the barrier/concrete structural
components (in the sense that tritiated species can, in principle, diffuse through these structural units to be
released to the external environment), the present study indicates that virtually no such escape occurs.
Even after 108 s, the concentration level 1 m into the concrete is only of the order of 10-10 pCi/rn3, a truly
infinitesimal amount. Most of the DTO that penetrates into the concrete remains close to the
paint/concrete interface even after such a long period of time. The important operating parameters here
are the low value of the effective diffusion coefficient of water in paint and concrete and the thickness of
the concrete barrier used (- 2 m). These factors give rise to the result of the virtual absence of tritiated-
species escape from the concrete to the external environment.

The effective diffusion coefficient of tritiated water through concrete is represented by the
molecular diffusion of tritiated water through the capillary pathways that extend throughout the porous
concrete medium. This molecular diffusional process is modified significantly by the convoluted nature
of the capillary network and the (reversible) trapping of tritium onto the surfaces of those capillaries by
exchange and/or adsorption processes. These factors render the effective diffusion coefficient dependent
on the composition and microstructure of the concrete, which, in turn, are affected by the method in which
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the concrete is made. For the purpose of the present study, we circumvented accounting for these factor,

in pan, by using experimentally determined effective diffusion coefficients available in the literature.
These transport properties are valid for that class of concrete that has been used in those experiments.

The same approach was used for the molecular diffusion of tritiated species such as DTO through paint.

Correlating quantitatively the general dependence of transport properties of tritiated species in concrete

and paint on their microstructure is an important issue that needs to be investigated in future work.

D. Fusion-Related Research

A critical element in development of a fusion reactor is the blanket for breeding tritium fuel. We

are conducting experiments' and calculational studies with the objective of determining the feasibility of

using lithium-containing ceramics (e.g., Li20, LiAO2, Li4SiO4, Li2ZrO) as breeder material. We also

completed conceptual design of the tritium processing systems for the Intenational Thermonuclear

Experimental Reactor (ITER)--a tokamak fusion reactor that will be used to test plasma operations and

reactor components for prototype fusion power reactors.
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1. Desorption Characteristics of LiAlO2 -H2 -H20(g) System
(A. K. Fischer)

a. Introduction

Recent work has shown that multiple desorption processes, attributable to different
types of surface sites, contribute to the evolution of H20(g) from ceramic oxides that are candidates for
tritium breeders in fusion reactors.31 One may regard the desorption sites as kinds of surface "traps" for
tritium, with various activation energies of desorption. For the application of tritium release models,
accurate measured values are necessary for the kinetic parameters of the constituent processes. Especially
important are measurements for desorption of H20(g), the major desorbed species, though the desorption
of HT (or H2) is also of interest because of the widespread use of H2 (in the helium purge gas) as a
promoter of tritium release. However, the appearance of HT must also be considered in relation to post-
release interactions of HTO(g) with the metallic walls 32 or to gas phase exchange with H2. An established
experimental technique for measuring desorption activation energies, reaction order, and the pre-
exponential teams in the rate equations is temperature programmed desorption (TPD).33

For some limited conditions TPD measurements have been reported on the desorption
of H20(g) and H2(g) from LiAIO2 , one of the tritium breeders considered for a fusion reactor.
Corresponding to the desorption processes, the inverse process of H20(g) adsorption was shown to
involve differently activated adsorption processes. 34 However, the apparent ability of H2 in the helium
purge gas to enhance the rate of tritium release in various tests of breeder performance under irradiation
conditions makes it important to understand, in addition to post-release effects, the interaction of H20 and
H2 with the breeder substrate. This information can then be used to define the optimum purge gas
composition for a balance between (1) the amount of H2 added as a tritium release promoter to the helium
purge gas and (2) the amount of protium that must be separated from tritium in processing the recovery
stream. This study, emphasizing the kinetics of desorption for H20(g), a non-equilibrium process,
complements the earlier study3 ' on adsorption isotherms, which relates to surface inventory at
equilibrium.

b. Experimental

A quadrupole mass spectrometer was used for the continuous detection of gaseous
species: H20, H2, 02, and N2. In addition, the H20 level in the gas stream was monitored with an
electrolytic moisture analyzer. The mass spectrometric data were recorded and processed digitally. The
gas-carrying lines of the all-stainless-steel apparatus were heated to minimize holdup of H20(g). High-
temperature chromatographic valves enabled gas streams to be changed very quickly with a sharp
concentration profile. A programmable temperature controller provided linear heating rates.

The thermocouple measuring the temperature was immersed directly in the ceramic
sample, which weighed 0.52 g. The y-LiAlO2 sample was from a batch prepared at Centre d'Etudes
Nucleaires (Saclay, France), for the EXOTIC V experiment. 35 The specific surface area was 6.6 m2/g,
and the mean grain diameter was 0.28 or 0.35 pm, depending on whether it is calculated from the porosity
and pore radius or from the surface area and density.

After a preliminary drying, six TPD runs were performed with temperature ramps
from 473 to 1023 K (200 to 750'C); for 5 of the 6 runs, the ramp rate was 5.6 K/min; for one (number 5),
it was 2.0 K/min. Between runs, the sample was kept at 673 K (400C), while a stream of helium with



33

990 ppm H2 passed through it. This soaking period ranged from 20 to 264 h. Just before a run, the
temperature was reduced quickly to 473 K (200'C) while the He-900 ppm H2 stream was maintained.
Then, the gas was switched to pure helium if a desorption into pure helium was planned (runs I and 2), or
the flow of helium-990 ppm H2 was maintained for desorptions into H2-containing sweep gas (runs 3-6).
The temperature ramp was started at 473 K (200'C) 5 min later.

c. Results and Discussion

Figures 1-14 to 1-19 plot the experimental results for the six runs. For desorption into
pure helium (Figs. I-14 and I-15), the H2 trace remained at essentially the baseline level until a
temperature of approximately 873 K (600'C) was reached. This result suggests that the amount of H2
absorbed at 673 K (400'C) in the period before the run is small, or negligible, or is not being desorbed.
The rise in evolved H2 at higher temperature is most likely the result of interaction of the evolved H20
with the stainless steel tube wall, as reported in the previous semiannual report (ANL-91/42, Sec.I.C.1),
and/or the evolution of H2 dissolved in the steel during the pretreatment with H2 .

The spectra were obviously not single peaks and were, therefore, deconvoluted. We
found that the spectra are the sums of two (in four cases) or three (in two cases) sub-peaks. The sub-peaks
are identified as the A, B, and C peaks in the figures and are taken to correspond to desorption processes
involving three different types of sites on the surface of the LiAlO2. The overall rate of desorption (r) of
H20(g) expressed by the measured curves is given by

r = Ev;9;exp(-EdRT) (I-1)
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Desorption of H20 into Pure Helium after
264 Hours Pretreatment with 990 ppm H2
in Helium at 673 K. Ramp rate is 5.6 K/min.
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This is the functional form used in the deconvolution. Here, 9 is the individual fractional surface
coverage for each of the types of sites (i=A, B, or C) at a given moment.36 Total fractional coverage is
9T = Z01. The pre-exponential term, v;, is in units of mol/min-m2 , where m2 refers to total BET surface
area. The activation energy for desorption, E, is in units of kcal/mol. The sub-peaks are for first-order
desorption. The numerical values for the pre-exponential terns and the activation energies from the
deconvolution of the spectra in Figs. I-14 to 1-19 are given in Table 1-8. Attempts to reproduce the curves
as a mixture of first- and second-order processes, or as completely second-order processes, did not yield
as good fits to the data. The 9Ovalues for the A, B, and C peaks were in the range of 0.01 to0.02.

Table 1-8. Kinetic Parameters Determined for First-Order Desorption
of H2 0 from A, B, and C Sites on LiAlO 2'

Sweep
Run No. Gas VA EM v Eda VC Er

1 He 0.090 17.8 0.28 23.0 -- --
2 He 0.072 17.5 0.28 23.0 -- --
3 He-H2  0.078 17.0 0.39 22.9 1.74 28.5
4 He-H2  0.017 15.7 0.13 23.0 -- --
5 He-H2  0.025 16.3 0.20 22.7 0.62 27.5
6 He-H2  0.022 16.0 0.15 22.6 -- --

'Symbols and units defined in text for Eq. I-1.

In comparing the A and B peaks, one sees that the B peak is substantially smaller than
the A peak in the absence of H2 (Figs. I-14 and I-15) but comparable to or larger than the A peak in the
presence of H2 (Figs. I-16 to I-19). In the absence of H2, the B peak contributes to the overall curve as a
shoulder, whereas in the presence of H2 it is a distinct second or dominant peak. The frequently reported
increase in tritium release attending the use of H2 in the sweep gas might be related, therefore, to
enhanced population of B sites and to the emerging participation of C sites, which apparently were not
involved in the nuns without H2.

It is apparent from Table 1-8 that the activation energies for a given type of site are
reproducible. The pre-exponential terms are more variable but not dramatically so. The numerical values
for these kinetic parameters for the A and B sites suggest that the effect of 990 ppm H2 in the sweep gas is
small. There appears to be a small decrease in the activation energy for the A sites in the presence of
990 ppm H2, but this is compensated by a small decrease in the pre-exponential term. Considering that
the conditioning of the LiAlO2 with H2 was at a relatively low temperature in the context of operation of
solid breeders, 673 K (400'C), the small effect of the H2 addition observed here is consistent with the
results from tritium residence time measurements in at least two release experiments. In the TEQUILA
experiment, 37 the tritium residence times in 0.15-pm grain size LiAlO2 were equal at approximately
750 K (477'C) for helium purge gases containing either 1% or 0.1% H2, or a mixture of 100 vppm H20
and 50 vppm H2. That is, the H2 additions had no effect at this temperature. However, the additions to
the purge gas became increasingly influential at higher temperatures. A similar conclusion was reported
in the study by Tanaka et al.38 on the residence times for tritium release from LiAlO2. They found that
the residence time was shortened by a factor of 6.8 at 973 K (700'C) and by a factor of only 3.8 at 803 K
(530'C) when the H2 concentration in the sweep gas was changed from 10 to 1000 ppm. These results
suggest that even smaller effects would be expected at lower temperatures, e.g., 673 K (400'C).
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The spectra in Figs. I-16, 1-17, and I-19 indicate that the amplitude of the A and B
peaks increased as duration of pretreatment increased. This suggests that the buildup of surface OH was
time dependent and aided by the H2, but that the process was slow because the pretreatment periods were
of the order of days. It appears reasonable that at higher temperature the buildup processes would be
faster. Future wok should inquire whether the peaks increase in amplitude for higher pretreatment
temperatures.

In interpreting the C peaks, we are still uncertain whether the H20(g) released at these
higher temperatures reflects only desorption from the surface, whether diffusion from the bulk is
increasingly augmenting the surface OH- concentration, or if interactions are occurring between H2 and
the steel surface. These questions require further study. When the C peaks appeared, evolution from the
C sites was comparable in magnitude to the evolution from the A and B sites. Possibly, the soaking
temperature of 673 K (400'C) was only marginally adequate to activate chemisorption of H2 to populate
the C sites.

The 28 kcal/mol value for the activation energy for the C peaks is close to the
29.5 kcal/mol reported by Kudo for the activation energy of decomposition of LiOH, a process of H20(g)
evolution. 39 In Kudo's case, the decomposing LiOH produced a Li20 surface with scattered OH- groups.
The apparent similarity between the two cases suggests that the C sites on LiAlO2 resemble sites on Li20
* their H20-evolving behavior, but there also remains the question of possible steel surface effects in the
work with the LiOH.

The observation of first-order kinetics requires consideration because of the generally
accepted view that the desorption of H20 derived from chemisorbed OH-on oxide surfaces is a
bimolecular process involving combination of OH, even in the presence of H2.38 In general, the
observation of first-order kinetics for a bimolecular process can be understood in terms of a theory
originated by Lindemann. If the surface is represented by s, the surface-bonded OH- groups are s-OH,
and the transitionn state is s-H 2O*, then the stepwise process can be represented as the bimolecular step:

s-OH + s-OH $ s-H 20* + s-0 (1-2)

with rate constants k2 to the right and k-2 to the left, followed by the unimolecular step:

s-H 2O*+f H20(g)+ s (1-3)

with rate constant k1 . The Lindeman theory leads to the expression

d[H2 O(g)] k1 k2[s-OH]2

dt k-2[s-OH]+ (k

which is a first-order expression relating to a bimolecular process and provides the conceptual rationale
for the observations of first-order kinetics. The condition k-2>> k1 implies that the reversal of the
bimolecular step is faster than the evolution of H20, and that increasing the concentration of s-OH will
increase the evolution of H20(g) according to the rate equation. Higher temperatures could alter the
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relationship between the rate constants so that, if kl >> k-2, the observed kinetics would become second
order, though the total mechanism would still involve a bimolecular step followed by a unimolecular one.

2. Tritium Release from Lithium Ceramics
(J. P. Kopasz, M. Briec,' S. Casadio,* and H. Werle*)

a. Introduction

Numerous data are available from in-pile tritium recovery experiments (using lithium
ceramic breeders) investigating the effects of the tritium generation rate, sample microstructure, purge gas
composition, and temperature on tritium inventory and release. The results have led to a qualitative
understanding of the dependence of tritium inventory and release on these factors; however, a detailed
interpretation of the results leading to an understanding of the rate-controlling mechanisms is not
straightforward. The diffusion-desorption model41 has been widely used to interpret the results. This
model treats the desorption as pseudo first order in tritium and generally considers the desorption
occurring with one activation energy. Other work has suggested that the desorption step is second order
in tritium, or that the desorption may be occurring with different activation energies. 34 Using data from
experiments carried out at the Centre d'Etudes Nucleaires (CEN) de Grenoble, we have examined the
effects of the key parameters mentioned above on tritium release and inventory and have compared the
magnitude of these effects with those predicted from various trititun release models.

b. Key Parameters Affecting Tritium Release

The tritium release kinetics depends on the tritium generation rate, temperature,
microstructure of the ceramic, and composition of the purge gas. The tritium residence time (defined here
as the ratio of the tritium inventory to the tritium generation rate) is a convenient indicator of the release
kinetics. The tritium residence time should be independent of the generation rate if a diffusion or first-
order desorption mechanism is the rate-controling step, while it should depend on the generation rate if a
second-order desorption mechanism is rate controlling.

The sample microstructure is a crucial factor affecting tritium release kinetics. For a
diffusion mechanism, the tritium residence time (t) is given by

t = a2/15D (1-5)

where a is the grain radius, and D is the diffusion coefficient. For a desorption mechanism, the residence
time is given by the sample volume divided by the product of the surface area times the desorption rate
constant. For a sphere, this leads to

t = a/3Kd (-6)

Commissariat a l'Energie Atomique, Centre d' Etudes Nucieairs de Grenoble, France.
*ENEA/CRE, Cassaccia, Italy.

***Kemforschungszentrum Karlsruhe, Germany.
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where Kd is the effective desorption rate constant. For other geometries, an effective radius a*, defined as
three times the ratio of the sample volume to the specific surface area, can be used to calculate the
residence time. The residence time will be proportional to this effective radius if desorption is the rate-
controlling mechanism.

The composition of the purge gas has been demonstrated to have a substantial effect
on the tritium residence time. It is obvious that the surface processes are influenced by the purge gas
chemistry. However, the bulk properties may also be affected by the purge gas. For example, water
addition to the purge gas is expected to increase the tritium desorption from the surface. Water addition
in the purge gas may also lead to a hydrogen concentration in the bulk which exceeds the solubility limit,
causing the precipitation of a second phase of LOH/LiOT. This effect would change the bulk properties,
including diffusivity. This is likely to occur for Li20 at temperatures below 723 K (450'C), where the
hydrogen solubility is low.

c. Results and Discussion

(1) Effect of Generation Rate

In an effort to clarify the order of the desorption reaction, the LILA-LISA
experiment was performed with different thermal neutron fluxes and, consequently, different tritium
generation rates.38 For a desorption mechanism which is first order in tritium, the tritium residence time
will be independent of the generation rate, while for a desorption mechanism which is second order in
tritium, the tritium residence time will be inversely proportional to the square root of the generation rate.
Transient temperature changes were performed on Li4SiO4 samples with He + 0.1% H2 as the purge gas
for two thermal neutron fluxes, 0.4 and 0.93 x l0ol n/(m2 .s). The calculated tritium residence times are
shown in Table 1-9. The residence times at a given temperature are identical, within the error of the
calculations, for the two fluxes, indicating that the rate-determining step is not second order in tritium.
Other factors indicate desorption is rate controlling for these samples. We thus conclude that desorption
is first order in tritium under these conditions.

Table 1-9. Tritium Residence Time versus Thermal Neutron Flux
for Li4SiO4 sample (He + 0.1% H2 as purge gas)

Neutron Flux, Temp., Tritium Residence Time,
1017 nM 2s 'C h

0.93 450 17.5 < t <27
500 4<t<4.2

0.40 450 26.5
500 4.1

(2) Effect of Microstructure

The effect of sample microstructure on tritium inventory was investigated in
the TEQUILA experiment.37 Temperature-transient runs were performed on samples of LiAlO2 with
different microstructures. Results for experiments with He + 0.1% H2 purge gas and two different grain
sizes are given in Table 1-10. The results indicate that tritium residence time decreases with decreasing
grain size. This was also observed in the LILA III experiment.42
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Table I-10. Effect of Microstructure on Tritium Residence Time

Grain Size a* (calc. from Tritium
(a), spec. surf. area), Temp., Residence
Pm pm 'CTime, h t2l

0.15 0.45 670 0.95 --
6 6 " >10.3 >10.8

0.15 0.45 620 1.3 --
6 6 " >21.2 >16.3

0. 15 0.45 560 3.9 --
6 6 " >103.8 >26.6

0.15 0.45 510 9.7 --
6 6 >140.2 >14.4

It follows from Eq. 1-5 that, for diffusion-controlled release, the tritium
residence time will increase in proportion to the square of the grain size. Thus, a ratio of 1600 is expected
for the tritium residence times of the two samples with 6 and 0.15 pm grain sizes. The observed ratios
(>10.8 at 670'C, >16.3 at 6200C, >26.6 at 560'C, and >14.4 at 510'C) are much lower, indicating that
diffusion is not rate limiting for these temperatures and grain sizes. Likewise, if desorption is rate
limiting, the tritium residence time will increase in proportion to the effective grain radius calculated from
the specific surface area. Thus, a ratio of 13.3 is expected for the tritium residence times of the two
samples with 6 and 0.45 pm effective grain radii (a). The observed ratios (see Table I-10) are of the
same order of magnitude as expected for the desorption-controlled release, suggesting that desorption
determines the tritium residence time for these materials. The variations from the expected ratios suggest
that other processes may be playing a minor role in determining the tritium residence time.

(3) Effect of Purge Gas Composition

It is obvious that the surface processes (desorption of tritium or tritiated water)
are influenced by the purge gas chemistry. Researchers have repeatedly demonstrated that hydrogen
addition to the purge gas improves the tritium release rate.43" Thus, water addition should also improve
the tritium release rate.

In the TEQUILA experiment, three purge gas compositions were investigated:
He + 0.1% H2, He + 1.0% H2 , and He + 50vppm H2+ 100vppm H2O. The results for samples with grain
radius of 0.15 pm are illustrated in Fig. 1-20 as plots of the natural logarithm of tritium residence time
versus the inverse temperature.

The tritium residence times obtained in TEQUILA indicate that, for small grain
radius samples, tritium release is better for a purge gas containing 1.0% H2 than for one containing 0.1%
H2. This conclusion is supported by the tritium release observed for a change in purge gas from He +
0.1% H2 to He + 1.0% H2, which shows a decrease in tritium inventory. The TEQUILA results also
indicate that tritium release was better fora purge gas of He + 0.1% H2than for He + 50 vppm H2 +
100 vppm H20 at high temperatures (> 510'C), while at low temperatures (460'C) release was better for
the purge gas containing water.

In TEQUILA, for small grain samples, the desorption activation energies were
the samt (within the experimental errors) for purge gases of He + 0.1% H2 (23 kcal) and He + 1.0% H2

(25 kcal), while the desorption activation energy for He + 50 vppm H2 + 100 vppm H20 was substantially
lower (16 kcal). This observation suggests that the activation energy may depend on the hydrogen (OH
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groups) surface coverage. The degree of hydrogen gas adsorption on LiA1O2 is certainly less than that for
water, therefore, it is not surprising that the desorption activation energy is smaller when water is added to
the purge gas. In addition, since H2 adsorption is expected to be dissociative, the hydrogen surface
coverage is expected to vary as the square root of the hydrogen pressure. This suggests that the hydrogen
surface coverage for He + 1% H2 is of the same order of magnitude as for He + 0.1% H2 and, therefore,
the desorption activation energies should be similar.

(4) Effect of Temperature

The effect of temperature was investigated in temperature transient tests.
Generally, the tritium inventory and tritium time constant (defined as the time for a temperature transient
peak to decay to 35% of its maximum value) decrease with increasing temperature. The tritium time
constants, however, exhibit an interesting trend. In some cases, the time constant determined for a
temperature increase from temperature TI to temperature T is not the same as the time constant
determined for a temperature decrease from temperature T2 to T (e.g., see Table I-11).

For a pure first-order desorption process or a pure diffusion process, the time
constant is independent of the previous temperatures, while for a second-order desorption process the time
constant will depend on the previous temperature. In the case of mixed diffusion-desorption, the
mathematics is less straightforward, and it is not obvious whether the time constant is dependent on, or
independent of, the previous conditions. To solve this problem, calculations were performed using the
DISPL Code" for diffusion with a first-order desorption boundary condition in spherical geometry. The
results indicate that, in the mixed diffusion-desorption regime, the time constant depends on the previous
conditions, but as the ah/D ratio (where h=KID) increases toward diffusion-controlled release or
decreases toward desorption-controlled release, this dependence disappears. This suggests that either
tritium release is in the mixed diffusion-desorption regime at the temperature when the time constants for
temperature increases and temperature decreases are unequal, or desorption is second order in tritium in
these cases. However, separate tests on Li4SiO4 indicate that desorption is first order.
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Table I-11. Time Constants of T ilium Release for
Temperature Increase and Decrease

Previous
Grain Size, Temp., Temp., Time Constant,

pm 'C 'C h
12 620 670 10.75

570 5.5
0.2-5 (bimodal) 670 11

570 3.7

'He +0.1% H2 purge gas.

d. Conclusion

The results from our studies have provided some insight into the rate-limiting
mechanism for tritium release from in-pile experiments with lithium ceramics. The relationship between
the tritium residence time and the sample grain size indicates that desorption is the dominant mechanism
in tritium release for the conditions investigated. The importance of surface processes is further
illustrated by the effect of the purge gas composition on tritium release. The different activation energies
for the rate-limiting process for the different purge gases indicate that use of a simple desorption model
with a single activation energy is inadequate. A model with multiple desorption activation energies is
necessary to account for the variations in inventory with different purge gas compositions.

Some data also suggest that a second mechanism contributes to the tritium inventory.
Diffusion is the most likely candidate, and a diffusion-desorption model is able to account for the
observed differences in time constants for temperature increases and temperature decreases to the same
final temperature. An alternative explanation is a second-order desorption mechanism, which would
account for the differences in time constants, but separate tests on Li4SiO4 have indicated the tritium
release is independent of the generation rate and, therefore, not second order.

3. Processing System for the Li20 Blanket in ITER
(P. A. Finn and D. K. Sze)

The International Thermonuclear Experimental Reactor (ITER) is a tokamak fusion reactor
which will be used to test components for prototype power reactors and to test plasma operations. It will
be fueled by tritium which is bred in the blanket system around the plasma chamber. This blanket
contains Li20 as the breeder, beryllium as the neutron multiplier, and water as the coolant. The Li20
blanket consists of a series of semi-rectangular zones which contain, in order, water, beryllium, and Li20.
Each of these zones is isolated from the next by thin welded sections of stainless steel.

The tritium recovery system for this Li20/Be water-cooled blanket possesses two separate
helium purge streams to recover tritium from the Li20 and the beryllium zones of the blanket, to process
the waste products, and to recirculate the helium back to the blanket. We have defined the needed
components for the processing system to recover and purify tritium from the blanket. The components
were selected to minimize the tritium inventory of the recovery system and to minimize waste products.
The system is able to adequately handle either an increase in the tritium release rate or water leakage in
the purge system. A detailed conceptual design of the system is given in Ref. 45.
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a. Process Description and Design Considerations

Three major components are used to process the helium streams: 5A molecular
sieves at -196'C separate hydrogen from the helium, a solid oxide electrolysis unit reduces all molecular
water, and a palladium/silver diffuser ensures that only hydrogen species reach the cryogenic distillation
unit. Other units are present to recover tritium from waste products, but these three major components are
the basis of the blanket tritium recovery system.

The concentration of the major species in the helium purge streams as they leave the
blanket are listed in Table I-12. Several filters are used between the blanket and the subsystems of the
blanket tritium recovery unit to remove particulates, vapor species, and other impurities. Regenerative
heat exchangers prior to the cold trap reduce the helium purge gas temperature from 400'C to -100'C.
The effect of these removal units is shown in Table I-13 for the ':120 zone and in Table I-14 for the
beryllium zone.

Table 1-12. Characteristics of Li20 and Berylium
Zone Purge Streams

Parameter Be LiO
Flow, L(STP)/s

He 0.84 65
H2  0.00022'a0.6
H2O 0.144 0.00

H/r Ratio 103b 10
impwrity (CO2), g/day 4 4.
Radionuclides, pg/day

S-35(SO2) 46 3
C-14(CO2) 1500 30
Ar-39 2 61
Kr-85 <0.01 0.7
Xe-135 0.01 0.0
Xe-133 0.014 0.1

Residence Time, s 10' 4
'Total hydrogen isotope, includes tritium.
bRatio if 10 kg/day water leak is assumed.

Table 1-13. Species in Helium Purge Stream from Li 2O Zones
(units are g/day for element listed)

Element
He
H
H
T
T
0
C
Na
a,b

Species
He
H2
H20
HIT
HTO
H20

Na
a,b

Blanket Ex.
(400'C)

107
4964

50
148.5

1.5
400
4.7
0.1
a,b

Filter
(25'C)

107

4964
50

148.5
1.5
400
4.7
0.0
a

Cold Trap
(-100'C)

107
4964
0.0

148.5
0.0
0.0
4.2
0.0
0.0

0

65

00

1

7

16

Sieves
(-196'C

107
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0

Trapped in
Sieves

0.0
4964
0.0

148.5
0.0
0.0
4.2
0.0
0.0

'Impurits present but <1 g/day at 400'C. Impurities include K,ClN,P,AsBrRb,Mo,SF.
'Impurities which could be presented at <0.1 g/day, depending on blanket impurities, at 400C
include Ca,FeAI,Si,Mg,Ni,CuZn,Ti,Ba,V,Cr,B,B,Mn,G,Sr,Z,Sn,Sb,Co,Sc,Cd,Pb,U.
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Table I-14. Species in Helium Purge Gas from Beryllium Zones
(units of g/day of eL'ment listed)

Blanket Ex. Filter Trappedlin Sieves Trapped in
Element Species (400'C) (25'C) Filter (-196C) Sieves

He He 1.33E5 1.33E5 0.0 1.33E5 0.0
H HT,H2  1 1 0.0 0.0 1.0
T HT,T2  2.0 2 0.0 0.0 2.0(max)
Be Be 1.4 E-4 0.0 0.0 0.0 0.0
0 BeO 9. E-28 0.0 0.0 0.0 0.0
C CO 4.0 4.0 0.0 0.0 3.6
Mg Mg 1060 0.0 4.3 0.0 0.0
Na Na 2760 0.0 59.3 0.0 0.0
Cl BeCI2  2300 0.0 2300 0.0 6.0
F BeF 2  16 0.0 0.0 0.0 0.0
Pb Pb 12.5 0.0 0.042 0.0 0.0
Zn Zn 184 0.0 2.4 0.0 0.0
Li Li 40 0.0 0.12 0.0 0.0
Br BeBr2  4.5 0.0 0.4 0.0 0.0
Rb Rb 4.5 0.0 4 0.0 0.0
K K 4.5 0.0 0.2 0.0 0.0
Cd Cd 4.5 0.0 4 0.0 0.0
I Be1 2  4.5 0.0 1 0.0 0.0
b b b 0.0 b -- --

'Some of the carbon dioxide is retained in the cold trap prior to the molecular sieves held at -196'C.
bImpurities <5 g/day at 400'C include NP,As,MoS,CaFeAl,Si,Ni,Cu,Zn,
Ti,Ba,V,Cr,B,Mn,Ga,SrZr,Sn,Sb,Co,Sc,CdPb,U.

Seven units (Fig. I-21) process the helium/hydrogen purge gas from the Li20 zones.
First, a set of cold traps separates water, 0.47 kg/day, and some of the carbon dioxide from the helium.
Second, two compressors and a storage system circulate the helium gas. Third, a solid oxide electrolysis
unit decomposes water. Fourth, a set of 5A molecular sieves, termed Xl, at -196'C removes hydrogen
isotopes, 1% of the helium, and all remaining impurities from the helium. Fifth, a set of SA molecular
sieves at 25'C, termed Yl, recovers water, carbon dioxide, and other impurities when the Xl sieves ae
regenerated and also removes water from the hydrogen stream coming from the electrolysis unit. Sixth, a
palladium/silver diffuser separates inert elements from the hydrogen isotopes when they are passed to the
cryogenic distillation unit. Seventh, an SAES getter held at 350'C prevents impurities from entering the
cryogenic distillation unit.

Partial regeneration of the X sieves to -100C will be frequent, occurring every two
hours. Hydrogen gas passed through the sieves will assist in desorbing the hydrogen and helium. The
helium will be removed first, followed by the hydrogen. Most of the hydrogen will be removed before
the sieves are at -100'C, with the last portion of the hydrogen gas containing most of the tritium and none
of the helium. It may be possible by judicious temperature control to return the major fraction of the
hydrogen stream back to the Li20 purge stream and send only the tritium-rich portion of the recovered
hydrogen stream to the cryogenic distillation unit. Regeneration at 25'C to remove entrapped hydrogen
species or inert elements and later heating to 250'C to remove water and carbon dioxide may be required
once a month, or more frequently, if the impurity level is higher than expected.
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Also shown in Fig. -21 are units to process the helium purge f m the beryllium
zones: (1) a set of cold traps separates water, a maximum of 10 kg/day, from the helium, (2) a compressor
and a storage system circulate the helium gas, (3) several linked solid oxide electrolysis units decompose
water, (4) a set of 5A molecular sieves at -1%'C, termed X2, remove impurities, including tritium ferm
the helium generationn of the X2 sieve beds is done once a day using hydrogen as the carrier gas and
warming to 250'C), and (5) a set of 5A molecular sieves at 25'C, termed Y2, separates hydrogen fom
other impurities and moves water in the hydrogen stream from the electrolysis unit. The exit hydrogen
species from the X2 and the Y2 sieves arouted to the Y 1 sieves. Waste products are sent to a common
waste recovery unit.

After purification through the Y 1 and Y2 beds, the protium/tritium stream permeates
through the palladium/silver diffuser to ITER's common cryogenic distillation unit, in which the tritium is

separated from the excess protium. The tritium product fuels the plasma, while the H2 is recycled to the

helium purge stream for the Li20 blanket zones.

To recover tritium waste species, the Y 1 and Y2 molecular sieve beds are regenerated

every 12 h by flowing helium gas through them at 250'C. The helium stream is passed to the waste

recovery unit, in which the tritium is recovered as tritiated water and non-tritiated waste is passed to the
plant's stack system. The components of the waste recovery unit include a set of 5A molecular sieves
(termed Z), a set of copper oxide beds held at 500'C, and a set of cold traps held at -100'C. If necessary,
zeolite beds could be added to trap radioactive Ar, Kr, and Xe at -196'C, and a calcine solution may be
required to trap carbon dioxide as calcium carbonate. Access also has to be provided to solid waste
disposal facilities at the plant when the end-of-life of components is reached.
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The blanket tritium recovery system is linked with the blanket, the other subsystems
of the fuel processing system, the cryogenic isotopic separation system, the general roughing vacuum
system, the waste disposal unit, and the stack system. Valves and control circuits have to be provided
between these systems to ensure reliable operation.

Localized control for processing is maintained on each unit using feedback from
temperature and flow sensors. Data collection is maintained at a centralized control unit. A separate
system, which is linked to a centralized control unit, is responsible for safety.

b. Physical Configuration

The space requirements for the blanket tritium recovery system are listed in
Table I-15. Access space needed for maintenance of the components is not included. A system layout of
the components is shown in Fig. 1-22. The three rooms (Li2O, beryllium, and tritium) are, respectively,
13x 12x4m, 13 x 7 x 3 m, and 8 x 11 x3m.

Table I-15. Space Requirements and Dimensions for
Bir-.ket Tritium Recovery System

Dimensions, m

Component' Vol., m2  Length Width Height

Li2O Components
He Compressors (2) 16 2 2 2
He Storage 8 2 2 2
He/H2 Mix Tank 1 1 1 1
H2 SurgeTank 2 2 1 1
Heat Exchangers (2) 2 1 1 1
Cold Trap (2) 4 1 1 2
Electrolysis 1 1 1 1
MS(-196'C) (2) 16 2 2 2
MS(25C)(2)* 2 1 1 1

Be Components
He Compressors (2) 1 1 1 1
He Storage 8 2 2 2
Cold Trap (2) 2 1 1 1
Electrolysis 4 2 1 2
M 9-l%'C) (2) 2 1 1 1
MS(25'C) (2)* 2 1 1 1

Common Components
Diffuser 6 3 1 2
Waste 6 3 1 2
Filters (2)d 2 1 1 1

Total 85
'A two in parentheses signifies two units; MS = molecular sieves.
Components in tritium room indicated by asterisk.

bThe compressor volume is given, not the room volume.
The gas is assumed to be held at s 0.6 MPa.

dOne for Li2O; one for Be.
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Fig. I-22. Layout of Tritium Recovery System

The large compressor units and regenerative heat exchangers for the helium purge
stream for the Li20 zones are in the Li2O room, which has a crane that can be operated remotely to ensure
that these units can be maintained in the event of gamma contamination. Other units in this room include
low-temperature molecular sieve beds and cold traps. In an adjacent beryllium room are the units used to
recycle the helium stream for the beryllium zones. In a third room, the units which purify the tritium ard
recover the waste tritium are located.

c. Reliability. Maintenance, and Safety

There is a general lack of qualification data for most components needed for tritium
operation. Palladium/silver diffusers need extended testing at the tritium concentrations and pressures
expected in 1TER. Ceramic electrolysis units consisting of series of 10-20 cells are currently under
commercial development for protiated water and still require tritium qualification.

The purpose of qualification tests will be to obtain data which indicate the reliability
of individual components in tritium service, the time between failures, the type of maintenance schedules
to be followed, and any synergistic effects between components during operation. The overall goal of
qualification tests will be to ensure 99% availability of the blanket tritium recovery system, including
planned maintenance.

Maintenance of the components of the blanket tritium recovery system may require
gamma shielding, especially the filters located immediately after the outlet of the purge gases from the
blanket. To provide ease in maintenance, components which have a high probability to be gamma
activated, i.e., those used to recycle the helium stream, are located in a separate room. Cranes which can
be remotely directed are used for large units, like the compressors for the helium purge for the Li20
zones, to minimize worker exposure to gamma contamination. In addition, components are designed as
modular units to minimize downtime if replacement of units is required.
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The most crucial component of the blanket tritium recovery system is the compressor
for the helium purge in the Li20 zones. If this unit fails, then there will be a static gas atmosphere in the
Li20 zones, which may allow the tritium to concentrate in cold areas of the blanket. Therefore, a spare
compressor is included in the design plans to handle failure of the primary unit

Some failures can be tolerated due to the long regeneration times (12 h for beds Y 1,
Y2, and Z; 24 h for beds X2; and 48 h for the Be cold trap). If a failure occurs in the X1 beds, the helium
purge gas could be recycled to the Li20 zones for four days, the net result being a 4% increase in the
hydrogen partial pressure of the stream.

For safety purposes, all units and process lines are assumed to have primary and
secondary containment The major components of the blanket tritium recovery system are installed in
secondary containment gloveboxes. Lines between the blanket and the compressor units will be doubly
contained. Tritium release from these systems cannot occur as a result of a single component failure.
Because of the size and mass of the compressors used to circulate the helium for the Li20 zones and the
need to have access to a crane if one fails, the room in which they are located is assumed to provide
secondary containment of these units. In addition, a distributed control system was selected for the
operation of the process system.

For the processing system for the Li20 and Be zones, the total dynamic tritium
inventory is estimated as < 20 g. However, the total residual tritium inventory (i.e., that incorporated in
the 5A molecular sieves after several years of operation) could reach 134 g. Releasing this tritium
requires prolonged heating of the bed at 250'C while hydrogen is circulated. Since this method was
chosen to regenerate these molecular sieve beds, we expect the long-term bed inventory to be appreciably
less than 134 g.

d. Cost Estimate

Component costs were extrapolated from experience at the Tritium Systems Test
Assembly of Los Alamos National Laboratory, the Japan Atomic Energy Research Institute, and
elsewhere. The capital cost of the blanket tritium recovery system is estimated at $14 M, which is
approximately 5-10% of the capital cost of the blanket.
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II. SEPARATION SCIENCE AND TECHNOLOGY
(G. F. Vandegrift)

The Division's work in separation science and technology is mainly concerned with developing a
technology base for the TRUEX (TRansUranic EXtraction) solvent extraction process. 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-di'sobutylcarbamoylmethylphosphine oxide, which is abbreviated CMPO. This
extractant is combined with tributyl phosphate (TBP) and a diluent to formulate the TRJEX process
solvent. The diluent is typically a normal paraffinic hydrocarbon (NPH) or a nonflammable chlorocarbon
such as carbon tetrachloride (CCl) or tetrachloroethylene (TCE). The TRUEX flowsheet includes a
multistage extraction/scrub section that recovers and purifies the TRU elements from the waste stream
and multistage strip sections that separate TRU elements from each other and the solvent. Our current
work is focused on facilitating the implemenation of TRUEX processing of TRU-containing waste and
high-level defense waste, where such processing can be of financial and operational advantage to the DOE
community.

The major effort in TRUEX technology-base development involves developing a generic data base
and modeling capability for the TRUEX process, referred to as the Generic TRUEX Model (GTM). The
GTM will be directly useful for site-specific flowsheet development directed to (1) establishing a TRUEX
process for specific waste streams, (2) assessing the economic and facility requirements for installing the
process, and (3) improving, monitoring, and controlling on-line TRUEX processes. The GTM is
composed of three sections. The heart of the model is the SASSE (Spreadsheet Algorithm for Stagewise
Solvent Extraction) code, which calculates multistage, countercurrent flowsheets based on distribution
ratios calculated in the SASPE (Spreadsheet Algorithms for Speciation and Partitioning Equilibria)
section. The third section of the GTM, SPACE (Size of Plant and Cost Estimation), estimates the space
and cost requirements for installing a specific TRUEX process in a glovebox, shielded-cell, or canyon
facility. The development of centrifugal contactors for feed- and site-specific applications is also an
important part of the effort.

Two other projects are in progress: the application of aqueous biphase extraction for concentrating
and removing plutonium in solid radioactive waste, and development of a solvent extraction process for
cleaning up contaminated groundwater.

A. Revisions to Generic TRUEX Model
(J. M. Copple, R. J. Jaskot, and J. Zitnik)

The Generic TRUEX Model 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. Last year the first version of the Generic TRUEX Model,
GTM 1.1, was released for the Macintosh and IBM-compatible computers. Since that time new features
have been added and improvements have been made to existing code.

In September 1990, the Generic TRUEX Model, version 2.1, for the Macintosh computer was
given to the National Energy Software Center (NESC) for distribution. A document entitled "The
Generic TRUEX Model Version 2.1 for the Macintosh Computer. Getting Started" was also given to the
NESC. This document explains how to use the new version of the model to those users already familiar
with GTM 1.1.



52

Options available in GTM 2.1 include the calculation of aqueous-phase speciation and
thermodynamic activities, distribution ratios (D) of extractable species, and solvent radiolytic and
hydrolytic degradation, based on user input of aqueous- and organic-phase compositions and other
important variables. A list of all the available options in GTM 2.1 is displayed in Table II-. Several of
these options are new and were not available in GTM 1.1. The remaining options have been significantly
upgraded from the earlier version of the program.

Table II-1. Available Options in GTM 2.1

Option
No. Description

1 Calculate the complete Generic TRUEX Model for a specific feed solution.

2 Calculate the charge balance, density, ionic strength, speciation, and activities
(hydrogen, nitrate, and water) of an aqueous feed solution.

3 Calculate oxalic-acid additions to fission product-containing waste.

4' Calculate D values for a user-specified aqueous phase, where the organic
phase is assumed to lave been pre-equilibrated.

5' Calculate D values for equilibration of user-specified aqueous and organic phases.

6 Complete flowsheet analysis with user-specified distribution ratios.

7 Generate a TRUEX flowsheet for a specific feed solution.

8 Estimate space and costs for user-specified flowsheet.

9' Estimate solvent degradation for a specific TIRUEX process.

10' Generate reports from existing TRUEX flowsheets or space and cost calculations.

'Not included in version 1.1.

New versions of SPACE were included in the model. There are now three versions of SPACE, one
for each type of solvent extraction unit (centrifugal contactor, pulsed column, and mixer settler). The
model has been changed to show the correct Excel worksheet based on the extraction unit chosen by the
user. Since each worksheet requires different information, the SPACEjenerate macro also had to be
changed. In addition, three new SPACE summary report templates were created. In order that the most
useful information could be presented to the user on the summary report, the template had to be
specialized for each corresponding SPACE worksheet.

The Generic TRUEX Model, version 2.1, was converted from the Macintosh version to be useable
with IBM-PC computers and compatibles. After the conversion, testing of the model located problems
with inadequate computer memory. Two of the options required more conventional memory than is
available under Microsoft Windows 2.0 or Run-time Windows. Further testing is required to see if
Window 3.0 can be used to run all the options available in Table II-1.
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B. Development of Spreadsheet Algorithm for Stagewise Solvent Extraction
(R. A. Leonari, B. B. Chamberlain, J. M. Copple, and M. C. Regalbuto)

1. Introduction

The SASSE electronic worksheet was developed for detailed evaluation of proposed
TRUEX flowsheets in conjunction with D values calculated by the SASPE worksheet. In addition to
establishing that each effluent reaches or exceeds its specified composition, sensitivity analysis using the
SASSE worksheet allows one to develop a strategy for process monitoring and control. The SASSE
worksheet is designed so that it works for any amount of other-phase carryover. The calculational
algorithm gives the steady-state concentration profile for each feed component without requiring any
iterations.

Two Excel macros have been written to improve SASSE. The one macro, SASSEgenerate,
generates SASSE worksheets for flowsheet calculations. When used independently, the appropriate
distribution-ratio values or equations must be supplied by the user. Within the Generic TRUEX Model,
these ratios are calculated by SASPE. The other macro, reportigenerator, prepares reports from the
results in the SASSE worksheet in tabular and graphical form.

In the work reported here, the SASSE worksheet was revised so that a user can specify
(1) an extraction efficiency for each stage and (2) a fixed effluent flow rate for either the organic or
aqueous phase at any stage. In previous SASSE calculations, extraction efficiency was assumed to be
100%. By allowing the extraction efficiency to have any value between 1 and 100%, stagewise
equipment that does not operate at 100% extraction efficiency can be easily integrated into the GTM, with
the number of actual stages being use J rather than some reduced number of theoretical stages to
approximate the actual extraction efficiency. In the past, the effluent flow has been specified as a fraction
of the total flow of that phase from a stage. By including the additional option of fixed effluent flow
rates, we were able to incorporate effluents taken at a known rate into the SASSE worksheet without an
iterative calculation involving the total flow rate for that phase at that stage. The SASSE generate macro
will be modified to incorporate these revisions in the SASSE worksheet.

2. Extraction Efficiency

In our work with the Argonne centrifugal contactor at organic-to-aqueous (0/A) flow ratios
far from 1.0, the extraction efficiency was found to be significantly less than 1.0, that is, less than 100%.
In addition, mixer settlers have extraction efficiencies much less than 1.0. To integrate solvent extraction
units such as these into the GTM, a method was developed for making extraction efficiency an integral
part of the SASSE worksheet.

For the simple flow case shown in Fig. II-1, the effective distribution ratio, D , is given by

y.

where x; and y; are the aqueous- and organic-phase concentrations of a species, respectively, in the phases
that have been separated after passing through the mixing zone in stage i. If these phases are equilibrated,
their concentrations are marked with an asterisk, and Do; becomes the true distribution ratio, D, given
by
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y.
D. = -(11-2)

X.

Within the GTM, SASPE calculates the Di values. The extraction efficiency for stage i, E, is defined as
the amount of a component extracted relative to the amount that would be extracted if stage i were an
equilibrium stage. This is written as

1 +1B i -(I-3)

i+1 i

The O/A flow ratio for stage i, R, is given as

R. - 01(11-4)
a, 1

where q,, and q, are the total aqueous and organic flow rates, respectively, out of stage i, and the
concentration ratio for stage i, S, is defined as

Si =-1 (11-5)

Then, as given by Leonard,' Dj can be written as

DB. + R.D.S. 1 - B. + S. 1 - B.

Deff -1 + R. 1 -

This is the basic general equation for the simple flow scheme shown in Fig. II-1. In the material balance
equations in SASSE and elsewhere, if Do. replaces D, then the equations still hold, but one can take
extraction efficiency into account. Note that this results in an iterative solution since Si depends on x; and
yi_ 1, which are calculated by the material balance equations. Within the Excel worksheet, this iterative
calculation can be handled without any problem.

In a typical solvent extraction stage, the flows can be more complex. For the general case
shown in Fig. 11-2, Eq. 11-6 can still be used if the incoming organic and aqueous streams are each
combined into one stream to calculate an average O/A flow ratio for R, and the incoming organic streams
are each combined into one stream to calculate an average concentration for the organic phase entering
stage i, that is, for yi_ 1. This average y1.1 is used to calculate an average value for Si. These average
values for R; and Si are then used in Eq. 11-6 to calculate an appropriate Dm;value.
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3. Fixed Effluent Flow Rate

One of the main new features of the revised SASSE is the ability to include sample flow
rates in any given stage throughout the process. This has been accomplished by specifying the fraction of
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the organic or aqueous flow rate with respect to the total flow exiting from a stage to be used as a sa iple.
These fractions are defined as:

FEOI = organic flow rate for effluent at stage i
organic flow rate coming out of stage i

FEAI = aqueous flow rate for effluent at stage i
aqueous flow rate coming out of stage i

The main reason why FEOI and FEAI were defined is to relate the unknown flow going on
to the next stage with the effluent coming out of that stage. This creates only one unknown quantity, the
flow going on to the next stage. Because sample flow rate is a known quantity in terms of the flow rate,
we have updated our model to include this known term in the flow and material balances. By doing so,
the user has the advantage of specifying a flow rate at a sampling point instead of a fraction. Any
unknown effluents can still be specified in terms of a fraction. In summary, we have made a fundamental
distinction between an effluent of known flow rate and one of unknown flow rate.

C. Modelin of Oxalic Acid Extraction
(D. J.Chaiko)

Extraction data for 1 4C-labeled oxalic acid at tracer levels (ANL-91!26, pp. 78-82) have indicated
that the distribution ratios of this acid are slightly greater than one. However, the present GTM model of
oxalic acid extraction assumes that the distribution ratio of oxalic acid is zero. Current efforts are directed
toward providing a realistic model for the extraction of this important species. The first step in developing
such a model requires separate data for the extraction of oxalic acid by CMPO and TBP. Models of these
systems are combined for the TRUEX-NPH solvent. Preliminary modeling efforts have been completed
for TBP-dodecane, CMPO-dodecane, and the TRUEX-dodecane solvents and are reported here.

1. Extraction by TBP

Oxalic acid solutions at concentrations of 0.02-0.6M were prepared and contacted with TBP-
dodecane solvent at 25'C. The equilibrium oxalic acid concentrations in both the organic and aqueous
phases were measured by titration with tetrabutylammonium hydroxide (TBAOH) in isopropanol.
Radiotracer experiments (ANL-91/26, pp. 78-82) have shown that the reaction of oxalic acid and TBP is
second order with respect to TBP concentration and first order with respect to aqueous-phase oxalic acid
concentration. Extraction data collected at these high oxalic acid concentrations by others" have shown
the same trends.

Taking into account the dissociation of the acid, the fully protonated acid concentration is
given by:

H2 C 2 04 ]ai a2 '](11-7)[2 K.1  K 2
1 + +2

[H](H+])

The literature values of the acid dissociation constants, Ka1 and Ka2, are 0.0559 and 5.42 x
10"s, respectively.4 All concentrations [ ] are expressed in molar units. Activity data are not currently
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available for aqueous oxalic acid solutions. The extraction model of H2C204 by TBP is based on the
following equilibrium:

KT

HCO +2BTBP =HCO4(TBP)22 4 2240 2 (11-8)

where the overbar indicates an organic species. Consequently, the organic-phase oxalic acid
concentration is given by

[[H 2 c2 o 4 J [ThPJ2 ] = KT
(11-9)

[W ] [H2 c 2 o4 ]

From the appropriate mass balance equations, the concentrations of free Hf and TBP are given by Eq. 11-7
and the following:

H+f - [H+]t + ota4]2 4
free otaltotal

2fre
2

free

+ Ka He 1 f ree

+ Ka H+ + Ka
1 free Z

[TBP] -free

-1 + i + 8 KT [H2 c2 0 4 ](N total

4 KT [H2 c 2 o4 ]

The free hydrogen ion concentration in Eq. 1-10 is solved by the Newton-Raphson equation.
From a least-squares fit of the extraction data at 0.7 and 1.4M TBP, the value of KT was found to be
0.67M-2. lT experimental and calculated extraction isotherms are shown in Fig. H-3.

The fact that this simple model fits the extraction data for 0.7 and 1.4M TBP suggests that
organic phase nonidealities due to changes in activity coefficients are insignificant compared with the
effects of complex formation. Using "C-labeled oxalic acid, the extraction data in Fig. 1-3 will be
extended to include oxalic acid concentrations in the range of 10-5-104M. This will more closely
approximate the free oxalic acid concentrations expected in a TRUEX feed.

2. Extraction by CMPO

Extraction data were obtained by contacting equal volumes (5 mL) of aqueous oxalic acid
and 0.20M CMPO-dodecane solutions at 25'C. Oxalic acid concentrations were determined by titrating
both the organic and the aqueous phases with TBAOH in isopropanol. Contacts at the four highest oxalic
acid concentrations listed in Table 11-2 produced extremely viscous liquid/liquid interphases. At the three

- 0(11-10)

(II-11)
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1.4M TBP

77000

.1

0.7M TBP

O Measured

- Calculated

Aqueous (Oxalic Acid], M
Fig. 11-3. Measured and Calculated Extraction Isotherms

for 0.7 and I.4M TBP-Dodecane Solvents

highest acid concentrations, the initial aqueous-phase oxalic acid concentrations were 0.604, 0.406, and
0.204M. Mass balance calculations at these acid concentrations accounted for only -80% of the acid,
indicating that an undesirable third phase had formed. For modeling purposes, only the data at the two
lowest oxalic acid concentrations were used. As mentioned earlier, tracer-level experiments with
14C-labeled oxalic acid indicated that the extraction of H2C204 is second order with respect to CMPO
concentration. Accordingly, oxalic acid extraction was modeled using the following equilibrium:

KC

H2C04 +2CPO +- H2 C2 04 e (CM) 2

Table I1-2. Equilibrium Oxalic Acid Concentrations and Distribution
Ratios with 0.2M CMPO-Dcane Solvent

Aqueous Oxalic Organic Oxalic Distribution
Acid, M Acid, M Ratio

0.0166 0.0041 0.247
0.0381 0.0122 0.320
0.0760 0.0177 0.233
0.1525 0.0150 0.098
0.3375 0.0126 0.037
0.5189 0.0116 0.022

By fitting the data at the two lowest oxalic acid concentrations in Table II-2, the extraction
constant (KC) was found to be (28.6M)-2 . In the future, extraction data for the CMPO-dodecane solvent
will have to be collected at lower oxalic acid concentrations. By using a combination of '4C-labeled and
unlabeled oxalic acid, we could easily extend the extraction data to aqueous-phase oxalic acid
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concentrations of about 10-4-10 5M. This concentration range would then more closely resemble the free
oxalic acid concentration in a TRUEX feed.

3. Extraction by TRUEX Solvent

The extraction of oxalic acid by the TRUEX-dodecane solvent was measured at 25'C. As a
first approximation, the two separate models for oxalic acid extraction by CMPO and TBP were
combined to produce a model for tie TRUEX solvent. The values of the extraction constants were
unchanged from the single-extractant systems. As the results in Fig. 114 indicate, however, this model
significantly underestimates the extraction data and becomes progressively worse as the oxalic acid
concentration increases. This suggests that the stoichiometry of the extracted complex is reduced from
second order, with respect to either CMPO or TBP or both, to first order.

0.3

2I

u

U

C
I.

0

0.2 F

0.1 I

U'.0
0.0

o Data
- Model

0.1 0.2 0.3 0.4

Aqueous [Oxalic Acid], M
Fig. II-4. Measured and Calculated Extraction Isotherm

for TRUEX-NPH Solvent at 25'C

To compensate for this behavior, a third, organic-phase oxalic acid complex was postulated.
Several possibilities were examined [e.g., H2C204 -(CMPO)(TBP), H2C204-(CMPO), and
H2C204 -(TBP)]. Based on a weighted least-squares analysis, the best fit to the data was obtained with the
following equilibria:

HC O + CIO --- 1 HC0O*CP224 +--224 (II-13)

The complete model of oxalic acid extraction by the TRUEX-NPH solvent contains three
extraction equilibria:

KCe [[0c] 2 0]+-KT [112 c]a]+(K1-rIfree f] +KT~]ree +I Qi'Jfreej

00

0

0
3 l9 

a -

[H 2 -204]= 2C204]

r

(II-14&)
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An expression for the distribution ratio of oxatic acid can be obtained by rearranging
Eq. II-14a and taking into account the aqueous-phase dissociation of oxalic acid:

KC [C ]2 fre
f ree

1 +

+ KT [TP]2
Sree

KaI
-+

[H]

+ totE]Of
free

K22

[Hf2

As shown in Fig. II-5, Eq. II- 14a fits the extraction data quite well. The values of the
extraction constants KC, KT, and KM are 28.6M-2, 0.67M-2, and 16M 1, respectively. To obtain the free
CMPO and TBP concentrations, the mass balance equations for the extractants are solved explicitly.
Additional extraction data will be collected to more thoroughly validate the extraction model.
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Aqueous [Oxalic acid], M
Fig. II-5. Measured and Calculated Extraction Isotherms

for TRUEX-NPH Solvent at 25'C. The model
is represented by Eq. II-14a.

D. Extraction Studies

In this report period, laboratory studies were carried out to determine the extraction behavior of Pu,
Np, Th, Am, Cm, and Nd. These studies provide extraction data which will be used in modeling the
TRUEX process.

1. Plutonium(IV) Extraction
(J. Sedlet)

Plutonium(IV) tends to form polymers and colloidal particles in dilute acid solutions, which
have Pu-O bonds that are difficult to break once formed. It is therefore of considerable interest to
establish the behavior of polymeric plutonium in the TRUEX extraction process.

DH2C 022 4
(II-14b)
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j 1 1_ _li Lo - 1 1 1
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a. Procedure

The extraction behavior of a polymeric plutonium(IV) from two different aqueous
phases (l.M HNO3 and 1.OM HNO3/2.2M NaNO3) by TRUEX/NPH solvent was studied. Forward and
reverse extractions were performed, as was the removal of plutonium from the final organic phase by
0.05M HF. The extractions were performed without pre-equilibrating the TRUEX solvent with the
aqueous phase. The characteristics of the polymer are described in Sec.II.J.2 of this report.

We added 2 mL of the aqueous phase to a culture tube, then 50 pL of the polymer
(-106 dpm 9Pu), and the solution was mixed by a vortex stirrer for a few seconds. Next, 2 mL of
TRUEX-NPH' solvent was added, and the solution was mixed in a vortex stirrer for 1 min at 25'C. The
phases were then separated by centrifuging and transferred to small glass vials, as follows. The top
(organic) phase was removed to within a few millimeters of the interface with a transfer pipet. The
remaining organic phase and a few millimeters of the bottom (aqueous) phase were removed with a clean
pipet. The volume of this "interface" was about 300 pL. The aqueous phase was then transferred with a
clean pipet, the tip of which was wiped with an absorbent tissue before the liquid was discharged. Each
phase was sampled, and the alpha activity measured by liquid scintillation counting. To sample the
interface, 5 pL of a 2% Triton surfactant solution was added, the solution shaken to emulsify the mixture,
and an aliquot taken for counting. Thus, the interface sample contained a small amount of the two liquid
phases. No correction was made for this in calculating the results, but since the bulk phases contained
very little alpha activity compared with the interface, a correction was not necessary. The interface was
separated and counted because of the tendency of colloids to concentrate at liquid-liquid interfaces.

A reverse extraction was performed by contacting 1 mL organic phase from the
forward extraction with 1 mL fresh aqueous solution. The extraction, separation, sampling, and counting
were performed as described for the forward extraction.

The ability of hydrofluoric acid to strip plutonium(IV) was measured by contacting
0.5 mL organic phase from the reverse extraction with 0.5 mL of 0.05M HF. The procedure was the same
as previously described, except that the interface was not separated and counted.

b. Results

The distribution ratios and mass balances for the forward and reverse extractions are
given in Table 11-3. The distribution ratios were very low compared to Pu(IV) monomer, ranging from
1.0 to 12.3. Monomeric Pu(IV) gives ratios of 104-l0s with the aqueous phases used here. The mass
balances were very poor, ranging from 17% to 79%. The recoveries were much better in the reverse
extraction, indicating a more tractable plutonium species in the organic phase after the forward extraction.
Possible explanations for the plutonium losses are adsorption on the glass walls of the culture tube,
inaccurate sampling of the interface, and inaccurate counting of the alpha activity. If the latter is the
problem, it may be due to phase separation in the scintillation cocktail (Insta-Gel XF). The alpha particle
spectra of some of the samples exhibited a severely degraded spectrum.

The results of the HF stripping a given in Table II-4. The extracted plutonium
species is poorly complexed and stripped by HF. In this case, the surface and interface problems have
disappeared, since the mass balances were good.

1.4M TBP and 0.2M CMPO dissolved in C12-C14 normal paraffinic hydrocarbon diluent.
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Table 11-3. Extraction of Plutonium Polymer by TRUEX-NPH Solvent

Dist. Ratio Mass Balance

Aqueous Phase For. Rev. For. Rev.

1.OM HNO3  1.0 7.9 30 %b 64%

1M HNO 3/2.2M NaNO 3  8.0 12.3 17 %d 79%C

"Percent of plutonium recovered from organic, aqueous, and middle
(interface) phases.'Of the amount recovered, 79% was in the interface and 21%
was in the two liquid phases.
'The corresponding figures for this extraction are 15% in the interface,
85% in the liquid phases.

*The corresponding figures for this extraction are 74% in the interface,
26% in the liquid phases.

ribe corresponding figures for this extraction are 9% in the interface,
and 95% in the liquid phases.

Table II-4. Removal of Plutonium Polymer from TRUEX-NPH by HF

Dist. Mass Pu
Ratio Balance Removed

1.OM HNO3  4.0 106% 20%

1.OM HNO/2.2M NaNO3 5.8 94% 16%

The culture tubes used for the forward and reverse extractions were later rinsed with
1 mL of 1MHF. TheHF solution was vortexed for 5 s, allowed to stand in the tubes for 1.5 h, then
removed and counted. Thirty percent of the added plutonium was recovered from the culture tube used in
the forward extraction from 1M HNO3 and 59% from the 3.2M NO3 forward extraction. The amount
recovered from the culture tubes used for the reverse extraction was negligible, but these tubes contained
only plutonium that had extracted into TRUEX solvent. These results show that polymeric plutonium has
a strong affinity for glass, and probably other particulates that collect at interfaces, at least in strong acid
solution. These results call for a study of methods to de-polymerize plutonium in waste solutions to be
processed by the TRUEX procedure.

2. Neptunium Extraction
(J. Sedlet)

Distribution ratios for Np(IV) between aqueous solutions containing a high nitrate ion
concentration (3.2M) and standard TRUEX-NPH solvent were measured at 25'C as a function of nitric
and sulfuric acid concentrations. The experimental procedure was the same as described for curium
extraction in ANL-91/26, pp. 89-90, with one major exception. In the studies with curium, the 2"Cm
tracer in dilute nitric acid solution was added to the aqueous phase. For the neptunium measurements, a
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239Np- 7Np tracer solution was prepared by extracting the neptunium from a reducing solution, 2M
HNOS/).1M Fe(NO3)2/0.2M NH2OH-HNO3 [to maintain the Np(IV) state], into TRUEX-NPH pre-
equilibrated with nitric acid. For the measurements, 20 to 40 pL of this "solvent-loaded" tracer was
added to 2 mL of the organic phase. The 37Np, which constituted the bulk of the neptunium mass, was
present at a concentration of 105 M. As was done in the curium experiments, the organic phase was not
pre-equilibrated, so the acid concentrations given below are the initial concentrations only. In addition,
only one extraction of each organic phase was performed. This extraction should be termed a reverse
extraction since the neptunium was initially present in the organic phase. Aliquots of each phase were
analyzed by counting the "'Np gamma rays with a sodium iodide crystal in a Packard Instrument Co.
spectrometer.

Two sets of experiments were performed. In one set, the nitric acid concentration was
varied from 0.02 to I.OM, while the nitrate ion concentration was kept constant at 3.2M by varying the
sodium nitrate concentration. The aqueous solutions were also made 0.02M in Fe(N0 3)2 and 0.4M in
NH 2OH.HNO 3 (to maintain a reducing environment), and 0.01M in sulfamic acid to destroy nitrite ion,
which catalyzes the oxidation of Np(IV) to Np(VI) in strong nitric acid solutions. The results are given in
Table U-5 and Fig. 1-6.

In the absence of sodium nitrate, the distribution ratios for Np(IV) with pre-equilibrated
solvent ranged from about 10 at 0.02M HNO3 to about 104 at IM HNO3 (ANL-91/26, pp. 94-96). The
distribution ratios increase sharply with increasing nitric acid concentration, in contrast with the behavior
of Am(III) and Cm(liI). The distribution ratios for the trivalent actinides decrease with increasing nitric
acid concentration. This decrease is attributed to the competition betwe n the actinide ion and nitric acid
for the CMPO, since extraction of nitric acid is quite high in strong nitrate solutions, and the formation of
the CMPO-HNO3 complex reduces the free CMPO concentration. In the case of neptunium, its complex
with CMPO is evidently strong enough to displace nitric acid from the CMPO, and the distribution ratio
becomes quite large above 0.1lM HNO3. At 0.02M HNO3 /3.18M NaNO3 the ratio for Cm(H1I) is greater
than for Np(IV), while at 0.1M HNO/3. IM NaNO3 , the Np(IV) ratio becomes larger than for Cm(IU).

In the second set of experiments, sulfuric acid (0.01 to 0.05M) was used in addition to nitric
acid and sodium nitrate. Sulfate ion forms a weak complex with neptunium. Ferrous ion was not used as
a reducing agent since it is oxidized to ferric ion, which also complexes sulfate. Hydroxylamine nitrate
(0.02M) was added to maintain a reducing environment.

Table II-5. Distribution Ratios for Np(IV) between
Aqueous Nitrate Solutions andTRUEX-
NPH Solvents at 25'C

Conc.,M

HNO3  NaNO3  Dist. Ratio

0.02 3.18 386
0.10 3.10 760
0.50 2.70 6.35 x 103
1.0 2.20 2.92 x O



64

106

105.

W 10 4-

103.

10 2

.01 .1 1 10

IHNO3 IM

Fig. 11-6. Distribution Ratios for Np(IV) between Aqueous
Nitrate Solutions and TRUEX-NPH Solvent at
25 'C as Function of Nitric Acid Molarity. The
total nitrate ion concentration was kept constant
at 3.2M by adjusting the sodium nitrate concentration.

The results from the second set of experiments are shown in Table 11-6 and Fig. II-7. The
data show that the distribution ratios decrease with increasing sulfuric acid concentration, as would be
expected if a Np(IV)-sulfate complex is formed. The results fall into two separate groups: the two lower
acid concentrations with ratios of about 650, and the two higher acid concentrations with ratios of about
500. However, if the result at 0.02M H2SO4 is neglected, the remaining three points fall approximately
on a straight line with a slope of about 0.13. Data at higher sulfuric acid concentrations are needed to
determine the composition of the complex. A major discrepancy in the results is the high ratios at all
sulfuric acid concentrations, compared to the ratio of 386 at 0.02M in the absence of sulfuric acid
(Table 11-5).

Table 11-6. Distribution Ratios for Np(IV) between
Sulfuric Acid/Nitric Acid/Sodium Nitrate
Solutions and TRUEX-NPH Solvent at 25'C

[H2SO4 , M Dist. Ratio

0.01 640
0.02 653
0.03 493
0.05 490

'The nitric acid and sodium nitrate concentrations were
maintained at 0.02M and 3.18M, respectively, in all
four solutions.
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Fig. 11-7. Distribution Ratios for Neptunium between Sulfuric Acid

and TRUEX-NPH Solvent at 25'C and Constant Nitric Acid
and Sodium Nitrate Concentrations of 0.02M and 3.18M,
respectively, as Function of Sulfuric Acid Molarity

3. Thorium Extraction
(J. Sedlet)

The behavior of thorium in the TRUEX separation process is being studied with the 0Th
isotope, an alpha emitter with a half-life of 7.54 x 104 years and a specific activity of 4.6 x 107 dpm/mg.
Effort in this period focused on preparing 230h stock solutions for later distribution ratio measurements.
To this end, 20 mg of "Th as thorium dioxide was obtained from the Isotope Distribution Office, Oak
Ridge National Laboratory (ORNL). Tie oxide was dissolved in the vial (about 4 mL capacity) in which
it was received by adding 2 mL 5M HNO3 and 4 pL 1lMHF and heating the vial under a heat lamp on a
hot plate on low setting for about 3.5 h. The HF, present at a concentration of 0.002M, is needed as a
catalyst to increase the dissolution rate of thorium and its compounds. The solution was evaporated to
dryness and the thorium dissolved in 0.5 mL l M HNO3. This solution was transferred to a 13 mm culture
tube with several portions of 1M HNO3, totaling 1 mL, in preparation for a radiochemical purification of
the thorium.

A portion of the same 3Th stock from ORNL was obtained in May 1989. This tracer gave
substantially greater distribution ratios in reverse extractions than in forward extractions, an indication
that more than one thorium species was present, or that sufficient 2mRa and 22Ra decay products (of
MT and 232Th, respectively) were present to warrant purification of the thorium. This was done by
extracting the thorium into TRUEX-NPH to obtain a "solvent-loaded" stock tracer solution. The
extraction was performed from 0.IM HNO3 into pre-equilibrated solvent, and was satisfactory. However,
the distribution ratio of thorium from 0.1M HNO3 is only about 10.

We thus decided to extract the thorium from 1.OM HNO3, since its distribution ratio is about
5 x 103. The extraction from the 1M HNO3 solution of thorium was performed at an O/A phase ratio of
one into acid pre-equilibrated TRUEX-NPH, and three phases were obtained. Evidently the combined
thorium and nitric acid concentrations were too high, and loaded the solvent beyond its capacity. The
thorium concentration (in 1.5 mL of solution) was 0.058M. At a CMPO concentration of 0.2M, if only
two moles of CMPO are needed to complex the thorium, more than 50% of the CMPO in the solvent is
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required to complex the thorium. If four moles are needed, obviously the CMPO concentration is
inadequate.

The two top (organic) phases were removed to a second culture tube and scrubbed with
1 mL of 0.1M HNO3 to reduce the nitric acid concentration. The third phase appeared again but was
smaller in volume; however, the solution became cloudy. Perhaps some thorium had precipitated. Pre-
equilibrated TRUEX-NPH (0.4 mL) and I mL of 0.1M HNO3 were next added to the two organic phases,
the mixture was vonexed and centrifuged. The third phase remained. Next, 0.5 mL TRUEX-NPH was
added. The mixture was not pre-equilibrated to avoid adding more nitric acid, but it was vortexed and
centrifuged. The third phase remained, but appeared to have diminished. The upper phase was initially
cloudy, but cleared on standing. Since the third phase was judged to be too small in volume to contain
much thorium mass, we decided to separate and analyze the top phase for alpha activity. This solution
(estimated volume, 2.5 mL) contained about 8.4 x 10' dpm of alpha activity, or about 93% of the
calculated 23 MT alpha activity originally present. Since 5-10 pL aliquots of this solution are sufficient to
measure a distribution ratio of 10 with good counting statistics, we decided to use this solution as the
stock tracer. All other solutions from this purification were saved for further study. The original solution
of 1M HNO3 from which the thorium was extracted contained about 3.8 x 1C 7 dpm of alpha activity
(which includes radium isotopes and their daughters), or about 4.2% of the T alpha activity. The
0. IM HNO3 wash of the TRUEX-NPH contains 2.6 x 106 dpm, or 0.3% of the SOT alpha activity.

4. Americium Extraction
(D. R. Fredrickson)

Experiments have been run at 50'C to study the effects of various complexants on the
extraction of 2'Am by TRUEX-NPH. The complexants included (1) oxalic acid, (2) sulfuric acid,
(3) phosphoric acid, (4) hydrofluoric acid, and (5) nitrate. In addition, extractions were done at 50'C with
ten concentrations of nitric acid alone. The present study extends the work previously done at 25'C on
extractions of E1Am with TRUEX-NPH from a series of complexants.

Our standard technique for performing distribution ratio measurements with radioactive
tracers has generally begun by pre-equilibrating the organic phase with all the aqueous phase constituents
but the tracer. When distribution ratios of these constituents are low (s0.3), pre-equilibration is simple.
The solvent is contacted with fresh aqueous solution three times at an organic-to-aqueous (O/A) volume
ratio of 1/3. However, pre-equilibration is impractical when (1) nitrate salts are in the aqueous phase,
causing the distribution ratio of nitric acid to be >1, or (2) HF (D-0.9) or oxalic acid (D a2) are present.
Pre-equilibration at higher temperatures causes difficulty in obtaining reproducible results due to
inabilities in maintaining the solutions at constant temperature.

The experimental procedure used here differs from that ordinarily used, the main difference
being no pre-equilibration and only a forward extraction. This procedure also requires a titration of the
aqueous phase (for acidity), which is done in separate experiments under identical conditions except
without the "1 Am spike. All of the data reported will require an adjustment of the actual acid
concentration when titration results become available. This is because acid pre-equilibration was not
done.

The results were obtained with 2 mL of organic phase and 2 mL of aqueous phase. The
aqueous phase was spiked with 24Am (and mixed), and then the organic phase was added. At this point,
a general procedure developed for the 50'C measurements was followed. This includes equilibration of
the mixture in a 50'C water bath for 15 min followed by three 20-s contacts, with 5-min water bath
equilibrations in between, and then 5 min in the bath before centrifuging. Centrifuging was for 2 min
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followed by 5 min in the 50'C water bath. Samples were then separated, and aliquots taken and counted.
Most of the samples counted were 50 pL for the organic phase and 200 pL for the aqueous phase.

In the past. we have had problems attaining consistent D values at 50'C. As a starting point,
we tested ten concentrations of nitric acid (0.02, 0.05,0.10,0.20, 0.50, 1,2, 3,6, and 8M) at 50'C. In
addition, selected concentrations (0.05, 0.20,0.50, and 3M) were re-run on a different day. All of the
results are presented in Table II-7. Since the results for the duplicate runs were consistent, work was
stmned with complexants at 50"C.

Table 11-7. Distribution Ratios for "'Am Extraction'
by TRUEX-NPH at 500C

[HNO],bM DA Da(repeat)

0.02 0.0139
0.05 0.066 0.067
0.10 0.229
0.20 0.626 0.636
0.50 2.73 2.70

1 5.62
2 9.03
3 10.1 10.1
6 8.39
8 7.69

'Modified extraction technique, i.e., no pre-equilibration of the
organic solvent with nitric skid.

bjitial concentration before contact at an O/A volume ratio of one.

Tables 1-8 and 11-9 summarize the data obtained for oxalic acid (0.01 to 0.05M) with 0.02M
and 0.1M nitric acid (total nitrate 3.2M), respectively. (At 0.02M nitric acid, however, oxalate at 0.04M
or 0.05M could not be prepared.) Tables 11-10 and II-11 summarize data for sulfuric acid and phosphoric
acid (0.01 to 0.5_M), respectively, with 0.02M HNO3 and 3.18M NaNO3. Table II-13 summarizes data for
0.02 to I.OM HNO3 and a total of 3.2M nitrate.

All these extraction data will be used in developing models for calculating D, at 50'C with
the GTM.

Table 11-8. Distribution Ratios for ElAm Extraction' by
TRUEX-NPH at 50'C with Oxalic Acid, 0.02M
HNO3,b and 3.18M NaNO3

[Oxalic AcidJ,bM DA

0.01 29.7
0.02 15.9
0.03 10.6

'Modified extraction technique, no pre-equilibration.
bInitial concentration before equilibration.
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Table 11-9. Distribution Ratios for 2"Am Extraction' by
TRUEX-NPH at 50'C with Oxalic Acid, 0.lM
HNO3,,band 3.1M NaNO3

[Oxalic Acid,bM Da

0.01 112.0

0.02 71.9

0.03 49.3

0.05 29.7

'Modified extraction technique, no pre-equilibration.
initial concentration before equilibration.

Table 11-10. Distribution Ratios for 1'Am Extraction' by
TRUEX-NPH at 50'C with Sulfate, 0.02M
HN,0 3 b and 3.18M NaNO3

[y 4 jso4bM DA

0.01 304

0.02 253

0.03 230

0.05 187

'Modified extraction technique, no precquilibration.
initial concentration before equilibration.

Table 11-11. Distribution Ratios for E'Am Extraction' by
TRUEX-NP!1 at 50'C with Phosphate, 0.02M
HN 3 band 3.18M NaNO3

[H3PO4],bM DA~

0.01 317

0.02 293

0.03 251

0.05 220

'Modified extraction technique, no pre-equilibration.
initial concentration before equilibration.
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Tabte 11-12. Distribution Ratios for "Am Extraction' by
TRUi.X-NPH at 500C with Fluoride, 0.1M
HN0,1Jband 3.1M NaNO3

0.01 273

0.02 262

0.05 229

0.10 152

0.20 118

0.50 51.4

'Modified extraction technique, no precquilibration.
initial concentration before equilibration.

Table 11-13. Distribution Ratios for 3" Am Extraction' by
TRUEX-NPH at 500C with HNO3 and NaNO3

[HNO3],b M [NaNO 3 ,],M DA

0.02

0.1

0.5

1.0

3.18

3.1

2.7

2.2

368

273

90.8

39.4

'Modificd exation technique, no pre-equilibration.
blnitial concentration before equilibration.

5. Curium Extraction
(D. R. Fredrickson)

Experiments have beei run at 50"C to determine the effect of various complexants on the

extraction of 2"Cm by TRUEX-NPH. The complexants are (1) oxalic acid, (2) sulfuric acid,
(3) phosphoric acid, (4) hydrofluoric acid, and (5) nitrate. In addition, extractions were done at 50'C with
ten concentrations of nitric acid alone. All of the experiments reported used the procedure described in
Sec.i.D.4.

Results for the extraction with nitric acid alone are presented in Table 1-14. Tables HI-15
and 11-16 summarize the data for oxalic acid (0.01 to 0.05M) at 0.02M and 0.IM nitric acid (total nitrate
3.2M), respectively. Tables 1-17 and 1-18 summarize data for sulfuric acid and phosphoric acid (0.01 to
0.05M), respectively, with 0.02M HNO3 and 3.18M NaNO 2. Table 11-19 summarizes data for HF (0.01 to
0.5_) with 0.1M HNO3 and 3.2M nitrate. Table 11-20 summarizes data for 0.02 to 1.OM HNO3 and a
total of 3.2M nitrate.
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Table 11-14. Distrbuton Ratios for "C Extracton'

by TRUEX-NPH at 5O'C with HNO3 Alone

[HNO3 jbM Da

0.02
0.05
0.10
0.20
0.50

1
2
3
6
8

0.0102
0.048
0.160
0.484
1.74

3.86
6.12
7.45
6.63
6.69

Modified extraction technique, no pre-uquihbration.
binjtial aqueous-phase concentration before equilibration
with TRUEX-NPH solvent at 50'C.

Table 11-15. Distribution Ratios for 2"Cm Extractiona
by TRUEX-NPH at 5('C with Oxalate, 0.02M
HN 3 ,b and 3.18M NaNO3

[H2C204 ,_bM Da

0.01 19.28

0.02 10.52

0.03 7.04

0.03 7.02

*Modiied extraction technique, no pre-equilibration.
"Initial concentration before equilibration.

Table II-16. Distribution Ratios for aCm Extraction' by
TRUEX-NPH at 50'C with Oxalmae,0.1M
HN09,b and 3.1M NaNO3

[H2C204,bM Do

0.01 83.9

0.02 532

0.03 37.9

0.05 21.6

'Modified extraction technique, no pe-equilibration.
bInitial concentration before equilibration.
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Table I1-17. Distribution Ratios for 2"Cm Extracon' by
TRUEX-NPH at 50'C with Sulfate, 0.02M
HN 0 3,band 3.18M HNO3

(H2SO41,bM Dc

0.01 239

0.02 210

0.03 190

0.05 156

'Modified extracton technique, no pre-equilibration.
initial concentration before equilibration.

Table 1-18. Distribution Ratios for 2"Cm Extraction' by
TRUEX-NPH at 50'C with Phosphate, 0.02M
HN0 b and 3.18M NaNO3

[H3 PO4]bM De

0.01 254

0.02 241

0.03 220

0.05 201

'Modified extraction technique, no pre-equilihration.
binijal concentration before equilibration.

Table 11-19. Distribution Ratios for 3"Cm Extraction' by
TRUEX-NPH at 50'C with Fluoride, 0.10M
HN0 3 , and 3.1M NaNO3

[HwbM D

0.01 207

0.02 199

0.05 182
0.10 160

0.10 145
0.20 92.8

0.20 93.3
0.50 42.9

'Modified extraction technique, no pre-equilibration.
bInitial concentration before equilibration.
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Table II-20. Distribution Ratios for "Cm Extraction' by
TRUEX-NPH at 50'C with HNO3 and NaNO,

[HNOb] M [NaNO3 ], M Dc.

0.02 3.18 302

0.1 3.1 218

0.5 2.7 67.6

1.0 2.2 29.3

'Modified extraction technique, no pre-equilibration.
initial concentration before equilibration.

All the data will be used to develop models for calculating D at 50C in an upcoming version of
the GTM.

6. Aqueous Solution Behavior of Neodymium
(I. R. Tasker and J. J. Takarewski)

Prior experimental works demonstrated some unusual extraction behavior of americium.
For example, if the extraction of americium at low nitrate concentrations can be represented as

A. )+ 3NO 3&)+ 3O A NO3 J3 3 O + x220 (II-15)

then one would expect a plot of log D vs. log (NO3) to have a slope of about 3. The slope is, in facr,
closer to 2. The values of the first and second overall stability constants inferred from in-house work
(86.5 and 63.2, respectively) are nearly two orders of magnitude larger than the literature values (1.89 and
0.89, respectively).' Another unexpected finding was that the organic titration data of organic solutions
containing Nd3+ and nitric acid showed large deviations from expected results. The most obvious
explanation for these results would be that hydrolysis of Am3+ is occurring:

A.3+ + 220 A (OH)2+ + H+ (II-16)

In an attempt to clarify this situation and to give some assurance that hydrolysis products are
not complicating our modeling efforts, a series of experiments involving the extraction of Nd3' into
TRUEX solutions has been planned; Nd was chosen as both a representative of the range of rare earth
ions and as a model for Am3+. In experiments such as these, accurate analyses of Nd' and other rare
earth ions, both in the aqueous and organic phases, are important. However, present analysis for all rare
earth metal ions is done by inductively coupled plasma/atomic emission spectroscopy (ICP/AES), an
analytical method that offers an accuracy only in the -5-20% range for complex matrices. Moreover, in
the case of the organic phase, it has been necessary to employ the time-consuming procedure of reverse
extraction into an aqueous medium. In an effort to address these problems prior to undertaking the
extraction experiments, another method for metal analysis was sought. Currently, a complexometric
method is being tested for determining neodymium concentrations. It is hoped that a rapid and easy
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spectrophotometric method will eventually become available. In the interim, the complexometric titration
described below will serve as an absolute, gravimetic analysis of solutions to be used for the
spectrophotometnc calibration.

Problems can occur when using tracer levels of material to perform distribution ratio
measurements; for example, under low acid conditions, where D values and nitric acid extraction are
small, the presence of small amounts of strongly complexing acidic impurities in the CMPO can greatly
affect experimental results. This problem can be mitigated by treating the extractant with diazomethane
to methylate the acid impurities or by using a carrier to "soak up" the impurity. The availability of a
method for easily analyzing concentrations of rare earth ions at greater than tracer levels opens up wider
possibilities of experimentation, such as the more accurate investigation of loading effects of rare earths.

a. Analytical Methods

Earlier work on the organic-phase titration of TRUEX-TCE (that had been contacted
with a solution of neodymium in nitric acid) with TBAOH in isopropanol showed significant deviations
from the titration results predicted by the GTM. A detailed inspection of the previous experimental
method allowed certain improvements to be made when the procedure was repeated. The results of the
new and old experiments are shown in Table 1-21, and the new results are in much better agreement with
the GTM predictions.

Table I1-21. Neodymium Concentrations from Titration of TRUEX-TCE
Contacted with 1.M HNOj/Nd* Solution

Conc.,M

Year [Nd]aq' [Nd] EP2b [Nd] GTMC % Error,

1989 0.01 0.024 0.00919 +160
1990 0.01 0.010 0.00919 +8.8

'Based on weighed amount of Nd(NO) 3.6H2 0.
'Based on volume at second end point and Nd3*:3 TBAOH.
CFrom Generic TRUEX Model.
d([Nd] EP2 - [Nd]GTM)/[Nd] GTM x 100%.

Regarding the aqueous phase titrations of Nd3+ systems, it is well known that
accurately titrating strong acid is sometimes difficult in the presence of hydrolyzable metal ions. To
investigate the effect of Nd3 + concentration on the titration of nitric acid, two systems were studied. In
both cases, the bare nitric acid was titrated, and the same acid was titrated with a weighed amount of
Nd(NO 1) 6H20 added. The results are given in Table 11-22. It is clear that in systems with high
[H+]/[Nd +] ratios, the acid may be titrated with no effect from the neodymium. When [H+]/[Nd3+]= 7.6,
however, the error in [H] increases beyond the error associated with the method.

Though the results of these experiments eased concem about the anomalous behavior
observed in these systems, the need for a more effective means of analysis remained. To start the search
for a metal analysis technique, thermogravimetric analysis (TGA) was investigated. This method was
found to be complicated and equipment intensive.7
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Table 11-22. Neodymium Concentrations from Titration of Nitric Acid ,n Presence of Neodymium

Conc., M

No. of
[Nd3*]T [H Jb [H*/[Nd 34] Samples Rel. A.D. Error in [H+]

0 0.3044 - 3 0.49% -

0.0390 0.2960 7.6 3 0.47% -2.8%

0 0.2880 - 3 0.17% -

0.0120 0.2881 24 1 - +0.035%

0.0084 0.2892 24 1 - +0.42%

'Based on weighed amount of Nd(N0 3)3.6H20.
bBased on first end point.
Relazve average deviation among sample population.
'Using the neat acid solution as the correct value.

The results of further literature search revealed that Misumi and Taketatsu8 have
reported a complexometric titration method for the accurate determination of rare earth elements. The
rare earth oxalate is precipitated from a weak acid aqueous solution of the 3+ ion. The oxalate is filtered
and dissolved in excess standard EDTA and ammonia. The pH is adjusted to 10 with NH4OH/NH 4C1 and
ammonia. An Eriochrome black T solution is added, and the mixture is back titrated with standard
MgSO4. The limit of analysis ranges from I to 5 mg, and the error of the method varies from 0.62% for
Nd3 * to 2.2% for Lai+. Since the precipitate must stand ovemight, the procedure requires two days but is
not otherwise time-consuming.

The following is an abbreviated procedure which incorporates relevant comments
from Skoog and West9 and Welcher. 10

b. Preparation of Reagent Solutions

One-half gram of Eriochrome black T (EBT) and 4.5 g hydroxylamine hydrochloride
are dissolved in absolute ethanol, and the total volume is filled up to100 mL with ethanol. Itmay be very
difficult to dissolve the solids in this volume of ethanol. However, it is not important that all of the solid
be dissolved. The solution deteriorates quickly and may need to be replaced every two weeks.
Refrigeration of the solution slows deterioration.

To prepare the buffer solution, dilute 570OmL of concentrated NH3 and 70g NH4CI to
about one liter. A standard 0.001M magnesium sulfate solution is prepared by dissolving 0.25 g
MgSO 4 -7H20 in distilled water and diluting to one liter. A standard 0.OIM disodium-EIDI'A dihydrate
solution is prepared by dissolving 0.37 g EDTA in distilled water and diluting to one liter.

A standard 0.OOM calcium solution is prepared by dissolving 0.1 g of dried primary
standard calcium carbonate in the least amount of dilute hydrochloric acid. The resulting calcium
chloride solution is diluted to exactly one liter. Care must be taken in dissolving the calcium carbonate or
solid material will be lost through entrainment.
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c. Standardization of Solutions

Among the complexing agents EDTA is apparently unique in forming 1:1 complexes
with cations regardless of their valence. Thus,

n+ + H2 MY(n 4 ) + 2H+(11-17)

where M"+ is a metal ion with charge n+, and Y4 is a metal-complexing ion. The EDTA solution is
standardized against the primary standardized Ca2+ solution. A 10 mL aliquot of the Ca2+ solution is
pipetted into an Erlenmeyer flask. Ten millimeters of distilled water, 2.5 mL of the buffer solution, one
drop of 1% MgCl2 solution, and five drops of the EBT solution are added. Titrate with the EDTA
solution until no trace of purple color remains. A blank determination must be made using water, buffer,
magnesium chloride, and indicator in the same amounts as in the titrations.

The MgSO 4 solution is standardized by direct titration with EDTA. Pipet 10 mL of
the MgSO4 solution into an Erlenmeyer flask and add 10 mL of water, 2.5 mL of buffer solution, and five
drops of EBT solution. This mixture is titrated with EDTA until all traces of red color have been
removed.

d. Precipitation, Dissolution, and Titration of Nd2 (C2O4)

The amount of solution to be analyzed, which contains about 2 mg of Nd+ ion, is
calculated. This volume is then diluted to 10 mL with distilled water and warmed at 60'C for a few
minutes; 20 mL of saturated oxalic acid solution is added.The solution is again warmed for several hours
and left to stand ovemight. The volume must be maintained or oxalic acid crystallization becomes a
problem. Good neodymium oxalate crystal formation has been achieved by allowing the covered beakers
to remain on the but plate as they cool.

The precipitate is then filtered using a micro glass filter (30 fine porosity) by suction
and washed with saturated oxalic acid solution. Two millimeters of 2M NH3 is added. The filter is
placed in a 150 mL beaker, and 25 mL of 0.001M EDTA is pipetted into the beaker. lie neodymium
oxalate dissolves as the complex anion, with the excess EDTA (HY 3) remaining in solution. The
reaction proceeds as

Nd2 (C2 04 +3 + 2lY3  
4 2INdHYC20 4J2  + C2 04

2 - (I-18)

Misumi and Taketatsus used disodium EDTA (H2Y2-) for their work, and yet Eq. 11-18 is for trisodium
EDTA. Nonetheless, the rare earth-EDTA complex is known to be a 1:1 complex.

Two millimeters of 2M ammonia is added, and the mixture is warmed again carefully
for about five minutes. When the precipitate is completely dissolved, the solution is cooled rapidly. The
filter is removed from the beaker as it is rinsed with distilled water.

The pH of the solution is adjusted to 10 with 2 mL of the buffer solution and
additional 2M ammonia. The total volume is filled up to about 60 mL with distilled water. Five drops of
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the EBT indicator solution are added. The excess EDTA is back titrated with standard 0.001M MgSO 4 .
At the end point, the blue color changes completely to red. The end point is not sharp, and practice is
needed to obtain suitable precision.

e. Preparation of Standard Nd(N03)3 Solution

Having obtained an analytical technique of suitable accuracy, we then needed a
means of preparing a pure solution of neodymium. Spedding and Pikal"' have reported a procedure for
the preparation of rare earth nitrate and chloride solutions with accurately known concentrations. A
modified procedure has been adopted to prepare a 0.8M Nd(N0 3)3 solution from Nd203 and HNO3 ,
where excess Nd203 is dissolved in a measured amount of standardized HNO3 .

The Nd203 was 99.999% pure (rare earth oxide) obtained from Alfa Inorganics. To
begin, 16.5217 g of the oxide (molecular weight = 336.54) was added to 49.00 mL of 5.984M HNO3
The beaker containing the solution was allowed to stand in a sonic water bath for an hour to ensure
complete reaction. A small amount of solid remained in the beaker. This excess oxide was suction
filtered through a fine sintered glass filter.

Spedding and Pikal suggest that the equivalence point of the hydrolysis reaction

M3++ H2O - M(OH)2+ + H+

can be determined by removing "a small portion of the solution." Since the scale of the procedure is
never discussed, it is not possible to know what is meant by "small." Certainly, the titration aliquot must
be small with respect to the total solution volume. Since the volume is not accurately known, the amount
of Nd3 * removed by the aliquots must be estimated. When small aliquots are taken, errors in estimating
the total volume will have a small effect on the final concentration.

The volume was estimated to be 175 mL. Two 50 pL and two 100 pL alquots were
removed and titrated with 0.0603M HNO3. Only 0.17% of the total Nd3+ was removed by this operation.
The aliquots were treated separately. Each was diluted to about 10 mL with distilled water and titrated
with the 0.0603M HNO3. The titration curves were not like the typical strong acid-weak base curves
reported by Spedding and Pikal.1' The pH of the diluted stock solution was about 3.5. It was impossible
to determine the equivalence pH of the reaction from the titration curves. Following Spedding and Pikal's
instructions, the solution was heated (90'C for 90 min) to react with HNO3.

The stock solution had a pH of 1.1. Since this pH is below the expected equivalence
pH, we assumed that the hydrolysis of Nd(N0 3)3 would be suppressed. No further titration of the stock
solution was attempted.

The density of the stock solution and its total mass were measured. The
concentration of the stock solution was calculated from the following data:

density: 1.2129 g/mL
total mass of solution: 146.2044 g
weight Nd203: 16.5217 g (99.999%)
volume HNO3: 49.00 mL (5.984 M)
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Total Nd3 * removed as 100 and 50 pL aliquots: 0.1711%

The concentration of Nd3 * in the stock solution was calculated according to the
equivalent amount of standard HNO3. The concentration of the stock was found to be 0.8094M
Nd(NO3) 3.

From this point, R&D is now proceeding in two directions. In the first, from the
0.8094M Nd(N0 3)3 stack solution will be prepared a series of solutions of varying Nd and NO3

concentration for use ii extraction experiments with TRUEX-NPH. It is hoped that the results of these
experiments will shed light on the source of the aforementioned anomalies and aid in our understanding
of loading behavior. Th second direction taken is the development of an acceptably accurate, rapid
method of neodymium analysis using a spectrophotometer. A series of standard solutions of neodymium
in aqueous and organic media has been prepared for ultraviolet/visible spectroscopic measurement. Upon
obtaining standard absorbance concentration curves for these solutions, we will investigate the potential in
using a spectrophotometer for direct measurement of neodymium concentration in aqueous and TRUEX-
NPH solution.

7. Use of 24 1Am Extraction as Purity Check for CMPO
(D. R. Fredrickson)

The quality of the CMPO purified by our standard procedure' 2 was checked by measuring
the americium distribution ratios between TRUEX-NPH and 0.01M and 2M HNO3 at 25'C.

To start, three different batches of CMPO were used to prepare sampless containing 100 mL
of 0.2M CMPO with 1.4M TBP in NPH. Distribution ratio measurements were made in the conventional
manner, where an acid pre-equilibration of the TRUEX-NPH was done first. The acid-equilibrated
TRUEX-NPH was then contacted with an aqueous phase which had been spike d with 24 tAm. The
samples prepared in this manner were labeled MIKE #1, MIKE #2, and CLIFF #3. In addition, JEFF #4
and JEFF #5 were run. The last two were standard TRUEX-dodecane solutions already prepared.

We have a considerable base of previous data for comparative purposes (LUCINDA
JULY 89, LUCINDA MAY 89, and NINUS 1988). The TRUEX-NPH presently being used was also run
(triplicate samples) and labeled SEDLET/DRF (1990). Table 11-23 summarizes current and previous
americium extraction data with 0.01M and 2M HNO3 . Based on this compilation, the only suspect
sample is CLIFF #3 for 0.01M HNO3, which falls out of the spread of data.

Americium distribution ratios measured at low acid concentrations are more sensitive to
acidic impurities present in the CMPO, i.e., the extraction of americium with these impurities increases as
[H+] decreases. Distribution ratios measured at 2M HNO3 give some indication that the TRUEX solvent
was prepared correctly.

E. Data Base Development
(W. B. Seefeldt)

The success of the TRUEX process and the development of models useful to designing flowsheets
strongly depend on the quality and the retrievability of underlying distribution ratio measurements for the
many chemical species likely to be present. An effort was therefore initiated to collect all such
information into a data base using the software package 4th Dimension on a Macintosh computer. The
design of the data base places strong emphasis on various modes of retrievability and anticipated report
formats useful to the project. The data base is intended to be useful to at least four customer types:
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Table 11-23. 2'Am Extraction as Purity Check for CMPO

Distribution Ratios

Sample 0.01M HNO 3  2M HNO 3

SEDLET/DRF (A) 0.0132 27.7
SEDLET/DRF (B) 0.0132 28.2

SEDLET/DRF (C) 0.0132 29.5
MIKE #1 0.0155 27.4

MIKE #2 0.0156 28.5

CLIFF #3 0.0388 29.4
JEFF #4 0.0192 30.5
JEFF #5 0.0170 28.9
LUCINDA JULY 89 0.0116 29.4
LUCINDA MAY 89 0.0127 28.6
NINUS 1988 0.0131 29.5

program managers, individual experimenters who measure distribution coefficients, modelers who
develop the algorithms useful to the design of TRUEX flowsheets, and quality assurance auditors. The
ability to rapidly identify categories of information in need of development is especially important to
program managers and modelers.

The design of the structure of the data base has been completed, and the data base is functional.
Debugging continues, and further improvements to facilitate use are in progress. Data are routinely
incorporated as additional measurements are made in CMT.

Recent emphasis had been on the collection of data appearing in the literature and their
incorporation into the data base. Two literature searches have been conducted using the DOE Energy
Data Base and the data base of the American Chemical Society. In both cases the search was for all
abstracts containing mention of CMPO. The total number of abstracts was 45 and 64, respectively. These
searches will form the basis for further data base work.

F. Monitoring and Controlling the TRUEX Processes
(B. Misra and M. C. Regalbuto)

1. Introduction

Development of an optimized TRUEX process will depend, to a large extent, not only on
selection of monitoring instruments for the critical process variables, but also on implementation of
control strategies based on the inherent characteristics of multistage centrifugal contactors. It is expected
that selection and placement of sensors will play a dominant role in gaining an insight into both the static
and dynamic behavior of the multicomponent separation process. Successful development of a control
system will depend on on-line monitoring of key variables, such as concentration and activity levels, by
the latest analytical techniques. Since the concentration of the TRU elements in the TRUEX feed solution
is low, monitoring of the impurity concentrations in the product streams with the desired degree of
accuracy may be, in many cases, beyond the capability of existing instruments.
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In the current efforts, we are evaluating the TRUEX process in the light of monitoring and
control instnunent requirements, and we are mathematically modeling the interrelationship among the
various components and process variables. One of the goals of these efforts is to develop a knowledge-
based (expert) system which will be used to (1) analyze potential and hypothetical failure modes,
(2) study propagation of failure modes and their consequences, (3) select instruments for detecting fault-
initiating events, and (4) develop a control system for an optimized TRUEX process.

2. Selection of Process Flowsheet

Literature review and modeling efforts v.: re carried out to determine the instrumentation and
control requirements for the TRUEX solvent extraction process. To identify the important process
variables, a typical process flowsheet, as shown in Fig. 1-8, was examined. Design of a monitor-and-
control system for the TRUEX process requires not only a general understanding of the process and its
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goals but also the role of major process variables in governing the mass transfer and the interaction
between the process variables. This necessitates distinguishing between

1. Primary process variables such as the aqueous and organic flow rates, compositions of
the feeds, and other-phase carryover.

2. Secondary process variables such as liquid levels in the contactor, liquid levels in the
process tanks, and temperature, pressure, and pH at strategic locations.

3. Tertiary process variables such as conductivity and density.

The flow streams, storage tanks, receiving and supply tanks, and the centrifugal contactor were all
examined for placement of appropriate sensors and transducers. Table 11-24 presents a summary of the
major flow streams and storage vessels that need to be instrumented for monitoring and control purposes.

Table U-24. Potential Monitoring and Control Requirements for the TRUEX Process

Aqueous Feed Tank and Feed Stream (DF)

Process Variables
Liquid Level
Fluid Flow Rate
Density
Color
Conductivity
pH
a Activity
y Activity

Control Instruments
Liquid Level
Fluid Flow Rate, Fluid Transport
(Metering Pump, Pump Speed, Control

Valve)

Organic FeedTank _md Fluid Transport (DX)

Process Variables
Liquid Level
Density
a and y Activity
Color

Control Instruments
Fluid Flow Rate, Fluid Transport
(Metering Pump, Pump Speed, Control
Valve)

Scrub. Strip, and Solvent Wash Tanks and Feed Systems

Process Variables
pH
Density
Conductivity
Liquid Level

Control Instruments
Liquid Level
Fluid Flow Rate, Fluid Transport
(Metering Pump, Pump Speed, Control
Valve)

(contd)
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Table 11-24. Potential Monaing and Control Requirements for the TRUEX Process (cond)

Raflnaie and Storage Tank (DW)

Process Variables

Liquid Level
a Activity
y Activity

Am-Product Effluent and Storage Tank (EW)

Process Variables
Liquid Level
a Activity
y Activity
Conductivity
Color

Pu-Product Effluent and Storage Tank (FW)

Process Variables
a Activity
y Activity
Color
Liquid Level
Conductivity

Solvent Wash Waste (GW)

Process Variables
Liquid Level
pH
Conductivity
Color
a Activity
y Activity

Centrifugal Contactor (Mechanical Operation)

Process Variables Control Instruments
Temperature
Voltage Shut Down of Cell Motors and Pumps
Current Liquid Level

(contd)
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Table 11-24. Potential Monimring and Control Requirements for the TRUEX Process (c*oxtd)

Contrifunl CnacU n Lstt1ime)

&Dcess Vables Control lastrumen

a Activity Data to Expet System for Control
y Activity of Feed Rates or Shut Down Process
Cordoctivity Liquid Level
pH
Color
Density

'A feed adjustmen tank will likely be in front of this tank to add oxalase if necemry and thereby
wuEss extraction of Zr" and other noble metal species and/or adjust nitric acid concentration.

3. Operating Limits for TRUEX Process

Since the TRUEX process involves solutions containing radioactive elements, the monitor-
and-control system is expected to be more complex than that used in a conventional industrial chemical
process. However, because of the operation of the processing equipment at essentially ambient
conditions, the overall monitor-and-control system is expected to be less complex. Table 11-25 lists the
upper and lower operating limits envisioned for TRUEX processes.

Table 11-25. Operating Limits for TRUEX Processes

Operating Parameter Operating Limits

Temperature Ambient (15-60'C)
Pressure Ambient (13-16 psia)
Liquid Level, m 0.005-7
Flow Rate, Ldmin 0.001-20
Density, ghnL 0.8-1.2
Actinide Concentration, M 104-10-1
pH (-1)-2
a, P, y activity System Dependent

4. Sensor Requirements

The various sensors required for a typical TRUEX process (Table 1-24) were analyzed to
determine the control system requirements. Examination of commercial instrument catalogs showed that
several manufacturers supply sensors for temperature, pressure, fluid flow rate, and liquid level. In
addition, the same manufacturer often offers a wide choice of sensors of a given measurement with
varying degrees of sophistication.

For remote monitoring and control, the signals must be sent a great distance is a noisy
electronic environment. Also, for process control, the signals must be interfaced with a computer system.
Hence, we decided that all sensors must provide a uniform 4-20 mA signal.
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Our study of a typical TRUEX process flowsheet showed that the most important monitor-
and-control variables are fluid flow rate, liquid level, and chemical composition. The characeistics of
flow rate and liquid-level sensors and their cost data are prescoted below.

Although the physical size of the system plays only a minor role in selection of the types of
sensors required, it is imponant for selection of flow rates, pumps, valves, level detectors, etc, in making
cost estimates. The data presented in Table 11-26 were used as a basis for making cost estimates,
especially for flow meters.

Table 11-26. Nominal Fluid Flow Rates for Typical'TRUEX Process

Fluid Stream Maximum Flow Rate, L~iin

Aqueous Feed (DF) 5-10

Orgnic Solvent (DX) 5-10

Strip # (EF) 0.5-5
Strip #2 (FF) 0.3-0.6
Scrub (DS) 0.2-0.4
Solvent Wash #1 (GP) 0.1-0.2
Solvent Wash #2 (HP) 0.1-0.2

Solvent Rinse (IF) 0.1-0.2

a. Volumetric and Mass Flow

Measurement of flow is fundamental to all process industries, and it comprises one of
the oldest technologies. Without measurement and control of this crucial variable, no automatic process
can be developed for the TRUEX process. The physical, chemical, and hydrodynamic characteristics of
the fluids are important to flowmeter selection. The fluid streams must be analyzed in terms of either
mass flow or volumetric flow requirements, with maximum and minimum flow rates set. Different
flowmeters may be chosen depending on whether the stream is a pure liquid, a slurry, an acid, a base, or a
solvent. All types of flowmeters (e.g., those based on the conservation-of-mass principle such as the
orifice plate, venturi tube, rotmeter, those based on rate equations such as velocity, heat, and mass
transfer, and those based on some dynamic aspect of flow such as vortex shedding and the Coriolis effect)
are suitable for flow monitoring of one or more streams. However, our analysis of literature data
indicated that flowmeters based on recent technologies, such as those based on the Coriolis effect, deserve
first consideration for flow streams that require precise measurement and control.

By examining a typical flowsheet for the TRUEX process, we divided the flow
requirements into two categories:

I. Process streams that operate at low flow rates and do not require precise monitoring
and control, such as solvent-wash feeds.

2. Process streams that operate at high flow rates and require precise flow measurement
and control, i.e., all other aqueous feed streams and the solvent feed stream.
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Table 11-27 summarizes the pertinent data for flowmeters based on the Coriolis effect
and an accurate metering pump based on positive displacement. In the case of the metering pumps, use of
a flowmeter backup may be desirable to give feedback to the pump and to avoid flow offsets if the pump
calibration changes. One can also monitor flow offsets by measuring how the liquid level in the feed tank
changes with time.

Table 11-27. Flowmeter Data from Two Industrial Firms

Micro Motion, Inc. Fluid Meter, Inc.

cpr 5in Pricile
Flow Range

-rm Range
Accuracy
Rapomse Time
Cost
Availability
Control Function

Environent

Coriolis Effect
0-25,00 lb/min
-240'C to 200'C
*0.1-0.2%
0.1-1.1 s
$4000-5000
From Stock
4-20 mA Output

No Major Impct
on Design

Acid, Base, Solvent,
and Radiorctive
Fluids, Slurries

Positive Dispi cement
0-1200 mlhnin
-200'C to 200C
*1%
<2 s
<41000
From Stock
Indication Only, No

Analog Signal Output
Minor Imprct on Design

Corrosive and Radioactive
Fluids, Slurries

b. Liquid Level

Liquid-level monitoring and control are required at a number of locations. While the
liquid level is not controlled in the centrifugal contactors, problems in their operation are often revealed
by changes in the liquid level in the annular zone of one or more stages. The volume held in a storage
tank can also be monitored with a liquid-level probe.

There is a wide choice in sensors for monitoring liquid level (mechanical, electric,
electronic, and pnumatic), varying from very simple and inexpensive devices to very sophisticated and
expensive transducers which incorporate the latest electronic technology. Typical characteristics of liquid
level sensors are presented in Table iI-28. From the standpoint of remote monitoring and control of liquid
level, consistent with accuracy and other design requirements, the radio frequency (RF) admittance type
level detectors appear to satisfy the needs of the TRUEX process. Our choice is based on those sensors
that provide continuous level measurement with an analog signal output, moderate cost, and versatility,
along with ease of calibration, installation, and replacement.

A study of the catalog data on level sensors indicated that they are, in general, rather
bulky. Monitoring and control of liquid levels in supply and receiving tanks with bulky sensors do not
present serious design problems. However, using level sensors to measure the liquid level in a centrifugal
contactor stage presents a formidable challenge.
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Table u-28. Cost D t and Other Informaicsn on Typical Level Sensors

SpecifrakRnse and Cost

Type

Range

Accuracy
Reqponse Time
Temperature
Environment
Impact on Sysemn

Design

Weight
Copt

RF Admitunce Type
Microwave Type
Resistance Tape Type

Non-contcL, both
point and continuous

maeeent

From sensor face,

0.25-180 in. (0.6-450 cm) level
*0.5%
Is
o-500'C
Corrosive, Radinmtive

Major

5-9 lb (24 kg)

$1 500-2,000
$4,000-6,000
$1,000-1,500

5. Dynamic Resoonse of OTM

Version 2.1 of the OTM uses a new method for calculating the mass and flow balnces in
the SASSE wokstheet, in that an analytical steady-state solution is calculated in a single step. This
SASSE section can be used independently of the GTM when the appropriate distribution ratios or
equations are specified by the user, or, if SASSE is used in conjunction with the GTM, the distribution
ratios are calculated by SASPE. We employed the new SASSE worksheet to determine the dynamic
respone of the organic- and aqueous-phase compositions to changes in the inlet compositions or the flow
rates of the TRUEX process.

Because of the complexity of the GTM, we first studied the concept of process dynamics for
a much simpler system. Tle most elementary of the simple systems is the first-order transfer stage.' 3 An
example of a first-order transfer stage is the continuous stirred-tark reactor (CSTR), in which mixing
conditions occur, or a simple first-order chemical reaction take place.

For the case of a perfect mixer, the volumetric inflow and outflow rates are equal to q, and
the respective stream compositions are x and y. expressed in moles of solute per unit volume. This case
can be represented as

x4q- 0E8TR y q

A material balance for the solute yields:

dt - - qy (II-20a)
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or simply accumulation equals inflow minus outflow. In Eq. II-20a, V is the volume of liquid in the
reactor. Perfect mixing is assumed, i.e., effluent concentration is taken to be the same as the average in
the tank. We can divide Eq.II-20a by q and set T equal to V/q. Here, the time constant T is the average
holdup time in the reactor, in other words, the time required for a volume equal to the liqui volume in the
reactor to flow through the reactor. This yields

T - x - y (II-20b)

For most problems in process dynamics, it is advantageous to write the dynamic equations in
terms of a deviation variable rather than the absolute values of the variable. This can be accomplished as
follows. For steady state-conditions, Eq. 11-20a can be written as

q z - q ye - 0 (11-21)

where the subscript ss denotes steady state. From Eqs. II-20b and 11-21, we obtain

d(y - y )

T dt s+(y-y)m(-sn) (11-22)

Defining the deviation variable Y = y - y,, and X = x - x,, yields

T- + Y -X (11-23)

The form of Eq. U-23 is known as a first-order transfer stage, in which Y is the response variable to the
forcing function X. If we abruptly change the concentration in the feed tank to some new steady-state
value A units different from the initial condition, the forcing function X will be a step function of
magnitude A. Therefore, Eq. 11-23 becomes

T-+d Y A (11-24)

whose solution

Y - A (1 - e t/T) (11-25)

can be verified by substitution of Eq. HI-25 into II-24 and the fact that at t =0, Y = 0. The response to the
forcing functon A, shown in Fig. U-9, indicates that, for each time interval equal to the time constant T,
the recovery that occurs, expressed as a fraction of the forcing function at the start of the interval, is
1 - e = 0.632. In other words, the response in any time interval T, after the step, covers 63.2% of the
amount left to be covered at the start of the time interval.
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Fig. II-9. First-Order Step Response to the Forcing Function A (see Eq. 11-25)

iTe quantity accompanying the time variable (in this case, -1I), is known as the eigenvalue
of the system, defined as A. Thus,

Y-A (1- t) (I-26)

Equation 11-26 clearly shows how the eigenvalues are directly related to the stability of the system. Since
A is negative in this case, the system will reach a new steady state. If the time constant is small, the
system will respond quickly, and if the time constant is large, the system will respond slowly.

In complex systems, multivariable interactions, as well as nonlinearity, often complicate the
solution of the differential equations that describe the dynamic behavior of the process. In many cases,
computational algorithms can be used to aid in the solution, especially to calculate the eigenvalues or time
constants of the system. In the majority of cases, these values are not as obvious as in the CSTR mixers.

We conducted a similar dynamic analysis for a much more complex system, the TRUEX
process. In this analysis, all the equations needed to calculate the eigenvalues, as well as the response of
the system to a step-forcing function, were derived. Numerical calculations with these equations can
easily be performed once a flowsheet has been specified.

As a result of this analysis, the process time delays can be identified, helping in the selection
of monitor-and-control instruments. Also, several control systems or control settings can be compared by
evaluating which one responds better to a perturbation.

a. Analysis of Changes in Feed Composition

The GTM (Version 2.1) has been analyzed for dynamic behavior with regard to
changes in feed-stream compositions at constant flow rates. Flow rates are considered as totally
observable and controllable environmental variables. Therefore, a perturbation in the flow can easily be
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detected and corrected by on-line mec ianisms. However, changes in composition of the aqueous feed to
the extraction section are beyond imm diate control and, therefore, represent a perturbation to the system.

In the new GTM, s lvent extraction contact equipment (either continuous or
differential) is analyzed as if it were a s tagewise process," where the backmixing or other-phase
carryover for either phase can be large.

An unsteady-state mass balance for component j in stage i with constant volumes and
D values can be written as:

dx..
a, .,1-1+ b3, .ix . . + c . x.j -d -[V. + D ..i o i1(11-27)

where the coefficients a,, b, ci,, and di,; for component j at stage i can be obtained in Ref. 14. These
coefficients are based on backmixing for both phases, distribution ratios for component j, and organic and
aqueous flow rates in and out of stage i. Equation 11-27 also contains the organic and aqueous stage
volumes vi and va; and the distribution ratio D for component j at stage i.

At steady state, the right-hand side of Eq. 11-27 equals 0, and that equation can be
written as

ax- 1  + bix + cx. 1  - d -o (11-28)

where the index j has been dropped for convenience. Subtracting this steady-state equation from Eq. 11-27
and introducing the deviation variables X; = x - x. and U; = d -d;. yield

[ v a1 + D., . v 0. dX.
a. Z. + b i + c i i+1 i U, - i

+bi dt (I-29)

'The introduction of a deviation variable results in a more general solution, which is
free of initial conditions because the initial value of X is zero. In control theory the primary concern is
the deviations of system variables (in this case concentration) from their steady-state values. Therefore,
the use of deviation variables is natural as well as convenient.

Equation 11-29 can be written for every component at every stage. Solution of
Eq. 1-29 will yield the transient response of the given component, at stage i, to any forcing function.
These forcing functions are reflected in the variable U;, since we are concerned with changes in the feed
composition only.

The system of equations generated by writing Eq. II-29 for i= 1 ... m, where m is the
total number of stages, can be solved in several different ways, e.g., root-locus methods (Laplace
transforms), frequency-response methods (Bode and Nyquist diagrams), and phase space analysis.is Our
analysis indicated that Eq. 1-29 is suited for a phase-space solution. These types of solutions are
preferred over the other two since they do not introduce many mathematical concepts.
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b. Solution

Writing Eq. II-29 for a given component, for all m stages, results in a system of m
linear differential equations with constant coefficients. A matrix representation of these equations is
given as follows:

bI +1b11 1 c112

a 1 + b2X + c213

&3X + b 313 + c3 4

a 1

4X3 +4X4 + 45

.l +Xb1X + c.l+1

a I -+ b _I + c I

ml + b I
1 "iZ -

- U 2

- U3

- U4

- U.

- U d-
1 d

d12

dt
d13
dt

d4
=- dt

dX.
- ,-

(11-30)

dl
- Un-i

-U
Bn

dl

-Q

when

aj = a/(va + Div,;)
b; = b/(vg + Divot)q = c/(vg + Div.)

Ui = U/(vg + Diva)

Note that the subscript j, which represents the component number, has been omitted for clarity.
Nevertheless, these m equations are for the single component j. The solution of this system of equations
can be given in terms of the eigenvalues of the matrix of coefficients defined as T. Equation iU-27 can
then be written in terms of'T as

,Xdi

whose solution is

T -1'
a w. T U

i 

i -T

w. z.
-1 -1

A. t
li U-1z. e + T U'

-1 :
(II-32)
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w, z, and A are the eigenrows, eigenvectors, and eigenvalues of the system (or matrix ), respectively.
The eigenvalues are given by solving

T - A I) - 0 (11-33)

The eigenvectors by solving

(T - A. I): - 0 (11-34)

and the eigenrows by solving

(T - A. I)w - 0 (II-35)

Using these equations, one can determine the effect of deviations from steady state
due to perturbations in the feeds. In the next stage of this project, we will numerically solve this
eigenvalue problem for specific TRUEX flowsheets. By focusing on the time response of a system to a
perturbation, it is possible to observe which stages and which components respond faster to a perturbation
and also to determine which variables change by orders of magnitude. Those variables that respond
quickly to perturbations, with large changes (orders of magnitude), are good candidates for monitoring.

For dynamic control to have any quantitative meaning, some measure or criterion
must be available to specify how good the control is, i.e., how far the process is from the desired
conditions. Once the process is defined, the needed quantities in Eq. 1-32 (eigenvalues, vectors, and
rows) can be computed. Using Eq. II-32, a measurement of how the system responds to a given
perturbation can be employed as a guide in selecting monitoring instruments and the control algorithm.
The instruments and algorithms selected can be tested by adding a constraint in the dynamic system and
solving the new controlled system. The best instruments and algorithms will be those in which the
system response to a perturbation is dampened in the least amount of time within the production bounds.

Further work on the transient response of the system to perturbation on feed
composition and/or flow rate will be done in the next stage of this study. Perturbation in the feed flow
rate profile, which represents a much more complicated analysis than the one presented in this report, will
also be done in the future. One of the key steps in developing a dynamic model is for the stage volumes
(v. and v;) to be expressed as functions of the flows. Only then can we solve for the flows at every
stage. Once stage flows and volumes are determined, concentrations can be obtained.

6. Sensitivity Analysis

Using the GTM for a specific flowsheet with a given number of sections and stages, feed
flow rates, compositions, and back-mixing coefficients, one can obtain the steady-state concentration for
all components present in both phases in every stage. By altering the value of one or several of the feed
variables (composition or flow rate) and re-evaluating the model, one can perform a numerical sensitivity
analysis, from which an appropriate strategy can be identified for process monitoring and control.



91

We thus performed a sensitivity analysis, using GTM 2.1, on a TRUEX process flowsheet
for PFP waste (Fig. II-10). This flowsheet gives flow rates in parentheses (all changes in flow rates can
be considered as relative to that of the extraction feed). This base case meets all process goals for
treatment of this waste; namely, the raffinate should be non-TRU ([TRU] s 10 nCi-a/g solid), 99.7% or
more of the americium should be extracted by strip 1, 98.9% or more of the plutonium should be
extracted by strip 2, and less than 0.01% of the TRU should be in the organic solvent as it leaves the
second strip section. The calculated compositions of the feeds and the effluent streams, for this base case,
are shown in Table 1-29.

soruwam sVr

HNO3 o a
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TotalH Si d sI(06) Am rP(E
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Pu.4 0.0 3M HF .Os

(40] (t w? (75)
,W0)-

Isl at& ,
AV I

OITRUA1Pr (UW) PuPMd(PEI
P11 0.64% Pu M.9%

lAm . Am 0.24%
('40) (10)(75)

U I
1 I
1 I

[m }.CMO0.20M
4.01%TRU

(150)

Fig. II-10. Flowsheet for Tests with Synthetic Plutonium Finishing Plant (PFP) Waste.
(Parenthetical entries indicate relative stream flow rates).

In future work we will discuss how sensors for monitoring and control of variables such as
flow rate and feed compositions can be selected based on the perturbation analysis. Tables II-30 and -31
give the bounds obtained for flow rate and feed composition. Given in these tables are four process goals
used in the sensitivity analysis. For each goal, we give a range in which it is satisfied. For every
perturbation study, we also give its base-case value. Note that these values are relative, and therefore, the
bounds are given as fractions. Tables 11-32 shows the calculated effect of losing a stage in a given
section.

t (FPI
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Table II-29. Calculated Component Concentrations (with GTM 2.1) for Base Case (Fig.I11-10)

Compon-,nt Concentration, M
Stuam Flow

BY Ratw" H Fe Ni Al Na Ca

DX 150 1.00E-15 1.00E-15 1.00E-15 1.00E-15 1.00E-15 1.00E-15

DF 400 1.50E+00 3.00E-02 4.00E-04 4.30E-01 4.00E-02 6.00E-02

DS 40 4.00E-02 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00

EF 150 4.00E-02 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00

FF 75 1.00E-01 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00

DW 440 1.26E+00 2.73E-02 3.64E-04 3.92E-01 3.64E-02 5.46E-02

EW 150 3.66E-01 9.74E-08 5.62E-13 5.11E-10 5.62E-11 8.43E-11

FW 75 5.37E-02 2.22E-14 3.29E-28 1.51E-25 3.29E-26 4.93E-26

FP 150 2.53E-02 1.33E-17 5.61E-37 3.54E-39 5.61E-35 8.42E-35

Component Concentration, M
Stream Flow

ID' Rateb Cu Mg UO2  Am Pu(IV) F HSO4

DX 150 1.00E-15 1.00E-15 1.00E-15 1.00E-15 1.00E-15 1.00E-15 1.00E-15

DF 400 3.00E-04 6.00E-02 3.00E-06 6.00E-06 3.00E-05 9.00E-02 1.00E-02

DS 40 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00

EF 150 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00

FF 75 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 5.00E-02 0.00E+00

DW 440 2.73E-04 5.46E-02 2.15E-14 4.65E-11c 1.25E-13 8.19E-02 9.11E-03

EW 150 4.22E-13 8.43E-11 3.54E-08 1.60E-05 6.69E-07 1.55E-04 1.08E-11

FW 75 2.46E-28 4.93E-26 6.86E-06 7.43E-08 1.57E-04 2.51E-03 3.28E-27

FP 150 4.21E-37 8.42E-35 4.50E-06 4.91E-11d 2.63E-08 2.37E-02 1.62E-36

'See Fig. 11-10 for identity of each stream.
"Flow rates can be in any unit of volumetric flow rate. The important criterion is that flow rate is relative to
the extraction feed (DF).

'This is equal to 3.86 x 10.2 nCi/g of a activity from TRU.
dCorresponds to only 0.003% of TRU in this stream.
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Table 11-31. Control Bounds for Feed Concentration

Range in which the Am Range in which Range in which the Range in which the TRU
mol % in Strip 2 the Pu mol % in TRU concentration lost in the organic

Perturbed Variable Allowable Fractional effluent is less than Strip 1 effluent in the raffinate is flow exiting Strip 2
(Base Case Value) Change' 0.3% is less than 1.1% less than 10 nCi/mL is less than 0.01%

Am in Aqueous
Extraction Feed
(6 x IOM)

Pu in Aqueous
Extractin Feed
(3 x 10' M)

UO2 in Aqueous
Extraction Feed
(3 x 10_

<12.7

<4.14

<620

<12.7

Not limiting

Not Limiting

<103

Not Limiting

A(KNO,), in Aqueous
Extraction Feed (0.43_

Al(NO,),and f in
Aqueous Extraction Feed
(0.43M and 0.09_M)

HNO, in Aqueous
Extraction Feed (1.5_)

HNO, in Aqueous Scrub
and Strip 1 Feed (0.04_1)

Fat Constant H in
Aqueous Strip 2 Feed
(0.05_r)

HF at Constant HNO, in
Aqueous Strip 2 Feed
(0.05_M)

0.904-1.15 <1.15

<1.17<1.17

<1.110.435-1.11

0.43-1.02

>0.886

>0.745

Not Limiting

Not Limiting

>0.904

Not Limiting

>0.435

Not Limiting

Not Limiting

Not Limiting

Not Limiting

Not Umiting

Not Limiting

Not Limiting

Not Limiting

Not Limiting

Not Limiting

Not Limiting

Not Limiting

Not Limiting

>0.886

>0.745

'Fractional change with respect to the base case for which the process goals still holds.

<203

<689

Not Limiting

Not Limiting

<4.14

<620



95

Table II-32. Effect of Losing a Stage in a Given Section

No. Stages Lost in Given Sec.

1 Stage, Extraction Section

2 Stages, Extraction Section

1 Stage, Scrub Section

I Stage, First Strip Section

1 Stage, Second Strip Section

No negative effect in the process goals, i.e., the TRU
concentration in the raffimate is less than 10 nCi/mL,
the Am knol % in strip 2 effluent is less than 0.3%, the
Pu mol % in strip 1 effluent is less than 1.1 %, and the TRU
lost in the organic flow exiting strip 2 is less than 0.01%.

The TRU concentration in the raffinate is greater than
10 nCi/mL; therefore, the process goal is not met.

The Am mol % in strip 2 effluent is greater than 0.3 %;
also the TRU lost in the organic flow exiting strip 2 is
greater than 0.01%; therefore, the process goal is not met.

The Am mol % in strip 2 effluent is greater than 0.3%;
therefore, the process goal is not met.

No negative effect in the process goals, i.e., the TRU
concentration in the raffinate is less than 10 nCi/mL,
the Am mol % in strip 2 effluent is less than 0.3%, the
Pu mol * in strip 1 effluent is less than 1.1 %, and the TRU
lost in the organic flow exiting strip 2 is less than 0.01%.

G. Processing of New Brunswick Laboratory Waste Solution
(D. B. Chamberlain, C. J. Conner, J. A. Dow, D. R. Fredrickson, J. C. Hutter, F. C. Mrazek,
M. A. Tranovich, E. Van Deventer, R. A. Leonard, and G. F. Vandegrift)

1. Introduction

Analytical residue solutions from plutonium analysis have been accumulating over the past
several years at the New Brunswick Laboratory (NBL) and Argonne National Laboratory (ANL). These
residues contain varying concentrations of nitric, sulfuric, phiosphoric, and hydrochloric acids, as well as
uranium, plutonium, neptunium, and americium. Originally destined for Idaho and eventual disposal at
the Waste Isolation Pilot Plant (WIPP) in New Mexico, these wastes now appear to have no place that
will accept them. In this project, the TRUEX process will be used to convert the bulk of this waste into a
nonTRU (i.e., low-level) product by removing the TRU elements to activity levels of less than 100 nCi/g
(our goal is <10 nCi/g). This waste can then be disposed of under existing regulations. The recovered
plutonium will be converted into solid PuO2 for return to NBL for storage and subsequent transport to the
DOE defense complex.

In this project, we are planning to demonstrate the use of the TRUEX solvent extraction
process to separate and recover TRU elements from acidic waste solutions. Approximately 200 L of
mixed TRU waste generated by NBL and ANL will be converted into a nonTRU waste using the TRUEX
process. This demonstration will show the applicability of TRUEX to the much larger volumes of similar
wastes being generated at Rocky Flats Plant, Los Alamos National Laboratory, and Westinghouse
Hanford and will act as a basis for considering this process as a future waste treatment process at

Effect
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ANL/NBL. After processing, the nonTRU waste stream will be transported to ANL's Plant Facilities and
Services, Waste Management Operations (PFS-WMO), for final disposal as low-level waste.

A second stream from the TRUEX process containing 150 g of plutonium will be converted
into solid PuO2. Other wastes, including operational trash (gloves, plastics, and paper wipes) and a liquid
stream containing uranium generated during this project, will be transported to PFS-WMO for disposal as
low-level waste. Americium and neptunium product streams will be saved for use in our ongoing
laboratory experiments. For this project, only a limited amount of equipment will need to be purchased
and/or modified. Process operations will be completed in two existing gloveboxes. A multistage
centrifugal contactor is installed in one of these gloveboxes and will be used for the TRUEX portion of
the project.

2. Process

The bulk of this waste is currently stored by Waste Management Operations. These wastes
will be transported to the Chemical Technology (CMT) Division, Building 205. Because of the fissile-
material limits in Building 205, transfers and subsequent processing will be completed in four to six
batches, with each batch containing 30-50 g of fissile material. After processing, the PuO2 will be
returned to NBL for storage. Approved ANL/NBL/DOE procedures and containers will be used for these
transfers.

A simplified flowsheet for processing the plutonium-containing waste solutions is shown in
Fig. II-11. The TRUEX solvent extraction process, used to generate the nonTRU waste stream and
recover the plutonium, will be completed in a 16-20 stage centrifugal contactor installed in a glovebox.

TRUWese
(Pu.Conaiu*npgAmlytca1

Residue Souirs ftrm NBL)

TRUEX Process

nenTRU Was
Sem

[To PFS-WMO

Pu Stream
Am (Oxalate)
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;To
wider vapor

Cosntration-- sbwdscr Evaporation

verdatbn system

do Calcination

Metal

Am Product
(Kep for Use in

DufNing 205]

Pu Metal Product
(To DOE Oe Dru

CrjPwx)

Fig. II-11. General Flowsheet for Processing Plutonium Waste
Solutions of New Brunswick Laboratory
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The organic solvent (TRUEX-NPH) used in this process consists of a TBP, CMPO, and normal dodecane
(nDD). Several waste and product streams are generated by the TRUEX process. The composition of the
eight to ten waste feed stocks will require small modifications in the flowsheets (e.g., stages in each
section, feed-stream flow rates), which will be based on calculations made with the GTM and data from
test-tube experiments.

The plutonium product stream will be evaporated to dryness, then converted to an oxide by
calcining in an oven at 600'C. A separate glovebox is available for the concentration, precipitation, and
conversion steps. The product from the calcining operation, PuO2 , will be returned to NBL prior to
accepting the next batch of plutonium residue solution.

Other streams will also be generated by the TRUEX process--an americium product stream,
a uranium product stream, and, in one case, a neptunium product stream. The americium stream will be
concentrated in the glovebox by evaporation, and the concentrated solution will be saved for use in
ongoing laboratory experiments. Plutonium waste solutions that contain neptunium will be collected
separately from the other NBL waste solutions and processed to recover neptunium and plutonium in
individual product streams. The neptunium stream will be concentrated and also saved for ongoing
laboratory experiments. In some cases, the uranium and plutonium will be stripped together in a single
product stream.

3. Plutonium-Containing Waste Solutions

Most of the 115 L of waste solution is stored in 250 mL Nalgene bottles; NBL uses this size
bottle because it allows them to store their solutions overnight in pressure cookers. To dispose of these
solutions, NBL collects 18 to 22 bottles and places them in a 5-gal (0.02 m3) secondary container, called a
waste pail. The total TRU and acid content of each pail are reported to WMO on a waste disposal
requisition form (PFS-199). The 115 L of solution that we will process is housed in 21 waste pails.

The average composition of the 115 L of waste solution being stored by WMO is reported in
Table 11-33. (Composition data are not available for the 50 g plutonium that is being prepared at NBL,
though its composition should be similar to that reported in this table.) Only the average composition of
the solution in each waste pail is known. We do not know the specific solution composition in each
bottle. Generally, this does not cause any difficulty except for the case of chloride contamination, which
will be discussed later.

Because we are limited to working with 55 g of Pu (plus 235 U) in the glovebox, the 115 L of
solution was divided into four to six batches, each of which contain less than 50 L of solution and less
than 50 g of Pu (plus 235U).

Approximately 4.5 h is needed to pcess a typical batch (50 L) of waste solution by the
TRUEX process. During the run, samples will be collected for analysis to verify that the test is
proceeding as expected. Samples will be analyzed on both a gamma counter (for americium) and a
scintillation counter (for plutonium). Some variation in the flowsheet may be needed for each batch to
optimize the process for each particular solution composition. We expect that operations will be
completed in the glovebox at room temperature, but operation at elevated temperatures (40'C) has not
been ruled out. Although verification tests have been approved for operation at elevated temperatures, no
extensive verification tests have been completed. Nonetheless, 4-h tests in the glovebox have shown that
a temperature of 40'C can be achieved and maintained.
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Table 1-33. Average Composition of NBL Waste Solutions to be Processed
(115 L, 421 bottles)

Average
Concentrations,

g/L

Pu-239
Pu-240
Pu-241
Total Pu

Am-241

U-233
U-235
U-238

Total U
Np-237

0.97
0.071
0.0043
1.04

0.00018

0.0045
0.15
0.61

0.76
0.0015

Total Mass,
g

111.7
8.18
0.90

120b

0.021

0.052
17.24
70.74

87.89c
0.17

'Average HNO3 concentration is 4.74.
bApproximately 28.5 g of this Pu is contained in mixed NO3 and Cl- solutions.
The remainder is in NO3 only solutions.
CApproximately 13.1 g of this U is contained in mixed NO3 and Cl- solutions.
The remainder is in NO3 only solutions.

Anticipated solution volumes generated during the processing of one 50 L batch of waste
feed are reported in Table 11-34. Additional processing of the nonTRU product stream from the extraction
section will not be required. After analysis to verify its TRU composition, this solution will be
transferred from the glovebox directly into 10 L waste containers for shipment to PFS-WMO. The Pu and
Am product streams will be transported to a glovebox in 1-gal (0.004 m3 ) bottles for additional processing
-- i.e., concentration and, in the cae of plutonium, solidification and calcination. One of the batches will
also contain neptunium -- the flowsheet may have to be modified for this batch to prevent contaminating
the Pu with Np.

Table II-34. Solution Volumes Generated during
the Processing of 50 L Plutonium
Waste Solution

Solution
Volume,'

Stream L

Extraction Raffinate 80.3
Am Product 0.6
Pu Product 8.8
Carbonate Wash 3.8
Organic Product 3.5b

'These volumes are based upon processing 50 L
plutonium waste solution.

"The organic product stream is recycled and not
disposed of. This number represents the solvent
inventory in the glovebox.
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4. TRUEX Flowsheet Development

The criteria used to develop a flowsheet for processing these solutions include the following:

" Convert the TRU feed solution to a nonTRU waste (<10 nCi/g).

" Keep total number of stages to a minimum.

* Generate a pure plutonium product stream (i.e. the plutonium product stream should not
have any other metals present).

" Recover as much plutonium as possible in the plutonium product stream.

" Generate as pure an americium product stream as possible (keep plutonium
contamination to a minimum).

" Incorporate an adequate solvent cleanup section so that the TRUEX solvent can be
recycled.

" Use the TRUEX-nDD solvent.

" Base flow rates upon 4-cm centrifugal contactors with the organic phase as the less-
dense phase (i.e., less than 400 mL total throughput).

" Keep the Am and Pu product steam volumes to a minimum.

Several different flowsheets (and variations of this flowsheet) were evaluated before
selecting the base flowsheet shown in Fig. II-12. In Fig. II-12, two different feed streams normally
present in a TRUEX flowsheet were replaced with two alternative feed solutions. First, the acid rinse that
typically follows the carbonate wash was eliminated, saving one stage. Since the acid concentration in the
DF feed is fairly high, the small amount of carbonate carried over from the last stage with the organic
phase should not affect the flowsheet. Two separate carbonate wash solutions were added to the
flowsheet to help prevent uranium from being recycled to the extraction feed section. The sodium
carbonate concentration in the first carbonate wash, stage 19, was increased from 0.25 to 0.5M to
counteract the amount of acid being carried over from the plutonium strip section.

The second feed was dropped by combining the operation of the americium strip solution
with the scrub solution. Normal TRUEX flowsheets remove 100% of the americium strip solution from
that section of the flowsheet. In our flowsheet, we are only planning on removing a fraction of this stream
(5%)--the rest of the solution will carry down through the "scrub" section. This solution will act the same
as a normal scrub solution, removing nitric acid from the organic phase. As a result, this flowsheet will
act to concentrate the americium in the aqueous phase. Americium loading with this flowsheet will not be
a problem because of the low americium concentrations involved. Removing only 5% of the americium
stream also keeps the product volumes low.

The plutonium strip section was modified by employing two different feed solutions. First,
oxalic acid is metered into the first stage of the plutonium strip section at a rate that equals the amount
needed to complex all of the plutonium in the organic phase. The second feed to the plutonium strip
section consists of oxalic acid and nitric acid to complex any residual plutonium not removed in the first
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Fig. II-12. TRUEX Flowsheet for Processing NBL Plutonium Waste Solutions

stage. Nitric acid was added to this feed to maintain a high D value for uranium so that it is not stripped
from the organic phase with the plutonium.

As shown by Fig. II-12, our desire to keep the process to 16 stages was not successful; this
flowsheet has 20 stages. By decreasing the product volumes (Am and Pu), the number of stages needed
to obtain the desired separations increases. Several extra stages were added to the extraction section to
ensure that, even with small variations in the actinide distribution ratios, a nonTRU waste is generated.

5. Four-Stage Neodymium Precipitation Test

In the flowsheet processing the NBL waste solutions, we are planning to use oxalic acid to
strip the plutonium from the organic phase. At the plutonium concentration in this waste, however, the
plutonium will precipitate from solution. One question that we needed to answer was how this precipitate
will behave in the centrifugal contactor, i.e., will the precipitate be collected in the rotor or will it pass out
with the raffinate solution? To answer this question, a four-stage test was set up using the 4-cm
centrifugal contactor and substituting Nd for Pu. The flowsheet for this test (Fig. II-13) incorporates one
extraction stage to load the organic phase with neodymium, then three strip stages to strip the neodymium
back out of the organic phase. We expected that only one strip stage would be needed, but we wanted to
see the effect if problems (e.g., plugging) developed in the first strip stage.

The contactor operated without any problems, with neodymium precipitate being discharged
from the first stage with the strip raffinate. At 26 min into the run, we noticed that the organic solution
going into stage 2 (from stage 1) was backing up in the interstage line. At the same time, the aqueous
phase flowing into stage 2 (from Stage 3) was also starting to back up. This indicates that the stage 2
rotor was filling with precipitate and starting to plug. Because of limited solution volume (not because of
the plugging problems), the test was terminated at 27 min, 45 s into the run.
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Fig. 1-13. Flowsheet for the Four-Stage Neodymium Precipitation Test

A summary of the flow rates measured during this test is given in Table II-35. Several
observations were made from these data. First, the flow rate of the EW raffinate based upon the four
samples differs from the average calculated by measuring the raffinate volume. Second, organic phase
was detected in the third and fourth EW samples, indicating that plugging problems in rotor 2 began
affecting the organic phase flow rates sometime between 11 and 22 min into the run. Based upon the two
EW samples, the organic flow averaged 47.5 mL/min. Since we measured the volume of organic phase in
the EW raffinate tank (365 mL), we calculated the time that the organic started flowing out with the EW
raffinate, assuming the flow was constant at 47.5 mImin. The time from this calculation is
19 min into the run, which is in the period between 11 and 22 min. Third, the organic effluent flow rate
was measured late in the run (as reported in the table), but since a portion of the organic phase was exiting
with the EW raffinate, the flow was reduced (to 58 mL/min). At the 22-min mak, the sum of the two
exiting organic streams equaled 102 mLlmin (44 + 58 mLmin), close to the expected flow rate of
100 mLlmin.

At the end of the test, solution from the rotors was drained, and the volume measured.
Results are reported in Table 11-36. Table 11-37 lists the measured weights of the precipitates in each rotor
immediately following the test. These precipitates were wet--they were not allowed to dry. The data in
these two tables are consistent in that the rotor with the most solids had the lowest volume (rotor 2). Most
of the volume decrease between rotor 2 and the other rotors is in the aqueous phase. This is as expected,
since the precipitate collected on the inner wall of the rotor, displacing the aqueous (more dense) phase.
As shown in Table 11-37, all three rotors contained some precipitate, though a majority of the solids were
located in rotors 2 and 3.
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Table 11-35. Measured Flow Rates during Four-Stage Neodymium Precipitation Test

Measured Flow Rates,
mL/min Aqueous Flow Rate

Time of (from Flowsheet),
Sample Sample' Aqueous Organic mL/min

DW #lb 7:30 142 0 150
DW #2 11:00 152 0 150
DW #3 22:00 156 0 150
DW #4 26:00 154 0 150

DW Raffinate 146.8 0 150
EW #1 7:30 138 0 150
EW #2 11:00 144 0 150
EW #3 22:00 142 44 150
EW #4 26:00 150 50 150

EW Raffinate 155.7 e 150
EP #11 22:00 0 58.0E 100'

'Time given as minutes: seconds into run.
bDW is the extraction section raffinate.
CEW is the strip section raffinate.
dEP is the organic product stream.
"This flow rate not measured directly. Based upon the last two EW samples,

it was estimated to be 47.5 midmin.
kThis sample collected after organic was detected in the EW raffinate.
Therefore, the flow is less than the expected 100 madmin.
'This is an organic flow rate.

Table 11-36. Rotor Solution Volumes after
Completion of Test

Vol., mL
Stage
Number Aqueous Organic Total

1 61 17 78
2 ~3 -12 -15
3 40 18 58
4 53 25 78

Table 1-37. Weight of Precipitates
Collected in Each Rotor

Weight of
Stage Precipitate (wet),
Number g

1 2.32
2 82.24
3 21.12
4 1.28
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The strip raffinate samples (EW) were filtered and the precipitate weighed. These results are
listed in Table 11-38. These solids were weighed twice, once immediately after filtration and then 12 days
later after drying in the laboratory at ambient temperature. Based upon the weight loss, the wet precipitate
contained approximately 62% water. Based upon the precipitate concentration in the EW samples and the
solids collected in the rotors, approximately 37% of the precipitate was collected in the four rotors, and
63% passed through the rotors and ended up in the raffinate stream. Of the precipitate collected in the
rotors, 77% was located in the first strip stage (rotor 2).

Table 11-38. Precipitate Weights in Strip Section Raffinate

Weight, g % of Original
Sample Weight Due to
Number Wet' Dryb Water

EW#1 5.50 2.11 61.6
EW# 2 6.05 2.32 61.7
EW# 3 6.24 2.65 57.5
EW# 4 6.66 2.56 61.6

'Weight measured immediately after filtering sample.
bWeight measured 12 days later.

In conclusion, precipitate formation inside the rotors is detrimental to the continued
operation of the contactors. Eventually, the rotors will fill with precipitate and affect the solution
throughput. Since the precipitate formed immediately and operation problems were not evident until
approximately 19 min into the run, some precipitate can be tolerated. However, this precipitate is difficult
to remove from the rotors.

6. Filtration, Evaporation, and Calcining Procedures

a. Safety Review

A safety review, which covers the evaporation, filtration, and calcination of
plutonium oxalate that will be recovered from the processing of NBL waste solutions, has been completed
and awaits approval. Details from this safety review follow.

b. Filtration Procedures

To complete the plutonium recovery process, further treatment of the plutonium
product (FW) is required. This product will typically consist of approximately 9 L of slurry containing
plutonium oxalate present in a solution of -0.05M oxalic acid. Since the plutonium oxalate is not very
soluble, most of it will be present as a precipitate. Accordingly, we plan to filter this product first, then
evaporate the solution, and recover the dissolved fraction.

After numerous tests with various filtration equipment using neodymium oxalate as a
stand-in for plutonium oxalate, we have decided that a Kontes filter assembly best meets our needs. This
filter assembly was chosen because it is readily disassembled, and its contents are easily removed.
Filtering efficiency will be enhanced with the use of a rotary-vane pump having a capacity of 30 in.
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(76 cm) of mercury (vacuum). A 1 L polypropylene vacuum flask will be used, which eliminates
implosion concerns.

Removal of the pasty filter cake is a very messy operation and would be very difficult

to perform in a glovebox. However, we have found that if the upper portion of the tiler apparatus is
placed in a 200'C muffle furnace for several hours, the cake dries and shrinks and, after cooling, can be
easily removed with the aid of a rubber policeman. This cake is directly transferred, along with the
polycarbonate filter, to a quartz crucible in which the calcination will occur.

c. Volume Reduction of Plutonium Product Stream

The 9 L of plutonium product filtrate, which still contains a substantial amount of
dissolved plutonium oxalate, must be reduced to dryness before the calcination process can be
accomplished. Use of a rotary evaporator was considered and rejected since it seemed to create more
problems than it solved. A better solution was to simply evaporate the filtrate to dryness and then calcine
the residue.

Initial tests revealed that even this approach presented a few problems. Since the
primary constituent of the residue will be oxalic acid, solutions of neodymium oxalate with large excesses
of oxalic acid were evaporated in glass beakers. A fraction of the residue was always liquid (at elevated
temperature); considerable quantities of oxalic acid sublimated on the beaker walls; and, upon cooling, the
residue was very difficult to remove. This later problem is especially bothersome, since it could result in
glass breakage, especially difficult to clean up in a plutonium glovebox. All of the problems were
circumvented by carrying out the evaporation in a Teflon beaker. Recovery of the residue from the
Teflon beaker is particularly easy since the oxalic acid does not adhere strongly to the Teflon.

Concerns have been raised that the oxalic acid vapor will carry some plutonium away.
We believe that this is highly unlikely, but this is easily monitored by collecting oxalic acid sublimate on
a watchglass placed atop the hot beaker. This can then be dissolved and counted.

During evaporation, it would be helpful to know when the water has essentially all
evaporated. We can determine this by checking the pH of the watchglass condensate. During
evaporation, the pH remains relatively constant at approximately 4. The pH of the condensate changes to
0 or 1 just before the oxalic acid solidifies.

d. Calcination of Filter Cake and Residue

Calcination of a dried plutonium oxalate filter cake is straightforward. The
polycarbonate filter and as much of the cake as can be recovered from the Kontes filter assembly with the
aid of a rubber policeman will be transferred in its entirety to a quartz crucible. The weighed crucible and
contents will be transferred to a muffle furnace whose temperature will be elevated to 500'C. It will
remain at this temperature until no further weight or color change is observable. The furnace temperature
will then be elevated to 640'C, and the weight will be further monitored until no change is apparent. At
this point, we should have a good plutonium oxide product.

Treatment of the residue left after evaporation has occurred will be slightly different
since it will consist of a mixture of plutonium oxalate in a large excess of oxalic acid. The residue will
again be transferred in its entirety to a quartz crucible. At this-point, it is desirable to sublime the oxalic
acid, which occurs at about 300 to 350'C. During this step, the crucible evolves a white "smoke." After
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cessation of this "smoking," the temperature is elevated to 500'C. These two products can then be
combined and sent for reduction to plutonium metal.

H. Model Verification Studies
(D. B. Chamberlain, C. J. Conner,* J. A. Dow,** D. R. Fredrickson, J. C. Hutter,
F. C. Mrazek, M. A. Tranovich,** E. Van Deventer, R. A. Leonard, and G. F. Vandegrift)

1. Introduction

Laboratory verification tests of the TRUEX process are being completed to (1) develop a
better understanding of the process chemistry, (2) test and verify process modifications, and (3) verify the
results of GTM calculations. This model is being developed for predicting species extraction behavior
and calculating flowsheets for the TRUEX process.

As described above, the purpose of these tests is not to demonstrate flowsheets for specific
waste streams, but to collect data to verify that the TRUEX model predicts actual extraction behavior.
Therefore, flowsheets have not been optimized to produce a nonTRU waste stream, or to produce a
"clean" rare earth (americium) or plutonium esam, but to evaluate the extraction behavior in all stages.
One verification test (No. 12) was completed this period in the 2-cm contactor setup with TRUEX-nDD
solvent.

2. Verification Run 12

Run 12 was completed in April 1990. The flowsheet for this test used a TRUEX solvent
that substituted the diluent dodecane for the NPH normally recommended (C12 -C14). Concentrations of
TBP (1.4M) and CMPO (0.2M_) were the same as in the conventional TRUEX-NPH solvent. Dodecane
was substituted for the NPH diluent to prevent the formation of a second organic phase at room
temperatures, since the equipment was installed in a glovebox without provision for operations at elevated
temperatures (i.e., 50'C). The purpose of this run was to

" test our recently developed miicontactor (2-cm dia) for personnel from the Chalk
River Laboratories, Chalk River, Canada,

" refine our sample collection and analysis procedures with the limited sample volumes
generated from the 2-cm contactor,

" measure the concentration of HNO3 and metals included in the feed solution in both
the stage samples and the raffinate streams, and

" compare these data with concentrations calculated by the GTM.

a. Flowsheet

The flowsheet for this test is shown in Fig. II-14. Because of the simplified feed
solution, only or.. strip section was used. The organic interstage samplers shown schematically in

*Co-op student, University of Cincinnati.
**Co-op student, Purdue University.
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Fig. II-15 were installed on all of the organic interstage lines, but not on the aqueous side. For the
aqueous stage samples, the bottom drain was cracked open and samples were collected there. Stage
samples were also collected at the end of the run to compare with the interstage sample concentrations.
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Originally, the DF feed concentrations were prepared at twice the concentrations
reported in Fig. II-14. Prior to starting the test, a batch contact was made with fresh TRUEX solvent and
the DF feed to check whether a second organic phase would form (due to loading). Since a second
organic phase did form, the feed solution was diluted in half with distilled water, and a second batch
contact was completed. This time, a second organic phase did not form.

o. Run Summary

The test plan checklist used for this run is shown in Table 11-39. This table includes
both the planned schedule and the actual times when various operations were completed.

As shown in Table 11-39, the run lasted about 1/2 hour longer than planned, with the
delay occurring during startup of the system. During startup, the scrub feed took much longer to fill the
first seven stages than planned. For future tests, the startup time could be reduced by (1) increasing the
scrub flow rate during startup, or (2) adding solution to each stage before starting all of the pumps. One
of these two techniques will probably be incorporated into future experiments.

Table 11-39. Schedule for Verification Run 12

Planned Time' Actual Time' Action Required/Noted

Verify purge air pumps ON.
Measure feed solution temperatures and hood
temperature and record pump settings.
Verify sample valves are closed.

-2:00 -1:00 Contactor motors ON.
0:00 0:00 DS, EF, FF, GF pumps ON.
6:50 -- FW raffinate detected (Carbonate Wash).
6:50 -- GW raffinate detected (Acid Rinse).
12:00 -- EW overflow detected (1st Strip).
47:35 60:36 DW rafflnate detected.
48:00 62:00 DX pump on (TRUEX solvent).

82:00 Organic overflow into stage 12.
86:40 Organic overflow into stage 14.
88:09 Organic overflow into stage 15.
90:40 Organic overflow into stage 16.

68:50 -- HP raffinate detected (TRUEX solvent).
70:00 100:07 DF pump ON (Extraction Feed).
70:30 Color change, DW raffinate.
70:30 105:10 Begin sampling period.
90:30 125:00 Install 1t set of bottom drip samples.
110:30 145:10 Install 2" set of bottom drip samples.
130:00 165:00 End of sampling.
131:00 Shut off all pumps and open drain valves.

+131:00 Close drain valves.
+131:00 169:02 Shut off rotors, sample stages.

'Time given as minutes: seconds into run.

The only problem encountered during the run involved the interstage samples. These
samplers (shown in Fig. II-15) plugged during startup of the system and could not be fixed. Although
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much time was spent on trying to get them to work, only two stages, Nos. 4 and 14, yielded enough
solution from the interstage samples to accurately titrate. More tests will need to be completed to increase
the reliability of these samples. The aqueous drain samples taken from each stage were more successful,
though setting the flow rates took a considerable amount of time during startup. Two sets of samples
were collected from each stage during the run, the first set collected solution for 20 min starting at
125 min into the run. These samples were replaced by the second set at 145 min. The second set was also
collected for 20 min. Raffinate samples were collected during the sample period at 8-min intervals.

The shutdown procedure was the same procedure used in previous experiments, i.e.,
the pumps were turned off and then all of the stage drain valves were immediately opened. In this test, all
of the drain valves were opened within 13 s. The rotors were left on during this operation to prevent
solutions inside them from draining. After removing the solution from the annular region, we closed the
sample valves and shut off the contactor motors. Solution from the rotors was then drained into Teflon
sample bottles. Results from the analysis of these samples will be compared with the interstage sample
results and raffinate sample analysis.

c. Aqueous Titrations

All the samples taken in Run 12 were titrated; the titrant was NaOH, dispensed from a
1.0 mL burette. Sample aliquots used approximately one-half of the burette volume, or in cases where the
sample size was inadequate, one-half of the collected sample volume.

Titration results for the feed solution are listed in Table 11-40. In the case of multiple
endpoints, the first endpoint was assumed to be the nitric acid peak. Other endpoints were detected and
are likely due to the neodymium present in solution. Sample DF#1 was from the original, undiluted feed
solution, and sample DF#2 was collected from the feed tank after dilution. Agreement between duplicate
analysis and the expected (flowsheet) concentrations is good except for the extraction feed samples (DF#1
and DF#2).

Table 11-40. Aqueous Titration Results for the Feed Solutions from Run 12

Conc. from Conc. from Analyses,M
Flowsheet,

Feed Solution M First Second

Extraction (DF#) 1.0 0.981 1.263
Extraction (DF#2)b 0.5 0.499 0601
Scrub (DS) 0.040 0.039 0.039
Am Strip (EF) 0.040 0.042 0.039
Acid Rinse 13F) 0.10 0.099 0.099

'Undiluted sample.
bSample diluted 1:1 with distilled water.

Results from the titration of the aqueous raffinate samples (DW, EW, GW) are given
in Table II-41. The GTM predictions listed in this table were calculated using Version 2.1. The measured
and calculated data are plotted in Figs. II-16 through II-18.
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In general, agreement between duplicate samples for the various process streams is
good (Table II-41), and the trend is as expected: the nitric acid concentration in the DW and EW raffinate
streams starts low and increases to a constant steady-state concentration. However, the steady-state
concentration does not agree with the GTM predictions -- the GTM predictions are lower for the raffinate
samples (Figs. II-16 to II-18). The opposite is true for the samples collected from the stage bottom drains
(Table II-42 and Fig. II-19). In addition, the series B sample concentrations are greater than the series A
concentrations (see Table II-42). This means that the system was not at steady state during sample
collection, or that something upset the system between sample collection to change the steady-state
concentrations. Unfortunately, the results from the raffinate sample titrations do not suppoit either
conclusion -- those results indicate that steady-state operation was achieved in the test.

Samples collected from the stage rotors show much better agreement between
duplicate samples (Table II-43) and with the GTM predictions (Fig. 11-20). At this time, it is not known
why the results from the rotor samples are in better agreement with the GTM than those from the bottom
drain samples.

Table 11-41. Calculated and Measured Aqueous Titration Results
for Raffinate Samples from Run 12

Measured
GTM Sample Sample H+ Conc., M

Prediction, Time,
Sample M min First Second

DW#1 0.700 12 0.669 0.663

DW#2 0.700 24 0.757 0.750

DW#3 0.700 32 0.729 0.735

DW#4 0.700 44 0.764 0.758

DW#5 0.700 52 0.770 0.772

EW#1 0.146 16 0.118 0.117

EW42 0.146 28 0.176 0.160

EW#3 0.146 36 0.195 0.194

EW#4 0.146 48 0.199 0.199

EW#5 0.146 56 0.193 0.193

GW#1 a 16 0.078 0.068

GW#2 a 28 0.070 0.073

GW#3 a 36 0.077 0.076

GW#4 a 48 0.074 0.075

GW#5 a 56 0.070 0.075

'Concentration of the acid rinse stream (GF) was started at 0.10M.
This stream was not recycled for this test. No prediction of the
raffinate concentration is available from the GTM.
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Table 11-42. Titration Results for Aqueous Stage Samples
Collected from Bottom Drains during Run 12

Series A Series B Average
GTM Samples,b M Samples,._cM Raffinate

Stage Prediction, Sample,
Number M 1st 2nd 1st 2nd M

1(DW) 0.715 0.660 0.633 0.701 0.717 0.754
2 0.958 0.964 0.967 1.012 1.009
3 1.026 0.877 0.899 0.971 0.932
4 1.296 0.563 0.545 0.865 0.855
5 1.198 0.574 0.536 0.835 0.711
6 1.003 0.276 0.455 0.473 0.501
7 0.666 0.289 0.321 0.472 0.502
8(EW) 0.296 0.110 0.111 0.159 0.165 0.195
9 0.132 0.065 0.070 0.080 0.078
10 0.068 0.047 0.041 0.048 0.045
11 0.049 ----- -----
12 0.044 0.042 0.042 0.042 0.042
13 0.042 0.045 0.044 0.047 0.040
14 0.041 0.041 0.042 0.043 0.042

'Sampling period started 1 h, 45 min, 10 s into the run.
bSamples labeled "A" were collected between 20 and 40 min into the sample period.
cSamples labeled "B" were collected between 40 and 58:30 min into the sampling period.
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Fig. 1-19. Aqueous Phase Titration Results from Stage
Samples Collected from the Bottom Drain
Valves during Run 12
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Table II-43. Aqueous Titration Results for Stage Samples Collected
from Rotors at Completion of Run 12

Average
GTM Sample Conc., M Raffinate

Stage Prediction, Sample,
Number M 1st 2nd M

1(DW) 0.715 0.711 0.732 0.754
2 0.958 0.933 0.939
3 1.026 1.039 1.033
4 1.296 1.293 1.284
5 1.198 1.087 1.089
6 1.003 0.855 0.847
7 0.666 0.482 0.480
8(EW) 0.2% 0.245 0.228 0.195
9 0.132 0.084 0.082
10 0.068 0.051 0.051
11 0.049 0.043 0.021
12 0.044 0.040 0.041
13 0.042 0.041 0.042
14 0.041 0.039 0.040
15 ----- -----
16 0.071 0.070 0.075
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Fig. 1-20. Aqueous Phase Titrations Results from Rotor
Samples Collected at Completion of Run 12

d. Organic Titrations

Acid concentrations of DX, GP, and interstage samples were calculated from the
organic titration results.

-- GTM pred
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Table 11-44 shows experimentally obtained acid concentrations for each interstage
sample and the GTM predictions. Interstage samples 2, 3, 6, 8, and 9 were not titrated due to an
insufficient amount of sample available. The measured and calculated data are plotted in Fig. II-21.
Overall, the agreement between the experimental data and the GTM predictions is good.

Table 11-44. Organic Titration Results for the Interstage Samples from Run 12

GTM Experimental Results, M
Stage Prec tion,
Number M 1st 2nd 3rd

1A 4.24E-01 5.14E-01 4.67E-01 4.87E-01
2A 5.44E-01 a
3A 5.73E-01 a
4A 5.48E-01 4.81E-01 4.84E-01
4B 5.48E-01 5.09E-01 5.22E-01
5A 5.00E-01 4.01E-01 3.23E-O1 4.09E-01
5A (cont.) 4.30E-01 4.12E-01
6A 4.15E-01 a
7A 2.59E-01 1.82E-01 1.75E-01

8A 9.49E-02 a
9A 3.07E-02 a
10A 1.13E-02 7.34E-03 1.25E-02
11A 6.11E-03 2.93E-03 2.93E-03
12A 4.18E-03 4.65E-03 6.36E-03
13A 3.09E-03 3.26E-03 4.89E-03
14A 2.57E-03 2.64E-03 2.97E-03
14B 2.57E-03 2.84E-03 2.62E-03

'Insufficient sample to titrate.
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Fig. IT-21. Measured and Calculated Acidic Titration Results
for the Organic Interstage Samples from Run 12
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The titration results for the organic feed and product samples are listed in Table 11-45.
The GP sample results are plotted in Fig. 11-22. These data show that the organic acid concentration in the
product stream was fairly constant during the run. The rotor drain samples from Run 12 were not titrated
because of problems with the organic titration equipment. Once the titration equipment was repaired, the
samples were too old to have confidence in the analytical results.

Table 11-45. Organic Titration Results for Organic Feed
and Product Samples from Run 12

Time of Experimental Results, M
Sample Collection,
Name min 1st 2nd

GPI 12 9.88E-03 9.88E-03
GP2 24 8.51E-03 9.05E-03
GP3 32 8.22E-03 7.82E-03
GP4 44 8.31E-03 7.87E-03
GPS 52 7.92E-03 7.87E-03

DXl -- 4.77E-03 4.43E-03
DX2 -- 4.76E-03 4.93E-03
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Fig. 11-22. Measured Titration Results (duplicate, GP stream)
for the Organic Product Samples from Run 12

e. Conclusions

Although the organic titration results agreed favorably with the GTM predictions, the
agreement for the aqueous titrations was not as good. Rerunning a newer version of the GTM that
incorporates stage sampling would probably improve the accuracy of the GTM predictions for this test.
In addition, agreement between the raffiriate samples and the corresponding interstage samples (see
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Tables II-42 and II-43) was not good either. Some of the difference could be due to the instability in the
sample flow(s); we had a very difficult time getting our samplers (Fig. II-15) to work. Before being used
again, we need to reevaluate their design to improve operation. One other interesting observation is that
the Series A and Series B samples (Table II-42) do not agree with each other, particularly in the scrub
section. This indicates that the system was not at steady state at the beginning of the sampling period.

I. Centrifugal Contactor Development
(R. A. Leonard, D. B. Chamberlain, L. Chow, F. C. Mrazek, M. O. Wasserman,*
D. G. Wygmans,** and K. A. Bamthouse*)

The Argonne centrifugal contactor is modified as necessary to work with specific solvent
extraction processes. To evaluate processes involving high levels of alpha/beta activity (in a glovebox)
and/or high gamma radiation (in a shielded cell facility), contactors have been designed and built for
remote handling. To minimize the feed needed for testing solvent extraction flowsheets, a 2-cm contactor
(minicontactor) was designed and built. For each new process, solution densities and organic-to-aqueous
(0/A) flow ratios are reviewed, and if necessary, the rotor weirs are modified.

In support of our contactor development efforts, vibrational measurements are being made using
proximity probes and real-time analyzers. The results are related to the rotor design by the use of a
vibrational model for rotating systems. We are also testing centrifugal contactors for use as concentrators
and are continuing to improve our contactor designs for TRUEX applications.

1. Vibrations

To support the design of new contactors, methods for modeling and measuring vibrations
have been developed. In general, vibrations will not be a problem if (1) the first natural frequency is at
least 20% higher than the rotating speed of the system, and (2) the amplitude of the vibrations for the
motor shaft are within the manufacturer's specifications. Vibrational amplitudes and natural frequencies
are measured using proximity probes and real-time analyzers (such as the Zonic Real Time Spectrum
Analyzer), respectively. The first natural frequency for a rotor can be calculated through the method of
transfer matrices. A BASIC program called BEAM IV (developed by L. D. Mitchell et al., Mechanical
Engineering Department, Virginia Polytechnic Institute and State University, Blacksburg, Virginia) was
developed to do these calculations. To make the transfer matrix method relatively easy to use, we have
developed a Beam worksheet using Microsoft Excel. Vibration data needed for these transfer matrix
calculations were obtained by laboratory tests on motors and motor/rotor systems. The Beam worksheet
and the other vibrational tools can now be applied as needed to various design problems, including (1) the
effect of temperature on the first natural frequency, (2) the use of bearings below the motor, and (3) the
construction of contactors made of plastic, e.g., Kynar.

a. Beam Worksheet

An Argonne report on the Beam worksheet is being prepared to (1) document the
Beam worksheet and macro, (2) give the relevant vibration theory, (3) compare the first natural frequency
calculated from this massless beam model with the equivalent uniform beam model from the BEAM IV
program, and (4) compare natural frequencies calculated using the Beam worksheet with experimental

* Graduate co-op student from University of Illinois at Chicago.
**Co-op student from University of Illinois at Chicago.

***Co-op student from University of Cincinnati.
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results from 2-, 4-, and 10-cm contactors. The first natural frequencies (fn) calculated with various
vibration models for a 2-cm motor/rotor assembly are given in Table 11-46. For the identical case of a
massless beam with 11 sections, the Beam worksheet and BEAM IV give nearly identical results. This
result validates these two implementations of the transfer matrix method. When the Beam worksheet
model was improved by dividing it into 21 sections, the calculated value for f~ increased by 0.5%. When
the BEAM IV model was improved by changing to a beam with continuous mass, a feature not available
in the Beam worksheet, f~ increased by 0.5%. Compared with the experimental value for fn of 37.5 *
2.5 Hz, the various calculated values are essentially identical.

Table 11-46. Comparison of Various Vibration Models for
a 2-cm Motor/Rotor Assembly

Type of Number Calculated'
Vibration Beam of Natural
Model Section Sections Frequency, Hz

Beam Worksheet Massless 11 38.73

Beam Worksheet Massless 21 38.94

BEAM IV Massless 11 38.74

BEAM IV Continuous 11 38.96

'The measured first natural frequency (f~) was 37.5 * 2.5 Hz. The solid
stainless-steel rotor was 2.5 cm (I in.) in diameter and 12.7 cm (5 in.) long
and was attached to a Bodine 710 motor by a shaft that was 1.1 cm in diameter
and 4.8 cm long. Measurements were made by increasing the rotor frequency
to 60 Hz then decreasing it through f. A stroboscope was used to measure
the rotor speed just above and below fn.

In general, the experimental fn values from the various tests with 2-, 4-, and 10-cm
contactors were within * 10% of the model values. However, the motor had to be taken apart so that a
good motor model could be developed. When the motor model was estimated from the overall length of
the motor and the diameter of the motor shaft, the experimental fn values were still fairly close to the
model values, typically within *20%. Thus, transfer matrices can be used to model the rotating
motor/rotor assembly of a centrifugal contactor.

b. Experimental Work

The Zonic 6088 Real Time Spectrum Analyzer (RTSA) has worked well. When we
have had problems, they have usually been caused by the way in which the experimental test was carried
out. For example, when the Zonic RTSA was used to measure the first natural frequency of a motor/rotor
assembly from our remote-handled 4-cm contactor, it produced a very broad band for the first natural
frequency with peaks at 31 and 104 Hz. For this static test, the motor/rotor assembly was vibrationally
isolated from the environment by placing it on a foam pad. The two peaks were eliminated by changing
our test procedure. In the new procedure, the motor of the motor/rotor assembly was clamped to a rigid
surface (for example, a table top). When we did this, only one peak appeared, at 80 * 5 Hz. This result
agrees well with the first natural frequency of 80.9 Hz calculated from the Beam worksheet.
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c. Applications

In some cases, it is desired to increase throughputs for a contactor yet keep the rotor
diameter constant. For example, one may want to keep the contactor at a certain diameter so that built-in
safety with respect to nuclear criticality will be maintained. Or, one may simply want a higher throughput
from an existing contactor. To achieve higher throughputs, the contactor rotors have to be made longer or
run at higher speeds. In either case, vibrational problems become more severe.

A problem of limited capacity in the 10-cm contactor being operated at Westinghouse
Hanford (see Sec.II.I.3) was solved by doubling the rotor speed, from 30 Hz (1800 rpm) to 60 Hz (3600
rpm). To solve the vibrational problems, a stiffer shaft above the rotor with two txtemal bearings has
been proposed. The motor would be located above the shaft and connected to it by a flexible coupling.
Our analysis showed that the first natural frequency for this arrangement will be 88.5 Hz (5310 rpm).
Since this fo is 48% higher than the new operating speed for the contactor, the proposed modifications to
the 10-cm Hanford contactor should rot introduce any vibrational problems.

We are now starting to investigate a second way of increasing contactor throughput.
In this method, the use of a pin bearing below the rotor would eliminate the need for any external bearings
above the rotor. Our ultimate goal is to identify the hydraulic and vibrational factors that limit contactor
throughput for a given rotor diameter.

2. Contactor Concentrator

An impressive feature of centrifugal contactors, when compared with other solvent
extraction equipment, is their ability to operate at very high and very low O/A flow ratios. In this work,
we have demonstrated that, at these extreme O/A flow ratios, the extraction efficiency is still high. Since
this is the case, contactors can be used to concentrate (by factors of 10 to 1000 or more) those metal ions
that have a high distribution ratio during extraction and a low ratio during stripping. For such metal ions,
one should be able to reduce, and in some cases eliminate, the need for downstream processing of one or
more effluent streams.

This work was broken into two parts. The first part was to develop a theory so that one can
estimate the amount of concentration that might be achieved in a contactor concentrator for a specific
component in the feed. The second part was to measure the extraction efficiency of centrifugal contactors
at very high and low O/A flow ratios.

a. Theory

(1) Simple Analysis

In solvent extraction processes, the distribution ratio (D) of each component is
important for process analysis. The D value is defined as the concentration of that component in the
organic phase divided by its concentration in the aqueous phase after the two phases have been
equilibrated. A second quantity, the O/A flow ratio (R), is also important. These two quantities are
combined to form the extraction factor (E), which is given by

(II-36)E -RD
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For a given process stage, the extraction factor gives the moles of a component in the organic phase
divided by the moles of this same component in the aqueous phase. If E is greater than 1.0, the
component is being concentrated in the organic phase; if less than 1.0, in the aqueous phase. Also, a
stripping factor (S) is defined as 1/E. When E is high, conditions are favorable for extraction. When S is
high, conditions are favorable for stripping.

When a component is being extracted, its extraction factor should be greater
than two, although ten or higher is preferable. Since, for a given system, the D value is fixed, the
extraction factor is set by the choice of R value. On the one hand, a high R value gives a high E value, so
that extraction is easy and only a few process stages are required for a given decontamination factor
(D.F.). As a first approximation, the D.F. for an extraction section with n stages is given by

D.F. = En (11-37)

Thus, a process with an E of 10 will typically need considerably fewer stages than a process with an E of
2 for a given D.F. On the other hand, a low R value gives good component concentration in the organic
phase. However, the E value will also be lower, so that extraction is harder and many process stages may
be required for a given D.F. In designing the extraction section of a concentrator, the R value chosen is a
compromise between (1) a high value for good component extraction with only a few contactor stages and
(2) a low value for good component concentration in the organic phase but with more contactor stages.

Conversely, when a component is being stripped, its extraction factor should
be less than 0.5 and preferably 0.1 or lower. Since, for given solvent and aqueous phase compositions,
the D value is fixed, the extraction factor is set by the choice of R value. On the one hand, a low R value
gives a low E value, so that stripping is easy and only a few process stages are required for a given
stripping factor (S.F.). As a first approximation, the S.F. for a stripping section with n stages is given by

S.F = E-n (11-38)

Thus, a process with an E of 0.1 will typically need considerably fewer stages than a process with an E of
0.5 for a given S.F. On the other hand, a high R value gives good component concentration in the
aqueous phase. However, the E value will also be higher, so that stripping is harder and many process
stages may be required for a given S.F. In designing the stripping section of a concentrator, the R value
chosen is a compromise between (1) a low value for good component stripping with only a few contactor
stages and (2) a high value for good component concentration in the aqueous phase but with more
contactor stages.

In estimating the amount that a component can be concentrated without
requiring an excessive number of stages, one balances the number of stages required with the desired
concentrating effect. To this end, the flow ratio for a section can be related to the D value for the key
component to be concentrated in the section using

R _a1 (11-39)wo
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Then, combining Eqs. 11-36 and 11-39 gives

E =1

With this choice for a balanced design, the overall concentrating factor (O.C.F.) is given by

O.C.F. = Dext
strip

(11-40)

(11-41)

Equation 11-41 gives a rule-of-thumb for estimating the nominal O.C.F. that might be achieved in a
balanced concentrator design for a component which has D values of De in the extraction section and
D.*, in the strip section.

(2) Concentrator Design

A schematic of a typical concentrator design is shown in Fig. 11-23. Each
section will have one or more stages. In this schematic, four stages are shown for each of the two
sections. With a high extraction factor in the extraction section (that is, 10 or higher), 90% of the
concentrating effect in the organic phase will be realized with only one stage. The use of additional
extraction stages lowers the component concentration in the aqueous raffinate and increases the
concentrating effect even closer to 100%. With lower extraction factors, typically greater than or equal to
two, several stages will be required to realize a concentrating effect of 90% or higher in the organic phase.

Section D

Concentrator Feed (DF)

Low concn of comp i

DX

1 2 3 4

Extraction

Aqueous Raffinate (DW)

Vc3ry Iow concn of comp i

Section E

Strip Feed (EF)

No comp i

EP

5 6 7 8

Strip

Concentrated Effluent (EW) I

Very high concn of comp i

Fig. 11-23. Schematic of Concentrator with Eight Contactor Stages
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Conversely, with a low extraction factor in the strip section (that is, 0.1 or
lower), 90% of the concentrating effect in the aqueous phase will be realized with only one stage. The use
of additional stripping stages increases the component concentration in the concentrated aqueous effluent
and pushes the concentrating effect even closer to 100%. With higher extraction factors, typically less
than or equal to 0.5, several stages will be required to realize a concentrating effect of 90% or higher in
the aqueous phase.

In addition to the extraction and strip sections shown in Fig. 11-23, some
processes may have one or more components entrained or partially extracted into the organic phase
coming from the extraction section. If these components are harmful or unwanted in the concentrated
effluent, a scrub section of one or more stages can be inserted between the extraction and strip sections.
Typically, the aqueous effluent from the scrub section joins with the aqueous feed to form a combined
feed for the extraction section and emerges as part of the aqueous raffinate.

A final feature of the concentrator design shown in Fig. 11-23 is the complete
recycle of the organic phase. This feature requires that the extraction and strip sections be balanced. To
achieve this, enough of the concentrated component must be removed from the organic phase (EP),
leaving the strip section so that one achieves the low component concentration desired in the aqueous
raffinate (DW) from the extraction section. In some cases, it will b; necessary to include a solvent
cleanup section after the strip section.

(3) Complex Analysis of Performance

Concentrator performance was analyzed by using the GTM. The SASSE
worksheet in the GTM is being modified so that extraction efficiencies less than 1.0 (100%) can be
included. The extraction efficiency being somewhat less than 1.0 reduces the concentrating effect, but
separations are still high enough to allow the contactor to be used as a concentrator. Calculations were
performed using neodymium in a salt solution with the configuration shown in Fig. 11-23. An extraction
efficiency of 70% in every stage was found to reduce the neodymium concentration in the EW effluent by
only 10%. However, the neodymium concentration in the DW effluent was increased by a factor of eight.
For this case, about four more stages would have been required in both sections to overcome this
reduction in extraction efficiency.

A second question, the effect of other-phase carryover, was explored with this
analysis. Since the flow of the low-flow phase can be very low, the amount of other-phase carryover on a
percentage basis might be large even if its absolute amount is low. Using the SASSE worksheet, we
calculated that large amounts of other-phase carryover in the low-flow phase, e.g., 35%, had almost no
effect on the operation of the concentrator. This limited effect of other-phase carryover in the low-flow
phase agrees with a more qualitative analysis that predicts the same result. 16

b. Extraction Efficiency

In the first phase of the experimental work, we conducted two series of tests for
neodymium extraction efficiency at very low O/A flow ratios (0.0101 and 0.0096). These tests were
made in stage 5 of a 4-cm remote-handled contactor. The aqueous feed contained 7 x 105M Nd with
2.OM NaNO3 and 0.02M HNO3. The organic feed was TRUEX-nDD, essentially TRUEX-NPH. Total
throughputs, which ranged from 200 to 400 mLlnin, had little effect on the extraction efficiency. We
found that contactor efficiency remains high for neodymium at the low O/A ratios. However, the average
extraction efficiency was 84%, with individual values ranging from 74 to 92%, rather than the >95%
extraction efficiency typically seen when the O/A flow ratio ranged from 0.5 to 2.5.
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In the second and final phase of this experimental work, we showed that contactor
efficiency remains high for neodymium in a series of tests at a very high O/A flow ratio (33). However,
the average extraction efficiency was 85%, with individual values ranging from 46 to 100% because of
experimental problems, rather than the >95% extraction efficiency typically seen when the O/A flow ratio
ranged from 0.5 to 2.5. These tests used stages 5 and 6 of the 4-cm remote-handled contactor. In the first
stage (stage 5) of this two-stage test, neodymium was loaded into the organic phase from a high-salt, low-
acid aqueous feed containing 2.88 x 10M Nd with 1.925M NaNO3 and 0.02M HNO3. The O/A flow
ratio in the extraction stage was 2.7 so that the amount of aqueous feed needed was reduced. The loaded
solvent was then stripped of its neodymium in the second stage (stage 6) at a very high O/A flow ratio
(40, actually 33 when the aqueous phase carried over with the organic phase from the first stage is
included) so that the aqueous effluent from the second (strip) stage has a much higher neodymium
concentration than the aqueous feed solution. Higher O/A flow ratios were considered but rejected
because the error in measuring the extraction efficiency would have been unacceptable. The aqueous feed
to the second stage contained no Nd or NaNO 3; however, it had 0.02M HNO3 and 0.05M
1-hydroxyethane-1,1-diphosphonic acid (HEDPA). The HEDPA is a water-soluble organic complexant
that strips the neodymium from the organic phase. As with the earlier tests, the organic feed was
TRUEX-nDD, essentially TRUEX-NPH, in complete recycle. Since the flow rate for the organic phase
was 390 mL/min and the total volume of organic phase was about 600 mL, the organic phase was
recycled many times during the 28-min run.

Thus, the Argonne centrifugal contactor has been tested as a concentrating device at
both high (33) and low (0.01) O/A flow ratios and found to work reasonably well. The extraction
efficiency results, summarized in Table II-47 and plotted in Fig. 11-24, were correlated by the empirical
equation

E = 0.986 (1 - 0.081og R|) (11-42)

which i3 also plotted in Fig. 11-24.

Table 11-47. Summary of Extraction Efficiency Data at Various O/A Flow Ratios

Element O/A' E' Notes

Nd 0.00% * 0.0004 0.796 * 0.075 b
Nd 0.0101 *t0.0013 0.877 * 0.099 c

U 0.5to2.5 0.986 +0.01 d
-0.03

Nd 2.68 * 0.03 0.960 * 0.025 e
Nd 32.8 t 1.7 0.85! * 0.130 f

'Except as noted, 1-a error limits are shown.
bComposite of three tests in the second test series at O/A = 0.01.
Composite of three tests in the first test series at O/A =t.,:
dExtraction efficiency and error range are estimated from earlier measurements
where the O/A flow ratios ranged from 0.5to2.5.17.19 Most of these extraction
efficiency measurements were made at an O/A of 1.0.
'Composite of two test results obtained while the solvent was loaded with Nd for the
high O/A flow ratio tests.
(Composite of two tests at different residence times for the test series at O/A = 33.
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Fig. II-24. Overall Correlation of O/A Flow Ratio with Extraction Efficiency

As seen in this figure, the greatest error occurred at an O/A flow ratio of 33. Three
reasons were identified for the high error of this test series. First, the value for DNd in the stripping stage
(stage 6) was 0.12, higher by a factor of 2 to 4 than the value we expected based on preliminary tests. As
a result, the stripping factor was only 4.0. As the stripping factor drops nearer to 1.0, the error involved in
measuring E is magnified. Second, the initial concentration of neodymium in the solvent was high. Since
the stripping factor for neodymium in the stripping stage was only 4.0, the neodymium was removed
more slowly than expected as the solvent was recycled. As a result, the process never reached a true
steady state, and calculations for E are based on quasi-steady-state operation using neodymium
concentrations for various effluents taken at the same residence time into the test. Finally, since the
neodymium concentrations were higher than expected, the neodymium concentrations in the EW samples
were above the 5.8 x 10-5M limit that we had set to prevent precipitation of the neodymium salt of
HEDPA. As a result, the plasma and the nebulizer of the ICP/AES were erratic during analysis of the EW
samples, indicating that solid particles were in these solutions and introducing additional error into the E
value at an O/A flow ratio of 33.

3. 10-cm Contactor

Based on initial tests at ANL and Westinghouse Hanford and on revised process needs for
the TRUEX process (the use of NPH as the diluent in place of TCE), the 10-cm contactor for the proposed
TRUEX facility at the Westinghouse Hanford Plutonium Finishing Plant (PFP) required some
modification.. Changes have been proposed by both Hanford and Argonne. Based on these proposals,
one of the 10-cm motor/rotor assemblies will be modified and tested at Hanford. Then the assembly wil
be sipped to Argonne, where the upper weir of the rotor will be modified and tested to determine if it
operates properly with the new solvent (TRUEX-NPH) at higher rotational speed (3600 rpm instead of
1800 rpm). The vibrational characteristics will be modeled and tested at the same time. Based on this
work, the final design for the 10-cm contactor will be specified.

A stand for testing the modified 10-cm motor/rotor assembly was built and set up in a walk-
in hood. However, because of a loss of funding for this project, the new motor/rotor assembly was never
built. As a variety of TRUEX projects are continuing to be explored at Hanford, we expect that this effort
could be refunded at a later date.
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4. 2-cm Contactor

Based on our plans to send a sixteen-stage 2-cm contactor (minicontactor) to Chalk River
Laboratories, we have built and tested a new twenty-four-stage 2-cm contactor. The volume tests, which
also check for rotor leaks, showed that the average rotor volume is 6.2 mL, with a standard deviation of
*0.2 mL. Single-phase flow tests gave an apparent radius for the upper weirs of 5.93 mm (diameter =
0.467 in.), with a standard deviation of 0.04 mm, somewhat less than the apparent radius of 6.06
* 0.06 mmn (diameter = 0.495 in.) found for the original minicontactor. The actual radius of the upper
weirs for both units is 6.12 mm (diameter = 0.4815 in.). The new minicontactor was evaluated further by
running the two-phase flow test on a typical rotor (rotor 7). The results of this test, listed in Table 11-48,
show that the rotors have acceptable performance, that is, less than 1% other-phase carryover in either
phase over a reasonable range of O/A flow ratios. The design criterion of 40 mL/min at all O/A flow
ratios with this contactor should be easily met.

Table 11-48. Results of Two-Phase Flow Tests for Typical 2-cm Rotor

Total Appearance
Flow Rate, Ain O, Oin A,

O/A mL/min % % Organic Aqueous

0.40 106 0.0 0.7 S1. Cloudy Clear
140 38.8 0.0 Cloudy Cloudy

1.13 113 0.0 0.0 Cloudy Cloudy
174 19.6 6.1 Very Cloudy Cloudy

5.94 222 0.0 0.0 Very Cloudy Cloudy
280 0.0 5.0 Very Cloudy Very Cloudy

'Organic phase (0) is TRUEX-nDD (essentially TRUEX-NPH), and the aqueous
phase (A) is 0.01M HNO3 .

J. Aqueous Biphase Separation of Plutonium from Solid Residues
(D. J. Chaiko)

1. Introduction

Many of the plutonium residues generated during fuel reprocessing and plutonium recovery
operations are heterogeneous materials in which the plutonium is distributed as discrete grains within a
larger particle matrix. Ultrafine grinding of these residues to an average particle size of about 1 pm can
be used to liberate the plutonium from the particle matrix and thereby provide an opportunity to produce a
plutonium concentrate in a significantly reduced volume. Physical beneficiation of these materials to
produce a plutonium-concentrate would significantly reduce the amount of reagents used during
subsequent chemical processing, reduce the mass (volume) of chemical processing wastes, and produce a
richer product stream from leaching or dissolution operations.

As particle size decreases below 20-50 pm, physical beneficiation techniques such as
flotation, magnetic separation, electrostatic separation, and gravity concentration become increasingly
ineffective. However, aqueous biphasic extraction is particularly suited to the treatment of ultrafine
particle systems having an average particle size of 1 pm or less. In this size range, particle behavior is no
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longer dominated by bulk phase properties like density and magnetic susceptibility but by surface
chemical properties.

Aqueous biphase systems were originally developed by Albertsson in the mid-1950s for the
separation of microbial cells, cell organelles, and viruses.20 In recent years, interest in aqueous biphasic
systems for application in biotechnology, 21 22 including separations of metal ions,2 ultrafine particles,24
and orgtnics," has increased dramatically.

In aqueous biphase extraction, colloid-size particles selectively partition between two
immiscible aqueous phases. These aqueous/aqueous systems fonn spontaneously from mixtures of
polymer and inorganic salt solutions. For example, combining equal volumes of a 15 wt % solution of
sodium sulfate and a 15 wt % solution of polyethylene glycol (PEG) produces a turbid mixture which will
separate after a few minutes. As a result of this separation, the sodium sulfate concentrates in the bottom
layer, and the polymer concentrates in the top layer. Particles suspended in such a system will migrate to
one aqueous phase or the other, depending on a complex balancing of particle interactions with the
surrounding solvent thrh hydrogen bonding, hydrophobic bonding, etc. Process selectivity can be
improved by system modification with surfactants containing the appropriate functional groups. Aqueous
biphase extraction processes could be used in place of other techniques, such as oil flotation and
conventional solvent extraction utilizing an oil/water system. This would climinate the need for costly
petroleum-based diluents, which may generate concem as a source of pollution or a potential fire hazard.
The water-soluble polymers that can be used in biphase formation are inexpensive, nontoxic, and
biodegradable. An additional attractive feature of the aqueous/aqueous system is that extractions can be
carried out using conventional contacting equipment, such as mixer/settlers, pulsed columns, and
centrifugal contactors.

A number of DOE waste streams would be good candidates for aqueous biphasic extraction
processes. Some examples of specific waste streams involving particulates are pyrochemical wastes such
as sands, slag, and crucible residues from Savannah Rivek Size, and incinerator ash and ceramic crucibles
from Rocky Flats Plant. These materials contain significant amounts of plutonium and are being
stockpiled. In cases where the plutonium content is high enough to exceed economic discard limits, the
material must be processed. With currently available technology, this can generate large volumes of
mixed wastes. Physical beneficiation by aqueous biphase extraction could significantly reduce the
volume of mixed wastes generated from chemical recovery processes.

The scope of work for this project includes (1) particle characterization of plutonium
residues, (2) demonstration of aqueous biphasic separation of model particle systems on a test-tube scale,
(3) evaluation of plutonium polymer as a model system for correlating the partitioning behavior of
plutonium-containing particles, (4) preliminary tests of biphase separation with Na2SO4 and PEG.
Progress in each of these tasks is described below.

2. Particle Characterization

a. Analysis of Plutonium-Containing Residues

Since aqueous biphase separation processes exploit subtle differences in the surface
properties of particles, characteristics such as size distribution and surface composition play an important
role in extraction performance. Samples from two different plutonium-containing residues were
examined by scanning electron microscopy (SEM). The first was an ash heel sample obtained through
Lawrence Livermore National Laboratory. The original feed material for producing the heel was an
incinerator ash from Rocky Flats Plant that was calcined, ground to a particle size of 10-20 pm, and
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leached by mixtures of nitric acid and hydrofluoric acid. In many of the particles, the plutonium appears
as discrete grains of -1-pm dia embedded in a complex matrix of metal oxides and silica. In other
particles from this sample, only aluminum was detected in the matrix surrounding the plutonium. At the
same time, a number of particles in the ash heel appeared to be composed entirely of plutonium. The
electron micrographs were published in the previous semiannual (ANL-91/42, Sec.II.L.1).

The other plutonium-containing residues examined were ceramic crucibles used in
analytical procedures for the determination of carbon in plutonium. The waste crucibles typically contain
about 0.2 g of plutonium in the form of PuO 2 embedded in the crucible. Because of the refractory nature
of high-fired PuO2, the plutonium cannot be leached from the LECO crucibles with HNO/HF mixtures.

During the carbon analysis, the crucible, with its sample, is rapidly heated (-10 s) to
temperatures between 1600 and 2400'C. A combustion accelerator, such as Fe, Cu, or Sn, is added to the
sample. An oxygen stream is passed over the crucible to ensure conversion of the carbon (in the form of
plutonium carbide) to CO and C02. Before carrying out a quantitative analysis for C02, the gas stream is
directed over a catalyst bed to ensure complete conversion of CO to CO 2.

A flux is added to the plutonium sample to completely dissolve the plutonium and
thus allow oxygen access to any carbon in the sample. Three different fluxes (Cu, Sn, Fe) are used in
analyzing plutonium samples.

A LECO crucible was crushed and ground to produce samples for particle
characterization by SEM. During dry grinding in a coffee mill, the ceramic fraction of the crucible was
easily reduced in size to -200 mesh (<74 pm), while a metal oxide fraction (primarily copper oxide) larger
than 200 mesh remained despite repeated grinding. Figures II-25 and II-26 are electron micrographs of
particles from the -200 mesh and +200 mesh portions, respectively. In a large majority (-90%) of the
particles from the -200 mesh fraction, only silica was detected (see Fig. II-27), while in other particles of
this size fraction, Si and Al were primarily detected (see Fig. II-28). Interestingly, plutonium was
observed only in particles that also contained significant amounts of copper, as shown in Fig. II-29.

= 100 microns

Fig. II-25. Backscattering Electron Micrograph of -200
Mesh Fraction from Crushed LECO Crucible
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= 100 microns

Fig. II-26. Backscattering Electron Micrograph of +200
Mesh Fraction from Crushed LECO Crucible
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- = 10 microns
Fig. II-29. Backscattering Electron Micrograph of Typical Plu ...

Containing Particle from Crushed LECO Crucible

The particle shown in Fig. II-29 is the bright particle in the upper left-hand corner of Fig. II-26. The
substrate in this particle contained primarily copper, as evidenced by the energy dispersive X-ray
spectrum (EDS) shown in Fig. II-30. The bright specks in the particle in Fig. II-29 were shown to contain
plutonium (see Fig. II-31). The EDS spectrum in Fig. II-31 also shows the presence of copper. This may
be evidence of a Pu/Cu alloy or simply an artifact produced from our inability to focus the electron beam
into a spot small enough to completely exclude any contributions from the copper matrix surrounding the
plutonium speck. The dark circles within the particle are a mixture of primarily Cu, Al, and Si, with small
amounts of Pu and Ca (see Fig. II-32). Presumably the Al and Si originated from the crucible. At higher
magnification, the matrix in the particle from Fig. II-29 shows a dendritic microstructure suggestive of
eutectic formation.
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The geometric arrangemec t of the plutonium in Fig. 1-29 is quite interesting.
Intersecting lines at 120' are clearly visible and show the positions of the grain boundaries within the
particle. As in the ash heel, the plutonium grains in the crucible sample are about 1 pm in diameter. The
breakage pattern suggests that grinding to a top size of about 100 pm would be sufficient to liberate the
plutonium from the bulk of the ceramic. Continued size reduction into the ultrafine regime (-1 pm)
should further liberate some of the plutonium from the bulk of the copper.

b. Particle Size Analysis

Aqueous biphase extraction can be only used with feed materials where paricle size
is less than about 1 pm. To routinely measure particle sizes in this range, photon correlation
spectroscopy, sometimes referred to as dynamic laser light scattering, will be used. A schematic diagram
o' the system used in the aqueous biphasic extraction studies is shown in Fig. 11-33.
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Fig. 11-33. Schematic Diagram of Photon Correlation Spectroscopy System

In this system, samples can be suspended in aqueous or organic solvents and are
contained in a cuvette of either optical quartz or a clear plastic, such as polycarbonate or polystyrene.
Light from the laser source (in this case, a 35 mW He-Ne laser) is directed through an index matching
chamber which contains the cuvette. The chamber contains a refractive index matching fluid such as
water or toluene.

During a measurement, the fluctuation in scattering intensity from a sample is
recorded over a rime scale of a few nanoseconds to several seconds. The fluctuations arise from the
diffusion of particles or macromolecules through the laser beam and depend on the diffusion rate, the
wavelength of the laser, and the angle of observation. The intensity and fluctuations of the scattered light
are measured by a photomultiplier as discrete photons. The output from the photomultiplier is fed into a
correlator, which calculates the autocorrelation function. From this function, a diffusion coefficient can
be obtained, and then a particle size can be estimated through the Stokes-Einstein equation.

Under optimal conditions, the spectroscopic instrument (purchased from Malvern)
can measure particle sizes as small as 5-10nm and as large as 1-5pm. The practical limit on the upper
size boundary is determined by the settling rates of the larger particles under the influence of the earth's
gravitational field. Size distributions are calculated using Mie theory, which requires the refractive index
of the particles and that of the supporting medium. If the refractive index of the particles is unknown,
then Rayleigh-Gans-Debye (RGD) theory is used. A comprehensive review of the theory and application
of dynamic light scattering has been presented by Stock and Ray, as well as others.z 7

Two types of cuvettes can be used for routine size analysis: square plastic cells (12 x
12 x 4 mm), which are disposable, and precision, round optical glass cells (10 mm dia x 70 mm long),
which can ! e used for multiangle analysis. The square cells are unsuitable for use with radioactive
samples because of the lack of tight-fitting caps. Safety caps can be obtained for the round glass cells
through Fisher Scitentific (Cat. No. 02-706-5). These would be adequate for containing aqueous
suspensions. Unfortunately, the high cost of the optical glass cuvettes ($15.00 each from Malvern
Instruments or s5.00 each from Wilmad-Glass Co., Cat. No. WG-99-G) is prohibitive for use with
radioactive samples since they could be used only once and then must be disposed. Disposable, optically
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clear polystyrene tubes (10 mm dia x 75 mm long) can be purchased from Evergreen Scientific (Cat. No.
214-2003-010, $25.00 per 10000). These tubes are supplied with two different types of tight-fitting
polyethylene caps, which are similar to the caps used on the plastic gamma counting tubes.

Particle size standards were purchased from Duke Scientific (P.O. Box 50005, Palo
Alto, CA 94303). Calibrated standards ranging in size from 20 to 900 nm are available for $110/15 mL.
Three different sizes of latex spheres were purchased: 30, 63, and 300 nm (mean diameter). The
diameters of the particles were calibrated by the manufacturer using transmission electron microscopy
(TEM) and photon correlation spectroscopy (PCS). All three standards are supplied as aqueous
suspensions at solids concentrations of 2 wt %. To dilute the standards for size measurement, the bottle
should be sampled using a microliter pipettman. For statistically consistent samples, the bottle should be
GENTLY inverted several times. If an ultrasonic water bath is to be used to help disperse the particles,
EXTREME caution should be exercised since even short exposure to high-level ultrasonic energy can
damage the latex spheres.

For PCS measurement of the particle size standards, the suspensions were diluted
with distilled water to a known solids concentration. The 30 nm standard was diluted to 5.5 x 10.2 wt %
solids, giving a clear suspension. This solids concentration will give an optimum balance between the
signal-to-noise ratio of the scattered light and a minimum of multiple scattering and particle-particle
interactions. As a guide, if the suspension looks milky or cloudy, then multiple scattering (that is, light
scattered by one particle is scattered again by another) is occurring, and the solids concentration is too
high for PCS analysis. The Z-average mean, measured as 29.4 nm, is within the certified mean diameter
of 30 * 2.3 nm.

A large dependence of measured size on particle concentration indicates that either
multiple scattering is occurring, or the laser-detector system is not properly aligned. Based on light
scattering theory, multiple scattering would result in a lower measured mean size than the actual value.
Therefore, as the sample is diluted (assuming multiple scattering is occurring), the average particle size
should increase until a plateau is reached. If low enough concentrations are not possible (because of
limitation in laser power), the measurements at higher concentrations can be extrapolated to zero
concentrations.

It is interesting to note that increasing the particle concentration of the 30 nm standard
up to I wt % had very little effect on the measured particle size distribution.

Analysis of the 63 * 2.8 nm particle standard, at solids concentrations of 4 x 10-3 and
8 x 10-3 wt %, gave measured Z-average means of 67 nm and 67.8 nm, respectively. A 1.6 x 10-3 wt %
suspension was prepared for the largest particle size standard. The measured Z-average mean was
306.5 nm--within the calibrated size of 301-313 nm reported by Duke Scientific. At this concentration of
solids, however, the suspension had a slight, r.iilky color, suggesting that the solids concentration was
high enough to cause significant levels of multiple scattering. Further dilution of the standard by
approximately five fold, to 3 x 104 wt % solids, produced a measured Z-average mean of 318.8 nm. At
3 x 104 wt % (2.1 x 103 particles/mL), the suspension was colorless. This large increase to 318 nm
suggests that the laser may not be properly aligned. The laser alignment will be checked by measuring
the light scattering intensity from toluene at several angles between 20' and 150'. With proper
alignment, the scattering intensity should be independent of the measuring angle.
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3. Particle Separation by Biphasic Partitioning

Preliminary work has shown that metal oxides like hematite (Fe2O3) and rutile (TiO2) can be
quantitatively separated from quartz (SiO2 ) in a single stage using aqueous biphase extraction. The
biphase system contained 15% PEG/7.5% Na2SO4. A feed size of about 1 pm was obtained by wet
grinding in a planetary ball mill. During biphase extraction, greater than 99.99% of the metal oxide
particles reported to the bottom (Na 2SO4) phase, while slightly greater than 99.99% of the quartz particles
reported to the top (PEG) phase. This partitioning behavior was also achieved when mixtures of particles
were added to the aqueous biphase system, giving extremely large separation factors between the metal
oxides and quartz.

Aqueous biphase separations depend upon differences in the surface properties of particles
and not on bulk phase properties like density. Consequently, those factors that influence surface
properties can be used to selectively control the partitioning of particles in an aqueous/aqueous system.
Many of the same chemical reagents used in froth flotation to promote or suppress particle attachment at
the air/water interface can be used in aqueous biphase systems for promoting separations between metal
oxides, phosphates, carbonates, silicates, sulfides, etc.

4. Use of Plutonium Polymer as Model System

a. Partitioning of Polymers

Partitioning studies of aged plutonium polymer were carried out in an effort to
evaluate its applicability as a model system for predicting the partitioning behavior of plutonium-
containing residues. If feasible, this would greatly simplify and speed the systematic study of partitioning
behavior and reduce the amount of waste generated. The plutonium-polymer studies might also lead to a
better understanding of the behavior of hydrolyzed metal polymers in conventional oil/water solvent
extraction systems. In addition, the potential application of aqueous biphasic extraction for separating
plutonium polymer is of interest, since processing aqueous wastes containing this plutonium form is not
currently possible by conventional solvent extraction or ion exchange.

In future studies, the partitioning behavior of the polymerized plutonium will be
correlated to partitioning behavior of ultra-fine PuO2 powder as a means of validating this model system.
The polymerized plutonium was obtained from H. Diamond (ANL's Chemistry Division). Several
plutonium polymers were prepared by M. Toth et al. of Oak Ridge National Laboratory and were
characterized by Thiyagarajan et al.28 using small-angle neutron scattering (SANS).

The preparation of the present polymer solution (designated as sample #4) has been
described in detail. 28 From the SANS studies, Thiyagarajan et al. concluded that the plutonium polymer
particle is ellipsoidal, with a diameter of 22 A and a length of 120 A. The plutonium atoms are linked
through oxygen bridges. X-ray diffraction patterns of aqueous plutonium polymer solutions resemoled
those reported for crystalline PUO2.

The influence of surfactants on the distribution ratio of the plutonium polymer in the
7.5% Na 2SO4/15% PEG-3400 system was examined. Two surfactant concentrations were used -- 0.1 and
0.01 wt %. Numerous surfactants (nonionic, cationic, and anionic) were screened. The distribution ratios
of plutonium and the mass balance results are shown in Tables II-49 and 11-50.
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Table 11-49. Partitioning of Polymeric 239Pu(IV) in 7.5% Na2 SO4/15%
PEG-3400 System with 0.1% Added Surfactant at 25'C

Counts per min'(0-2000 keV)
Dist. % Pu

Surfactant Top Phase Bottom Phase Ratio Recovery

Tween 20 69 19668 0.0035 59
Brij 30 97 8898 0.01 27
Triton X-100 59 12372 0.0047 37
Humic Acid 3184 3802 0.84 21
Cetyl Trimethyl Ammonium 239 931 0.25 4

Bromide
Poly(ethylenimine) 14 1969 0.0071 6
Naphthalene Disulfonic Acid 39 20280 0.0019 60
Naphthalene Trisulfonic Acid 60 19268 0.0031 58
Sodium Dodecylsulfate 72 13326 0.0054 40
HEDPb 185 31853 0.0058 96
Dodecylbenzene Sulfonate 71 15610 0.0045 47
Oxalic Acid 183 18433 0.0099 56

'Background counts have been subtracted.
'Chemical formula of HEDP is CH3C(OH)[P(O)(OH) 2 ]2 .

Table 11-50. Partitioning of Polymeric "'Pu(IV) in 7.5% Na2SOS15%
PEG-3400 System with 0.01% Added Surfactant at 25'C

Counts per min' (0-2000 keV)
Dist. % Pu

Surfactant Top Phase Bottom Phase Ratio Recovery

Tween 20 48 256 0.18 0.9
Brij 30 130 162 0.80 0.8
Triton X-100 55 126 0.47 0.5
Humic Acid 616 278 2.2 27
Cetyl Trimethyl Ammonium 69 221 0.31 0.8

Bromide
Poly(ethylenimine) 29 981 0.029 3
Naphthalene Disulfonic Acid 83 22269 0.0037 67
Naphthalene Trisulfonic Acid 43 24704 0.0017 74
Sodium Dodecylsulfate 54 33005 0.0016 98
HEDPb 42 9194 0.0045 28
Dodecylbenzene Sulfonate 39 17342 0.0022 52
Oxalic Acid 50 12651 0.0039 38

'Background counts have been subtracted.
bChemical formula is CH3C(OH)[P(O)(OH) 2]2.

The results in Tables H-49 and 1-50 indicate that humic acid is a strong complexant
for the plutonium polymer. This agrees with findings from studies of natural water systems in which
Nelson et al. 9 found that plutonium is strongly associated with colloidal organic compounds. Humic
acids are a heterogeneous and ill-defined collection of compounds derived from the decay of plant matter.
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In fact, Lindquist30 has shown that aqueous two-phase systems can be used to fractionate humic acids. If
properly fractionated, the humic acid may be capable of producing plutonium distribution ratios greater
than two.

As shown in the tables, plutonium recovery varied widely, from a low of 0.5% to a
high of 98%. Obviously, some error is associated with these estimates de, in part, to uncertainties in the
exact phase ratio and total volume of the biphase system. Nevertheless, the high levels of unaccountable
plutonium are troublesome.

In other experiments, the aqueous biphase partitioning of freshly hydrolyzed Pu(IV)
was measured in the 7.5% Na2SO4/15% PEG-3400 system. In this case, the distribution ratio of the
plutonium monomer was considerably larger than that for the polymer (see Table II-51).

Table II-51. Distribution Ratios of 'Pu(IV) Monomer
and 239Pu(IV) Polymer in 7.5% Na2SOS
15% PEG-3400 System at 25'C

Dist. Ratio % Pu Recovery

Pu Monomer 0.17 100

Pu Polymer 0.001 85

The partitioning of plutonium polymer in the presence of colloidal silica was also
measured. The silica was ground to an average particle size of 0.5 pm in a planetary ball mill. The
particle size distribution was measured by dynamic light scattering. In the 7.5% Na2SO4/15% PEG-3400
system, the silica partitioned quantatively into the top phase. After the phases separated, the bottom phase
was clear, with no trace of cloudiness, indicating that the silica concentration in the bottom phase was less
than 104 wt %. (In the 0.5-pm size range, 104 wt % suspensions appear slightly cloudy to the naked
eye.) The distribution ratio of the plutonium polymer in the presence of the colloidal silica was about
0.009. A mass balance of plutonium from the two phases showed a plutonium recovery of about 85%.
Given the reported tendency of plutonium(IV) polymer to adsorb onto all surfaces,31'32 it is quite
surprising to find that the distribution ratio of the polymer is little affected by the presence of colloidal
silica with its large surface area. This behavior suggests that the PEG prevented the polymeric plutonium
from adsorbing into the Si02 surface.

b. Salting Out of Plutonium Polymer

It is well known that the aqueous solubility of plutonium polymers is greatly
decreased in the presence of electrolytes. 33 Since an aqueous biphase system may contain fairly high salt
concentrations, plutonium-polymer precipitation may be a problem. Precipitation tests were carried out to
gauge the stability of plutonium polymer in an aqueous biphase system. A 3 pL spike of the plutonium
polymer stock (2.04 x 105 cpm/pL) was added to 2 mL of each of the following 7.5 wt % electrolyte
solutions: sodium sulfate, sulfuric acid, nitric acid, and sodium nitrate. Parallel experiments were carried
out in which the solutions were contained in either glass or plastic vials. The counts per 50 pL samples as
a function of time are shown in Tables 11-52 and 11-53. The counts per minute expected per 50 pL from
each of the eight solutions is 15,300. At t=0, most of the samples registered more than 15,300 cpm. This
is probably due to pipetting errors associated with delivering the 3 pL spike. The results indicate that
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very little, if any, loss of plutonium occurred in the H2SO4 solutions. For the other three electrolytes,
plutonium losses were consistently greater in the plastic than the glass vials.

Table 11-52. Plutonium Polymer Adsorption in Glass Vials

Counts per min (0-2000 keV)'
Electrolyte Electrolyte
(7.5 wt %) Conc.,M 0h l h 18 h 24 h

Na2SO4  0.53 13776 11929 10129 10208
H2SO4  0.76 17413 17576 17547 17097
NaNO3  0.88 12405 12570 10404 14334
HNO3  1.2 15753 14921 13635 13345

1100% plutonium recovery would give 15,300 cpm.

Table 11-53. Plutonium Polymer Adsorption in Polyethylene Vials

Counts per min (0-2000 keV)'
Electrolyte
(7.5 wt %) 0h l h 18 h 24 h

Na2SO4  14617 10855 7523 7507
H2SO4  17799 17980 17852 17482
NaNO3  17452 14608 6665 6314
HNO3  16263 12655 5952 5372

"100% plutonium recovery would give 15,300 cmp.

The plutonium concentration in the stock solution was approximately 4.6 mM. In
each of the solutions in Tables II-52 and 11-53, the initial plutonium concentration was about 7 paM.
Equilibrium required up to 18 h to be reached, probably reflecting the low mass transfer rates in such
dilute plutonium solutions. It is surprising that the H2SO4 solutions were stable, while the Na 2SO4 and
HNO3 solutions were not. This suggests that the H2SO4 dissolved the plutonium polymer--though this is
considered unlikely. If the precipitation was due to electrostatic interactions between the positively
charged polymer and the negatively charged glass surfaces, then one would expect that precipitation from
H2SO4 and HNO3 should be minimal. In acid solutions, the surface potential of glass would become
positive, and electrostatic repulsion should prevent polymer adsorption. Since HNO3 solutions also
suffered plutonium losses, this cannot be the only mechanism of plutonium adsorption.

The percent of plutonium polymer lost from the nitrate solution in Table 11-52 at t = 0
agrees fairly wall with data published by Bell et al.33 The data were collected by sampling the electrolyte
solutions immediately after mixing the plutonium polymer and the nitrate solutions. For the NaNO 3
solution ([NO3 1=0.9M), about 18% of the plutonium appears to precipitate immediately. This result
agrees fairly well with literature data.33

In addition to adsorption at solid/liquid interfaces, plutonium polymer adsorption at
the liquid/liquid interface may be responsible for the poor mass balance in plutonium that was observed
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for some of the surface it systems in Tables 1-49 and II-50. Adsorption phenomena can be particularly
troublesome when wrking at trace levels. Clear evidence for interfacial adsorption was found in the
7.5% Ng2SO/15% PEG-3400 system in which 0.1% and 0.01% concentrations of Aerosol OT were used.
The total system volume was 1 mL, and the total amount of plutonium polymer added equaled 1.12 x 106
cpm. After phase separation by centrifugation, samples from the top phases (representing -90% of the
top phase volume) and from the bottom phases (representing 90% of the bottom phase volume) were
carefully collected, so as to minimize the disturbance of the interface. The top, bottom, and interface
samples were transferred to glass sheli vials, and 15 pL aliquots were removed from each for counting.
These results are shown in Table 11-54. To obtain representative aliquots from the interfacial samples,
they were first emulsified by vortexing and then sampled immediately.

Table iI-54. Plutonium Polymer Partitioning in Top, Bottom, and Interfacial
Regions of 7.5% Na2SO15% PEG-3400 System at 25'C

Counts per min (0-2000 eV)'
Dist.

[Aerosol 01], wt % Top Interface Bottom Ratiob

0.1 65 54775 25556 0.0025

0.01 39 42039 20498 0.0019

'Background counts have been subtracted from 10-min counts.
'Defined as cpm top phase/cpm bottom phase.

Clearly, the results in Table 11-54 indicate that the highest concentration of plutonium
was at the liquid/liquid interface. Based only on the top and bottom phase samples, plutonium recoveries
of 76% and 61% are calculated for the systems containing 0.1% and 0.01% Aerosol OT, respectively. By
recombining the top and bottom phases with their respective interface samples, we quantitatively
demonstrated that the remaining plutonium was located at the liquid/liquid interface, and that only
insignificant amounts of plutonium were adsorbed on the glass tube surfaces. The recombined solutions
were thoroughly mixed on the vortex mixer immediately before 15 pL aliquots were taken for counting.
Based on the total biphase volume of 1 mL, the cpm plutonium recovered for the 0.1% and 0.01%
Aerosol OT samples was 1.3 x 106 and 1.1 x 106 cpm, respectively. These values are very close to the
1.12 x 106 cpm of plutonium spiked into the samples originally.

The poor mass balance for plutonium reported in Tables 11-49 and 11-50 may, in part,
be due to plutonium adsorption at the liquid/liquid interface. The anionic surfactant, Aerosol OT, may
have formed a protective layer around the plutonium polymer through electrostatic interactions between
the positively charged polymer and the negatively charged functional group of the surfactant.

K. Measurement of Plutonium in Particulate Matter
(J. Sedlet)

Studies on the biphasic separation of plutonium from solid waste require the measurement of
plutonium in particles ranging in size from about I to 0.01 pm. Four methods of measurement can be
used for this work: (1) liquid scintillation alpha counting, (2) counting the L X-rays emitted by the
uranium decay product, (3) counting the low-abundance gamma rays emitted in plutonium decay, and
(4) optical absorption spectrometry. Advantages and problems of each method are discussed below.
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1. Liquid Scintillation Counting

With liquid scintillation counting, samples are quick and easy to prepare, and an automatic
sample changing counter is available. However, the counting efficiency may be unacceptably low or
variable because the particulate matter may not emulsify or remain in intimate contact with the
scintillating compounds, or the particles may be too large to allow the alpha particle to lose enough
energy in the scintillation cocktail and give an adequate size pulse. Figures II-34 to 11-37 show spectra of
ionic 3Pu samples in Insta-Gel-XF with 0.1 or 2% water over two energy regions (0-25 keV and
0-500 keV). Most of the signal has energies greater than 20 keV. However, some of the counts are in the
energy region below 10 keV, with a peak at about 3 keV. This is typical of plutonium. The very low
energy counts may be X-rays and/or 'Pu beta particles.
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Fig. 11-34. Liquid Scintillation Spectrum of 23 9 N Monomer at 0-500 keV with 2%
Water in Insta-Gel-XF Scintillation Cocktail (Packard Instrument Co.)
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Fig. 11-35. Liquid Scintillation Spectrum of 239Pu Monomer
at 0-25 keV with 2% Water in Insta-Gel-XF
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Fig. 11-36. Liquid Scintillation Spectrum of 239 Monomer
at 0-500 keV with 0.1% Water in Insta-Gel-XF
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Fig. 11-37. Liquid Scintillation Spectrum of 239P Monomer
at 0-25 keV with 0.1% Water in Insta-Gel-XF
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There is an interesting difference in the two peaks in the alpha particle energy region. In the
sample which contained 2% water (Fig. II-34), the peak is sharp, and the energy range is from about 140
to 240 keV, with the peak maximum at about 180 keV. In the 0.1% water sample (Fig. 11-36), the range is
about 200 to 400 keV, and two peaks appear, with a valley at about 300 keV. This difference is a
function of the water content. Water acts as a pulse height quencher in this cocktail system and shifts the
alpha pulses to lower energies. The single sharp peak indicates that the sPi solution is well emulsified
in the cocktail. The sample containing less water gives higher energy pulses, but the diffused spectrum is
probably due to incomplete emulsification of the water and cocktail. This double peak formation will be
studied with a scintillation cocktail that does not depend on detergent emulsification to incorporate
aqueous samples into organic solvents. No counts are lost by this double peak formation. Measurement
of the alpha activity in the 9Pu stock solution by counting an evaporated aliquot in a 2-n counter showed
agreement between the 2-n count and the liquid scintillation count in the 100-500 keV region, where
alpha particles appear in the liquid scintillation spectrum. In these samples, the counts were distributed
81.5% in the 20-500 keV region, 18.0% in the 0-20 keV region, and 0.5% for greater than 500 keV.
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Figures 11-38 to II-41 show spectra of polymeric plutonium. The peak between 100 and
500 keV remains, as does the peak at about 3 keV. The alpha peak is degraded and shows some
straggling from 200 keV until the 3 keV peak is reached. Figures 11-40 and II-41 show spectra from a
sample of the above plutonium polymer that has been through a biphasic separation. These spectra
indicate increased degradation of the alpha particles. This is likely due to incomplete incorporation of the
plutonium polymer into the scintillator. Loss of energy in the plutonium oxide polymer particle is
unlikely since the range of the alpha particles in plutonium itself is calculated to be 6 pm, and the
polymer particle is considerably smaller. Until this question is resolved, the safest counting technique is
to use the entire 0-500 keV range for the plutonium measurement.

For comparison, spectra of 244C are shown in Figs. II-42 and 11-43. The bulk (99.3%) of
the counts are in the alpha region (100-500 keV), and only 0.6% are less than 100 keV. Apparently,
curium is free of low energy photons or electrons. Alpha scintillation counting is a satisfactory method
for plutonium measurement up to a counting rate at which dead-time losses become significant. This is at
least 106 cpm (7.2 pg), and above this rate, dead-time losses can be measured and correlations made.
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Fig. 11-38. Liquid Scintillation Spectrum of 239 Polymer at 0-500 keV in Insta-Gel-XF
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Fig. 11-39. Liquid Scintillation Spectrum of 23 9Pu Polymer at 0-25 keV in Insta-Gel-XF
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Fig. II-40. Liquid Scintillation Spectrum of 239 Polymer at
0-500 keV in Insta-Gel-XF after Biphasic Separation

5B0

C-

0

11i
T

Ie, V

Fig. II-41. Liquid Scintillation Spectrum of 239Pu Polymer at
0-25 keV in Insta-Gel-XF after Biphasic Separation
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Fig. II-42. Liquid Scintillation Spectrum of 2"Cm from 0 to 500 keV in Insta-Gel-XF
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Fig. 11-43. Liquid Scintillation Spectrum of 2"Cm from 0 to 25 keV in Insta-Gel-XF

2. X-Ray Counting

All plutonium isotopes and other heavy radioactive elements emit L X-rays when they decay
(the X-rays are characteristic of the decay product). This decay can be measured at high resolution with a
3-5 mm thick germanium or silicon (lithium-drifted) detector operated at liquid nitrogen temperatures.
The thickness need only be sufficient to absorb the X-ray, and thus the background is reduced. Thin
beryllium detector windows (1 miu or less) are needed. Such a detection system is available at ANL, as is
a very low background, Si(Li) X-ray system used for actinide lung measuremenmvs. Both systems are
manually operated, one sample at a time. The energies and line intensities of the X-rays emitted by
plutonium and americium have been published by Strauss and Sherman.34 The 17.22 keV plutonium
X-ray is the most suitable one in the presence of americium.

The first attempt to measure these X-rays in one of our stock 39Pu solutions with the Si(Li)
system was unsatisfactory. The X-rays were attributed to asPu by the computer program that analyzes
the X-ray spectrum, although an alpha particle spectrum showed that the plutonium had a mass number of
239. This problem can no doubt be corrected, since examination of the computer program showed that
239Pu X-rays were not a paii of the program. The sample was also counted by A. Keane (ANL
Environmental, Health & Safety Division) with the Si(Li) X-ray system but the results have not been
examined.

3. Gamma-Ray Counting

A sample containing 3.3 gag of plutriium as the polymer was counted in a Nuclear Data
germanium gamma-ray spectrometer. Many peaks wewe identified, several of which were attributable to
29Pu. These gamma-rays are in the 100-400 keV energy range and have abundances of the order of
l0-3%. Thus, for samples containing sufficient plutonium, gamma-ray counting is a good method for
quantifying plutonium. The most abundant gamma-ray in this sample was due to the decay of "1Am
(59.5 key). This will be the case for all weapons-grade plutonium.

4. Optical S"ectrosco y

The plutonium polymer obtained from ORNL (see Sec.II.J.4.a) is green, and spectra of
samples containing Pu(IV) polymer and monomer have been published.35 The two spectra differ
significantly. A spectrum of this polymeric plutonium between 400 and 1300 pm was taken with a Cary
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spectrophotometer and was very similar to the published spectrum of the polymer. A plutonium
concentration of 0.006M was needed to obtain sufficient absorbance, and at this concentration, X- and
gamma-ray counting is preferable. However, there may have been some operational problems with the
spectrophotometer that, when corrected, may increase the sensitivity greatly.

5. Biphasic Separations

Four biphasic extractions of polymeric plutonium were performed by D. R. Fredrickson
(CMT Division) using 7.5% Na2SO4 as one phase and 15% PEG as the second. The phase transfer agents
used were Aerosol OT, humic acid, napthalene disulfonic acid, and oxalic acid. Distribution ratios for
plutonium were 0.015, 0.40, 0.003, and 0.006, respectively, all quite low. Mass balances were also poor,
ranging from 8 to 78%. The missing plutonium was probably present at the interface or on the walls,
which were not checked for plutonium. The plutonium concentration was measured by liquid scintillation
counting.

Since humic acid is a mixture of organic compounds, fractionating humic acid by a biphasic
separation might concentrate the substances that can complex plutonium. Accordingly, equal volumes of
15% Na2SO4 and 30% PEG solutions containing 0.02% humic acid were mixed by vortexing for one
minute. Then, the mixture was centrifuged, and the main two phases separated. An aliquot of polymeric
plutonium solution was added to each phase in a culture tube. Then, an equal volume of 15% Na2SO4
was added to pre-equilibrated 30% PEG phase and an equal volume of fresh 30% PEG was added topre-
equilibrated 15% Na2SO4 phase. The mixtures were vortexed for one minute, the major phases were
again separated by centrifuging, and the plutonium in each phase was measured by liquid scintillation
counting. The results are shown in Table 11-55. The distribution ratios are significantly higher than
reported above, but not high enough to be useful. Problems with poor material balances, and losses at the
interface and on the walls are apparent from the mass balance results.

Table II-5.6. Results of Biphasic Separation of Plutonium

Mass Balance, %
Dist.

Phases Ratio Phases Wall Interface Total

PEG + Humic Acid 1.0 16 16 39 71
with Fresh Na2 SO4

Na2SO4 + Humic Acid 2.3 14 10 44 68
with Fresh PEG

A second experiment was performed with the Na2SO4-PEG system using xylenol orange as
the transfer agent. This highly colored complexing agent has been used in similar experiments to extract
Fe(III) in the (NH4)2SO4-PEG system. 23 A distribution ratio of about 6 was reported. Xylenol orange
forms complexes with some metals and is used as an indicator in complexometric titrations for calcium at
other metals. Its complex with thorium is particularly strong. In a system containing 1 mL of 15%
Na2SO4 , 1I mL of 30% PEG, and 20 pL of 2% xylenol orange and polymeric plutonium, the distribution

*[Pu] in top phase (PEG)/[Pu] in bottom phase (Na2 SO4).
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ratio for the fraction of plutonium that appeared in the bulk phases was 0.2, but only 7% of the added
plutonium was accounted for. In the other fractions measured, 35% was in the interface, and 22% was
removed from the walls of the culture tube. Thus, a total of 64% of the added plutonium was accounted
for. This is the pattern observed in all the biphasic extractions conducted thus far.

The problem of plutonium loss should be explored before additional experiments are
conducted. Possible experiments to clarify the problem are as follows:

1. Perform the same experiments with monomeric plutonium and with americium to determine
if the losses are due to a property of the polymer or the (IV) oxidation state.

2. Perform the same experiments with scrupulously cleaned culture tubes and with culture
tubes that have been treated to form a non-wettable hydrophobic surface.

L. Decontamination of Groundwaters Containing Volatile Organic Compounds
(I. C. Hutter, G. F. Vandegrift, A. K. Zander, and M. Semmens)

1. Introduction

A process is being developed for cleanup of volatile organic compounds in contaminated
groundwater. The contaminants will be extracted by membrane-assisted solvent extraction (MASX) and
then recovered in a membrane-assisted distillation stripping (MADS) section. This process is being
evaluated as an alternative to groundwater remediation procedures using activated carbon or air
stripping/activated carbon.

2. Literature Survey

Groundwater accounts for up to 40% of the drinking water used in the United States.36 It is
becoming common to find contaminants of various organic chemicals, metals, and radionuclides at levels
far above those considered safe for human consumption in drinking water.37 0 The drinking water
standards of the Environmental Protection Agency (EPA) are established to reduce the cancer risk in the
population to a lifetime occurrence risk of one in one million.41 Often this requires a remediation
procedure to reduce contamination levels into the low part-per-billion (ppb) range. Close to the
contamination source, levels approaching the solubility of the contaminant in water can be detected. In
some situations, such as near fuel spills, even two-phase contaminations are possible. Away from the
contamination source, levels 10 to 100 times the drinking water standards are typical. Currently in some
areas, the problem is so bad that a continuous air stripping process is run to prevent the spreading of a
contaminant plume to drinking water sources. The contamination is so disperse that remediation
procedures can only be used to prevent further migration, and not eliminate the problem.

To define the problem at DOE sites, a grundwater contamination survey was completed by
Oak Ridge National Laboratory.42 The ten most common contaminants found are listed in Table II-56.
These contaminants were typically found at concentrations of greater than 1 ppm. The maximum
concentrations found and the most recent drinking water standard concentrations are listed in Table 11-56.
This survey is the most exhaustive done to date and includes nine DOE sites.

The problem is to remove dilute organic contaminants from an aqueous system to the parts
per billion level. The current technology most widely used is air stripping, which removes the volatile
components from the liquid stream but transfers them to the air. Air stripping with gas-phase carbon
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Table 11-56. Common Groundwater Contaminants Found at Nine DOE Sites'

EPA Drinking
Max. Concentration, Water Standard,

Contaminant ppb ppb

Chloroform 1000 100
Carbon Tetrachloride 10000 5
1,1,1-Trichoroethane 3100 200
cis-Dichloroethylene 349 70
trans-Dichloroethylene 349 100
Trichloroethylene 8500 b

Tetrachloroethylene 2300 5
Methylene Chloride 6300 b
Benzene 36000 5
Vinyl Chloride 510 2

'Kansas City Plant, Lawrence Livermore National Laboratory, Y12 Oak Ridge,
Hanford, K25 Oak Ridge, Oak Ridge National Laboratory, Peducah,
Rocky Flats, Savannah River Laboratory.
bNot under federal regulation.

adsorption is more expensive, but most of the volatile components can be recovered by the carbon solid
phase. Regeneration of the carbon is possible, and a substantial amount of the volatile contaminants on
the carbon can be recovered or destroyed. It is also possible to remove the contaminants by contacting
activated carbon directly with the water phase. Usually this process is the most expensive alternative, but
it is in use in some cleanup applications. Solvent extraction to remove organic pollutants from water has
also been investigated. 4 4 Using current technology, solvent extraction is feasible only for waste
streams with contamination levels exceeding those found in most groundwaters.47

Solvent extraction and distillation research has generated a strategy for solvent selection to
recover key components from waste streams.43,44,4- 51 Solubility trends of various contaminants can be
correlated by hydrogen bonding and Lewis acid-Lewis base concepts. Solvent selection can be directed
by looking for materials that have strong complementary molecular interactions with the target
contaminants, for example, extraction of a target Lewis base with a Lewis acid solvent. The distribution
coefficient of the target Lewis base will be affected by the strength of the Lewis acid solvent: the stronger
the Lewis acid, the higher the distribution coefficient. Similar types of phenomena can be ascribed to
hydrogen bonding interactions. The trade-off with a good solvent is that, the more powerful the solvent,
the more difficult the regeneration.

In the last ten years, researchers have demonstrated that microporous membranes can be
used in solvent-extraction equipment.52-se In a shell-and-tube module, with two counter-current liquid
phases separated by a microporous membrane, components can be extracted from one phase to the other
by transferring through the membrane. Thus, membranes can be used to independently control the flow
rates of either liquid phase without the flooding, channeling, or emulsification problems of conventional
extraction equipment, such as mixer settlers or packed columns. The membrane establishes a high
interfacial mass transfer area for contact between the two phases. Usually one phase wets the pores
preferentially, and by manipulation of the transmembrane pressure gradient, the second phase can be
prevented from transporting through the membrane and contaminating the first phase. In addition,
composite microporous membranes can be used to prevent phase intermixing. In this case, a hydrophobic
membrane and a hydrophilic membrane form a composite. The organic liquid is in contact with the
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hydrophobic membrane, and the aqueous liquid is in contact with the hydrophilic membrane. The wetting
properties at the membrane-membrane interface prevent carryover of either liquid phase into each other,
while good interfacial contact of the two liquids allows extraction to occur.55 Composite membranes
have also included dense-phase layers on top of microporous supports.59 These membranes prevent the
direct contact of the two phases by separating them by a solid film.

3. Conceptual Design of the MASX/MADS Process

A conceptual design of the MASX/MADS process is shown in Fig. 11-44. Contaminated
groundwater enters the extraction unit and is contacted on the other side of the microporous hollow fiber
membranes with a nontoxic natural oil solvent. The contaminants are extracted from the groundwater into
the oil phase. The groundwater exits the extraction module with the contaminants removed to levels at or
below current drinking water standards. The oil phase is then heated and fed to a distillation stripping
unit. This unit may be operated under vac';um. In the stripping unit, the VOC contaminants are removed
from the oil phase. The contaminants are then recovered in a cold-trap condenser. The regenerated oil
solvent is cooled and recycled to the extraction module. Some type of energy recovery system will be
used to recover the heat of the regenerated oil phase.

Contaminated
Groundwater

Extraction Modules Heater

Decontaminated Energy
Groundwater Recovery

Recovered

VOCs

Strinr Modules

Natural Oil Recycle Decontaminated Oil

Fig. 11-44. Flow Diagram of Conceptual MASX/MADS Process

4. Demonstration of MASX Technical Feasibility

Work at the University of Minnesota has demonstrated on a laboratory scale the membrane-
assisted solvent extraction of dilute volatile components from water using sunflower oil.59 In this effort, a
hollow-fiber module was used to contact an oil and water phase to selectively remove volatile
contaminants from the water. The membrane in the Minnesota demonstration is a unique composite
membrane, depicted in Fig. 11-45. Water is inside the fibers in contact with a microporous polypropylene
surface. The hydrophobic character of this surface keeps the water from wetting these pores, which are
designed to be gas filled. The outside of the membrane has a plasma polymerized disiloxane coating, so
that the oil phase cannot wet the polypropylene pores. Mass transfer of volatile components through the
membrane is very rapid, and in general operation, the controlling mass transfer resistance is on the water

W
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side. It has been found that the water-side mass transfer coefficients fit the correlations for laminar flow
in tubes.60,61 The oil phase controls the mass transfer in certain operating regimes with high water rates
and low oil rates. The oil phase resistance outside of the tubes also fits the general mass transfer
correlations.62,63 The membrane resistance was found to be negligible in the flow regimes tested. In the
microporous film, resistance can be predicted if transport through the pores is controlled by diffusion
through tortuous capillaries that have pore sizes much larger than the dimensions of the molecules. 5 -57

The total membrane resistance can be determined by adding this microporous resistance to the resistance
of the dense film.

Microporous Polypropylene

Plasma Polymerized
Disiloxane

Fig. 11-45. Composite Membrane Used at Minnesota Demonstration
(Applied Membrane Technologies, Minneapolis, MN)

Zander59 evaluated several candidate solvents for the extraction process. Sunflower oil was
selected out of five possible solvents because of its low volatility, high affinity for the VOC contaminants,
and nontoxic composition. Based on our own literature search, sunflower oil has a very favorable degree
of unsaturation and complementary Lewis acid-base character and should be a good solvent for extraction
of the target VOCs. Castor oil, corn oil, peanut oil, and soybean oil, and maybe some others should also
be evaluated, since these materials have molecular structural characteristics which make them good
potential solvents. The structures of these natural oils are given in several references.64,65 Further work
on solvent selection would only be a refinement for the extraction process.

5. Technical Feasibility of MASX/MADS Process

Several areas are of special concern in determining the technical feasibility of the proposed
process for membrane-assisted decontamination of groundwater. These areas are the properties of the
membranes, the recovery of the volatile organics in the cold-trap condenser, and the regeneration of the
oil phase. These areas will be discussed for a laboratory-scale demonstration unit, as proposed at the
University of Minnesota. A full-scale design must account for these uncertainties.

a. Properties of Microporous Membranes

Zander's laboratory demonstration of the liquid-extraction hollow-fiber membrane
module used a synthetic groundwater solution in contact with the microporous polypropylene pores. The
synthetic groundwater was made from deionized water contaminated with analytical grade VOC
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standards. The polypropylene pore sizes ranged from 0.02 to 0.05 pm. The manufacturer, Applied
Membrane Technologies, measured the contact angle for this material as 92'. This contact angle can be
used to calculate a wetting pressure of 29 psia (2 x 106 dyne/cm 2) to wet the polypropylene pores6:

P = 2Ucou6 (11-43)

where P = pressure to wet the pores, dyne/cm2 (to convert to psia, multiply by 1.45 x 105)

a = surface tension of liquid, dyne/cm

0 = contact angle, degrees

r = pore radius, cm

This calculation assumes that water has a surface tension of 72 dynes/cm. Actual
groundwater has a surface tension lower than this due to the presence of dissolved impurities, and the
calculated value of the wetting pressure is less than that for pure water. The hydrodynamic pressure drop
in the fibers can be calculated by the Hagen-Poiseuille equation.69 For the laboratory-scale demonstration
module, the 7.62 cm fibers have a pressure drop of almost 1.0 psia (7 x 104 dyne/cm 2). In any full-scale
unit, the value of 29 psia (2 x 106 dyne/cm 2) can be reached with a fairly short fiber length. Thus, these
calculations indicate that water will fill the membrane pores, and the gas filled pores will no longer exist.
The mass transfer rate will be drastically reduced.

The contact angle of 92' is disputed in the literature. Angles of 96.9' have been
reported for similar Celgard membranes. This angle gives a pressure of 100 psia (7 x 106 dyne/cm2 ) for
wetting. The contact angle for solid polypropylene is 108'C.67 The actual contact angle remains
uncertain at this time and is under further investigation.

The structure of these microporous polypropylene membranes also leads to some
limitations. The reported pore radius was determined from mercury porosimeter measurements. These
reported numbers are determined at the surface of the membrane. In the interior of the membrane, the
pore size is found to be much different. Electron microscopy of the internal pore structure shows that the
inside of these membranes is a large cavity with dimensions much larger than the surface pore radius.70

This structure makes the membrane vulnerable to wetting. If any of the pores are larger than indicated or
are defective, the entire internal membrane structure cavity can be filled through the hole in the surface
created by the largest surface pore.

Membrane processes have not been widely employed in full-scale industrial
applications because of their tendency to foul and their unreliability. (This fouling problem must be
evaluated for the proposed application.) Nevertheless, membranes have found a few industrial uses, such
as reverse osmosis and some filtration applications. Hollow-fiber membranes have also been used for
direct air stripping of VOCs from water.59 In this application, water is inside the lumen and air is passed
through the shell side of the module. The mass transfer rate per unit volume is considerably higher than
that in a packed tower due to the high interfacial area. However, the thermodynamic constraints of
Henry's Law require a high ratio of gas flow rate to liquid flow rate. Due to this effect, the pressure drop
on the shell side of the lumen becomes so large that the packed column air stripper becomes a much more
economical process. Passing a large gas volume through a small module is very difficult; the small
module is a considerable hindrance to the process.
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b. Condensation of VOCs in the Cold Trap Condenser

To remove the VOCs from the oil phase by air stripping, a still larger volume of air is
required compared with that required to strip the same amount of VOCs from the water directly. This
result is a direct consequence of Henry's Law, and can be evaluated directly using published experimental
data collected at Minnesota." The data were evaluated for room temperature and can be estimated for
higher temperatures. To recover the organics from the gas phase, the partial pressure of the organic
contaminant in the oil must be less than the vapor pressures of the organic contaminant in the condenser.
The temperature of the condenser used can be estimated from a simple forced convection heat transfer
calculation.69 71 Using liquid nitrogen at -196'C (77 K), condenser temperatures of about -73'C (200 K)
or maybe lower can be expected for the exiting gas. The exact exiting temperature of the gas stream is a
complex function of the condenser conditions.

The Henry's Law constants for five candidate VOCs in sunflower oil (Hoil) can be
calculated from the Henry's Law constants for water (Hwaier) and the distribution coefficients (KD) of the
VOCs between water and sunflower oil. These results are summarized in Table 11-57. Using these and
other published data, the performance of the laboratory-scale MASX/MADS can be estimated. An
estimated material balance for this unit is given in Fig. II-46. This flow scheme results in an oil which has
10 ppm VOC contaminants in it; the oil must be purified before it can be recycled back to the solvent
extraction unit. Using Henry's Law, the minimum gas flow to strip the VOCs from the oil can be
calculated. The partial pressure of chloroform above oil is 4.70 x 10-5 psia (3.2 dyne/cm 2). This is 1/10
of the partial pressure of chloroform at 1 ppm above water at the same temperature of 25'C. If the
chloroform were at 100 ppm, its partial pressure above the oil would be the same as the partial pressure
above 1 ppm in water. This result is due to the value of KD = 100. From the partial pressure, the mole
fraction (y1) of chloroform in the gas phase can be calculated. These results at various total pressures are:

y= 3.2 x 10 at 14.7 psia (1.01 x 106 dyne/cm 2 )

y; = 6.7 x 10 at 7.0 psia (0.48 x 106 dyne/cm 2 )

yi= 47 x 10 at 1.0 psia (0.07 x 106 dyne/cm 2 )

Table 1-57. Thermodynamic Values Calculated for Five Candidate
Contaminant Compounds at 25'C

HwAm, HOIL,
Compound KD psia/ppm psia/ppm

Chloroform 100 0.156 4.70 x 106
1,1,2-Trichloroethylene 142 0.035 6.65 x 10-7
Trichloroethylene 413 0.421 2.79 x 10

Carbon Tetrachloride 867 1.235 3.33 x 10
Tetrachloroethylene 2576 0.753 6.34 x 10'7
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I ppm VOC

40 mL/min
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Fig. II-46. Material Balance on the Laboratory-Scale Extraction Unit

The low partial pressures of these contaminants make them difficult to recover in the
condenser. The required condenser temperature for chloroform and carbon tetrachloride can be estimated
from the data in Table 11-58. The challenge is to produce a high-contaminant-concentration gas stream
from a very dilute oil stream. As shown in Table 11-58, the process is not feasible at a stripping
temperature of 25'C. Higher temperatures would favor VOC recovery since the contaminant partial
pressure exceeds the vapor pressure in the condenser. The temperature at which this is feasible will be
determined from future experiments.

Table 11-58. Partial Pressures and Vapor Pressures of Typical Contaminants in the MADS

Vapor Pressure of Pure
Partial Pressure above 10 ppm Component in Condenser,

Temperature, 'C in Oil, psia (dynes/cm 2) psia (dynes/cm 2)

Chloroform

25 4.6 x 10-1 (3.2) 3.85 (2.64 x 105)
0 -- 1.18 (8.11x 104)

-20 -- 0.38 (2.6 x 104)
-40 -- 9.1 x 10-2(6.3 x 103)
-60 -- 1.6x10-2 (l.1x103)

Carbon Tetrachloride

25 3.3x10-5(2.3) 2.21 (1.52x 10')
0 -- 0.63 (4.3 x 104)

-20 -- 0.19 (1.3 x 104)
-40 -- 4.2x 10-2 (2.8 x l0-3)
-60 -- 7.2 x 10- (4.9 x 10.2)
-70 -- 2.5 x 10 3 (1.7 x 10.2)
-100 -- 6.0 x 10-5 (4.1)'

-196 (77 K) -- 1.0 x 10-" (6.9 x 10-14)a

"Extrapolated Values.

40 m~lmin
Oil
10 ppm VOC

40 mLlmin
Oil
0 ppm VOC
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c. Regeneration of Oil Phase

As discussed previously, the mole fractions in the exiting gas phase set the required
minimum gas flow rate to strip the chloroform from the oil. The material balance for chloroform
indicated that a 40 mL/min oil flow with 10 ppm chloroform results in 3.35 x 10- mol/min of chloroform
transferred. At 1 atm (-106 dyne/cm 2), using the exit mole fraction calculated previously, the minimum
gas rate is 390 cm3/s (std. cond.). At lower pressures this flow is reduced; for example, at 1.0 psia
(7 x 104 dyne/cm 2) the minimum flow is 26 cm 3/s. At a stripping temperature of 25'C, these flows are
too dilute to condense the contaminants in the liquid nitrogen cold trap. By comparison, to strip 3.35 x
10- mol/min from a 400 mL/min water stream with 1 ppm chloroform at 25'C and 1 atm (-106
dyne/cm 2) would only require 39 cm3/s. The stripping step must be done at higher temperature to be
effective. At this time the solvent regeneration problem is being investigated further.
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III. NUCLEAR WASTE PROGRAMS
(J. K. Bates)

A. Unsaturated Glass Testing Program for Office of Environmental Restoration and Waste
Management

The Unsaturated Glass Testing Program is pail of the technology support activity performed for
DOE's Office of Environmental Restoration and Waste Management (EM). This program was initiated in
1989 with the goal of evaluating factors that will likely affect glass reaction in an unsaturated
environment before hot start-up of the Defense Waste Processing Facility (DWPF). The EM Office
recognizes that (1) the long-term prediction of glass performance in a repository environment, and (2) the
relationship between the release of radionuclides from a glass waste package and performance assessment
of the repository are tasks that must be addressed. However, these tasks will not be completed until
application is made for a repository license, several years after the DWPF begins production of waste for
storage and disposal. The Unsaturated Glass Testing Program is being undertaken so that the modeling
and performance assessment programs will have a firm basis that (1) accounts for important physical
parameters which will affect glass reaction in an unsaturated environment and (2) relates the mechanistic
basis of glass reaction to conditions which will exist in an unsaturated environment.

The goals of the Unsaturated Glass Testing Program are to (1) review parameters that will be
important to evaluating glass performance, (2) perform testing to further quantify the effects of variables
deemed important to the glass performance, and (3) initiate a long-term testing program that will
characterize glass performance under a range of bounding conditions relevant to the potential repository
as identified in the "Yucca Mountain Project Scientific Investigation Plan."' Results from the testing
program will also be used to validate models generated to predict long-term performance. The
information developed in the Unsaturated Glass Testing Program, when combined with data generated by
the glass waste producers and by the Yucca Mountain Project (YMP), will form the basis of a well-
founded program that will ultimately qualify vitrified high-level waste for repository disposal.

The physical parameters and processes that affect glass reaction in an unsaturated environment
were identified and evaluated previously.2 These include (1) glass composition, (2) radiation,
(3) temperature, (4) surface area of glass/volume of liquid (SA/V), (5) the effect of unsaturated conditions,
and (6) the effect of alteration layers. Prior to hot DWPF start-up, these factors will be critically
evaluated such that their role in long-term glass performance in the repository will be established. In
FY 1990, the effects of temperature and other parameters were reviewed, while testing was planned and
initiated in the remaining areas.

1. Critical Review of Parameters Affecting Glass Reaction in an Unsaturated Environment
(J. J. Mazer)

An interim draft of the critical review, in which all important parameters affecting glass
reaction in an unsaturated environment were examined, has been previously issued.2 This draft presents
preliminary assessments of the relative importance of each parameter and is intended to form the basis for
a more detailed and complete evaluation of each parameter.

The first factor subjected to additional in-depth review was the effect of temperature on
waste glass/water interactions. Temperature is an important parameter to consider because it affects glass
reaction mechanisms and rates in laboratory glass durability tests, as it will within the repository itself. A
review of the chemical reactions that affect nuclear waste glass/water interactions indicated that the
overall glass/water reaction is a cumulative result of the constituent reactions: molecular water diffusion,
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ion exchange, silicate network dissolution, and secondary mineral precipitation. These reactions often
operate simultaneously, and their interactions are poorly understood at present.

The temperature dependence of the individual reactions has been examined by various
researchers; however, these studies are generally for other chemical systems (i.e., the reactions are usually
unable to be isolated in glass/water systems). The constituent reaction mechanisms of glass reactions
often have a temperature dependence that can be quantitatively expressed using the Anhenius equation, a
phenomenological relationship. The temperature dependence is often described by the activation energy,
i.e., the threshold energy above which a chemical reaction is likely to occur. The basis for Arrhenius-type
formulations can be related to basic physical chemistry principles, although the connection has not been
rigorously defined. The Arrhenius equation has been used to describe the temperature dependence of
glass dissolution based on several kinetic measurements, including the cation release rate to solution and
the growth rate of alteration layers and secondary minerals. Volcanic glass, or obsidian, hydrated in water
vapor provides an opportunity to study a single reaction mechanism, molecular water diffusion, as a
function of temperature in a glass/water system. Such studies have concluded that use of the Arrhenius
equation is acceptable for describing the effect of temperature in accelerating obsidian hydration.
Furthermore, studies of secondary mineral precipitation have also found that the Arrhenius equation
successfully describes the temperature dependence of these reactions, over the temperature ranges
examined. In general, we found that temperature can be used as an accelerating parameter when the
chemical reaction is identified and understood.

The effect of glass composition on glass durability is the next factor to undergo a detailed
critical review. The emphasis of this effort is focused on expanding the interim report to include brief
reviews of models of glass dissolution and glass structure. This information will form a basis for
critically reviewing theoretical and empirical models relating glass composition to glass durability. The
remaining parameters (radiation, SAN ratio, surface layers, and unsaturated environments) will be
critically reviewed after the experimental work has been completed.

2. Long-Term Testing of Fully Radioactive Glass
(J. K. Bates, J. W. timery, T. J. Gerding, J. C. Hoh)

a. Introduction

Before glass can be stored in a waste repository, it is necessary to develop a model
that will predict how the glass will perform in the repository. Information that goes into the model
includes data describing glass reaction mechanisms, rates of initial and final reaction, the affinity of the
glass to react, and dependence of the glass reaction on interactions with other components in the waste
package. The model must be mechanistically, not empirically based. To demonstrate its predictive
capability, the model must be validated. Validation tests include long-term tests that closely simulate the
expected conditions for storage, including parameters related to the glass and the repository. This task
addresses tests to be performed that will provide information that can be used to validate glass reaction
models, and can be used to demonstrate an understanding of glass reaction processes that will occur in an
unsaturated environment. The results will also indicate whether differences exist in the reaction of fully
radioactive glass compared to nonradioactive glass of the same nominal composition. This is important to
demonstrate because model development has generally been done using results from nonradioactive glass
tests. The results of the radioactive and nonradioactive tests can be used to demonstrate glass reaction in
an unsaturated environment, but by themselves should not be used to predict glass reaction to repository
time frames.
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b. Objective and Rationale

The objective of this task is to evaluate the perforni.ance of fully radioactive glasses,
similar to those that will be produced by the DWPF, in meeting the performance objectives for glass
storage in a high-level waste repository located in an unsaturated horizon. Specifically, long-term data
will be generated such that (1) reaction of fully radioactive glass can be compared with that of
nonradioactive glass of the same nominal composition; (2) interactions between waste package
components that must be accounted for in independent reaction path models are identified; and (3) the
long-term behavior of glass is established under anticipated unsaturated disposal conditions, such that
validation of glass performance models can be achieved.

In the DWPF process, glass will be produced by combining sludge and supernatant
waste components with nonradioactive frit. Waste components will be combined in large
"macro-batches," homogenized, and processed. Each macro-batch will establish the glass composition for
an extended time period (campaign), and it is possible that the final glasses produced in each campaign
will have different compositions. A range of possible compositions is provided by the Waste Compliance
Plan,3 including an average or blend glass if all the waste were processed as one batch, and end-member
compositions based on viscosity. The goal during frit development was to produce glass with a durability
similar to that of sludge-only 165-based glass, and no worse than sludge-only 131-based glass. 4 The
identification of 131-based glass as the lowest-durability glass to be produced is also made in the
environmental impact statement for the DWPF. 3 These glasses were produced by Westinghouse
Savannah River Co. (WSRC) over the past several years and represent glasses developed as the process
engineering matured.

The glass produced in the DWPF will be radioactive, such that it must be processed
and handled in remotely operated facilities. However, most testing to evaluate the performance of glass
has been done using simulated nonradioactive analogs of the same composition as the radioactive glass.
It must be demonstrated that the simulated experiments are adequate representations of reactions that will
occur with the actual glass to be produced by the DWPF. The issues of concern are: (1) is there an effect
due to radioactivity that is not adequately simulated using nonradioactive glass? and (2) is there an effect
of using glasses that may not contain all the nonradioactive components that will be present in the sludge,
supernate, and frit feeds to the DWPF? Nonradioactive glasses are generally produced from pure starting
materials, and thus minor components that will be present in the DWPF glass may not be present in the
simulated glass. The effect of minor components may be accentuated when glass is reacted under the
high SAN conditions expected in the unsaturated repository. Testing of radioactive glass has been
performed by WSRC.5 -'0 The present tests will extend the duration of testing to longer time periods and
will generate results that permit comparison between radioactive and nonradioactive glasses for three
different compositions. A comparison between the leaching of radioactive and nonradioactive glasses was
also done as part of the joint Japanese, Swiss, Swedish (JSS) Program. Results from that program"
indicated that after one year there may be a factor of two difference in reaction. The present tests will
extend the time period to assess glass performance under conditions which should approach the final
rate-controlling processes.

c. Technical Approach

To determine the long-term performance of glass under repository conditions, tests
must be conducted such that the "final" reaction conditions (steady state) are achieved. The unsaturated
repository presents a challenge in performing long-term testing because, over the duration of storage, the
repository conditions are expected to change, perhaps significantly, with respect to the amount of water
available to react with the glass and to transport radionuclides.
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Tests to evaluate the performance of glass in an unsaturated environment must
address the unique features of such an environment and must be performed for time periods of long
enough duration so that the stage is reached where secondary phase formation (as opposed to
supersaturated solution concentrations) controls the glass reaction. Relevant tests include static tests
performed at high SA/V ratios, and high SA/V flow tests done to simulate the waste package
environment. The information obtained from these tests must include the solution composition as a
function of time, combined with a description of the glass alteration. To meet these goals, three types of
tests will be performed:

(1) Long-term static tests (i.e., no water flow) at high SAN with monoliths and
powders. These tests provide temporal solution trends, plus easy identification
of secondary phases combined with the distribution of radionuclides in the
reacted glass layers.

(2) Long-term intermittent flow tests at high SAN following a modified version of
the Unsaturated Test Procedure 12 as applied to "aged" and fresh glass monoliths.

(3) Long-term repository environment tests following the laboratory analog
procedure as applied to "aged" and fresh glass monoliths. 13

The tests will be performed with the three different general groups of glass
compositions: 165-, 200-, and 131-frit based glasses. A description of the tests to be performed in each
test category is given below.

(1) Long-Term Static Tests at High SA/V

The long-term static tests will be performed following the test matrix shown in
Table III-1. The matrix is divided into three sections, based on the glass type (165, 131, and 200). The
tests to be performed with the 165 and 131 glass types are identical except for the number of replicates.
The tests done with the 131 glass type are not replicated due to the limited amount of 131/11 glass
available for testing. The tests done with 165 and 200 type glasses are done in duplicate. The schedule
allows for all long-term tests (>364 days) to be started at the same time (t = 0). The short-term tests
(<280 days) will be staggered such that at the end of 280 days, all the TBD (to be determined) tests will
be started. Static tests are performed in the batch mode to allow for examination of solids at each test
period so that the mass balance between the residual solids (reacted glass and secondary phases) and the
solution composition can be documented. The tests are static, i.e., no exchange of leachant to promote
conditions representative of the YMP site (little or no flow), and the reaction environment is disturbed as
little as possible; thus, optimal conditions exist for secondary phase nucleation and growth.

Tests are done with monoliths at SA/V=340 m' 1 and with powdered samples
(100-200 mesh) at 2000 and 20,000 m- 1. Twelve tests are performed with a TBD termination period, and
it is hoped that enough data will be available to allow temporal trends to be established.

Tests performed without glass but with PJ-13 water* are termed "bank tests."
The results from such tests will indicate whether any cross-contamination of radioactivity occurred during

EJ-13 is J-13 well water that is prereacted 14 days at 90'C with tuff rock.
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test initiation or test termination. The tests are not true blanks that can be used to monitor EJ-13 re. tion
with the vessels because they are done without an internal radiation field. However, the solution
composition measured in these tests may be used in evaluating the results of tests containing glass. The
matrix for the blank tests mirrors that of the glass-containing tests and is shown in Table III-1.

(2) Long-Term Intermittent Flow Tests at High SAN

The long-term intermittent flow tests will be conducte'J using the Unsaturated
Test (UT) procedure developed by the YMP to assess glass performance in an unsaturated
environment. 12 ,14 The standard UT matrix was modified to include effects of aging both the glass and
metal components to make the results more relevant to an actual storage environment. The tests will be
performed with 200R glass, and the objectives of the tests are to (1) provide data chat describe the release
of radionuclides from a specifically designed waste package under strictly controlled test conditions and
(2) provide information concerning synergistic effects that may occur between waste package
components.

There are two sets of five replicate tests and one blank test. All the tests will
be initiated concurrently. The first set of five tests will be performed with unaged or as-cast glass, and the
results will be comparable with previous test series using the UT method.'4 These tests represent the
scenario whereby the container and pour canister are breached at a time after liquid water has penetrated
the waste package environment and liquid water immediately passes through one breach, contacts and
reacts with the glass, and passes out through a second breach. While the scenario is unlikely because it
represents a bounding condition with fresh glass, the results will form a basis for comparison with tests
done with aged components.

The seond set of five tests will be done with aged components. Previous
testing'5 indicated that the reaction between glass and steam at temperatures above 100'C can accelerate
glass reaction in a manner whereby the glass forms secondary alteration products but no radionuclide
release occurs. The hydration of glass is accelerated compared to tests using low-SA/V leaching solution
because the liquid in contact with the glass in the steam environment rapidly becomes saturated with
components released from the glass and stable secondary phases form. The onset of secondary phase
formation allows the hydration of glass to continue because components released from the glass are
incorporated into the secondary phases. The higher the temperature of hydration, the more rapid the
reaction and the greater the extent of acceleration. The hydration of glass in a vapor environment is not
only a process that can be used to age the glass in the laboratory, but also a process that likely will occur
in the repository. Repository aging could occur in a steam environment if containment breach occurs
before the temperature of the waste package cools below 95'C. It could also occur in a vapor
environment if a breach occurs at a temperature below -95'C in the absence of liquid water inundating
the bore hole. The latter case is the expected environment for the unsaturated repository; thus, the present
tests are being done to induce a degree of vapor hydration aging that likely will occur in the repository.
Aging will be imparted to both the glass and the metal components of the test system.

Several issues must be addressed before tests can be done with aged
components, including the following: (1) is the laboratory acceleration method acceptable in that the
reaction is accelerated without altering the reaction mechanism? (2) is there an analytical expression that
relates the results generated in the laboratory with results expected in the repository? and (3) how much
hydration aging is expected in the repository? These questions are being addressed by other tasks in this
program, and the tests with fully radioactive glass will not be initiated until the above questions are
resolved and more details of the aging process are circulated for comment.
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(3) Long-Term Repository Environment Tests

The laboratory analog test has been developed 13 to relate the performance of
glass as observed in the Unsaturated Test with a more repository-relevant environment. In the laboratory
analog test, the waste package assemblage (WPA) as used in the Unsaturated Test is placed within a
bored-out cavity in a tuff core. The dimensions of the WPA and the cavity are similar to those used in the
Unsaturated Test. The tuff core and WPA are assembled, and an unsaturated flow of water is forced
through the core by using a vapor pressure slightly above ambient.

The objective of this test is to evaluate glass performance in an environment
that closely matches that expected in the repository. Emphasis is placed on measuring glass reaction by
examining the reacted glass and surrounding tuff rock at the test termination, and by monitoring the
radionuclide content of the groundwater as it is released from the test vessel.

Two analog tests will be performed. One will be done with unaged glass and a
sensitized 304L stainless steel retainer, and one will be done with aged glass and stainless steel. The
aging process will be similar to that used in the long-term, intermittent flow experiments.

d. Status

The 165/42 and 131/11 glasses have been received from WSRC, their compositions
determined and compared with compositions provided by WSRC, and simulated glasses and test samples
manufactured. The tests with 165/42, 165/42S, and 131/11 glass (Table 111-1) have been ongoing for
-180 days, and scheduled test periods through 140 days have been completed. Because several
dissolutions of 131/11 glass were required before we felt confident enough to make a simulated glass,
tests with 131/11 glass have just been initiated. Blank tests without glass present have also just been
initiated.

One shipment of 200R glass has been received and the final shipment is expected
shortly. Once we have received the entire batch of glass, the batches will be homogenized, the
composition determined, and the remainder of the tests initiated.

e. Future Progress

It is anticipated that the complete shipment of 200R glass will be received early in
FY 1991. Immediately on final receipt of the glass, the batches will be homogenized and compositionally
analyzed. Powdered and monolithic samples of the 200R glass will be made to initiate the remainder of
the long-term static test matrix. A batch of simulated 200R glass will also be made so that the matrix of
nonradioactive tests can be started.

Upon initiation of the static tests with 200R glass, effort will begin on starting the
long-term intermittent flow tests with this glass. This will require making the required monolithic blocks,
aging half of the monoliths under vapor hydration conditions, and adapting the Unsaturated Test
apparatus to operate with fully radioactive glass. It is anticipated that the intermittent flow tests will be
started -9 months after receipt of the gass.

The ongoing static tests will be continued and emphasis will be placed on analysis of
the reacted samples. Each sample will be examined by optical microscopy to identify regions of interest
for microscopic analysis and to obtain a visual description of the sample. Analyses will then be
conducted using scanning electron microscopy (SEM), analytical electron microscopy (AEM), and/or
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secondary ion mass spectroscopy (SIMS) based on the information required. Data will be generated to
compare the reactivity of the radioactive and nonradioactive glasses and to provide a data base for
validation of glass performance models.

3. Effect of Radiation
(D. J. Wronkiewicz and J. E. Young)

The environment of irradiated moist air systems may be influenced by the buildup of
radiolytic products that accumulate in the limited amounts of solution present. This situation is similar to
that expected at the potential Y'icca Mountain repository, where high-SAN conditions may create an
environment that is particularly detrimental to glass stability. In this scenario, the limited buffering
capacity of small amounts of bicarbonate present in water condensed on the glass may be quickly
overwhelmed by nitric acid produced in radiolysis reactions. The present experiments are designed to
examine the effects of radiolysis and the formation of radiolytic products on the performance of simulated
nuclear waste glass in an unsaturated repository environment.

The objective for the first phase of the experiments is to identify which radiolytic products
will form in an irradiated moist air environment, determine at what concentrations the species occur, and
establish the principal location of radiolytic product condensation. Two sets of "blank" experiments were
conducted in the presence of either gamma or alpha radiation fields to examine radiolytic product
formation in the absence of glass.

Blank experiments at room temperature with a-radiation have been carried out in several
experimental configurations, with each experiment conducted in duplicate. In the first series of
experiments, the source of the a-radiation was a foil containing 1500 pCi 241Am cemented onto a
1-1/8 in. (2.9 cm) diameter lucite rod. The rod was then attached to the underside of a wide-mouth Mason
jar lid with a 3/32-in. (0.2 cm) thick silicone gasket to ensure a gas-tight seal at the attachment to the
Mason lid. This assembly was then placed in a two-quart Mason jar along with 18 mL deionized water,
and sealed in place with the standard Mason outer ring. This configuration was selected so that the entire
alpha dose is imparted to the air. None of the a-radiation from the foil impinges on the glass vessel, lid,
or the foil support. Duplicate blank experiments with an external y-radiation source were carried out at
room temperature in standard 22-mL Parr pressure vessels. The dose rate was 0.00036 MR/h.

Results suggest that the extent of nitrogen fixation, measured a a function of nitrate plus
nitrite production, varies at a rate that is linear with respect to exposure time (Fig. III-1). For the alpha
blank experiments, the rate of nitrogen fixation approached amounts similar to those obtained
experimentally by Linacre and Marsh.16 Gamma radiation analyses display higher fixed nitrogen
concentrations and a greater range of variability than the alpha tests. This variation may arise as a result
of the proximity of the test vessels to the gamma source, with the radiation dose effect varying as a
function of the inverse distance squared from the radiation source. Thus, small distance variations
between source and sample may have a relatively large effect on the total absorbed dose of the
experimental system. Because the alpha blank tests were conducted with internally housed Am-241 foils,
they are not subjected to any source-sample distance variations that may influence the total dose rate.

The fixed nitrogen species that formed in both the alpha and gamma blank tests were
concentrated in thin films of water that had condensed on the test vessel walls and/or Am-241 foils.
Significant amounts of formic acid, oxalic acid, and carbon (both organic and inorganic) were also
detected in solutions rinsed from the test vessel walls, while lesser concentrations of these species were
present in the small quantities of fluid present at the bottoms of the test vessels.



163

(a) NOx Formation in Alpha Blank Tests

20

Pre-Rinse Lucite

+*Rinse Lucite
15

G(NOx)=1.9

/umoles NOx
Formed

5

0

0 25 50 75
Time (Days)

(b) NOx Formation in Gamma Blank Tests

1

S25*C Rinse
0.8-

25C Pre-Rinse

G(NOx)=1.9

0.6

Mmoles NOx
Formed .

0.4

0.2

0 ~

0 50 100 150

Time (Days)

Fig. III-i. Nitrogen Fixation in Blank Radiolysis Tests Measured as a Function of Nitrate + Nitrite
Formation: (a) Alpha Blank Tests with Am-241 Foils Supported by Lucite Rods and
(b) Gamma Blank Tests Conducted with External Radiation Source. "Pre-rinse" refers to
solution aliquot collected from bottom of test vessel. "Rinse" fraction includes portion rinsed
from the vessel walls with deionized water plus the pre-rinse fraction. Line was obtained
from experimentally determined data of Linacre and Marsh16 and gives a nitrogen fixation
rate of 1.9 molecules/100 eV absorbed dose.
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Another series of experiments was done to determine the cumulative effect of radiolytic-
product formation on the performance of a simulated borosilicate waste glass. For this purpose, SRL 202
composition glass was reacted in a 200'C steam environment, with and without radiation (0.005 rad/h).
The thin films of water in contact with the glass in the irradiated tests turned out to be so corrosive that
the samples had reacted completely through their 2-mm thicknesses between 35 and 56 days (Fig. III-2).
By contrast, 35- and 56-day samples reacted in a nonirradiated environment displayed reaction layer
thicknesses of 55 t 11 and 132 i 15 pm, respectively. This preliminary comparison of the two sets of
results suggests that glass reaction rates in a radiation field exceed those in a nonradiation field by a factor
of -10 to 20.

202A Glass 202U Glass
Fig. I1I-2. Reflected Light Photomicrographs Showing Glasses Reacted under Nonirradiated and

Irradiated Environments for 202U (U-238 Doped) and 202A (Actinide Doped) Compositions,
Respectively. Both glasses were exposed to a vapor-saturated environment at 200'C for
35 days. The 202A glass was exposed to an external gamma source of 3.6 x 103 R/h and
an internally produced alpha source of -100 R/h.

The radiation field also appears to have influenced the development of secondary mineral
precipitates on the glass surfaces. Samples reacted in a radiation field developed thick precipitate layers
that contain analcime (NaAISi 208 H20), weeksite (K2(U0 2)2(Si 205)3-4H20), and an acicular calcium
silicate phase [possibly tobermorite, Ca5(OH) 2Si6O16-4H2O]. By contrast, samples reacted without
radiation have relatively thin and discontinuous precipitate layers that contain analcime, relatively minor
weeksite, a bladed rosette-shaped calcium silicate phase [possibly gyrolite, Ca4 (Si 60 1 )(OH) 2 .3H20],
unidentified K-Al silicate buttons, and unidentified sodium silicate radiating fibrous masses.

4. Relationship between High SAN Experiments and MCC-1
(W. L. Ebert)

a. Objective and Rationale

The purpose of this task is to compare the reaction of waste glass in static leach tests
at different SAN ratios through analysis of the leachate and the reacted glass and to relate changes in the
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leachate compositions with changes in the glass surface. Static leach tests are commonly used by glass
producers as a measure of production consistency. Because of the simplicity of these tests and the large
amount of data available under these test conditions, they have been used extensively to measure the
durability of glasses being formulated to contain high-level nuclear waste for emplacement in a geologic
repository. The very long service life of the repository requires the glass durability to be projected over a
10,000-year period. It is therefore necessary to accelerate the glass reaction in laboratory tests to
approximate the durability over very long times. Two methods of accelerating durability tests have been
commonly used: either increasing the temperature or the SA/V ratio.

Tests at elevated temperatures require that the reaction steps involved in the glass
dissolution mechanism maintain Arrhenius behavior over the temperature range of interest, and that the
rate-determining step of the mechanism remains the same. The effect of temperature is discussed
elsewhere in this report.

Use of high SA/V ratios does not increase the reaction rates directly; rather, the rate
of solution saturation is increased. In static leach tests at high SAN ratios, the glass reaction rate is
quenched as the solution approaches apparent saturation. It has been speculated that tests performed for
short times at high SAN may be equivalent to tests performed for long times at low SAN. Such an
equivalency is very attractive for durability tests of glasses produced for use in a repository, and many
tests have been performed at various SAN ratios with the goal of extrapolating the results to long reaction
times. Efforts to use such tests to project long-term durabilities have met with success in many instances
where the glass dissolution followed a simple rate expression. Other investigations have shown the
reaction rate to deviate from a simple dissolution rate law at long reaction times and the equivalency to
fail.18

Work is in progress to understand the source of deviation and to develop tests that
better approximate the long-term behavior of the glasses. At present, laboratory tests are not expected to
be used to demonstrate long-term reaction trends. Rather, computer models wnich incorporate
mechanistic understanding derived from laboratory experiments and glass dissolution tests will be utilized
to project glass performance under a variety of possible repository environments over very long time
periods. Thus, durability tests are performed both to measure the extent of glass reaction over short time
periods and to support computer simulations of glass reactions over long time periods.

The rate law derived by Aagaard and Helgeson'9 for mineral dissolution has been
successfully used to describe glass dissolution over time periods up to a year and incorporated into
computer codes to describe the glass reaction over repository-relevant time periods.Y 1 This rate law
combines a rate coefficient with an affinity term to account for the influence of the solution chemistry:

din.
-u=SAk 1 - (III-1)

Here, m is the number of moles of species i lost from the glass during reaction, SA is the glass surface
area, k is the rate coefficient, which is a function of temperature and pH, Q is the ion product, and K is
the equilibrium constant of the glass. Because the computer models are based on saturation indices, the
number of moles of i is replaced by the solution concentration as C = m/V, where C1 is the molar
concentration of i, and V the solution volume (see Eq. 1 in Lef. 21). Hence,
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dC= SA r1 - (111-2)

Note that for Eq. III-2 to hold, all i released from the glass must go into solution. This equation clearly
shows that the rate of solution concentration increase (dC1/dt) is directly proportional to SA/V, and
integration of Eq. 111-2 shows the proposed equivalency of tests run at different SA/V ratios for equivalent
products of SA/V-t. The formation of colloids or secondary products precludes the substitution of
Ci = m/V and invalidates Eq. 111-2. Likewise, changes in the reacting glass are not accounted for in this
model, nor are changes in glass reaction mechanism as a function of SAN. Nonstoichiometric release
changes the composition of the glass in the near-surface region and presumably affects the rate coefficient
and perhaps the equilibrium constant.

The tests performed within this task are designed to study changes in both the
solution chemistry and the reacting glass surface as the reaction progresses at different SAN ratios.
Comparing the solution and solids results at various SAN ratios provides evidence on whether or not the
reaction mechanism changes as colloids or precipitates form or as the reacting glass surface changes
during the reaction. Because solution saturation effects occur simultaneously with changes in the glass
structure, the role of each in affecting long-term glass durability must be more clearly understood before a
method of accelerating the reaction can be deemed valid.

The MCC-1 static leach test is widely used as a measure of relative glass durability,
wherein glass monoliths are reacted and the leachate solution is analyzed to measure the extent of
reaction. However, with this test, highly durable glass may require long reaction times to reach
sufficiently high solution concentrations for solution affinity effects to be observed. The MCC-3 and
PCT tests, which use powdered glass, were developed to achieve a higher SAN. These tests generate
concentrated solutions at a greater rate than the MCC-1 test and thus show concentration effects after
short reaction times. While the MCC-1 test (low SA/V) provides information on the initial glass reaction
rate and high SAN tests (MCC-3 and PCI) provide information on the longer-term glass reaction rate,
the relationship between the MCC-1 and high SAN tests has not been demonstrated conclusively. That
is, a glass that is highly durable in an MCC-1 test may be significantly less durable in a high SAN test
due to a change in the rate-limiting step, eventual alteration of the glass surface, or the generation of a
secondary phase that alters the solubility limits and thus the reaction rate of the glass.

As described above, in the absence of secondary solids formation, equivalent solution
compositions may be achieved at equivalent values of SA/V-t. Several waste glasses of interest have
been shown to dissolve nonstoichiometrically and to produce reaction layers on the glass surface enriched
in elements with low solubility limits. The formation of these layers and secondary solids may preclude
use of the SA/V-t equivalence. Complex interactions such as the influence of the pH on the solubility of
the reaction layers may also invalidate the use of SA/Vet equivalence. It is necessary to show how
secondary products and the solution chemistry affect the relation between MCC-1 tests and high SAN
tests if static tests are to be used to project glass durabilities under repository-relevant conditions.

The tests performed under this task will address the following issues:

(1) Can different SAN ratios be used to predictably accelerate the approach to
leachate saturation as SANt?

(2) Is the reacted surface similar after equivalent SANt?



167

(3) Do secondary phases form, and if so, what phases form?

(4) What is the effect of secondary phase formation on the leachate and on the
reacting glass?

(5) Is the reaction accelerated at high SA/V relative to low SA/V through solution
effects? That is, are the MCC-1 test and tests performed at higher SA/V
mechanistically equivalent?

b. Technical Approach

Two glass compositions are reacted at three different SAN ratios and 90'C. Test
duration was varied so that reaction trends for the three SAN ratios could be compared at equivalent
SA/Vet. A glass composition that has been shown to be highly reactive in previous MCC-1 type leach
tests (SRL 131) was selected to demonstrate a large SA/V effect within a short time period. A second,
more durable glass (SRL 202) was selected to represent the actual glass waste form to be used in waste
disposal. By using glasses of different known durabilities in MCC-1 type tests, the magnitude of any
effects of different SAN can be compared. The glasses were doped with actinide elements having a long
half-life, which will remain active after long disposal times. The release mechanisms of these species and
their behavior in the repository environment must be understood because they will account for the
majority of the radioactivity present beyond the 300/1000-year isolation period. The dopant levels are
such that leachate analysis may be performed without extensive separation procedures, as determine in
previous experiments with similar glass compositions.

Monolith samples are reacted at 10 m1, and granular glass is reacted at 2000 m1 and
20,000 m-1. These values of SA/V include that used in the MCC-1 test (10 m-1), that used in the MCC-3
and PC tests (2000 m 1), and a high ratio (20,000 m-1), which permits complete solution analyses and
allows comparison of the reaction at several equivalent SANt values. [At a later date, tests with glasses
having an intermediate SAN ratio (340 m-1) are to be performed using monolith samples with these same
glass compositions.]

The reactions are characterized by the solution chemistries (pH, anion and cation
concentrations) and by the abundance and composition of the reacted layer remaining on the glass and the
secondary phases formed. Special attention will be given to the distribution of released actinide species
between dissolved and colloidal fractions in the leachate, that sorbed onto the vessel walls, and that left as
insoluble residue on the glass surface or incorporated into secondary phases. The amount of actinides in
each fraction will be quantified by appropriate sampling procedures. These and other analytical
procedures are performed in accordance with the data needs of modelers and application of Eq. I1-2.

The leachate solutions are filtered through 0.45 pm filters to remove any glass
particulates from the analyzed solution. This filtration may also remove large colloids from the solution.
The filtration is performed at the reaction temperature to prevent temperature-induced precipitation of
secondary phases from solution prior to filtration. Analyses are then performed on the cooled filtrate.

The reacted glass is analyzed using optical microscopy, SEM with X-ray analysis,
and AEM. The surfaces and cross sections of reacted particles will be examined to quantify the extent of
reaction by the thickness of a reaction layer formed on the surface, secondary product formation, and
compositional changes in the glass itself.
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c. Matrix

The matrix of tests performed under this task is shown in Table III-2. All tests are
performed in duplicate, and the entire matrix is performed using SRL 202 and SRL 131 glass (for a total
of 1 i 6 tests).23 Tests are performed in 304L stainless steel vessels with pre-equilibrated J-13 tuff
groundwater (EJ-13) as the leachant. This leachant is a slightly basic silicate solution with a high sodium
and bicarbonate content. The calcium is near its solubility limit. Both glasses are, in the short term,
expected to be more stable in this solution than in deionized water (DIW). Blank tests using only EJ-13
solution are being performed in Part II of this task. The results of these tests will be utilized as
background correction values.

Table III-2. Test Matrix to Determine Effect of SA/V'

Reaction Time, days
Targeted

SA/V-t, days/m 10/m 2000/m 20,000/m

70 7
280 28
910 91

2,380 238
6,000 600 3
14,000 1400 7
28,000 2800 14
60,000 30 3
140,000 70 7
280,000 140 14
560,000 280 28

1,120,000 560 56C
1,960,000 980 98
3,640,000 1820 182
7,280,000 3640 364
14,560,000 728

TBDb TBD TBD TBD

'Two tests are performed at each SA/V-t for each glass.
bTBD = duration of tests to be determined.
CAll tests not yet initiated.

d. Status

Initial efforts were focused on producing the monolith and powdered glass samples.
A known amount of actinides was added to the two base glass compositions. The glasses were then
mixed and melted at about 1150'C, then poured into platinum molds and annealed for about two hours at
500' C. A diamond core drill was used to remove cores about 1 cm in diameter. The core circumferences
were polished, and the cores cut to produce disks about 1-2 mm thick. The faces of the disks were then
polished to a 600-grit finish and washed before use in the 10 m1 tests. The remainder of the glass was
mechanically crushed and sieved, and the fraction between 100 and 200 mesh was retained. This was
washed thoroughly in ethanol to remove fines. A sample of the powdered glass was viewed by SEM to
assure that fines had been removed and the correct size fraction was produced.
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Tests were initiated by placing the appropriate mass of powdered glass or a glass
monolith plus stainless steel support stand in a clean stainless steel reaction vessel and adding the
appropriate mass of leachant. The SAN ratio was computed using the geometric surface area of the
monoliths and the surface area of the powdered glass. The latter was calculated by assuming the particles
to be cubes with a cube edge of the average mesh size and the glass to have a density of 2.7 g/cm 3. Visual
inspection of the powder confirmed that, although the particles were not cubic, the average facial area of a
scanned side was well approximated by the area of such a cube face. The density of the leachant was
assumed to be one. The approximate SAN ratio calculated for each test was typically within a few
percent of the targeted ratio (10, 2000, or 20,000 m- 1).

At present, all but about 20 tests have been initiated. The remaining tests will be
initiated as soon as vessels become available when short-term tests are terminated. The durations of these
tests are given in Table 111-2. Note that the matrix provides extra tests to replace those that failed or had
anomalous results or to provide tests of intermediate duration not originally scheduled. These tests will
be started as test vessels become available.

e. Preliminary Results

Tests of 30-day duration or less have been terminated, and the results are being
analyzed. Figure III-3a shows the leachate pH values of these tests. The leachate was sampled at the
reaction temperature and allowed to cool to room temperature in individual sample vials prior to analysis.
The values shown in Fig. III-3a were obtained at room temperature (26'C). The leachant (EJ-13) pH
value was measured to be 8.1. As shown in Fig. III-3a, the SRL 202A series at 20,000 m-1 and 2000 m-1
reached pH values of about 11 and 10, respectively, after 14 days. Experiments with SRL 131A glass at
20,000 and 2000 m-1 reached higher pH values than those with SRL 202A at similar SAN for all reaction
times. This result indicates that the SRL 131A glass is more reactive. The higher pH is due, in part, to
ion exchange reactions which remove protons from solution as alkali metals are released into solution.
Other solution analyses and analysis of the reacted glass should confirm that SRL 131lA is more reactive.
The reaction at 10 m-1 has not progressed enough that the solution pH is significantly different for the two
glass types. After 7 days, the pH of the 10 m- 1 experiments with either glass type is not significantly
different from that of the EJ-13 leachant, but both glass types have pH values higher than the leachant
after 28 days.

The uranium analyses of the leachate solutions of tests reacted for 30 days or less
have been completed, and the results are plotted in Fig. III-3b. Two features of the plots are noteworthy:
the uranium concentration in tests performed at 2000 or 20,000 m' 1 shows an initial increase and then
decreases as the reaction progresses. This is most clearly seen in the reaction of SRL 202A at 20,000 m-1 ,
where the uranium concentration increases to about 15.5 ppm after 14 days and then decreases to about
10 ppm. This behavior is seen in the 2000 m- 1 tests as wel and for both glass types. The uranium release
from the 10 m-1 tests is too low to show any trend. The observed decrease in the uranium concentration at
high SA/V is believed to be the result of secondary phase formation (mineral phases or colloids).
Observation of the reacted solids should indicate if secondary minerals form. Another interesting
observance about Fig. III-3b is that the uranium concentration is greater at 20,000 m- 1 than at 2000 m-1 for
SRL 202A but less for SRL 131lA. The pH results in Fig. HI-3a show that the extent of reaction is greater
at 20,000 m-1 than at 2000 m-1 for both glass types. This suggests that secondary phases containing
uranium form earlier in the reaction of SRL 131A at 20,000 m-1 to maintain very low uranium
concentrations at all reaction times tested. Again, analysis of the reacted solids is required to support this
interpretation.
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Fig. III-3. Leachate pH and Uranium Concentration vs. Reaction Time for Experiments

Performed with SRL 202A and SRL 131A Glasses at 20,000 m-1 , 2000 m-1 ,
and 10 m'1 at 90'C

Special attention is given to the fate of the released actinide elements. The actinide
content of the leachant is analyzed as samples that are unfiltered, passed through a 0.45 pm filter, or
passed through a filter with an estimated pore size of 50 A. The amount of actinide sorbed onto the
stainless steel vessel is also analyzed in an acid rinse which redissolves any sorbed species. Analysis of
the actinide content is in progress, but too few tests have been completed to establish any reaction trends.
The reacted glass samples have not yet been analyzed, and efforts will be made to identify actinide-
containing phases on or in the reacted glass.
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5. Analytical Electron Microscopy
(J. K. Bates, C. R. Bradley, and N. L. Dietz)

a. Introduction

Analytical electron microscopy (AEM) is a combination of transmission electron
microscopy (TEM), energy dispersive X-ray spectroscopy (EDS), energy electron loss spectroscopy
(EELS), and electron diffraction (ED) applied to prepared thin sections (-500 A) of reacted glass. The
AEM technique is used to examine the structure of reacted glass and thereby provide information as to the
reaction processes and identification of secondary phases. For AEM to be successful, three areas of
expertise must be developed: (1) sample identification and segregation, (2) sample preparation, and
(3) AEM examination.

Sample identification and segregation involves examining the reacted glass using
optical microscopy, identifying regions of the sample that warrant further examination, and dissecting the
sample to yield a region for examination. Generally, regions studied must have specific spatial
characteristics to produce successful thin sections. The regions must be small (- 10-50 pm in diameter),
both the reacted layer and bulk glass must be present (preferably mostly layer and minor bulk glass), and
the orientation of the layer and bulk glass must be such that when cut with a knife, representative sections
are obtained.

Sample preparation requires taking the segregated region of the sample and preparing
a thin section that is electron transparent. The sample must retain its original orientation and must not be
chemically or structurally altered during the preparation process. We have found ultramicrotomy to be the
best preparation method for these samples. Ultramicrotomy involves mounting the region of interest of
the sample at the tip of an epoxy block and cutting thin sections of the block with a diamond knife. The
thin sections are then gathered onto a TEM grid for examination.

Examination of the samples with AEM is done by obtaining a low magnification
overview of the sample, ascertaining whether the sample segregation and preparation steps were
successful, correlating the appearance of the sample in the TEM with the appearance of a sister sample
prepared for thick-section SEM examination (this allows the AEM operator to determine from where in
the sample the sectioned regions were actually derived), and then applying the analytical techniques to the
examination of the sample.

Reacted glasses are one of the more difficult types of samples to examine for several
reasons: they are nonconductive and contain diversely opposite materials (the layers are generally soft
while the glass is brittle), both the layers and glasses are readily damaged by the electron beam, and the
complexity of the layer structure may require several months of detailed examination to unravel. Thus,
we have spent considerable effort in refining general AEM techniques as applied to a wide variety of
reacted, nonradioactive glasses. This experience will allow us to examine the radioactive glasses with
more confidence and provides useful information regarding glass reaction processes. In this section of the
report, we provide an overview of an examination of a sequence of samples.

b. Results and Discussion

Table 111-3 provides a listing of samples examined, a reaction history, and an
overview of observations. At this time, we have completed the initial examination of all of the samples to
judge whether the sample preparation steps were successful. In general, we have been successful in
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preparing adequate TEM sections for all glass types ranging from those with no layers to those with layers
100-pm thick.

One example is discussed below, where the samples were generated in a series of
static leach tests supported by the YMP, and detailed solution and SEM results have been presented
previously 2 The applicability of AEM to the interpretation of glass reaction is presented.

These experiments consisted of a series of static, batch tests terminated between 14
and 278 days. The tests were performed with as-cut monoliths of simulated SRL 165A fit-based glass
(see Table II-1 of Ref. 23) with an SA/V of 30 m- 1 . The tests were performed in 304L type stainless steel
vessels at a temperature of 90'C with J-13 water that had been pre-equilibrated with tuff at 90'C. The
experiments were conducted with and without a polished tuff wafer present in the bottom of the test
vessel. The results described herein are from those tests with tuff present, and the complete experimental
details are presented elsewhere.

The SEM examination indicated that more detailed characterization of the layer was
required to determine the structure and composition of the bands. Thus, AEM was utilized to provide the
required detail. Electron transparent thin sections of the reacted glass bands were prepared using an
ultramicrotomy procedure specifically developed for preparation of sections of fine-grained geological
materials.24 Small fragments of the glass, together with the leached layer intact, were removed from a
bulk specimen by using a diamond blade. Care was taken to select fragments that are smaller than
100 pm and contain as little unreacted glass as possible so that fragmentation of the brittle glass is
minimized during sectioning. The selected fragment was mounted in epoxy or acrylic resin in an
orientation which would yield cross-sectional slices of the leached layers and unreacted glass.

Brightfield transmission electron micrographs of glass reacted for 56, 91, and
278 days are shown in Fig. III-4. After 56 days, the leached layer is 0.2- and 0.25-pm thick and remains
firmly attached to the unreacted glass (Fig. III-4a). Iron has begun to segregate toward the center of the
layer, where it forms a dark stain, and no evidence of crystallinity can be detected throughout the layer.
No evidence for a precipitated metal film on the outer surface is observed. The sample was taken from a
reflective, nonreacted-appearing region of the glass surface.

After 91 days, the iron has segregated into a well-defined iron oxide "backbone" at
the center of the reacted layer (Fig. III-4b). This iron region also shows the presence of calcium and
zirconium. The lower half of the leached layer retains textural characteristics of the 56-day sample, but
the upper half is dominated by a fibrous material identified as smectite clay by electron diffraction, lattice
fringe imaging, and quantitative EDS. There is evidence that smectite is beginning to form on the lower
half of the layer also. The unreacted glass is now separated from the layer by an open region that contains
stringers of partially reacted glass. The glass is retreating from the leached layer by dissolution, and the
thickness of the layer itself is about 0.8 pm, while the distance between the outer surface of the layer and
the unreacted glass is 1.2 pm.

After 278 days the banded structure is now mature, with fibrous smecite bands
dominating both the upper and lower regions on either side of the "backbone." The thickness of the layer
reaches up to 1.0 pm, while the total thickness is about 1.3 pm.

The glass reaction process can be described by combining the solution and structural
data. At 56 days, the amount of glass that must have reacted to give a normalized elemental release for
lithium, (NL)u, of 3.2 g/m2 is 1.1 pm. However, the layer thickness is only 0.2 pm. Reaction of the
glass is occurring at two fronts. At the interface between the layer and glass, preferential depletion of Li,



Table 111-3. Conditions and Test Results for AEM Analysis of Glass from Leach Tests
Glass Temp., SA/V, Duration,
Type Test Type *C m' days Leachate AEM Results

Long-term, MCC-1 type leach test, static

Long-term, MCC-1 type leach test, static

Long-term, MCC-1, static with tuff rock

Long-term, MCC-1 type leach test, static

Long-term, MCC-1, samples provided by G. Wicks

SRL 131 Long-term, MCC-1, samples provided by G. Wicks

Short-term, MCC-1, to examine SAN effects

Short-term, MCC-1, to examine SA/N effects

Short-term, MCC-1, to examine SA/V effects

Short-term, MCC-1, to examine SAN effects

Short-term, MCC-1, to examine SAN effects

Short-term vapor hydration, 100% RH

90

90

90

90

90

30

30

30

10

10

40 10

90

90

90

90

90

200

10

50

50

100

100

ATM-ic

ATM-ic

ATM-ic

SRL 131

SRL 131

(contd)

SRL 131

SRL 131

SRL 131

SRL 131

SRL 131

SRL 131

365 EJ-13 Complex layer structure with banding and precipitation at outer
.urface (Fig. 14. in Ref. 23).

730 EJ-13 Complex layer structure, several precipitates identified, U-Ti phase
present in layer.

365 EJ-13 Complex layer structure, comparison with tests done without tuff
possible.

7-520 DIW A series of samples showing the development of a complex layer as a
function of time. The details of this study are presented in Ref. 25.

1280 DIW Complex layer structure to be compared with the samples reported in
Ref. 21; this glass Dontains U and discrete U-Ti phases were
observed.

1460 DIW Very thin layer showing no structure, some U-Ti segregation. Does
not have the sne appearance as the same glass composition reacted at
90*C.

100 DIW Complex layer samcture similar to that reported by Ref. 25, layer
attached to glass.

20 DIW Simplified layer structure with very limited precipitated phase
formation, layer not connected to glass.

50 DIW Simplified layer structure with very limited precipitated phase
formation, layer not connected to glass.

10 DIW Simpifed layer structure with very limited precipitated phase
formation, layer not connected to glass.

25 DIW The strucnue of the 50 and 100 m-1 SA/V layers and precipitates is
different from the 10 m- samples.

7 Vapor Section with a calcium silicate phase intact on the surface showing a
complex layer structure near the surface, including a near-pulse Si
layer. The bulk of the layer is a clay with varying degrees of
crystallinity (Fig. 11 in Ref. 23).



Table III-3. (coned)
Glass Temp., SA/V, Duration,
Type Test Type
SRL 165 Long-term, MCC-1 type leach test, static

SRL 165 Long-term, MCC-1 type leaci, test, static

SRL 165 Long-term, MCC-1 type leach test, static

SRL 165 Long-term, MCC-2 type leach test, static

SRL 165 Short-term, MCC-2, samples provided by B. Bourcier

SRL 165 Long-term drip test with sensitized steel

SRL 165 Long-term drip test with reduced glass SA

SRL 202 Short-term vapor hydration, 100% RH

SRL 202 Long-term vapor hydration, 100% RH

Basalt Long-term vapor hydration, 100% RH

Obsidian Long-term vapor hydration, 100% RH

Tektite Long-term vapor hydration, natural conditions

"C m 1  days Leachate AEM Results
90 30 56 EJ-13 Simple layer structure with no precipitated phases and no

crystallinity, Fig. IU-4a.

90 30 91 EJ-13 Emerging complex layer structure with separation between layer
and glass, Fig. I-4b.

90 30 280 EJ-13 Complex layer structure with precipitated phases either side of an
Fe-rich backbone, Fig. II-4c.

187 10 364 DIW Carefully prepared section over 100 pm thick, complex layer
structure at the layer/glass interface with discrete apatite phases,
outer surface of layer is fairly nondiscrete, coarse clay grains make
up the bulk of the layer, no glass.

150 7, 14 Complex outer layer structure with large crystalline grains making
up the inner portion of the layer, there is a clear difference in
texture and structure of the 7- and 14-day samples.

90 364 EJ-13 An overlapping layer backbone structure reminiscent of layers
formed on leach samples (above) (Fig. 16a in Ref. 23).

90 364 EJ-13 An overlapping layer backbone structure reminiscent of layers
formed on leach samples (above) (Fig. 16b in Ref. 23).

200 Vapor No discrete secondary phases on surface but a layer structure
indicating separation of layer and glass.

200 Vapor Discrete phase on surface of glass, difficult to retain the phases
during sectioning, complex layer structure.

200 60 Vapor Layer structure similar to that observed for waste glass.

No layer structure or evidence of reaction observed in AEM, water
has diffused into glass as determined optically.

A thin overlying clay structure interspersed with discrete mineral
phases, also a water diffusion layer as determined optically.
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Fig. III-4. Brightfield Electron Micrographs of Cross Sections of Glass
Reacted for (a) 56 days, (b) 91 days, and (c) 278 days
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B, and Na occurs as the glass becomes hydrated. The glass must also be reacting at the solution/layer
interface where etching of the layer occurs. As the etching occurs, there is no apparent precipitation of
insoluble metals or metal oxides directly onto the layer surface. Iron, while enriched, is nearly uniformly
spread throughout the layer, while Ni and Mn are noticeably depleted in the layer.

By 91 days, however, evidence for precipitation exists, with smectite eventually
covering the entire surface. The iron-rich "backbone" now marks the condensation of Fe, Ca, and Zr
within the layer that was just beginning to occur at 56 days. Smectite, as it forms from the 56-day layer,
excludes Fe, Ca, and Zr from its structure and incorporates Mn and Ni from solution. Surprisingly, by
91 days, the position of the surface at 56 days becomes marked by the "backbone," and the glass
continues to react by two means: a partial hydrolysis which releases Li > B > Na (cf. SIMS and solution
results), and an etching process of the partially hydrolyzed glass.

After 278 days, the 56-day structure is completely transformed to two smectite layers
formed on either side of the "backbone." The clay has nearly identical composition and structure on
either side of the "backbone." This finding indicates that the solution composition and precipitation
processes occurring within the main solution component and the near glass solution component are
similar. This suggests that the clay-backbone structure is not impeding transport of material and does not
act as a protective barrier. In fact, clear transport pathways can be observed in the "backbone" structure
(Fig. III-4c).

While a reasonably consistent picture of the glass reaction process has been obtained
through 278 days, questions remain as to how to extend these types of experimental data to provide input
to model development for long-term glass performance. These include the following. What is the fate of
the reacted layer? Will it remain weakly attached to the reacting glass surface and eventually provide a
barrier to mass transport, or will it spall from the glass surface and be available for transport as colloidal
material? If spallation does occur, how will the glass reaction continue? Will other secondary phases
form as the solution becomes concentrated in leached glass components, thus changing the affinity for
reaction? The answer to these questions is best addressed by performing experiments of longer duration
or under conditions that accelerate the reaction process. Such data are necessary for the eventual
validation of the modeling approach being taken by the YMP.

6. Natural Analogs
(J. J. Mazer)

The reaction of naturally occurring rhyolitic glass (obsidian) with water under conditions
where the SA/V ratio is large (i.e., reaction in water vapor) has been identified as a system with a
relatively simple reaction mechanism, molecular water diffusion. A detailed study of this reaction
process has been undertaken to assist in understanding more complicated reaction mechanisms for nuclear
waste glasses. Although obsidians are enriched in silica and depleted in alkalis and boron, relative to
nuclear waste glass compositions, 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.

A number of different obsidians and one tektite glass were hydrated in vapor between 100
and 230'C for up to 256 days at relative humidities (RH) of 60, 90, 95, and 100%. Reaction progress was
monitored by noting the growth rate of the birefringent hydration layer, thought to be caused by the
formation of a strained glass network as molecular water diffuses into the glass. In all cases the rate of
growth was proportional to the square root of time, a dependence consistent with a diffusion process. We
previously reported results demonstrating that the hydration rate for obsidian is significantly affected by
relative humidity, an effect previously believed to be negligible.
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Further investigations are being pursued to characterize the strong dependence of the
isothermal hydration rate for obsidian on the obsidian composition, specifically, the intrinsic water
content (Fig. 111-5). Our correlation between intrinsic water content and hydration rate (correlation
coefficient of 0.96) is superior to that obtained with previously proposed models.27" Moreover, the
temperature dependence of obsidian hydration rates conforms to an Arrhenius relationship in which the
activation energy strongly depends on the intrinsic water content (Fig. 111-6).
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Fig. 111-5. Relationship between Intrinsic Water Content and Diffusion
Coefficients at 160'C. The equation of the linear regression
fit to the data is y = 1.537 + 1.01x, where the correlation
coefficient is 0.96.
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As a test of our model, we also considered the experimental hydration of tektite. Tektite is a
natural glass, somewhat similar in composition to obsidian, but containing a very small (-0.01 wt %)
amount of water. The tektite data are consistent with intrinsic water content control of the diffusion
process, whereas the other compositional models could not successfully incorporate these tektite values.

These results suggest that obsidian hydration dating,29,30 a chronometric tool utilized
extensively by archaeologists, has the potential to be accurately calibrated. The technique currently relies
on experimental determinations of the activation energy of hydration for each obsidian being studied. Our
results will allow researchers, knowing only the intrinsic water content, to estimate the ages of obsidian
artifacts or features. Furthermore, better age estimates will result when the effects of RH are taken into
account.

Additional experiments with high-water-content obsidians have confirmed our preliminary
findings that the isothermal hydration rate of obsidian depends on the obsidian composition, specifically,
the intrinsic water content. Our experimental results at 400-1000'C and those from studies of molecular
water diffusion in rhyolitic glasses and melts at 400-1000'C suggest that this effect is pervasive over a
large temperature range (Fig. 11-7). The discovery of a concentration dependence for molecular water
diffusion in obsidian at low temperatures may be useful for researchers trying to understand this process
at higher temperatures. We are trying to apply these results to improving our understanding of molecular
water diffusion in nuclear waste glasses.
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B. Glass Studies for Yucca Mountain Project

The Yucca Mountain Project (YMP) is investigating the tuff beds of Yucca Mountain, Nevada, as a
potential location for a high-level radioactive waste repository. As part of the waste package development
portion of this project, which is directed by Lawrence Livermore National Laboratory (LLNL), work is
being performed at CMT to study the behavior of the waste form under anticipated repository conditions.
Work includes (1) development and performance of a test to measure waste form behavior in unsaturated
conditions, (2) performance of experiments to study the behavior of waste package components in an
irradiated environment, (3) development of test methods to study the reaction of glass in water vapor and,
subsequently, in liquid water, (4) development of static leaching tests to provide long-term release data to
the glass modeling effort, and (5) detailed characterization of reacted glass surfaces.

1. Tests with Unsaturated Test Method
(J. K. Bates and T. J. Gerding)

The YMP Unsaturated Test Method (see ANL-91/26, pp. 188-189) is being used in the N2
and N3 test series, which are being conducted with actinide-doped glasses. Because of the alpha decay of
the predominant radionuclides, these tests can be conducted in a contained area but without shielding.
Since the N4 test series will be conducted with "fully" radioactive sludge-based glass, modifications to the
test method will have to be made. These tests will be performed as part of the EM program (see
Sec. III.A.2).

a. N2 Unsaturated Tests

The N2 continuing tests (SRL 165 glass) have been completed though the 234-week
sampling period. All the batch tests have been completed, and three continuous tests and one blank test
are ongoing with samplings at yearly intervals.

b. N3 Unsaturated Tests

The N3 Unsaturated Test uses ATM-10 glass (simulated West Valley glass containing
actinides plus 99Tc) that was received from the Materials Characterization Center (MCC) and remelted to
obtain the required form of the glass. This ongoing test was started July 6, 1987, according to the
Unsaturated Test Method, and has been completed through the 219-week sampling period.

2. Parametric Experiments
(A. B. Woodland)

Because the Unsaturated Test Method rigidly sets many of the test parameters, the effect that
each parameter may have on the final radionuclide release needs to be studied. This is being done in
parametric experiments. A description, purpose, and status of the parametric experiments in progress
were given in detail in the previous semiannual (ANL-91/42, Sec. III.A.2). The experiments are
continuing as scheduled. A topical report describing the results of all of the parametric experiments is
being written.

3. Leach Experiments
(W. L. Ebert)

The goal of the YMP Glass Task is to develop a methodology that will predict the
performance of glass waste forms over the 10,000-yr service life of the repository under likely
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environmental conditions. The approach taken is to generate a computer code which can be used to
simulate the behavior of various waste glass compositions over very long time periods under a wide range
of environmental conditions. Experiments irn Apport of the simulation effort are designed to characterize
the glass reaction and derive a reaction algorithm for computer simulation. Experiments are also
performed to determine the influence of various environmental parameters on the glass reaction. These
experiments are not designed to simulate the repository, and the results are not intended to be extrapolated
to long times.

This section presents an interpretation of the results from a set of static leach experiments.
The experimental results are then compared to the model currently used in long-term simulations of the
glass reaction. Both leachate and solids analyses are utilized in describing the experimental results in
terms of an overall glass reaction scheme.

The experiments were performed at ANL as a part of a three-year study on the effects of
penetrating gamma radiation on the reaction of SRL 165-type glass. Only the results of nonirradiated
experiments are discussed here. The complete results and experimental details are given by Ebert.
Briefly, SRL 165 glass was reacted with J-13 groundwater at 90'C in 3ML stainless steel vessels for 14
to 280 days at an SA/V of about 30 m1. Both the leachates and the reacted glass were analyzed to assess
the extent and nature of the reaction. Recent analysis using AEM has permiitted a more detailed
description of the reaction process to be proposed.

Our description of the glass reaction is compared with the model used in the EQ3/6
simulation33 for glass reaction because (1) experiments such as the type reported here were used to
establish the model, and (2) any results generated by these experiments will be used to "fine tune" (or
disqualify) the model. The primary use of these experiments and the following interpretation is to better
define parameters utilized in the simulation.

The discussion below is presented in two subsections. First, selected experimental results
are presented, and the reaction path of the glass is inferred. Then, the model from the EQ3/6 simulation is
compared with the reaction path suggested by the experiments.

a. Experimental Results

(1) Leachate Results

The leachates were analyzed to determine pH, as well as the content of selected
anions and cations. The leachate solutions were not filtered prior to analysis (except specific aliquots
taken for actinide analysis) and so include both dissolved and suspended material. The leachate was
acidified while still in the vessels. Thus, any material sorbed to the steel vessel walls was included in the
leachate analyses. The values presented, therefore, include all material removed from the glass and
provide a good measure of the extent of glass reaction. The normalized elemental mass losses, NL(i), of
several species are shown plotted against the reaction time in Fig. III-8. The values plotted have been
corrected for background levels as determined by earlier blank tests.2

The release of species follows one of two trends. The curves for release of
highly soluble species like the alkali metals and boron are approximately parabolic throughout the test
period. Other species, such as Si and U, are released at a rate similar to the alkali metals through 56 or
91 days, but then level off to nearly constant values at longer reaction times. Species with low
solubilities, such as Al and Fe, are not released to solution in significant amounts throughout the test
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period. The leachate pH was about 9 for the nonirradiated experiments at all times tested beyond 28 days.
The solubility limits for most metals are low under such alkaline conditions.
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(2) Glass Results

The reacted solids were analyzed using secondary ion mass spectrometry
(SIMS) in a depth-profiling mode. Mass spectra between m/e = 1 and 75 were periodically collected as
the sample was sputtered to generate signal vs. time profiles. The depths of the craters of several
analyzed samples were measured with a profile meter to determine the sputter rate as depth/sputter time,
and the profiles are presented as signal vs. depth. Representative profiles for a sample reacted 180 days
are given in Fig. III-9 for Li, Na, B, and Mg. Other profiles are included in Ebert.Y The outer 1 pm of
the glass is depleted in alkali metals and boron and enriched in Mg compared to the unreacted glass. This
is consistent with the leachate results. The Li, Na, and B releases result in smooth, diffusion-like profiles.
The observation that the outer -0.5 pm of the layer has a constant low concentration of Li, Na, and B
indicates that the layer does not impede the release of these species. The diffusional appearance of the
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inner -0.5 pm of the 1 pm layer may be due to atomic mixing or roughness rather than a true diffusional
distribution of these species. The region of composition change is referred to as the "reaction" or
"alteration layer." The outer -0.5 pm of the layer is seen to have a greater enrichment of magnesium than
the inner part. Coupled with the solution results, this suggests that magnesium is partly released to
solution and partly retained in the layer early in the reaction. Later in the reaction, magnesium is removed
from solution and reenters the outer half of the layer.
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Resonant nuclear reaction spectroscopy (RNRS) for hydrogen was performed
on some samples. Figure III-10 shows a typical profile for a sample reacted 180 days. Hydrogen is seen
to be enriched in the outer 1 pm of the sample, consistent with the depth of alkali depletion. The profile
within the layer is somewhat complicated. The outermost surface has a large hydrogen peak. This is
thought to be water condensed on the sample surface during analysis. (The sample is cooled to liquid
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nitrogen temperature during analysis and so acts like a cold finger in the vacuum chamber.) The outer
-0.5 pm of the layer has a lower hydrogen level than the inner -0.5 pm of the layer. This finding could
be due to a greater extent of dehydration of the layer either after the sample was removed from the
leachate or when it was placed in the vacuum chamber for RNRS. This finding could also be due to the
layer having different structural water content on the inner and outer parts. The depth axis on the figure
was calculated from the theoretical stopping power of the layer and is only approximate.
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Fig. III-10. Resonant Nuclear Reaction Spectroscopy for
Hydrogen in Sample Reacted for 180 Days

Scanning electron microscopy (SEM) showed the glass surface to progress
from an initially smooth appearance (on the scale of a few micrometers) to a nodular appearance, with the
nodes being a few tenths of a micrometer across. Samples reacted for 180 or 270 days sometimes had
regions with a "house of cards" appearance typical of clay minerals.

Several very small features were detected on the outer surfaces of some
samples that were rich in Al, Ca, Si, or U; however, they were too small to identify.

The reacted layers were readily distinguished from the underlying unreacted
glass in SEM analysis of cross-sectioned samples. The altered layers were more electron dense than the
glass and had a less homogeneous appearance. The layers on the free surfaces of the 180- and 278-day
samples were separated from the glass by a thin band of mounting resin. This volume was probably filled
with fluid during the reaction.

Several cracks in the original sample had reacted to produce altered layers
within the cracks. These layers were likewise separated from the glass by mounting resin. A bright rib
was seen in the center of the layer in the crack. A SIMS analysis showed an iron-rich band to form in the
center of the layer on the free surface as well, although the band was not readily seen in the SEM analysis.
The bright rib in the layer in the crack is probably iron-rich.
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Figure III-4 shows high-resolution images of the layers from samples reacted
56, 91, and 278 days. These micrographs clearly show the progression of the layer development from an
amorphous, homogeneous, gel-type structure to a crystallized, heterogeneous clay layer. After 56 days,
the layer is distinct from the glass and has an amorphous appearance. A few lattice fringes exist in the
outer half of the layer, but the layer is predominantly amorphous. The segregation of iron to the center of
the layer to form an iron-rich rib appears to have occurred as the outer layer crystallized after about
91 days. The altered layers outside and inside this band are structurally distinct. The inside layer looks
very much like the gel layer seen after 56 days of reaction, while the layer outside the iron band is highly
structured and crystalline. Electron diffraction produces good crystalline diffraction patterns, and lattice
fringes are abundant in the image of the outer layer. Notice that the entire layer is separating from the
glass, and that most of the inner layer material is attached to the iron band but some is still attached to the
glass.

After 280 days of reaction, the inner layer has crystallized, and the layer has
completely separated from the glass. No inner layer material is found attached to the glass after 278 days.
The layer outside the iron band has not changed in appearance from 91 days.

Energy dispersive X-ray spectroscopy (EDS) of the different layers showed
that compositional changes occur with the observed structural changes. Table III-4 gives the layer
compositions of the 56-day gel layer, the inner and outer layers at 91 and 278 days, and the unreacted
glass (normalized to 100% cations). The iron-rich rib was excluded from the analyses. Note the
similarities in cation weight percents between the unreacted glass, the gel layer at 56 days, and the inner
layer at 91 days. Similarity is also seen in cation weight percent between the outer layer at 91 days and
both layers at 278 days. Formation of the crystallized layer from the gel results in an enrichment of Mg,
Al, Mn, Fe, and Ni and a depletion of Si and Ca relative to the original glass. Other elements, such as the
alkali metals, B, and U, are not present in either the gel or the layer. Recall that SEM analysis of the
surface was used to detect small precipitates rich in Al, Si, Ca, and U, although they were too small to
further identify. This is consistent with the expulsion of the elements from the gel as the layer
crystallized. The limited solubilities of these species resulted in additional secondary phases being
formed.

Table I1-4. Cr.. n Weight Percent Measured with EDS for Unreacted Glass, the Layer Formed at
56 days, and the Inner and Outer Layers Formed after 91 and 278 Days of Reaction

91 days 278 days

Cation Unreacted 56 days Inner Outer Inner Outer

Mg 1.0 - 0.4 2.1 3.4 3.7
Al 5.5 8.2 12.5 13.4 14.9 15.7
Si 63.1 45.5 51.4 41.8 40.4 40.2
Ca 2.9 2.8 2.8 0.2 0.2 0.1
Ti 0.2 0.3 0.1 - - -

Mn 4.5 1.1 5.2 8.6 8.8 8.9
Fe 20.9 41.9 25.9 29.5 28.8 28.2
Ni 1.7 0.1 1.4 4.3 3.2 3.2
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(3) Model

The above analyses allow a model for glass reaction under unsaturated
conditions to be proposed. Figure Ill-il shows the layers formed after 56 and 280 days in schematic
cross section with representative release of alkali metals and B, Si, and Fe. After 56 days, a mostly
amorphous gel-like layer is observed on the surface. This layer is highly depleted in alkali metals and
boron. The alkali metals and boron must, therefore. be released at the glass/gel interface. The alkali
metals and boron had to be released from about a 1 pm depth to generate the measured solution
concentrations. Since the measured gel depth is only about 0.2 pm, the observed surface must have
retreated from the original surface by about 0.8 pm. The measured silicon content in the gel is about 25%
less than that in unreacted glass (see Table 111-4). This suggests that silicon is released primarily from the
gel/solution interface and partially throughout the gel. The measured solution concentration of silicon is
consistent with the total dissolution of the glass to a depth of about 0.8 pm. Transition metals such as
iron have very low solubilities under the alkaline pH conditions attained during these tests. Iron,
therefore, remains as insoluble residue within the gel layer as the silicon framework dissolves and the
surface retreats. The gel layer becomes highly enriched in insoluble metals such as iron. These species
are evenly distributed throughout the gel layer.

Doped actinide elements behave as follows. Uranium and neptunium have
relatively high solubility limits and are released into solution. The gel layer is depleted in both U and Np.
Plutonium is neither depleted nor enriched in the gel, has a low solubility limit under high pH conditions,
and has a low measured solution concentration in these tests. Moreover, plutonium is found sorbed onto
the stainless steel vessel walls. Americium is found in small quantities on the vessel walls but primarily
remains in the gel layer as insoluble residue.

Between 56 and 278 days, the gel layer becomes transformed into clay laths.
Small areas of crystallized clay occur in the outer half of the gel layer after 56 days of reaction. The outer
portion of the layer crystallizes before the inner layer because the silica network is more completely
disintegrated in the outer portions of the layer. As the gel crystallizes, some species are expelled from the
layer, for example, Ca and Fe, while others are incorporated from solution, for example, Mg. The iron
migrates away from the solution into the center of the layer, where the silicon network has not completely
disintegrated. The iron does not redistribute in the inner layer, which has not yet crystallized.

As the reaction continues, the inner layer eventually crystallizes. Iron excluded
from the inner layer migrates to the center of the layer to complete the formation of the iron rib.

After 278 days the entire layer crystallizes into a clay phase(s) which is in
near-equilibrium with the leachate solution. The composition of the clay layer indicates those species
which have their solubility limits determined by the clay phase(s). These species include Si, Al, Fe, Mg,
and others given in Table III-4. At 91 days and beyond, when the layer begins to crystallize, the solution
concentration of silicon is nearly constant. Other species, such as Fe and Al, maintain low solubilities
throughout the reaction. Magnesium, which has a high solubility limit and releases into solution prior to
clay formation, is removed from solution as the clay forms. This was seen in the analyses of the layer
(Table 111-4) and the leachate.

While the leachate is in near-equilibrium with the layer, it is not in equilibrium
with the glass, which continues to react, albeit at a low rate. Alkali metals and boron continue to be
released from the glass surface unimpeded by the layer, which is now completely separated from the
glass. Leachate can now attack the exposed glass beneath the layer. The layer offers no deterrence to
either incoming water or released species. Species such as Si, Al, and Fe, which are components of the
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layer, are released from the glass and nucleate as additional clay on the layer, and the layer grows as the
glass dissolves. Other species released from the glass which are not a part of the layer, such as Ca and U,
may form other secondary phases as their solubility limits in the solution are reached.

(4) Kinetics

The extent of the glass reaction may be measured by using the solution
concentrations of various species or measuring the amount of selected secondary phases formed (i.e., the
layer thickness). Obviously, the selected means of monitoring the reaction must be related to the true
reaction progress. The solution concentrations of highly soluble species, such as the alkali metals or
boron, are frequently used to monitor the reaction progress. These species often have the advantage of
not being incorporated into secondary phases; thus, the amount released from the glass is the same as that
measured in the solution. Other species, such as silicon, may be released partially into solution and
partially into a secondary solid. Thus, the solution concentration of silicon will not accurately reflect the
amount of glass reacted.

Once a secondary phase is formed, the solution concentrations of species in
that phase become constant, and species released from the glass subsequent to phase formation are totally
incorporated into the solid phase. The layer thickness can be used as a measure of the extent of reaction
beyond about 91 days, because the amount of silicon released as the glass reacts is equal to the amount of
silicon that goes into the layer while the solution concentration of silicon remains constant. Therefore, the
increase in the layer thickness is propotional to the amount of glass dissolved.

b. Computer Modeling with EQ3/6 Code

(1) EQ3/6 Simulation

The EQ3/6 computer code is being used by the YMP Glass Task to simulate
the long-term reaction of glass under various possible repository environments. A brief discussion of the
simulation technique will simplify discussions relating the experimental results and above reaction model
to the computer simulations. The computer code requires the glass and leachant solution compositions to
be defined. A small amount of glass is then added stoichiometrically to the leachant by the EQ6 part of
the simulation. In the EQ3 part of the simulation, this solution is then equilibrated by use of a large data
base of minerals and other stable phases. If the solubility product of a phase in the data base is exceeded
in the solution, then that phase is generated by the simulation, and the solution composition is adjusted
until the equilibrium is reached. Other secondary phases may likewise be formed until the data base and
the adjusted solution are in equilibrium. The equilibrated solution then influences the subsequent addition
of glass to the leachate and the process is repeated. This is the kinetic part of the EQ6 portion of the code.

Experiments are needed to support the kinetics of glass dissolution in the EQ6
code and the thermodynamics (i.e., the solubility products) of secondary phases in the EQ3 code.
Although precipitation kinetics are not formally included in the EQ3/6 code, phases with known slow
kinetics such as quartz are removed from the data base. In lieu of including precipitation kinetics,
experiments are needed to identify which phases preferentially form and must be included in the data
base.
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(2) EQ6 Kinetics

The algorithm describing the glass dissolution in the EQ6 code is similar to
that used for mineral dissolution. Equation 111-3 gives the rate of release of glass into solution according
to the equation currently used in EQ6:

-SA (H) kgiVas 1 - K""1 (111-3)
glass

where n is the amount of glass dissolved, t is time, SA is the surface area of the glass available for
reaction, (H") is the hydrogen ion activity and h the order, and k&,, is the rate coefficient for glass
dissolution. The term in parentheses on the far right-hand side is the affinity for reaction, which is a
measure of huw far the reaction is from equilibrium. It is expressed here in terms of the solution
composition, where Kg,, represents the solubility product of the glass, and Qh,, is the solution activity
product of those species included in K5,,,. Not all species in the glass contribute to KO,,,. Experiments
have shown Ksh5, to be dominated by the activity of silica, and several models represent K., by the
solubility product of amorphous silica as a first-order approximation. The YMP Glass Task is refining the
definition of K., to better model the reaction.

The form of Eq. 111-3 shows two limits of the glass reaction rate. Under highly
dilute conditions, Q,, +40, and the term in parentheses thus goes to 1. The reaction then proceeds at a
maximum rate of SA(H+)h Kgg 5 , which is a (weak) function of the glass composition through the rate
coefficient term. Experiments are in progress to directly measure K*, under highly dilute conditions.
Under high solution concentrations, Q,. + K&,, and the term in parentheses goes to zero. The reaction
then approaches apparent equilibrium and the rate goes to zero. In reality, the substitution of KW, for the
solubility product term in Eq. 111-3 is only approximate, and a very low residual rate of reaction is
maintained until all the glass has reacted. This rate is often too low to measure experimentally.

When precipitates form in the EQ3/6 simulation, solubility limits are set for
species incorporated in those phases. If a precipitate forms which incorporates a species that is included
in the K5Ws term, then Eq. 111-3 will be affected through the Q,, term. If Qg, is limited by precipitates
to a maximum value that is (necessarily) less than Kg5,, then a minimum reaction rate is attained, which
is greater than the residual rate when Q,, = K~g,,. If the layer seen to form on the samples discussed
previously represents the assemblage of phases which contain all species relevant to the Kgl,, term, then
QOn = KI,, after 278 days, where Kiyr is the solubility product of the layer at equilibrium.

The model in the EQ3/6 simulation, therefore, predicts that the glass reacts at a
constant rate after the layer forms, where

h K

- SA (H+) kglass -K1(111-4)
glass

The model also predicts those species included in Kl, , to have constant solution concentrations after the
layer has formed.
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The glass behavior as described by the model is shown schematically in
Fig. 111-12. This figure shows a schematic plot of the amount of glass that has been reacted or is in
solution vs. time up to and including layer formation. The thin solid curve represents the reaction without
precipitate (layer) formation according to Eq. 111-3. The solution composition approaches the value of
K, in this case. When precipitates (layer) form, the reaction rate becomes constant (Eq. III-4), as
shown by the dashed line, and the solution composition becomes constant, as shown by the dotted line.

n/ V K _

glass K layer .............

s soln = K layer

sole do + h _Kae
=t SA (H kglass 1 ~Kl1ayeGlass

do + h Qsol n
- SA (Hf) kglass [1 K9 ]

Reaction time
Fig. 111-12. Schematic Plot of Glass Dissolution Kinetics with Precipitate Formation

The test results can be compared to the predictions of the model. The test
results discussed in Sec. III.B.3.a are consistent with the model but do not sufficiently validate it. As
predicted by the model, the silicon concentration in solution becomes constant after about 91 days. The
magnesium concentration also becomes constant. Other species in the layer, such as Al and Fe, have
nearly constant solution concentrations throughout the reaction times tested.

The Li, B, and Na solution concentrations are plotted vs. the square root of
time in Fig. 111-13, and the measured layer thickness vs. reaction time is shown in Fig. 111-14. This is
done for convenience and is not meant to suggest a release mechanism. The effect of precipitate
formation on the glass reaction rate is predicted to accelerate the rate relative to the rate in Eq. 111-3. The
NL(i) values of the alkali metals and boron are expected to deviate positively from the t1 plots beyond
about 91 days. The data in Fig. 111-13 do not show such deviation beyond the experimental M-or.

Likewise, the model predicts that the layer will grow at a constant rate
(assuming the density remains constant). The measured rate of layer growth between 56 and 280 days
may be linear but is better represented by parabolic growth (see Fig. 111-14). Clearly, longer term data are
needed to verify the model predictions.

(3) Tests at High SA/V

Instead of performing long-term experiments at low SAN ratios for model
verification, short-term tests at high SAN ratios may be used to attain concentrated solutions and
subsequent precipitate formation. We have performed tests in vapor at high temperatures (up to 240'C)
which attain SAN ratios in excess of 4000 m-. These tests are useful in identifying secondary phases
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which form on different glass compositions and also in identifying reaction trends. The extent of glass
reaction is significantly greater after secondary phases form. Whereas layers are typically a few tens of
micrometers thick in low SA/V tests at elevated temperatures, they may be several hundred micrometers
thick in high SA/V tests at equivalent reaction times. Prior to secondary phase formation, the layers at
high SA/V are immeasurably thin (<0.1 pm). In most cases the layer growth at high SA/V is linear with
time after precipitates form. While tests in vapor at high temperatures may not be directly comparable to
the tests at 90'C and SA/V=30 m 1 discussed in this report, they provide valuable evidence that the
reaction rate changes upon secondary phase formation, and that the rate of glass reaction increases, as
predicted by the model.
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C. Radiation Effects Studies for Yucca Mountain Project
(D. T. Reed)

The YMP is investigating the feasibility of locating a nuclear high-level waste repository in the tuff
formations in southern Nevada. The placement of high-level waste containers in the underground facility
will perturb the pre-emplacement environment by raising the ambient temperature and exposing the
environment to gamma radiation levels that initially may be greater than 0.1 Mrad/h. Determining the
effects of temperature and radiation level on the gaseous/aqueous environment of the waste package is
important to characterizing the performance of the high-level waste package during the containment
period of repository history. An important radiolytic concern is container metal performance in the
expected irradiated system. This was preliminarily characterized for the three copper-based materials
being considered by the YMP. Emphasis was on investigating corrosion uniformity, corrosion product
formation, and the existence of localized corrosion.

1. Background

Oxygen-free copper (CDA-102), 70/30 copper-nickel (CDA-715), and aluminum bronze
(CDA-613) are being evaluated by the YMP as candidate ma serials for the construction of the high-level
nuclear waste container in the mined geologic disposal system. After emplacement, the container will be
subjected to an irradiated air-steam environment at elevated temperatures. General atmospheric corrosion
and, in particular, the relationship between the radiolytic environment and the type and extent of c ,rrosion
observed are important aspects in evaluating the long-term performance of these materials in the proposed
repository.

The atmospheric corrosion of copper-based alloys has been relatively well established in
nonirradiated systems.34'3 5 Exposure to atmospheric conditions results in the following: initially a brown
film, presumably cuprite (Cu2O), forms, followed by a dull black film, presumably tenorite (CuO), which
in time will form a patina that can vary in color depending on the presence of other species in the gas
phase. In low RH systems, corrosion rates are low, ranging from 0.04 to 0.18 mg/cm 2/yr. The rates
obtained strongly depend on the RH and the presence of anionic species, such as chloride and sulfide in
the gas phase.

In irradiated systems, however, much less is known about the corrosion behavior of
copper-based alloys. Existing information about the nature of the phases generated in irradiated moist-air
systems is summarized in Ref. 36. Some work has already been done in connection with the high-level
waste effort3 7 ,38 and nuclear-related research.39 Our work36 established that the irradiated moist-air
environment can, under some conditions, be very corrosive toward copper-based materials. Nitrogen
oxides and nitric acid are generated in the gas phase due to radiolysis and form copper nitrate phases,
which are associated with the formation of pits in copper-nickel alloy and oxygen-free copper. To further
characterize the behavior of copper-based materials in irradiated moist-air systems, we undertook a series
of experiments designed to establish (1) the nature of the corrosion products generated and (2) the initial
corrosion rates in an irradiated moist-air environment.

2. Experimental

The copper-based materials used in the experiments were purchased commercially by the
YMP. These were originally obtained to perform stress corrosion experiments. For our experiments, they
were cut into 0.2 x 1 x 2 cm specimens. These were subsequently polished to 600 grit, cleaned,
thoroughly rinsed with high-purity water and air dried. After drying, they were weighed to an accuracy of
*0.00002 g. Four coupons of a single material type (three types tested) were placed ih 304L stainless
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steel corrosion vessels. They were suspended by a Pyrex glass supporting rod and attached to this rod
with stainless steel wire. The irradiation conditions of the experiments are given in Table 111-5.

Following irradiation, the composition of the gas phase was reanalyzed for both the initial
components and some of the expected radiolytic molecular products (carbon dioxide, carbon monoxide,
nitrous oxide). Here CO and CO2 are formed from reaction of oxygen with species on the vessel wall.
Hydrogen and ammonia/NO 1 analyses were also performed in some of the one-month experiments, but
these species were not detected. After removal from the gamma facility, the vessels were disassembled
and the coupons removed. The weights were redetermined to determine the change in weight due to
exposure to the irradiated dry/moist air systems. All of the coupons were inspected using a 50X
microscope for general appearance and evidence for localized corrosion. After visual inspection, three of
the four coupons were then cleaned (rinsed in 10% HCl ultrasonically for 1 or 2 min) to remove the
corrosion buildup on the surface of the metal. These were then air dried and reweighed to determine the
weight change. Corrosion rates were calculated based on the weight difference between either (1) the
initial and after-cleaning weight of the coupon or (2) the weight gain and after-cleaning weight of the
coupon.

The fourth coupon was reserved for corrosion product analysis either directly with an X-ray
diffractometer and/or by Debye-Scherrer analysis of the corrosion products alone. After surface analyses,
these coupons were retained as a record of the general corrosion observed and for more extensive surface
analyses should they be warranted.

Table 111-5. Environmental and Irradiation Conditions for Radiation-Effect Experiments

Experiment
Designation
(AB-, CN-, Duration, Dose Rate, Absorbed Dose,
or CU-)' Environment days Mrad/h Mrad

-1R-90M 94'C, 40% RH @ 90-C Air 35 0.021 17.4
-3R-90M 94'C, 40% RH @ 90'C Air 73 0.021 36.6
-3R-90D 94'C, Dry Air 75 0.021 37.6

-lR-150M 152'C, 40% RH @ 90-C Air 30 0.015 10.7
-3R-150M 152'C, 40% RH @ 90C Air 76 0.011 20.0
-3R-150D 152'C, Dry Air 78 0.015 27.9

'Conditions same for all three copper-based materials, where AB=aluminum bronze,
CN=copper nickel, CU=oxygen free copper.

3. Results and Discussion

The corrosion rates and corrosion products are given in Table III-6. These results are
discussed below.

a. Effect of Ionizing Radiation on Gas Phase

The initial composition of the gas phase was air (21.1 mol% 02, 78.9 mol% N2, and
<0.1 mol% C02) or air with approximately 30 mol% water vapor. Gamma irradiation resulted in the
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formation of carbon dioxide, carbon monoxide, nitrous oxide, and nitrogen dioxide/nitric acid, as well as
oxidizing products of water/oxygen (ozone, hydrogen peroxide, and the hydroxy and hydroperoxyl
radicals).

In the 90'C experiments, significant amounts of carbon dioxide and carbon monoxide
were generated due to reaction with carbonaceous species at the vessel wall. We typically observed an
increase in the CO2 content from <0.1 mol% to the range of 0.3 to 0.8 mol%. Carbon monoxide was also
found, at levels of 0.03 to 0.1 mol%. The concentrations of both these species increased with absorbed
dose and/or time.

Table 111-6. Corrosion Rates and Corrosion Products for the Copper (CU),
Copper-Nickel (CN), and Aluminum Bronze (AB) Experiments

Corrosion Products"
Experiment Corrosion Rate,
Designation' mg/cm 2/yr Major Minor

CU-IR-90M 1.5 t 0.1 ND
CU-3R-90M 0.56 a 0.06 ND
CU-3R-90D 0.14 a 0.02 NA
CU-1R-150M 2.6 a 0.1 Cu20 CuO
CU-3R-150M 2.3 a 0.1 Cu20 CuO
CU-3R-150D 1.6 a 0.05 Cu20 CuO

CN-1R-90M 0.33 a 0.05 Cu2O (brown spots)
CN-3R-90M 0.21 a 0.03 NA
CN-3R-90D 0.12 a 0.04 NA
CN-1R-150M 1.4 a 0.1 Cu20 CuO
CN-3R-150M 1.1 a 0.2 CuO Cu20
CN-3R-150D 0.48 a 0.04 CuO Cu20

AB-1R-90M 0.71a0.13 ND
AB-3R-90M 0.23 a 0.05 ND
AB-3R-90D 0.16 a 0.01 ND
AB-1R-150M 3.0 a 0.4 Cu20 CuO
AB-3R-150M 1.2 a 0.2 CuO Cu20
AB-3R-150D 0.89 a 0.02 Cu20 CuO

'See Table 111-5 for conditions.
bND=none detected; NA=results not available yet.

Nitrous oxide was detected in all the final gas phase analyses performed.
Concentrations ranged from trace amounts (0.002 mol%) in the one-month experiments to as high as
0.07 mol% in the 2.5-month experiments. This species is radiolytically generated from nitrogen dioxide;
thus, its presence indicates that nitrogen dioxide, as well as nitric acid in the moist-air systems, was being
generated. No nitric acid (as nitrate) was detected in the final gas phase. Greenish-white phases observed
on the surface of some of the coupons were determined to be Cu2(OH)3N03,39 indicating that NOR, when
formed, was reacting with the metal.
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The nitrogen concentration in these experiments remained essentially constant over
time, with nitrous oxide and NO/NH3 as the most likely degradation products. Oxygen, by reaction with
the metals present and conversion to carbon dioxide and carbon monoxide, was reduced in concentration
by 3-4 mol%.

Similar trends were noted in the 150'C experiments. The extent of conversion of
oxygen to carbon dioxide was, however, more extensive, with CO2 buildup reaching as high as 3 mol%.
Nitrous oxide yields were typically lower by a factor of two or more than those observed at 90'C,
particularly in the case of the oxygen-free copper and copper-nickel alloy.

b. Corrosion of Oxygen-Free Copper

The extent of corrosion in the 90'C experiments with oxygen-free copper was
relatively small, leading to significant scatter in the corrosion data obtained. The overall appearance of
the test specimens was a dull and slightly darkened copper color. The extent of corrosion was too small to
identify the corrosion products using X-ray diffraction (XRD) by the Debye-Scherrer method.

In the one-month experiment CU-1R-90M, several greenish white deposits were
observed on the surface of the metal. This experiment had been held at room temperature for seven days
before several types of analyses were performed on the gas phase. Similar phases, but to a lesser extent,
were noted on the coupons from the longer-term experiments (CU-3R-90M and CU-3R-90D), although
these were analyzed within 6 h of being removed from the gamma facility. These phases were taken to be
evidence for the formation of copper nitrates on the metal surface since they were identical in appearance
to phases we had analyzed in previous work. However, the corrosion product in these experiments were
not formed in sufficient amounts to analyze directly.

The initial corrosion rate in the moist-air experiments at 90'C was 1.5 * 1 mg/cm 2/yr,
decreasing to 0.56 * 0.06 mg/cm 2/yr in the longer-term experiment. These data were, however, widely
scattered due to the low extent of corrosion present. A rate of 0.14 a 0.02 mg/cm 2/yr was noted in the
dry-air experiment.

As expected, more extensive corrosion was observed at 150'C. In the 30-day moist-
air experiment (CU-1R-150M), a green-brown tamish covered the surface of the coupon. Cuprite was
identified as the major corrosion product, with some tenorite also detected. In the two longer-term
experiments (CU-3R-150M and CU-3R-150D), the cuprite remained as the major corrosion product, with
tenorite present as a minor phase. The general appearance of the coupons in the moist-air experiments
was brown with black patches. There was no evidence of the green-white surface deposits, noted in the
90'C experiments, for either of the moist-air experiments at 150'C. The coupons in the dry-air
experiment had a black-colored scale that did not appear to be strongly adherent.

The corrosion rates obtained for the coupons in the 150C experiments were more
reproducible owing to the greater extent of mass loss that occurred. The corrosion rates were 2.6 a 0.1
and 2.3 a 0.1 mg/cm 2/yr in the 30 and 76 day moist-air experiments, corresponding to penetration rates of
2.9 and 2.6 pm/yr, respectively. These rates are factors of two and four higher than those observed for the
analogous moist-air experiments performed at 90'C. The extent of corrosion in the dry-air experiment
was 1.6 * 0.05 mg/cm 2/yr (1.8 pm/yr), which is comparable to, but lower than, those obtained in the
moist-air experiments.
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c. Corrosion of 70/30 Copper Nickel

At 90'C, the overall color of the copper-nickel coupons in the two moist-air
experiments (CN-1R-90M and CN-3R-90M) was a dull bronze. Greenish-white phases surrounding a
brown-colored center were noted on the surface of the coupons in both experiments. The brown center
was identified as cuprite. The phases were on the coupon surface, with no significant pit formation
evident. General corrosion rates were 0.33 * 0.05 mg/cm 2/yr in the 35-day experiment and
0.21 * 0.03 mg/cm 2/yr in the 73-day experiment.

In the dry-air experiment at 90'C (CN-3R-90D), the coupons were silver in color
(original color of the metal), with only very light tarnishing evident. The corrosion rate was
0.12 * 0.04 mg/cm 2/yr and was a factor of two lower than that observed in the moist-air experiment. The
extent of corrosion product formation in both the moist- and dry-air experiments was too small to analyze
by XRD. The brownish phase present in the CN-IR-90M experiment was identified as cuprite.

Significantly more corrosion was evident at 150'C, resulting in gray-black coupons in
the two moist-air experiments (CN-lR-150M and CN-3R-150M). A dark bronze color was also noted at
50X magnification in lighter areas on the surface, as were a few greenish-white specks. The coupons in
the dry-air experiment (CN-IR-150D) were predominantly dark bronze in color, with some black patches
also evident. The major corrosion product identified in the 35-day experiment was cuprite with some
tenorite present. This was reversed in both the longer-term experiments performed.

In the moist-air experiment at 150'C for 35 days, the corrosion rate was 1.4 a
0.07 mg/cm 2/yr, which is a factor of four higher than that observed at 90'C. In the moist-air experiment
at 150'C for 76 days, this rate decreased to 1.1 * 0.2 mg/cm 2/yr. These correspond to penetration rates of
1.6 and 1.3 pm/yr, respectively. In the dry-air experiment, the corrosion rate was 0.48 * 0.4 mg/cm 2/yr,
which is a factor of 2.4 lower than that observed in the analogous moist-air experiment.

d. Corrosion of 7% Aluminum Bronze

At 90'C, the coupons from the two moist-air experiments (AB-1R-90M and AB-3R-
90M) had a very light greenish tarnish but were mostly bronze in color. A few black patches were noted
in the 73-day experiment. The extent of corrosion was not sufficient to analyze using XRD. The general
appearance of the coupon in the dry-air experiment (AB-3R-90D) was similar but darker. At 50X
magnification, a black phase with lighter patches that were more bronze in color (tLse metal) was noted..
No evidence of localized corrosion was observed.

The corrosion rates were 0.71 * 0.13 and 0.23 * 0.05 mg/cm 2/yr in the moist-air
experiments for 35 and 73 days, respectively. Penetration rates were 0.9 and 0.3 pm/yr, respectively.
The corrosion rate in the dry-air experiment was 0.16 * 0.01 mg/cm 2/yr, which is comparable to, but
slightly lower than, that observed in the analogous moist-air experiment.

The extent of corrosion was again significantly higher in the 150'C experiments. The
general appearance of the coupons in the two moist-air experiments was initially dark bronze to black and
changed to a speckled dark black-green in the longer-term experiment. The predominant corrosion
product was cuprite in the 30-day and tenorite in the 76-day experiment. The corrosion rates were
3.0 a 0.4 mg/cm 2/yr and 1.2 * 0.15 mg/cm 2/yr in the 30- and 76-day experiments, respectively. These
were a factor of four higher than in the analogous experiments performed at 90'C.
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In the dry-air experiment (AB-3R-150D), the coupon was black to dark gray. The
major corrosion product was cuprite rather than tenorite, as was the case in the moist-air experiment. The
corrosion rate was 0.89 t 0.02 mg/cm 2 /yr, which is slightly lower than that observed in moist-air
experiment and a factor of 5.5 higher than that observed at 90'C.

4. Conclusions

In nonirradiated systems, the atmospheric corrosion of metals is generally categorized into
three distinct regimes with respect to relative humidity (low, intermediate, and vapor saturated). The low
humidity regime is characterized by direct interaction of the gaseous species with the metal surface. Here,
surface oxidation is the dominant process and the corrosion rates are usually quite low. In the
intermediate humidity regime, a thin surface layer of water exists. The corrosion rate is substantially
greater than in the low humidity regime, and trace constituents of the gas phase have a greater role in
defining the nature of the corrosion observed since they can be concentrated in the thin film of water. In
the high humidity regime, the general corrosion observed approaches that of aqueous systems.

In irradiated systems, the same corrosion regimes have also been observed. The relative
humidity at which the transition between low and intermediate humidity regimes occurs is not as clear-
cut, with values of 30% to 80% RH typically reported. This value is expected to depend on material and
probably on the temperature and trace constituents present. In the irradiated moist-air system, the trace
constituents of interest are the fixation products of nitrogen (NO1 and ammonia) and the oxidizing species
that are generated as radiolytic products of water and oxygen (ozone, hydrogen peroxide, and the OH and
HO2 free radicals). Since the concentration of these species depends on both the dose rate and the
absorbed dose, an added complexity in the irradiated system is the competition between the interaction of
the radiolytic products generated and the general corrosion processes.

The moist-air experiments reported herein were performed in the low humidity regime
(40% RH at 90'C and 0.06% RH at 150'C), although the water vapor content of the gas phase was
30 mol%. The general corrosion behavior was similar to that observed in nonirradiated systems in that
cuprite and tenorite were the predominant corrosion products identified. In all cases, cuprite was the
initial product observed, changing over to tenorite as increased oxidation occurred. This result is
significantly different from what we previously observed at gamma dose rates that were effectively ten
times higher. In the higher dose rate and total pressure experiments, 36 nitrate phases were the
predominant corrosion products for both copper-nickel and aluminum bronze and appeared as a minor
product on the oxygen-free copper.

The relative corrosion rates observed decreased in the order of copper > copper-nickel =
aluminum bronze in the moist-air experiments at 90'C. This same order was noted in the moist-air
experiments at 150'C. In the dry-air experiments, no consistent trend in corrosion was observed, with all
three having nearly the same corrosion rate at 90C and copper-nickel undergoing the least corrosion at
150'C.

The vast majority of data for copper-based materials relates their behavior in outdoor
environments. Typical values for the atmospheric corrosion of copper-based materials subjected to long-
term exposures of dry air (at ambient temperatures) are in the range of 0.04 to 0.18 mg/cm 2/yr.4' Some
data were, however, reported for oxygen-free copper in air-steam conditions in the same humidity regime
as in our experiments. At 150'C,36 corrosion rates of 2.45, 1.39, and 0.88 pm/yr were obtained for 1-, 4-,
and 10-month exposure times, respectively. This compares to the 3.5 and 2.7 pm/yr that we obtained in
1-month and 2.5-month experiments at the same temperature and a gamma dose rate of 0.02 Mrad/h.
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Although some of the experimental methodology differed, there was a significant enhancement of
corrosion (approximately a factor of 1.5) due to the gamma radiation present.

In our experiments, the total pressures of the dry- and moist-air experiments were
approximately the same. The gas phases, however, differed in that water vapor replaced some of the air
(particularly oxygen) as the source of oxidizing species. Radiolytically, only ozone, nitrogen fixation
products, and associated transients were generated in the dry-air experiments. The presence of water
vapor resulted in a partial replacement of these species with the OH and HO2 free radicals, as well as
molecular products such as hydrogen peroxide.

The effect of replacing air with water vapor can be evaluated, on a preliminary basis, by
comparing the corrosion rates observed in the dry- and moist-air experiments. At 90'C and 150'C,
corrosion rates were significantly lower in the dry-air experiments. Although further work is needed, this
result is consistent with the more strongly oxidizing environment present when water vapor, rather than
oxygen, is subjected to ionizing radiation.

D. Spent Fuel Studies for Yucca Mountain Project
(D. J. Wronkiewicz)

Experiments are continuing to investigate the reaction behavior of Zircaloy clad-UO 2 pellets
exposed to dripping EJ-13 water in an oxidizing environment. These experiments employ Teflon support
stands in a reaction vessel (see ANL-9016, p. 194) and have been in operation for nearly 5.5 years. They
are designed to develop procedures for tests to be conducted with spent fuel, identify secondary alteration
phases, and describe parameters that control the release of uranium from the waste package assembly. All
experiments are being conducted at 90'C and at variable SA/V ratios to simulate potential Yucca
Mountain repository conditions.

Solution results from the Teflon-supported tests are characterized by a large pulse of uranium
release from the samples between one and two years of reaction time. After this interval, the uranium
release rates decrease (Fig. 111-15), and the leachate solutions 're characterized by depletions in alkali,
alkaline earth, and silicon concentrations.

Optical microscopy, SEM/EDS, and XRD investigations of the altered UO2 x surfaces indicate the
early formation of several uranyl oxide hydrate phases (UOH) and uranyl silicates on the reacted surfaces.
Included among these phases are dehydrated schoepite (UO3-0.8H 20), schoepite (UO32H 20),
becquerelite (CaU 6O19010H20), compreignacite (K2U6019.11H 20), and soddyite (U5SiO19 -6H20).
Several uranyl alkali silicates have also been detected on samples reacted for 3.5 years, including
uranophane [Ca(UO2 )2(Si03 )2 (OH)2.5H 20], boltwoodite [K(H30)UO2(SiO4)nH 2O], and sklodowskite
[Mg(UO2) 2(SiO3)2(OH)2.5H 20].

Mineral relationships observed during microscopic examinations suggest a paragenetic sequence
where the UO2 pellets are altered to UOH phases, followed closely by precipitation of soddyite, and
finally the formation of alkali and alkaline earth uranyl silicates. This sequence is identical to that which
is found in alteration rims on naturally occurring uraninite exposed to surficial weathering conditions. 41,4 2

By contrast, this sequence is opposite to that predicted in initial attempts to mc'el uraninite alteration
using the EQ3/6 code. 43

Detailed surface examinations indicated that both the intergranular regions of the UO2 1 surface
and tabular UOH crystals are dissolving after one year of reaction (Fig. 111-16). Samples terminated after
1.5 years display surfaces that are so extensively corroded that the UO2+x granules are nearly detached
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from the sample surfaces. An abundance of fine-grained, uranium-rich particulate matter was also noted
to occur across the pellet surfaces after 1.5 and 2.25 years of reaction (Fig. III-16F). The occurrence cf
these particulates, combined with the highly corroded sample surfaces, indicates that spallation of small
particles from the U02 pellets is responsible for the rapid pulsed release of uranium that characterizes the
reactions between one and two years. The rapid corrosion of the UO2 n and/or UOH phases may, in tum,
arise from one or more factors, including pH decreases, decreasing uranium solution concentrations,
increasing temperatures (not tested for in the present experiments), and spontaneous dehydration of
schoepite.
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Fig. III-15. Selected Cumulative Release Patterns of Uranium from Experiments PMP8U-1 and -2.
The rapid release period for uranium begins after approximately 40 weeks of
reaction. Uranium release rates represent total uranium recovered after a
10-min acid strip of the accumulated leachate in the bottom of the test vesseL

E. Spectroscopic Investigation of Radionuclide Speciation
(S. Okajima and D. T. Reed)

The hydrolysis of Pu(VI) at pH = 1-7 is being investigated with a combination of laser
photoacoustic spectroscopy (LPAS) and UV-visible-IR absorption spectrometry. Emphasis is on the
initial hydrolysis product obtained as a function of total plutonium concentration in noncomplexing
media. This work is a continuation of past studies in which both laser-induced fluorescence and
LPAS" 7 were used to investigate radionuclide speciation in groundwater-relevant systems. This work
is performed as part of the Co-contaminants Chemistry Subprogram in support of the Subsurface Science
Program within the Office of Health and Environmental Research.

1. Background

There has been recent interest in the environmental chemistry of plutonium because of its
importance in waste management-related concerns. The role of Pu(VI) in the migration of plutonium in
natural systems is, however, uncertain. Its high solubility in natural systems relative to Pu(IV), combined
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Fig. III-16. Scanning Electron Photomicrographs of UO 2 Pellets Surfaces at Various Reaction
Stages. (A) unreacted UO2 pellet surfaces showing fused granules; (B) top surface of
pellet after 1.5 years of reaction exhibiting highly pitted grain surfaces and extensive
intergrain boundary corrosion; (C) bottom surface of pellet after 1.5 years of reaction
exhibiting surface pitting, relatively minor intergrain boundary corrosion, and fresh
granule surface where overlying grain has apparently been dislodged from the sample;
(D) "hummocky" top surface of sample after 3.5 years of reaction; (E) tabular
becquerelite crystal showing evidence of extensive etch-pit corrosion; and (F) fine-
grained particulate matter deposited on the surfaces of "boat-shaped" dehydrated
schoepite crystals and underlying UO 2+x substrate after 1.5 years of reaction. Localized
acicular bundles of urar.nphane also are visible throughout the upper half of Fig. III-16E.
Both uranophane and becquerelite have precipitated on the granular UO 2+x surface
visible to the lower-left and lower-right corners of Fig. III-16E.
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with the high mobility of U(VI) in natural systems, suggests that greater importance may need to be
placed on its role. The chemistry of Pu(VI) is expected to be must important to modeling the release of
plutonium at its source, and in environments such as near-surface groundwaters, where oxidizing
conditions may exist.

The hydrolytic behavior of plutonyl is of importance to natural systems because many of
these have a pH that is near-neutral or mildly alkaline. Polynuclear Pu(VI) species are readily formed and
predominate at higher plutonium concentrations and pH. An unqualified determination, for this reason, of
the 1:1 hydrolysis formation constant has not been made, and the initial hydrolytic product formed as a
function of plutonium concentration is not clear.

2. Hydrolysis of Pu(VI) in Noncomplexing Media

The hydrolysis of Pu(VI) is being systematically investigated to (1) characterize the
spectroscopic feature, associated with the various hydrolytic products formed and (2) more clearly
establish the natur of the hydrolytic species generated and its dependence on temperature, the
concentration of the plutonium present, and pH. This work is performed with noncomplexing media
(0.1 M sodium perchlorate) at constant ionic strength.

The systematic characterization of the spectroscopic features associated with the hydrolysis
of Pu(VI) is the most important objective of this work. Such information will serve as the basis for
undertaking experiments and interpreting results from spectroscopic studies of Pu(VI) speciation in more
complex real groundwater systems and mixed organic-Pu(VI) systems. This will need to be done for each
plutonium oxidation state considered.

The most important spectral features of the UV-visible spectrum of the Pu(VI) aquo ion are
the two sharp f-f electron transitions centered at 832 and 622 nm. Our work centered on the effect of
hydrolysis on the absorption band located at 623 nm, even though its extinction coefficient is significantly
lower, since the overall sensitivity with our LPAS system is greater in this wavelength region.

Before initiation of this effort, we had completed a preliminary characterization of the
changes in absorption due to hydrolysis. It has been generally proposed in the literature, based on indirect
potentiometric methods, that the initial hydrolysis product of Pu(VI) is the PuO2OH+ (1:1 complex)
species. This, however, was not fully supported by the spectra that we observed. It was our hypothesis
that the wide discrepancies reported (almost four orders of magnitude) for the formation constant of this
species were, in part, due to an incorrect speciation assignment.

The general spectroscopic features associated with hydrolysis of Pu(VI) are shown in
Fig. 111-18 as a function of pH. We identified four spectroscopically distinct species in the 600-700 nm
spectral region. These species, along with our current speciation assignments, are given in Table 111-7.

a. Effect of Total Pu Concentration on Pu(VI) Spectra

The absorption spectrum of Pu(VI) was obtained as a function of pH at total
plutonium concentrations of 1.2 x 10 2M (Fig. 111-17). This extends past work, using indirect methods, to
almost an order of magnitude lower concentration and covers the range of concentrations used by others
to determine the formation constants reported for the PuO2OH+ hydrolytic species. The initial hydrolysis
reactions, along with the equation defining each formation constant, are the following:
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Pu022+ + H2O +- -- +Pu020H+ + H+

[Pu02CH+] [H+]

[PuO 2 +H~J (111-5)
[Pu02 J

2Pu02 + 2H20 0f-- (PuO 2OH2 )2++ 2H+

[(Pu02OH)22+ [H+ 2
p22  2+ 2 (I11-8)

[PuO 2  J

The formation constant for the 1:1 complex (Eq. II1-5) does not have any second-order terms. Thus, when
PuOj* and PuO2OH+ are the only two plutonium species present, their relative concentration only
depends on the pH. Spectra obtained at 'he same pH and different plutonium concentrations will,
therefore, have a constant ratio for the optical density (OD) observed at 622 and 632 nm.

Table HI-7. Assignments of Pu(VI) Absorption Bands and Probable Speciation

Spectral Region, nm

Species 600-75 'am 800-900 nm >900 m

PuO22 (aquo ion) 622 833 952,982

(PuO2OH)22+(2:2 complex) 632,665 846 840-1000

(PuO2 )3 (OH), (3:5 character)b 638,685 852 996

PuO2 (OH)2 (1:2 complex) 655,715 870 1020

'Broad multiple-band absorption.
bThat is, coexistence of hydrolytic complexes and polymers (PuO2:OH ratio of 3:5) is suspected.

When a polynuclear species, such as the 2:2 complex, is formed, the ratio of the aquo
ion and polynuclear complex present in solution will depend on the total concentration of plutonium
present in solution. Spectra obtained at the same pH but different plutonium concentrations will,
therefore, vary according to Eq. 111-6. The distinction between polynuclear species and the 1:1 complex
can be observed by simply comparing the absorption spectrum at different total plutonium concentrations.

The spectra of Pu(VI), at pH = 4.8, are shown in Fig. I11-18 for 1.2 x 10-2 and Fig.
II1-19 for 6.9 x 105M plutonium. It is clear that the absorbance spectrum has changed significantly. The
hydrolytic species corresponding to the (32 nm absorption band is, therefore, polynuclear rather than
mononuclear.
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Fig. III-17. Absorption Spectra of 0.0126M Pu(VI)
in 0.1M Sodium Perchlorate Media at
pH = 4.7, 5.2, and 6.9. These are
offset to show spectra features.
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Fig. III-18. Absorption Spectrum Observed at
1.2 x 10' 2M of Pu(VI) and pH = 4.8
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Fig. III-19. Laser Photoacoustic Spectrum Observed
at 6.9 x 10-5M of Pu(VI) and pH = 4.8

The relative concentrations of the aquo ion, 632 nm species, and 638 nm species
(second hydrolysis product) are shown in Fig. 111-20 at total plutonium concentrations of 1.2 x 10.2,
1.6 x 104, and 6.9 x 10-5M. Two trends are evident in this figure. First, the onset of hydrolysis strongly
depends on the total plutonium concentration. At [Pu] = 0.012M, spectroscopic evidence of hydrolysis
was observed at pH = 3.8. At the lowest plutonium concentration investigated (6.9 x 10-5M), no evidence
of hydrolysis was observed until pH = 4.9.

The second trend, which relates to establishing Pu(VI) speciation in groundwater-
relevant systems, is that the 638 nm species (second hydrolytic product that is spectroscopically evident)
increases in predominance relative to the 632 nm species as the total plutonium concentration is lowered.
Groundwater-relevant research should more appropriately be focused on the competition between this
species and other complexants (e.g., anthropogenic and natural organics). This trend is significant since
we have indications from past work that this species is polynuclear in particular, the complex and slow
dehydrolysis kinetics suggest that it has polymeric character. The long-term characterization of this
second hydrolytic species is underway.

b. Effect of Temperature on Initial Hydrolysis of Pu(VI)

The range of solution temperatures being addressed by research supported by the
Subsurface Science Program is relatively narrow since it is directed toward the remediation and
restoration of contaminated sites on DOE lands. These near-surface sites are at temperatures between 10
and 35'C. To account for this small temperature range and determine the enthalpy and entropy of the
hydrolytic species being formed, we determined both LPAS and UV-visible spectra at 10-45'C.

The absorption spectra for 0.5 x 104M Pu(VI) are shown in Fig. III-21 at
temperatures of 10', 25', and 45'C. As is evident, temperature had no significant effect on the relative
absorbance of the aquo and 632 nm species. Similar results were obtained at lower plutonium
concentrations using the LPAS system. This finding is not in agreement with theoretical estimates of the
temperature dependence of Pu(VI) hydrolysis made by Lemire and Tremaine.48 They predict a tenfold
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change in the formation constant in the temperature range that we investigated. Our data represent the
first experimental determination concerning the effect of temperature on Pu(VI) hydrolysis.
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c. Formation Constants of Initial Hydrolytic Product

The above spectra established that the initial hydrolytic product was polynuclear.
This observation was further established by quantitative analyses that we performed. The formation
constant was determined assuming both a 1:1 and 2:2 hydrolysis product (see Eqs. I1-5 and 111-6). These
results are summarized in Table 111-8. The formation constant obtained by assuming a 2:2 hydrolytic
species, in contrast with that obtained assuming a 1:1 species, did not vary significantly with total
plutonium concentration.

Table 111-8. Estimated Formation Constants
for Eqs. 111-5 and III-6 at 25'C

[PuO2
2 ]a, M -log pa1  -log 22

3.0x10-2  5.2 8.0
1.2 x 10.2 5.0 7.2
1.6 x 104 6.2 7.5
6.9 x 10- 6.3 7.5

'For the reaction, q PuO22++ p H20 - (PuO)q(OH)p
+ p H+, where (p,q) = (1,1) or (2,2).

. Temp 10 C

Temp 25 0C

Temp 45 0C

I I II I II I I II,,

I I I 1 -1 1 1 1 -1 1 1 1 1 1 A I I I

. . . . . . . . . . .

T
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Figure III-22 provides a plot of [H+]2 vs. 2[Pu(VI)] 2/{ [Pu(VI)] 0 - [Pu(VI)]} for a total
plutonium concentration of 6.9 x 10-5M. The plot is linear with a correlation coefficient of 0.99. The
formation constant for the (PuO2OH) 2

2+ species corresponds to a -log P22 value of 7.5 : 0.2.
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Pu 6.9x0 5M

-lOg P22= 7.5
* 2.0
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Fig. III-22. Plot of [H+]2 vs. 2[Pu(VI)J 2/([Pu(VT)] 0 - [Pu(VI)])
for a Total Plutonium Concentration of 6.9 x 10-5M

F. Radiation-Effects Studies for Waste Isolation Pilot Plant (WIPP)
(D. T. Reed)

A potential result of the presence of ionizing radiation in the WIPP site is the direct or indirect
generation of gaseous species. This will contribute to the overall gas generation rate, which has been
identified by the WIPP Project as a key concern with respect to the long-term performance of this pilot
plant. To address the concems associated with ionizing radiation, we have (1) irradiated WIPP-relevant
plastic materials to help determine if the radiolytic alteration changes nonbiodegradable plastics to
plastics that can be degraded (reported in ANL-91/42, Sec. III.E), (2) performed some supporting studies
to assess the effect of ionizing radiation on the gas phase, and (3) determined the stability of Pu(VI) in
WIPP brine in preparation for planned gas generation studies. Results from the latter two efforts are
reported below.

1. Background

The two gas phases used in the plastic irradiation experiments (experimental details and
results given in ANL-91/42, Sec. IHl.E) were a two-component (90% N2-10% C02 ) mixture and a four-
component gas phase (1.25% 02, 2.5% H2, 6.75% C02 , and balance N2). In the absence of oxygen,
carbon dioxide and nitrogen are known to be stable to radiolytic degradation. Significant radiolytically
induced change was, however, expected for the four-component gas phase, leading to the formation of
nitrogen oxides (N20, HNO3, and NO2), ammonia, hydrogen peroxide, ozone, and carbon monoxide.
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Yields of the various species depend cn the relative concentrations of the bulk components, dose rate,
temperature, and solid surfaces present. The objective of the experiments was to establish the nature of
the radiolytic products generated and to measure their yield. These data will provide initial input to the
WIPP Project on radiolytic changes of the anticipated environments.

In addition to the gas-phase radiolysis experiments, we evaluated the stability of Pu(VI) in
WIPP brine. This was done in preparation for in situ gas generation studies. The radiolytically induced
formation of gas, owing to the radioactive decay of actinides present in WIPP waste, was identified by
WIPP Project staff as an important data need for performance assessment. This may become an important
consideration should brine move into the WIPP site and dissolve the actinides present.

The predominant actinide in WIPP waste, in terms of inventory and activity, is 239 Pu. From
a radiolytic viewpoint, the source of ionizing radiation that best simulates its radiation chemistry is simply
239Pu dissolved in WIPP brine. The VI oxidation state was selected because it was predicted to be highly
soluble (albeit in a metastable form), and we had previously characterized the spectroscopy associated
with its hydrolysis (this report, Sec. III.E).

2. Gamma Radiolysis of N2-CO2 Mixture

The anoxic environment utilized in the plastic irradiation experiments was the 90% N2-10%
CO2 mixture. This gas mixture was irradiated in a gamma facility (no plastic present) to establish the
long-term trend with respect to radiolytic degradation. Since neither nitrogen nor carbon dioxide is
readily degraded by ionizing radiation, little change was expected. The irradiation conditions and gas
phase analyses for this experiment are shown in Table 111-9. The gas mixture was placed in a 150 cm3

stainless steel vessel fitted with a stainless steel Nupro H-series bellows valve. This vessel was
periodically removed from the gamma facility to analyze the gas phase by gas chromatography. The dose
rate, determined by nitrous oxide dosimetry, was 0.30 Mrad/h. The total duration of the experiment was
51.4 days, corresponding to a cumulative absorbed dose of 367 Mrad.

Table III-9. Irradiation Conditions and Gas Phase Composition of 90% N2-10% CO2

Gas Mixture. Nominal pressure was 0.089 MPa.

Cum. Composition, mol %
Dose Rate, Absorb. Dose,

Time, h (days) Mrad/h Mrad 02 N2  CO CO2  N20

0 0.3 0 ND 89.8*0.2 ND 10.2*0.2 ND
0 ND 89.5*0.2 ND 10.5*k0.2 ND

250.9 (10.5) 0.28 75 ND 89.8 ND 10.2 ND

411.1 (17.1) 0.3 120 ND 89.8 ND 10.2 ND

907.3 (37.8) 0.3 269 0.002 *0.001 89.8 0.004 * 0.001 10.2 ND

1232.9 (51.4) 0.3 367 0.004 * 0.001 89.8 0.008 * 0.001 10.2 ND
0.003 * 0.001 89.8 0.008 *0.001 10.2 ND

The relative nitrogen and carbon dioxide concentration remained constant throughout the
experiment. No degradation products of nitrogen were noted (nitrous oxide or NO,). After 120 Mrad,
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small amounts of oxygen and carbon monoxide were detected. Their buildup increased nonlinearly with
absorbed dose and may be self-catalytic, i.e., the formation of oxygen and carbon monoxide may lead to a
greater rate of CO 2 breakdown. Since these species were present in a 2:1 carbon monoxide-to-oxygen
ratio, the following degradation reaction was most likely occurring:

CO2 -, CO + 1/2 0a (111-7)

For this reaction, based on the data for the highest absorbed dose, G(-C02 ) = G(CO)= 2 G(02) s 7 x
10" molecules/100 eV. The tangential CO2 yield, once CO2 breakdown was initiated, was
0.013 molecules/100 eV. This corresponds to an induction period of 170 Mrad prior to the onset of CO2
breakdown.

3. Gamma Radiolysis of 02/CO2/H 2/N2 Mixture

The four-component (1.25% oxygen, 2.5% hydrogen, 6.76% carbon dioxide, and balance
nitrogen) gas mixture was also subjected to gamma radiation to determine the nature and yield of the
radiolytic products generated. Gamma irradiation resulted in the formation of carbon monoxide, nitrous
oxide, NOR, ammonia, and probably ozone and hydrogen peroxide (which were not analyzed).
Significant decreases in the hydrogen and oxygen concentrations were also noted.

Two replicate experiments were performed using the same stainless steel vessels as
employed in the N2-C02 experiments. The irradiation conditions and results of the gas-phase analyses are
given in Table III-10. The dose rate for each vessel, measured using nitrous oxide dosimetry, was 0.28
and 0.30 Mrad/h for the two experiments, corresponding to absorbed doses of 152 and 163 Mrad,
respectively.

Table III-10. Irradiation Conditions and Gas Phase Analysis for O/HCO2/N2 Gas Experiments

Absorbed Concentration, mol %
Irradiation Dose,
Time, h Mrad H2  02 N2  CO CO2  N20

0 2.4 1.24 9C.0 ND 6.32 ND
29.0 8.7
95.8 29 1.7 0.86 91.1 0.015 6.3 0.07

188.2 56 1.7 0.83 91.0 0.092 6.2 0.12
543.5 163 0.9 0.35 92.1

0.9 0.35 92.1 0.004
0.9 0.35 92.1 0.004 6.4 0.28

0 2.4 1.24 90.1 ND 6.2 ND
29.0 7.8 2.3 1.15 90.3 ND 6.2 0.02
95.8 27 2.0 1.07 90.6 0.05 6.2 0.05

188.2 53 1.8 0.93 90.9 0.05 6.3 0.10
543.5 152 1.0 0.45 91.8 0.01 6.4 0.26
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The yield of carbon monoxide and nitrous oxide as a function of absorbed dose is shown in
Fig. 111-23. As indicated in this figure, the formation of nitrous oxide was linear with dose. Carbon
monoxide, in both experiments, went through a maximum and was then removed from the system. The
reason for this decrease cannot be understood from these experiments but was probably due to changes in
the relative concentrations of the other components of the gaseous system.
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Fig. 111-23. Yield of CO and N 20 in Four-Component WIPP Gas Phase

(exposed to 0.3 Mrad gamma dose)

The actual concentration of nitrogen and carbon dioxide was essentially unchanged due to
irradiation. The relative concentration, however, increased because of significant decreases in the partial
pressure of hydrogen and oxygen.

4. Plutonium (as PuO22+) Stability in WIPP Brine

The work described in this section was performed to evaluate the feasibility of retaining
actinides as truly dissolved species in WIPP brine for the duration of planned experiments. The VI
oxidation state of plutonium was selected for study based on our past experience with near-neutral pH
systems, which had indicated that this oxidation state could most likely be kept in solution. The general
approach used was to oxidize plutonium to the VI state in acid medium, add WIPP brine, adjust the pH to
6.2 (ambient pH of the brine), and sequentially dilute this solution into WIPP brine. Absorption spectra
of the plutonium-spiked brine were then obtained to establish the gross speciation of the plutonium and to
monitor changes in oxidation state as a function of time. Results obtained were then analyzed in the
context of the established redox and radiation chemistry of the actinide to assess the stability of the truly
dissolved species observed.

In this report period, 50 mg of plutonium-239 was oxidized to the VI state in perchlorate
media by the same procedure as used in past Pu(VI) hydrolysis studies. 4 9'50 The 239Pu, received as Pu(IV)
in hydrochloric acid, was taken to dryness, redissolved in nitric acid, and passed through a gravity feed
bio-rad column. This column separates the plutonium [predominantly as Pu(IV)] from the other ions in
the solution. The exchanged Pu(IV) was eluted from the column by washing with hydrochloric acid.
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This hydrochloric acid solution was then taken to dryness. The plutonium was redissolved in nitric acid
mixed with 0.5 to 1 mL of perchloric acid, which was taken to near-dryness to oxidize the sample to
Pu(VI). Approximately 7 mL of brine (WIPP OSEEP) was added to the Pu(VI) sample, causing a rapid
lowering of the brine pH and some solid precipitation. The pH was adjusted to a pH of 6.2 with sodium
hydroxide (using a Ross combination electrode). This resulted in the edissolution of most of the
precipitates and a plutonium concentration of 0.023M (established by gamma counting) in an "altered"
WIPP brine.

After 3 days, 3 mL of this solution was filtered through a 0.2-pm Dynagaard filter and
placed in a 1 x 1 cm cuvette. The UV-VIS spectrum of this solution and the unfiltered stock solution was
taken to establish the speciation (primarily oxidation state) of the sample. The initial spectrum of the
filtered solution is shown in Fig. III-24a. The appearance of this solution was pale yellow but clear, and
the UV-VIS spectrum was identical to that obtained for the unfiltered solution. As evident in Fig. III-24a,
a small amount of Pu(V) had already formed since some absorption due to the Pu(V) oxidation state is
evident (at 572 nm). The other features of the spectrum appear to correspond to Pu(VI). The spectra of
this solution obtained at 9, 19, and 79 days are also shown in Fig. 111-24 and will be discussed below.
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Two subsequent dilutions of this solution were prepared 11 days after the initial solution
preparation. The first solution was made by adding 0.3 mL of the filtered stock solution into 3 mL of
WIPP brine, resulting in a 0.0023M plutonium solution. The spectra of this solution as a function of time
are shown in Fig. III-25. The second dilution was made by taking 0.3 mL of the 0.0023M solution and
diluting it to 3 mL with WIPP brine, resulting in a plutonium concentration of 2.3 x 10 4M. This solution
could not be monitored in the 600-700 nm region because the absorbance was too low. It was not tracked
as a function of time.
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The absorption spectrum of Pu(VI) in noncomplexing media was discussed in Sec. IlI.E.
The absorption spectra as a function of pH are shown in Fig. 111-18. The aquo species has an absorption
maximum at 622 nm, with three spectroscopically distinguishable hydrolysis products apparent at higher
pH: (1) a polynuclear species at 632 nm, (2) a polynuclear species at 638 rim, and (3) a lesser
characterized species at 655 nm. The 638 nm species was directly associated with pH hysteresis, as noted
by others in titration experiments.4 This hysteresis, based on our work, has unusually slow hydrolysis
kinetics in that re-equilibration after lowering of pH takes on the order of weeks. The species at 655 rim
was apparent at the highest pH and was associated with the formation of precipitates.

As evident in the spectra of Pu(VI) in WIPP brine shown in Figs. 111-24 and 111-25, the
initial dominant feature is a major peak at 638 nm with a shoulder at longer wavelength. The clear
differences between the spectra obtained in brine and that obtained in noncomplexing media indicate that
the speciation of the two is not equivalent. Exact speciation, however, cannot be precisely established
without additional supporting experiments. The concentration data, based on a calculated effective
extinction coefficient of 12.4 M-1 cm-1 at 638 nm and the published value of 19.3 M-' cm-1 for Pu(V) at
572 nm, are given in Table III-11.

Table III-11. Estimated Concentration of Pu(VI) and Pu(V) in Pu-Spiked WIPP Brine Experiments

Conc.,M
Time,
days ODM6  OD57  Pu(VI) Pu(V) Total Pu

0.023M Sol.
3 0.271 0.023 0.022 0.0012 0.023
5 0.265 0.021
9 0.254 0.035 0.020 0.0018 0.022
11 0.245 0.020
12 0.244 0.020
16 0.232 0.019
17 0.226 0.018
19 0.222 0.062 0.018 0.0032 0.021
79 0.189 0.085 0.015 0.0044 0.020

0.0023M Sol.

11 0.0335 0.004 0.0027 0.00019 0.0029
19 0.035 0.005 0.0028 0.00026 0.0031
79 0.0218 0.011 0.0018 0.00054 0.0023

'OD = optical density.

In the 0.023M solution (Fig. 111-25), there was a slow reduction of the Pu(VI) to Pu(V), as
evidenced by the increase in the absorbance at the 572 nm band. This absorption band is characteristic of
the aquo species and is much more straightforward to interpret than the Pu(VI) band since significant
hydrolysis of Pu(V) should not occur until pH>9. The shape of the Pu(VI)-related features (at 638 nm
band) up until day 19 after solution preparation shows little change. There, however, is a significant
change in the 638 nm band between day 19 and day 79 that cannot be fully understood based on the data
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we have obtained to date. Here, the predominance of the longer wavelength shoulder increased with time.
In, all the analyses of this solution, we observed no visual evidence of precipitation or a significant
increase in background absorbance (indicating colloidal scattering of the light).

The estimated decrease in Pu(VI) concentration, based on absorbance at 638 nm, is given in
Table 111-11 and shown as a function of time in Fig. 111-26. Also shown in this figure is the increase in
the Pu(V) concentration and our estimate of the total plutonium concentration. This is a nonrigorous
interpretation of the spectra shown since both total Pu(VI) concentration and its speciation clearly change
as a function of time. The "effective" extinction coefficient at 638 nm is not, therefore, truly
representative of the 79-day spectrum observed. Even with these qualifications, our results account for
over 80% of the initial plutonium present in the solution. Since there was no increase in background
absorbance and no visual evidence of precipitates, we inferred that a more precise spectroscopic analysis
would indicate that all the plutonium initially present was being retained in solution.

The lower concentration (0.0023M) sample (Fig. 111-25) showed little change in the 638 nm
band and associated shoulder as a function of time. The normalized concentrations in this sample are also
given in Table III-11. A with the higher concentration sample, no evidence of precipitation or change in
background scatter was observed.
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Fig. 111-26. Estimated Concentrations of Pu(VI), Pu(V), and
Total Pu in WIPP Brine as Function of Time

The spectra obtained provide some guidelines as to the species present in solution. Two
effects and spectral features were noted. First, the formation of Pu(V) was evidenced by an increase in
absorbance at 572 nm. The absorbance for this species initially increased linearly, in intensity, with time
and then approached a steady state or plateau value. Second, absorbance related to Pu(VI) was noted in
the 600-700 nm region. This effect was produced by a composite of two bands: (1) a 638 nm band that
was associated with the second hydrolysis product in noncomplexing media, which is polynuclear and
probably 3:5 in character (see Table 111-7), and (2) a red-shifted shoulder that, based on our previous
work, 50 is due to the presence of the brine. The spectral shape as well as intensity in this region of the
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spectrum changed with time. The longer wavelength shoulder appears to be more stable toward reduction
than is the shorter wavelength species but cannot be characterized based on our work to date.

The conversion from Pu(V) to Pu(VI) appears to decrease with time. This is consistent with
the results reported by Kim et al.,49 who showed that the Pu(V) initially generated in Pu(VI) spiked brines
was, in time, reoxidized to Pu(VI). This resulted from the buildup of chlorine-based oxidizing species in
solution due to radiolysis. The predominance of Pu(VI) has also been confirmed in other work performed
at ANL5O and predicted by Aston.s'

Although significant questions remain about the speciation of Pu(VI) and Pu(V) in WIPP
brine, our preliminary experiments suggest that essentially all the plutonium can be retained in solution at
0.023 and 0.0023M total concentrations for the 2-3 month durations in the planned gas generation
experiments.
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