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NUCLEAR TECHNOLOGY PROGRAMS
SEMIANNUAL PROGRESS REPORT

October 1986-March 1987

ABSTRACT

This document reports on the work done by the Nucle?.r
Technology Prograis of the Chemical Technology Division, Argonne
National Laboratory, in the period October 1986-March 1987. Work
in applied physical chemistry included investigations into the pro-
cesses that control the release and transport of fission products
under accident-like conditions, the thermophysical properties of
metal fuel and blanket materials of 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.
Another effort is concerned with examining the feasibility of sub-
stituting low-enriched for high-enriched uranium in the production
of fission product 9 9 Mo. In the area of waste management, investi-
gations 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

LWR Fission Product Chemistry. The Division is engaged in calculational
and experimental efforts to investigate fission product release and transport
from a light water reactor (LWR) under accident-like conditions.

In one such effort, the chemical form and rate of release of fission
products from a defected LWR fuel pin are being determined by quadrupole
mass spectrometry. Experimental results indicated that, at 1073-1873 K
(800-1600*C), the rates of release for cesium and xenon are about 103 lower
than previously assumed in degraded-core accident analysis.

In earlier experiments, CsOH, CsI, Te, or mixtures of two or more of
these substances were injected into a flowing superheated steam/hydrogen gas
mixture at 1273 K (1000 C). This mixture flowed down a reaction duct on which
a temperature gradient had been imposed. During this report period, the
principal activity has been the analysis of the experimental data and the
development of a model to predict the behavior of volatile fission products in
this environment. A simple model, based on chemical equilibrium in the gas
stream and standard correlations of mass transfer, has been developed. The
computed and observed amounts of CsI and CsOH collected in the duct were in
good agreement.

Another effort involves investigation into the release of refractory
fission products--strontium, barium, and the rare earths--from the molten

core-concrete mixtures that would form if a molten core penetrated the bottom
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of a reactor vessel in a severe accident. The vaporization of the core-
concrete mixtures is being experimentally measured using a transpiration
method. For these measurements, mixtures of stainless steel, concrete
(limestone or basalt), and urania (doped with La203, SrO, BaO, and Zr02) are
vaporized at 2150 K from a zirconia crucible into flowing He-6% H2 gas. The
fraction of the sample that is vaporized is determined by weight change and by
chemical analyses on the condensates that are collected in a condenser tube.
The results are being used to test the thermodynamic data base and the under-
lying assumptions of computer codes employed for prediction of release during
a severe accident.

An effort is underway to collect and analyze thermodynamic and vapor
pressure data of the more-abundant species in the Cs-I-O-H system at high
temperatures (>725 K). This study was stimulated by the suggestion that the
previously uncharacterized species, CsICsOH(g), contributed to iodine trans-
port in our earlier experiments on the downstream behavior of volatile fission
products. Experiments utilized both transpiration and Knudsen effusion mass
spectrometry for analysis of the vapor phase. Results to date strongly sup-
port a stable CsIPCsOH complex molecule. Further, our studies of the CsOH
system indicate that the total pressure of CsOH vapor species (monomer and
dimer) above condensed CsOH is a factor of 10 lower than previously reported.

Thermophy ical Properties of Metal Fuels. An assessment of the data
available on tae thermophysica properties of metal fuel and blanket materials
for the Integral Fast Reactor revealed some important gaps. Our ongoing
program is designed to correct the most important of these deficiencies by
performing selected experiments. Currently, progress has been made on deter-
mining the thermal expansion of U-8.4 wt% Pu-1.3 wt% Zr alloys, the thermal
conductivity of U-11.4 wt% Zr alloy, the solidus and liquidus temperatures for
the U-Pu-Zr system, and the fuel-cladding compatibility in a nitrogen-helium
environment.

Fusion-Related Research. A critical element in the development of the
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.

One study is focused on determining the adsorption, dissolution, and
desorption characteristics of the LiAlO 2-H20 system--a candidate breeder
blanket. Isotherms at 673 and 773 K were derived from surface adsorption of
H20(g) and for solubility of OH- in LiA102 as a function of H2 0(g) partial
pressure. The surface adsorption curves were of the Freundlich type, indi-
cating surface heterogeneity such as the presence of more than one kind of
surface site for adsorption. The solubility curves suggested that LiAl5O8 is
soluble in LiAl02 at 673 K, but not at 773 K. The rate of H20(g) evolution
from LiAlO2 showed the kinetics of the process to be second order in
hydroxide.

A model based on a hierarchical effective medium theory has been devel-
oped to investigate the thermal conductivity properties of polydispersed
powders as solid breeders. The model was applied to the case of a poly-
dispersed U02 powder immersed in helium gas at temperatures of 400-1000 K and
pressures of 0.1 to 1 MPa. Excellent agreement with literature data was
obtained.
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A computer model has been developed to predict tritium release from a
ceramic breeder. In this model, it is assumed that diffusion and desorption
are the rate-controlling mechanisms. Calculated results showed excellent
agreement with observed values of tritium release from Li2SiO3 samples under a
pure helium purge gas (from the LISA experiment). Work is in progress to
develop a more sophisticated model that takes into account transport in the
gas phase.

Since permeation losses from thermally hot blanket systems can be severe,
methods are needed to reduce the molecular tritium partial pressure in these
systems. A method that has been proposed is the oxidation of tritium to
tritiated water. Experiments are in progress to study tritium oxidation in a
stainless steel apparatus. Results to date indicate that the yield of
tritiated water increases with oxygen concentration in a helium sweep gas.

For fusion to be attractive as an alternative energy source, the direct
capital cost of the reactor per kilowatt-hour and the bus-bar cost of elec-
tricity have to be significantly reduced. A goal of our current design study
is to evaluate the economic impact of innovative design concepts on capital
costs and operating costs for a tokamak-based reactor. The cost for a recent
fusion reactor design, the tokamak power systems reactor plant, was found to
compare favorably with 1000 MW fission and fossil power plants.

In neutron dosimetry and damage analysis, neutron facilities are being
characterized in terms of neutron flux and energy spectrum, which can be used
to calculate atomic displacements and transmutations. These damage parameters
can also be used to correlate properties changes and to predict materials per-
formance in fusion reactors. Dosimetry measurements and damage calculations
are reported for materials irradiations in the High Flux Isotopes Reactor at
Oak Ride National Laboratory and the Omega West Reactor at Los Alamos National
Laboratory. Recent research has also focused on measuring production rates
for long-lived isotopes in order to assess potential waste-handling problems.
Results are reported for "6 Fe, 63 Ni, and 59 Ni at neutron energies near 14 MeV.

Separation Science and Technology

The Division's work in separation science and technology consists of four
projects. Three of these projects are concerned with removing and concentrat-
ing 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-diisobutylcarbamoyl-
methylphosphine 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). The fourth
project, which is unrelated to the first three, is concerned with examining
the feasibility of substituting low-enriched uranium for the high-enriched
uranium currently used in the production of 99 Mo.

TRUEX Technology Base Development. This effort involves development of a
generic data base and modeling capability for the TRUEX solvent extraction
process. This capability will allow us to design flowsheets for specific
waste streams and to predict the cost and space requirements for implementing
a site- and feed-specific TRUEX process. Work in this report period was
chiefly concerned with collection of batch distribution-ratio data to be used
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in modeling the partitioning behavior of actinides and important components of
nuclear waste. The distribution ratios for Fe, Zr, several rare earths, Pu,
Am, and Tc were determined as a function of TRUEX solvent composition, aqueous
phase composition, and temperature.

The effect of sodium nitrate and aluminum nitrate on the extraction of
nitric acid by the TRUEX-NPH and TRUEX-TCE solvents was measured and success-
fully correlated to both aqueous phase nitrate and nitric acid activities. A
thermodynamic model that describes the acid extraction behavior of both CMPO
and TBP alone, in addition to the TRUEX solvents, was also developed. This
model is the first step toward the development of metal extraction models for
the TRUEX process. Other acids whose extraction behaviors have been studied
are H2SO4 and HF. The effects of nitrate salts on HF extraction are under
study.

PUREX-TRUEX Processing of Chloride Salt Wastes. The objective of this
effort is the development of a solvent extracUi'v process to remove Pu and Am
from chloride salt wastes being stored at Los Alamos National Laboratory
(LANL). The process involves two parts: Pu(IV) is recovered in a PUREX-TCE
cycle, then the Am and other transuranic elements are removed from the salt
wastes in a TRUEX-TCE cycle.

Distribution ratios were measured for Pu(IV), Zn(II), Fe(III), and HC1
between PUREX-TCE solutions and either HCl or acidic chloride solutions. The
results showed that, while Pu(IV) can be readily recovered under the appro-
priate conditions, separation from impurities such as Zn and especially Fe may
be difficult. The Pu(IV) distribution ratios measured between 25% TBP and HC1
solutions at 25 and 400C indicated that Pu(IV) can be extracted from aqueous
phases containing at least 5M HC1 (chloride activity of -20) and stripped
from aqueous phases containing less than 3M HC1 (chloride activity of -4).
Temperature effects on the distribution of Pu(IV) were minimal compared to the
effect of aqueous-phase HCl concentration. Distribution ratios for Pu(IV)
between 6M 1C1 and TBP in TCE solutions showed a third-order dependence on the
TBP concentration of the organic phase at low concentrations and a second-
order dependence on TBP concentration at high concentrations. For aqueous
phases containing simulated salt wastes, distribution measurements for Pu(IV)
showed fifth-order dependence on chloride activity of the aqueous phase. The
Zn distribution ratios between 25% TBP in TCE and HC1 solutions suggest that
Zn can be separated from Pu by loading the solvent with Pu, whereas the Fe
results do not suggest an easy means of separating Fe from Pu. Distribution
measurements made for HC1 between 25 and 35% TBP in TCE and HC1 solutions at
25 and 400C showed that the amount of HC1 extracted into the organic phase
increases linearly with the activity of HC1 in the aqueous phase up to the
point when the organic phase becomes loaded. The HC1 distribution measure-
ments made in the presence of chloride salts behave identically to the
measurements made in the absence of the chloride salts when plotted as a
function of the HC1 activity of the aqueous phase. Two processes marketed by
International Dioxide, Inc., were determined to be effective as a means of
controlling the oxidation of Pu(III) by sodium chlorite.

Dispersion numbers for a combination of organic and aqueous phases were
measured to define maximum flow rates for use of centrifugal contactors in
processing HCl/brine solutions. Densities of TBP in TCE solutions and aqueous
solutions containing chloride salts and/or HC1 were also measured. Finally,
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information concerning the use and performance of centrifugal contactors at
LANL was reviewed, and recommendations on contactor operations were made.

Processing Waste from Plutonium Finishing Plant. In this effort, the
Division is providing Rockwell Hanford Operations with the technical support
that is required to implement TRUEX processing of the waste streams in its
Plutonium Finishing Plant (PFP).

As a first step in identifying key points for process monitoring and
control, an electronic worksheet (spreadsheet) is being developed to perform
stagewise solvent extraction calculations. This worksheet, called SASSE
(Spreadsheet Algorithm for Stagewise Solvent Extraction), is now able to
determine the effect of varying flow rates for all currently designated PFP
flowsheet streams as well as the effect of varying the extractant concen-
tration between 0.1 M and 0.4 M. In this report period, correlations were
derived for the distribution coefficients for americium extraction by TRUEX
solvent and incorporated into SASSE. Comparison of experimental data with
SASSE results for americium concentration in each stage of the extraction
process showed excellent agreement.

The SASSE worksheet was used to identify key parameters for monitoring
and controlling the TRUEX process as it runs in a centrifugal contactor. One
of the key parameters was found to be CMPO concentration in the solvent.
Because of the high density of the diluent, the solvent density can be used to
maintain control of the CMPO concentration. To facilitate this, the solvent
density was correlated with temperature and concentrations of TCE, TBP, and
CMPO.

Production and Separation of 9 9Mo from LEU Targets. The effect of low-
enriched uranium (LEU) substitution for high-enriched uranium (HEU) in 9 9 Mo
production was studied. The use of uranium silicide fuels for uranium
aluminide requires changes in current chemical processing, especially during
the initial basic dissolution step. Purification of Mo from both LEU and HEU
after acidic dissolution resulted in (1) high yields and good separation from
impurities using a-benzoinoxime precipitation and (2) poor yields and
separation with silver-coated activated charcoal columns.

High Level Waste/Repository Interactions

Investigation of the volcanic tuff beds of Yucca Mountain, Nevada, as a
potential site for a high-level waste repository is a function of the Nevada
Nuclear Waste Storage Investigations (NNWSI) Project. As part of this effort,
the interaction of actinide-doped SRL 165 type glass with the unsaturated
repository environment is being studied by the NNWSI Unsaturated Test method.
The test apparatus provides for collection and containment of liquid and
support of the waste package. The waste package consists of the glass waste
form and a metallic (304 L stainless steel) holder presensitized by heat
treatment. A solution feed system injects rock-equilibrated well water into
the test apparatus at 900C.

Results from batch and continuous tests completed through 18 months
demonstrated that several interactions are important for controlling both the
reaction of the glass and the release of radionuclides. These interactions
include (1) the reaction between the glass and moist air during interludes of
liquid water contact, which results in the release of alkali metals from the
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glass, and (2) the reaction between standing water, glass, and presensitized
steel, which results in breakdown of the glass matrix and the release of
radionuclides from the glass-metal assemblage. A comparison of the results
from the Unsaturated Test with those from parametric experiments illustrated
the importance of presensitized steel in enhancing the glass reaction and
demonstrated the applicability of the Unsaturated Test to those conditions
anticipated to exist in the NNWSI repository horizon.

As part of the NNWSI Project, parametric experiments have also been
initiated to elucidate the fundamental processes that occur during protracted
reaction of silicate and borosilicate glass surfaces with water and to
investigate the rate and products of vapor-phase hydration of nuclear waste
glasses. In addition, experiments are being performed to determine the
influence of penetrating gamma radiation (up to 2 x i0 R/h) on the waste
glass performance at 90C and to measure radionuclide release rates for spent
reactor fuel immersed in water at ambient temperature.

The thermochemical properties of several minerals (schoepite, dehydrated
schoepite, clinoptilolite, dehydrated clinoptilolite, tobermorite, and four
synthetic faujasites) were determined by calorimetry measurements and thermo-
dynamic calculftionc. This information should be useful in research into
nuclear waste burial.

An experimental effort is underway to determine the suitability of a
basalt formation. a,s a repository site. The predominant type of ionizing
radiation ia the early period of the repository will be gamma radiation.
Tests are being performed to measure the effects of irradiating low-carbon
steel coupons, basalt, packing (75% basalt, 25% sodium bentonite), and
synthetic groundwaters containing small amounts of CH4 at a dose rate of

104 rad/h and temperature of 2000C. The results to date indicate that
radiation at a dose rate of 104 rad/h alters the gas, liquid, and solid phases
in tests which contain various combinations of the waste package components.

Laser photoacoustic spectroscopy (LPAS) is being developed as a method
for trace-level detection and speciation of actinides in groundwater near a
basaltic repository. An LPAS system has been constructed for analyses of
radionuclide solutions, and results will soon be available. Laser induced
fluorescence is also being investigated as a tool for this analysis.
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I. APPLIED PHYSICAL CHEMISTRY
(C. E. Johnson)

The program in applied physical chemistry involves studies of the thermo-
chemical and thermophysical behavior of selected materials in environments
simulating those of fission and fusion energy systems.

A. LWR Fission Product Chemistry

The objective of this effort is to understand the processes that control
the release and transport of fission products from light water reactor (LWR)
fuel so that accurate predictions can be made of the "source term." We are
investigating (1) the release of fission products from a breached fuel pin;
(2) their transport, condensation, and deposition within the primary reactor
system; and (3) their release during the interaction of molten fuel with the
concrete basemat.

1. Release of Fission Products from Breached Fuel
(Irving Johnson)

The goal of these studies is to determine the chemical form and the
rate of release of fission products from a defected LWR fuel pin. In these
experiments, a sample of irradiated fuel is inductively heated, and the
gaseous species released from the sample are identified and measured with a
quadrupole mass spectrometer.

Our present work is directed toward determining the chemical form of
the Cs, I, and Te species released from the irradiated fuel. It was assumed
that iodine would be released as molecular CsI. Therefore, the sensitivity of
the mass spectrometer for the detection and measurement of CsI was measured
before and during experiments with irradiated fuel samples. These calibration
experiments were done by replacing the irradiated sample with a Knudsen cell
that contained pure CsI. These experiments indicated that the release of
about 2 x 10Oa g/s of CsI could be detected. A sample of irradiated CANDU*
fuel had an estimated iodine content of about 2.1 x 10- g (4.4 x 10-3 g as
CsI); hence, the minimum detection limit would be about 2.7 x 10-5 fraction
per minute. If the release of iodine followed the predictions given in the
Nuclear Regulatory Commission report NUREG-0772 and if the iodine was released
as CsI, it should be detected.

In an experiment in which a sample of irradiated CANDU fuel was
used, the condensable volatile species released from the sample were collected
on removable plates. These plates were leached with water and the leachants
were analyzed for cesium and iodine. The cesium was determined radiochem-
ically and the iodine was determined by an ion chromatographic method. The
data for three periods of heating the sample are given in Table 1-1.

We estimated that about 70% of the molecules that escape from the
Knudsen cell orifice were intercepted by the removable plate. If it is
assumed that each molecule that strikes the plate sticks, then the numbers in
Table I-1 should be increased by 30% to obtain the total amount that escaped
from the sample. The total cesium was computed from the mass spectrometric

The heavy-water/natural uranium thermal reactor developed by Canada.



8

Table I-1. Radiochemical and Wet Chemical
Analyses of Samples

Radiochemical Chemical

Test Test Conditions Analyses, pg Analysis, pg
Test
No. Temp., C Time, min Cs-134 Cs-137 I~

1 914 28 0.02 1.03 5.1

2 1370 70 3.3 159 <1

3 800-1600 246 0.12 5.4 (2

observation that the Cs-137 peak was about 43% of the other two peaks,
which were due to Cs-133 and Cs-135. If all of the iodine collected in
the first test is assumed to be CsI, then the average rate of release is
3.6 x 10-10 g/s. (The total time of collection for the first sample was
690 min.) This release rate would lead to an ion current of 1.8 x 10-11 A,
which is about one order of magnitude below the detection limit of the mass
spectrometer under the conditions of these tests.

If it is assumed that the iodine is released as CsI, the cesium
release data can also be used to estimate iodine release rates, which then can
be used to compute an ion current for CsI. In this computation, the
fractional release of Cs and I is assumed to be equal. From the cesium data
given in Table I-1, the ion currents for CsI are estimated to be 4.8 x 10-13,
3.8 x 10-10, and 5.8 x 10-12 A for the three tests. Only in the case of
test 2 is the estimated ion current for CsI large enough to be detected.
Neither mass spectra peak due to CsI or I was observed during test 2. This
suggests that either the assumption that the fractional release rate of cesium
and iodine are the same or that the iodine is released as CsI is not valid.

The fractional release of xenon was found to be about 10 times that
of cesium. In current reactor-safety prediction codes, the fractional rate of
release of xenon and cesium is assumed to be the same, but this has not been
observed in our studies.

From these studies, we find that iodine was not released as CsI at a
rate that could be detected with the mass spectrometer (above about 3 x 10-5
fraction per minute). In addition, atomic iodine was only occasionally
detected. Since iodine was most likely released, its rate of release must
have been very low (i.e., iodine release may not track the cesium release), or
the iodine form was not detected by our experimental apparatus. If the iodine
was released as negative ions, it would not have been observed since negative
ion detection was not used in our mass spectrometric studies. No additional
studies are planned.

2. Downstream Behavior of Volatile Fission Products
(Irving Johnson)

During a loss-of-coolant accident, the temperature of the fuel will
rise above its normal operating temperature and lead to the rupture of the
cladding and the release of fission products. We are investigating the
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interaction of these fission products with a steam/hydrogen mixture, which
would flow up from the lower regions of the reactor core. The objective of
these studies is to characterize the chemical and physical processes that
determine the downstream behavior of the mixture of fission products and steam
as it flows from the high-temperature region of the fuel to the cooler plenum
region.

In our earlier work, laboratory experiments were done by injecting
either CsOH, CsI, Te, or mixtures of two or more of these substances into a
flowing superheated steam/hydrogen gas stream at 1273 K (1000C). This mix-
ture flowed down a reaction duct (9.4.-cm ID, 3.6-m long) on which a temper-
ature gradient [from 1273 K (1000 C) at the beginning of the duct to 473 K
(2003C) at its end] had been imposed. The concentrations were chosen so that
all of the fission products were gases at the highest temperature. As the
temperature of the flowing gas stream decreased, condensation on the wall took
place. The rate of condensation on the wall was found to be too low to avoid
supersaturation of the gas phase and the resulting aerosol formation. There-
fore, in the cooler regions of the duct, all of the deposit on the walls was
the result of aerosol deposition.

Two different temperature profiles on the duct were used after the
sample injection. In the earlier experiments, the duct heaters were turned
off after sample injection, and the duct was allowed to cool with a low flow
of argon passing down the duct. In the later experiments, after the injection
was completed, the temperature of the duct in the regic.4 where most of the
vapor condensation occurred was rapidly heated to about 1273 K and the steam
flow was continued for another 30 min. The heaters were then turned off and
the duct allowed to cool with a low flow of argon. These later experiments
were intended to simulate what might occur in a loss-of-coolant accident in
which the deposit that forms on the wall of the pressure vessel early in the
accident revaporizes due to radioactive decay heating.

During this report period, the principal activity has been the
analysis of the experimental data and the development of a model to predict
the downstream behavior of volatile fission products. The objective of the
model development is to be able to predict the amount and composition of the
deposit found on each liner (the reaction duct consists of 12 removable
liners) and in the tail-pipe collector from the following data: gas (steam)
flow rate vs. time profile, the sample composition, the rate and duration of
sample injection, the temperature vs. time profile of the reaction duct, and
the duration of the experiment. The model will take into consideration
chemical reactions in the gas, chemical reactions between deposited materials
and the surface, chemical reactions between gaseous species and the surface,
and the volatility of the deposited materials. In addition, the rate of vapor
deposition and revaporization under a concentration gradient, the formation
and growth of aerosols, and the rate of deposition of aerosols will be
included in the model. When completed, the model can be used to predict the
behavior of volatile fission products during loss-of-coolant accidents in the
large computer codes now used to, predict accident consequences.

To model our experiments, the reaction duct was divided into 60
equal volume elements. The change in composition of the gas and in the
composition and amount of deposit on the wall of each volume element is
computed stepwise as the gas flows down the reaction duct. The mass balance

for each volume element is computed by considering the chemical species and
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aerosol present in the incoming gas stream, the rate of vapor deposition
(condensation) or revaporization, the rate of aerosol deposition, the rate of
gas-species surface reaction, the composition of the deposit, and the compo-
sition of the outgoing gas. The composition of the incoming gas stream is
computed by assuming that chemical equilibrium exists. In the present stage
of model development, all condensed phases are assumed to exist as pure
substances and lumped together as "aerosol." The input data to this part of
the calculation are the gross gas composition and the temperature. The
computation of the rate of vapor deposition (or revaporization) is based on
the results of the work of Linton and Sherwood' for streamline flow, which can
be represented by the equation:

(c - co)/(c. - co) = 5.5(W/DLpL)-2/3  (I-1)

where c is the concentration (g/cm3) in the exiting stream, co is the concen-
tration in the inlet stream, c. is the concentration at saturation, W is the
flow rate (g/s), DL is the molecular diffusivity (cma/s), p is the density
(g/cm3), and L is the length (cm). This equation, when applied to heat flow,
is known as the Leveque equation. The gas flow rate is obtained from the rate
of steam flow, and the density is computed from the temperature and the steam
pressure. The molecular diffusivity was estimated using the method reported
by Wilke and Lee.2

At the present stage of development, the model uses an empirical
method to estimate the rate of aerosol deposition; a model based on the
physics of aerosol behavior will be incorporated at a later date. Analysis of
the observed deposition data in the cooler part of the duct indicates that 0.2
to 0.3% of the aerosol present in the flowing gas stream is deposited in each
volume element.

The model development was begun by analyzing the results of one of
the early experiments in which a mixture of CsOH and CsI was injected. The
duct heaters were turned off 9 min after a 6-min injection was completed.
Thus, in this experiment, the injection period was followed by a 9-min
revaporization period. To model the results, then, both the deposition and
revaporization had to be considered.

When the results for this experiment were examined, we found that
deposition of CsI began at a lower temperature (50-100*C) than would be
expected from the concentration of CsI in the sample. The onset of CsI
deposition was one liner (30 cm) further downstream from what had been
observed in an experiment in which only CsI had been used at about the same
concentration. The formation of a complex, CsI'CsOH, in the gas phase was
postulated to explain these results. Subsequent mass spectrometric and
transpiration studies of the CsOH-CsI system (see Sec. I.A.5.a) confirmed that
such a complex species is formed. Hence, the gas phase in this experiment can
be treated as containing the normal species in equilibrium with CsI and CsOH
(monomers and dimers), as well as the complex CsI'CsOH. Since the stability
of this complex was not known, it was estimated using the relation:

K3 = k (KK2)'/
2

(I-2)
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in which K3 is the equilibrium constant for the formation of the complex from
gaseous CsI and CsOH, k is a constant between 2 and about 5, K1 and K2 are the
equilibrium constants for the formation of the dimers of CsI and CsOH, respec-
tively. Using the hypothesis that the deposition pattern was affected by the
formation of gaseous CsI'CsOH, we developed an algorithm to compute the par-
tial pressure of CsI and CsOH from the gross amounts of CsI and CsOH that
entered the reaction volume. These partial pressures were used to compute the
rate of vapor deposition of CsI and CsOH during the injection period, which
was determined from Eq. I-1. Only gaseous CsI and CsOH were assumed to
participate in the vapor deposition process.

When the vapor pressure of pure CsOH was used to compute the
revaporization of CsOH during the 9-min period in which the heaters were off
and the steam was flowing, the calculated CsOH revaporized was much larger
than observed. Thus, the effective vapor pressure of CsOH is significantly
lower than that of pure CsOH (the relatively small amount of CsI present in
the deposits would not affect the CsOH vapor pressure enough to account for
the discrepancy). Recently, Alexander3 reported that, when CsOH reacted with
the surface of oxidized stainless steel, its partial pressure was very much
lower than that of pure CsOH. Alexander explained his observation in terms of
the reaction of the CsOH with some component of the surface oxide. Our scan-
ning electron microscopy (SEM) observations of cesium in deposits formed on
tabs located in the higher temperature region of the duct indicate a uniform
distribution of the cesium and, hence, reaction with a major component of the
oxide scale. To help understand the observed results, we assumed that cesium
ferrite, CsFeO2 , was formed. Therefore, the vaporization reaction would be

2CsFeO 2 + H2 0 = 2CsOH(g) + Fe203  (1-3)

When the partial pressures computed from this equilibrium were used, the
predicted revaporization of CsOH was less than observed. Hence, the observed
behavior is between that computed for pure CsOH and the cesium ferrite. This
is in agreement with Alexander's observation that the apparent partial pres-
sure of CsOH depended on the amount of CsOH in the deposit and increased
rapidly when the amount of CsOH in the deposit increased. Thus, the extent
that CsOH can react with the stainless steel is apparently limited, probably
by the amount of oxide scale and the temperature. To model these reactions,
we assumed that the partial pressure of CsOH varies between that of CsFeO2 and
CsOH as the amount of CsOH varies between 0.1 mg/cm2 and about 14 mg/cma.
Below 0.1 mg, the partial pressure was computed from Eq. 1-3; between 0.1 and
14 mg, the partial pressure was assumed to be that of liquid CsOH multiplied
by the ratio of the amount to 14. The largest observed deposit was about
3 mg/cm 2 .

The observed and computed deposition of CsI is plotted in Fig. I-1.
The computed deposition of CsI is given for both the end of the injection
period and the end of the 9-min revaporization. These computations assumed
that the value of k (Eq. 1-2) is 2, and that pure CsI is present in the
deposit. The agreement between the observed and computed values is good
enough to conclude that the process is well represented by the model. Since
the partial pressure of CsOH in the gas phase affects the revaporization of
CsI (because cf the formation of the CsI'CsOH complex), changes in the
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computed revaporization behavior of CsOH will change that of CsI. The com-
puted revaporization of CsOH is close enough to that observed so that only
small changes in the computed revaporization of CsI are expected. The
observed and computed deposition of CsOH is plotted in Fig. 1-2.
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These analyses of the experimental data and model development are
continuing. No further experimenta. work is planned.

3. Fission Product Release from Core-Concrete Melt
(M. F. Roche, J. L. Settle, and Leonard Leibowitz)

The objective of this study is prediction of the release of
refractory fission products--strontium, barium, and the rare earths--from the
molten core-concrete mixtures that would form if a molten core penetrated the
bottom of a reactor vessel in a severe accident. To this end, we are mea-
suring the vapor transport of the major elements in mixtures of urania (doped
with La, Sr, and Ba), stainless steel, Zircaloy, and concrete (either lime-
stone or basalt type) at 2150 K and a fixed AG(02) of -100 kcal. Measurements
on both the individual components and their mixtures are being conducted. In
addition, the experimental data are being compared with results calculated by
the SOLGASMIX code.4 This comparison will test the adequacy of the simple,
ideal-solution models that are often used in this type of computer code.

The amounts of materials employed in a typical vapor-transport
experiment are as follows: limestone or basalt concrete, 5 g; Ut 2, 5 g, doped
with 0.06 g La and 0.006 g B2. and Sr; stainless steel, 5 g; and Zircaloy
cladding, 1 g. These materials are heated in a Zirconia crucible within a
Mo-30W furnace tube. Transported materials are condensed in a W or Mo tube,
extracted with an acid wash; and analyzed by inductively coupled plasma/atomic
emission spectroscopy (ICP-AES). The gas passing over the sample is He-6%
H2-0.06% H20; this H3-to-H 20 ratio is equivalent to a AG(02) of -100 kcal.
The flow rate of the gas is 100 to 200 cm3 /min (measured at 250C), and 15 to
25 L of gas is used. A quadrupole mass spectrometer (QUAD 1210A, CVC
Products, Inc.) provides on-line monitoring of the hydrogen in both the inlet
and exit gas streams during the course of each run. This spectrometer is not
sensitive enough to measure the 600 ppmV H20 in the gas stream; the water
concentration in the exit gas is measured with an electrolytic hygrometer.

Figure 1-3 plots the calculated amounts of the gaseous forms of the
elements (metals, oxides, hydroxides, and hydrides) released from the steel
components at 2150 K and in 0.86 mol of helium. Similar plots are given for
gaseous species released from the limestone-concrete components (Fig. 1-4) and
the refractory fission products (Fig. 1-5). From the Zircaloy cladding, a few
thousand micrograms of tin and up to 0.2 pg of Zr are also released to the gas
phase. In each figure, the predicted uranium release is shown for comparison
with the other elements. The number of gas-phase species included in the
SOLGASMIX calculations is 100; there are also 65 solid or liquid species
included in metallic and oxide phases. The thermodynamic data were obtained
from a variety of sources. 5-8

In Fig. 1-3, the Ni and Fe curves cross between -60 and -70 kcal.
Both a liquid slag (rich in FeO) and a solid oxide mixture are predicted to
coexist with a liquid metal phase (Ni rich) and gas phase at -60 kcal. Only
the solid oxide, a liquid metal phase (Fe rich), and gas phase are predicted
to coexist over the range -70 to -130 kcal.

To date, blank runs and runs with stainless steel have been
completed. In the blank run, the temperature difference between the interior
of the Zirconia crucible within the furnace tube and the exterior of the
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furnace tube was measured to be 98-112* over the range 1500-2100 K (interior
temperature). Only the exterior thermocouple will be used in subsequent
experiments to avoid interactions between the thermocouple or its sheath and
the test materials. The hydrogen loss via diffusion through the furnace wall
was about 11% at 1810 K and 18% at 2100 K; this result is in reasonable
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agreement with our calculations using known diffusion coefficients. These
hydrogen-loss measurements were made with the quadrupole mass spectrometer.
The small H2 loss will have a relatively small effect on the oxygen potential.

In one staindess-steel run, a flow rate of 100 cm3 /min of carrier
gas was used for 146 min; in another, a flow rate of 200 cm 3 /min was used for
73 min (i.e., equal carrier gas volumes for both runs). The masses trans-
ported in these two runs were 171 and 153 mg, respectively. This result
indicates very little dependence of release on flow rate, as desired for gas
saturation.. According to SOLGASMIX calculations, 154 mg (58 mg Mn, 43 mg Fe,
34 mg Cr, 3 mg Ni, and 16 mg Si) should have been transported if the molten
steel formed an ideal solution and the gas was saturated. The good agreement
between the measured and calculated mass suggests ideal-solution behavior for
the molten steel. Chemical analyses are being performed to examine the
behavior of the individual elements in greater detail.

In the stainless-steel runs, the water content of the carrier gas in
the exit stream dropped precipitously from the input level of 600 ppmV to
under 100 ppmV as the samples were heated to 2150 K in 10 to 25 min, and then
more gradually to about 10 ppmV during the runs. A greenish-grey deposit was
found on the outside of the condenser tube from the 100-cm3/min run; its
presence in that location (about 10 cm upstream from the molten steel) was
probably due to back diffusion; chemical analyses are being conducted to
determine the amount of back diffusion. Manganosite (MnO) and possibly
tephroite (Mn2SiO4 ) were identified in the deposit by X-ray diffraction
analysis. According to the MnO-Si0a phase diagram,9 tephroite is the silica-
containing phase in equilibrium with MnO at low temperatures.

To understand the loss of water from
formation of deposits containing MnO and SiO,
cooling the carrier gas from 2150 K (saturated

the carrier gas as well as the
we calculated the effects of
with the steel vapor species)

++

o

K. L
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to 1800 K. A molten-metal phase, a solid-metal phase, and a liquid-oxide slag
containing mainly SiO 2 and MnO formed, according to the SOLGASMIX calculation.
The formation of the oxide-containing slag lowered the H20 content of the
carrier gas stream due to shifts in the equilibrium from SiO(g) and Mn(g) with
about 600 ppmV H20 at 2150 K toward Si02(l) and MnO(l) with about 200 ppmV H20
at 1800 K. This effect would continue to still-lower temperatures and water
contents because high concentrations of SiO(g) and Mn(g) (610 and 1270 ppmV,
respectively) still remained in the gas phase at 1800 K (the amounts present
at 2150 K were 930 and 1370 ppmV, respectively). Thus, the loss of water from
the carrier gas, along with a shift toward more negative oxygen potentials,
was due to deposition of the oxides of Mn and Si in the condenser tube.

The oxygen potential at the samples was controlled by keeping the
carrier-gas mixture (He-6% H2-0.06% H20) at a AG(02) of -100 kcal at 2150 K.
However, the water-to-hydrogen ratio in the cooled carrier gas differs from
that in the hot gas due to reactions with other gas-phase species. The ratio
used in earlier studies1o to calculate the oxygen potential was that found in
the cooled carrier gas; it yielded oxygen potentials that were in error.

For runs with U02 , we are preparing and analyzing doped material.
Disks of U02 containing 1 mol% La2 03 , SrO, and BaO were prepared by grinding
the oxides together and pressing. The disks were fired overnight at 1875 K
and then reground. A portion of the material was examined on the electron
microprobe (EMP). The La203 was distributed uniformly within the U02 par-
ticles, but the BaO and SrO were located together, mainly outside U02 par-
ticles. The disks were repressed and reheated to 2075 K for 1 h. The EMP
examinations of this reheated material again showed traces of BaD and SrO
within the U02 , but the BaO and SrO that had been located outside of the U02
particles had apparently volatilized. The material was analyzed by ICP-AES to
determine the concentrations of La, Ba, and Sr in the U02 . The amounts found
were 1.03 mol% La203 , 0.56 mol% SrO, and 0.037 mol% BaO. The solubilities of
BaO and SrO in the U0 2 matrix are apparently quite low (the activity
coefficients are high).

The preferred form of barium and strontium in U02 fuel is not
BaC and SrO, although a small amount of SrO does dissolve; it is instead
(Sr,Ba)Zr03 , which is present in the fuel as a separate phase. 11-13 We have
decided to shift our fuel preparation work in that direction. The doped U0 2
pellets are being reground with added BaD, SrO, and Zr02 and will be refired
to arrive at a final composition of U02 containing about 1 mol% La2 03 and
1 mol% Zr02 along with 1 mol% of the (Sr,Ba)Zr03 as a separate phase. This
material will be used in later transpiration experiments.

The next series of runs will measure the transpiration of limestone
and basaltic concretes at 2150 K. Since these concretes contain silica, we
can expect SiO(g) will again cause the water concentration in the exit gas
stream to be low. To predict the water content in the exit gas, we will need
to expand the computer calculations to handle a broad range of temperatures.

4. Fission Product Revaporization

(M. F. Roche, Leonard Leibowitz, J. D. Arntzen, and Irving Johnson)

The objective of this study is to provide data to model the reva-
porization of selected fission products, control-rod materials, cladding,

and structural components during a reactor accident. The compounds and
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elements under investigation are CsI, CsOH, TeO2 , SrO, Ag, In, Cd, and Sn.
The materials are placed in a Type 304 stainless steel boat within a heated
stainless steel tube at 773 and 1023 K. Steam is passed through the tube at a
controlled rate, and the vaporized materials are collected in cooler areas
downstream, removed, and characterized.

In experiments with metals, 1 g Ag, 1 g Cd, 0.14 g In, and 0.035 g
Sn were placed in the boat, and the transported material at 773 K (steam flow:
5 g/min for 45 min) and 1023 K (steam flow: 5.8 g/min for 30 min) was cadmium
metal. The percent of the cadmium transported was 18.4 and 66.6% in the 773
and 1023 K run, respectively. In experiments with compounds, 1.1 g CsOH'H2O,
0.2 g CsI, 0.2 g TeO2 , and 0.07 g SrO were placed in the boat, and the trans-
ported materials were Cs, I, and Te. The percent material transported at
773 K (steam flow: 3.5 g/min for 45 min) was 11.0, 9.8, and 10.5%, respec-
tively; the percent material transported at 1023 K (steam flow: 5.6 g/min for
15 min) was 60, 75, and 31%, respectively. For the 1023 K experiment, 14% of
the iodide was found to be in the iodate form (no iodate was found in analyses
of the samples from the 773 K experiment).

The general form of mass-transfer correlations is14

Nu = a(Re)"(Sc)Y (1-4)

where Nu, Re, and Sc are the Nusselt, Reynolds, and Schmidt numbers, respec-
tively. To derive the transport coefficients in this equation, we conducted a
series of mass-transport experiments in which the boat (containing water,
ethanol, or 1-butanol) was placed in a glass tube of the same diameter as that
of the experimental apparatus. Nitrogen gas at room temperature and flow
rates ranging from 5.3 to 17.7 L/min was passed over the boat, and the trans-
port rates of vapors of water, ethanol, or 1-butanol were determined from the
weight loss. Correction factors were applied to these experiments, the most
important being that all transport-rate data were corrected to a fill fraction
of 1.0 using calibration runs. Once corrections had been made, the data were
reasonably well represented by a standard correlation for mass transfer in
laminar flow from a flat plate of length equal to that of the boat:' 4

Nu = 0.66(Re)1/2 (Sc)/ 3  (I-5)

The water data were fit by the equation

Nu = 0.75(Re)1/2 (Sc)/ 3  (1-6)

with an acceptable correlation coefficient (0.952). The constant,
0.75 0.03, does not reflect any correction for meniscus effects (geometric
areas were used, i.e., a contact angle of 90*). If wetting occurs, the area
for mass transport will be increased because the liquid surface will be curved
(this correction depends on liquid surface tension). Use of the liquid area
for a contact angle of 00 (complete wetting) leads to a new constant of
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0.56 0.03. Our visual examinations indicated the actual wetting angle was
between 0 and 90*, thus suggesting that a value between 0.75 and 0.56 is
appropriate. The two values bracket the theoretical value of 0.66.

The 1-butanol data were fit by

Nu = 1.32(Re)1/ 2 (Sc)/ 3  (1-7)

but with a somewhat poorer correlation coefficient (0.90). In this case, the
constant, 1.32 0.06, must be altered because butanol spreads on Type 304
stainless steel. The correction for the meniscus leads to a constant of
1.23 0.06. This is higher than the theoretical value (0.66), and we
continue to search for an explanation of this puzzling result.

The ethanol data were fit by

Nu = 0.90(Re)1/ 2 (Sc)1/3  (I-8)

with a correlation coefficient of 0.92. The derived constant, 0.90 0.04,
requires the "meniscus" correction since ethanol also spreads on the steel.
The corrected value is 0.84 0.04, which is not very far from the theoretical
value of 0.66.

The above results indicate that we can employ a standard mass
transport equation to calculate revaporization phenomena. The remaining
parameters in evaluating questions of vaporization from complex mixtures
deposited in reactor accidents are vapor pressure, solubility, and activity
coefficients. The data from the steam experiments will be analyzed using the
standard mass transport model and an ideal-solution assumption. Comparison of
the calculated and experimental values will provide information on the
validity of this assumption.

5. Thermophysical Properties
(P. E. Blackburn)

a. Investigation of CsI-CsOH System

The objective of this effort is to obtain thermodynamic and
vapor pressure data of the more-abundant species in the Cs-I-O-H system. In
the duct experiments of Sec. I.A.2, CsI and CsOH vapors were added separately
and together to flowing steam at 1273 K (1000 *C), and the gas mixture was
subjected to a decreasing temperature gradient. Analysis of the condensate
revealed that the iodine-carrying gas (i.e., CsI and other iodides) condensed
at a lower temperature when CsOH was present in the gas mixture. It was
concluded that CsI and CsOH formed a more-volatile complex, reducing the CsI
molecules in the vapor. In this effort, we are investigating the mixed
iodide-hydroxide (CsI'CsOH) gases over a mixture or solution of CsI and CsOH.
For these studies, baseline data for CsI and CsOH are established separately
and then the CsI-CsOH mixture is studied. Review of the literature showed
fairly good agreement for the thermodynamic properties of CsI, a moderate
uncertainty for those of the CsOH monomer, and a large uncertainty for those



19

of the (CsOH)2 dimer. Because CsOH is likely to be the principal vapor
species released in an accident, the properties of (Cs0H)2 as well as CsOH
need to be established.

We measured the total CsI pressures over CsI by the transpira-
tion technique between 725 and 962 K. In the transpiration measurements, the
CsI sample was held in a silver crucible suspended from a vacuum balance and
heated by a resistance furnace. The crucible was surrounded by a silver
condenser tube through which a helium carrier gas was passed. Good agreement
was found between three sets of literature data1 5-17 and our measurements for
CsI vaporization. A third-law calculation of the heat of sublimation of
45.9 0.7 kcal/mol at 298 K was found for CsI solid sublimating to CsI(g).

We also completed transpiration measurements to determine total
CsOH pressures over liquid CsOH. There was reasonable agreement between
another transpiration study'7 and ours, but our pressures are about a tenth of
those calculated from JANAF tables.'8 The JANAF values are based on atomic
spectroscopy in flames for the monomer and mass spectrometry for the dimer.

Next, we used a mass spectrometer to measure the partial
pressures of vapor species over liquid CsOH held in a silver Knudsen cell.
The ion current for each of the positive ions was measured, multiplied by the
absolute temperature, and plotted in Fig. 1-6. The top curve is for Cs+,
which is believed to be a fragment of the CsOH monomer; the second curve is
for Cs0H+; and the third curve is for Cs2O1+, a fragment of (CsOH)2. The
Cs0H+ data were used to calculate the total pressure as CsOH monomer.
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Fig. 1-6. Product of CsOH Vapor Ion Currents
and Temperatures Measured with a
Mass Spectrometer
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Pressure can be calculated from the ion current and tempera-
ture by

P =K IT (I-9)

where P is pressure (atm), I is ion current (A), T is the temperature of the
vaporized material (K), and K is a constant for the instrument and geometry of
the system. Pressure can also be calculated by substituting the effusion rate
from the Knudsen cell into the Langmuir equation,

wt A (T /a

= 44.33 At \M/
(1-10)

where wt is weight loss (g), A is area (cm2), t is time (s), T is temperature
(K), and M is molecular weight (g). The total weight loss was determined by
weighing the Knudsen cell before and after the mass spectrometric measure-
ments. Next, Eqs. 1-9 and I-10 were combined and integrated over time to
solve for the constant K. Pressures were then calculated from Eq. 1-9.
Figure 1-7 shows, as a function of temperature, the pressures for CsOH vapor
species (monomer and dimer) determined from the JANAF tables and our mass
spectrometric work. The JANAF tables predict that the dimer will be more
abundant than the monomer below 800 K, and that the monomer will be the
dominant species above 800 K. Our data show CsOH monomer pressures about
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four-fold lower than those calculated with JANAF values. The largest
difference was found for the dimer, where the values are 100-fold lower than
the JANAF values at 800 K. When both sets of CsOH species (monomer and dimer)
are added, our pressure data are a factor of ten lower than the JANAF data but
are in general agreement with our transpiration results. This means that
calculated release rates in an accident should be decreased by as much as a
factor of ten also.

We used Eqs. I-9 and I-10 to calculate the pressures of CsOH,
(Cs0H)2 , CsI, and (CsI)2 gas over liquid CsOH and CsI. We assumed that the
ionization cross section of the dimer is twice that of the monomer. The total
weight loss for each measurement (i.e., over CsOH and over CsI) was appor-
tioned to the monomer and dimer by J2 times the intensity ratio of the monomer
to the dimer. The constant K in Eq. 1-9 for each dimer was taken to be half
of that for the monomer. Third-law calculations for the heat of vaporization
yielded AHV g298 = 36.330 0.448 kcal/mol for CsOH(g), AHvap298 =
37.199 0.727 kcal/mol for (CsOH)2(g), AHvap 298 = 45.039 0.315 kcal/mol
for CsI(g), and AHyap 298 = 55.931 0.519 kcal/mol for (CsI)2 (g).

We also used a transpiration system to measure the pressures
of the CsI-CsOH complex. Both CsI and CsOH vaporize as monomers and dimers,
i.e., as CsOH, (CsOH)2 , CsI, and (CsI)2. Besides these four gases, we also
expect to find the CsI-CsOH complex when the vapor is in equilibrium with a
solution of CsI and CsOH liquid. The partial pressures of the CsI and CsOH
(monomer and dimer) can be calculated from the activities of CsOH and CsI and
thermodynamic data for the condensed and vapor species. If the CsI'CsOH
complex pressure is significantly larger than that for the iodides or the
hydroxides, more iodine or hydroxide should be found in the condensate than
that calculated for the monomer and dimer species. Activities for the CsOH
and CsI solutions were estimated from phase diagrams for the KOH and KI
system.

Our transpiration measurements on CsOH-CsI mixtures consisting
of 0.885 CsOH-0.115 CsI are shown in Fig. 1-8. The top curve is the total CsI
pressure [CsI(g) + (CsI)2 (g)] in equilibrium with CsI liquid and solid; the
lower curve is that calculated for the activity of 0.115 mol CsI dissolved in
0.885 mol CsOH; and the middle curve is the measured total pressure of CsI(g),
(CsI)2 (g), and CsI'CsOH(g) complex. The difference between the middle and
lower curves is equal to the CsI'CsOH complex pressure. Using the estimated
activity coefficients for the CsI-CsOH system, we calculated that the CsI'CsOH
complex pressure is four times the CsI pressure. The data in Fig. 1-8 clearly
indicate a large increase in iodine content in the vapor when CsOH is mixed
with CsI, suggesting a stable CsI'CsOH complex molecule.

Since the activities of CsI and CsOH in the CsI-CsOH solution
are estimated, we have begun mass spectrometric experiments to measure the
activities. The concentration of the CsI'CsOH complex was based on CsI mass
balance measurements. A mass balance of CsOH will be used to confirm the
CsI'CsOH concentration.

b. Solubility of CsI'xH2O(g) in High Pressure Steam

The objective of this task is to investigate the CsI-H2 0 gas
system to determine if CsI molecules are hydrated at the high pressure and
high temperature that may exist in an LWR during an accident. The existence
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of hydrated CsI provides a mechanism for enhanced volatility of
increase in the transport of CsI from the reactor vessel.

the CsI and

Our literature search revealed only one investigation of alkali
halide hydrate gases. Sourirajan and Kennedy'9 studied the NaCl-steam system.
In this work, an autoclave was used to establish an equilibrium between NaCl
dissolved in liquid water and NaCl dissolved in steam. Concentrations were
measured by sampling the water solution and the steam solution. This work
covered the temperature range of 523-973 K (250-700*C) and pressure to
124 MPa. We have a two-liter autoclave that is capable of pressures to 37 MPa
and temperatures to 607 K (344*C). The upper limit for pressure in an acci-
dent is ~170 kP%. Because our autoclave is incapable of operating at temper-
atures and pressures where the CsI hydrate may be studied, we are estimating
the properties of the hydrate gas. We wish to determine if it is important in
transport of CsI during an accident. If the cesium iodide hydrate is likely
to be a substantial contributor to CsI transport, we will purchase a suitable
autoclave for high pressure, high temperature studies.

We used Sourirajan and Kennedy's (SK) data 1 9 to calculate the
equilibrium between NaCl solid and H2 0 gas to form NaCl'2H2O gas. For

NaCl(c) + 2H 20(g) = NaCV'2H2 O(g)

the NaCl'2H2 O pressure is

a
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where aNaCi is the activity of NaCl. The upper two curves in Fig. 1-9 show
the water pressure and hydrate pressure data from the SK paper for liquid
water saturated with NaCl. These data were used to derive Eq. I-10 for
temperatures up to 873 K (the critical temperature). The bottom curve is the
vapor pressure of sodium chloride (NaCl) computed from JANAF data.20

Hydration of sodium chloride at high pressure (21 to 392 atm of steam)
increases the sodium chloride concentration in the gas by 10" at 493 K to 10b
at 873 K. The number of water molecules in the hydrate was established from
the variation of hydrate pressure with water pressure at constant temperature.
The sodium chloride (NaCl) pressure for the reaction NaCl(c) = NaCl(g) is
given by

PNaC1 = exp(16.913 - 26558/T) (1-12)

To estimate pressures of CsI hydrate gas, we assumed that the hydrate, like
the sodium chloride hydrate, contains two molecules of water. We also assumed
that the equilibrium constant for formation of the gaseous cesium iodide
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hydrate from cesium iodide and water is the same as that for sodium chloride
hydrate formation from sodium chloride gas and water. For

NaCl(g) + 2H2 0(g) = NaC1'2H2 0(g)

the NaC1l2H2 0 pressure is

PNaC1-2H20 = PNaC1PH2 exp(-28.338 + 23627/T) (1-13)

which is derived from Eqs. I-10 and I-11. For

CsI(g) + 2H2 0(g) = CsI'2H 2 0(g)
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the CsI'2H2O pressure is

"c.I-2aHo = c.IPH exp(-28.338 + 23627/T) (I-14)

The vapor pressure of cesium iodide for the reaction CsI(c) = CsI(g) is
given by

Pc.i = exp(16.138 - 22247/T) (I-15)

which is derived from our mass spectrometric and transpiration data for
sublimation of gaseous CsI.

Figure I-10 shows the estimated pressure of CsI'2H2 0 and the
pressures of H20 and CsI. It is assumed that liquid water saturated with CsI
will have the same water pressure as water saturated with NaCl. The calc-
ulated pressure of CsI(g) is 3 x 103 to 60 times the NaCl(g) pressure between
493 and 873 K. The pressure of CsI'2H2 0 is also higher than NaC1'2H2O by
about the same factor.

The estimated pressure of CsI'2H2 O in equilibrium with solid CsI
and 1 atm of steam is plotted against temperature in Fig. I-11. Also given
in this figure is the curve for CsI. Under these conditions, the cesium
iodide dihydrate is estimated to have a nearly constant pressure of about
5 x 10-5 atm, which decreases slightly with increasing temperature. The CsI
pressure increases by 108 between 493 and 873 K. If our estimates are not too
far off, we may be able to measure the pressure of CsI'2H2 0 by transpiration
at low temperature. Figure I-11 shows that the ratio of our estimated pres-
sure of cesium iodide dihydrate to the pressure of cesium iodide at 833 K in
1 atm of water is one and increases rapidly with decreasing temperature.
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B. Thermophysical Properties of Metal Fuels
(Leonard Leibowitz, Ewald Veleckis, and R. A. Blomquist)

A recent literature survey2 1 has revealed serious shortcomings in the
data available on the thermophysical properties of metal fuel and blanket
materials. Our ongoing program is designed to correct the most important of
these deficiencies by performing selected experiments. In addition, study of
other physicochemical areas of importance to the project have been undertaken.
This report summarizes the progress made on determining thermal expansion,
thermal conductivity, phase diagrams, and fuel-cladding interactions for metal
fuel and blanket materials.

1. Thermal Expansion

We are conducting linear expansion measurements on fuel alloys,
using a Netzsch pushrod dilatometer installed in a helium-atmosphere glove
box. After extensive calibration procedures, we investigated two alloys:
U-8.4 wt% Zr and U-20 wt% Pu-1.3 wt% Zr.

Our expansion results for the first alloy agree reasonably well with
literature values,2 1-2 7 but our data show the phase transitions in greater
detail. The most pronounced transitions occur at 940-950 K and 960-985 K.
Transitions at 870 and 920 K are less obvious.

For the ternary illoy, dilatometric studies were made on two appar-
ently identical samples. Initial measurements showed a time drift in the
expansion coefficient, evidently because of sample annealing, but the readings
stabilized after several heating/cooling cycles. The results are in reason-
able accord with reported data 4-2 7  There was a 0.4% elongation in both
samples, measured at room temperature after the experiments were completed.
This elongation was probably due to structural changes in the alloy. In
addition, a significant difference in the thermal expansion of the two samples
was found, in spite of their nearly identical overall chemical composition.
Metallographic examination is planned of the heat-cycled and as-received
alloys to clarify these observations.
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2. Thermal Conductivity

Information on the thermophysical properties of the U-Zr system is
important because this alloy (at a composition of ~10% Zr) is intended for
initial reactor loadings. A vertical section of the available U-Zr phase
diagram2 8 at that composition shows the existence of U(a) + UZr2 (6) solid mix-
ture up to a peritectoid horizontal at 890 K, another peritectoid at 935 K, a
eutectoid at 966 K, and U(7),Zr(p) solid solution between 1013 K and the soli-
dus line at ~1473 K. Previous experimental work on the thermal conductivity
(X) of the U-Zr system is limited to one study in 1954,29 where X was measured
between 300 and 1200 K in 1.5, 5, 20, and 40 wt% Zr alloys. The present study
was undertaken to verify these data and to provide additional data at an alloy
composition that is nearer to requirements for a metal fuel reactor.

The technique used in our conductivity measurements was based on a
comparative method. A cylindrical alloy sample (2.54-cm dia, 2.54-cm high)
was positioned in a vertical column between two identical reference samples
having a known X and essentially the same geometry as the alloy sample.
Longitudinal heat flow through the column was established by heaters placed
above and below the column. The bottom heater rests on a water-cooled block
and acts as a heat sink. Radial heat losses were minimized by surrounding the
column with a guard furnace in which the thermal gradient was matched to that
of the column and by filling the annular space with foamed-yttria granules.

Conductivity measurements were made in an inert atmosphere glove box
at 50 temperatures between 600 and 1200 K on a single U-11.4 wt% Zr sample.
Experience has indicated that at these elevated temperatures, the uranium-
containing alloys tend to fuse with the reference material at their contiguous
surfaces, thereby making the references unf it for further use. Therefore,
secondary Type 304 stainless steel references, calibrated against a primary
standard from the National Bureau of Standards (NBS), were employed in this
work. Slight differences in the measured heat flux between the top and bottom
references were found to be functions of the total temperature gradient (AT)
imposed on the column. Therefore, for each temperature the column was
equilibrated at two AT values (25 and 50 K), and a linear interpolation was
then used to determine the average temperature and X of the sample
corresponding to identical heat fluxes in both references.

The data, shown in Fig. 1-12, arbitrarily subdivided into three
chronological acquisition periods, each representing a full temperature range.
No systematic errors are apparent. The data were fitted to a second-degree
polynomial

A = 1.763 + 4.871 x 10-2T - 1.330 x 10-5 T 2  (I-16)

where X is the thermal conductivity in W m-1K-1, T is the Kelvin temperature,
and the correlation coefficient of regression is 0.979. Because of large
scatter, no attempt was made to correlate the curve with the phase transfor-
mations. A possible source for the scatter might be the insufficiently long
equilibration times allowed for the stabilization of numerous transition
phases appearing in the temperature range 890-1013 K. The dashed curve
represents the 1954 data calculated for 11.4 wt% Zr from a quadratic fit of
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3. Phase Behavior

An analysis of existing data on the U-Pu-Zr system by A. D. Pelton
(Ecole Polytechnique, Montreal) revealed large uncertainties in the solidus
and liquidus temperatures, estimated2 4 to be 125 and 75*C, respectively
We undertook differential thermal analysis (DTA) measurements to obtain more-
reliable data. To ascertain that the container material does not influence
the results, we performed the DTA measurements with U-20 wt% Pu-7 wt% Zr in
both yttria and beryllia crucibles, since there had been indications of
interaction between beryllia and a U-10 wt% Zr sample.

The experiments were performed with a Netzsch DTA apparatus located
in a helium-atmosphere glove box. After completion of seven heating/cooling
cycles ranging from room temperatures to 1750 K at 5 K/min, the samples were
weighed and visually inspected. No obvious evidence of interaction was found.
With the yttria crucible, the melt did not wet the walls of the crucible, and
the sample could be removed by soft tapping; however, the melt did wet the
walls of the beryllia crucible and the sample could not be removed. Good
agreement was found, with the two crucibles, for the solid-state transitions
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of the U-Zr alloy, but not for its solidus and liquidus temperatures. How-
ever, the yttria crucible used was not of optimum design, and these tests will
be repeated with improved yttria crucibles. Following the DTA work, the sam-
ple that had been heated in yttria was examined by microprobe techniques. No
yttrium was found in the alloy. In addition, virtually all of the so-called
globular phase (an a-Zr phase found in as-cast fuel) had floated to the top of
the melt and had increased considerably in globule diameter. The implications
of this observation for fuel fabrication and performance are being explored.

In another study of phase relations in metal fuel reactor systems,
we calculated ternary phase diagrams involving U, Pu, Zr, and Fe. These cal-
culations helped clarify the role of zirconium in improving fuel-cladding
performance. Although there are very low melting eutectic compositions in
both the U-Fe and Pu-Fe systems, the addition of Zr to either of those systems
produces a very extensive Fe2 Zr phase field, which restricts the lower melting
compositions to very narrow regions. These, and other, phase diagram cal-
culations are being continued to further clarify matters related to fuel
performance.

4. Fuel-Cladding Compatibility Studies

Previous studies have shown that plutonium-rich layers can segregate
on the surfaces of heated U-Pu-Zr alloys when they are exposed to cladding,
NaK, or a helium atmosphere.30 The phenomenon appears to be related to the
availability of nitrogen at the alloy surface. To clarify these observations,
we are performing tests in which selected alloys are heated in nitrogen-helium
mixtures that simulate the nitrogen activity estimated for the cladding.

The tests are carried out in a sealed thermogravimetric apparatus
(located in a helium-atmosphere plutonium glov box) by placing a freshly
abraded cylindrical alloy sample on an alumina platform which rests upon a
thermocouple connected to the TGA balance beam. After flushing the instrument
with the helium-nitrogen mixture selected for the test, a slow stream of gas
is continued to provide uniform nitrogen activity around the sample. A
programmed heating/cooling cycle is then initiated to monitor and record the
sample weight gain and temperature.

In a typical test, exposure of U-20.0 wt% Pu-1.3 wt% Zr alloy to the
flowing He-50 ppm N2 mixture for 12 h at 700*C produced a clearly distin-
guishable 10- m-thick surface layer. Scanning electron microscopy/energy
dispersive spectrometry (SEM/EDS) revealed that the layer underwent major
compositional changes under the action of nitrogen: considerable enrichment
of plutonium, some enrichment of zirconium, and large depletion of uranium.
One can speculate that the reaction products of nitrogen with zirconium and
plutonium are more stable than those with uranium, thereby producing activity
gradients in the alloy that cause migration of Zr and Pu to the reaction site
at the surface. Removal of Zr and Pu from the surface layer as unalloyed
reaction products might sufficiently increase the uranium activity in the
remaining alloy to cause its reverse migration. Additional nitriding tests
and SEM/EDS analyses are underway to determine the degree of segregation as a
function of temperature, gas-phase composition, and alloy composition.
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C. Fusion-Related Research

1. Thermodynamics and Kinetics of Fusion Reactor Breeder Materials

A. K. Fischer)

a. Introduction

The objective of this work is to provide measured thermodynamic
and kinetic data related to tritium retention and release from ceramic tritium
breeders in fusion reactors. Adsorption, dissolution, desorption, and H2 0
evolution are being measured for the LiAlO2-H 20-Ha system. This information,
together with similar information for other breeders, will enable (1) breeders
to be compared and the most suitable one to be selected and (2) operating
conditions to be calculated. An additional objective is to elucidate the
principles underlying the behavior of tritium in ceramic breeders, as well as
other interactions of breeders with reactor components.

We are using frontal analysis gas chromatography (the break-
through technique) for the measurements of adsorption. Post-adsorption uptake
of water vapor is being measured to determine the solubility of hydroxide in
LiA102 . The data will yield adsorption isotherms to describe the thermo-
dynamics of adsorption of water vapor and solubility isotherms for the sol-
ubility of protons (i.e., hydroxide) as a solute. The reverse processes,
desorption and evolution of water vapor, are being measured to describe the
kinetics of the release of water vapor from LiA102 . The dependence of these
quantities on oxygen activity is also being examined.

b. Adsorption-Dissolution Measurements

Data for H20 adsorption on LiAlO2 at 773 K (5000C) are now
available. Figure 1-13 shows the data plotted as a Freundlich isotherm. The
Freundlich isotherm is based on the logarithmic dependence of the heat of
adsorption on 9, the fractional surface coverage, and is tested by a linear
plot of log 9 vs. log p, where p is the partial pressure of water vapor. In
Fig. 1-12,

log 9 = 1.81 + 6.93 log (p, atm) (1-17)

Freundlich behavior is usually taken to indicate surface heterogeneity--the
availability of more than one kind of surface site for adsorption. This is
understandable in morphological terms such as dislocations, ledges, etc. on
the surface. In the present case, there are the additional possibilities for
0-2, Li+, and Al+3 sites to participate in adsorption with different energies,
depending on the species and the exposed crystal plane. It is possible that
different kinds of sites dominate in different measurements involving dif-
ferent ranges of coverage. For measurements in a range of small fractional
surface coverages, it is more likely that a single kind of site will be
reflected in the data.

The second phase of an experimental run yields data on the
solubility of OE- in LiA102 . The data and the regression line for the data
are shown in Fig. I-1i. Solubility is reported in units of mol fraction, xH.
In Fig. 1-14,
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log xOg = -1.76 + 0.604 log (p, atm)

Fig. 1-13.

Surface Adsorption Isotherm for
Adsorption of H2 0 on LiAlOa at
773 K (Freundlich isotherm) as
Function of Water Vapor Pressure
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Fig. 1-14.

Solubility of Hydroxide in LiA102
at 773 K as Function of Water
Vapor Pressure
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These data (and the adsorption data presented above) are still subject to cor-
rection for baseline quantities of adsorbed and dissolved hydroxide. The
corrections will be derived from calibration data and also the requirement of
overall thermodynamic consistency for all data at all temperatures of measure-
ment. Such a procedure was applied earlier to the data for the solubility of
hydroxide in Li20. If tritoxide behaves as hydroxide, then the solubility of
hydroxide in units of mol fraction may be converted to solubility of tritons
in parts per million by weight with the relationship: ppmW (T in LiAlOa) =
4.5 x 10lxog.

(1-18)
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The slope of the curve in Fig. 1-14 is of interest because,
after corrections are fully applied, it will indicate whether LiAlsO8 is
formed as a solute in LiA10 2 or as a separate phase from the reaction:

5LiAlO2 + 2H2G = 4LiaH + LiAl5O8  (I-19)

If LiAl5O8 forms a separate phase, the slope will be 0.5. If LiAL5 08 is a
solute in LiA102 , the slope will be 0.4. The raw value of 0.6 is reminiscent
of earlier measurements (by M. Tetenbaum, Argonne National Laboratory) on the
solubility of hydroxide in Li2O, where 0.6 was also observed for the raw data.
In that case, corrections for baseline dissolved hydroxide and for nonideality
gave a value close to 0.5.

Figure 1-15 shows the relationship between surface-adsorbed
hydroxide and dissolved hydroxide at 773 K (500*C) as a function of partial
pressure of water vapor. In Fig. 1-15,

log (O/xoH) = 3.56 + 0.35 log (p, atm) (1-20)
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c. Kinetics of Evolution of Water Vapor

After completion of the adsorption-dissolution part of a run,
the rate of evolution of water into a stream of helium is measured. The data
for a given run were initially reported as indicating apparent first-order or
second-order kinetics, depending on temperature. Since a sufficiently exten-
sive series of measurements is now available, a more detailed examination of
the results is possible. It now appears that for a correct assignment of
reaction order, an adequately high flow rate (approximately 45 to 65 cm3 /min)
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for the helium is important. This has been taken account of, and the water
evolution process appears to be second order.

Second-order kinetics for the H20 evolution process is
consistent with a rate-controlling bimolecular surface process. The
bimolecularity results from surface diffusion of protons to form adjacent OH
groups, which combine to split out an H2 0 molecule. In a situation with a
small amount of tritium and with a dominance of protium, such as is likely to
exist in a fusion reactor, the bimolecular process will be reflected by a rate
equation that is pseudo-first order in tritium.

d. Conceptual Developments

In this period, relevant articles were researched and cal-
culations made to clarify the nature of the dissolved and diffusing tritium
species in ceramic tritium breeders. Review of experimental and theoretical
work indicated a correspondence of the interstitial proton in oxides to the
hydroxide ion. For tritium, the correspondence is between tritons and tri-
toxide. Transport of protons (or tritons) is by a hopping process from oxide
to oxide in the oxygen sublattice, which is assisted by vacancies in the
cation sublattice. However, our calculations indicate that there is a criti-
cal oxygen activity at which the concentration of hydroxide (protons) in the
solid phase is equal to the concentration of hydride. The relationships are
shown in Fig. 1-16. Below this critical oxygen activity, hydride (or tritide)
is the dominant species. At these sub-critical oxygen activities, the oxide
vacancy concentration also rises, and the tritium diffusion process is seen as
consisting of tritide diffusion through oxide vacancies.

,o

Fig. 1-16.

Calculated Relationships among
Lithium Activity, Tritoxide/
Tritide Ratio, and Oxygen
Activity in LiA1O2 at 800 K
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The possibility for the occurrence of regions of the necessary
low oxygen activities is plausible on the basis of observations of elemental
lithium formed during neutron bombardment of lithium-containing materials. It
follows that the release of tritium from such an interior region of a ceramic
particle involves diffusion from a region of low oxygen activity to a region
of high oxygen activity at the surface. In the process, the tritium changes
from a tritide to a triton, and the diffusion changes from tritide movement
among oxide vacancies to triton hopping among oxide ions. In the intermediate
transition zone in which the triton and tritide concentrations are nearly
equal, the possibility exists for formation of T* atoms and for formation of
HT and T2 , which can migrate into helium bubbles.

This involvement of tritide is a new aspect of the tritium
transport process and needs to be considered in the design and interpretation
of tritium release experiments. For deductions of diffusion constants from an
overall tritium release rate, it is necessary to consider up to three dif-
fusion constants: one for tritide movement by diffusion through oxide
vacancies, one for triton movement for diffusion by hopping among oxide ions,
and one for T atom diffusion in the transition zone. Also, the physical
thicknesses of the diffusion regions need to be determined to assign the
correct boundary conditions.

e. Conclusion

Future work will involve gathering sufficient data to construct
adsorption isotherms for different temperatures, to determine solubility of
hydroxide as a function of temperature and partial pressure of H0, and to
determine activation energies of H20 evolution. The effect of H2 in the gas
phase on these quantities will be measured. Subsequently, the breeder
material, Li4Si04 , will be the probable candidate for study in the same way as
LiAl0 2 so that comparison of the two will be possible. Further study will be
done regarding the consequences of H2 and 02 adsorption.

2. Thermal Conductivity of Materials
(S. W. Tam)

Many types of materials contain multiple characteristic length
scales. Generally, the presence of many length scales leads to a medium of
complex heterogeneous microstructures. 3  This is true of granular mater-
ials,3 2 porous media,31 and, in the present case of interest, polydispersed
powder. These powders are composed of particles with many vastly different
sizes. They are very useful in advanced energy technology (e.g., fusion and
fission), 3- as insulating materials,3 5 and for ceramic applications. A
wide distribution of particle sizes permits a much higher packing fraction
(>9O%)34,35 than that achievable with monodispersed powders. The poly-
dispersed powder beds are usually prepared by successive mixing and vibratory
compaction. 3 3-3 5 Such methods of preparation usually give rise to a hier-
archical structure in which the interstices of the larger particles are
occupied by smaller ones. This implies that the structure of the interstices
is similar to that of the whole system when magnified by a suitable scale
factor.

Thus, the polydispersed powder provides a physical realization of a
fractal-like structure within a certain range of length scales. These length
scales are dictated by the size distributions of the particles, as well as the
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physical characteristics of the surrounding environment. We have exploited
the hierarchical structure of polydispersed powder beds to construct a hier-
archical effective medium theory (HEMT) for determining their conductivity
(kr). Although our present interest centers on the thermal conductivity
properties of polydispersed powders as solid breeders in fusion technology,
very similar approaches can be employed to evaluate other properties, such as
permeability or electric conductivity.

The physical basis of HEMT hinges on the following iterative
procedure. It starts with the smallest length scale in the material, which
surprisingly is not necessarily the diameter of the smallest microsphere. In
many technological applications, the polydispersed powders are deployed in
configurations through which a gas (or a gas mixture) is permeating. In this
work, we concentrate on conditions in which the gas flow is slow enough that
heat transport by convective flow is negligible, and the primary heat trans-
port mechanism is conduction. In such conditions, the confined space near
the points of contact between particles can have linear dimensions less than,
or comparable to, the mean free path of the gas. In that case, the heat
transport mechanism of the gas is mainly through gas/solid surface inter-
action.3 4 ,3 5 ,3 7'3 8 This process is characterized by a quantity called the
temperature jump distance, dj, which describes the temperature discontinuity
across a gas/solid interface. The value of d" depends on temperature, pres-
sure, and the particular gas/solid characteristics; however, it typically
ranges from a fraction of a micrometer to about 10 m. In the powder beds
being considered, di would be smaller than the size of the smallest particles.
Thus, dj represents the lower limit of the characteristic length scales that
describe gas-solid heat transfer processes.

The HEMT procedure starts with a two-phase medium of small par-
ticles immersed in a gas. This represents a monodispersed powder bed. The
effective thermal conductivity (k f) of this medium is calculated from the
Deissler-Eian/Hall-Martin model Next, the next-larger-size particles are
embedded into this medium and keff is calculated again. This iterative
procedure is continued until the largest characteristic length scale (namely,
the system size) is reached. Note that, for each step of the iteration, one
needs only deal with a two-phase medium. Since the basic iterative scheme of
HEMT correctly mimics the complex hierarchical structure of actual poly-
dispersed powders, one expects that the theory will give a satisfactory
description of k . Comparison with experimental data shows that this is the
case. At this stage in the development of HEMT, the effect of the gas enters
only implicitly.

The theory has been applied to a polydispersed U02 powder immersed
in helium gas. The system parameters have been chosen according to the
experimental configuration described in Ref. 34. These particles are in three
sizes with diameters of 1200, 300, and 35 m. The particles occupy volume
fractions of 0.51, 0.17, and 0.18, respectively. The conductivity of such a
three-size powder bed, as well as that of a monodispersed bed containing only
the 35-pm particles, has been calculated as functions of temperature and gas
pressure. Figures 1-17 and 1-18 show the results. Excellent agreement with
literature data3 4 has been obtained. The monodispersed fine powders exhibit
an insensitivity to temperature variations. This reflects a size effect in
which the gas/solid surface heat conduction assumes great significance. The
effect of temperature and pressure on k, for the polydispersed powder differs
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Fig. I-17.

Thermal Conductivity for U02
Sphere-Pac Bed in Helium Gas
as Function of Temperature.
(Dashed curve calculated with
HEMT and bed particles of one
size. Solid curve calculated
with HEMT and bed particles
of three sizes. The squares
and circles show literature
data from Moore et al.3 4 )
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Fig. 1-18.

Thermal Conductivity for U02 Sphere-
Pac Bed in Helium Gas as Function of
Pressure. (Dashed curve calculated
with HET and bed particles of one
size. Solid curve calculated with
HEMT and bed particles of three
sizes. The squares show literature
data from Moore et al.34 )
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significantly from that of the monodispersed powder. Of particular interest
is the dependence of the conductivity on gas pressure.-33  8,38 One can see
from Fig. 1-18 that a moderate increase in the pressure can give rise to
significant changes in k for both types of powder. This is due to the
limited space available to the gas.

In conclusion, we have proposed a hierarchical effective medium
theory of thermal conductivity that mimics the hierarchical structure of
polydispersed powders. We have compared HEMT calculations with experimental
data and have found good agreement. This suggests that HEMT would be useful
in understanding other transport properties (e.g., permeability, electrical
resistivity, etc.) of materials possessing hierarchical or fractal-like
structures.

3. Model of Tritium Transport in Ceramic Breeder Materials
(J. P. Kopasz)

The objective of this work is to develop a computer model that will
describe tritium behavior in ceramic breeder materials. The model will enable
comparison of the relative contributions of diffusion in the solid, desorption
from the solid surface, and permeation through a porous medium to the overall
tritium inventory.

In this effort, a computer program is being developed to describe
tritium behavior in ceramic breeder materials. As presently constructed, the
program focuses on modeling diffusion in the solid and desorption from the
surface. The program is based on the solution of the differential equation

1 aC 1 8 /r2 8C + G
- -= -- Ir - +

D at r2 8r 8r/ D (1-21)

where D is the diffusivity, C is the tritium concentration, r is the grain
radius, and G is the tritium generation rate. This equation is also appli-
cable to heat transfer in a solid sphere with heat produced at a constant rate
per unit time per unit volume. Carslaw and Jaeger3  have solved this equation
for several boundary conditions. The conditions one wishes to model determine
the boundary conditions for the equation. The heat transfer for a solid
sphere with heat generated at a constant rate, zero initial temperature, and
radiation into a medium at zero temperature is considered to be analogous to a
tritium breeder blanket with constant tritium generation and tritium desorp-
tion into a purge-flow gas stream at low (zero) tritium concentration. The
boundary conditions are described by the equations:

av 8C
K - + HY=O and D 5-+ Kde.C = O (1-22)

where C, is the surface concentration, Kd.. is the desorption rate constant,
K is the thermal conductivity, V is the temperature of the medium, and H is a
constant (= hK). Since the surface concentration is not in the same units as
the bulk (volume) concentration, a new parameter, Kd, is defined as the effec-
tive desorption rate constant, where Kd times the tritium concentration eval-

uated at the surface is equal to the desorption rate (Kde.C.). The constant
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Kd is related to Kde, by a factor describing the thickness of the surface.
It may be argued that these boundary conditions do not apply to an operating
breeder blanket, since the tritium concentration in the purge gas will not
necessarily be zero. However, since the tritium concentration in the purge
gas is likely to be an order of magnitude or more lower than that in the
blanket surface, and since the tritium is quickly- carried away by the purge
gas, the assumption of zero concentration in the purge gas appears to be
valid.

The solution provided by Carslaw and Jaeger3 9 to the heat transfer
problem is

= A Wh( - r2) + 2a} _ 2Ha2A0 0 sin(ran) exp(-,iat) (1-23)
n=1 a[a2ac + ah(ah - 1)]sin(aa)

where V = temperature
AO = heat generation rate
ti = thermal conductivity
h = H/K
H = heat transfer coefficient
r = distance along radius
a = grain radius
t = time

Further, an represents the roots of aa cot (aa)=1 - ah.

Making the following assumptions C = V, G/D = A./x, x = D, and
Rt = KdC, = 8C/8t and allowing for a temperature change (remembering D and Kd
are dependent on temperature) lead to the equation for tritium release:

( 3K \ Ga . exp(-Dant)
Rt = 1- a C1 - - 2h2aG E + Kd C1 (1-24)

a3 n=1 an [aaan + ah(ah - 1)]

where Kd = effective first-order desorption rate constant
C1 = tritium concentration evaluated at r=a prior to a temperature

change
h = Kd/D
Rt = tritium release rate

The release rate was calculated using the diffusion-desorption
model, and the results compared to the observed tritium release rate for a
sample of Li2SiO3 from the LISA-1 experiment. A typical plot is shown in
Fig. I-19. The model predicts the initial rise in release rate and the
release rate after 100,000 s quite well, but does a poorer job of predicting
the release rate between 10,000 and 75,000 s. The calculated tritium release
profile is also in good agreement with the observed data for time periods
after a large temperature decrease (at ~250,000, 450,000, and 675,000 s) or

increase (at ~350,000 s).
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One shortcoming of the current model is that it uses a character-
istic radius of the sample to calculate the release rate. The samples used in
the LISA-1 experiments have a large distribution of grain sizes, and it is
difficult to assign a characteristic grain size to the sample. Since the
tritium release is dependent on the grain size, this could have a substantial
effect on the release profile. To correct this shortcoming, the model is
being altered to allow for a distribution of grain sizes as input.

In the future, we plan to investigate the effects of grain boundary
diffusion and permeation in the gas phase on tritium release. When these
additional features are added to the model, we will not be able to find a
simple analytical solution to the diffusion equations. To deal with these
more complicated problems, it is necessary to work with numerical approxima-
tions of the solution to the diffusion equation. For this purpose, we have
chosen to use DISPL, a software package for solving second-order nonlinear
systems of partial differential equations.40 The DISPL program is quite
flexible and will allow us to deal with material interfaces and to use
nonlinear boundary conditions. This should allow us to add grain boundary
diffusion and permeation to our model and also allow us to look at the
influence of other processes (such as other surface reactions, nonuniform
tritium generation, and defect formation) on tritium release.

4. Tritium Oxidation Experiments
(P. A. Finn and E. H. Van Deventer)

Tritium movement within high-temperature fusion systems must be
controlled to achieve environmentally acceptable operation of a fusion
facility. A possible solution for controlling tritium movement is the use of
double-walled tubes with a low pressure oxygen stream in the annulus between
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the tubes. The permeating tritium is expected to react with the oxygen in the
annulus to form tritiated water. This design solution can be simulated by
flowing a gas stream across a surface through which tritium is permeating.

This experimental effort involves study of the reaction between
gaseous oxygen molecules and tritium atoms at a stainless steel surface. The
purpose is to determine if tritium oxidation is an effective method to control
the movement of tritium. We are collecting and measuring both the tritiated
water and the molecular tritium formed under different conditions. The goal
of this series of experiments is to find conditions at which oxidation is
>99.9% effective. At present, we are examining the effect of low oxygen con-
centration (range <1-100 ppm) on the completeness of oxidation at a stainless
steel surface.

The experimental apparatus4 1 consists of four parts: (1) a replace-
able stainless steel test cell (double-walled tube) enclosed in a furnace,
(2) loop A in which a tritium/helium mixture is circulated, (3) loop B in
which tritium/helium mixtures are calibrated, and (4) loop C in which oxygen/
helium mixtures are circulated and the reaction products are collected. The
oxygen/helium mixture from loop C flows through the outer tube of the test
cell; the tritium/helium mixture from loop A flows through the inner tube. On
loop C, two sets of ethylene glycol traps separated by a heated copper oxide
bed collect tritiated water and tritium gas, respectively. Aliquots from the
ethylene glycol traps are measured using scintillation counting. Total
tritium in the forms tritiated water and tritium gas is calculated as a
function of time.

Instruments monitor gas flow rate, gas pressure, tritium concentra-
tion, and oxygen concentration in loops A and C. Output from these instru-
ments is collected on a data logger and plotted to provide time histories. A
quadrupole mass spectrometer is available to monitor gas impurities.

The procedure followed in each experiment is to circulate the
tritium/helium and the oxygen/helium gas mixtures in a countercurrent
direction through the inner and outer tubes of the test cell at operating
temperature (623-773 K or 350-500*C) for 4-8 days. Aliquots are collected at
regular intervals from the two sets of ethylene glycol traps on loop C. The
ratio between the amount of tritiated water and the amount of tritium gas
formed is calculated.

Special procedures needed were (1) to heat lines on loop C during a
run to 473 K (200 C) to reduce tritium holdup on walls, (2) to discard the
data from the first day of a run to ensure steady-state behavior, and (3) to
perform a series of runs consecutively to reduce apparatus downtime.

A summary of the conditions present during each of the experiments
is shown in Table 1-2. The ratio between the amount of tritiated water and
the tritium gas collected is shown in Table 1-3. For runs 8a-8d, the effect
of residence time was examined. The ratio between the amount of tritiated
water to tritium gas increased from 0.48 at a flow rate of 150 mL/min to 1.23
at a flow rate of 10 mL/min. The residence time in the test cell correspon-
dingly increased from 1.5 to 23 s. This dependence on residence time is an
indication that adsorption of oxygen on the surface or desorption of water
from the surface may be rate-determining at low oxygen levels.
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Table 1-2. Summary of
Tests

Experimental Conditions for Tritium Oxidation

Test Time at Avg.
Expt. Cell Temp., Nom.Temp., 02 Conc., Tritium, Flow Rate,

No. No. Days 'o ppm pCi/d mL/min

1 1 ~4 350 >100b 158 100
2 1 '4 350 >100b 59 100
3 1 "4 350 >100b 30 100
4 1 ~4 400 >100b 42 120

5 2 ~8 350 <0.6 37 70-100
6 2 ~8 350 (1.5 25 40
7 2 ~8 400 1.7 94 50
8a 2 ~4 500 0.6 43 40
8b 2 "4 500 0.6 27 10
8c 2 "4 500 0.6 22 150
8d 2 '4 500 0.6 20 40
9a 2 '4 450 0.9 28 40
9b 2 ~4 550 0.4 74 40
9c 2 '4 450 0.02 25 40

10 3 '1 400 ~1 31 60

25 Ci/' is equivalent to 7 x 10-2 Pa at an oxidized surface.

bThe oxygen content is based on external nitrogen analysis.

Table I-3. Form and Amount of Tritium
in Each Experiment

Collected

Cell Amount, sCi
Expt. Test HTO/HT
No. No. HTO HT Ratio

1 1 399.3 35.3 11.3
2 1 58.3 6.4 9.1
3 1 136.6 10.2 13.4
4 1 76.42 6.68 11.4

5 2 100.0 136.2 0.63a
6 2 48.91 88.33 0.55
7 2 283.51 401.07 0.71
8a 2 51.78 79.56 0.64
8b 2 19.11 13.54 1.23
8c 2 21.98 36.12 0.48
8d 2 35.90 64.58 0.56
9a 2 33.34 53.41 0.62
9b 2 67.27 92.90 0.72
9c 2 35.98 67.51 0.53

10 3 14.86 21.53 0.69

Decreased continuously during run. For last
three days, value was 0.63.
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A simple model has been developed to describe the oxidation
reaction.4 1 The model predicts that the rate at which tritiated water forms
has a direct dependence on the molecular oxygen concentration.

In Table 1-4, the ratio between tritiated water and molecular
tritium is shown as a function of oxygen concentration. The ratio for a run
with an oxygen concentration of <1 ppm is much lower than that for an oxygen
concentration >100 ppm. The data appear to be in qualitative agreement with
the model.

Table 1-4. Ratio of Tritiated Water to Tritium Formed
as Function of Oxygen Concentration

HTO/HT Ratio
Temp.,

0C (1 ppma (5 ppm >100 ppmb

350 0.63/0.55c -- 11.3

400 0.69 0.71 11.4

450 0.62/0.53c -- --

500 0.64/0.56c -- --

550 0.72 -- --

'Problems were encountered in measuring low oxygen
concentrations because of interference problems from
hydrogen and tritium.

bowing to leaks, the exact oxygen concentration is unknown.

cSlightly lower tritium concentrations were present in the

second of each of these runs.

We attempted to determine the reaction order from the limited data
available. The order for the oxidation reaction is derived from the total
tritium collected. If the oxidation reaction rate is limited by the number of
tritium atoms available, first order is expected. If the oxidation reaction
is limited by the oxygen atom concentration, half-order dependence on tritium
is expected since one-half of the tritium collected as tritiated water equals
the oxygen content. The data in Table 1-3 best fit a half-order least square
regression based on the total tritium collected. Statistical data are given
in Table I-5. Runs at higher oxygen concentrations levels ((1000 ppm) will be
initiated in the next year to determine if the ratio between the amount of
tritiated water formed and the amount of molecular tritium formed is
significantly increased.

5. Fusion Reactor Design Studies
(P. A. Finn)

For fusion to be attractive as a commercial energy source, the
direct capital cost of the reactor per kilowatt-hour and the bus-bar cost of
electricity have to be significantly reduced. The goal of our present fusion
design studies is to evaluate the economic impact of innovative design con-

cepts on the direct capital cost and the operating costs of tokamak-based
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Table I-5. Coefficients for Linear
to Half-Order Kinetics

Fit of Experimental Data

Temp., Half Order wt. STD,a
0C m -b % Rb

Test Cell 1

350(1)C 3 .09 (-3 )d 20.97 4.95 .993
350(2) 2.62(-3) 12.61 2.24 .997
350(3) 1.24(-3) 12.29 4.21 .997
400 2.12(-3) 9.46 4.71 .994

Test Cell 2

350(1) 4.11(-4) 17.23 1.02 .986
350(2) 1.97(-4) 11.60 0.27 .998
400 5.83(-4) 26.35 0.63 .994
450(1) 4.52(-4) 9.34 0.32 .998
450(2) 3.21(-4) 10.12 0.59 .994
500(1) 5.93(-4) 11.42 0.38 .998
500(2) 1.11(-3) 5.68 5.89 .929
500(3) 5.28(-4) 7.66 1.47 .977
500(4) 2.97(-4) 10.02 0.73 .994
550 9.25(-4) 12.54 0.60 .996

Wt. STD = weighted standard deviation.
bR = multiple correlation coefficient.

eNumbers in parentheses refer to sequence
temperature.

dNumbers in parentheses are power of ten.

of test at given

commercial fusion power plants. (The tokamak reactor uses toroidal magnetic
fields to confine a thermonuclear plasma.)

In 1986, we completed a cost analysis of the tokamak power systems
(TPSS) reactor plant.4 2 This reactor design incorporates several innovative
concepts: a high plasma beta value (which requires lower magnetic fields), a
high-temperature lithium/vanadium breeder blanket, a high-temperature heat
transport zone, a zoned reactor building, and simple maintenance scenarios.
We compared the capital cost and the bus-bar cost of electricity for TPSS to
costs estimated for an older fusion reactor design, STARFIRE,4 3 and a design
derived using a liquid-metal breeder blanket included in the Blanket Compari-
son and Selection Study (BCSS).4 4 The TPSS costs were also compared with
those estimated from current U.S. power plant experience. For our analysis,
direct-cost algorithms were derived based on STARFIRE and BCSS costs, which
were, in turn, estimated from costs for standard balance-of-plant items and
the estimated costs of analogous systems for fusion reactors not yet built.

The direct capital cost, the indirect capital cost, and the total
capital cost for TPSS, BCSS, and STARFIRE are listed in Table 1-6 (all costs
in 1986 dollars). The TPSS reactor has the lowest direct capital cost and the
lowest total capital cost. The capital cost of electricity is essentially the
same for TPSS and BCSS and is about $450 kWe lower than that for STARFIRE.
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To put the direct capital cost for TPSS and its capital cost for
electricity in perspective, we compared them to the current U.S. power plant
industry experience.4 5 For LWRs that have a net electrical production of
1100 MW, the direct capital cost is $1188 million for the best-managed plant;
for the best-managed coal plant, the direct capital cost is $905 million.
This compares with $1045 million for TPSS. In addition, the capital cost of
electricity is $1080/kW for an LWR plant and $823/kW for a coal plant. These
values are somewhat lower than the $1197/kW for TPSS. Since for each of the
current U.S. power plants, an appreciable fraction of the cost of electricity
is due to fuel costs, a true comparison between the overall cost can only be
done by evaluating the total bus-bar cost of electricity for each.

An evaluation was made of the bus-bar cost of electricity expected
from a fusion reactor similar to the TPSS design. The equation used to derive
the cost of electricity (COE) is

COE = [Cac + (Com + Cscr + Cf) (1 e)P]/8760(Pe) (pf) (1-25)

where Com = Annual Cost of Operations and Maintenance
Cscr = Annual Cost of Component Replacement
Cf = Annual Cost of Fuel
e = Escalation Rate
p = Construction Period
Pe = Net Electrical Power
pf = Plant Availability

In addition, Cac = FCR (TCC + Int), where FCR is a fixed charge rate during
operation, TCC is the total capital cost, and Int is the interest during
construction.

As shown in Table 1-6, the bus-bar cost of electricity was calcu-
lated to be 32 mill/kWh for TPSS, 31 mill/kWh for BCSS, and 43 mill/kWh for
STARFIRE. The cost of electricity for any of these fusion plant designs is
below the current bus-bar cost of electricity in Illinois, a state with a high
cost of electricity. The 1985 rate in Illinois was 51.9 mill/kWh, if calcu-
lated from actual duty factors, or 60.6 mill/kWh, if calculated assuming equal
duty factors (60%) for both nuclear and coal plants.4 8

In summary, the direct capital cost and the bus-bar cost of
electricity for the TPSS fusion plant are comparable to those of existing
power-generating plants. Cost reductions may be expected for fusion reactors,
especially in the reactor plant equipment, once fusion is a mature power
industry.

6. Dosimetry and Damage Analysis

The purpose of this effort is to collect nuclear data and develop
techniques for measurement of the neutron flux and energy spectrum in fusion-
materials irradiation facilities, including fission reactors and accelerator-
based neutron sources. This information is then used to calculate radiation
damage parameters, such as atomic displacements and gas production. The goal



44

Table 1-6. Costs for TPSS, BCSS,
(in 1986 Dollars)

and STARFIRE

Reactor Design

TPSS BCSS STARFIRE

Direct Capital Costs, SM
Land and Land Rights 2 5 3
Structures and

Site Facilities 178 346 411
Reactor Plant Equipment 624 1156 1075
Turbine Plant Equipment 147 346 294
Electric Plant Equipment 84 139 138
Miscellaneous Plant 10 12 56

Total Direct 1045 2004 1977

Indirect Capital Cost, SM 627 1202 1186

Total Capital Cost, SM 1672 3206 3163

Power, MW
Fusion 1950 3675 3510
Thermal 2518 4596 4000
Net Electric 873 1698 1200

Capital Cost of
Electricity, $/kW 1197 1180 1648

Bus-Bar Cost of
Electricity, mill/kWh 32 31 43

'The indirect capital cost is assumed to be 60% of the direct
capital cost and includes all contingency costs and all parts costs.

is to provide data for the correlation of materials property changes, regard-
less of the irradiation facility, and to predict materials performance in
fusion reactors.

a. Cross-Section Measurements for Long-Lived Isotopes
(L. R. Greenwood and D. L. Bowers)

The production of long-lived isotopes in fusion materials is of
concern due to waste disposal restrictions. Previously, we reported data for
the 27A1(n,2n) 6A1 720,000 y), '7 9 Mo(n,p)94Nb (20,300 y), and 92 Mo(n,x)9 1 Nb
(700 y) reactions.4  In this study, we measured the production of radioiso-
topes which decay by electron capture or beta decay, using liquid scintilla-
tion counting and radiochemistry to separate undesired activities. Results
are reported for 85 Fe, 83Ni, and 59 Ni near 14.8 MeV.

The samples consisted of the pure elements Fe and Cu and
separated isotopes of b8Fe, 80 Ni, and 64 Ni obtained from Oak Ridge National
Laboratory. The separated isotopes of Fe and Ni were powdered metals packed
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in thin aluminum tubing measuring 1.5-2.0 mm OD by 10-14 mm long. The natural
Fe and Cu metal samples were pressed into disks measuring 3-mm OD by 1-mm
thickness. All samples were packaged for irradiation with thin (0.02 mm) Fe
and Nb dosimetry foils in thin (0.01 mm) Al wrapping.

The activities were produced during several separate 14 MeV
neutron irradiations to high fluences (1017-1018 n/cm2) at the Rotating Target
Neutron Source II at Lawrence Livermore National Laboratory.48 Iron and
niobium dosimetry foils were included with each sample to determine the actual
neutron fluence at each sample location using the well-known 5 4Fe(n,p)5 4Mn and
9 3Nb(n,2n)92Nb reactions. A neutron fluence map was then produced for each
irradiation; more detailed results have been published previously.4 9

The analysis of each sample begins with gamma spectroscopy to
determine the presence of other stronger activities. Based on these results,
radiochemical separations will be done to separate as many undesired activ-
ities as possible. Gamma spectroscopy is used to determine the degree of
separation and to establish the residual activities which were not removed.
The purified sample is then counted by liquid scintillation spectroscopy. The
scintillation energy spectrum is recorded and analyzed to separate the desired
activity from the residual contaminants. Standards are used where possible to
determine the desired spectral response and to establish the instrumental
efficiency. The technique has been successful in resolving many of the
desired long-lived activities. Details of the chemical and spectral separa-
tions are given below for each isotope.

Standard solutions of saFe and 83 Ni were obtained from Amersham
International. Liquid scintillation samples were prepared for each reaction
product, depending on the expected count rate and dissolution required.
Natural Fe, Ni, or Cu was added to the solutions to match the weight of the
irradiated material. Hence, the quenching factors were identical for the
standard and unknown activities, as confirmed by comparison of the energy
spectra. In the case of 59 Ni, the spectrum was assumed to be similar to that
of 55Fe, since the X-rays and conversion electrons only differ in energy by
about 1 keV. The 55 Fe standard activit was 12.51 pCi/g ( 4.3%) and the a Ni
standard was 13.02 pCi/g ( 2.5%). The 9Ni X-rays were counted using a thin,
intrinsic Ge detector, which was calibrated using 5 4Mn, 5 5 Fe, 1 37Cs, and 2 4 1Am
standards.

Standard ion-exchange chemistry was used to remove all of the
undesired activities in the samples. The degree of separation was readily
confirmed by gamma and X-ray spectrometry. The liquid scintillation spectra
were then compared in detail to spectra obtained from the similarly prepared
standard solutions.

The isotope 55 Fe has a half-life of 2.73 0.03 y and decays by
electron capture, producing Auger electrons and X-rays near 6 keY.5 0 This
isotope was produced by the 56Fe(n,2n) reaction from natural Fe and iso-
topically separated 56Fe(99.87%). The principal unwanted activities in the
samples were 51Cr, 54Mn, 5 7Co, and "Co. The first two were produced by
reactions on 54Fe, principally in the natural Fe target, whereas the Co
activities were observed from Co and Ni impurities in the 6 Fe samples.
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The cross-section data obtained for all three isotopes are
liven in Table 1-7. Figure 1-20 shows the liquid scintillation spectra for
bFe both from our samples and the standard solution. Our results for the

5 8Fe(n,2n)5 5Fe cross sections near 14.8 MeV have a standard deviation of only
2.6%.

Table I-7. Neutron Cross-Section
55Fe, 63Ni, and 59Ni

Data Measured for

56Fe(n,2n)55Fe

Energy,a Fluence, At. Ratio ub

Sample MeV 1017 n/cm2  10-8 mb

56Fe-1 14.83 1.88 8.58 456.0
56Fe-2 14.82 1.61 7.34 456.0
5'Fe-3 14.85 1.31 5.86 448.0

Fe-1 14.68 10.30 48.6 472.0
Fe-2 14.81 4.53 19.9 440.0

63Cu(n,p) 8Ni

Energy, Fluence, At. Ratio ,
Sample MeV 1017 n/cm2  10-8 mb

Cu-1 14.65 1.17 6.40 54.7
Cu-2 14.65 1.14 6.16 54.0
CU-3 14.82 0.462 2.45 53.0

64Ni (n, 2n) 83Ni

Energy, Fluence, At. Ratio at
Sample MeV 1017 n/cm2  10-7 mb

64Ni-1 14.85 1.96 1.90 967.0
84Ni-2 14.83 1.65 1.57 948.0

8oNi (n,2n) 5 9 Ni

Energy,' Fluence, At. Ratio a,d
Sample MeV 1017 n/cm2  10-8 mb

BONi-1 14.81 1.26 1.57 124 9
80 Ni-2 14.83 1.78 1.73 97 6
0 Ni-3 14.82 1.34 0.95 84 9

'Mean energy; width ~O.5 MeV.

bUncert.: stat. 1%, eff. 3%,
fluence 5%, net 7.8%.

CUncert.: stat. 1%, eff. 3%,
fluence 5%. net 6.7%.

dUncert.: stat. 1%, eff. 4%,
net 19-23%.

std. 5%, T112 1.1%,

std. 2.5%, T11 2 2.0%,

T1/2 17%, fluence 5%,
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The isotope 63 Ni has a half-life of 100.1 2.1 y and decays by

p-emission with an end-point energy of 66 keV (average energy = 17 key). This
isotope was produced by the 84Ni(n,2n) and 83 Cu(n,p) reactions. The 8 4 Ni was
enriched to 93.57%, and the copper had the natural abundance of 69.17% for
83Cu. The 8 4 Ni samples contained undesirable activities of 5 4Mn, 57Co, 68 Co,
and 8 0Co, whereas the Cu samples contained mainly 8 0 Co.

In both cases, no residual activities were detected by gamma
spectroscopy. Samples were prepared from the ion-exchange column wash, and
all of the unwanted activities could be accounted for within a few percent.
Figure 1-21 shows the liquid scintillation spectra for each case, both before
and after chemical separations, as well as the spectra from the standard
solutions. As can be seen, the spectra from the separated materials closely
match that of the standards. The neutron cross-section data for each sample
are listed in Table 1-7. Again we note that the scatter in the data is only
1.5% for both the Ni and Cu samples.

The isotope 59Ni has a half-life of 7.6 x 104 y and decays by
electron capture, emitting about 6 keV Auger electrons and 7 keV X-rays.5 0

This isotope was produced from the 8 0Ni(n,2n) reaction using separated
isotopes of 6ONi (99.91%). The principal unwanted activities were 5 4Mn, 57Co,
5 8Co, and 80Co. Unfortunately, we were not able to sufficiently separate 5 4Mn
from 59 Ni. Consequently, we decided to concentrate on counting the 7 keY
X-rays from the decay of b9Ni, which have an intensity of 33.1 1.7%.50
Samples were prepared from the purified Ni elutant by evaporating several
milligrams of Ni onto an aluminum counting plate. Net corrections on the
order of 10% were applied for self-absorption and scattering. In this case,
83 Ni does not interfere since the P-decay produces no Co X-rays. Data are
listed in Table 1-7. Uncertainties are larger for this reaction due to poorer
counting statistics and the large (17%) uncertainty in the half-life.50
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All of the measured neutron cross sections are summarized in
Table I-8, where they are also compared with previous data. In the case of
the 5 8Fe(n,2n)5 5Fe reaction, our data are seen to agree quite well with
previous data by Wenusch and Vonach,5' Frehaut et al., 5 2 Molla and Qaim,5 3 and
Kozyr and Prokopets.5 4 The measurement by Joensson et al.5 5 is clearly much
lower. In the case of the 63Cu(n,p)8 3 Ni reaction, our measured cross section
is lower than previous measurements. However, most of these cross sections
are measurements of the total proton production, which includes other possible
reactions and, hence, are expected to be larger than cur measurement. The
measurement by Molla and Qaim5 3 is directly comparable to ours since they
measured the a-activity from 6 3 Ni. However, their value has a relatively
large uncertainty (40%) compared to our measurement (6.7%). No previous data
were found for the 6 0 Ni(n,2n) 5 9 Ni or 8 4 Ni(n,2n) 8 3 Ni reactions.

Table 1-8. Summary of Cross-Section Results
with Previous Data

En, Present En, Previous
Reaction MeV Q,mb MeV Q,mb Ref.

58Fe (n,2n) 5 5 Fe 14.8 454 t 35 14.0 440 90 51
14.3 410 33 52
14.7 440 40 53
14.6 480 50 54
15.1 190 40 55

83Cu(n,p)63Ni 14.7 54 4 14.7 125 50 53

03Cu(n,px)a 14.0 105 9 56
14.1 149 30 57

8 4 Ni(n,2n) 6 3 Ni 14.8 958 64 none

8ONi(n,2n) 59 Ni 14.8 104 25 none

"Total proton yield from 6 3Cu includes other reactions.

CU

10' 102
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83Ni from 63Cu(n,p) and 64Ni(n,2n)
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(DS) Ion-Exchange Products (IX),
and e3Ni Standard (STD)
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b. Dosimetry and Damage Analysis for High Flux Isotopes Reactor
(L. R. Greenwood)

Dosimetry and damage calculations have been completed for the
CTR47/48 experiments in the High Flux Isotopes Reactor (HFIR) at Oak Ridge
National Laboratory. These experiments were designed to study the impact
properties of miniature Charpy V-Notch specimens of HT-9 and other alloys at
300-400*C. The samples were irradiated in the PTP position of HFIR from
May 28, 1983, to February 24, 1985, for a net exposure of 46,113 MWd, which is
the highest exposure that we have reported.

Dosimetry capsules containing Fe, 0.1% Co-Al, Ti, and 80% Mn-Cu
wires were placed at five vertical locations in each assembly. One of the ten
capsules was lost during disassembly; the other nine were gamma counted at
Argonne, and the resulting activities are listed in Table 1-9. Due to the
extremely high exposure of these samples, burnup corrections are quite large
for all of theaeasured reactions. In particular, the raw activities for the
59 Co(n,7)8 0Co reaction at midplane are actually lower than in shorter experi-
ments because about 93% of the original 59 Co has been consumed and, hence,
80Co was decaying faster than it was being produced. Burnup corrections were,
consequently, about 50-70% for this reaction. For the threshold reactions,
the corrections were about 30-40%. As discussed in previous reports,68 the
burnup cross section for 5 4Mn is uncertain; however, the value of 14.6 b which
we deduced previously appears to fit the data quite well. In other words, our
corrected activities agree quite well with previous experiments in the PTP
position. Consequently, we are confident that the corrections are reliable
and that the uncertainty in the activities is only about 3% above the usual
1-1.5% from counting statistics.

Table 1-9. Measured Activities for CTR47/48.
(Activity in atom/atom-second at
100 MW; 3% accuracy.)

5QCo(n,7 80oCo 5 4Fe(n,p 5 4Mn 5 5 Mn(n,2n 64Mn

Height, (x10-) (x 10- 1) (x10~1)

cm 47 48 47 48 47 48

21.9 3.74 3.66 3.90 4.01 1.20 1.21
12.7 5.69 -- 6.66 -- 1.94 --
0.0 6.85 6.80 7.81 7.84 2.30 2.47

-12.7 5.58 5.62 6.51 6.45 1.86 1.93
-21.9 3.51 3.57 3.74 3.78 1.13 1.15

The activities in Table 1-9 can be used to determine the ver-
tical flux gradients. Data for both experiments are in good agreement with
the parameters determined previouslyb:

f(z) = f(0)(1 + bz + cz2 ) (1-26)

where b = 5.02 x 10-4, c = 1.00 x 10-3, and z = height, cm. Equation 1-24 can
be used to describe flux gradients for any of the neutron fluence or damage

parameters listed later by substituting the midplane value for f(0).
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The neutron energy spectrum determined previously for the PTP
position was then adjusted using the measured activities with the STAY'SL
computer code. The resulting neutron fluence values are listed in
Table I-10. The fluences and neutron energy spectrum are in good agreement
with previous data. Damage calculations were performed with the SPECTER
computer code59 and the results are listed in Table I-11. These damage levels
are the highest which we have yet reported for HFIR. The thermally generated
helium for Ni and Cu included in the table was determined by previously
published procedures.8 0 '6 1 As can be seen, the recently discovered effect in
Cu produces about seven times more helium than fast neutron reactions;
however, the extra damage effect is minimal (0.14 dpa). In the Ni case, the
extra damage is nearly equal to the fast neutron damage. Since the helium and
extra damage in nickel do not scale linearly with the exposure, Eq. 1-24
cannot be used in this case. Hence, damage gradients for stainless steel are
listed separately in Table 1-12.

Table I-10. Neutron Fluxes/Fluences for CTR47/48
[113 MWd (100 MW); 10%]

Flux, Fluence,
Energy 1015 n/cm2-s 1022 n/cm2

Total 5.09 20.28

Thermal (<0.5 eV) 1.99 7.93

0.5 eV-0.11 MeV 1.69 6.72

>0.11 MeV 1.41 5.63

c. Dosimetry and Damage Analysis for the Omega West Reactor
(L. R. Greenwood)

Dosimetry measurements and damage calculations have been com-
pleted for five irradiations in the Omega West Reactor at Los Alamos National
Laboratory. The irradiations were conducted by Howard Heinisch (Hanford
Engineering Development Laboratory) and are part of a series of fission-fusion
comparisons with experiments at the 14 MeV Rotating Target Neutron Source II
at Lawrence Livermore National Laboratory. The irradiations were conducted
between October 13, 1985, and March 18, 1986, at temperatures of 90-280*C.
The exposure parameters were as follows:

Run Exposure,
No. Dates FPH

4 10/23/85 - 12/18/85 199.4
5 01/21/86 - 02/05/86 79.0
6 01/10/86 - 01/16/86 23.8
7 01/17/86 - 01/17/86 6.9
8 02/10/86 - 03/18/86 195.88

Similar experiments (Nos. 1-3) and spectral measurements were reported
previously,62
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Table I-11. Damage Parameters Determined for
CTR47/48. (Values at midplane;
for gradients, use Eq. 1-26.)

Element dpa He, appm

36.9
24.6
1.24
8.47
7.4/

15.1
7.40

200.0

20,041.0

20,241.0

10.9
71.1

82.0

2.76

2643.0

Thermal self-shieldir
Co specimens.

b3 16 SS: Fe (0.645),
Mn (0.019),

Table 1-12.

ig important for Mn,

Ni (0.13), Cr (0.18),
Mo (0.026).

Damage Gradients for 316 SS in
CTR47/48. [Helium includes59Ni, and fast reactions
include dpa extra thermal

effect (He/567).]

Height, cm He, appm dpa

0 2643 47.2
3 2618 46.8
6 2544 45.5
9 2420 43.4

12 2242 40.4
15 2007 36.5
18 1716 31.7
21 1364 26.1
24 949 19.6

Al
Ti
v
Cr
Mn*
Fe
Co

Ni
Fast
59Ni

Total

Fast
85Zn

Total

74.3
47.3
52.9
46.8
51.1
41.4
51.1
44.4
35.3

79.7

40.3
0.14

40.4

40.0
29.7
47.2

Cu

Nb
Mo
316 SSb
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Dosimetry capsules containing Fe, Co, Ti, and Ni wires were
included with each irradiation. These wires were gamma counted at Argonne and
the resulting activities are listed in Table 1-13. The neutron energy spec-
trum determined in the spectral measurement6 2 was then adjusted using the
measured activities with the STAY'SL computer code. The resulting neutron
flux and fluence values are listed in Tables 1-14 and -15. Examination of the
data indicates a spectral shift between runs 1-4 and runs 5-8. The thermal
activities are about 30% higher in runs 1-4, whereas the fast reaction activ-
ities are about 20% lower. This difference is apparently due to a change in
the cooling medium from helium (runs 1-4) to water (runs 5-8). The spectral
measurements were also conducted with a helium coolant; hence, we do not have
the optimal input spectrum for the water-cooled experiments. The differences
in the adjusted neutron energy spectra are shown in Figs. 1-22 and -23.

Table 1-13. Activity Measurements for Omega
West Reactor ( 2%, 8 MW)

Activity, atom/atom-s

Reaction 4 5 6 7 8

58Fe(n,7)59Fe (10-11) 7.12 5.43 5.54 5.67 6.46
5 9 Co(n,7) 6 0Co (10-) 2.33 1.84 1.85 1.87 2.09
5 4Fe(n,p) 5 4Mn (10-12) 2.88 3.43 3.50 3.53 3.63
58Ni(n,p)58Co (10-12) 3.62 4.46 4.13 4.63 4.75

Ti(n,x) 4 Sc (10-13) 3.88 4.38 4.61 4.56 4.80

Table 1-14. Neutron Fluxes for Omega West
Reactor ( 10%, 8 MW)

Flux, 1013 n/cm2-s

Energy 4 5 6 7 8

Thermal (<0.5 eV) 7.84 5.93 5.99 6.07 6.88

0.5 eV-0.1 MeV 5.03 5.33 5.30 5.28 5.69

>0.1 MeV 5.66 6.66 6.62 6.74 7.14

>1.0 MeV 2.80 3.33 3.31 3.40 3.55

Total 18.53 17.92 17.91 18.09 19.70

Closer examination of the values in Tables 1-13 to -15 indi-
cates small (10%) differences from run-to-run, even with the same coolant
material. In particular, the fluxes for runs 7 and 8 are about 3% and 10%
higher than runs 5 and 6. These differences may be due to inaccuracies in the
reactor power histories, since we normalized data from nominal average power
levels to 8 MW full power. Further measurements would be needed to resolve
these small differences.
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Table I-15. Neutron Fluences for Omega
West Reactor ( 10%)

Fluence, 1019 n/cm2

Energy 4 5 6 7 8

Thermal (<0.5 eV) 5.63 1.69 0.513 0.151 4.85

0.5 eV-0.1 MeV 3.61 1.52 0.454 0.131 4.01

>0.1 MeV 4.06 1.89 0.567 0.167 5.03

>1.0 MeV 2.01 0.947 0.284 0.084 2.50

Total 13.30 5.10 1.54 0.449 13.89

H-Run 4

.. r Fig. 1-22.

Water and Helium Cooled Neutron
Spectra Measured in Omega West
Reactor
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Damage calculations were performed with the SPECTER computer
code and the results are listed in Table 1-16. Values for runs 1-4 scale with
the exposure level; however, the values for runs 5-8 are about 20% lower due
to the spectral shift with the water coolant.

Table 1-16. Damage Parameters for Omega West
Reactor (dpa x 10-3, He in appb)

Run 4 Run 5 Run 6 Run 7 Run 8

Element dpa He dpa He dpa He dpa He dpa He

Al 52.1 17.3 24.4 7.90 7.30 2.43 2.16 0.71 64.6 21.2
Ti 31.6 15.9 14.7 7.46 4.41 2.26 1.31 0.67 39.0 19.7
V 35.7 0.60 16.6 0.27 4.98 0.08 1.48 0.02 44.0 0.73
Cr 32.2 4.51 15.0 2.09 4.50 0.64 1.33 0.19 39.8 5.56
Fe 28.4 7.91 13.3 3.64 3.99 1.12 1.18 0.33 35.2 9.72
Ni 30.2 122.0 14.0 56.8 4.21 17.3 1.25 5.10 37.2 151.0
Cu 27.6 6.61 12.8 3.03 3.85 0.93 1.14 0.27 34.1 8.10
Nb 27.7 1.51 13.0 0.70 3.90 0.21 1.15 0.06 34.4 1.86

d. Measurements for
(L. R. Greenwood)

U.S./Japanese Experiments

Results are reported for the JP2, JP6, and JP7 U.S./Japanese
experiments in HFIR to study swelling, tensile, and fatigue properties of
stainless steel at 300-600*C. These three irradiations were conducted in the
target position, as follows:

Experiment

JP2
JP6
JP7

Dates

01/04/84 - 12/17/85
09/11/84 - 11/14/85
10/05/84 - 12/17/85

Exposure

57,507 MWd
34,677 MWd
34,652 MWd

Results for the JP1 and JP3 experiments were reported previously.83

The JP2 experiment has the highest exposure yet reported in
HFIR. Burnup corrections are quite severe. However, these corrections appear
to be in good agreement (35%) for all five of the JP experiments, and we
estimate that activities are accurate to 33%.

Dosimeters were located at six vertical locations in the JP2
and JP6 experiments and at three heights in JP7. One of the dosimeters was
lost during disassembly at ORNL. The remaining 14 capsules were gamma counted
at Argonne. Each capsule contained Fe, 0.1% Co-Al, and 80.2% Mn-Cu wires.
The corrected activities are listed in Table 1-17. Since runs JP6 and JP7
have nearly identical exposures, fluence and damage rates are reported
jointly.



55

Table I-17. Measured Activities for HFIR-JP2, JP6, and
JP7. (Values in units of atom/atom-second
at 100 MW; 3% accuracy.)

58Fe(n,7)5 Fe
JP2 JP6 JP7

(x 10~9)

1.23
1.79
2.20
2.36
2.02
1.39

1.15
1.70
2.15
2.23
1.91
1.35

1.84

2.36

54Fe(n,p) 54Mn

JP2 JP6 JP7

(x 10-)

2.59
5.21
6.75
6.99
5.93
3.91

2.27
5.21
6.80
7.07
5.89
3.88

5.40

6.95

ssCo(n,7)80Co

JP2 JP6 JP7

(x 10-8)

3.64
5.36
6.25
6.33
5.48
4.39

3.68 --
5.71 5.80
6.65 --
6.50 6.51
4..81 --
4.48 --

55 Mn(n,2n)54Mn

JP2 JP6 JP7

(x 10-S)

0.782
1.51
1.97
2.10
1.72
1.17

0.708
1.35
1.92
2.06
1.81
1.16

1.53

2.10

The vertical
and the average results are

flux gradients
given below:

were fit to a polynomial equation

f(z) = f(0) (1 + bz + cza) (1-27)

where z = height in cm. For the threshold reactions, the parameters are b =
0.361 x 10-3 and c = -1.007 x 10-3, in good agreement with parameters
determined for the PTP position.63  However, the thermal reactions have a
flatter dependence with b = 1.24 x 10-3 and c = -0.756 x 10-3. The parameters
b and c for the fast reactions can be used to determine fluence or damage
rates at any height in the assembly.

The neutron energy spectra were adjusted with the STAY'SL com-
puter code using the midplate activities determined from the gradient data.
The resultant neutron fluence values are given in Table 1-18. The spectral
adjustments were small (<10%) and the spectrum is essentially the same as
reported previously in the PTP position.83

Damage parameter results calculated with the SPECTER computer
code are listed in Table 1-19. Thermal effects for Ni and Cu are included as
discussed in recent publications.8 0'6' For the very high exposure in the JP2
experiment, the thermal effect in Cu produces 9.6 times more helium than the
fast reactions. For Ni, the thermal effect produces about 0.25 at.% helium,

Height,
cm

25.4
16.5
7.1
2.1

-12.1
-21.0

25.4
16.5
7.1
2.1

-12.1
-21.0
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resulting in 3345 appm in 316 stainless steel. The helium-to-dpa ratio is
about 61:1 at midplane in JP2. Since these effects are not linear with the
fluence, helium and damage gradients for 316 stainless steel are listed
separately in Table I-20.

Table I-18. Neutron Fluences for HFIR-JP2,
JP6, and JP7. (Values are
accurate to 10%.)

Fluence, 102 2n/cm2

Energy JP2 JP6, JP7

Total 24.66 14.80

Thermal (<0.5 eV) 10.09 6.09

0.5 eV-0.11 MeV 7.97 4.77

>0.11 MeV 6.59 3.95

>1 MeV 3.35 2.02

Table I-19. Damage Parameters for HFIR-JP2, JP6,
and JP7. (Values at midplane; for
gradients, use Eq. 1-27.)

JP2 JP6, JP7

Element He, appm dpa He, appm dpa

Al 41.9 86.4 25.2 51.8
Ti 27.9 54.8 16.9 33.0
V 1.41 61.4 0.85 36.9
Cr 9.61 54.1 5.78 32.5
Mn* 8.48 59.6 5.10 35.8
Fe 17.07 47.9 10.28 28.8
Co 8.40 60.1 5.05 36.1

Fast 226.0 51.5 137.0 31.0
Ni 89Ni 25,402.0 44.8 15,015.0 26.5

Total 25,628.0 96.3 15,152.0 57.5

Fast 12.4 46.7 7.4 28.1
Cu 65Zn 119.2 0.2 38.3 0.1

Total 131.6 46.9 45.7 28.2

Nb 3.12 46.3 1.88 27.8
Mo -- 34.5 -- 20.7

316 SSb 3345.0 55.2 1978.0 33.1

"Thermal self-shielding important for Mn, Co.

b316 SS: Fe (0.645), Ni (0.13), Cr (0.18), Mn (0.019),
Mo (0.026).
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Table 1-20. Damage Gradients for HFIR-JP2, JP6
and JP7. (Values for dpa include
thermal effect from 59Ni. Helium
includes 59Ni and fast reactions.)

JP2 JP6, JP7
Hecht' He, appm dpa He, appm dpa

0 3345 55.2 1978 33.1
3 3316 54.7 1957 32.8
6 3229 53.3 1897 31.9
9 3082 50.8 1796 30.4
12 2873 47.3 1653 28.3
15 2592 42.7 1464 25.5
18 2242 37.2 1234 22.2
21 1811 30.7 961 18.2
24 1293 23.1 650 13.7
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II. SEPARATION SCIENCE AND TECHNOLOGY
(G. F. Vandegrift)

The Division's work in separation science and technology consists of four
projects. Three of these projects are concerned with removing and concentrat-
ing actinides from waste streams contaminated by transuranic (TRU) elements.
The objective is to recover valuable TRU elements and lower disposal costs of
nuclear waste. The major project in this area involves development of a ge-
neric data base and modeling capability for the TRUEX (TRansUranic EXtraction)
solvent extraction process. This capability will allow us to design flow-
sheets for specific waste streams and to predict the cost and space require-
ments for implementing a site- and feed-specific TRUEX process. It will also
be useful as a tool for plant operators to vary, monitor, and control the
process once it is in place. The second project entails development of the
TRUEX process for removing americium and plutonium from waste generated by the
Hanford Plutonium Finishing Plant (PFP) while recovering a purified plutonium
stream. In the third project, a PUREX/TRUEX flowsheet is being developed for
removing plutonium from concentrated HC1/brine waste streams. The fourth
project, which is unrelated to the first three, is concerned with examining
the feasibility of substituting low-enriched uranium for the high-enriched
uranium currently used in the production of fission product 9 9 Mo.
Technetium-99m, the daughter of 9Mo, is widely used in medical diagnosis.

A. TRUEX Technology-Base Development
(G. F. Vandegi^lft, D. J. Chaiko, D. R. Fredrickson, and P.-K. Tse)

The major objectives of the FY 1987 efforts related to the TRUEX process
are (a) the creation of a generic data base and (b) the development of a
modeling capability that can be used in the design of flowsheets for specific
waste streams. The TRUEX process extracts, separates, and recovers TRU ele-
ments from solutions containing a wide range of nitric acid, fission product,
and nitrate salt concentrations.

The generic data base will include distribution ratio data for
extractable metals and inorganic acids, aqueous-phase acid dissociation
constants and stability constants for aqueous metal complexes, and activity
coefficient data for nitrate solutions of high ionic strength. With the
completed generic data base and a modeling capability in place, it will be
possible to derive process flowsheets based on site-specific criteria such as
feed composition, feed volume, time schedule for processing, available space
for implementing the process, and projected fate of the TRU element streams.

1. Experimental

a. Reagents

Two solvents for the TRUEX process were studied: TRUEX-TCE
and TRUEX-NPH. The composition of the TRUEX-TCE solvent is 0.25M
n-octyl(phenyl)-N,N-diisobutylcarbamoylmethylphosphine oxide (CMPO) and 0.75M
tri-n-butyl phosphate (TBP) in tetrachloroethylene (TCE). The TRUEX-NPH
solvent contains 0.2M CMPO and 1.4M TBP in Conoco C1 2-C1 4, a normal parafinic
hydrocarbon (NPH) diluent mixture with an average carbon chain length of 13.4.
The TBP (Aldrich), TCE (Aldrich HPLC grade), and the Conoco-NPH were used as-
received. The purity of the CMPO (M&T Chemical Inc.) was estimated to be
~w98%.
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b. Acid Distribution Studies

Procedures used for measuring acid (HNO3 , H 2S04) distribution
ratios involved contacting the organic solvent three times with fresh aqueous
acid solution. After the third contact, the aqueous phase composition remains
unchanged. The organic-phase acid concentration was determined by taking an
aliquot and washing with distilled water four times and titrating all the
washings. A blank titration of the fresh TRUEX solvent showed acid impurities
to be (10-4M. Temperatures were maintained at either 25 or 50*C.

c. Metal Distribution Ratios: Chemical Analysis

Distribution ratios at 25 and 500C were obtained for the TRUEX-
NPH solvent by inductively coupled plasma/atomic emission spectrometry
(ICP/AES) of the aqueous feed and raffinate for the following metal ions: Zr,
Y, La, Pr, Eu, and Sm. The approximate metal concentrations in the feed
solutions were as follows: Zr, 1.2 x 10-3M; Y, 4 x 10-4M; La, 6 x 10-4M; Pr,
5 x 10~4M; Eu, 7 x 10-4M; and Sm, 8 x 10-'M.

Metal stripping from the loaded organic phase was conducted
according to the following proced re: the organic phase was washed with
distilled water three times using an organic/aqueous (0/A) phase ratio of 0.5,
followed by an organic-phase wash with 1.5M nitric acid and 0.05M oxalic acid
at an 0/A phase ratio of 0.5 (once). All samples for ICP/AES analysis were
diluted to volume with 0.2M nitric acid.

At the highest acid concentration (10M HN03), third-phase
formation occurred several minutes after metal extraction. This behavior was
not observed at 50*C. The distribution ratios of iron between aqueous nitric
acid and the TRUEX-NPH solvent at 25*C were measured with 65 Fe. During iron
extraction, the samples were vortexed for one minute.

d. Technetium Extraction

Before extraction, the TRUEX-NPH and TRUEX-TCE solvents were
pre-equilibrated with fresh nitric acid at least three times at a phase ratio
of one to one. The concentrating of 99 Tc in the aqueous feed solution was
2.4 x 10~4M. Forward and reverse distribution ratios of 9 9 Tc were measured at
25 and 50 0C. Since the forward and reverse distribution ratios were
experimentally identical, only plots of forward distribution ratios of Tc vs.
nitric acid concentration are reported.

e. Removal of Am from Pu Stock

Americium-241 impurity was removed from a plutonium(IV) stock
solution by ion exchange chromatography as follows: a disposable plastic
column was packed with DOWEX 1 anion-exchange resin and then pre-conditioned
with 8M HN03 . One milliliter of plutonium solution was pipetted onto the
column, and americium was then eluted with 10 mL of 8M nitric acid. Finally,
plutonium was stripped from the column with 15 mL of 0.1M nitric acid. The
plutonium eluate was concentrated to approximately 1 mL and . small amount of
NaNO2 was added to ensure that all the plutonium was in the r4 oxidation
state.
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2. Acid Distribution Studies

Distribution ratio measurements for nitric acid between aqueous
nitric acid solutions and the TRUEX-TCE and TRUEX-NPH solvents were completed,
and initial studies of hydrofluoric acid extraction were begun during FY 1986.
In the first half of FY 1987, studies of the salt effects on nitric acid ex-
traction were completed, and studies of sulfuric acid extraction were begun.

a. Sulfuric Acid

The partitioning of sulfuric acid between TRUEX-NPH and TRUEX-
TCE solvents was measured at 250C. Data for TRUEX-NPH at about 0.5, 1, 2, and
3M H2SO4 are presented in Table II-1. An attempt to contact 5M H2SO4 with
TRUEX-NPH resulted in third-phase formation.

Data for the TRUEX-TCE solvent are presented in Table 11-2. The
organic phase for 0.5M and 1M H2S04 appeared slightly cloudy after three
contacts with fresh acid but returned to normal after the first water rinse.
At each concentration, duplicate extractions were done.

Table II-1. Distribution of Sulfuric Acid between
TRUEX-NPH and Aqueous Sulfuric Acid
Solutions at 25*C

0/A [H2S04 ], M

Ratio Aqueous Phase Organic Phase DH2S04

2/1 0.5009 0.00151 0.00308

1/1 0.9960 0.00484
0.00492 0.00490

2/1 1.991 0.0364
0.0361 0.0182

1/1 2.987 0.107
0.107 0.0358

The extraction of sulfuric acid by the TRUEX-NPH solvent is
compared with the extraction behavior of nitric acid and hydrofluoric acid in
Fig. II-1. The least dissociated acid, HF (Ka = 1.48 x 10 , where Ka is the
acid association constant), extracts most readily, followed by HNO3
(Ka = 6.5 x 10-2) and finally H2SO4 (Ka = 10-3, first association constant).

The extraction of fluoride and sulfate by the TRUEX solvents
also is likely to take place in the presence of carrier ions such as UO + and
Pu4+. Future work is planned to examine the effects of sodium and aluminum
nitrate on the extraction behavior of HF and the extraction of SO4- and F- in
the presence of uranium and plutonium.
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Table II-2. Distribution of Sulfuric Acid between
TRUEX-TCE and Aqueous Sulfuric Acid
Solutions at 25*C

[HaSO4 ], M
0/A-

Ratio Aqueous Phase Organic Phase DgaSO4

2/1 0.5009 0.000516
0.000524 0.0010

2/1 0.9960 0.001633
0.001657 0.0016

2/1 1.991 0.01160 0.0059
0.01181

2/1 2.987 0.04317
0.04446 0.0146

10.2 10-1  100

Aqueous Acid Concentration, M

Fig. II-1.

Extraction Isotherms for HF, HN03 ,
and H250 4 at 25*C with TRUEX-NPH
Solvent

101

b. Nitric Acid Extraction

The distribution ratios for nitric acid between the TRUEX-NPH
solvent and aqueous nitric-acid/nitrate salt solutions were measured at 25*C.
The data (0/A ratio = 1) are given in Tables 11-3 to 11-5.

Distribution ratios for nitric acid between 0.25M CMPO in TCE
were also measured at 250C. At each acid concentration, duplicate extractions
were done. The data are shown in Table 11-6.

3. Metal Extraction Studies

Metal extraction studies are being conducted as part of the generic
data base effort. The distribution ratios of Pu, Tc, Fe, Zr, Y, and the
lanthanides have been measured with the TRUEX solvents. Distribution ratios
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Table II-3. Distribution of Nitric Acid between
TRUEX-NPH and Aqueous Sodium Nitrate
Solutions at 25*C

Aqueous Phase Organic
Composition, M Phase

[H+] [N03] [HNO3], lM DHNO

1.0 5.0 0.824 0.82

2.0 5.0 1.040 0.52

3.0 5.0 1.188 0.40

4.0 5.0 1.271 0.32

5.0 5.0 1.37 0.27

Prepared from mixing appropriate volumes of

5M HNO3 and 5M NaNO3.

Table 11-4. Distribution of Nitric Acid between
TRUEX-NPH and Aqueous Aluminum
Nitrate/Sodium Nitrate Solutionsa
at 25 0C

Aqueous Phase Organic
Composition, U Phase

[H+] [NO0] [HNO3], M DHN0

1.0 5.0 0.968 0.97

2.0 5.0 1.142 0.57

3.0 5.0 1.221 0.41

4.0 5.0 1.297 0.32

5.0 5.0 1.37 0.27

Prepared from mixing appropriate volumes of 5M
HN03 and a solution containing both 1M Al(NO3y3
and 2M NaNO3 .
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Table 11-5. Distribution of Nitric Acid between
TRUEX-NPH and Aqueous Sodium Nitrate
Solutions at 25*C

Aqueous Phase Organic
Composition, M Phase

[H+] [NO3] [HNO3], M DHNO

1.0 3.0 0.623 0.62

2.0 3.0 0.831 0.42

'Prepared from mixing appropriate volumes of
3M HNO3 and 3M NaNO3 .

Table 11-6. Distribution of Nitric Acid between
O.25M CMPO in TCE and Aqueous Nitric
Acid~Solutions at 250C

0/A [HN03], M

Ratio Aqueous Phase Organic Phase DHN03

2/1 0.1012 0.00328 0.032

2/1 0.2061 0.01204 0.058

2/1 0.5145 0.05299 0.103

1/1 1.027 0.1178 0.115

1/1 2.021 0.199 0.098

1/1 3.0351 0.239 0.079

1/1 4.020 0.2729 0.068

1/1 5.003 0.308 0.062

1/1 6.924 0.392 0.057

are being measured as a function of aqueous nitric acid concentration and
temperature. A study of the effects of salting-out agents (i.e., sodium
nitrate and aluminum nitrate) and aqueous phase complexants (i.e., fluoride,
sulfate, phosphate, and oxalate) is also planned. These data, together with
the nitric acid extraction data collected earlier, will be used in developing
metal extraction models. Aqueous phase activity coefficients of metal salts
in mixed electrolyte solutions will be calculated using the techniques
described in Sec. II.A.4.a.
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a. Iron

The extraction isotherm of iron as a function of nitric acid
concentration is shown in Fig. 11-2. This curve was obtained with one-minute
contact times for metal extraction. Studies currently underway indicate that
both the extraction and stripping of iron from the TRUEX solvents are rate
controlled. Accordingly, the data in Fig. 11-2 are now known not to be at
equilibrium. The rate constants from these yet unreported studies will be
used to correlate equilibrium distribution ratios with iron behavior in a
centrifugal contactor.
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b. Zirconium and Yttrium

Distribution ratios of Zr at 25 and 50*C are shown in
Fig. 11-3. The extraction of Zr is complicated by hydrolysis and the fact
that Zr is extracted by both CMPO and TBP. Zirconium is also capable of
acting as a salting-out agent in promoting the extraction of pertechnetate
(TcO4) through the extraction into the organic phase of a pertechnetate-
zirconium species believed to be TBP'Zr(NO3 )g'(TcO 4 );' a similar complex with
CMPO is expected. Further work on the extraction behavior of Zr is planned
using radiotracer techniques.

The extraction isotherms of yttrium at 25 and 500C were
measured for the TRUEX-NPH solvent; its behavior is similar to that of the
lanthanides described in the next section.

c. Lanthanides

The extraction isotherms were determined for La, Pr, Eu, and Sm
at 25 and 500C. A slight temperature effect was observed in lanthanide
extraction whereby the distribution ratios decreased with increasing
temperature. This type of behavior is not unusual for metal extraction
involving solvation by oxygen-bearing extractants.2 Also, the presence of
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salting-out agents is known to markedly enhance the temperature effect on
metal distribution ratios.3 At a fixed temperature, however, the lanthanides
all had essentially the same distribution ratios, and the extraction isotherms
passed through a maximum at 3M nitric acid.

At 50*C, two of the lanthanides, Eu and Sm, showed peculiar
behavior at 10M HNO3 . Instead of decreasing distribution ratios at acid
concentrations greater than 3M, the distribution ratios of Eu and Sm increased
between 6 and 10M HNO3 . This increase in distribution ratio corresponds with
the tendency for third-phase formation that was observed at 10M HN03 and 25*C.

Because the chemical properties of the lanthanide metals are
very similar, in-depth studies of only a couple of the lanthanide metals are
necessary to gain a detailed understanding of the extraction properties of the
entire lanthanide series. Cerium and promethium were selected for these
extended studies. Plots of the distribution ratios of 14 1Ce and 14 7Pm are
displayed in Figs. 11-4 to 11-8. All distribution ratios were made with 7-ray
spectrometry using a NaI(Tl) detector. Both temperature and diluent effects
were studied. The effect of TBP concentration on the extraction isotherm of
Ce is shown in Fig. 11-4 for the TRUEX-TCE solvent. The distribution data o
this figure show that increasing TBP concentration depresses the extraction of
Ce at [HNO3] < 1M and enhances its extraction at [HNO3] > 1M.

When TCE is used as a diluent, the Pm distribution ratios are
substantially higher than those of Ce under the same conditions. However, no
such observation was found with the NPH diluent. The chemical properties of
the lanthanides are such that the distribution ratios of Ce and Pm should be
similar. Promethium-147 is also a f-emitter and p-particles can be counted by
liquid scintillation. With this approach, it was found that the peak height
was shifted from the expected 62 keV to ~35 keV. This was possibly due to
fluorescence quenching, which could cause the entire pulse height spectrum to
shift toward a lower-energy level. The distribution ratio of' 4 7 Pm at 1M HNO3
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was measured to be 11.2 by liquid scintillation counting. This suspect value
is lower than that from the NaI(Tl) detector, i.e., 14.1. Further studies on
the Pm problem are in progress.

d. Technetium

In nitric acid solutions, technetium is present mainly as the
pertechnetate anion, Tc0-. The extraction of pertechnetic acid by tributyl
phosphate is low, but it is enhanced by the presence of other metals (e.g., U,
Th, Zr) that are co-extracted.3

As shown in Fig. 11-9, both temperature and diluent effects
were observed in Tc extraction. The distribution ratios decreased with
increasing temperature and increasing diluent polarity. In addition, the
extraction ratio of Tc increased with increasing nitric acid concentration up
to ~0.5M HN03 , and decreased thereafter. The increase at low HNO3
concentrations can be explained by both CMPO and TBP being neutral
extractants; the extractable technetium species would be pertechnetic acid,
HTcO4 . Pertechnetic acid is a relatively weak acid with an acid dissociation
constant of 0.5 0.2 at 25*0.4 At low acidities, increasing the hydrogen ion
concentration increases the concentration of HTcO 4 relative to Tc0~, [HTcO 4]
being proportional to the hydrogen ion concentration. At a hydrogen ion
concentration of ~0.2M, this proportionality begins to decrease as the [H+]
increases. The acid form, HTcO4 , becomes the major species in solution at
[H+] > 0.5M. The decrease in DT, at higher nitric acid concentrations may be
explained by the competition for extractant molecules by the nitric acid.

The distribution ratio of pertechnetate for TRUEX-NPH in the
presence of depleted uranium was also studied. The procedure involved pre-
equilibrating the TRUEX-NPH solvent with fresh nitric acid at least three
times using 0/A = 1. Uranium in various nitric acid concentrations was either
loaded into the organic phase or added to the aqueous feed solution. From
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Fig. II-10, it is clear that uranium ennances the extractability of Tc into
the TRUEX-NPH solvent and that the degree of enhancement is dependent upon the
concentration of uranium present in the system.

Preliminary studies show that the distribution ratio of uranium
with TRUEX solvent vs. various nitric acid concentrations is high (<200) so
that over 99% of the uranium will be extracted by the TRUEX-NPH solvent.
Therefore, it is not surprising that the distribution ratio of 99Tc is the
same whether the uranium is present initially in the organic or in the aqueous
phase.

Because CMPO is a neutral extractant, the uranyl cation acts as
a carrier for both nitrate and for Tc0- ions. In these experiments, the
concentration of pertechnetate in the aqueous solution is much lower than the
concentration of nitrate (10-4M vs. >10-2 -101M). As the nitric acid concen-
tration is increased, the effect of uranium on the extraction of technetium is
decreased for two reasons: (1) the concentration of Tc0s decreases due to the
formation of pertechnetic acid, and (2) as the concentration of nitrate is
increased, it can better compete with Tc0- for U02 ions. Thus, the U-Tc
distribution ratio curves are expected to overlap with the Tc curve at high
nitric acid concentration. Indeed, this was observed at uranium concentra-
tions less than 0.O1M. However, when the concentration of uranium in the
solution is equal to or greater than 0.O1M, the extraction of Tc remains en-
hanced, even at high acid concentrations. This behavior is consistent with
the formation of an extracted uranyl pertechnetate complex that is much more
stable than the extracted uranyl nitrate complex. These effects can be
modeled mathematically and will be presented in the next report.

Third-phase formation was found when 0.05M uranyl nitrate in
either 2.0 or 6.OM HN03 was loaded into the TRUEX-NPH solution. Future work
will look at salt effects (i.e., NaNO3) and the presence of the rare earths
(i.e., Nd) on technetium extraction.
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e. Plutonium

Experiments were performed to determine the effect of tempera-
ture and HN03 concentration on the distribution coefficient of plutonium with
the TRUEX-TCE solvent. The 239Pu contained some 41Pu and its a-decay
daughter 2 4 1 Am. Therefore, appropriate steps were taken to account for the
a-activity of 2 4 1Am when counting the plutonium.

The TRUEX-TCE mixture was prewashed three times with the
corresponding acid solution at 0/A = 1 before contacting it with the Pu-spiked
nitric acid solution. After the extraction, the phases were separated, and
from each phase two 50 pL samples were taken for a-counting. Additional
samples (50 pL) were removed for 7-counting.

The results of this study, at 25 and 50 *C, are presented in
Table 11-7. Except at low acid concentration, the Dpu values are high and,
because of their magnitude, must be considered inaccurate. The experiments at
500C were done with approximately a four-fold increase of Pu concentration.
All other conditions and volumes were the same as in the 25*C series, except
for the addition of a sample at 0.2M HNO3 . Starting with a larger amount of
Pu increased the accuracy of counting, and the problems encountered in the
first experiment were lessened.
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Table 11-7. Distribution of Plutonium between
0.25M CMPO-0.75M TBP in TCE and
Various Nitric Acid Solutions at
250C and 50*C

DPu

[11N03], M 25*C 50*C

0.2 -- 150

0.4 850 1430

0.6 3900 1200

0.8 5700 2100

1.0 >70000 5000

2.0 >8000 7000

4.0 1900 660

6.0 >8000k 510

8.0 >7000 41

10.0 2600 70

The 2Q error for Pu activity due to counting
a and 7 is ~+5 cpm/sample. Because the Pu
activity is less than this quantity, the Dpu
value is given as greater than the organic
phase Pu activity divided by 5 cpm.

It was clear that, in some cases, the distribution ratios of Pu
were too high to be accurately measured. Also, the 1% Am 7-activity in the Pu
stock solution made accurate measurement even more difficult. Future
experiments to measure Dpu values will include (1) using an aqueous-phase
complexant such as oxalate or sulfate to reduce Dpu values to 0.01-100, and
(2) using a 99.99% pure 239Pu stock.

In another set of experiments, americium was removed from the
plutonium stock prior to Pu extraction. Plutonium (IV) distribution ratios
between TRUEX-NPH and nitric acid were measured at 250C. Metal stripping from
the loaded organic phase was performed by adding 0.01, 0.05, or 0.25M HF in
nitric acid solutions of varying concentrations. In these strip solutions,
the total acidity was kept equal to that present during plutonium extraction.

The distribution ratio results as a function of total hydrogen
ion concentration and hydrogen fluoride concentration are displayed in
Fig. II-11. As expected, the experimental results show that hydrofluoric acid
in aqueous nitric acid medium suppresses the extraction of plutonium. Efforts
to derive a mathematical correlation between the Pu-HN03 and Pu-HF-HNO3
systems are in progress.
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4. Model Development

Current knowledge of the chemistry of the TRUEX process is suffi-
cient to pursue a mass action approach toward the development of extraction
models. To fully account for the effects of salting-out agents and aqueous
phase complexation, thermodynamic models of acid and metal extraction are
being developed. This requires data concerning the activity coefficients of
the aqueous and organic phase species present in the system. While a con-
siderable amount of thermodynamic data is available for aqueous electrolytes,
few data are available for the activity coefficients of organic phase species.
Therefore, the activity coefficients of all organic phase species were com-
bined with the extraction equilibrium constants. Activity coefficients in
multicomponent electrolyte solutions were then calculated from data for single
electrolyte solutions.
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a. Calculation of Activity Coefficients

In this section, models are described for calculating activity
coefficients of mixed electrolyte solutions at high ionic strengths. To be
consistent with the modeling techniques used to estimate activity coefficients
at high ionic strengths, we adopted the following nomenclature. Mean ionic
activity coefficients for a pure electrolyte solution will be designated by

y1 2 on the molar scale and by 701 on the molal scale. The subscripts are used
to identify a particular ionic species. Odd numbers (1, 3, 5...) represent
cationic species, and even numbers (2, 4, 6...) represent anionic species. In
mixed electrolyte solutions, the mean ionic activity coefficient is given by
either Y1a or 712 depending upon the concentration scale (molar or molal,
respectively).

In the literature, there are a number of methods for estimating
activity coefficients at high ionic strengths. The model of Meissner
et al. 5'8 requires only one experimentally determined activity coefficient for
a pure electrolyte and is based on the reduced activity coefficient (*) and
the total ionic strength (IT):

ria = (7 Oa)1/ZiZa (Il-1)

IT = 0.5 E m.Z? (11-2)

where Zi is the absolute value of the charge on ion i and mi is its molal
concentration. Complete electrolyte dissociation is assumed.

The Meissner model5 arose from the observation that a series of
isotherms that describe the reduced activity coefficients of pure electrolyte
solutions is obtained when plotting log r vs. log IT. These correlations
have been found to be useful up to ionic strengths of at least 20 molal. By
curve fitting the activity data for a large number of electrolytes, Meissner
et al. 5 '7-9 were able to identify the isotherm for a particular electrolyte
through the empirical parameter q. Using the values of q, the reduced
activity coefficient can be obtained from a plot of the activity coefficient
isotherm in Ref. 7 or calculated from Eq. 11-3:

ria = [1 + p(1 + 0.1 I)q - p]r* (11-3)

where

= (0.75 - 0.065q) (11-4)

log r* = -0.5107T(11-5)
1 + C FT~

C = 1 + 0.055 q exp (-0.023 I3) (11-6)

with the q values supplied in Ref. 9.
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The reduced activity coefficient of a strong electrolyte in a
mixed electrolyte solution can be estimated from the values of r for all of
the individual electrolytes present. For a mixture of two cations and two
anions, the reduced activity coefficient of electrolyte 12 is given by

r,2 = [1 + p(1 + 0.1 I)q1 2 ,mix - p] (11-7)

with

= 0.75 - 0.065 g1 2 ,mix (11-8)

C = 1 + 0.055 g1 2 ,mix exp (-0.023 I3) (II-9)

where C pertains to Eq. 11-6, and

g.1, mx = (I1gq 2 + I3 q 2 + .. .)/I + (,2q 2 + I4O14 + ... )/I (II-10)

The equation proposed by Bromley""'lo, for the activity
coefficient of a single-component electrolyte solution is

-AIZZ2 II (0.06 + 0.6 B)1Z1Z211
log 712 = + + BI (II-11)

1+T / 1.5 I 2

where

A = Debye-Huckel constant (A = 0.511 kg1/a mol-1/2 at 25*C)

Z1 = cationic charge

Z2 = anionic charge

I = molal ionic strength

B = Bromley interaction parameter, found in Ref. 11.

In Bromley's model, a multicomponent solution is treated as a
single, complex salt. It is also assumed that interactions between ions of
the same charge contribute very little toward their nonideal behavior, and
such interactions are therefore ignored. This means, for example, that in
calculating an anion activity coefficient for a solution containing several
different anions, the only anion pertinent to the calculation is that
belonging to the salt whose activity coefficient is desired. However,
interactions between that anion and all cations in the salt solution are
important.
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The equation proposed by Bromley 6"' for activity coefficients
of multicomponent solutions is

-AIZ 1Z2IT L.1F1  v2F2
log 712 = + + (11-12)

+ I

with

E v.Z?

ZZl= 1 (11-13)

where

vi = stoichiome viic coefficient of ion i for a multi-ion salt

[e.g., for Fee(S04)3 , vI = 2 and v 2 = 3]

v = E vi

i

The terms F1 and F2 are defined as follows:

F1 = (Y12 log 712 + Y 14 log01y4 + Y1 e log lie + ... ) (11-14)

A TY
+ (Z1Z2 Y12 + Z1Z4 Y14 + -"- ZZj Y1j)

F2 = (X12 log 712 + X32 log 72 + X52 log 72 + "..) (II-15)

A F~I

+ (Z1Z2 X12 + Z3Z2 X32 + ... ZiZ2 X 2 )
S+ / I

where

Z1 + Z2 (u )
Y12 = 2 ~I

Z1 + Z2 /m 1

X12 = ( 2 )

mi = ionic molality

The 7*y values refer to activity coefficients of single electrolyte solutions
at the total ionic strength of the mixed electrolyte solution.
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As part of the TRUEX Technology-Base Development program, a
computer program has been developed on the Excel spreadsheet that is capable
of calculating single-ion and mean activity coefficients at 25*C based on
Eqs. 11-12 through 11-15. The spreadsheet is menu driven, and its operation
may be initiated by a selection of the desired calculational request found
under the MACRO menu. The maximum number of electrolytes permissible in a
mixed solution is seven. Data required as input include the density of the
solution at 25 C and the molar concentration of each solute.

The program contains approximately 140 electrolytes in its data
base. Operation of the various operations is done interactively. The user is
prompted for the chemical formula of the electrolytes in solution, their
concentrations, and the solution density. If a particular electrolyte is not
in the data base, a message will so inform the user. A future version of this
program will enable the estimation of activity coefficients at temperatures
other than 25*C.

b. Activity Coefficients of Aluminum Nitrate

An electrolyte of considerable importance in the nuclear
industry, for which there are no reliable activity coefficient data, is
aluminum nitrate. Limited data between ionic strengths of 3 and 13 molal have
been published,'2 but hydrolysis effects were not considered and make the data
difficult to interpret . In the absence of experimental data, a reduced
activity coefficient for Al(N03)3 was derived from the empirical equation
presented by Meissner and Tester.14

faj = ck rix + dj (II-16)

The subscript ij refers to the electrolyte for which there is no activity
data, cj and d" are constants, and the subscript ix refers to an electrolyte
having a cation in common with electrolyte ij and experimental activity data
available. Using activity data'5 for AlCl3 [F(AlCl3) = 0.673] and the
appropriate values of cNO.. and dNO. from Ref. 14, we estimated the reduced

activity coefficient of Al(N03)3 to be 0.595 at an ionic strength of
2.0 molal.

Bromleyii also gives a correlation that can be used to estimate
the activity coefficients of Al(NO)3 from Al(Cl) 3 data. This is based on the
interaction parameter values for individual ions:

B = B+ + B_ + 6b6_ (11-17)

The individual ion values for B+ and 6. for a number of +1 through +4 cations
and B_ and _ for -1 through -3 anions are given by Bromley." Equation 11-17
gives a B value for Al(N03)3 of 0.0594.

c. Activity Coefficients of Nitric Acid

For HNO3  stoichiometric activity coefficients were obtained
from Davis and DeBruin.'6 Use of their data, however, required a conversion
from the molar concentration scale (C) to the molal concentration scale (m).
The general relationship between these concentration scales is
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mi = Ci/ peo - E 10-3o MW1'C) (11-18)

Ci = mi peoin/(1 + E 10-3 MW'mi) (II-19)
i/

where p*01n is the density of the solution, and MWi is the molecular weight of
the ith species.

The relation between activity coefficients for the two
concentration scales is

Ci

7i = mi'Po yi (11-20)

where p0 is the density of the diluent, H20.

The densities of nitric acid solutions were obtained from the
International Critical Tables.'7  For a concentration range of 1-15 molar,
solution density is given by the following polynomial equation

Peoln = 0.9932 + 0.03591 CHN03 - 5.282x10~4 CHNO3 - 4.746x10 CNO3 (11-21)

The q value for HN03 is -3.66 (from Ref. 5) and is based on the
activity coefficient data of Robinson and Stokes.15 In Fig. 11-12, the
reduced molal activity coefficient data of Ref. 15 and Ref. 16 are compared
with the calculated curve. The data agree with the calculated curve up to
about a 6 molal ionic strength. Beyond this ionic strength, the activity
coefficient data had to be used for single and multicomponent electrolyte
solutions.
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d. Modeling of Nitric Acid Extraction

i. Extraction by CMPO

The partitioning of nitric acid between 0.25M CMPO in TCE
and various nitric acid solutions was measured at 25*0 and is reported in
Sec. II.A.2.b. Similar data for 0.5M CMPO in TCE were obtained from the
Chemical Separations Group in the Chemistry Division at Argonne.18

The acid extraction model for CMPO is based on the
following extraction equilibria

H+ + N 0 + CMPO K (1CMPO'HN1 (I-22)

2H+ + 2N03 + cMPG KC2 CMPO'2HN03  (11-23)

where the bar represents an organic phase species. In developing the mass
balance equations, we combined the activity coefficients of organic phase
species with the equilibrium constants. Activity coefficients for aqueous
phase species are expressed explicitly.

The organic phase HNO3 concentration is given by

[HN03 ] = KC1[CMPO]f [H+] [N0]y]ia + 2 KC2[CMPO]f [H+]a [N03] 2 ya (11-24)

The free CMPO concentration ([CMPO]f) is obtained from a simultaneous solution
of the mass balance equation for CMPO:

[CMPO]T = [CMPO]f + [CMPO'HNO3 ] + [CMPO'2HN03] (11-25)

From a least-squares analysis of the data, the values of
KC1 and KC2 were found to be 1.95 and 0.011, respectively, at 0.25M CMPO. For
the 0.5M CMPO data, the constants were found to be KC1 = 2.0 and KC2 = 0.014.
The fit of the model to tle data is shown in Fig. 11-13. The concentration of
CMPO appears to have little influence on KC1 .nd KC2; therefore, a single set
of extraction equilibrium constants should be sufficient for all reasonable
CMPO concentrations that might be expected in the TRUEX-TCE solvent. This
suggests that the activity coefficient ratios 7 (CMPO'HN03 )/7 (CMPO) and
7 (CMPO'2HN03)/7 (CMPO) remain constant over a very broad range of nitric acid
concentrations in the organic phase. It is assumed that the same can also be
said for the TRUEX-NPH solvent.

ii. Extraction by TBP

The nitric acid extraction mechanism for TBP is:

H+ + NO 3 + T ,KT1 TBP'HNO3 (11-26)
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The organic-phase HNO3 concentration is obtained from a simultaneous solution
of the mass balance equation for TBP and the mass balance equation for
organic-phase HNO3 species:

[HNO3 ]'r = KT1 [TBP] f [H+] [NO] yia + KT2[TBP]f[H+] [NI)]yi2 (II-28)

While reactions have been proposed in which one or more
nitric acid molecules are complexed per TBP molecule, 19-21 a reaction in which
nitric acid is complexed by two TBP molecules is consistent with the
documented formation of TBP dimers in diluents such as 0014 and parafinic
hydrocarbons.22,23

For several TBP concentrations between 5 and 100 vol %, an
excellent fit of the model (Eq. 11-28) to the data was obtained. Representa-
tive plots for 5, 15, and 100 vol % TBP are shown in Fig. 11-14.

The equilibrium constants KT1 and KT2 were found to vary
slightly with TBP concentration as shown in Table 11-8: 0.13 to 0.1 for KT1
and 0.28 to 0.77M-1 for KT2.

At high acid concentrations, the formation of the 1:2
complex (TBP'2HN03 ) is expected to become significant. However, for TBP
concentrations less than 65%, the data of Davis24 suggest that the 1:2 complex
is not important until the acid concentration reaches 8-10M. This is
approximately the same region where third-phase formation begins to occur
during metal extraction with the TRUEX solvents.

0.5 M CMPO

0.25 M CMPO

Q DATA

- MODEL

0
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O

10 -1

10 -2

Fig. 11-13.

Measured and Calculated Nitric Acid
Extraction Isotherms for 0.25M CMPO
and 0.5M CMPO in TCE. (The 0.5M
data were obtained from Horwitz
et al.1 8 )

10-1 Id
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Table 11-8. Values of KT1 and KT2 Obtained by Curve
Fitting the Extraction Data of Davis2 '

[TBP]K2
KT2,

Vol % M KT1 M~1

5 0.183 0.134 0.004 0.77 0.04

10 0.365 0.177 0.005 0.46 0.06

15 0.548 0.172 0.004 0.53 0.03

30 1.095 0.194 0.003 0.43 0.01

65 2.37 0.150 0.003 0.33 0,01

100 3.65 0.133 0.003 0.28 0.05

The reported error
the parameter.

is the standard deviation of

Consequently, under expected process conditions, acid extraction by TBP should
be adequately described by the two-parameter model based on Eq. 11-28.

A least-squares analysis yielded values of KT1 =
0.185 0.003 and KT2 = 0.444 0.009M-1 for all the extraction data at 5, 10,
15, and 30 vol % TBP.2 4 With these constants, excellent agreement between the
data and the model for nitric acid extraction by TBP was obtained, as shown in
Fig. 11-15.

Fig. 11-14.

Modeling of HNO3 Extraction
by TBP at TBP Concentrations
of 5, 15, and 100 vol %.
(Data were obtained from the
literature .24,25)

0
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iii. Extraction by the TRUEX Solvents

As a first approximation, it was assumed that no specific
interactions occur between CMPO and TBP in both the TRUEX-TCE and TRUEX-NPH
solvents. The TRUEX acid extraction model is, therefore, simply a combination
of the separate models (Eqs. 11-24 and 11-28) for CMPO and TBP. Since
organic-phase activity coefficients are combined with the extraction constants
KC1, KC2, KT1, and KT2, these constants must be reevaluated for both the
TRUEX-TCE and TRUEX-NPH solvents. This was done by making successive approx-
imations for KC1, KC2, KT1, and KT2 until a minimum in the sum of squares (u)
was reached:

u = E (Y~i.i - Yob.) (11-29)
i

where.Y1ob. is an experimentally determined, organic-phase HNO3 concentration,
and Y'C%1 is a calculated value. In Fig. 11-16, the experimental nitric acid
data are plotted together with the extraction isotherms calculated using the
extraction constants derived from Eq. 11-29.

An excellent agreement was obtained between the experi-
mental and calculated nitric acid extraction profiles, except at the lowest
acid concentrations (<0.03M). We believe that, in this region, the extraction
mechanism changes, probably due to the presence of impurities from the CMPO
and/or the TBP. However, process conditions are not expected to extend to
nitric acid activities corresponding to this region of the extraction iso-
therms. Therefore, the discrepancy between the calculated and measured iso-
therms is of little consequence.

In future work, an attempt will be made to determine the
relative changes in organic-phase activity coefficients of CMPO with solvent
composition from literature data on partitioning of CUPO. The changes in
activity coefficients will be used to determine KC1 and KC2 for the TRUEX-TCE
and TRUEX-NPH solvents relative to their values for CMPO alone in TCE. Once
KC1 and KC2 are obtained, KT1 and KT2 will be determined by a least-squares
analysis of the TRUEX data.
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e. Salting Out of Nitric Acid

The salting out of nitric acid by nonextractable nitrate salts
results from the common ion effect and changes in the water activity brought
about by the addition of highly hydrated cations, each as Al3 +. In the case
of sodium or aluminum nitrate as the salting-out agent, relative changes in
water activity brought about by the presence of sodium or aluminum ions are
reflected by the effects these cations have on the activity coefficients of
nitric acid.

Salting-out data for nitric acid extraction by TBP were
modeled. The TBP data were obtained from the literature35 at TBP concen-
trations of 1.09 and 0.727M in a NPH diluent. The activity coefficients of
nitric acid were calculated using Eq. 11-7. The modeling results are pre-
sented as a plot of the calculated organic nitric acid concentration versus
the measured organic i.cid concentration in Fig. 11-17. It shows an excellent
agreement between the extraction model and the data. The extraction equi-
librium constants were the same as those used for Fig. 11-15 (i.e., KT1 =
0.185, KT2 = 0.4449-1).

Salting-out data were also collected for nitric acid extraction
with both the TRUEX-TCE and TRUEX-NPH systems. Nitric acid extraction was
from nitric acid/sodium nitrate solutions at 250C. For both TRUEX solvents,
the calculated results showed excellent agreement with the data (Table 11-9).
Modeling results of the effects of sodium and aluminum nitrate on nitric acid
extraction by the TRUEX-TCE solvent are given in Table II-10. At the lowest
acid concentration, the calculated and measured organic acid concentrations
showed the largest deviation observed thus far. This is a result, no doubt,
of the lack of experimental activity coefficient data for aluminum nitrate.
The calculated results reported in the far right column of Table II-10 are
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Table 11-9. Nitric Acid Extraction by TRUEX-TCE and by TRUEX-NPH
from Sodium Nitrate Solutions at 25*C

Organic [HNO3 ] Organic [HN03 ]
Extracted by Extracted by

[3N0], [NaNO 3 ], [N03 ~], TRUEX-TCE, M TRUEX-NPH, M

M M M Meas. Calc. Meas. Calc.

1.0 2.0 3.0 0.42 0.45 0.62 0.63
2.0 1.0 3.0 0.57 0.57 0.80 0.82
1.0 4.0 5.0 0.57 0.56 0.82 0.76
2.0 3.0 5.0 0.73 0.74 1.04 1.01
3.0 2.0 5.0 0.83 0.83 1.19 1.15
4.0 1.0 5.0 0.90 0.90 1.27 1.26

Table II-10. Effect of Sodium Nitrate/Aluminum Nitrate
on the Extraction of Nitric Acid by the
TRUEX-TCE Solvent at 250C

Conc., Y Organic [HNO 3 ], M

[HNO 3 ] [NaNO 3 ] [Al(N03 ) 3 ] Meas. Calc. Calc.b Cal.C

1.0 1.6 0.8 0.67 0.70 0.59 0.66
2.0 1.2 0.6 0.77 0.81 0.71 0.77
3.0 0.8 0.4 0.85 0.85 0.80 0.84
4.0 0.4 0.2 0.89 0.89 0.89 0.91

Al(N03 ) 3 activity coefficients calculated with model of Meissner
using q = 1.1.

bAl(N03 )3 activity coefficients calculated with model of Bromley
using B = 0.0574.

CAl(N03 )3 activity coefficients calculated with Bromley's model
using B = 0.1085.
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based on a B value for Al(N03)3 of 0.1085. This B value was obtained by back-
calculating through Eqs. 11-12 and 11-15 from the acid extraction data at
1M HNO3, 1.6M NaNO 3 , and 0.8M Al(N03)3 -

Measured and calculated results were also obtained for nitric
acid extraction for the TRUEX-TCE and the TRUEX-NPH systems from nitric
acid/aluminum-nitrate solutions. The model calculations used Bromley's model
with B = 0.1085. Results for the TRUEX-NPH system are given in Table IT-11.
In both systems, excellent agreement between the calculated Lafd measured
organic nitric acid concentrations was obtained. The value of B = 0.1085
appears to accurately reflect the activity behavior of this electrolyte at
high ionic strength.

Table II-11. Effect of Sodium Nitrate/Aluminum Nitrate
on the Extraction of Nitric
TRUEX Solvent at 250C

Acid by the

Conc., M Organic [HNO3 ], M

[HN0 3 ] [NaNO 3 ] [Al(N0 3 ) 3 ] [N0 3 -] Meas. Calc. 5

TRUEX-NPH

1.0 1.6 0.8 5.0 0.97 0.97
2.0 1.2 0.6 5.0 1.14 1.13
3.0 0.8 0.4 5.0 1.22 1.25
4.0 0.4 0.2 5.0 1.30 1.37

TRUEX-TCE

1.0 - 0.66 3.0 0.503 0.506
2.0 - 0.33 3.0 0.63 0.61

Al(N03)3 activity coefficients
model using B = 0.1085.

calculate- with Bromley 's

f. Modeling of Plutonium Extraction: Effect of Fluoride

Preliminary efforts have been made at modeling the effects of
fluoride on the extraction of plutonium. The extraction data are described in
Sec. II.A.3.e. The derivation of the Pu extraction model is presented below.

Equations for the distribution ratio of plutonium in HN03 and
HF-HN03 media are

[Pu] org
Do = (II-30)

[Pu4']q, + [PuN0%+)q

DF =
[Pu] ors

[Pu4 +] q + [PuNO+] sq + [PuFa+ ] q + [PuHF*] q
(II-31)



89

Assuming that the aqueous phase volume is equal to the organic phase volume,
the total hydrofluoric acid concentration [HF]totai is

[HF]total = [HF]aq + [HF]org + [F~]aq + [HF~]aq (11-32)

Since plutonium is present at tracer levels, the concentration of PuF3 + will
be much lower than the other fluoride species, and its contribution to

[HF]tot will be insignificant.

The distribution ratio of HF between the organic and aqueous
phases is

[HF] org
D (11-33)

[HF]aq

The complexation of Pu4' by N03-, F-, and HF2- gives

[PuN03+ 1 a
K1 = [ ](11-34)

[Pu4+] q [N03]aq

[PuF3 *] aq

K2 = (11-35)
[Pu4+]aq [F ]maq

[PuHF2* ]aq
K = (11-36)

[Pu4+]aq [HF2]aq

The acid association equilibria give

K3 = (11-37)
[H+]aq [F ]uiq

[HF;] Lq
K4 = (11-38)

[HF]aqI [F ]aq

The hydrogen ion concentration is given by the sum [N03-] + [F-] + [H2 F-].
The nitrate ion concentration was calculated from the nitric acid dissociation
data given by Davis.16 Substituting Eqs. 11-33, -37, and -38 into Eq. 11-32
gives
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K3K4 [H+][F~]
2 

+ [F~](K 3 [H+] + K3Dy[H+] + 1) - [HF]totai = 0 (11-39)

The free fluoride concentration is given by

[F_ -(K 3 [H+] + K3DHF[H+] + 1)
[F ] =

2K3 K4 [H]

{(K3[H+] + K3 DHF+[H] + 1)2 + 4K3K4[H+] [HF] total}/a
+ (11-40)

2K3 K4 [H+]

The relation between D. and DF is

1 1 [PuF3+] [PuHF3+]
-+ + (1I-41)

D D [Pu] org [Pu] org

Substituting Eqs. 11-34, -35 and -36 into Eq. 11-41 gives

Ka[F-] + K3 K4K6 [H+][F~]a
Do = DF1+ 1 + (11-42)

1 + K1 [NO3]

Literature values for K3 and K4 are 103.14 and 4,
respectively.2 6 ,3 7  Values for Ka range from 5.8 x 106 to 1.2 x 108 (Refs. 28,
28) while those for K1 range from 3 to 10 (Ref. 26) and depend on experimental
conditions and methods. No literature value has been reported for K. It was
assumed that K5 m K2. The best fit of the model to the experimental data was
found with values of K1 and K2 equal to 5.0 and 1.5 x 107, respectively. The
calculated extraction isotherms of plutonium in the absence of HF are shown in
Fig. 11-18. This figure shows that plutonium extraction data in the presence
of HF can be used to calculate the extraction behavior of plutonium. However,
final adjustment of the model may improve the fit. The effect of the presence
of plutonium species with two or more nitrate ions will be examined. In
addition, the reasonableness of the complexation of P 4 " by HF will be
further examined.

B. PUREX-TRUEX Processing of Chloride Salt Wastes
(L. Reichley-Yinger, R. A. Leonard, and G. F. Vandegrift)

The goal of this program is the development of a solvent extraction
process to remove Pu and Am from chloride salt wastes being stored at Los
Alamos National Laboratory (LANL). These wastes are generated from the
pyrometallurgical processing of Pu, e.g., Direct Oxide Reduction (DOR),
Electrorefining (ER), and Molten Salt Extraction (MSE). The objectives of
this program are to develop a process that will (1) recover Pu and remove
other TRU elements from chloride salt wastes that have a wide range of
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compositions, (2) produce a Pu product containing <100 ppm of any other metal
and (1000 ppm total of all other metals, and (3) produce an aqueous raffinate
with (100 nCi of a-activity of TRU per gram of solid. A two-part flowsheet
has been proposed to meet these objectives. In this flowsheet, Pu(IV) would
first be recovered in a PUREX-TCE cycle (25 vol % TBP in TCE), then the Am and
other transuranic elements would be removed from the salt wastes in a TRUEX-
TCE cycle (0.5M CMPO in TCE), leaving the subsequent raffinate as a
discardable, non-TRU taste.

1. Flowsheet Chemistry

a. Distribution Ratios between PUREX-TCE and HCl Solutions

1. Pu(IV)

The distribution ratios of Pu(IV) between 25 vol % TBP in
TCE and HC1 solutions containing 2.5, 3.0, 3.5, 4.0, 4.5, 5.0, 5.5, 6.0, and
8.0M HCl were measured at 25.0 and 40.0*C. A ten-fold molar excess of sodium
chlorite was added to the aqueous phase of each forward- and back-extraction
step to ensure that the Pu was held in the IV state. Figure II-19 is a plot
of the Pu(IV) distribution ratios as a function of the HCl molarity for both
temperatures. The distribution ratios increase by >106 over an HC1 concen-
tration range of less than four. These result indicate that Pu(IV) can be
extracted with a distribution ratio 210 from HC1 solutions containing at least
5M HC1 and can be striped (D S 10-2) from 25 vol % TBP in TCE with an aqueous
piase containing less tnan 2.5M HCl.

Measured and Calculated Distribution
Ratios for Pu with TRUEX-NPH at 25 C
from Aqueous Solutions Containing
Only Nitric Acid. The calculated
curves are based on the distribution
ratio data for Pu in the presence of
fluoride.
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The results in Fig. 11-19 also show that the distribution
ratios at 40.0 C are slightly higher for (6M HCl than those at 25.0 C. This
finding agrees with observations in the literature that the distribution ra-
tios for both Pu(IV) and Np(IV) in nitrate media increase with temperature.2 9

The relatively small changes in the distribution ratios with temperature (less
than a factor of two) indicate that temperature effects on the flowsheet will
be minimal.

10'

1C?

10 '

10

10

2.0

Fig. 11-19.

Pu(IV) Distribution Ratios between
25 vol % TBP in TCE and HC1
Solutions at, 25.0 and 40.00C

6.0 7.0 S.0

Plutonium(IV) distribution ratios were also measured as a
function of TBP concentration in the organic phase. Organic phases containing
0.100, 0.300, 0.500, 0.700, 0.921, 1.10, 1.30, and 1.47M TBP in TCE were
contacted with 6M HC1 at 25.0*C. The distribution ratios, plotted as a
function of the TBP molar concentration in Fig. 11-20, increase with TBP
concentration. For TBP concentrations greater than 0.8M, the data fit a
straight line with a slope of two. For TBP concentrations less than 0.81, the
data fit a straight line with a slope of three.

ii . Zn(II) and Fe(III)

Figure 11-21 shows the variation of the distribution
ratios for Zn and Fe as a function of the HCl concentration. The Zn
distribution ratios are less than 0.1 for HCl concentrations 52M and decline
rapidly with decreasing HC1 concentration. As the HC1 concentration increases
above 2M, the distribution ratios gradually increase to a value slightly less
than one at 7.2M HC1. These results suggest that Zn can be separated from Pu
by loading the solvent with Pu.
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The Fe distribution ratio results show that the extracta-
bility of Fe(III) is strongly dependent on the aqueous-phase HCl concentra-
tion. For HC1 concentrations 2.4M, the distribution ratios are (0.1, while
for 1C1 concentrations 4M, the distribution ratios are >10. The forward- and
back-extraction results obtained for 4, 6, and 8M HC1 are similar and indicate
that the rates for the extraction of Fe are quite high. Unlike the Zn
results, these Fe results do not indicate an easy separation of Fe from Pu.

iii. HCl

Distribution ratios for HC1 have been measured between
aqueous HC1 solution and 25 and 35 vol % TBP at 25.0 and 40.00C. These
results are plotted in Fig. 11-22. All four sets of data fall on smooth
curves, with the 1C1 concentration in the organic phase increasing as the HC1
concentration in the aqueous phase increases. The curves also show that th
amount of HC1 extracted into the organic phase decreases with temperature, and
that the organic-phase HC1 concentrations in 35 vol % TBP are higher than
those in 25 vol % TBP.

10 /

Fig. 11-22.

_ 2 /Organic-Phase Concentration of
10/' 7HC1 as Function of Aqueous HC1

Concentration at 25.0 and
40.0*C

/ 25% TSP at 25'C

0 25% TSP at 40'C

" 35% TOP at 25'C

0 35% TSP at 40'C

10 F,
1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0

Aqueous [HCI],M

Distribution ratios for HC1 between 25-40 vol % TBP in TCE
and 7M HC1 at 25.0 C are plotted versus the molarity of the TBP in the organic
phase in Fig. 11-23. The data points can be fit with a straight line of slope
two, which suggests that, for aqueous phases containing 7M HC1, two TBP mole-
cules extract one molecule HC1. More measurements need to be made at low TBP
concentrations to determine the TBP dependency of the HC1 distribution ratio
over a wider range of TBP concentrations.
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b. Distribution Ratios between PUREX-TCE and Simulated Chloride
salt Wastes

Actual feed solutions will not contain just HC1, but HC1 with
varying amounts of either CaCl2 or mixtures of NaCl/KC1 and MgCl2 . Experi-
ments were run to measure the effect of these salts on the solvent extraction
behavior of key feed components. The seven aqueous solutions used in this
study simulate near-saturated DOR (CaCl2) and ER (NaCl and KC1 with MgCl2 )
salt wastes dissolved in either 2 or 6M HC1 and are described in Table 11-12.
Chloride activities for these acidic chloride solutions at 250 were calc-
ulated from Bromley's model and are also presented in Table 11-12. Chloride
activities of HC1-alone solutions were obtained from the literature.3 0

i. Pu(IV)

The Pu(IV) distribution ratios for the acidic chloride
solutions are plotted as a function of the aqueous-phase chloride activity in
Fig. 11-24. For comparison, the distribution ratios between 25 vol % TBP in
TCE and HC1-alone solutions are also plotted. The data for both the acidic

Table 11-12. Compositions of Acidic Chloride Salt Solutions Tested

Conc., M
Chloride 101

Sample [NaCl] [KC1] [MgCl 2 ] [CaCl 2 ] [HC1]a Activityb Activityb

331-19 -- -- -- 2.2 4.98 139.0 1.55 x 104

331-20 -- -- -- 1.8 5.14 94.0 7.20 x 103

331-47 0.19 0.20 0.30 -- 5.61 35.1 1.15 x 103

331-52 0.10 0.10 0.87 -- 5.21 93.0 1.78 x 103

331-79 1.2 1.2 -- -- 1.86 5.5 2.5 x 101

331-77 0.70 0.74 1.1 -- 1.62 11.4 5.8 x 101

331-74 0.30 0.31 2.6 -- 1.26 32.0 2.46 x 102

Measured by acid

bCalculated based

titration.

on a model by Bromley.8

10'.
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Pu(IV) Distribution Ratios between 25%
TBP in TCE and Either HCl Solutions or
Acidic Chloride Solutions at 25.0*C

chloride solutions and the HCl-alone solutions fall on a straight line with a
slope of 5.2. Based on the requirements for charge neutralization, the
expected slope would be ".0. The reason for this discrepancy between the
observed and expected slopes will be examined in the future. No attempt was
made to correlate distribution ratios greater than 103 due to the unreli-
ability of such data.

The high Pu(IV) distribution ratios seen for simulated
chloride salt wastes dissolved in 2M HCl suggest that 2M rather than 6M HC1
can be used to dissolve these wastes. Two potential benefits of the use of a
lower HC1 concentration would be (1) smaller volume of wastes solution and
(2) a lower HC1 vapor pressure, which would reduce the corrosion of equipment.
At least one factor may place a minimum on the HC1 concentration used to
dissolve the chloride salt wastes: the acid concentration required for the
oxidation of Pu(III) by NaC102.
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ii. HC1

The distribution of HC1 between 25 vol % TBP in TGE and
acidic chloride solutions has been measured. The correlations developed from
those data will allow the determination of the HCl concentration in PUREX-TCE
solvents that have been contacted with dissolved DOR and ER salt wastes. A
log-log plot of the HC1 molar concentration in the organic phase versus the
HCl activity in the aqueous phase is shown in Fig. 11-25 for both the acidic
chloride and HC1-alone aqueous phases. At low HC1 activities, the data fit
with a slope of one, which suggests the following extraction reaction:

HC10 + nTBP(org) = HC1'nTBP(org) (11-43)

where nTBP molecules extract one molecule of HC1. However, as the aqueous-
phase HC1 activity increases, the organic phase becomes loaded, and extraction
capabilities of the solvent diminish. This behavior is seen by the deviation
of the data points from a straight line with a slope of one and a "flattening
of the curve as the activities increase. Because the data for the salt solu-
tions fall on the same curve as the HC1-alone solutions, we concluded that
(1) distribution measurements with HC1 solutions are representative of the HCl
distribution ratios for chloride salt wastes and (2) the HC1 concentration in
the organic phase can be determined from the HCl activity of the aqueous
phase.

1d

10' Fig. 11-25.

Molar Concentration of HCl in 25%
10- TBP in TCE as Function of Aqueous

C Phase HC1 Activity for HCl-Alone
and Acidic Chloride Solutions at

1c- C 3 a25.00C
O Salt

10 -
1' 10 102 10 10 10

Aqueous HCI Activity

c. Plutonium Loading Studies

These studies were initiated to determine whether third-phase
formation would occur near the theoretical Pu loading limit (Pu:TBP mole ratio
of 1:2). If third-phase formation is absent at high Pu loading, the Pu
recovery stream could be purified much easier because metals ion such as Zn,
which would otherwise co-extract with the Pu(IV), would be displaced from the
solvent.
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The Pu loading results between aqueous Pu stock and PUREX-TCE
are summarized in Table 11-13. The differences in calculated and measured Pu
concentrations of the organic phase are large and are likely due to sampling
errors or a large volume increase of the organic phase on loading. Despite
this discrepancy, no third-phase formation was observed.

Table 11-13. Plutonium Loading Results between Aqueous
Chloride Phasea and PUREX-TCE at Room
Temperature (22*C)

[TBP] Measured [Pu], M Calc.
Organic [TBP]

vol % M 0/A Ratio Aqueous Organic [Pu],b M [Pu]

25 0.919 0.37 0.122 0.284 0.51 1.8
40 1.47 0.28 0.0818 0.435 0.80 1.8

25 0.919 0.33 0.139 0.333 0.52 1.8
40 1.47 0.25 0.118 0.476 0.78 1.9

Initial aqueous phase contained 0.31M Pu and 9M HC1.

bOrganic Pu concentration calculated from difference between initial
and final aqueous phase Pu concentrations, [Pu]org = {(Initial
aqueous [Pu]) - (Final aqueous [Pu]) }/ (0/A).

calculated organic [Pu].

The calculated organic-phase Pu concentrations in Table 11-13
are nearly identical for each solvent composition in the two series of ex-
periments, while the aqueous-phase Pu concentrations for 25 and 40 vol % TBP
were increased by 12 and 31%, respectively. This result, together with the
apparently constant TBP:Pu mole ratio in the organic phase, indicates that the
solvent was loaded to the maximum extent possible, and that the addition of
more Pu stock solution would only result in an increase in the Pu co;.centra-
tion of the aqueous phase. Future loading studies with larger amounts of Pu
and increased volumes of aqueous and organic phases should be performed to
check for volume changes and/or the presence of a third phase during loading
of TBP-TCE solutions.

d. Chlorine Dioxide Generators

Plutonium(IV) distribution ratios measured between PUREX-TCE
and aqueous HO1 solutions indicate that Pu distribution ratios X10 can be
achieved at 6M HCl for tracer levels when a ten-fold molar excess of sodium
chlorite is used to maintain Pu in the IV oxidation state. However, the
amount of sodium chlorite that can be used in the actual process will be
limited by the solubility of sodium chloride in solutions containing high
concentrations of sodium and chloride ions. To overcome the limited amount of
sodium chlorite that can be added to actual waste solutions because of NaCl
precipitation, the use of chlorine dioxide is suggested as a fast-acting
alternative to NaC102 addition.
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Chlorine dioxide is widely used (96 600 metric tons in 1971) in
the bleaching of wood pulp and as a disinfectant.31 Owing to its highly reac-
tive character, C102 is always generated on-site either by the reduction of
sodium chlorate for large applications or by oxidation of sodium chlorite for
small applications. Chlorine dioxide generators are commercially available
and can produce abcut 15 lb/day (required for processing three 6 kg batches of
Pu/day). These units cost about $5,000.

International Dioxcide, Inc., one of three companies contacted
about their chlorine dioxide (0102) production, sent information on two pro-
cesses they market for C102 generation: acid-chlorite and chlorine-chlorite.
In the acid-chlorite process, 15% (1.9M) sodium chlorite (NaClO2) reacts with
concentrated (12M) HCl to produce C102, while the chlorine-chlorite process
uses 25% (3.3M) NaC102 and chlorine gas to produce C102.

Based on the C102 production rate, dilution' of the feed, and
space requirements of the two processes, no significant difference exists
between them. The chlorine-chlorite process appears to be more straight-
forward to apply, needing minimum testing because it does not require the Pu
feed as one of the reactants. However, a potential safety concern of the
chlorine-chlorite process is its requirements for gaseous chlorine.

e. Physical Properties of the Aqueous and Organic Phases

i. Dispersion Number

Dispersion numbers (NDi),* which give an indication of the
maximum throughputs for centrifugal contactors with good phase separation,
were measured between organic phases containing 25, 35, and 40 vol % TBP in
TCE and aqueous phases containing 4, 6, and 8M HC1 and 1 mg/mL each of V, Fe,
Zn, Mo, and Cd. These dispersion numbers are listed in Table 11-14. Two
trends are observed. First, the dispersion number decreases when the concen-
tration of HCl increases from 4 to 8M. Secondly, the dispersion number de-
creases when the organic phase changes from 25 to 40 vol % TBP. Both of these
trends follow the inverse densities of these phases. On increasing the HC1
concentration from 4 to 8M, the aqueous phase density increases from 1.07 to
1.13 g/mL. On increasing the TBP concentration from 25 to 40 vol %, the or-
ganic phase density decreases from 1.45 to 1.33 g/mol. As the densities of
the two phases become similar, the breaking of the two phases would be ex-
pected to be slower and the dispersion number lower. Other factors are also
important to times of phase disengagement.

The dispersion numbers in Table 11-14 are similar in
magnitude to those measured previously for TBP/HN0 3 systems.3 3 This
similarity indicates that a centrifugal contactor will give satisfactory phase
separations in a flowsheet designed for Pu removal from chloride salt wastes.

1 Az
NDi = -- where tB is the time, in seconds, required for the phases

to disengage or break, Az is the total height of the two phases in meters,
and g is the gravitational acceleration, 9.81 m/s 2.3 2
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Table 11-14. Dispersion Numbers between TBP in TCE
and HCl Solutions Containing V, Fe,
Zn, Mo, and Cd at 30.20C

NDi X 10

[HC1], M [TBP] 25 vol % 35 vol % 40 vol %

4 80 23 29

6 30 14 14

8 21 9.8 8.6

ii. Density Measurements

The densities of 25, 35, and 40% TBP in TCE were measured
at 27.20C and are plotted in Fig. 11-26 as a function of TBP in the organic
solution. Also given in Fig. 11-26 are the densities calculated from the
equation

Pi+ = 0.972#TBP+ PTCEC~Z (II-44)

where PA is the density of A, and #A is the volume fraction of A.3 4 As would
be expected from the relative densities of TBP and TCE, the greater the volume
of TBP in the organic solution, the lower the density of that solution. Ex-
cept for 40% TBP, there is good agreement between the experimental and calc-
ulated values. These results indicate that little interaction occurs between
the TBP and the diluent, TCE.

Density measurements of the acidic chloride solutions were
made at 25.0*C using a Mettler/Paar DMA-46 densitometer. The results are
presented in Table 11-15. The density of the salt solution increases with
MgCl2 or CaCl2 concentration. Densities of HC1-only solutions were also
measured and are plotted as a function of the HCl molar concentration in
Fig. 11-27. The resultant plot shows that the density of HCl-only solutions
increases linearly with HC1 concentration, as expected.

2. Contactor Operation

An 8-stage annular centrifugal contactor with a 4-cm rotor was
designed at ANL for use in processing HC1/brine waste solutions at LANL.

Overall, the use of the contactor with a PUREX-TCE/chloride
flowsheet at LANL is going well. In particular, solutions generated by the
leaching of ER crucibles are being processed as fast as they are produced.
While evaporative loss of the solvent from the contactor has been observed,
this loss has not caused operating problems. The solvent that is being used
at LANL is 25 vol % TBP in TCE. The solvent inventory is about 3 L. The
reservoir that holds the recycled solvent has a solution of 0.25M Na2 003 over
it to provide some scrubbing for the solvent as it passes through the aqueous
carbonate layer.
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Table 11-15. Density Measurements of
Solutions at 25.0 0C

Acidic Chloride

Conc., M
Density,

Sample [NaCl] [KC1] [MgCl2 ] [CaCl2 ] [HC1] g/mL

331-19 -- -- -- 2.2 4.98 1.2440 t 0.0001

331-20 -- -- -- 1.8 5.14 1.2128 0.0001

331-47 0.19 0.20 0.30 -- 5.61 1.1268 0.0001

331-52 0.10 0.10 0.87 -- 5.12 1.1498 0.0000

331-79 1.2 1.2 -- -- 1.86 1.1306 0.0003

331-77 0.70 0.74 1.1 -- 1.62 1.1616 0.0001

331-74 0.30 0.31 2.6 -- 1.26 1.2208 0.0000

Initially, the eight contactor stages were configured with three
extraction stages, two scrub stages, and three strip stages. However, to
improve the Pu removal from the solvent in the strip, another strip stage was
added at the expense of one scrub stage. This configuration appears to be the
optimum design for the way LANL currently runs the process in the eight
contactor stages available.

K~ UExperimental
Calculated
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Fig. 11-26.

Density of TBP in TCE Solutions as
Function of TBP Volume at 27.2 0C
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The use of a TRUEX-TCE/chloride flowsheet was also reviewed. Only a
limited number of runs have been done so far. However, this flowsheet is
becoming important as LANL begins to process MSE salts, which have an Am con-
centration that is high--about 5% by mass of the Pu concentration. Only four
contactor stages are currently available. The other four stages have not yet
been transferred to the TRUEX glove box.

The TRUEX process runs have not been satisfactory. An alpha (Am plus
Pu) decontamination factor of 100 is required; actual values have been 10 or
less. Three factors were identified as being problems: (1) the CMPO was found
to be of insufficient purity, (2) the chloride concentration was likely too low
to get effective Am extraction, and (3) the contactor was operated as a four-
stage extraction unit, with the solvent being recycled without cleanup (except
for falling through a sodium carbonate solution). With no removal of the TRU
elements from the recycled solvent (i.e., without any stripping section), the
solvent loaded until it was equilibrated with the feed and, at that point, ex-
tracted no more TRU elements from the incoming feed. It was recommended that
the desired TRU removal will be achievable with four additional stages assigned
to TRUEX processing the PUREX-TCE raffinate, as well as use of the proper qual-
ity of CMPO and a high chloride activity. Because the distribution coefficient
in the stripping section is low, the 0/A flow ratio can be high (e.g., 5.0).
This will reduce the volume of liquid waste that is generated.

Some corrosion of the contactor rotor and body, fabricated from
Hastelloy C-276, occurred under conditions of high HC1 concentrations, especi-
ally when oxidant was present.* Pitting of the rotor surface, especially the

Some corrosion was not entirely unexpected and was accepted as a reasonable
risk to take to get contactors into production at LANL as soon as possible.
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lower surface where it is in contact with the liquid, has been extensive.
Preferential corrosion did not appear at the weld joints. It is estimated
that the rotors will last only ?. few years at present corrosion rates.
Hastelloy C-22 is being considered as a new material of construction. This
alloy was designed to work in oxidizing acid environments where Hastelloy
C-276 has more limited corrosion resistance.3 5  If Hastelloy 0-22 would work,
the current rotor design could be used as is. Hastelloy C-22 is attractive
because it is much less expensive than tantalum, which is also very corrosion
resistant. A recommended first step is that either ANL or LANL build four
4-cm rotors of Hastelloy C-22 for testing in the LANL contactor.

After the contactor was in operation for some time, LANL reported
that the maximum throughput of the rotor decreased. At high 0/A flow ratios,
some organic phase appeared in the aqueous-phase effluent; at low ratios, some
aqueous phase appeared in the organic-phase effluent. In either case, the
second phase separated immediately from the bulk of the effluent liquid. One
possible explanation for this problem is the buildup of a trace component in
the recycled solvent that retards coalescence. A second explanation is that
the dispersion number decreases as the TBP concentration in the recycled
solvent gradually increases. To determine if solvent changes are affecting
the changes in maximum throughput, a simple batch test for measuring the
dispersion number is available.3 2 If this test is used immediately before and
after a processing run, it will show how the dispersion number has changed
during the run. Since the feed solution is always fresh, the changes in
dispersion number would be due to changes in the solvent, as it is
continuously recycled through the process.

C. Processing Waste from Plutonium Finishing Plant
(R. A. Leonard, G. F. Vandegrift, D. B. Chamberlain, and J. E. Stangel*)

In a joint effort with ANL's Chemistry Division, CMT is providing
Rockwell Hanford Operation (RHO) with the technical support that is required
to implement TRUEX processing of the waste streams in its Plutonium Finishing
Plant (PFP). Major tasks include (1) providing a four-stage centrifugal
contactor for Rockwell Hanford, (2) establishing a reference procedure for
cleanup of TRUEX process solvent, (3) establishing and documenting
specifications for SX-grade CMPO, (4) assisting Rockwell Hanford in
countercurrent testing of the flowsheet using actual Plutonium Recovery
Facility (PRF) waste, and (5) identifying key points and appropriate
instrumentation for process monitoring and control. We have been cooperating
with Hanford on site-specific implementation of TRUEX processing for three
years.

1. Worksheet Development

As a first step in identifying key points for process monitoring and
control, we are developing an electronic worksheet (spreadsheet) to do
stagewise solvent extraction calculations. This worksheet,** called SASSE

*Student from Georgia Institute of Technology on cooperative work-study

program.

"*This worksheet is being primarily developed under funding provided for

the TRUEX Technology-Base Development Program by the Defense High Level
Waste Technology Program, DOE-RL.
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(Spreadsheet Algorithm for Stagewise Solvent Extraction), will also be used toassist RHO in countercurrent testing of the flowsheet with actual PRF waste
to evaluate the solvent cleanup procedure for TRUEX processing, and to gener-
ate flowsheets within the TRUEX Technology-Base Development Program (see
Sec. II.A). Figure 11-28 gives the flowsheet used for tests with synthetic
PFP wastes (reported in Sec. II.C.3).

Feed (DF)

HNO 3  1.5

Pu 100%
Am 100%
NonTRU 100%

(400)
v / . i,

Scrub (DS) Strip 2(FF)

HNO3 0.25n HNO 3  0.055
HF 0.055

Strip +1 (EF)

HNO3 0.05 (75

(7)

(50) 150)(150)

' 2 3W 4 ' 6 7 10 11 12 '13 14-

(450) (150) (75)

Raffinate (DW) Am Product (EW) Pu Product (FW)

HNO 3  1.331 HNO 3  0.143 HNO3  O.05f
Am, Pu 4 nCi/g Pu 0.23% HF 0.0511
NonTRU 100% Am 99.86% Pu 99.77%

Am 0.12%

.- "-------""----"-----------------..4..------
TRUEX Solvent (DX, FP)

CMPO 0.25Jj
TBP 0.755

CC1 4

Fig. 11-28. Flowsheet for Tests with Synthetic PFP Waste.
(Numbers in parentheses indicate stream flow
rates in mL/min.)

The various ways in which electronic worksheets (spreadsheets) can
be set up to do stagewise solvent extraction calculations (see Refs. 36, 37)
were reviewed to get a design that would make optimum use of modern worksheet
programs such as Microsoft Excel and Lotus 1-2-3. The result, SASSE, is being
developed using Excel running on an Apple Macintosh computer, but it does have
common functions that can be exported to Excel or Lotus 1-2-3 running on an
IBM PC. Multiple worksheets are not used because they are available only on
Excel. The SASSE can be used on even simpler electronic worksheets that,
while not supporting iterative calculations, allow multiple recalculations of
the worksheet.

The layout
in SASSE has the 0/A
calculations for all

of SASSE, shown in Fig. 11-29, is modular. A single row
flow ratios that are common to the stage-to-stage
components in the feed streams. The row or rows needed

(150)
for

4
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General
Title
Notes
Parameters

Input and Output Streams
identity
Flow rate
Concentration of various components
Worksheet checks

Distribution Coefficient Ctlculations or Values
Do as needed:

Iterative calculations
Concentration dependence
Error traps

Flow kvtios
Each se

Component Concentration
Each component (x, y)
Each stage (steady-state values)

Fig. 11-29. Layout of SASSE Worksheet for Solvent
Extraction Calculations

to calculate each distribution coefficient form the module that is dedicated
to that coefficient. Calculations for a component in a particular stage use
the SASSE column associated with that stage to get the proper distribution
coefficient value from the distribution coefficient module. In the simplest
case, the distribution coefficient D for the component i is known at each
stage so that only one row is required for the Di module. In complex cases,
many rows are required along with several component compositions, and the
equations require iterative calculations to reach the appropriate Di value.
These complex cases take longer to calculate. In either case, any Di module
can be replaced by a more appropriate module at any time, and the rest of the
SASSE worksheet will not need to be changed iii any way.

In a similar fashion, a modular design is used for the calculation
of each component i from its initial condition to its steady-state value at
each stage. Each row represents a time interval one step closer to steady
state. For components that take a long time to reach steady state, many rows
will be required. At each row, the aqueous phase concentrations of component
i (xi) are calculated first, then the organic phase concentrations (yi) are
calculated. The concentration (xy) modules for individual components can be
added or deleted as needed as long as that component concentration is not used
in a Di module.

The SASSE worksheet is now set up to handle process flowsheets for
PFP waste and has five components: HNO3 , Am, Pu, Na, and Al. The D values
for Pu, Na, and Al are, for the present, assumed to be the constant for each
section, with the values as given in Ref. 33. The Na concentration includes
all the nitrate salts (except Al, Pu, and Am) given as normality. The choice
of diluent (CC14 or TCE) and the option of solvent recycle have also been
implemented on the SASSE worksheet. The basic equations in the SASSE work-
sheet assume that each stage has 100% efficiency, a reasonable assumption if
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centrifugal contactors are used. However, the equations have been modified to
include the effect of other-phase carryover in either stage effluent.

2. D Correlations

The distribution coefficients for Am extraction by TRUEX solvent
with carbon tetrachloride as a diluent were correlated as a function of nitric
acid concentration. For this correlation, we used the data for 0.25 CMPO and
0.75 TBP in CC14 at 250C given in Ref. 36. The final form of the correlation
is

DA.= 60[HN0 3 ] 2 e-A + (13 - 1.2[HN03 ])[1 - e-B] (11-45)

where A = 30[HN03]
2 .8, B = 5[HN0 3 ]3 0 , and [HNO3] is the nitric acid concen-

tration in the aqueous phase over the range of 0.025 to 6. This correlation
is used by SASSE to calculate D values based on the nitric acid composition
of each aqueous phase. As shown in Fig. 11-30, the calculated values are in
agreement with the experimental values.*

100

O
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*4V

C
o

0 .Fig. 11-30.

-W Effect of Nitric Acid Concentration

.y on Am Distribution Coefficient at

0 0 Calculated 25*0 with 0.25M 0MPO and 0.75M TBP

E 0.1 in 0014
A Measured

0

0.01 I

0.01 0.1 1 10

IHNO3ID M

The Am distribution coefficients with TCE as the diluent for the
TRUEX solvent were correlated as a function of [HNO3] and [TBP] at 250C. This
correlation used the data given in Ref. 36 for [TBP] = 0.0, 0.25, 0.5, 0.75,
1.0, and 1.25M. The final form of the correlation is

*Correlations of nitric acid and americium distribution ratios are being
modeled in the TRUEX Technology-Base Development Program (Sec. II.A). These
correlations should have greater reliability outside the measured data base.
However, these correlations are still not developed, and this correlation is
clearly adequate for the PFP system.
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5
log DAm = E

i=0
ai (log 1 0 [HNO3])

1

3
where ai = E bi j[TBP] i .

j=0

The bid 's for Eq. 11-46 are given in Table 11-16. The ability of
this correlation to fit the experimental data is shown in Fig. 11-31 for three
TBP concentrations. The range of the correlation is from 0.01 to 8M for HN03
and from 0.0 to 1.25M for TBP. As a first approximation, the Am distribution
coefficients for both diluents are assumed to have a third-power dependence on
the CMPO concentration.3 3 This approximation allows the above correlations to
be used at cMPO concentrations other than 0.25k. In addition, the [CMPO] is
taken to mean the free CMPO concentration, which is calculated by subtracting
three times the [Am] in the organic phase from the total [COMPO in the organic
phase. By using this free CMPO concentration, solvent loading effects are
included in the correlation.

Table 11-16. Coefficients bid for Calculation of
DA as Function of [HNO3] and [TBP]

b" "

i j=0 j=1 j=2 j=3

0 1.2921 -0.7738 0.6095 -0.0786
1 -0.6050 0.5780 1.0342 -0.6361
2 -1.9461 1.3783 0.5358 -0.7227
3 0.3417 0.3438 -1.0135 0.4257
4 0.8122 -0.2812 -1.4005 0.9129
5 0.2133 -0.0982 -0.4485 0.3071
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A method for calculating nitric distribution coefficients as a
function of nitric acid and nitrate salt concentrations was given in Ref. 36.
These values were used to calculate the nitric acid concentration profile with
good results. Now this [HNO3] profile will be calculated as before in SASSE
and used to get DAm so that the [Am] profile can also be calculated.

Finally, a method is needed for estimating DAm in the presence of
nitrate salt, DAm,.alt.* Using unpublished data (E. P. Horwitz, ANL's
Chemistry Division) for NaNO3 (0 to 4.4M) in HNO3 (0.5 to 8M) at 250C for
0.25M CMPO and 0.75M TBP in TCE, we related the salt-free americium
distribution ratio, DAm,no-sait, to DAm,.alt by

DAm,.ait = DAm,no-.a1tPDHNO3,salt/DHNO3,no-salt (11~47)

where DA,,no-.alt is calculated for either 001I or TCE; and DHNO3,salt and

DHNO3,no-salt are calculated as given earlier. The variable P is given by

P = a0 + a1 Z + a2Z2  (I1-48)

where ao is 1.0 and

-1.795 log 1o([HN0 3]/2.05), [HNO3 ] 2M
al =

-0.402 log1o([HN03]/2.15), [HNO3] > 2M

0.063 [HNO3] - 0.132, [HNO3] 2.5M
a2 =

-0.003875 [HNO3 ] + 0.036, [HNO3] > 2.5M

In the above equations, [HNO3] is the molar concentration of nitric acid in
the aqueous phase, and Z is the normal concentration of the nitrate from salts
in the aqueous phase. The salt effect was not measured at HNO 3 concentrations
below 0.5M. Some work in this area would be useful. First, it may be possi-
ble to use feeds with fairly low acid concentrations if the salt concentration
is high. Second, by putting NaNO3 in the scrub feed, the acid concentration
in the organic phase exiting the scrub section could be kept quite low while
the Am is kept in the organic phase. To be useful at low salt concentrations,
the correlation was set up so that, as the nitrate salt concentration
approaches zero, both P and DHNO aslt/DHNO no-salt go to 1.0.

3, 3,
3. Evaluation of SASSE

The above data correlations used in the SASSE worksheet were
evaluated by comparison with experimental TRUEX test results using simulated
PFP waste containing Pu and Am. The flowsheet for this test is shown in

*The use of literature models to calculate effects of concentrated electrolyte
solutions is also part of the efforts related to the TRUEX Technology-Base
Development Program (Sec. II.A.). As these models are completed, they will
also become part of SASSE.
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Fig. 11-28. Results of this comparison are given in Fig. 11-32. In this
SASSE calculation, [CMPO] = 0.27M, other-phase carryover is zero, the salt
correlation is given by Eq. 11-47, and the solvent is not recycled. The
calculated [Am] in the aqueous raffinate, stage 1, is lower than the measured
value. A second evaluation of the SASSE model with 0.5% other-phase carryover
brings the calculated Am concentration for stage 1 into line with the measured
value, as show Fig. 11-33, where e. is the volume fraction of acqueous in the
organic effluent, and Eo is the volume fraction of organic in the aqueous ef-
fluent from each contactor stage. However, the [Am] in the aqueous raffinate
from the extraction section (stages 1-7) is still slightly low and the Am in
the second strip section (stages 12-14) is still slightly high. Both these
problems are resolved by reducing the [CMPO in the solvent from 0.270 to
0.265M (Fig. 11-34). In the original work, 3 the initial [CMPO] of 0.25M was
estimated to have risen to between 0.27 and 0.28M because of evaporative
losses of 0014. Our calculations suggest that the 0014 losses at the time of
the test may have been slightly less than estimated earlier. In further SASSE
development work, data-base correlations from the TRUEX Technology-Base
Development Program (Sec. II.A) will be incorporated into the model as they
become available. As this is done, the range of process conditions over which
the SASSE model can be used will be increased accordingly. In addition, an
EXCEL macro program will be written so that various stage configurations for a
solvent extraction process can be set up more easily.
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4. Development and Testing of Centrifugal Contactors

For Rockwell Hanford, we will provide a prototype four-stage centri-
fugal contactor with 10-cm-dia rotor by the end of FY 1987. This unit will be
built and tested at Argonne, then shipped to Hanford. We will consult on the
installation of the contactor at Hanford.

We will also assist Rockwell Hanford in countercurrent testing of
the TRUEX flowsheet with actual PRF waste processed in centrifugal contactors
with 4-cm rotors. Our technical support includes (1) developing and docu-
menting an experimental plan for the available contactors, (2) acting as a
consultant during this testing period, and (3) assisting in the evaluation of
the test results. Hot tests are planned at Hanford using an eight-stage 4-cm
contactor. These eight stages will include a four-stage 4-cm contactor now
being built at Hanford using ANL blueprints. Construction of the four new
stages should be completed in early April and the PRF plant should be back on
line about the same time. Thus, the aqueous raffinate from this plant will be
available for a realistic test of the TRUEX flowsheet with actual PRF waste.

5. Monitoring and Control of the TRUEX Process

Together with Oak Ridge National Laboratory, ANL is to provide
assistance to Rockwell Hanford in setting up a system for monitoring and con-
trolling the TRUEX process. The ANL effort includes two main items. First,
each incoming and outgoing process stream will be reviewed with Rockwell
Hanford Personnel. Based on this review, a sensitivity analysis of pertinent
process parameters will be dore with SASSE so that the basic process control
needs can be determined. Second, solvent density will be correlated with sol-
vent composition so that solvent density can be used to monitor TCE losses
from the process solvent.

a. Process Control Needs

Using SASSE, we completed a sensitivity analysis for several
process control parameters. These parameters included the flow rates of each
feed stream (DF, the TRU waste from PFP that is the aqueous feed for the
proces.; DX, the solvent; DS, the s'rub; EF, the aqueous feed for the first
strip; and FF, the aqueous feed for the second strip), the acid concentration
([HNO3] alone or [HNO3] with [HF]) in each of the aqueous feeds, and the
[CMPO] in the solvent. Using the SASSE model with the TRUEX-CCl4 flowsheet
given in an earlier report,3 , we varied the aqueous feed rate (DF) for the
base case (400 mL/min) from 300 to 500 mL/min. Figure 11-35 shows that the Am
removal from both the extraction (stages 1-5--note the low Am concentration at
stage 1) and the two stripping sections (stages 8-14--note the low Am concen-
tration at stage 14) is improved as the DF flow rate drops. In a second case,
the base concentration of CMPO in the solvent, 0.25M, was varied from 0.20 to
0.30M. The effect of these changes on the Am profile (Fig. 11-36) shows the
importance of the [CMPO] concentration. If it gets too high, the extraction
stages remove Am very well, but Am is difficult to back extract in the strip-
ping sections. Conversely, if [CMPO] is too low, Am is easily removed from
the organic phase in the stripping sections, but it is difficult to remove
from the aqueous phase in the extraction section. The use of solvent density
(discussed below) as an indirect measure of [CMPO] provides a fast way to
monitor [CMPO] and allows corrective action to be taken before the process
operation becomes unacceptable due to changes in the solvent composition.
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Similar graphs can be constructed to better understand process
control needs. Plant engineers, chemists, and operators should find such
graphs useful, both in understanding process upsets and in determining thl
appropriate action to be taken.

For some cases shown in Figs. 11-35 and 11-36, the [Am] in
solvent effluent would be high enough to raise the [Am] in the aqueous
raffinate when the solvent is recycled. This effect does not show up here
because SASSE was run with no solvent recycle. Normally, there will be
solvent recycle, and a high [Am] in the solvent effluent would cause a
problem, i.e., high [Am] at stage 1. This problem is addressed by the new
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TRUEX flowsheet for PFP waste given in Ref. 37, where two more scrub stages,
one more first strip stage, and one more second strip stage have been added.
These additional stages will not only reduce the [Am] in the solvent effluent,
but also reduce the sensitivity of the flowsheet to process variations.

b. Density Measurements

Because the density of the relatively volatile TCE is so much
greater than that of CMPO and TBP, measurements of solvent density are a good
way to track TCE losses. In order to be able to do this, the relation between
solvent density and solvent composition needs to be known. Thus, density is
being measured and correlated as a function of the temperature and concentra-
tions of TCE, TBP, and CMPO. Work on measuring the density of TBP in TCE is
almost completed and is being extended to CMPO in TCE and CMPO and TBP in TCE.
These data should provide the information needed to correlate the density for
CMPO, TBP, and TCE as a function of composition and temperature.

All density measurements are being made on a Mettler/Paar
DMA 46 densitometer, which is calibrated on a routine basis to verify its
ability to measure densities to within 0.1 kg/m3. Work on the effect of
aqueous phase on solvent density will be started when the density correlation
as a function of [TCE], [TBP], [CMPO], and temperature is completed. Earlier
work3 6'3 7 indicates that the effect of aqueous phase contact is important.
Since the basic densitometer calibration is done with air and distilled water,
its working range should be from 0 to 1500 kg/m3. However, the measured
densities for high-purity (HPLC grade) TCE in the 1620 kg/m3 range were quite
good, within 0.2 kg/m3 of the literature values. Thus, the air and distilled
water were used as the two standard fluids for all densitometer calibrations.

D. Production and Separation of 9 9 Mo from LEU Targets
(J. D. Kwok and G. F. Vandegrift)

Technetium-99m (used for medical purposes) is a decay product of 99Mo,
which is produced in nuclear reactors by the fissioning of 3 5 U or from the
neutron capture of "8Mo. Presently, most of the world's supply of fission-
product 9 9 Mo is produced in targets of high-enriched uranium (HEU, 93% 2 3 5 U).
The United States is considering prohibiting the export and internal commer-
cial use of HEU because of its potential use in nuclear weapons. The purpose
of this study is to assess the technical feasibility of substituting low-
enriched uranium (LEU (20% 2 3 5 U) for HEU in targets for production of fission-
product 9 9 Mo.

Presently, 9 9Mo is produced from a variety of target designs that contain
HEU as either uranium aluminide in curved plates,3 8 ,3 9 as uranium-aluminum
alloy in modified fuel rods,4 0 or as an electrodeposited film of U02 on the
inside surface of enclosed cylinders. 41,42 The main issues to be addressed in
substitution of LEU for HEU for the production of 9Mo are (1) attainment of
purity and yield requirements of the 99Mo/QemTc product, (2) fabrication of
LEU targets and related concerns, (3) disposal of radioactive waste, and
(4) overall safety and economics of irradiating and processing LEU targets.
Thus far, the bulk of our efforts has been related to the first two issues.

The change in target material from LEU will affect all targets and
processes in two ways: (1) increasing the amount of uranium to be separated
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from 9 9Mo by a factor of ~6 and (2) increasing the amount of alpha-emitting
isotopes and 2 3 9Np/2 3 9Pu in the indicated target by factors of 13 and 26,
respectively. Cylindrical targets with elerctrodeposited U02 cannot increase
the U02-film thickness by ~6 and, therefore, produce the same yield of 9 9 Mo
from LEU as from HEU without substantial changes. Substitution of U metal for
U02 has been evaluated and appears to be a viable alternative for increasing
the uranium content of the targets. Use of uranium metal rather than U0 2

should have a minimum effect on target processing. It is anticipated that
curved-plate and rod target designs will increase U fuel densities by use of
the new LEU silicide fuels4 3 without changing the target geometries.
Conversion of uranium-aluminum fuel to silicide fuel adds silicon and other
metals (due to needing a harder aluminum alloy cladding material) that are not
present in current targets.

Work in FY 1986 was centered on 9 9 Mo separation and purification
techniques that were patented by Union Carbide in the 1970s.41,42,44 These
techniques are presumed to be still used today for separating 9 9 Mo from
irradiated, electrodeposited U02 films. The FY 1987 efforts focused on 9 9 Mo
separation and purification from targets containing uranium silicide fuel.
Because of their higher densities, LEU uranium silicides can be substituted
for uranium aluminide and uranium-aluminum alloy fuel in present targets for
the production of 99 Mo to obtain the same fission yield. Our studies for
processing silicide targets are also based on assumptions ci what current
industrial processing schemes for uranium aluminides and uranium-aluminum
alloy targets are. In commercial processes for 99Mo purification, uranium-
aluminum alloy and uranium-aluminide fuels are presumably dissolved in either
acidic or basic solution as an initial step to Mo recovery. Efforts this
year have been primarily focused on basic dissolution of uranium silicide
fuels.

1. Separation of 9 9 Mo from Dissolved U0a/U-Metal Target

Based on the Union Carbide patents, 9 9 Mo should be separable from
high concentrations of uranyl ion in acidic solutions by columns of Ag-coated
activated charcoal (ACAC) Experiments during FY 1986 showed poor 9 Mo yields
and poor purification of 99Mo from uranium using this technique, while pre-
cipitation of 99Mo by a-benzoinoxime (a-BP) gave both high yield and purifi-
cation of 9 9 Mo. Separation of Mo from U by a-benzoinoxime precipitation and
by ACAC essentially reproduced results reported last year. The precipitations
worked well, with good molybdenum yield and separation from uranium, but the
columns were unsuccessful, especially in the presence of UOa+, where both Mo
yield and separation from U decreased with increasing concentration of UO+
(see Fig. 11-37). Table 11-17 gives the decontamination factors of Mo from
fission products by both techniques.

The behavior of an important fission product, '0 3 Ru, was examined
for both separation procedures. Preliminary results suggest that the ACAC
column method is not as effective in removing 103 Ru as is the a-benzoinoxime
precipitation, which lowers the 103 Ru present by ~102. Ruthenium chemistry
is complicated by its various oxidation states and the slow kinetics of its
nitroso complex hydrolysis. Ruthenium speciation depends largely on the
specific conditions of the 9 9 Mo separation process.
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Table II-17. Decontamination of Mo Factors' from Fission
Products

Decontamination Decontamination

a-BP Factor ACAC Factor

Isotope HEU LEU Isotope HEU LEU

11omAg 86 101 ilomAg 2.7 x 104 2.9 x 102

131I 1.7 1.8 131I 4.5 x 104 6.5 x 102

1 37 Cs 2 x 103 810 137Cs 1.5 x 104 1.1 x 104

103Ru 75 205 103Ru 7.5 5.3

Decontamination Factor =
Xinitiali /Moinitial]
[Xstrip] /iMstrip

2. Separation of 99Mo from Caustic-Dissolved Silicide-Fuel Targets

To obtain comparable *9Mo yields with LEU fuel, the density of 2 3 5U
should be 5-6 times greater than the ~1 g/cm3 presently used. This is not
possible with the current UAl fuel. Uranium silicides are a good alternative
because these fuels are much denser. However, the aluminum cladding now used
is not strong enough for the harder silicides fuels; thus, it will likely have
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to be replaced by Mg-enriched (e.g., 6061) cladding. The thrust of work on
the processing of LEU silicide targets has been to assess problems with incor-
porating these changes into the current target processing procedure.

We assume that targets are dissolved in 3M NaOH/4M NaNO3 , resulting
in the precipitation of U, while Mo remains in solution as Mo04-. Xenon gas
is released and collected during target dissolution. The mixture is then
filtered to remove precipitates and is acidified to release iodine. This
solution is passed through an alumina column that adsorbs the Mo. After re-
moval from the column, 9 Mo is processed through several purification steps.

Uranium silicide does not dissolve in 3M NaOH/4M NaNO3 but will in
3M NaOH/10% H202 . Under these conditions, uranium hydroxide does not precip-
itate, as might be expected, but remains in solution, probably as the uranyl
peroxide complex. When this solution is acidified, the uranyl peroxide pre-
cipitates, taking with it most of the Al, Si and other metals present, and
presumably 99 Mo. It is probably better to destroy the peroxide while the
solution is basic and to filter out the resulting uranium hydroxide. This can
be done by heating or, more quickly, by the careful addition of hydroxylamine
to reduce the peroxide. Care must be taken not to add too much NH20H because
it also complexes uranium.

Possible problems with the new 6061 cladding stem from reinforcing
minor metals (such as Mg, Fe, Cr, Ti) that may introduce activation-product
radioisotopic contamination not previously encountered.

The recalcitrance and high density of the uranium silicides may be
an advantage here since the 6061 cladding can be dissolved in 3M NaOH and then
poured off, leaving the silicide fuel behind. Work is planned to determine
whether 9 9 Mo will migrate out of the silicide during dissolution of the target
in 3M NaOH.

After the peroxide is destroyed, uranium precipitates and can be
filtered out. The resulting solution, after being diluted and acidified,
should resemble that which would be present during the current process except
for the presence of Si as silicic acid. The effect of silicon species and
small amounts of UOa+ on the alumina column separation of 9 9 Mo is under study.
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III. HIGH-LEVEL WASTE/REPOSITORY INTERACTIONS
(J. K. Bates)

A. Glass Reaction in Unsaturated Environment
(J. K. Bates and T. J. Gerding)

1. Introduction

Investigation of the volcanic tuff beds of Yucca Mountain, Nevada,
as a potential site for a high-level waste repository is a function of the
Nevada Nuclear Waste Storage Investigations (NNWSI) Project. As part of this
study, the NNWSI Unsaturated Test has been developed as a method to obtain
data on the release of waste components from the waste package in the NNWSI
repository environment under conditions currently envisioned after the
300/1000-year containment period has elapsed. Specifically, the test will
provide information to be used by the NNWSI project in licensing the NNWSI
repository site. The test method will provide (1) data that describe the
release of radionuclides from a specifically designed glass/container assem-
blage under strictly controlled test conditions and (2) information concerning
synergistic effects that may occur between waste package components. The test
results can be used to determine interactions that are important when glass
leaching occurs in an environment of air, water vapor, and liquid water.

Previously, a glass based on Savannah River Laboratory (SRL) frit
165 had been reacted using the Unsaturated Test method (F series tests). 1'2

These initial results demonstrated that the test method was capable of
producing repository-relevant results and that the extent of glass reaction
depended strongly on interactions that occurred between waste package
components. The greatest degree of reaction occurred when glass, standing
water, and weld-affected 304 L stainless steel were in contact. When there
was a strong interaction in the weld-affected area, the glass reaction was
greater than when there was a weak interaction. The glass reaction was
described as occurring as a consequence of (1) a diffusional process that
resulted in a fairly constant release of alkali metals from the entire glass
surface and (2) glass breakdown that resulted in the release of all glass
components from the weld-affected area.

This first Unsaturated Test matrix served as a trial run of the test
method, and several changes were made to the procedure to make the results
more consistent and easier to interpret. The change that affected the glass
reaction to the greatest extent was that the metal in contact with glass was
subjected to a pre-test heat treatment process (24 hours at 550 10*C
followed by slow cooling), with the goal of imparting a uniform degree of
sensitization to the stainless steel.

This report presents the results of the second Unsaturated Test
matrix. This test matrix was done using the same SRL 165 type frit as used in
the F series tests, except for the addition of 237 Np, 23 9 Pu, and 2 4Am to the
glass. To help interpret the effect of varying selected test parameters,
parametric experimentation was performed in conjunction with the Unsaturated
Test.

2. Experimental

The apparatus used in the Unsaturated Test has been described
previously,' and a schematic diagram of the system is shown in Fig. III-1.
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1. Body
2. Nut Fig. III-1.

3. Cap
2 4. Retainer Top Schematic Diagram of Unsaturated

5. Retainer Bottom Test Apparatus
6. Teflon Gasket
7. Swagelok Tubing

The components of the test apparatus are the test vessel, which provides for
collection and containment of liquid and support of the waste package; the
waste package assemblage (WPA), which consists of the waste form and
perforated, presensitized, metallic components representing the pour canister;
and a solution feed system to inject test water. The test is performed 2t
90*C.

The WPA is contacted intermittently by small, measured amounts
(drops) of repository water (EJ-13) that has been preequilibrated with tuff at
900C. The nature and degree of radionuclide release from the assemblage are
determined by collection and analysis of the water that has contacted the
package and by surface analysis of the assemblage components. Materials

interactions are noted, and secondary alteration products, which influence the

nuclide release from the assemblage, are identified.

The test procedure incorporates batch and continuous testing. In
the batch mode, tests are terminated at 13-week time intervals up to 52 weeks.

The test apparatus is disassembled, and analyses of both the solution and
components are performed. In the continuous mode, the WPA (including liquid
associated with the assemblage) is transferred to a new test vessel at
6.5-week intervals, and the test is continued. Analyses are done on the
solution in the old vessel. With the continuous-testing mode, replication of

solution analysis can be achieved. In addition, investigation of .i test
components is possible at the termination points, and yet the test can
continue for an unspecified number of test periods or until information most
useful to repository evaluation is obtained.

The parametric experiments3 are done using an experimental design
similar to that used in the Unsaturated Test, but the sampling periods are

13 weeks. The glass used in the parametric experiments does not contain the
transuranic elements but otherwise is identical to that used in the
Unsaturated Test.
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3. Results

The N2 Unsaturated Test series has been in progress over 65 weeks,
and results of both batch and continuous tests are presented.

a. General Observations

Unlike the F Test series, where there was a marked disparity in
the post-reaction appearance of the components from individual tests, the
components from the N2 Tests were quite similar. The as-cut sections were
uniform in appearance, and the sides were reflective and smooth. After
testing, the top and bottom surfaces were noticeably rteacted, as shown in
Fig. 111-2. Reaction products accumulated in the regions of nonglass metal
contact. The majority of the reaction products were found surrounding the
circumference of the holes in the retainer top. This is where standing water
was observed to exist in some of the tests upon opening the vessels. The
regions of glass/metal contact showed little evidence of coverage by altera-
tion products, except in some localized cases where channels appeared to exist
between open areas (Fig. III-2a). The extent of coverage by the rust-colored
alteration products appeared to increase between the 13- and 26-week samples,
but was fairly constant thereafter.

The side surfaces of the glass retained their reflective
appearance, but were covered with random watermarks. This appearance suggests
that some water flowed over the sides, but that the strong interactions
present on the top and bottom surfaces did not occur on the sides. During the
sampling and termination periods, water was observed standing on the bottom at
the interface between the glass and the met-dI retainer section of the waste
form holder. Only in a few samples wa- water observed on the top section of
the waste form holder. It is believed that water collects in this area during
the test but evaporates during the cool-down period before the vessels are
opened. Condensed water was always observed oa the inner sides and tops of
the vessels.

The pre-test appearance of the top and bottom retainers ranged
from a uniform deep blue coverage to a mix of blue and gold. No measure of
the extent of sensitization was made on the actual test specimens prior to
testing. Such studies were done only after the test periods were complete.

After testing, the top and bottom retainers were discolored in
the glass contact region, attaining a dark brown to rust-colored appearance.
The interface where the glass contact ended was clearly marked by a buildup of
precipitates (Fig. III-2b). However, visual examination indicated that the
extent of precipitate coverage did nit increase during the 52-week testing
period. This observation agrees with the measured weight gains of the top and
bottom retainers, which are constant throughout the 52-week test period.

b. Solution Analysis

The test solutions were analyzed either at the end of a test
period or, for the continuous tests, during the sampling period. At the
termination of a batch tesc, the WPA was rinsed with 10 mL of high purity
water and the solution in the test vessel was collected and analyzed, while
only the water collected in the bott'7m of the vessel was analyzed for the
continuous tests. Thus, the terminated tests contained a rinsed component
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(a)

(b)

Fig. III-2. Micrograph of (a) Top Section of Glass Showing
Circular Regions of Iron Oxide and Hydroxide
Formation (Mag. = 19X) and (b) Associated
Retainer Section (Mag. = 1200X)
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that was not present in the continuous tests. A blank test was also run in
the continuous mode. The purpose of this test was to evaluate whether any
cross-contamination of radionuclides had occurred during sample handling and
to serve as a check of the EJ-13 water composition collected during a test
period. The solutions were analyzed for components of the glass frit, the
EJ-13 water, and radionuclides.

The raw solution results can be used in two ways: (1) after
correction for components present in the EJ-13 water, the extent of glass
reaction can be monitored, and (2) an estimate of the composition of the water
in contact with the WPA can be made for the continuous tests. This water-
composition information, in combination with the identification of alteration
products formed on the test components, can be used to model the interactions
that occurred during the test.

i. Glass Reaction

The extent of glass reaction is best measured by monitor-
ing elements whose presence in solution can be associated mainly with the
glass, as opposed to the EJ-13 water or the metal components of the system.
Such elements include Li, U, 2 3 7Np, 2 3 9Pu, 241Am, and B.

Several conclusions were drawn from our blank-corrected
solution results:

(1) All elements except Si showed a net release from the glass. Silicon
showed a net release in two 26-week batch tests and one 39-week
batch test, but was abstracted from solution in the remaining tests.

(2) The batch test results indicated an apparent trend of increasing
reaction for the 13- and 26-week tests. However, in the 39- and
52-week tests, the release values for Li and Na are comparable with
the 26-week values, while the glass reaction as measured by B
release and weight loss is actually less than for the 26-week tests
(Fig. 111-3).

2

A Li
O ONa

-J O O 0 wt loss
0

0 -
0 13 26 39 52

Time, weeks

Fig. 111-3. Normalized Release of Li, Na, B, and
Weight Loss for N2 Batch Tests
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(3) Normalized release values (NL1), calculated to compare the release
behavior of different elements, indicated that Li and Na are
released from the glass at a nearly equivalent rate, which is larger
than the release calculated for B or the actinide elements
(Fig. 111-3 and Table III-1, "Solution Only" columns). These
releases are calculated based on the total surface area of the glass
and on the measured amount of each element released from the WPA
after rinsing. However, if the amount of Pu, Am, and U remaining
with the metal components of the WPA is measured via complete
stripping (Table III-1) of the metal and it is assumed that the
release of these elements is associated mainly with the end sections
of glass that contacts metal, then higher values for modified
(NL)Pu,Am,u are calculated (Table III-1, "Solution + Acid Strip"
columns).

Table III-1. Normalized Release of (g/m2 ) Actinides
from Unsaturated Test

Test
Period, Solution Only Solution + Ac.id Strip

weeks (NL)Np (NL)pu (NL)Am (NL)u (NL)pu (NL)Am

13 0.2 0.008 0.008 0.01
13 0.4 0.015 0.018 0.06 0.3 0.4
26 1.3 0.024 0.022 0.21
26 2.0 0.028 0.028 0.19 0.7 1.1
39 1.3 0.024 0.020 0.42
39 0.4 0.008 0.008 0.04 0.5 0.7
52 0.6 0.014 0.012 0.18
52 0.8 0.026 0.015 0.12 0.6 0.7

aThe entire surface area of the glass was used to calculate (NL)i for the
"Solution Only" results, while only the surface area of the end sections
of the glass were used in the "Solution + Acid Strip" calculations.

In the continuous tests, where the components had not been
rinsed before the solution was analyzed, several elements (including Ca, Mg,
Na, and Si) were depleted in the analyzed solution compared with the starting
EJ-13 water. Normalized release values for Li in the continuous tests are
plotted in Fig. 111-4. While these values will be slightly lower than the
batch tests due to the lack of a rinse component, it can be seen that con-
tinuous Li release from the glass occurs through the 65-week time period.

ii. Solution Composition

The composition of the solution that is in contact with the
WPA can be estimated from the results of the continuous tests (Fig. 111-5).
This solution composition is important because it reflects the interaction
between the solution and the waste package components. This interaction
results in the formation of alteration products that are more stable than the
glass and may, over the course of the repository time period, dictate the
reactions that occur. After 65 weeks, the concentration of Li is still
decreasing while the concentrations of Na, Si, Ca, and B have leveled off.
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c. Analysis of Test Components

To characterize the interactions that have occurred during
testing, the components of the batch tests have been examined using X-ray
diffraction (XRD) and scanning electron microscopy/energy dispersive X-ray
spectroscopy (SEM/EDS). The purpose of such characterization is (1) to, in
combination with the solution results, provide a description of the reaction
progress and (2) to catalog and identify, if possible, alteration products
that form during the course of the reaction. Both of these issues need to be
addressed in providing input to be used in projecting the performance of the
waste form in the repository time frame.
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i. Glass

The major accumulation of reaction products occurred in
the regions of standing water around the circumference of the punched holes
(Fig. III-1). These products were identified by XRD as FeOOH and ferrihydrate
(5Fe20O3 9H2 0). Silicate phases rich in either Fe, Cr, Ni, or Mn were also
observed (Fig. III-6a) but were not as prevalent as the iron oxide phases.
Other phases identified on the surface by XRD and SEM/EDS included gypsum
(CaSO4 '2H2O), cristobalite, orthoclase (KAlSi3O8 ), and possibly a sodium
feldspar (NaAlSi3O8). Many other accumulations of reaction products were
identified, often with nonuniform compositions. These groups were amorphous
to XRD and consisted of Si, Ti, Ca, Mg, Cl, and S in varying amounts. Other
phases had unique compositions but were either too small to analyze with XRD
or gave amorphous patterns. Such phases with unique EDS spectra are shown in
Fig. III-ba-c.

ii. Metal

The metal in contact with glass was covered with an
amorphous mat rich in Al and Si. Few distinct phases were observed in the
glass/metal interface region. Most of the alteration products accumulated in
areas of standing water and were identified as iron oxides. Several unique
phases were observed on the metal, including a solid solution of the calcite-
type structure Ca.74(Mn,Mg).26C0 3 (Fig. III-6d). Other alteration products
were too small to identify using XRD analyses. An SEM/EDS spectrum of a
uranium-rich phase is shown in Fig. III-6e.

After surface analyses, the metal retainers were acid
stripped to remove actinides, cross-sectioned, epoxy mounted, polished, and
subjected to an oxalic acid etch to determine the extent of sensitization that
had been imparted during heat treatment (Fig. III-7a,b). It can be seen that
two distinct levels of sensitization were imparted to the metal. In all the N
series samples studied, carbide precipitation at the grain boundaries is evi-
dent in the interior of the metal. However, in the 13- and 26-week retainers,
the sensitization proceeds to within 10 m of the surface of the steel, while
in the 39- and 52-week tests the sensitization is to within only 40 pm of the
surface. Note that the extent of B and weight loss reaction (Fig. 111-3)
measured in the 39- and 52-week results was less than noted in the 13- and
26-week tests.

d. Parametric Experiments

Parametric experiments were done to study the effect of
sensitization on the reaction process. In these experiments, the 304 L SS was
treated at 535 100C for 24 h and cooled slowly. The stainless steel used in
these experiments was from a different heat than that used in the N2 Tests.
It was richer in N (0.082 vs. 0.036 ppm) and depleted in C (0.016 vs.
0.022 ppm), both factors that increase resistance to sensitization.4 The
solution results for these experiments are shown in Fig. 111-8. The batch
experiments (which consisted of single experiments terminated at 13, 26, 39,
and 52 weeks) showed strong interaction with the metal only in the 52-week
sample. The release of B and U for the 52-week sample is about ten times
greater than estimated based on the earlier sampling periods, whereas the Li
release is about 30% higher than predicted. In the continuous experiments,
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Fig. III-8. Release Values from Parametric Experiments

there was no strong interaction between the glass and metal. The release of
Li and B was not much different from what was observed in the F series con-
tinuous tests, where there was also no strong interaction between the glass
and metal.

4. Discussion

The focus of this discussion will be interactions that affect the
glass reaction and the behavior of the actinide elements. The results of the
several sets of Unsaturated Tests (F and N series) and the parametric experi-
ments are consistent and indicate that there is a correlation between the
degree of sensitization of the retainer sections, the extent of visually
observed interaction, and the measured SRL 165 glass reaction.
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In the N series, all the metal retainers showed some degree of
sensitization accompanied by a strong interaction in the glass/metal interface
region. The 13- and 26-week batch tests showed a slightly greater degree of
sensitization than the 39- and 52-week batch tests, and larger (NL)i values
were observed in the shorter tests.

In the 52-week parametric experiment, a strong interaction between
the glass and metal was also observed and the (NL)i values closely matched
those of the N series. However, the remaining parametric experiments showed
no sensitization or strong interaction, and the (NL)i values were near to
those observed in the continuous F series, for which no strong interaction was
observed.

The sensitization process results in the precipitation of chromium
carbides in the grain boundary regions and is dependent on the processing
conditions and composition of the metal, as well as the time and temperature
of the heat treatment process. No one time-temperature transformation diagram
which encompasses all 304 L SS compositions has yet been constructed. The
conditions used in the present experiments were chosen to impart only a
partial degree of sensitization to the metal. The observation that nearly
identical heat treatment conditions resulted in radically different degrees of
sensitization demonstrated the variability in sensitization that may be
expected in the actual pour canisters.

After sensitization, the remaining chromium-depleted metal is no
longer resistant to oxidative processes, and metal (iron) oxides and silicates
form where there is close contact between the glass and metal with a limited
supply of water. These conditions apparently enhance the reaction of both the
glass and the metal. As Si is released from the glass, the glass matrix
breaks down, releasing all the components of the glass nearly equally. This
interaction process occurs only in the glass/metal contact region. The glass
sides show no evidence of strong interaction, and (NL)Li, which should be
controlled via an exchange process with water over the entire glass surface,
is only moderately increased because of the glass-matrix breakdown.

A strong interaction between glass and metal has been noted
previously when ductile iron and glass were present in the same leaching
container as the glass.5 However, previous studies involving stainless steel
and glass using standard leaching conditions showed no enhanced reaction due
to the metal.-7 The exact nature of the increased interaction is being
investigated further, but it is interesting to note that chloride-containing
precipitates are observed in several regions of strong interaction
(Figs. III-6b and -6d).

The release of the actinide elements from the WPA follows the trend
Np > U > Pu a Am. A similar trend has been observed in leaching studies of
SRL 165 type glass under saturated NNWSI conditions.7 Neptunium released to
only a slightly less extent than Li and showed little interaction with the
metal components of the test. Uranium release to solution, although somewhat
variable, was about five times less than that of Np. Uranium was the only
actinide for which a unique phase was detected using SE/EDS (Fig. III-6e);
the U phase was not identified on all samples, which may explain some of the
variability in U release. Plutonium and Am were found only sparingly in
solution. Previous studies8'9 indicated that these elements can sorb strongly
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to metal surfaces or can either sorb or be incorporated into metal oxide and
hydroxide phases. The acid stripping process accounts for all the Pu and Am
associated with the metal components (metal plus precipitates), and the total
Pu and Am release is only slightly less than expected from matrix breakdown of
the glass. The remaining Pu and Am are likely associated with the reaction
products that remain on the glass surface.

There is no evidence that the sorption capacity of the metal
components and alteration phases formed during the reaction process decreases
with time. The enhanced glass reaction that occurs due to metal sensitization
may adequately generate new reaction phases that will incorporate Pu and Am as
they are released from the glass.

5. Conclusions

Unsaturated testing with associated parametric experimentation of
SRL 165 type glass has been completed for up to 65 weeks. These tests, which
are specific to the NNWSI repository site, resulted in the formation of
several identifiable reaction phases and reasonably constant elemental con-
centrations in solution. These data should be amenable to modeling with
geochemical codes to project the long-term repository performance of glass
waste.

Other data suggest that sensitized 304 L SS interacts strongly with
glass in the presence of small volumes of repository water. This strong
interaction results in matrix breakdown of the glass, thereby increasing
elemental release up to ten times the amount observed without the interaction.
However, the matrix breakdown does not necessarily result in equal release to
solution of all the actinide elements. Neptunium is released to solution
without interacting significantly with either alteration phase or metal
components. However, U interacts moderately with the reaction products and
forms unique stable phases, which decrease its release to solution. The
release of Pu and Am to solution is even more greatly reduced because these
elements strongly interact with reaction products.

The tests reported here are still in progress and will be continued
to gain additional information regarding glass/metal/water interactions under
unsaturated conditions.

B. NNWSI Parametric Experiment
-T.A. Abrajano, Jr.)

Parametric experiments are in progress to (1) elucidate the fundamental
processes that occur during protracted reaction of silicate and borosilicate
glass surfaces with water and (2) investigate the rate and products of vapor-
phase hydration of nuclear waste glasses. These experiments are a continua-
tion of vapor hydration experiments involving nuclear waste glasses (SRL 165,
SRL 131, PNL 76-68) at temperatures ranging from 80 to 2020C and relative
humidities of 50 to 100% RH.

The results from present experiments on the above nuclear waste glasses
at 750C will be used in confirming/refuting the validity of an Arrhenius-type
dependence of reaction rate on temperatur3.1 0 Only a limited number of
experiments on monoliths (as opposed to glass powders) were performed at 800C

previously, whereas all the ongoing 750C experiments use glass monoliths.
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Nuclear resonance profiles already collected for SRL glasses hydrated for over
150 days (95% RH) appear to show that an Arrhenius relation predicts reaction
rates to better than a factor of two, even in unsaturated vapor tairon-
ments.10

Hydration experiments on simple silicates, nuclear waste glasses (listed
above), obsidian and basaltic glass at 750C and relative humidity of 60, 95,
and 100% have been in progress for over 250 days. The aims of these experi-
ments are (1) to examine the dependence of hydration rate on relative
humidity, (2) to determine if the relationship of hydration rate and humidity
varies with glass composition, and (3) to compare the rates and products of
hydration of the different glass compositions. Preliminary results of hydro-
gen profiling indicate that the hydration rate of basalt is greater than that
of obsidian and that of SRL 131 is greater than that of SRL 165. The hydra-
tion rate of obsidian appears to be comparable to that of the SRL glasses.
Secondary ion mass spectroscopy (SIMS) and SEM analyses of samples will also
be conducted.

A new experimental submatrix has been designed to systematically deter-
mine the effect of glass composition on hydration rates at saturated vapor
pressures. A compositional series in the Na20-CaO-B2 03 -Al2 03 -Si02 system that
encompasses the optical basicity and structure of nuclear waste glasses has
been selected. These experiments will be performed at 750C using isotopically
tagged (D and 180) water. Oxide mixtures of all these glasses have been
prepared. Exploratory experiments using simple glasses (soda silicates) and
nuclear waste and natural glasses using D20 are in progress. A SIMS analysis
of Na2 0'3Si02 glass hydrated in D20 for 30 min showed a well-defined step
profile for SiOD+. These results suggest SIMS could be a very valuable
"water" profiling technique for the glasses to be hydrated in D2 0 because it
will enable simultaneous profiling of "water" and glass components. Water
speciation studies using step-heating quadrupole mass spectrometry are also
being performed.

C. NNWSI Gamma Experiment
(W. L. Ebert)

As a part of the NNWSI project, experiments are being performed at ANL to
study the behavior of simulated waste glass under conditions that may prevail
in the repository. The experiments reported here were designed to determine
the influence of penetrating gamma radiation on the waste glass performance.

Weak gamma fields will persist in the repository many hundreds of years
after waste emplacement. Failure of the metallic canisters may allow standing
water to contact the waste glass during this period. Nitric acid is known to
be produced upon irradiation of moist air and may dissolve into and acidify
the standing groundwater.'1 Many glasses are much more reactive in highly
acidic (or basic) solutions. It is important, then, to know how the waste
glass will behave in an irradiated environment. The results of experiments at
high exposure rates have already been documented.

12-1 4

The experiments involve placing synthetic waste glass (actinide-doped
SRL 165, ATM-1c, or ATM-8) and NNWSI reference groundwater (EJ-13) inside a
stainless steel vessel. The experimental format is similar to the standard
MCC-1 static leach test.15 The vessel is then irradiated at the appropriate
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exposure rate (0, 1 x 103, 1 x 104, or 2 x lob R/h) at 900C for a prescribed
duration (up to 270 days). A tuff rock monolith is also included in some of
the experiments. After the appropriate reaction time, the weight changes of
the vessel contents are measured and the leachates analyzed. The reacted
glass surfaces are analyzed using various surface analytical techniques,
including SEM/EDS/wavelength dispersive spectrometry (WDS), SIMS, and nuclear
resonance spectroscopy.

Blank experiments including only groundwater or groundwater plus tuff
rock were run to determine the influence of irradiation on the groundwater
alone and to establish baselines for leachate analyses performed after the
experiments were terminated. The irradiated experiments were carried out in a
gamma radiation facility (8 00o source), and the nonirradiated experiments were
performed in the high-Level Waste Laboratory at ANL.

The high bicarbonate concentration present in the tufaceous groundwater
('120 ppm) successfully buffered the leachate to pH values above 6.4, which is
the pK, of the bicarbonate-carbonic acid equilibrium at 900C, for all expo-
sures tested in the blank runs. (The horizontal line in Fig. 111-9 represents
the pKa of the HCO3/H2 CO3 buffer at 90*C.) The ratios of glass surface area
to liquid volume and gas volume to liquid volume (nominally 0.3 cm-1 and 0.3,
respectively) were both much smaller than expected in a repository. Larger
air-to-liquid ratios could possibly produce enough acid to overcome the buffer
capacity of the groundwater and allow local pH excursions to more acidic con-
ditions. The leachate pH in the nonirradiated experiments increased as the
reaction progressed to pH values near 9 (from an initial value of 7.6). This
is due to a reaction which occurs between protons and leached glass species
such as lithium and sodium.
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The extent of the glass reaction was measured by changes in both the
leachate and the SRL 165 type glass. In Fig. III-10, the normalized glass
weight loss is plotted vs. the reaction time for the different exposure rates.
The glass was tested both with and without a tuff wafer present. Irradiation
is seen to have little effect on the weight loss, probably because of the
buffering of the leachates. The presence of tuff may have a slight accelerat-
ing influence in the nonirradiation experiments. The presence of tuff in an
experiment also had an influence on the distribution of released species.
Plutonium, americium, cesium, and strontium were found to strongly adsorb onto
the tuff surface. The tuff rock dissolved as the reaction proceeded, releasing
silicon and aluminum into solution. The solution quickly approaches saturation
with respect to both silicon and aluminum and is thought to support a colloid
suspension, which may also adsorb released species. Tuff is also believed to
buffer the solution pH against pH excursions to very acidic values.

The concentration profiles of glass species in the near-surface region
were measured using SIMS. Lithium, sodium, boron, and uranium are depleted in
the outermost surface region (up to 1 pm after 181 days of reaction) and show
profiles consistent with a diffusional release mechanism. The SIMS profiles
of these species are shown in Fig. III-11 for an SRL 165 sample reacted 181
days without radiation or tuff. Other species, including iron, calcium, and
magnesium, are enriched in this outer region. The SRL 165 glasses are found
to form a distinct surface layer with a composition similar to an iron-rich
smectite clay, nontronite, as determined by electron microprobe analysis.

Two new capabilities are being developed to further characterize the
reacted glass surfaces. A Raman microprobe facility is being established in
conjunction with ANL's Analytical Chemistry Laboratory (ACL). This instrument
will provide structural information for samples as small as 1 pm in diameter.
Also, a temperature programmed desorption instrument is being constructed. We
hope to be able to identify differently bonded water species in the reacted
layer of glasses by their desorption temperatures.
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D. NNWSI Spent Fuel Leaching Tests
(E. Veleckis and J. C. Hoh)

A new study has been initiated to measure radionuclide release rates for
spent reactor fuel immersed in water at ambient temperature. For the Yucca
tuff beds, the repository horizon is anticipated to be "350 m below ground in
the unsaturated zone and 200-400 m above the water table. Modeling calcula-
tions indicate that the thermal output generated by a typical waste package
might raise the temperature of the surrounding rock to a maximum of 2300C nine
years after emplacement. During the period of predicted complete containment
(300-1000 years), there will be gradual cooling of the waste package, but the
surrounding rock at 1 m distance should remain dehydrated since its tempera-
ture will exceed the boiling point of water at that elevation.

During the post-containment period, however, water condensation becomes
possible and, in the case of a breached waste package, the fuel might be
exposed to limited quantities of water, causing variable amounts of contami-
nated aqueous solution to collect in the bottom of the containment canister.
Current waste form testing is done using variable quantities of water in order
to understand the radionuclide release mechanism under different circum-
stances. In general, due to experimental limitations, testing is performed at
a higher water/fuel ratio than is expected under repository conditions.

Recent work on spent fuel leaching/dissolution was carried out at the
Hanford Engineering and Development Laboratory (HEDL), which examined the rate
of release of radionuclides from different configurations of spent fuel (bare
fuel, intentionally defected fuel pins, and intact pins) in three series of
tests. Series 1 was done with Turkey Point PWR fuel in loosely covered quartz
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vesS is using deionized water at ambient hot-cell temperatures.18  Series 2
was similar to the previous one except for the use of J-13 well water and
duplicate runs with H. B. Robinson PWR fuel. 17 The still-ongoing Series '3 is
using H. B. Robinson fuel, sealed 304 stainless steel vessels, and J-13 well
water.) 8  Ambient and 850C temperatures are used in this series.

The NNWSI project determined that, because many of the measurements are
performed near the instrumental detection limits, and because the leaching
results are essential in providing meaningful input to be used in making long-
term predictions of repository performance, there was a need for verification
of the existing data by an independent laboratory. The CMT Division was
selected to fulfill this need.

To facilitate the data comparison process, we will duplicate the essen-
tial parts of the equipment and procedures to match those used at HEDL. For
example, the 304 stainless steel vessels are being fabricated at HEDL under
C. N. Wilson's supervision, and identical fuel will be employed in the test-
ing. The transfer of ~700 g of ten-year-old H. B. Robinson fuel (30 MWd/kg U
nominal burnup) from the Materials Characterization Center (MCC) to ANL has
been initiated, pending the availability of appropriate shipping casks,

Preparations are underway at CMT to perform the spent fuel leaching
tests. Prototype bench testing will be carried out prior to hot operations to
demonstrate the feasibility of remote installation and sampling procedures.
The work will be done at QA level I according to the revised QA Plan approved
by M.",YSI. A generic test plan and the procedures for QA implementation,
tests, and analytical operations will be submitted to NNWSI for approval prior
to the onset of experimental work.

E. NNWSI Calorimetr
(P. A. G. O'Hare

The activities in this reporting period have centered on the deter-
mination of the thermodynamic properties of clinoptilolite, schoepite, and
dehydrated schoepite.

1. Thermodynamics of Clinoptilolite

Specimens of clinoptilolite (origin: Succor Creek, WA) and
anhydrous schoepite, U02(OH)2 , were supplied by NNWSI and a 32-g sample of
schoepite, U02 (OH)2 'H2 0, was obtained from E. H. P. Cordfunke (E. C. N.,
Petten, The Netherlands). The compositions of the uranium-containing
materials were close to theoretical and that of the clinoptilolite was

(Na1 .1sKo. 49 Cao.91OMgo.o7 1Mno.oog)Al3 .878 Feo.oo Si 14 .316038'10.881H20.

The complete thermodynamic properties of clinoptilolite have been
determined. Solution calorimetry in HF(aq), in conjunction with auxiliary
thermochemical measurements, gave for the standard molar enthalpy of formation
at 298.15 K, AfHm, a value of -(20731.8 13.4) kJ mol-1. Low-temperature
adiabatic calorimetry (5 to 360 K) gave, for the molar heat capacity and
standard molar entropy at 298.15 K, values of (1534.0 1.5) and
(1479.8 1.5)J K-1 mol~1, respectively. Drop calorimetry (350.26 to
500.64 K) gave the following relations for the enthalpy increments relative to
298.15 K (units of J mol-1) and for the high-temperature heat capacity (units
of J mol- K-1):
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{Hr(T) - Hr(298.15 K)} = -230506.9 - 182.585 T

+ 3.85897 T2 - 2.19187 x 10~3 T3

Cp,m(T) = -182.585 + 7.7179 T - 6.5756 x 10-3 T2  (111-2)

where the temperature, T, is in degrees Kelvin.

Based on the above information, the standard molar Gibbs energy of
formation of clinoptilolite, AfGm, is calculated to be -(19163.6 13.4)
kJ mol- 1 at 298.15 K and 0.1013 MPa.

When reacted with H20, amorphous U03 yields crystalline substances
that have variously been referred to as hydrates, hydroxides, and, because of
their amphoteric properties, acids; most modern structural evidence indicates
that they should be regarded as hydrated or anhydrous hydroxides, for example,
U0a(0H)a'H 20.

1 9 However, for the sake of compactness, we shall use the
generic formula U03'xH20. Three compounds in (uranium trioxide + water) are
quite well defined: schoepite, with x = 2; dehydrated schoepite, with 1 > x >
0.75; and a composition with x a0.5. With schoepite as starting material, the
other compounds are formed progressively with loss of water.

Our current technical interest in schoepite, U03 '2H20, arises from
modeling studies connected with the burial of nuclear waste. Specifically,
the question being addressed is the fate of dissolved uranium in contact with
concrete at ambient temperatures. Under such conditions, and on the basis of
existing thermodynamic values, schoepite is calculated to be the phase that
would limit the uranium activity in solution.2 0

In the present research, we used high-precision calorimetry to
obtain the following molar thermodynamic properties of a single specimen of
pure schoepite: the standard enthalpy of formation (AfH*) at T' = 298.15 K;
the low-temperature heat capacity (C*,m) and, by derivation, the standard
entropy (S*); and the enthalpy increments relative to T', up to the limit of
stability of the material. The following values were obtained for schoepite
at T': AfH* = -(1825.4 2.1) kJ mol-1, C ,m = (172.07 0.34) J K-1 mol-1,
and S* = (188.54 0.38) J K- mol-1 . The enthalpy increments are given by
the equation (T' < T < 400 K):

H (T) - H*(T') = -38209.0 + 84.2375 T + 0.1472958 T2  (111-3)

where the enthalpy is J mol- 1 and the temperature is degrees Kelvin. The heat
capacity is given by

Cm(T) = 84.238 + 0.294592 T (111-4)

where the heat capacity is J K-' mol-1 and the temperature is degrees Kelvin.
For U0 3 '0.9H2 0 at T', we also obtained AfH* = -(1506.3 2.1) kJ mol-1, and
estimated S* = (125 2) J K-1 mol-1.
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One of the principal uses to which the present thermodynamic infor-
mation is expected to be put is the calculation of solubilities o.r uranium-
containing solids, and the modeling of aqueous-phase equilibria in various
nuclear-repository scenarios. For such applications, standard molar Gibbs
energies of formation (AfG*) and, by implication, AfH* and S* are required for
the chemical species of interest. Table 111-2 lists these values for
compounds in (uranium trioxide + water). Earlier we determined a complete set
of thermodynamic quantities for schoepite. 2 1 However, there are no
experimental values as yet for S*(UO3'xH2O, T') with x < 2, and so those
quantities have had to be estimated.

Table III-2. Thermodynamic Values for U0'xH2O(cr)
(T' = 298.15 K, p* = 101.325 kPa)

AfH5, S*, AG*,
kJ mol-1 J K-1 mol~1 kJ mol~ 1

U03 '2H20 -1826.4 2.1 188.5 0.4 -1637.0 1.7

U03'H20 -1533.2 2.0 137 2 -1397.9 2.5

U03 '0.9H20 -1506.3 2.1 125 2 -1374.4 2.6

U03 '0.85H2 0 -1491.4 2.0 123 2 -1362.3 2.5

U03 -0.648H20 -1424.6 2.1 118 2 -1308.1 2.6

U03 0.393H2 0 -1347.9 2.1 103 2" -1244.6 2.6

aEstimated uncertainty.

For the decomposition reaction

U03'2H20(cr) = U03 '0.9H2 0(cr) + 1.1H20(g) (111-5)

we use the relation:

logio(p/p*) = -2568.9 T-1 + 6.843 (III-6)

from which it follows that ArSo = 144 J K-1 mol-1. Here p denotes the
equilibrium decomposition pressure, and p0 is the standard pressure of
101.325 kPa. We have also used this relation to estimate ArSo for the dehy-
dration reactions of schoepite to U0 3 'H20 and U03 '0.85H2 0. For the generic
dehydration,

UQ3 '2Ha0(cr) = U03'yH2O(cr) + (2 - y)H20(g) (III-7)

our calculations and estimates are consistent with ArS*/(2 - y) = (133 t 3)
J K-1 mol-1, and we use this relation to estimate ArS* for the dehydration of
U03 'H2 0 to U0 3 '0.648H20 and U03'O.393H2 0.
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The ArSO values derived in this way are shown in Table 111-3, along
with the corresponding ArGO and (p/p ). Now, with ArS*, S (UO3'2H2O cr, T'1
= (188.54 0.38) J K-'mol-, and S (H2 0,g,T') = (188.72 0.04) J K- 1 mol-1,2
the S* values given in Table 111-2 are calculated. Combination of those values
with S* for U, H1,2121 and 0221 and with AfHO yields AfG (Table 111-2). The
salient features of the thermodynamic quantities in Table 111-3 appear to be as
follows. For the dehydration of schoepite according to Eq. 12, ArH /(2 - y) is
fairly reproducible at 49 to 51 kJ mol-1 , and the equilibrium pressures are
relatively high, with (p/p0) + 1 at 373.15 K consistent with experimental
observation. We alio determined the solubilities in acid of U03 '2H20 and
U0 3 '0.9H 2 0 as a function of temperature (Table 111-4).

2. Thermochemistry of Zeolites and Silicates

We determined the thermodynamic properties of the silicate minerals
clinoptilolite, dehydrated clinoptilolite, tobermorite, and four synthetic
faujasites.

Clinoptilolite is a mineral. of major importance to nuclear waste
storage investigations, particularly for the Nevada site. It is a silica- and
alkali-rich member of the heulandite group. This group of minerals has
received extensive investigation owing to their excellent sorptive properties
for many radionuclide cations, excellent mechanical properties, and apparently
good thermal stability. An important factor in considering the Yucca Mountain
site in Nevada as a possible location for the repository is that the strata
being examined for the repository horizon overlie vitric to zeolitized
nonwelded tuffs containing significant quantities of clinoptilolite (with minor
quantities of heulandite), which could provide an important natural barrier to
radionuclide migration.

The clinoptilolite used in this investigation was a natural sample
from the Succor Creek area of Malheur County, Oregon. Its formula, based on
extensive chemical analyses, was (Sro.0 3 8Mgo. 12 4CaO. 7 6 1Mno.0* 2Bao.0 6 2
KO.5 4 3Na0 .9 5 4 ) (Al 3 .4 5oFeoo17 ) Si1 4 .5 3 3O3 .0o&'10.922H2O. Before the analyses
and experiments, the mineral was equilibrated with an atmosphere of 50%
relative humidity, and corrections were subsequently made for the vaporization
of the water. The heat capacities in the range 5 to 350 K were measured using
our low-temperature adiabatic calorimeter.

The enthalpy of reaction of clinoptilolite with 24.4 mass %
hydrofluoric acid was determined by solution calorimetry. We also performed
auxiliary measurements of the enthalpies of reaction with HF(aq) of Al(OH)3 ,
Si02, NaF, and KF, which were needed to complete the Hess cycle. A portion of
the calorimetric specimen was dehydrated, and the enthalpy of formation of the
dehydrated clinoptilolite was determined. The enthalpy increments [H*(T) -
H (T')] of clinoptilolite to 500 K and dehydrated clinoptilolite to 750 K were
measured using the drop-calorimetric system. The following equations were
derived from the experimental results by the method of least squares:

H*(T) - H (T') = -257056.1 + 50.155 T + 3.182229 T2  (111-8)
- 1.538538 x 10-3 T3 (T' ( T < 500 K)



Table 111-3. Thermodynamic Values for Decomposition Reactions of

Solid U03'xH2 0 (T' = 298.15 K, p0 = 101.325 kPa)

ArH*(T'),

Reaction kJ mol-1

ArS"(T'),

J K-1 mo-1

ArG (T'),

kJ mol-1

(PiP.)

298.15 K

U03'2Ha0 = U03'Ha0 + H20(g)

U03'2H 2 0 = U03 '0.9H20 + 1.1H20(g)

U03 '2H2 0 = U03'0.85H2O + 1.15H20(g)

U0'H2 0 = U03'0.648H20 + 0.352H20(g)

U03 'H2 0 = U03'0.393H2 0 + 0.607H20(g)

U03'H2 0 = U03 (cr,7) + H20(g)

U0 3 'H2 0 = U03 (a,p) + H20(g)

U03'Ha0 = U03 (am) + H 20(g)

51.4

54.1

56.9

23.5

38.5

67.6

71.1

83.1

137

144

152

45

80

148

148

10.6

11.2

11.6

10.1

14.6

23.5

27.0

1.4 x 10-2

1.7 x 10-2

1.7 x 10-2

1.0 x 10-5

5.9 x 10~5

7.7 x 10-b

1.9 x 10-5

0.91

0.90

0.95

2.1 x 10-3

1.0 x 10-2

1.9 x 10-2

6.0 x 10-3

373.15 K

1-.

0



Table 111-4. Thermodynamic Values for Dissolution of U0'xH2 0 (p
0 = 101.325 kPa)

U03 '2H2 0(cr) + 2H+(aq) = UOa+(aq) + 3H20(aq)

T, K 298.15 300 320

ArG*(T), kJ mol~ 1  -27.3 -27.2 -25.7

logioK*(T)a 4.78 4.74 4.19

U03g0.9H20 (cr) + 2H+(aq) = UO2+(

T, K 298.15

ArG* (T) , kJ mol-' -29.0 -

log1 oK*(T) 5.08

K* is the equilibrium constant.

aq)+

350

24.6

3.67

1.9H3 0 (aq)

400 450

-20.6 -16.7

2.69 1.94

340

-24.3

3.73

360

-23.0

3.33

380

-21.7

2.98

400

-20.5

2.68

423.15

-19.2

2.37

500

-13.0

1.36

1-A

550

-9.4

0.89

600

-5.9

0.51
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for clinoptilolite and

H'(T) - H*(T') = -92532.6 - 478.070 T + 3.455199 T2  (111-9)
- 3.010290 x 10-3 T3
+ 9.7545077 x 10~7 T4 (T' < T < 750 K)

for dehydrated clinoptilolite. The complete thermodynamic properties of
clinoptilolite from 5 to 500 K and a partial list of thermodynamic properties
of dehydrated clinoptilolite from T' to 750 K have been derived from the
present measurements.

Similar calorimetric measurements have been completed on a sample of
synthetic "11A" tobermorite, a phyllitic calcium silicate hydrate having the
tentative composition Ca4 .389Si8 .2 5 2 (OH)1.78 4016 '5.2866H2 0. In addition to
being a member of the suite of possible hydrothermal alteration products,
tobermorite is an important constituent of cements that may be abundant in the
sealed repository, and as such may influence the composition of final altera-
tion products through its effect on groundwater composition. We are currently
measuring the vapor pressure of water over tobermorite as a function of tem-
perature in order to make corrections to the heat capacities and enthalpy
increments.

One of the recurrent problems in the application of thermodynamic
information to practical geochemical problems involves variations in the
compositions of zeolites. The main criterion for choice of sample is purity
of material; as a result, the zeolite samples that are studied are not always
representative of site-relevant assemblages. Moreover, we must anticipate the
possibility of wide variations in the composition of secondary minerals, which
will depend upon the varying chemistry of the groundwater. Examples of
compositional variability in zeolites are differences in the Si-to-Al ratios,
in the substituted cations (i.e., Ca2+ for 2Na+), and in the nature and amount
of the zeolitic water.

We began by determining AfH* for the following four faujasites (in
the hydrated and dehydrated forms): Nao.o 1 Alo.o 11Si7 .9 701 8'1.795H2 0 (I),
Na2.8o3Al1.8o3 Si5 .917O16 '5.835H20 (II), Na.3 20A12.3 2 OSi5 .68 0O16 '9.885H20
(III), and Na3.5 83 Al. 58 3Si4.417O18 '9.202H20 (IV). The average binding energy
of the zeolitic H20 in these faujasites is (7.20 5.4), (17.51 1.42),
(18.35 0.85), and (24.68 0.99) kJ mol-. For comparison, the average
binding energy is 40.9 kJ mol-1 in analcime, 29.7 kJ mol-1 in mordenite, and,
as calculated from the results given above, 23.4 1.7 kJ mol-1 in clinoptilo-
lite. We see that the binding energy of water is highly variable, even within
a family of structurally similar zeolites; therefore, at our present level of
knowledge, a simple means of describing the effects on AfH* of varying water
composition is beyond reach. This problem warrants more investigation since
there will be varying levels oi water saturation in the Nevada repository
environment, and moisture absorbed by zeolite-bearing rocks affects their
grain density, a parameter important in site evaluation. For the present
time, we will concern ourselves only with the anhydrous forms in trying to
answer the other questions of the effect of compositional variation on
thermodynamic properties.



143

We may now address the earlier question: what influence does the
variation of the Si-to-Al ratio have on the basic thermodynamic properties of
zeolites? If we consider the four anhydrous faujasites to be composed of
NaA102 and Si02 units, we can show that the enthalpy of formation is best
represented by the equation:

AfHr (NaAl Siy01) = -1159.6x - 902.Oy (III-10)

To test the validity of this equation, we have used it to calculate the en-
thalpies of formation of the four faujasites as well as those of the anhydrous
forms of analcime, mordenite, and clinoptilolite. The differences between
calculated and measured values for the faujasites are 0.036% for [I], 0.083%
for [II], -0.18% for [III], and 0.064% for [IV]. In addition, the differences
are -0.54% for clinoptilolite, -0.57% for analcime, and 0.12% for mordenite.
Thus the average deviation for the four faujasites, on which Eq. III-10 is
based, is 0.09% and it is 0.41% for the other three minerals. The conclusion
we reach is that an expression such as Eq. III-10 probably cannot be used to
predict enthalpies of formation with any degree of reliability. However, when
used to calculate the effect on AfH* of small changes in Si-to-Al ratios, the
equation will suffice.

F. BWIP Radiation Experiment
(M. A. Lewis)

1. Introduction

The experimental program at Argonne for the Basalt Waste Isolation
Project (BWIP) has been established to design and carry out experiments that
will help to determine the suitability of the Hanford basalt formation as a
site for a high-level nuclear waste repository. The emplacement of nuclear
waste will increase the temperature of the waste package environment and
subject it to ionizing radiation. The predominant type of ionizing radiation
in the early period of the repository is gamma radiation. Much of BWIP's
effort, and consequently ANL's effort, has been directed toward studying the
effects of gamma radiation on the waste package components. The relevant
components have been determined by the waste package design and include
basaltic groundwater, packing (a mixture of 75% basalt and 25% sodium
bentonite), basalt, low carbon steel (LCS), and CH4, which has been found in
some sections of the proposed repository site.

The experiments are designed to determine the synergistic relation-
ship between the various components of the waste package when these are sub-
jected to irradiation and hydrothermal conditions. This is achieved by using
various combinations of the waste package components. The matrix of experi-
ments is shown in Table 111-5. The matrix is designed so that it is possible
to establish the effect of irradiation on (1) the composition of the basaltic
groundwater, (2) the extent of polymer formation when CH4 is present, (3) the
yield (semi-quantitative) of the primary radiolytic species, Ha, and (4) the
corrosion rate of mild steel.

The scope of the work is primarily concerned with the above pro-
cesses during the saturated post-closure period of the repository. This is
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Table 111-5. Test Matrix for BWIP Radiation Experiments

No. of No. of Durationa days Dose Rate, Temp.,
Submatrix Tests Group 1 2 3 4 krad/h *C

1 32 30 60 90 180 10 200
2 32 30 60 90 180 10 125
3 32 30 60 90 180 10 75
4 32 30 60 90 180 1 200
5 32 30 60 90 180 1 125
6 32 30 60 90 180 1 75

1 16 30 60 90 180 0 200
2 16 30 60 90 180 0 125
3 16 30 60 90 180 0 75
4 16 30 60 90 180 0 200
5 16 30 60 90 180 0 125
6 16 30 60 90 180 0 75

No. Components

of Set LCS
Tests No. GR4 CH4  Basalt Packing Coupon Purpose

3 1-1 V V Establish a reference
point for radiolysis
of GR4

3 1-2 V V V Establish a reference
point for polymer
formation

3 1-3 V V V V Determine if there is
a competition between
polymer formation and
corrosion

3 1-4 V V V V Establish effect of
packing on polymer
formation, corro-
sion, etc.

aThe tests are run in two groups of 12. The 30-day and 180-day tests are

started together. The 60-day test will be started at the conclusion of
the 30-day test, and the 90-day test will be started at the conclusion of
the 60-day test.

the time period which begins at full saturation of the repository and ends at
the time of container failure. The parameters which characterize the
saturated post-closure period are temperatures in the range of 60-200*C;
hydrostatic pressures of ~9 MPa; a reducing redox environment; a pH of 7-9;
and dissolved gas concentrations of 0-1100 ppm CH4, 25-75 ppm N2 , 0-6 ppm 02,
and trace levels of Ha. It is expected that the maximum gamma dose rate
during this time period will be (120 rad/h at the container surface.
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It is important when studying material interactions expected in the
repository to replicate as many of there parameters as possible. For the
initial experiments (Submatrix 1), the temperature was set at 2000C, the
hydrostatic pressure was 7 MPa, and the dose rate was 10 krad/h. The experi-
ments completed to date are Groups 1 and 2 of this submatrix.

2. Experimental

Several experimental procedures were developed to fulfill the
requirements of BWIP, i.e., to perform repository-relevant experiments. The
procedures to load the pressure vessels and to sample them at high temperature
required considerable experimental work. The loading procedure is complicated
because the vessels are to contain a minimum amount of air and a known
quantity of CH4. The experimental conditions of the test specify a hydro-
static pressure of approximately 7 MPa at 2000C. The sampling procedure is
also complicated because BWIP requires the collection of the liquid sample at
the temperature of the test, i.e., 200*C. The gas is released simultaneously
with the liquid at this temperature. It is important that the gas phase not
be contaminated with air during the sampling. These procedures are in the
final stages of development. Another procedure which required considerable
developmental effort was that for cleaning and preparing the vessels and
valves. Procedures for carbon analyses and mass spectrometry were also
prepared. These procedures are being used for the experiments for Groups 3
and 4, Submatrix 1, currently in progress.

3. Results

Preliminary results have been obtained for Groups 1 and 2,
Submatrix 1. The overall conclusions reached from these results were as
follows. The effect of gamma radiation at a dose rate of 104 rad/h was to
increase the H2 yield from 10 to 200 times that found in the absence of
radiation. The mechanism responsible is the radiolysis of water and CH4 .
The amount of increase depended on which components were included in the
experiment.

The effect of gamma radiation on the solution chemistry was not as
strong as it was on the gas phase composition. Little or no effect of the
irradiation was seen in most experiments. The basalt-containing tests showed
a two- to three-fold increase in SO4 concentration in the irradiated tests
compared with the nonirradiated tests. There was an increase in organic
carbon content in the irradiated tests containing groundwater and CH4. This
was not found in the tests which also contained basalt.

The effect of gamma radiation on the corrosion rate of the low
carbon steel was to increase it slightly.

These preliminary results indicate that gamma radiation at a dose
rate of 10 krad/h affects the gas, liquid, and solid phases in experiments
containing components of the waste package. With further data, it should be
possible to assess the effects of gamma radiation on the performance of the
waste package.
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G. Speciation of Radionuclides in a Basaltic System
(D. T. Reed, M. M. Doxtader, V. A. Maroni, and J. Beitz*)

1. Background and Objective

The Basalt Waste Isolation Project (Rockwell Hanford Operations) is
investigating the feasibility of building a repository in the Columbia River
Basalts for the permanent disposal of high-level nuclear waste. One aspect of
this effort is to develop an understanding of the chemical behavior of radio-
nuclides in the immediate vicinity of the high-level waste container. This
information is needed to calculate radionuclide release from the high-level
waste package and subsequently to the accessible environment.

To study radionuclide speciation, we are developing two ultra-
sensitive laser techniques: laser photoacoustic spectroscopy (LPAS) and laser
induced fluorescence (LIF). These will be applied to trace-level detection of
actinides in solutions typical of those expected in a basaltic repository.
This developmental work was initiated in May 1986 and continued in FY 1987.
Progress made during FY 1986 has been reported elsewhere.2 4

The actinide speciation effort is a collaborative effort between the
High-Level Waste/Repository Interactions group in the CMT Division and the
Heavy Elements Chemistry group in the Chemistry Division. Speciation work
using LIF is being primarily performed in the Chemistry Division. The
development of LPAS and its subsequent application to actinide speciation have
been the focus of the work in the CMT Division. In the first half of FY 1987,
the emphasis has been on the purchase and assembly of an LPAS system that is
dedicated for use in the speciation work.

2. Experimental

The experimental details of the LPAS system developed are given in
this section. The LIF system was in existence prior to initiation of the
repository-relevant speciation effort. Results obtained and a brief descrip-
tion of this system have been published elsewhere.

25 '2 8

A detailed depiction of the modified photoacoustic cell currently
being used is shown in Fig. 111-12. A general block diagram of the photo-
acoustic system is shown in Fig. 111-13. The excitation source of the
photoacoustic spectrometer is an excimer-pumped dye laser [Lambda Physics EMG
201 MSC excimer (XeCl), F13004 dye laser]. This is capable of producing
energies greater than 50 mJ at 480 nm and repetition rates of 80 Hz. A dual
cell arrangement is used to compensate for the absorption of the solvent.
Laser energies are monitored in two ways: (1) absolute energy measurements
during the experiment are determined using a calibrated power meter (Scientech
Calorimeter 36-0201), and (2) relative changes in the dye laser intensity are
monitored using a Molectron J3-05 Pyroelectric detector.

The quartz sample cells (Helma Cells; path length = 1 cm) are housed
in aluminum blocks that are temperature regulated (LOVE temperature con-
trollers). The photoacoustic signal is detected at right angles to the

*Member of Chemistry Division, ANL.
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Fig. 111-12. Detail of Photoacoustic Apparatus in Secondary Containment
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excitation by means of a highly sensitive microphone, which is coupled to the
source by means of a 10-cm (1-cm dia) quartz rod and a silvered mirror. This
combination serves as a "sound pipe," eliminates scattered light problems,
and, more importantly, provides thermal insulation from the adverse effects of
high temperature on the measurement. The active element [Transducer Products;
piezoelectric crystal (PZT) with 1-cm dia, 5-mm thickness] of the microphone
is contained in a stainless steel housing, which reduces electrical pickup.

Small electrical voltages produced by the deformation of the PZT
are preamplified by high-input impedance FET operational amplifiers (Analog
Devices 50K). To eliminate environmental noise, the signals, after preampli-
fication, are filtered through both high and low electrical filters. The
filtered signals are then further amplified by a differential amplifier
(Tektronix AM502) whose output is averaged with a gated integrator (Stanford
Research Systems SRS245 Boxcar Averagers) and normalized to laser intensity.
The detection system is interfaced to a microcomputer (IBM PC/XT connected by
Ethernet to VAX mainframe) for data processing and storage.

3. Accomplishments

The most important accomplishment during the reporting period was
the acquisition and assembly of a LPAS system that is dedicated to radio-
nuclide speciation work. Analysis of radionuclide solutions using this LPAS
system will be initiated upon completion of a radioactivity safety review. No
spectra, however, have been obtained in this system. Nevertheless, LPAS
spectra have been obtained for Am(III) in 1M sodium carbonate at 25 and 62*C
using a temporary LPAS set up in the Chemistry Division. A representative
spectrum is shown in Fig. 111-14. This and other results obtained indicated

.at LPAS can be utilized to study radionuclide speciation under repository-
relevant conditions. Preliminary indications are, however, that significant
effort needs to be made in studying the following areas: (1) radionuclide
solution stability in both carbonate and near-groundwater systems as a func-
tion of temperature, (2) the effect of sample cell materials on the solution
chemistry of the radionuclide being studied, (3) the photoacoustic spectro-
scopy of colloidal systems, and (4) the spectroscopy of radionuclides in
dilute systems.

Some LIF spectra of actinides in repository-relevant syst,.s have
also been obtained. The initial work completed was on uranyl in synthetic
basaltic groundwater. The spectra obtained are complex and indicate that
multiple species are present. Further analysis of these solutions is
currently in progress.
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Differential LPAS Spectrum
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Fig. 111-14. Differential Spectrum of Am(III) in
1.OM Na2 0 3 Obtained Using Temporary
LPAS System in Chemistry Division
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