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Abstract

The purpose of this study is to identify the types and amounts of volatile
gaseous species of U, Pu, and Am that are producedin the combustionchamber
offgasesof mixedwasteoxidationprocessors.Primaryemphasisis onthe RockyFlats
Plant FluidizedBed Incinerator. Transpirationexperimentshave been carried out on
U308(s ), U30 8 interactedwithvariousash materials,PuO2(s), PuO2 interactedwith
ash materials,and a 3%PuO2/0.06%AmO2/ash material,all inthe presenceof steam
andoxygen,and at temperaturesin the vicinityof 1300 K. UO3(g) and UO2(OH)2(g)
have been identified as the uranium volatile species and thermodynamic data
establishedfor them. Pu and Am are foundto havevery lowvolatilities,andcarryover
of Pu and Am as fine dustparticulatesis foundto dominateovervaportransport. We
are able to set upperlimitson Pu andAm volatilities.Very littleloweringof U volatility
is foundfor U30 8 interactedwith typicalashes. However, ashes high in Na20 (6.4
wt%) or in CaO (25 wt%) showedaboutan orderof magnitudereductionin U volatility.

Thermodynamic modeling studies were carried out that show that for
aluminosilicateash materials, it is the presenceof group I and group II oxides that
reducesthe activityof the actinideoxides. K20 isthe mosteffectivefollowedby Na2O
and CaO for common ash constituents. A more major effect in actinide activity
loweringcould be achieved by adding excess group I or group II oxides to exceed
their interactionwith the ash and lead to directformationof alkali or alkaline earth
uranates,plutonates,and americates.

Applyingthe actinidevolatilityresultsfoundhere to the secondarycombustorin
the RockyFlats PlantFluidizedBed Incineratorgivesvolatilizationratesof 1.7x10-9 g/y
of U, lessthan 2x10-13 g/yof Pu, and lessthan2x10-17 g/yof Am.



Introduction

This study has been performed primarilyfor the Rocky Flats Fluidized Bed
Incineratordevelopment.Partof the study,i.e., volatilityof 238PuO2(s), was supported
by fundingfrom DOE Defense Programs. The objectiveof this study has been to
conduct experiments to identify the types and amounts of volatile gaseous species of
U, Pu and Am that are produced in the offgases of mixed waste oxidation processors.
The main goal of this phase of the study has been to evaluate the effects of incinerator
ash in lowering the volatilities of the actinides. The primary emphasis has been on the
Rocky Flats Fluidized Bed Incinerator, but the results should be of value as well to
other mixed waste oxidation processors.

There is a need for safety reasons to evaluate the emission of U, Pu, and Am in
the offgases of thermal oxidation processors for mixed wastes. Prior studies on toxic
metals in incinerators show that metals that vaporize in the incinerator preferentially
condense onto very fine fly ash particulates or form aerosols that are carried by the
offgas [1,2]. These particulates are in a size range (<0.5 _m) that are difficult to
remove with air pollution control devices. Complete removal is not possible in flow
systems, even with HEPA filters. A knowledge of the volatility levels of U, Pu, and Am
produced in the thermal oxidizer offgas is needed for proper process design to limit U,
Pu, and Am emissions to acceptable levels.

Workers at EERC have found that the observed amounts of toxic metals
volatilized into the offgas for incinerators generally correlate well with the calculated
thermodynamic volatilities, provided that the thermodynamic data are available for all
of the important volatilizing species, and that the thermodynamics for solid state
interactions that limit volatilization are known [1,2]. It is significant that for two apparent
contradictions of the thermodynamic predictions, for Cr and As, the correlations came
into line after more complete thermodynamic data were made available, which for Cr
were data on volatile oxyhydroxide and oxychloride species (provided by Bart
Ebbinghaus [3,4]), and for As where data were used to take into account the formation
of solid arsenates [1]. Where differences still remain between calculated and
observed volatilities, the calculated values are generally somewhat higher than the
observed. Thus, the evidence indicates that reaching volatilization equilibrium in the
time-temperature regime required for oxidation generally is reasonable. Where
equilibrium is not attained, the calculated equilibrium values are conservatively high.
Although this discussion is for toxic metals in incineration, we expect it to apply to
actinide behavior as well, and to thermal oxidizers in general.

The Rocky Flats Plant Fluidized Bed Incinerator for mixed wastes containing U,
Pu, and Am, uses a primary fluidized bed combustor with a mixed Na2CO 3 and
Cr203/AI20 3 (oxidation catalyst) bed material operated at 550°C under pyrolysing
conditions and a secondary fluidized bed combustor with a Cr203/AI203 bed material
operated at 550°C under oxidizing conditions. NaCI and Na2SO4 are produced in the
primary bed by interactions of acid gases with Na2CO3 in the bed. Fly ash produced
in the primary combustor is separated out in cyclone separators and the resultant gas
stream passed through the secondary bed. Fly ash produced in the secondary
combustor consists of a mixture of a mineral ash with Cr203/AI203 catalyst and small
amounts of Na2CO3, NaCI and Na2SO4 carried through from the primary combustor.
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For the operating conditionsof the secondary combustor in the Rocky Flats
Plant Fluidized Bed Incinerator, we expect the actinide volatility behavior to be as
follows. Based on available or predicted thermodynamic data [5-11], some small
amount of volatility is expected for U as UO2(OH)2(g), for Pu as PuO2(OH)2(g), and for

, Am as AmO2(OH)2(g ). UO3(g) becomes of importance as a volatile species at
temperatures substantially higher than for the Rocky Flats Plant Fluidized Bed
Incinerator, i.e., at above ...900°C[12,13]. Similarly, we would expect PuO3(g) and

' AmO3(g) to also become of importance above 900°C, although these species have
not been identified. If sufficient chlorine is present in the feed to produce HCI
concentrations greater than -.0.1% in the gas stream, then the available
thermodynamic data [6,14] indicate UO2CI2(g) would have a significant volatility under
the Fluidized Bed Incinerator conditions. There are no data on Pu and Am oxychloride
volatilities, but they would be expected to behave similarly to U. If fluorine were
present in the feed, then volatilities of actinide oxyfluorides would also need to be
considered. The halogen acid content of the Rocky Flats Fluidized Bed incinerator is
expected to be low because of the presence of sodium carbonate in the bed, which
acts as a getter for halogen acids and converts them to solid sodium halides.
However, the halogen acid removal rate is kinetically controlled, so that a measured
verification is needed of the halogen acid level to show that it is sufficiently low to
avoid actinide oxyhalide volatilities. The volatilities of the actinides will depend upon
their condensed form in the combustor. It is convenient to take the pure oxides
U3Os(s), PuO2(s) and AmO2(s) as the reference forms. However, interaction of these
oxides with incinerator ash, salts, catalyst materials, intentional additives, or any other
bed materials can lead to a lowering of the thermodynamic activities of the actinide
oxides, and a consequent lowering of their volatilities. The interactions may be to form
mixed oxides (e.g., Na2UO4), dissolution in a glass, or formation of solid solutions.

In initial work on this project (funded under sub-contract No. 98661GD from
EG&G Rocky Flats Plant to LLNL), [7] thermodynamic modeling was used to estimate
the volatilities of U and Pu from both the primary and secondary fluidized bed reaction
chambers in the Rocky Flats Plant Fluidized Bed Incinerator. The FACT/EQUILIBRIUM
code with its extensive data base was used to carry out these calculations. Additional
thermodynamic data on expected UO2(OH)2(g ) and PuO2(OH)2(g) vapor species
were input into the data base. The data on PuO2(OH)2(g ) was estimated using
empirical correlations and molecular constant data. Local thermodynamic equilibrium
was assumed between the vapor species and the solid materials in the bed. Uranium
was found to be present as Na2UO4(s) and Pu present as PuO2(s) in the bed. The
volatilization reactions were then given by:

Na2UO4(s) + H20(g) + CO2(g) = Na2CO3(s) + UO2(OH)2(g), (1)

PuO2(s) + 1/2 O2(g) + H20(g) = PuO2(OH)2(g). (2)

Under the pyrolysis conditions of the primary reaction chamber the volatilities of
UO2(OH)2(g) and PuO2(OH)2(g) were found to be quite low (-10 -19 atm). However,

0 thermodynamic data on other possible volatile U and Pu species that may exist under
pyrolysis conditions are limited, so that a complete assessment of volatility was not
made. Further work would be desirable to check for other possible volatile species. In



the secondarychamber, under oxidizing conditions,the dominant vapor specieswere
foundto be UO2(OH)2(g) at 1 x 10-13 atm and PuO2(OH)2(g) at 2 x 10-11 atm. The
volatilityof UO2(OH)2(g) here is substantiallylowerthan if U3Os(s) had been formed.
Thus the formation of the mixed oxide Na2UO4(s ) significantly reduces the
UO2(OH)2(g) volatilitybecauseof a reductionin uraniumoxideactivity.

We also carried out a thermodynamicanalysis of U and Pu volatilitiesin the
Rockwell InternationalMolten Salt Processor[6], in which we used an independent
assessmentof the thermodynamicdata for PuO2(OH)2(g). The RockwellInternational
Molten Salt Processorwas used to carry out combustionof U- and Pu-containing
syntheticlaboratorywastes in a moltenNa2CO3/NaCI bath at -1100 K. We took as
the volatilizationreactions:

1/3 U308(s ) + 1/6 O2(g) + H20(g ) = UO2(OH)2(g), (3)

PuO2(s) + 1/2 O2(g)+ H20(g)= PuO2(OH)2(g), (2)

We comparedthe calculatedvolatilitiesof UO2(OH)2(g) and PuO2(OH)2(g) with the
amountsof carryoverof U and Pu observedin the offgas passagesand filters of the
Rockwell processorand found agreementto withinone to two ordersof magnitude.
The agreement is as good as can be expected consideringthe uncertaintiesin both
the predictedinformationandthe experimentaldata.

In the first phase of experimental studieson this project [8,10] we used the
transpirationmethod to measure volatilitiesof Pu and Am from PuO2(s) and from
PUO2/2% AmO2(s) in the presenceof steam and oxygen at temperaturesof 1230-
1430 K. The volatilespecieswere assumedto be PuO2(OH)2(g) and AmO2(OH)2(g)
and vapor pressuresof -10 -10 atm and ~10-12 atm, respectively,were found under
measurementconditions. These values are 2-3 ordersof magnitudelower than our
earlier predictions. Because of the low levelsof volatility,we ran into problemsof
sample contamination from the glovebox environment limiting our accuracy of
measurement. PuO2 dust transport may have also contributed to the observed
volatility. The volatility values were therefore observed to be conservatively high.
Applying the results to the secondary combustion chamber of the Rocky Flats Plant
Fluidized Bed Incinerator and assuming the formation of PuO2(s) containing 200 ppm
AmO2 in solid solution gave volatilization rates of 7 x 10-6 g Pu/y and 4 x 10-9 g Am/y.

We have also made transpiration measurements to evaluate the extent of Pu
volatilities expected during microwave melting of Pu sludge/glass mixtures for glass
encapsulation of Pu sludge wastes in support of the Rocky Flats Plant Microwave
Solidification Project [9]. Measurements were made at 2% PuO2 and 0.03% PuO2
contents in Pu sludge/glass mixtures and the Pu volatility as PuO2(OH)2(g) was found
to be on the order of 10-10 to 10"11 atm at melt temperatures of 1400 K. Extrapolating
the results to the actual expected PuO2 content of 0.0003%, with an 02 pressure of 0.2
atm, H20 pressure of 0.1 atm and a maximum expected melt temperature of 1500 K, '
gave an estimated PuO2(OH)2(g) pressure of 8 x 10-14 atm. This corresponds to 6 g
of Pu volatilized during a 4 h run.
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In the currentphase of thisproject,we havecarried out both experimentaland
calculationalstudiesto determineU, Pu, and Am volatilitiesfromincineratorash in the
presenceof steamand oxygen. Inthe experimentalstudies,the transpirationmethod
is used to measurevolatilitiesof U, Pu, and Am that have been interactedwithvarious

, ashes. Some volatility measurements are also carried out on volatilities of U308(s )
and PuO2(s) to better define timevolatilities of the reference oxides. Thermodynamic
modeling calculations are carried out to obtain a generalized description of ash

' constituents in lowering of actinide volatilities, and to predict the behavior of additives
in lowering of actinide volatilities. Interim results on this phase of the project were
reported earlier [8],

Experimental

TranspirationMethod;

In the transpiration method, [15] a knownamount of carrier gas is slowlypassed
over a solid or liquid in a furnace chamber, such that any volatile gases produced
become entrained in the carrier gas and are swept out of the chamber where the
volatilized gas is then condensed and analyzed. The carrier gas may also contain
reactive gases that contributeto forming the volatilizingspecies, such as, for the
reaction,

PuO2(s) + 1/2 O2(g) . H20(g) = PuO2(OH)2(g), (2)

where O2(g) and H20(g ) are both reactive gases that contribute to productionof
PuO2(OH)2(g ). Variationof flow rate of the carrier gas permitsus to establishthe
conditionsunderwhichthe carriergas becomessaturatedwiththe equilibriumvapor
pressureof the volatilizingspecies. Attoo slowa flow rate, diffusionaltransportof the
volatilizedgas out of the furnacechamberresultsin valuesapparentlyhigherthan the
equilibriumvaporpressure.At too higha flowrate the residencetimeof the carriergas
in the furnace chamber is not long enough for saturationwith the equilibriumvapor
pressureto occur,and resultsin pressurevaluesthat are too low. At intermediateflow
rates, a "plateau" regionis establishedwherethe equilibriumvapor pressurepersists
overa rangeof flowrates. The vaporpressureof the volatilizedgas underequilibrium
conditions is determined from the ideal gas law by taking the ratio of moles of
volatilized species to total moles of gas passed through the chamber to be
proportionalto the partialpressureof volatilizedspeciesto totalpressureof the carrier
gas passed. The transpirationmethodalso permitsus to obtaininformationon the
formulaof the volatilizingspecies. This is doneby varyingthe partialpressuresof the
reactivegases and notingthe law of mass actioneffects on the volatilizingspecies.
Thus, for the reaction above, we expect the equilibrium partial pressure of
PuO2(OH)2(g) to be proportionalto the 1/2 powerof the O2(g) pressureand to the first
power of the H20(g) pressure. If the volatilizing species were different than
PuO2(OH)2(g), then the power dependence on O2(g ) and H20(g ) would be
accordinglydifferentdependingupon the equationstoichiometry.



J_escrjotionof TransoirationEauioment:

Three transpiration units were used: one for the U308(s ) experiments, one for
the U308/ash experiments, and one for the PuO2(s), PuO2/ash and PuO2/AmO2/ash
experiments. The three units were very similar, and are illustrated schematically in
Fig. 1. The units for the U experiments were mounted on a bench top, while the unit for
the Pu and Pu/Am experiments was set up within an air-flow glovebox. For the U308
experiments, we used a Marshall tube furnace with Pt/Rh windings rated to 1450°C in °
air and with a uniform temperature hot zone of ..17 cm. An alumina furnace tube, 4.5
cm OD x 60 cm long, was used in the furnace. Stainless steel end caps designed with
Viton o-ring seal compression fittings were used to seal off the ends of the furnace
tube. An alumina gas inlet tube and an alumina closed-end thermocouple probe tube,
each 8 mm OD, were brought in from the upstream side to the hot zone through Viton
o-ring sealed fittings. The gas inlet tube extended up to the edge of a 15 cm length of
the uniform temperature hot zone, while the thermocouple probe tube extended up to
the center of the hot zone. Two alumina discs with appropriate cutouts for the tubes
were used to suppo_ the tubes at the edge of the hot zone and to contain 6 cm of
Kaowool ceramic fiber (composition of 53% SiO2 and 47% AI203)insulation to better
define the hot zone. A fused silica gas exit tube, 6 mm OD, was placed from the
downstream side of a 15 cm length of the hot zone and extended out through a Viton
o-ring seal out of the end cap. Alumina discs and Koawool insulation were located at
the hot zone end of the gas exit tube, in similar manner as for the inlet tube side. The
gas exit tube served as a collector tube for deposition of volatilized U, and is referred
to hereafter as the collector tube. Fused silica boats, 3 cm wide x 6 cm long x 0.85 cm
high, were used for most of 'theU308(s ) runs, with Pt boats, 2.5 cm wide x 6 cm long x
1 cm high, for some of the runs. The boats were placed in the center of the hot zone.
Hot zone temperatures were measured with a type-S thermocouple located in the
probe tube above the center of the boat. The thermocouple was periodically checked
against two other type-S thermocouples. No change in readings were found to within
+ 2 K. For the U308/ash experiments, the furnace arrangement was similar to that for
the U308(s ) experiments, except as follows. The furnace tube was of fused silica, 4.0
cm OD, and end cap seals were made using fused silica to stainless steel ball joints
sealed with silicone grease. Born fused silica and Pt boats were again used as above,
with the Pt boats being used for U308/ash samples that were high in CaO or Na20
contents. Temperature readings were made with a type-S thermocouple in the probe
tube above the center of the boat. Periodic comparisons with two other type-S
thermocouples showed no change in readings to within + 2 K. For the PuO2(s),
PuO2/ash and PuO2/AmO2/ash experiments, we used a Thermcraft Kanthal-heater
clamshell furnace rated to 1200°C in air. It provided a uniform-temperature hot zone
~7 cm long and an overall heated zone ~20 cm long. The furnace tube was of silica
glass, 2.6 cm OD x 38.5 cm long with end caps mounted on 35/25 silica glass ball and
socket end joints sealed with silicone grease. An 8 mm OD silica glass gas inlet tube
was mounted as a sidearm just inside of the end cap seal on the upstream side. A
thermocouple probe tube made of 7 mm OD silica glass tubing closed at the end was
mounted on the upstream endcap and extended to the center of the hot zone. A silica
glass wool insulating plug, 1.5 cm long, was mounted around the tubing up to the
beginning of the uniform temperature hot zone. A 9 mm OD x 12 cm long gas outlet
and collector tube extended from the downstream side of the uniform temperature hot
zone to a 12/30 standard taper joint. The tubing then continued through the end cap.
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A silica wool insulating plug, 1.5 cm long, was mounted around the inlet end of the
collector tube. The standard taper joint was sealed with MoS2 lubricant, which
provided for ease of disassemblywhen removingthe collectortube. Temperatures
were measuredwithtype-K thermocoupleswith inconelsheaths. Fusedsilica boats,
2.0 cm wide x 4.0 cm longx 0.9 cm highwere used for the PuO2(s), PuO2/ash, and
PuO2/AmO2/ash samples. One thermocouplewas located on the outside of the
furnace tube at its center, and two thermocoupleswere located in the silica glass
thermocoupleprobetube justabove the sampleboat. These variousthermocouples
were periodically checked and calibrated against two type-S reference
thermocouples. The balanceof the equipmentwas identicalfor the three transpiration
units. A water saturatorwas locatedupstreamof the furnace.The watersaturatorwas
made of a 6-mm-thickwall AI vessel with an 800 cm3 capacityand providedwith a
frittedstainlesssteeldisperserfor the carriergas, whichdisperserwas located1 cm
above the bottomof the vessel. Water levelwas maintainedat 500-600 cm3 during
the runs. The vesselwas heatedwitha Glas-colmantle. A desiccantcartridgeloaded
with Drierite (CaSO4) was locateddownstreamof the furnace. The cartridge was
provided with disconnect fittings to allow weighings to determine water pickup
accumulatedduringa run. Gas linesfromthe water saturatorto the furnaceand from
the furnace to the Drierite cartridge were of stainlesssteel. Valves were also of
stainlesssteel with Viton rubber seals. Either Viton o-ring compressionfittings,or
stainlesssteel to silicaglass ball jointswere used to connectwith the furnace tubes.
Heatingtapes werewrappedonthe linesfrom the water saturatorto the furnacetube,
and from the furnacetube to the Drieritecartridgeand maintainedat ~150°C during
the runsto preventwater condensation.PrecisionFlow DevicesPFD-401 mass flow
controllerswere used to control02 and Ar flow inputsand to monitorthe outputgas
flow. Flowrates were measuredin cm3/min at stp. Calibrationsfor these flow meters
were providedby the supplier. The flow meterswere intercomparedperiodicallyto
checkfor any changesin calibrations.Weighingswere carriedout on OhausGT 2100
electronicbalances,with a capacityof 2100 g and an accuracyof + 0.01 g. Certified
weightswere used periodicallyto checkthe balancecalibrations.

Collection Sample Analysis

The uraniumdeposits on the silica glass collectortubes were dissolvedoff
using 8M HNO3 to which were added a few dropsof concentratedHF. The samples
were held in the solventfor twenty four hoursto assure completesolution. Repeat
solutiontests on somesamplesshowedthat lessthan 2 % of the uraniumremainedin
the collectortube. Uraniumanalyseswere carriedout by inductivelycoupledplasma
massspectrometry.This techniqueis sensitiveenoughto detect as littleas one ng of
U, and hasan accuracyof + 5 %.

For the Pu and Pu/Am depositson silicaglass collectortubes, we used warm
concentratedHF to leachoutthe innersurfaceof the tubes. This was followedby 6N
HCI and water rinses. In some of the collectortubes, silica glass wool had been
added to aid in the vapor condensationprocessduring the transpirationrun. This
glass woolwas also completelydissolvedout. We avoided dissolvingmaterialfrom
the outsides of the tubes because of possiblepickup of Pu contaminationduring
handling. An aliquotof the solutionwas driedon a Pt planchetand countedfor total
alpha dpm using a gas proportional counter with an efficiency of 52 %. For the
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239Pu/241Am samples,pulseheightanalysiswas performedto separatelydetermine
the 239Pu and 241Am alpha activities• Pulse heightanalysiswas also used on the
238pu samplesto evaluate the presenceof impurityalpha emitters.Correctionswere
made for counter backgroundand for isotopicalpha contributionsto obtain total Pu

' andAm.

Starting Materials

U308(s ) powder derived from depleted U was obtained from the National
Instituteof Science and Technology(NIST) as a standardreference material with a
statedpurityof 99.94%. The materialwas characterizedby X-ray diffractionanalysis
both before and after use in the transpiration runs. Before use, a mixture of
orthorhombicand hexagonalformsof U308(s ) were identifiedwithtraces of a phase
tentativelyidentifiedas UO3°2H20(s). After usein transpirationruns,the materialwas
identifiedto be almostpure orthorhombicU3Os(s) withtraces of hexagonalU3Os(s).
UO2(NO3)2.6H20(s ) powder was obtained from J.T. Baker ChemicalCo. It had a
statedpurityof 99.2%• 238PuO2(s) was obtainedas sinteredchunks. It was a reactor
producedmaterialwith an isotopiccontentof 80.25% 238Pu, 16•60% 239Pu, 2.56%
240pu, 0.402% 241pu, and 0.186% 242Pu, all on the basisof metalcontent. Based
on the age of the material,we calculatethat 3.3% 234U was also presentas a decay
productof the 238pu. 239puO2/2% 241AmO2(s) wasobtainedas a powder. Itwas a
reactorgrade material with an isotopiccontentof 0.056% 238Pu, 80.659% 239pu,
17.827% 240Pu, 0.989% 241Pu, 0.460% 242pu, and2.056% 241Am, all on the basis
of metalcontent. Na20 powderof 98% puritywasobtainedfromAlpha Inorganics,Inc.
NaNO3 powderof 99.98% puritywas obtainedfrom EM Scientific. Na2CO3 powderof
99.95% purity and NaCI powder of 100.8% assay (dried basis) were obtainedfrom
Mallinckrodt, Inc. Na2SO 4 powder of 99.8% puritywas obtained from J.T. Baker
ChemicalCo. Oxidationcatalystconsistingof 20% Cr203/80% AI203 in the form of

. porousgranuleswas obtainedfrom Boyce Logsdenat RockyFlats Plant. Fourcoal fly
ash materials were obtained from NIST as standard reference materials with the
designations SRM 1633a, SRM 2689, SRM 2690, and SRM 2691. Compositions
providedby NIST for the ashes are listedin Table 1, and the minerologicalassay [16]
is given in Table 2.

Preparation and Characterization of Sample Materials

Characterizationof the FlyAshStartinaMaterials:

We carried out X-ray diffraction analyses of the as-received SRM-ash samples
and were able to essentially confirm the mineralogy of the samples as given in Table
2, i.e., the samples are -70% glass with mullite and quartz generally being the
dominant crystalline phases. We then carried out heatings of the ash samples to
determine sintering characteristics and to determine phase changes that occur with
heat treatment. We needed to determine the maximum temperature conditions under
which the samples remain as loose powder to allow equilibration in the transpiration
experiments.



Table 1. Composition of NIST standard reference material coal fly ash
given in weight percent of constituent oxides.

oxide SRM 1633a SRM 2689 SRM 2690 SRM 2691

Na20 0.23 + 0.01 0.34 + 0.04 0.32 ± 0.03 1.47±0.07
K20 2.26 + 0.07 2.65 + 0.04 1.25 ±0.05 0.41 + 0.01 -
MgO 0.75 ± 0.02 1.01+ 0.08 2.54 + 0.08 5.17 + 0.13
CaO 1.55+ 0.01 3.05 :!:0.08 7.99 ±0.18 25.82 + 0.45
SrO 0.10 + 0.01 0.08 0.24 0.32
BaO 0.17 0.09 0.73 0.74
MnO 0.02 ± 0.01 0.04 0.04 0.03
AI203 27.02 ± 1.89 24.45 + 0.40 23.33± 0.53 18.54 + 0.74
Fe203 13.44 + 0.14 13.33 ± 0.09 5.10 + 0.09 6.32 + 0.04
SiO2 48.78 +1.71 51.47 + 0.17 55.30 ± 0.36 36.00 :!:0.26
TiO2 1.33 1.25± 0.02 0.87 ± 0.02 1.50± 0.03
SO3 0.45 .... 0.37 ± 0.02 2.07 + 0.12
P205 --- 0.23 ± 0.02 1.19±0.02 1.17+ 0.05
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Table 2. Minerol0gy of NIST coal fly ashes from XRD Data. [16]

compound SRM 1633a SRM 2689 SRM 2690 SRM 2691

Ah 1.3
Mu 19.9 9.9 11.2 4.2
Qz 5.7 4.0 11.4 8.4
MI 1.6
C3A 2.8
Mw 5.8
Hm 2.4 3.6
Sp 6.4 4.9 1.2 1.3
Lm 1.0
Pc 2.4
GI 65.6 77.6 76.2 71.2

Key:

Ah- Anhydrite(CaSO4)
Mu - Mullite(AI6Si2013)
Qz - Quartz (SiO2)
al- Melilite((Ca,Na)2(Mg,Ai,Fe)(Si,AI)207)
C3A - TricalciumAluminate(Ca3AI206)
Mw- Merwinite(Ca3Mg(SiO4)2)
Hm - Hematite (Fe203)
Sp- FerriteSpinel ((Mg,Fe)(Fe,AI)204)
Lm - Lime (CaO)
Pc- Periclase(MgO)
GI- Glass
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The four SRM-ash sampleswere heatedto 1000°C in air for 2 hours in AI203
crucibles. We foundthe samplesremainedas a loosepowderwithvery littlesintering.
This was confirmed by surface area measurements. Surface area determinations
showedthe ash samplesas-receivedhadareas of 0.5-2.0 m2/g, andafter the 1000°C
heatinghadareas of 0.2-0.5 m2/g. Onlythe SRM 2691 was X-rayedafter the heating.
It showedthat the glasscontenthad decreased(partiallydevitrified),the mullitephase
had disappeared, and the major crystalline phases now were 2CaO.AI203.SiO2,
quartz, and3CaO.AI203.

Two samples, SRM 2690 and SRM 2691, were heated to 1075°C in air for 2
hoursin AI20 3 crucibles. They showedsinteringbut had not sinteredhard, i.e., they
couldbe loosenedup witha spatula.The sampleswere thengrounddownin a mortar
and pestleto passa 60 meshscreen,and reheatedto 1075°C in air for 2 hours. The
samples remainedas a loosepowder. The SRM 2691 material after this treatment
was selected as the ash material for preparing PuO2-1oaded ash samples for
transpirationtests.

An SRM 2691 sample was heated to 1150°C in air for 2 hours in an AI203
crucible. The samplehad sinteredhard. It was ground,passedthrougha 60 mesh
screenand reheatedto 1150°C in air for2 hours. The sampleagainsinteredhardand
stuck to the AI20 3 crucible used for containment. X-ray analysisafter the second
heatingshowedthat mostof the glassphase, quartz, and minormineralphaseswere
gone. The major phases present were Ca(Mg,Fe,AI)(Si,AI)20 6 and
2CaO.AI203.SiO2.

All four ash samples were heated to 1300°C in air for 2 hours in AI20 3
crucibles. We foundthat SRM 2690 and2691 hadmelted,and SRM 2689 and 1633a
had sinteredvery hard. SRM 2689 and 1633a were ground to pass 60 mesh and
reheated to 1150°C for 2 hours. The samplessinteredhard. They were regroundto
pass 60 mesh and reheated to 1075°C for 2 hours. They now remainedas loose
powders. The sampleswere analyzedby X-ray diffraction. The majorphases in both
sampleswere glass, mullite,and hematite.

PreD_rationof AqtinicleOxiql_/AshS_mDles:

Two concentrations of uranium oxide in fly ashes, some at 5 wt% UO2.67 and
some at 0.5 wt% UO2.67 were prepared. Some variations in preparative techniques
were used for the different samples. The preparations were as follows. An aqueous
solution formed from UO2(N03)2.6H20 was used to form slurry mixtures with the
ashes. An appropriate amount of uranyl nitrate was taken to result in 5 wt% and 0.5
wt% UO2.67 in the SRM ashes 1633a, 2689, 2690, and 2691. The slurries were
thickened by heating on a hot plate while using a magnetic stirrer, until the stirrer
would no longer turn. The slurries were further dried in a vacuum oven at 65°C for 16
hours. The sample with nominally 5 wt% UO2.67 in SRM 2690 ash was placed in an
AI20 3 crucible and slowly heated in air to 1075°C and held there for two hours. It was
ground in a B4C mortar and pestle to pass a 60 mesh screen, and then used for the
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transpirationexperiments.The remainingdried slurry sampleswere heated slowly to
450°C in air in AI20 3 crucibles, held there for 16 hours (to decompose the uranyl
nitrate). Samplesof 5 wt% UO2.67 in SRM 1633a and 2689 ashes were then heated
to 1300°C in air and heldthere for 4 hours,and the 5 wt% UO2.67 in SRM 2691 ash
and all of the 0.5 wt% UO2.67 sampleswere heatedto 1150°C in air and heldthere
for 4 hours. Allof the sampleswere groundin a B4C mortarand pestleto passa 200
mesh screen. The 5 wt% UO2.67 in SRM 2691 thus prepared was then used for
transpirationexperiments. The remainingsampleswere reheatedto 1150°C in air for
4 morehours,then regroundto pass a 200 meshscreen. Allbutthe 5%UO2.67/2689
samplewere then used in the transpirationexperiments. Two other U308-containing
ashes with higherNa20 contentswere prepared. Forone sample, 1.172 g of Na2O
was ground fine in an alumina mortar and pestle and blended with the previously
preparedand groundsamples of 7.868 g of 0.5 wt% UO2.67 in SRM 2689 ash and
0.1167 g of 5 wt% UO2.67 in SRM 2690 ash. The samplewas heattreated at 1050°C
for 3 hoursundera flowof 10 cm3/minAr, then groundfine in an aluminamortarand
pestle, and used for transpiration experiments. This sample is designated as
UO2.67/Ashl. For the other sample, 0.5532 g of NaNO3 was ground fine in an
aluminamortar and pestle and blended with 3.135 g of the previouslypreparedand
ground sample of 0.5 wt% UO2.67 in SRM 2689 ash. The samplewas heated up
slowlyto 600°C in a Pt boat under a flow of 25 cm3/min of Ar, held at 600°C for 2
hours,then takento 1000°C for 3 hours. It was thengroundfine in an aluminamortar
and pestle and used for transpirationexperiments. This sample is designatedas
UO2.67/Ash2. We prepared PuO2-1oaded ashes as follows. We dissolved
238puO2(s) in concentratedHNO3 containinga small amountof HF. We formed a
slurryof the SRM 2691 ash in the nitricacidsolution,usingenough238PUO2 content
to result in a 3 wt% PuO2 in ash product. The slurrywas slowlydriedon a hot plate
withstirring. The dry slurry was then transferredto a silicaglassboat and placed in
the transpirationfurnacewhere itwas heatedfrom roomtemperatureto 1050°C overa
2 hourperiodundera 15 cm3/minflow of 02, then heldat 1050°C for 3 1/2 hoursand
cooled. The sample was groundin an agate mortarand pestleand then used in the
transpirationexperiments. We alsoformeda moredilutePuO2-1oadedSRM 2691 ash
bytaking0.10 g of the above3 wt% PuO2 ash togetherwith0.41 g of additionalSRM
2691 ash and blendedthemwhilegrindingin an agatemortarand pestle. The mixture
was then heatedin a silicaglassboatat 1050°C undera 25 cm3/minflow of 02 for 4
hours, ground in the mortar and pestle again and used in the transpiration
experiments.An ash samplewas also preparedusing239puO2/2% AmO2 loadingto
studyAm volatility. 0.05 g of 239puO2/2% AmO2 was added to 1.60 g of SRM 1633a
ash and blendedand groundtogetherin an agate mortar andpestle. This was heated
in a silicaglassboat at 1050°C under 25 cm3/min02 flow for 4 hours,then groundin
the mortar and pestle and used for the transpirationexperiments. For some of the
transpirationexperimentswhichwere runat 550°C, we also added saltsand catalyst
to the actinide oxide/ash materials. The salt/catalyst mixture was prepared by

, blending together 2.596 g Na2CO3, 9.048 g NaCI, 1.836 g Na2SO4, and 14.528 g of
20 % Cr203/80 % Ai20 3, where the ingredients had been separately ground in a
B4C mortar and pestle to pass through a 60 mesh screen. Transpiration experiment
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samples were then prepared by blending 1/3 by weight of actinide oxide/ash
preparationswith2/3 by weightof the salt/catalystmixture. The variouscompositions
of actinideoxide/ash samples that were used in the transpirationexperimentsare
summarizedin Table 3.

Characterizationof UraniumOxide/AshSamples:

X-ray diffraction analysis of the 5%UO2.67/1633a and 5%UO2.67/2689
samplesboth showedthe presenceof mullite(AI6Si2013), hematite (Fe203), U40 9,
and glass. No ferrite spinel ((Mg,Fe)(Fe,AI)204) and little or no quartz (SiO2) were
found ir_these samples,althoughpresentinthe originalash samples.

X-ray diffractionanalysisof the 5%UO2.67/2690 sampleshowedthe presence
of quartz, hematite,anorthite(CaAI2Si2Os), mullite,and glass. In addition,a pattern
giving an approximate match for CaU207 was also present. No ferrite spinel was
found in this sample. The presenceof hematiteand anorthitediffers from McCarthy
and Thedchanamoorthy's[16] reportedresultsfor SRM 2690 ash.

X-ray diffractionanalysisof the 5%UO2.67/2691 sampleshowedthe presence
of AI-diopside (Ca(Mg,Fe,AI)(Si,AI)206), melilite (Ca2(Mg,AI,Fe)(Si,AI)207), and
glass, withthe uraniumlikelypresentas CaUO4 or Ca2U207. This sampleshowed
the greatestvariancein mineralogyfrom the originalfly ash. No anhydrite(CaSO4),
mullite,quartz,tricalciumaluminate(Ca3AI206), hematite,ferritespinel,lime (CaO), or
periclase(MgO) were foundin thissample.McCarthyand Thedchanamoorthy[16] did
not findAI-diopsidepresentinthe SRM 2691 ash.

The samples of 0.5%UO2.67/1633a, 0.5%UO2.67/2689, 0.5%UO2.67/2690,
and 0.5%UO2.67/2691 were also analyzedby X-ray diffraction.However,no uranium-
containingphases were detected. Thus, the uraniumwas either presentas a solid
solutionin the ashes or _he concentrationof the uraniumcontainingphases was too
low to detect. Otherwise, the mineral contentswere essentiallythe same as the
5wt%UO2.67/ash samples.

Transmission electron microscope analyses were also carried out on the
samples 5%UO2.67/1633a, 5%UO2.67/2690, and 5%UO2.67/2691, using a JEM
200CX transmission electron microscope (TEM) with an electron beam size of 75nm.
Samples were prepared as follows. The sample of 5%UO2.67/1633a that was used
had been densely sintered in a heating in air to 1300°C for 4 hours. The
5%UO2.67/2690 and 5%UO2.67/2691 samples were cold isostatically pressed and
then sintered in air at 1150°C for 4 hours. 400 I_mslices were cut out of the sintered
samples using a diamond wafering saw. 3 mm in diameter discs were cored from the
slices, and the discs were ground down to 250 I_mthickness by hand with fine SiC
lapping film. The centers of the discs were dimpled down on both sides to give a
thickness at the c_nter of ~10 I_m. The samples were then Ar ion-milled until electron
transparent using 5kV accelerating voltage and an 11° angle from the horizontal. A 15
nm layer of carbon was then applied to each surface to minimize charging of the
samples under the electron beam. Selected area diffraction, microdiffraction, and
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Table 3. Compositions of simulated incinerator ash in weight percent of
constituent oxides.

5%U02.67/ 5%U02.67/ 5%U02.67/ 0.5%U02.67/ 0.5%U02.67/ 0.5%U02.67/
oxide 1633a 2690 2691 1633a 2689 2690

, (wt°/o) (wtO/o) (wtO/o) (wt°/°) (wt°/o) (wt%)

Na20 0.23 0.31 1.40 0.24 0.35 0.32
K20 2.23 1.19 0.39 2.34 2.69 1.25
MgO 0.74 2.43 4.92 0.78 1.03 2.55
CaO 1.53 7.63 24.59 1.60 3.10 8.01
SrO 0.10 0.23 0.30 0.10 0.08 0.24
BaO 0.17 0.70 0.70 0.18 0.09 0.73
MnO 0.02 0.04 0.03 0.02 0.04 0.04
AI20 3 26.60 22.28 17.65 27.97 24.82 23.38
Fe20 3 13.23 4.87 6.02 13.91 13.53 5.11
SiO2 48.03 52.80 34.28 50.50 52.26 55.43
TiO2 1.31 0.83 1.43 1.38 1.27 0.87
SO3 0.44 0.35 1.97 0.47 --- 0.37
P205 -- 1.14 1.11 m 0.23 1.19
U30 8 5.38 5.21 5.20 0.520 0.510 0.503
PuO2 ......
AmO2 .......

3%PUO2/
0.5%UO2.67/ 0.5%UO2.67/ 0.5%UO2.67/ 3%PUO2/ 0.6%PUO2/ 0.06%AMO2/

oxide 2691 Ash1 Ash2 2691 2691 1633a

(wtO/o) (wt%) (wt%) (wt%) (wt%) (wtO/o)

Na20 1.47 13.10 6.37 1.43 1.47 0.24
K20 0.41 2.33 2.53 0.40 0.41 2.35
MgO 5.17 0.91 0.96 5.04 5.16 0.78
CaO 25.80 2.76 2.91 25.16 25.78 1.61
SrO 0.32 0.07 0.08 0.31 0.32 0.10
BaO 0.74 0.09 0.09 0.72 0.74 0.18
MnO 0.03 0.04 0.04 0.03 0.03 0.02
AI20 3 18.53 21.62 23.32 18.06 18.51 28.11
Fe20 3 6.32 11.69 12.72 6.16 6.31 13.98
SiO2 35.98 45.58 49.10 35.07 35.95 50.74
TiO2 1.50 1.10 1.19 1.46 1.50 1.38
SO3 2.07 -- m 2.02 2.07 0.47
P205 1.17 0.22 0.22 1.14 1.17
U30 8 0.502 0.504 0.479 0.10 0.02
PuO2 _ m _ 2.9 0.57 3.0
AmO2 ..... 0.06
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energy dispersiveX-ray analysiswere usedto identifythe phases and compositionsof
the ashconstituents.

The 5%UO2.67/1633a ash was found to be composed of mullite, hematite,
crystalline uranium oxide (UO2+x or U409), and a glassy phase (AI-Si-Ca-O).
Uraniumwas foundto be presentas smallprecipitatesrangingin size from 7 to 50 nm
withinthe glassy phase. Selected area diffractionof the glass matrixcontainingthe
precipitateswas consistentwiththe phasesUO2+x(S)or U409(s ). Inthisash,the small
size of the uraniumoxideprecipitatesindicatesto usthat the uraniumwas dissolvedin
the glass and precipitated out during the cooldown. Because uranium oxide
precipitatesout of the glass as it coolssuggeststhat the interactionof uraniumoxide
withthisash is weak.

The 5%UO2.67/2690 ash was found to be composed of anorthite, quartz,
alumina,an irontitanate, and a glassyphase (AI-Si-Ca-O).The uraniumwas foundto
be present primarilyas precipitatesat grain boundaries.Sizes of the precipitates
rangedfrom 10 to 80 nm. Some uraniumwas alsofoundas precipitatesin the interior
of the quartz crystals. Sizes of these precipitates ranged from 10 to 200 nm.
Microdiffractionof the precipitatesin the quartzindicatedthat the uraniumwas present
either as UO2+x(S) or as U409(s). No uraniumprecipitateswere found in the glassy
phase. However, very little glass was observed in this sample. Some larger dark
contrastgrainscontaininguraniumwere also found. Typicallythey measured1 to 2
t_minsize. Selectedarea diffractionof thesegrainsdid notmatchUO2+x(S),U409(s),
or U308(s ). EnergydispersiveX-ray analysisof the darkcontrastgrainsindicatedthe
presenceof uranium,oxygen,and sulfur. Thus, it is possiblethat the uraniumin the
darkcontrastgrainswas presentas a uraniumsulfate. The uraniumin thisash seems
to be dissolvingto a small extent in the quartz and very little if at all in the glass.
Therefore,the interactionof uraniumwiththisash alsoseemsto be weak.

The 5%UO2.67/2691 ash was foundto be cornposedprimarilyof crystallineAI-
diopside, a calcium uranate (CaUO4 or Ca2U207), and_a glassy phase (Ca-Si-O).
The uraniumwas locatedin the calciumuranateand also as small precipitatesin the
glass. The selectedarea diffractiondata of the uraniumin the glass was consistent
withthe U3Os(s) structure. In this ash, the uraniumseemsto be stronglyassociated
withthe calcium.Thus, the activityof uraniumoxideis expectedto be lowestinthisash
sample.

Thus, we find that in general the phases found by TEM analysis for the
5%UO2.67/ash samples are consistentwith the X-ray diffraction results. Some
uraniumoxideseemsto dissolvein the glassphase of the ash when it is heated and
then precipitatesout inthe glassas UO2+x(S),U409(s), or U3Os(s) uponcooling. The
ash withthe highcalciumcontentties up the uraniumas a calciumuranate,whilefree
uraniumoxidesare presentinthe lowCaO ashes.
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Analysis of Transpiration Experiment Results

Volatilitiesof UO3(g} and UO2L_:JJ2(g) fromU_

. The experimentaldata on the transpirationrunson U3Os(s) and U308/ash are
summarizedin Tables 4 and 5. The uraniumpressuregiven in Table 5 is calculated
fromthe amountof uraniumin the collectortube and representstotal uraniumspecies
volatilized.

To test for equilibration,a seriesof runswere carriedouton U308(s ) ,volatilityat
1373 K with O2(g) pressureat 0.4 atm, H20(g) pressureat 0.6 atm, and with O2(g)
flowratevaryingfrom6 to 300 cm3/min. A plotof totaluraniumpressureversuslog02
flowrate (see Fig. 2) showsthat a plateauregionexistsfrom 10 cm3/minto about250
cm3/min. Flow rates were therefore maintainedwell withinthis plateau region to
assure equilibration.

We also checkedfor the effectsof watervaporpressureon U speciesformed in
the U3Os(s) volatilityexperiments. We knowfrom priorwork [12,13] that UO3(g) will
be present under our experimental conditions, and anticipate the pres_enceof
UO2(OH)2(g) as well. We therefore write the followingvolatility reactionsand the
associatedequilibriumconstants.

1/3 U308(s ) + 1/6 O2(g)= UO3(g), (4)

K4 = p(UO3)/a(U308)1/3p(O2)1/6.

1/3 U3Os(s) + 1/6 O2(g) + H20(g ) = UO2(OH)2(g), (3)

K3 = p(UO2(OH)2)/a(U308)l/3p(O2)1/Sp(H20).

Taking the activity of U3Os(s) as unity and rearranging the equilibriumconstant
expressions,we obtain

[p(UO3)+ p(UO2(OH}2)]/P(O2)l/2=

p(U total)/p(O2)1/2 = K4 + K3P(H20). (5)

This expressionindicatesthat if a significantamountof UO2(OH)2(g) formsin additionto
UO3(g ), we should see a linear increase in the observed total U pressure with
increasingwater vapor pressure. If significantamountsof U oxyhydroxidespecies of
other stoichiometries form, the power dependence of U volatility on water vapor
pressurewilldiffer from unity, accordingto the formulaof the species. Plotsof total U
pressureversuswatervaporpressureare shownat two differenttemperaturesin Figs. 3
and4. The plotsappear linearconsideringthe experimentalscatter. The two highestU

' pressure points in Fig. 4 are particularly uncertainbecause they were taken at very low
flow rates. The solid linesshown are based on the assessed resultson UO3(g) and
UO2(OH)2(g ) with proper intercept and slope, which assessed results are
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Table 4. Summary of U transpiration experiments on U308 and U308/ash
samples.

run sarnple Tfum 02 flow Ar flow time Tbath H20
# (K) (cm3/rnin) (cm3/mln) (rain) (°C) (grams)

1 5%U02.67/2690 1330 50 240 84.2 6.86
7 U308(s) 1323 50 180 84.6 8.51
8 U308(s) 1323 25 180 84.4 4.07
9 U308(s) 1323 15 180 91.7 4.25
10 U308(s ) _" 1323 25 30.5 180
11 U308(s ) 1323 6 180 97.1 6.21
12 U308(s ) 1323 25 30 180
13 U308(s ) 1473 25 180 85.0 4.99
14 U308(s) 1323 25 25 180 86.0 8.88
15 U308(s) 1223 30.5 25 1200
17 U308(s) 1473 50 120 85.0 6.17
18 U308(s) 1323 9 120 95.0 2.49
19 U308(s) 1323 25 30 180
20 U308(s) 1373 100 120 84.0 11.71
21 U308(s) 1223 30 1440 79 25.89
22 U308(s) 1373 10 180 85.0 1.39
24 U308(s) 1373 30 180 85,1 (5.38)
25 U308(s) 1373 300 120 85.2 39.76
26 U308(s) 1323 50 180 75.3 4.52
27 U308(s) 1323 50 180 60.1 1.51
31 U308(s) 1573 120 60 85.7 7.95
32 U308(s) 1573 120 60 95.0 32.38
33 U308(s) 1573 50 180 85.0 5.61
34 U308(s) 1573 50 180
35 5%U02.67/2690 1323 55 360
36 5%U02.67/2690 1323 25 361 85.0 9.05
37 5%U02.67/2691 1323 55 360
39 5%U02.67/1633a 1323 55 360
41 5%UO2.67/1633a 1323 55 330
42 5%U02.67/2691 1323 25 421 95 47.8
43 5%U02.67/2691 1323 25 420 85 11.01
44 5%U02.67/2690 1323 25 360 93.5 31,03
45 1.7%U02.67/2690/ 827 50 4740 85 243.77

salts/catalyst
46 U308(s) 1373 50 540
47 U308(s) 1373 200 120 85.0 26.78
48 1,7%UO2.67/1633a/ 826 50 2915 85 153.71

salts/catalyst
49 U308(s) 1473 30 240
50 U308(s) 1273 30 480
51 5%U02.67/2690 1323 30 390 ,
52 5%U02.67/2690 1323 30 420 85 10.98
53 5%U02.67/2690 1323 21 420 90 9.02
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Table 4. (cont.) Summary of U transpiration experiments on U308 and

U308/ash samples.

run sample Tfurn 02 flow Arflow time Tbath H20
# (K) (cm3/min) (cm3/min) (min) (°C) (grams)

54 5%UO2.67/2690 1323 39 420 75,5 5.13
55 U3Os(s) 1173 25,0 1950 85.3 55.04
56 U3Os(s) 1373 6.0 480 85.0 3.05
58 U308(s) 1373 20.0 440 85.0 9.81
59 U3Os(s) 1173 25.0 540
60 U3Os(s) 1373 50.0 510 85 27.0
61 5%UO2.67/2690 1323 21.0 405 89.5 16.22
63 5%UO2.67/2691 1323 25.0 420 85.5 11.70
64 5%UO2.67/2691 1323 21.0 450 90.0 19.77
65 5%UO2.67/1633a 1323 35.0 1755
66 5%UO2.67/1633a 1323 25.0 450 85 11.70
67 0.5%UO2.67/1633a 1323 21.0 465 90.5 19.74
68 0.5%UO2.67/1633a 1323 25.0 495 85 12.36
69 0.5%UO2o67/1633a 1323 39.0 450 74 8.32
70 0.5%UO2.67/1633a 1323 50,0 510
71 0.5%UO2.67/2690 1323 50.0 462
72 0.5%UO2.67/2690 1323 39.0 435 76 8.96
73 0.5%UO2.67/2690 1323 25.0 4"15 85.5 13.17
74 0.5%UO2.67/2690 1323 21.0 460 89.7 17.20
75 0.5%UO2.67/Ash I 1323 50.0 1755
76 U3Os(s) 1273 21.0 440 90,0 17.11
77 0.5%UO2.67/2691 1323 50.0 1695
78 U308(s) 1323 45.0 480 60.0 4.28
79 U308(s) 1223 21.0 1890 89.5 68.86
80 0.5%UO2.67/2691 1323 39.0 435 75.5 8.56
83 0.5%UO2.67/2691 1323 21.0 490 91.0 20.49
84 0.5%UO2.67/2691 1323 25.0 440 85 11.11
85 U308(s) 1223 35.0 1810 61 13.21
86 U3Os(s) 1223 40.0 1890
87 0.5%UO2.67/2691 1223 20.0 1890 85 41.53
88 U308(s) 1323 18.0 515 94.5 45.86
89 0.5%U O2.67/2691 1223 45,0 1870
90 U308(s) 1323 21.0 475 89.8 18.44
91 U308(s) 1223 15.0 1680 94.2 103.51
92 0.5%UO2.67/Ash2 1323 50.0 455
93 0.5%UO2.67/Ash2 1323 21.0 425 89.7 6.35
94 U308(s) 826 20.0 5785 86 132.34
95 0.5%U O2.67/Ash2 1323 25.0 495 85.8 13.06
96 0.5%UO2.67/Ash2 1323 39.0 450 74.5 8.43
97 0.5%UO2.67/Ash2 1223 25.0 1560 86.5 43.76
98 0.5%UO2.67/Ash2 1223 50.0 1500
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Table 5. S'Jmmary of U transpiration experiments on U308 and U308/ash
samples.

run molesof oas P(O2) P(H20) U p(U total)
# 02 H20 Ar total (atm) (atm) (IJg) (aim)

1 0.495 0.381 0.876 0.565 0.435 5.3 2.54x10-8 •
7 0.370 0.472 0.843 0.440 0.560 19.3 9.62x10-8
8 0.185 0.226 0.411 0.451 0.549 9.63 9.84x10-8
9 0.111 0.236 0.347 0,320 0.679 9.52 1.15x10"7
10 0.185 0.226 0.411 0.450 7.23 7.38x10"8
11 .0445 0.345 0.389 0.114 0.886 12.4 1.34x10"7
12 0.185 0.222 0.408 0.455 3.03 3.12x10 "8
13 0.277 0.185 0.462 0.599 70.4 6.40x10 "7
14 0.185 0.493 0.185 0.864 0.215 0.571 13.96 6.79x10 "8
15 1.507 1.235 2.742 0.550 1.54 o 2.36x10"9
17 0.247 0.342 0.590 0.419 0.581 250.9 1.79x10-6
18 .0445 0.138 0.183 0.244 0.756 6.86 1.58x10"7
19 0.185 0.222 0,408 0.455 2.97 3.06x10-8
20 0.494 0.650 1.144 0.432 0.568 72.4 2.66x10-7
21 1.808 1.437 3.245 0.557 0.443 5.9 7.64x10-9
22 .0741 .0880 0.162 0.457 0.543 10.4 2.70x10-7
24 0.222 0.299 0.521 0.427 0.573 29.43 2.37x10 -7
25 1.482 2.207 3.689 0.402 0.598 183 2.08x10-7
26 0.370 0.251 0.621 0.596 0.404 9.03 6.10x10 "8
27 0.370 .0838 0.454 0.816 0.184 5.2 4,81x10 "8
31 0.296 0.441 0.738 0.402 0.598 1980 1.13x10"5
32 0.296 1.797 2.094 0.142 0.858 3150 6.32x10 "6
33 0.370 0.311 0.682 0.543 0.457 2080 1.28x10"5
34 0.370 0.370 1.000 2480 2.81x10"5
35 0.370 0.445 0.815 0.454 4.71 2.43x10"8
36 0.372 0.502 0.874 0.425 0.575 15.28 7.34x10-8
37 0.370 0.445 0,815 0.454 0.95 4.90x10"9
39 0.370 0,445 0.815 0.454 3.62 1.87x10-8
41 0.747 0.747 1.000 5.45 3.06x10"8
42 0.433 2.653 3.087 0.140 0.860 14.37 1.96x10"8
43 0.432 0.611 1.044 0.414 0.586 4.18 1.87x10"8
44 0.370 1.722 2.093 0.177 0.823 37.26 7.48x10"8
45 9.757 13.53 23.29 0.419 0.581 0.053 9.56x10"12
46 1.112 1.112 1.000 13.93 5.26x10"8
47 0,988 1.486 2.475 0.399 0.601 162.7 2.76x10-7
48 6.001 8.532 14.53 0.413 0.587 0.207 5.98x10"11
49 0.296 0.296 1o000 180 2.55x10-6
50 0.593 0.593 1.000 3.02 2o14X10"8
51 0°482 0.482 1.000 3.28 2.86x10"8
52 0.519 0.610 1.128 0.460 0.540 20.85 7o76x10"8
53 0.363 0.501 0.864 0.420 0.580 19.05 9.26x10"8 ,
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Table 5. (cont.) Summary of U transpiration experiments on U308 and
U3Os/ash samples.

run ITOlesOf_ P(02) P(H20 ) U p(Utotal)
# 0 2 H20 Ar total (atm) (atm) (gg) (atm)

54 0.674 0.285 0.959 0.703 0.297 13.6 5.96x10.8
55 2.007 3.055 5.062 0.397 0.603 2.38 1.98x10"9
56 0.119 0.169 0.288 0.412 0.588 30.3 4.42x10"7
58 0.362 0.544 0.907 0.400 0.600 67.4 3.12x10.7
59 0.556 0.556 1.000 1.31 9.90x10.9
60 1.050 1.499 2.549 0.412 0.588 148 2.44x10.7
61 0.350 0.900 1.251 0.280 0.720 21.9 7.36x10"8
63 0.432 0.650 1.082 0.400 0.600 3.13 1.22x10.8
64 0.389 1.097 1.487 0.262 0.738 5.40 1.53x10.8
65 2.529 2.529 1.000 21.1 3.50x 10"8
66 0.463 0.650 1.113 0.416 0.584 20.6 7.78x10"8
67 0.402 1.096 1.498 0.268 0.732 20.5 5.75x10 "8
68 0.510 0.686 11196 0.426 0.574 14.20 4.99x 10"8
69 0.722 0.462 1.184 0.610 0.390 16.05 5.69x10 "8
70 1.050 1.050 1.000 6.08 2.43x10.8
71 0.951 0.951 1.000 5.73 2.53x10 "8
72 0.698 0.497 1.196 0.584 0.416 11.93 4.19x10 "8
73 0.489 0.731 1.220 0.820 0.180 16.19 5.58x10 "8
74 0.398 0.955 1.352 0.294 0.706 20.55 6.38x 10.8
75 3.613 3.613 1.000 1.66 1.93x10"9
76 0.380 0.950 1.330 0.286 0.714 5.71 1.80x10"8
77 3.489 3.489 1.000 2.05 2.47x 10.9
78 0.889 0.238 1.127 0.789 0.211 9.27 3.46x10 .8
79 1.634 3.822 5.456 0.300 0.700 10.57 8.14x10 "9
80 0.698 0.475 1.174 0.595 0.405 1.22 4.37x10.9
83 0.424 1.137 1.561 0.271 0.729 1.53 4.12x10"9
84 0.453 0.617 1.070 0.423 0.577 0.94 3.69x10.9
85 2.608 0.733 3.342 0.780 0.220 0.68 8.55x10 "10
86 3.112 3.112 1.000 0.31 4.18x10"10
87 1.556 2.305 3.862 0.403 0.597 0.27 2.94x10"10
88 0.382 2.54E; 2.927 0.130 0.870 39.53 5.67x10"8
89 3.464 3.464 1.000 1.92 2.33x10-9
90 0.411 1.024 1.434 0.286 0.714 23.63 6.92x10"8
91 1.038 5.746 6.783 0.153 0.847 13.78 8.54x10"9
92 0.937 0.937 1,000 0.46 2.06x10"9
93 0.367 0.352 0.720 0.510 0.490 3.68 2.15x10"8
94 4.763 7.346 12.11 0.393 0.607 0.08 2.78x10"11
95 0.510 0.725 1.234 0.413 0.587 4.12 1.40x10"8
96 0,722 0.468 1.190 0.607 0.393 4.47 1.58x10"8
97 1.606 2.429 4.035 0.398 0.602 2.26 2.35x10 "9
98 3.088 3.088 1.000 0.37 5.03x10"10
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Figure3. Plot of p(U total)/p(O2)116versusP(H20) at 1223 K. The plot increases
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scatter inthe data, the curve increaseslinearlywith increasingwatervapor pressure
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given later in this report. The evidence indicatesthat UO2(OH)2(g ) is the other
dominant species in addition to UO3(g ), although minor amounts of other
oxyhydroxidespeciescannotbe discounted.

We now derive thermodynamicdata for UO3(g) and UO2(OH)2(g ) from the
U308(s ) transpirationmeasurementsusing the third law method. We take the free
energyfunctionfor UO3(g) from Green [17], see Table 6. The free energy functionfor

, UO2(OH)2(g) is calculatedusingestimatedmolecularconstants. The formulasfor the
translational,rotational,and vibrationalcontributionsto the free energy functionare
taken from Lewis, et al. [18]. The formula for the internalrotationcontributionto the
free energy functionis from Ebbinghaus[4]. The electroniccontributionto the free
energy function is assumed to be negligible. The U-O bond length is estimated as
0.212 nm, and the U-OH bond lengthas 0.180 nm. The UO2(OH)2(g ) moleculeis
assumedto have a C2v symmetrywhere the symmetrynumberof rotationequalstwo.
The vibrationalwave numbersare estimatedas" 3000, 3000, 776, 765.5, 470, 440,
296, 296, 225, 225, 180, 100, and 100 cm-1. The hydroxidegroupsare assumedto
havea barrierto rotationof 3.1 kJ/mol,a momentof inertiaof 1.47x10-47 kgm2, anda
symmetrynumberof rotationequal to one. The free energyfunction for UO2(OH)2(g)

calculated from these molecularconstantsis given in Table 6. The AH°f,298 for
U308(s) is from Grenthe et a1.[19]and the free energy functionis from Glushkoet al.
[20] Thermodynamicdatafor O2(g) andH20(g) are fromthe JANAFTables [21].

We first analyze the transpirationdata on UO3(g) volatilitybased on reaction
(4), usingdata where only O2(g) or O2(g)/Ar(g) mixtureswere present. Resultsare

summarizedin Table 7, givinga AH°r,298 of 403.39 kJ/molwith a standarddeviation
of :1:12.74 kJ/mol for reaction(4). Ackermannet al. [12] and Dharwadkaret al. [13]
have studied this same reaction by the transpiration method, but at higher
temperatures. We reanalyzetheirdata by the thirdlaw method. The Ackermannet al.
data giveAH°r,298 = 398.05 :t:2.23 kJ/moland the Dharwadkaret al. data give396.85
_ 0.75 kJ/mol, where the errors are standard deviations. The agreement is good
amongthe three studies. The UO3(g) volatilitydata is illustratedin Fig. 5 in terms of
log Keq versus 1/T. The solid line representsthe data derived from the third law
treatment of our data, while the dashed line is based upon the combineddata of
Ackermann et al. and Dharwadkar et al. and is extrapolated down from higher
temperatures. We chooseto useour data in thisstudy sincethe measurementswere

made at lowertemperatures. The AH°f,298 of UO3(g)is calculatedto be -788.21 +
7.0 kJ/mol (see Table 15).

We next analyze the transpirationdata on UO2(OH)2(g) volatility based on
reaction(3). We obtainvalues of UO2(OH)2(g) pressuresby subtractingout UO3(g)
pressures (calculated from the selected data) from the total U pressuresobtained
experimentally (see Table 8). At temperatures above ~1400 K, pressures of
UO2(OH)2(g ) are much lower than UO3(g), so that accurate differencescannot be
obtained,and so the highertemperaturedata were not included. Also, because of
experimental scatter, runs 27, 78, and 85 gave negative values for UO2(OH)2(g)
pressures,and thereforeprovideno data. Data basedon the balanceof the pointsare
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Table 6. Free energy functions for UO3(g), PuO 3(g), AmO3(g),
UO2(OH)2(g), PuO2(OH)2(g), and AmO2(OH)2(g ).

-(G°T-H°298)/T, J/moI-K

T
(K) UO3(g) PuO3(g) AmO3(g) UO2(OH)2(g) PuO2(OH)2(g) AmO2(OH)2(g)

800 335.37 353.39 354.36 442.20 460.50 461.46
900 341.00 359.08 360.04 451.82 470.13 471.09

1000 346.60 364.51 365.48 461.00 479.31 480.27
1100 351.88 369.69 370.65 469.74 488.05 489.01
1200 356.93 374.61 375.58 478.06 496.37 497.33
1300 361.76 379.30 380.27 485.99 504.29 505.25
1400 366.37 383.77 384.74 493.54 511.85 512.81
1500 370.78 388.03 389.00 500.75 519.06 520.02
1600 375.01 392.10 393.07 507.65 525.96 526.91

Table 7. Third law treatment for the reaction 1/3 U308(s) + 1/6 O2(g) =
UO3(g).

run T inKeq &G°T/T (&G°T-&I-1°298)/T &H°298
# (K) (J/tool-K) (J/rnoI-K) (kJ/mol)

10 1323 -16.288 135.43 -165.54 398.24
12 1323 -17.150 142.59 -165.54 407.72
15 1223 -19.765 164.34 -166.86 505.12
19 1323 -17.171 142.77 -165.54 407.96
34 1573 -10.479 87.14 -162.52 392.77
46 1373 -16.760 139.35 -164.91 417.81
49 1473 -12.879 107.08 -163.69 398.90
5 0 1273 -17.660 146.83 -166.19 398.54
51 1323 -17.370 144.42 -165.54 410.14
59 1173 -18.431 153.24 -167.55 376.35
86 1223 -21.594 179.55 -166.86 423.73

ave. 403.39 + 12.74

26



Figure 5. Plot of log Keq for the reaction,1/3 U308(s) + 1/6 O2(g) = UO3(g), versus
104/T. The solid line is obtained from a 3rd law treatment of our data. The dashed line
is obtained from a 3rd law treatment of the combined data of Ackermann, et al. [12] and
Dharwadkar, et al. [13].
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Table 8. Total pressures of uranium are corrected for UO3(g ) to givepressures of UO2(OH)2(g).

measured calculated by difference
run T p(U total) p(U03) p(UO2(OH)2) .
# (K) (atm) (atm) (atm)

7 1323 9.619x10-8 4.861x10-8 4.758x10-8
8 1323 9.839x10"8 4.882x10-8 4.957x10-8
9 1323 1.152xl 0-7 4.612xl 0-8 6.908x 10-8
11 1323 1.340x 10"7 3.884x 10-8 9.516xl 0-8
14 1323 6.792x 10-8 4.314xl 0-8 2.478x 10-8
18 1323 1.578x 10-7 4.406x 10"8 1.137xl 0"7
20 1373 2.659x 10-7 1.845x 10"7 8.140xl 0-8
21 1223 7.638x 10-9 2.502x 10"9 5.136xl 0-9
22 1373 2.695x 10-7 1.863x 10-7 8.320x 10-8
24 1373 2.374x 10"7 1.842x 10"7 5.320x 10-8
26 1323 6.105xl 0-8 5.115xl 0-8 9.900x 10-9
27 1323 4.809x 10-8 5.389x 10-8 ......

4 7 1373 2.762x 10-7 1.821 xl 0-7 9.410xl 0-8
55 1173 1.975x 10-9 4.328x 1O"10 1.542x 10-9
58 1373 3.123xl 0-7 1.821xl 0-7 1.302x10-7
60 1373 2.440x 10-7 1.831 xl 0-7 6.090x 10-8
76 1273 1.803x10-8 1.069x10-8 7.340x10-9
78 1323 3.456x 10"8 5.360x 10"8 ....

79 1223 8.138xl 0-9 2.256x10-9 5.882x10-9
85 1223 8"549x10"10 2.647x10"9 ......

88 1323 5.673x 10-8 3.970x 10-8 1.667x 10-8
90 1323 6.921 xl 0-8 4.526x 10-8 2.395x 10-8
91 1223 8.535x 10-9 2.017xl 0-9 6.518xl 0-9

28



usedto obtainvalues of AH°r,298 for reaction(3) (see Table 9). The averagevalue of
AH°r,298 is foundto be 281.82 kJ/molwitha standarddeviationof + 5.93 kJ/mol. This

resultsin a AH°f,298 of -1151.61 + 6.00 kJ/molfor UO2(OH)2(g). Dharwadkaret al.
[13] have previouslycarriedout transpirationexperimentson U3Os(s) in the presence
of O2(g) and H20(g ). They identifiedthe UO2(OH)2(g) species and measured its
vapor pressureby subtractingoutthe UO3(g) contribution.We treat their data by the

third law method and obtain AH°r,298 = 222.40 :t:2.73 kJ/mol for reaction(3), and

AH°f,298 = -1211.03:1:2.80 kJ/molfor UO2(OH)2(g). A log Keq versus 1/T plot for
reaction(3) is presentedin Fig.6, showingourdata pointsalongwiththe thirdlaw fit.
The Dharwadkaret al. third law resultsextrapolateddown from higher temperatures
are shownby a dashed line. Our resultsdifferconsiderablyfrom thoseof Dharwadkar
et al. We find no clear reasonsto accountfor the discrepancy.We based our results
on UO2(OH)2(g) on data obtainedat lowertemperaturesand higherH20 pressures
than Dharwadkaret al., where UO2(OH)2(g) pressuresshouldclearlydominate over
UO3(g). We believeour resultsto be correctanduse themas ourselectedvalues.

The pressureof uraniumabove U308(s) measuredat 826 K in run94, 3 x 10"11
atm, is low, but we believe the amount of U detected is from contaminationfrom
handling of the collector tube. Calculation of the uranium pressures under these
conditionsshowsthem to be p(UO3) = 8.1x10-18 atm and p(UO2(OH)2) = 8.8x10-15
atm.

The AH°r,298 values for reactions (3) and (4) can be combined with
the (AG°T- _H°298)/T valuesgiven in Table 10. Calculatedpressuresof UO3(g) and
UO2(OH)2(g ) above U308(s ) at 0.1 atm each of O2(g) and H20(g ) are shownas a
functionof temperaturein Fig.7.

Volatilitiesof UO3(o) andUO2LOJ:_(o) fromU3.Q8_

The experimentaldata on U308/ash runsare includedin Tables 4 and 5. The
measurementswere cardedout mostlyat 1323 K, witha few at 1223 K. The resultsfor
the 1323 K runsare illustratedin Figs.8 and 9 as a plotof p(U total)/p(O2)116versus
P(H20 ) for the various U308/ash compositionsalong with our selected data for the
sum of UO3(g) plus UO2(OH)2(g) volatilitiesabove U3Os(s). The volatilitydata for
U308/1633a ash and U308/2690 ash are essentially identical and have been
combined in the plots. The lines fitted to the data are assessed values as will be
described. The effect of watervaporon total U volatilityis apparentinthe U308/ash
samples as was the case with U308(s ). The extent of U volatilityloweringby the
1633a and 2690 ashes is small, while the highNa20 ash (Ash 1) and the highCaO

. ash (2691) both show considerable loweringof the volatility.

To analyze the U308/ash volatility data, it would be desirable to define the
' chemical form of the uranium. However, the systems are very complex. Our

characterization studies indicate that uranium is present both in the glass and in
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Table 9. Third law treatment for the reaction 1/3 U308(s) + 1/6 02(g) +
H20(g) = UO2(OH)2(g).

run T InKeq _,G°T/T (&G°T-&H°298)/T &H°298
# (K) (J/moI-K) (J/moI-K) (kJ/mol)

7 1323 -16.145 134.24 -75.91 278.07
8 1323 -16.088 133.77 -75.91 277.45
9 1323 -15.912 132.30 -75.91 275.51
11 1323 -15.685 130.41 -75.91 273.01
14 1323 -16.696 138.81 -75.91 284.13
18 1323 -15.475 128.67 -75.91 270.70
20 1373 -15.619 129.86 -75.61 282.16
21 1223 -18.175 151.12 -76.51 278.44
22 1373 -15.561 129.38 -75.61 281.50
24 1373 -16.051 133.45 -75.61 287.09
26 1323 -17.438 144.99 -75.91 292.30
47 1373 -15.516 129.01 -75.61 280.9
55 1173 -19.631 163.22 -76.82 281.62
58 1373 -15.191 126.31 -75,_1 . 277.28
60 1373 -15.935 132.49 -75.61 285.77
76 1273 -18.184 151.19 -76.21 289.53
79 1223 -18.394 152.94 -76.51 280.66
88 1323 -17.430 144.93 -75.91 292.21
90 1323 -17.002 141.35 -75.91 287.49
91 1223 -18.370 152.74 -76.51

ave. 281.82 + 5.93
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Figure 6. Plot of log Keq for the reaction, 113 U308(s) + 1/6 O2(g) + H20(g) =
UO2(OH)2(g), versus104/'1". The solidlineis that obtainedfroma 3rd lawtreatmentof
ourdata. The dashed line isthe curveobtainedfroma 3rd lawtreatmentof the data of

' Dharwadkar,et al. [13].
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Table 10. Free energy functions, .(AG°T- AH°298 )/T, for the reactions:

1/3 U3OE(s) + 1/8 O2(g) = UO3(g) (A)
1/3 U308(s) + 1/6 O2(g) + H20(g) = UO2(OH)2(g) (B)

PuO2(s) + 1/2 O2(g) = PuO3(g) (C)
PuO2(s) + 1/2 O2(g) + H20(g) = PuO2(OH)2(g) (D)

AmO2(s) + 1/2 O2(g) = AmO3(g) (E)
AmO2(s) + 1/2 O2(g) + H20(g) = AmO2(OH)2(g) (F)

-(&G°T- &H°298)/T,J/moI-K
L , , ,

T
(K) eqn (A) eqn (B) eqn (C) eqn (D) eqn (E) eqn(F)

800 173.25 78.91 151.44 57.32 152.91 58.79
900 171.66 78.41 149.58 56.64 151.42 58.47
1000 170.10 77.95 147.77 55.93 149.99 58.14
1100 168.60 77.29 146.02 55.19 148.62 57.78
1200 167.18 76.65 144.33 54.44 147.31 57.42
1300 165.84 76.05 142.70 53.69 146.06 57.04
1400 164.58 75.46 141.12 52.93 144.86 56.66
1500 163.37 74.88 139.59 52.16 143.71 56.28
1600 162.21 74.29 138.10 51.40 142.60 55.89

32



-5
I I I
I I I
I I
I I

' °UO 'I !
' _ o o o

I I I

I I
I I

__ir_ ._..1_.. i. ..J
• al.V I I I

I_ I I I
I I
I I

' PuOa_ o oI I
g_l 0 0

I I I
i I I

.P, I l l

-- JLD "1 ............... ,1

,!,' :.4a_O ,
, ,PuO. .

,
I

0 p o
! I

___'_ J ..... L............ J
! I

_ , ,0 !

_ o ,I
I
I

_ ' ,! I
! 0

! !
-25 ....-,.... -, .....

I I
I I

I 0
! I

0 , o
I I I
I I I
I I I

- 3_00 1000 1200 1400 1600

T (K)

Figure 7. Plot showing log p(U) for the species UO3(g) and UO2(OH)2(g) and
maximum log p(Pu) and p(Am) for PuO3(g), PuO2(OH)2(g), AmO3(g), and

' AmO2(OH)2(g) above U308(s), PuO2(s), and 1000 ppm AmO2 solid solution in
PuO2(s) as a functionof temperaturewherep(O2)= 0.10 atmand p(H20) = 0.10 atm.

33



15 ",i,,i',,,,l,,,,',,',,,liliiiiii,liiii,,,,, iriiiii,,,
" I I I I ==

I I I I
" I I I I "

I I I I
=" I I I I -

I I I I
._b " I I I I -

I I I I
I i i 0 i

I I I I
I I I I
I I I I

I I I I i

,I_ I I I I

I I I
I I _ I I
I I I,=/I I
t I I I

_ o oI0 ........r.........r...........
$ I I
I I I I

ID o i 0
,___. Ol 0 ,- ,,,o, , ,,----_088 O, ,

l_l i i oI I I

0 I _i_UOaoTZ1633a I _
I I i .

I ! .

I I l =

lw4 5 b----_---b ......... b......... ,_.........
=. _ I I I

,==4 -- i i , "

___ _ _ , , , ,
I I I I "
I I I I
I I I I "
I I I I

I ' ' ' ' "

I ,,o I ,,o .!___-:----= ___:=.
I I t I

I. , , , , -

O '1 i i'li i I i i I i i i i i i i i I I i i I i i i I ' i I i i I ' i i i I I I I I i ' I i i i i

0.0 0.2 0.4 0.6 0.8 1.0

p(HaO) (arm)

Figure8. Plot of p(U total)/P(O2)l/6 versus P(H20) at 1323 K for the 5%UO2.67/ash
samples. The 5%UO2.67/1633a and the 5%UO2.67/2690 data are nearlythe same
andare showntogether. The U volatilityabove5%UO2.67/2691 is reducedthe most.

34



15 i i ii i i i I i i i iii i i iii i ii I ii i i ii i ii ii ii ii i i ii i i i i i i i
i- i i i -

i i i i
- I I I I -

I I I I
- I I I I -

. _ I I m I- I I I I -

._ I I I I!- I I I I _11

T I i o o o _II.. o o o o _ .=I
• I ' ' ' ' _ I

I.. o o o o _ -I
I o o o m_ I
L , ' , _ .J
• i o o _! I
L o o o _ ! .J
I- o o o _ ! I

I0 " ° ,. ., I" _L ..... ,['-......... r......... r ....... _ ....... ,r........ 3
',UsOs s

I :-o
N 5--- k __<P. k '..--_. L---- ----

_ ...... o°- / sCUm........ o ......... o ""I I
" ov o o SiN

,.'I'" , , ,
" _ , , , , -
_ I I I II I I I "

I I I I

. . . ., , , 0.5ZUO,.s?/ .._ho o A o
-- I I I ..-. "

'_' i Ao_..-.- -.-'_T"" oa.m

_,. -,r ' 0 _UO /_69_="" _ o o • 2.67 -" "I I

_, , __,___._L.____,- .....0a nnn_n--r,,,,,,, ,,,,,,,,I,,,,,,,,,I,,,,,,,,,
0.0 0.2 0.4. 0.6 0.8 1.0

p(H_O) (atm)

Figure9. Plot of p(U total)/p(O2)1/6 versusP(H20) at 1323 K for the 0.5%UO2.67/ash
samples. The 0.5%UO2.67/1633a and the 0.5%UO2.67/2690 data are nearly the
same and are showntogether. The U volatilityabove 0.5%UO2.67/2691 is reduced
the most.

35



crystallinephases, but a completedefinitivedescriptionis not available, especiallyat
the temperatureof the measurements. Forconvenienceinanalyzingthe data, we use
a solutionmodel. We assume that the uraniumis dissolvedin the hostmatrixas the
oxide U30 8, which for conveniencewe take as UO2.67. We can then write for the
interactionof uraniumoxidewithash,

UO2.67(s) = UO2.67(sol'nin ash). (6)
+

The partialmolalfree energychangefor thisreactionis givenby,

/kG T = RTIna(UO2.67), (7)

which,by assumingthe entropyof mixingto be ideal,can be writtenas

AG T ---RTIn_UO2.67 ) + RTInx(UO2.67), (8)

where the firstterm onthe rightis the partialmolalenthalpyof solutionandthe second
term is the partialmolalentropyof solution. The partial molalenthalpyof solutionis
the primary thermodynamicterm that describesthe uraniumvolatilityreductionin the
ash. We expect the partial molalenthalpyof solutionto reach a limitingvalue at low
concentrations of UO2.67 (Henry's Law), and to remain nearly constant with
temperature.

We thereforeanalyzethe datato obtainvaluesof RTIn_UO2.67) foreachof the

UO2.67/ash samples. We obtain the 1,valuesfrom the relation1, = a/x, i.e., activity
coefficientis equalto activitydividedby molefraction. The activitiesare obtainedfrom
the ratiop(U total)/p°(Utotal),wherep(U total)is the measuredtotal U pressureforthe
U3Os/ash sample and p°(U total) is the calculated sum of the UO3(g) and
UO2(OH)2(g ) pressures above pure U3Os(s ) under the same conditions of
temperatureand O2(g) and H20(g) pressures. The mole fractionof UO2.67 in each
sample is obtainedby takingthe molesof the ash constituentson the basisof a single
metal atom per mole (e.g., AIO1.5, NaO0.5) and takingphosphorousand sulfurto be
combined with other metals as phosphate and sulfate. The values of pressures,
activities, mole fractions, activitycoefficients,and partial enthalpies of solutionare
summarizedforthe variousrunsinTable 11.

We find for the U308/1633a ashand U308/2690 ash samplesthat there is very

littleactivityloweringfor both5 wt % and 0.5 wt% U30 8 contents.The RTIn_UO2.67)
valuesare similarfor these two ash materials,witha value of about40 kJ/molfor the 5
wt % U30 8 contentsand 70 kJ/molfor the 0.5 wt % U30 8 contents. Becauseof the
low degree of interactionof U30 8 with these ashes, it is not certain that the RTIn

7UO2.67) valueshave reacheda limitingvalueat the 0.5 wt% U308 contents. Forthe
U308/2691 ash the activity loweringis substantial,and RTIn 1,(UO2.67) goes from
29.89 kJ/molat 5 wt % U30 8 contentto 41.30 kJ/molat 0.5 wt% U30 8 contents.The
change in RTIn y(UO2.6;,; is small, and we have some confidence that the 41.30
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kJ/molis at or closeto the level-offvalue. If we usethe RTIn1,(UO2.67) value of 41.30
kJ/molto extrapolateto lowerconcentrationsof U30 8 in 2691 ash, we find for example

at x(UO2.67) = 0.0001 (0.05 wt % U308) and 1323 K, that y(UO2.67) = 43, and
a(UO2.67) = 0.0043. For U30 8 inAsh 1 andAsh 2, runswere onlymadeon 0.5 wt %

' U308 contentsamples. The U30 8 activityloweringwas substantialin these materials,

and the RTIn7(UO2.67) valuesare probablyat or closeto the limitingvalues.

In run45, we ran a 1.7%UO2.67/2690 ash/salts/catalystsampleat 827 K and in
run 48, we ran a 1.7%UO2.67/1633a ash/salts/catalystsampleat 826 K, bothwith0.4
atm O2(g) and 0.6 atm H20(g ) present,and foundU pressurevaluesof 1 x 10-11 and
6 x 10-11 atm, respectively. We believethat these values are highand the resultof
dusttransportor contaminationduringhandlingof the collectortubes.

Volatilitiesof PuO3(g) and PuO2Lg.J::lJ2(g) fromPuO2(s) andfromPuO2_

The experimental data on the transpiration runs on 238PuO2(s), 238PuO2/ash
and 238PuO2/241AmO2/ash are summarized in Tables 12 and 13, and data on
239PuO2(s ) were given in an earlier report [10]. For convenience in illustrating the
data, we take the volatilization to occur entirely to PuO3(g). The volatilization reaction
and the associated equilibrium constant is then:

PuO2(s) + 1/2 O2(g) ---PuO3(g), (9)

K9= p(PuO3)/a(PuO2)P(O2)1/2.

We take the a(PuO2) for the PuO2(s) samples to be unity, and assume that it is also
approximately unity for the PuO2/ash samples. We then plot the data as a log p(Pu
total)/P(O2)l/2 versus 1/T plot (see Fig. 10), which would give a linear curve if the
assumptions and data are correct. A similar illustrative plot could have been
developed taking the total Pu species to be PuO2(OH)2(g), and the data would show
similar effects. The data show considerable problems that need to be discussed.

In the earlier work with 239PuO2(s) [10], because of the low levels of Pu
volatilized we found that the results were complicated by problems of: PuO2 dust
transport, collection of the volatilized samples on quartz wool plugs, cross-
contamination of collection samples between runs, and background contamination
from the glovebox environment during sample handling. We also believed that
sintering of the samples may have reduced the approach to equilibrium. In retrospect,
after seeing the current results with 238PuO2(s), sintering was not the main contributor
to the problem, but rather dust transport and sample contamination. We believe that in
runs 4, 6, 8 and 9 (see Fig. 10), dust transport was very pronounced because of the
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Table 12. Summary of Pu transpiration experiments on PuO2, PuO2/ash, and

PuO2/AmO2/ash samples.

run sample Tfurn 02 flow Arflow time Tbath H20
# (K) (cm3/mln) (cm3/min) (ntn) (oC) (grams) ,

46 3%238puO2/2691 1228 50.0 600 81.0 21.07

47 3%238 PUO2/2691 1330 50.0 600 81.0 22,10

52 3%238puO2/2691 1330 50.0 600 92.8 67.61

53 3%238puO2/2691 1279 50.0 870 92.9 93.14
54 3%238 PUO2/2691 1355 50.0 600 95.4 110.36

55 1,1%238puO2/2691/ 829 50.0 1110 85.6 51.29
salts/catalyst

63 0.6%238puO2/2691 1228 50.0 630 85.8 34.45

64 0.6%238puO2/2691 1280 50.0 600 85.8 34.61
65 0.6%238puO2/2691 1330 50.0 600 85.9 32.95

66 0.6%238puO2/2691 1179 50.0 600 85,8 32.21
67 0.6%238puO2/2691 1381 50.0 540 82.9 20.77

69 3%239puO2 ! 1228 50,0 600 82.7 22.81
0,06% 241AmO2/1633a

70 3%239puO2 / 1178 50.0 600 82.7 22.07
0.06% 241AmO211633a

71 3%239puO2 / 1279 50.0 600 82.6 22,77
0.06% 241AmO2/1633a

72 3%239 PuO2! 1329 50.0 600 82.7 23.23

0.06%241AmO2/1633a

73 238PUO2 824 50.0 900 82.6 30.09

74 238PuO2 1076 50.0 1030 82.7 37.30
75 238PuO2 1177 50.0 600 82.8 23,42

76 238puO2 1277 50.0 540 82.7 21.14

77 238PuO2 1327 50.0 600 82.7 25.32
78 238puO2 1325 50.0 600

79 238puO2 1327 25,0 24.9 840

80 238puO2 1326 12.5 37.5 1050

81 238puo 2 824 50.0 900 85.3 31.26
82 238puO2 1076 50.0 1010 82.7 39.24

83 238 PuO2 1176 50.0 600 82.7 24.02
84 238puO2 1277 50.0 590 82.7 25.92

85 238PuO2 1326 50.0 480 82.7 20.44

86 238puO2 1326 50.0 600

87 238puo 2 1326 25.0 24.9 890
88 238PuO2 1325 12.5 37.5 860

89 238puO2 824 50.0 600 82.7 23.18 '

90 238puO2 1176 50,0 480 82.7 20.17
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Table 13. Summary of Pu transpiration experiments on PuO2 ' PuOg/ash 'and PuO2/AmO2/as h samples.
run

" # _ P(O2) P(H20) Pu P(Pu total)
02 H20 Ar total (arm) (atm) (no) (atm)----------------,______,______

" _ _-_'--.--._--.__ ....._.._,.._.__46 1.239 1.170

2.409 0.515 0.485 0.0900 1.57x10.13
47 1.239 1.227 2.466 0.503 0.497 4.84 8.24X10.12
52 1.239 3.753 4.992 0.248 0.752 3.75 3.16X10.12
53 1.797 5.170 6.967 0.258 0.742 1.20 7.23X10.13
54 1.239 6.126 7.365 0.168 0.832 39.75 2.27x10.11
55 2.293 2.847 5.140 0.446 0.554 0.256 2.10x10.13
63 1.301 1.912 3.214 0.405 0.595 0.0765 1.00X10.13
64 1.239 1.921 3.160 0.392 0.608 0.238 3.16X10"13
65 1.239 1,829 3.068 0.404 0.596 1.148 1.57X10.12
66 1.239 1.788 3.027' 0.409 0.591 2.23 3.09X10.12
67 1.115 1.153 2.268 0.492 0.508 3.65 6.76x10"12
69 1.239 1.266 2.505 0.495 0.505 <.0034 <5.7X10.15
70 1.239 1.225 (2.6 pg Am,P(Amtotal),, 4.31x10.15)

2.464 0.503 0.497 2.20 3.74x10.12
71 1.239 1.264 (64 PgAm,P(Amtotal),, 1.08x10-13)

2.503 0.495 0.505 7.59 1.27x10-11
72 1.239 1.290 (176 pg Am,p(Amtotal)= 2.92x10-13)

2.529 0.490 0.510 0.31 13
73 1.859 1.670 (8.4 pg Am,p(Am total), 1.38x10-14) 5.13x10-

3.529 0.527 0.473 4.05 4.82x10.1274 2.128 2.071 4.199 0.507
75 1.239 1.300 0.493 0.0076 7.65x10.15

2.539 0.488 0.512 0.163 2.69x10.1376 1.115 1.173 2.288 0.487
77 1.239 1.406 0.513 0.0082 1.50x10.14
78 1.239 2.645 0.469 0.531 0.0348 5.52x10.1479 0.868 1.239 1.000

80 0.542 0.864 1.732 0.501 0.0313 1.06x10.13

81 1.859 1.735 1.627 2.169 0.250 0.0006 1.52x10.15
0.0035 6.83x10.15

3.594 0.517 0.483 0.0895 1.05x10-13
82 2.086 2.178 4.264 0.489 0.51/ 0.0076 7.49x10-15
83 1.239 1.333 2.572 0.482 0.518 1.92 3.14x10"1284 1.219 1.439 2.658 0.459
85 0.991 1.135 0.541 0.0003 4.90x10.16
86 1.239 2.126 0.466 0.534 0.0159 3.14x10-1487 0.919 1.239 1.000
88 0.444 0.916 1.835 0.501 0.0022 7.42x10.15

89 1.239 1.287 1.332 1.776 0.250 0.0007 1.65x1O"15
0.173 4.08x10-13

2.526 0.491 0.509 <.0006 <9x10-16
90 0.991 1 120 2.111 0.470 0.530 0.0004 8.11x10.16

m.,,,,...-.-_
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very fine 239PuO2(s) materialused,and the highgas flow rates. In runs 19, 20, and
21, the material showed considerablesintering,and in spite of high gas flow rates
(500 cm3/min) and withoutthe use of a dust filter,the apparentvolatilitywas downto
that observedfor the 550°C run (run 11). Usinga newsample material,239puO2/2%
241AMO2, highervolatilitieswere observedwhenthe samplewas groundin a mortar
and pestle priorto the runs (see runs 33, 36, and 44 in Fig. 10), then ifa samplewas
reheated after a previoushightemperaturerun (runs23, 24, 25, 28, 32, 34, and 37).
We can concludeforthese previousmeasurements,that becauseof problemsof dust
transportand samplecontamination,the total Pu volatilitylies below3 x 10-11 atm at
0.1 atm H20 pressure,0.9 atm 0 2 pressureand 1415 K (see run29 in ref. [10]).

We discussnextthe 238PuO2(s) experiments,even thoughthese followedthe
PuO2/ashexperiments. We madea numberof experimentalimprovementsto avoidor
reducethe problemsencounteredin the earlierwork[10]. 238Pu was usedforgreater
sensitivityof detection. Temperatureswere kept below 1330 K to avoid extensive
sintering. A collectiontube was used insteadof quartz wool for sample collection.
Quartz woolwas placed insideof the collectiontube to facilitatecondensationin runs
73-77, butnot in the balance of the runs. No differencein resultswas noted. Solvent
was added to only the insideof the collectiontubes to leach out the Pu deposit for
analysis,thus avoidingany contaminationpickedup on the outsideof the tubes. The
238puo 2 samplewas groundin a mortarand pestlebeforethe firstrun,butno further
grindingwas used on succeedingruns. Usingalphacountingfor 238Pu analysis,we
foundthatthe Puvolatilitieswere somewhathigherthan forthe 3%238PUO2/2691 ash
samples. However,a check on alpha peaks usingpulseheightanalysisshowedthat
the alphacountscame primarilyfroma 4.75 MeV peakcorrespondingto either234U,
237Np or 233U. A thin filmsamplewas preparedby hotfilamentevaporationonto a
planchetand analyzed by pulseheightanalysisfor finestructureand showedthat the
4.75 MeV peak was essentiallyall 234U. These pulseheightanalysis resultson the
238puO2(s ) runscontrastedto the earlier3%238PUO2/2691 ash runswhere we had
found nearly all of the alpha counts to originate from 238Pu. We proceeded to
reanalyze all of the 238Pu runs (includingthe ash runs) by pulse heightanalysisto
obtain both 238Pu and 234U values. The 238pu values were corrected to total Pu
based on the isotopicmix, and resultsare given in Table 13. The amountsof 234U
foundare given in Table 14.

Analyzingthe resultsof the 238puO2(s) runs,we find a highPu volatilityvalue
for run 73 at 824 K, where the sample had been ground prior to the heating. We
attribute this to PuO2 dust transport. In runs 81 and 89, also at 824 K, we find
successively lower values for Pu volatility, indicating successively lowervalues of dust
transport. The Pu volatility results for runs 81 (p(Pu total) -- 1.05 x 10-13 atm) and 89
(p(Pu total) = <9 x 10-16 atm) fairly well bracket the observed volatilities at the higher
temperatures. This indicates that even the higher temperature volatilities result from

' dust transport. There is one particularly spurious point for run 83 at 1176, that gives a
high volatility value, but is not born out by data at higher temperatures. At the highest
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Table 14. Summary of 234 U volatll
on 238PUO2 and 238PuO_/ash Ity data from transpiration experlmenressures z samples, ts
_,.._ are shown for cam Calculated values of 234

"'"uo2.67 Is In Id.al solution Par21_p:_;ed on th. assumption that 3.3U

measured calculated
run T gas P(02) P(H20) 234U p(U tot) p(U tot)
# (K) (rnol) (atm) (atm) (_g) (atm) (atm)

3%238puo2/2691 : "-"---'----_'-,__,_,__

46 1228 2.409 0.515 0.485 0.036 6,39x10-11 2.42x10.10
47 1330 2.468 0.503 0,497 0.58 9'70x10"10 3.14x10-9
52 1330 4.992 0.248 0.752 1.1 9'42x10"10 3,3ix10"9
53 1279 6.967 0.258 0.742 6.8 4,17x10. 9 9.91x10.10
54 1355 7.365 0.168 0.832 2.2 1'28x10"9 5.77x10"9
1.1% 238 Pu 02/2691/sa Its/cat a lyst:

55 829 5.140 0.446 0.554 n.d.

0'6%238puo2/2691:

63 1228 3.214 0.405 0.595 0.02 2,66x10-11 2.64x10-10
64 1280 3.160 0.392 0.608 0,13 1'76x10"10 9.74x10-10
65 1330 3.068 0.404 0.596 0.25 3'48x10"10 3.25x10-966 1179 3.027 0.409 0,591 n.d.

67 1381 2.268 0.492 0.508 0.36 6.78x10.10 7.41x10-11
236puo2: 1.05x10-8

73 824 3.529 0.527 0,473 n.d,

74 1076 4,199 0.507 0.493 n.d. 3,71x10"12
75 1177 2,539 0.488 0.512 0.045 7.57x10-11 6.50x 10-11
76 1277 2.288 0.487 0.513 3.2 5.98x10. 9 8.59x10 "10
77 1327 2.645 0.469 0.531 1.5 2.42x 10-9 2.96x 10-9
78 1325 1.239 1.000 6.0 2'07x10"8 1.94x10-9
79 1327 1.732 0.501 9.0 2'22x10"8 1.83x10-9
80 1326 2,169 0.250 12.3 2.42x10. 8
81 824 3.594 0.517 0,483 n.d. 1.59x10-9

82 1076 4.264 0.489 0.511 n.d. 3.81x10.12
83 1176 2.572 0,482 0.518 0.087 1.45x10-10 6.37x10-11
84 1277 2.658 0.459 0.541 1,6 2.57x10. 9 8.74x10.10
85 1326 2.126 0.466 0.534 8.0 1'61x10"8 2.91x10-9
86 1326 1.239 1.000 1.8 6'2 lx 10"9 2,00x 10-9
87 1326 1.835 0.501 5.4 1'26x10"8 1.78x10-9
88 1325 1.776 0.250 4,6 1.1lx 10-8
89 824 2.526 0.491 0.509 n.d. 1.54x10-9

90 1176 2,111 0,470 0.530 0.45 9.11x10.10 6.45x10.11
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temperature,1326 K, we found the Pu volatilityvalues to be in the range of 2 x 10"15
to 4 x 10-13 atm, with noobviousdependenceon H20(g ) or O2(g) pressures. We are
unable to makea positiveidentificationof the amountsof PuO3(g) and PuO2(OH)2(g)
under thesevery lowvolatilityconditionsbecauseof the dustproblem,but we can set
maximaof 1 x 10-13 atm each for PuO3(g) and PuO2(OH)2(g) at pressuresof 0.5 atmI

each of H20(g ) andO2(g) and 1326 K.

. We need to evaluate the presenceof 234U in the collectedsamplesfrom the
238puO2 runs for any additionalinformationit may yield, in the runs at temperatures
of 824-1076, littleor no 234U was found in the collected samples (see Table 14),
indicatinglittleor no change from the original238PUO2 sample material, and hence
indicatingdust transport. At higher temperatures,increasingamountsof 234U are
foundwithincreasingtemperature,IndicatingU volatilityaccompanyingdust transport.
We can do a roughcheckon the U volatility.Valuesare obtainedfor p(U tot) based on
the measured 234U amounts (see Table 14). We can also calculate U volatilities
based on takingUO2.67 beingpresentas an idealsolutionin PuO2 withan activityof
0.033 correspondingto the 234U content. Using the thermodynamicdata generated
for UO3(g) and UO2(OH)2(g)in this report,we calculatethe p(U tot) valuesshown in
Table 14. We find a roughagreementbetweenthe measuredandcalculated,withthe
measuredvaluesgenerallyhigherthan the calculatedvalues.

Pu volatilityresultsforthe PuO2/ashsamplesare alsoIllustratedin Fig. 10. The
same improvedtechniqueswere appliedin the PuO2/ash experimentsas described
above for the 238PUO2 experiments,except silica glass woolwas used in all of the
collectiontubes, and samples were all ground in a mortar and pestle prior to each
heating. The grinding was done to provide a large sample area to assure
equilibration. Examinationof the data showsPu volatilityvalues that exceed those
over pure 238PuO2(s ). This is not reasonable. Pu volatilitieswould be reducedif
PuO2 interactedwith the ashto give a loweredactivity. Here again we mustattribute
the observedvolatilitiesas resultingfrom dusttransport. Run 73 for 238puO2(s) and
run 55 for the 1.1%238puO2/2691/salts/catalyst mixturethat had both been ground
were runat ~825 K give Pu volatilityvaluesthat shouldbe indicativeof dusttransport.
These values do roughlybracketthe observed higher temperaturevolatilitiesof the
PuO2/ash samples. Interestingly,the highertemperaturedata do showa trend of Pu
volatilitywith temperature for the 238PuO2/ash samples. However, the trend also
follows the sequence of the beatings, the runs were made starting with lower
temperatures and going to higher temperatures. The increased grinding with
subsequentrunscould have increasedthe amountof dust transport. The amountsof
volatilized 234U in the 238puO2/ash runs were about an order of magnitudelower
than with the 238PuO2(s) runs (see Table 14), thus indicatingan interactionof the U

' withthe ash as was found in our U308/2691 ash experiments. The Pu volatilitydata
for the 3%239puO2/0.06%241AmO2/1633a runs are also consistent with dust

. transport. Fromthese data on PuvolatilitiesfromPuO2/ash, it is notpossibleto obtain
any informationon PuO2 activityloweringfromash interactions.
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From the maximum values set above for p(PuO3) and p(PuO2(OH) 2) from
PuO2(s ) at 1326 K with 0.5 atm each of H20(g) and O2(g), we can set up
thermodynamicdata to extendthese maximumpressurevalues to othertemperatures.
The two volatilityreactionsare givenby equation(9) aboveand

PuO2(s) + 1/2 O2(g) + H20(g)= PuO2(OH)2(g), (10) '

K10 = p(PuO2(OH)2)/a(PuO2)P(O2)1/2p(H20)' .

Taking the activity of PuO2(s) as 1, we calculateK9 = 1.414 x 10"13 atm1/2 and

AG°r,1326=326.19 kJ/mol. Similarly for reaction (10), we calculate K10

= 2.828 x 10 -13 atm-1/2 andAG°r,1326 = 318.55 kJ/mol. Free energyfunctionsfor
PuO3(g) and PuO2(OH)2(g) are obtainedby the molecularconstantmethod.We use
the same molecularconstantsas for UO3(g) and UO2(OH)2(g) exceptfor taking the
mass of Pu as 239, and using ground state multiplicitiesof 9 for both PuO3(g) and
PuO2(OH)2(g) resultingfromthe two unpairedf electrons. Thesefree energyfunction
values are summarizedin Table 6. Thermodynamicdata for PuO2(s) are taken from
Cordfunkeetal. [22] and for O2(g) and H2Ofrom JANAF [21]. From these

data we obtain -(AG o1326 "AH°298)/T = 142.29 J/moI-Kfor reaction(9) and 53.49

J/moI-K for reaction (10). Combiningwith the AG°r,1326 values above, we obtain

AH°r,298 = 514.86 kJ/mol for reaction (9) and AH°r,298 = 389.48 kJ/mol for reaction
(10). From the AH°f,298 values for PuO2(s) given by Cordfunke,et al. [22] and for
H20(g ) given inthe JANAFtables[21], the minimumAH°f,298 valuesfor PuO3(g) and
PuO2(OH)2(g) are calculatedto be -540,94 kJ/moland -908.15 kJ/mol,respectively.

The AH°r,298 values for reactions(9) and (10) can now be combinedwith the
appropriatefree energy functionsto calculatemaximumPuO3(g) and PuO2(OH)2(g)

pressures at various temperatures. -(AG°T- AH°298)/T values as a function of
temperature are summarized in Table 10 for reactions (9) and (10). Calculated
maximumvalues of PuO3(g) and PuO2(OH)2(g) pressuresabove PuO2(s) at 0.1 atm
each of O2(g) and H20(g ) pressureare shownas a functionof temperaturein Fig.7.

VoJatilitlesof ArnO3(o) andAmO2_2(_o) fromPuO2_/ash."

In analyzingthe Am volatilitydata from PuO2/AmO2/ash (see Tables 12 and
13), we find that we have the same dust transport problem because the
3%239PuO2/0.06%241AmO2/1633a material used is the same as used for Pu
volatilitytests. In run72 at 1329 K (the highesttemperaturerun), the Am pressurewas
foundto be 1.38 x 10"14 atm. The ratioof Am/Pu inthe collectedsamplefor this runis
0.027 comparedwith0.021 in the originalmaterial,whichindicatesa 29% enrichment
in Am whichcouldbe attributedto volatilization.Taking29% of 1.38 x 10"14 atmvalue
as the volatilizedportion,gives 4.0 x 10"15 atmfor the totalAm pressure.As a rough
check on this, if we assume that AmO3(g) and AmO2(OH)2(g) volatilities above
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AmO2(s) are the same as PuO3(g) and PuO2(OH)2(g) volatilltlesabove PuO2(s), and
that AmO2(s) forms an idealsolutionin the PuO2(s) withoutinteractingwith the ash.
Using the maximumvalues of 1 x 10"13 atm each of PuO3(g) and PuO2(OH)2(g) at
1326 K gives for 0.021 molefractionAmO2, 2 x 10"13 x 0.021 = 4.2 x 10"15 atm as a
maximum for the total pressure of Am species. The volatilities seem to be in
agreementalthoughuncertaintiesare very high.

, For purposesof a bestestimatefor calculatingmaximumAm volatilities,we will
take maximumAmO3(g)andAmO2(OH)2(g)volatilitlesaboveAmO2(s)to be the same
as that of maximumPuO3(g) and PuO2(OH)2(g) volatilitlesabove PuO2(s). AmO2(s)
will be assumedto form an ideal solutionin PuO2(s) so that the Am volatilitieswillbe
reducedin proportionto the AmO2(s) contentin PuO2(s). The volatilityreactionsand
equilibriumconstantexpressionsare:

AmO2(s.s.). 1/2 O2(g)= AmO3(g), (11)

K11 = p(AmO3)/a(AmO2)P(O2)1/2

AmO2(s.s.). 1/2 O2(g). H20(g)= AmO2(OH)2(g), (12)

K12 = p(AmO2(OH)2)/a(AmO2)p(O2)1/2p(H20).

Taking the activityof AmO2(s.s.) as 1, we calculateK11 = 1.414 x 10"13 atm1/2 and

AG°r,1326 = 326.19 kJ/mol. Similarlyfor reaction(12), we calculate K12 = 2.828 x
10-13 atm"1/2 and AG°r,1326 = 318.55 kJ/mol. Free energy functionsfor AmO3(g)

and AmO2(OH)2(g) are obtainedby the molecularconstantmethod.We use the same
molecularconstantsas for UO3(g) and UO2(OH)2(g) exceptfortakingthe massof Am
as 241, and using ground state multiplicities of 11 for both AmO3(g) and
AmO2(OH)2(g ). These free energy function values are summarized in Table 6.
Thermodynamicdata for AmO2(s) are taken from Cordfunkeet al. [22] and for O2(g)

and H20 from JANAF [21]. From these data we obtain -(_G°1326 - _H°298)/T =
145.75 J/moI-Kfor reaction(11) and 56.94 J/moI-K for reaction(12). Combiningwith

the ,_G°r,1326valuesabove, we obtainAH°r,298 = 519.45 kJ/molfor reaction(11) and

AH°r,298 = 394.05 kJ/mol for reaction(12). From the ,_H°f,298 values for AmO2(s)
given by Cordfunke,et al. [22] and for H20(g ) given in the JANAF tables [21], the

minimum _H°f,298 values for AmO3(g) and AmO2(OH)2(g) are calculatedto be
-412.75 kJ/moland -779.98 kJ/mol, respectively.These minimum,_H°f,298 valuesare

given in Table 15 along with the minimum AH°f,298 values for PuO3(g ) and

. PuO2(OH)2(g) and the AH°f,298 values for UO3(g) and UO2(OH)2(g).
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Table 15. Enthalples of formation for UO3(g), PuO3(g), AmO3(g),
UO2(OH)2(g), PuO2(OH)2(g), and AmO2(OH)2 (g)"

AH°f,298
species (kJ/mol)

-788.21 ± 7.0
UO3(g) .540.94"
PuO3(g) .412.75"
AmO3(g) -1151.61:1:7.5
UO2(OH)2(g) -908.15"
PuO2(OH)2(g) -779.88*
AmO2(OH)2(g)

*Minimum values
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The AH°r,298 values for reactions(11) and (12) can now be combinedwith the
appropriatefree energyfunctionsto calculatemaximumAmO3(g) and AmO2(OH)2(g)
pressures at various temperatures. -(AG°T- AH°298)/T values as a function of
temperature are summarized in Table 10 for reactions (11) and (12). Calculated
maximumvaluesof AmO3(g) and AmO2(OH)2(g) pressuresabovea 1000 ppmAmO2
solidsolutionin PuO2(s) at 0.1 atm each of O2(g) and H20(g ) pressureare shownas
a functionof temperaturein Fig.7.

Thermochemical Modeling Study of Interactions of Uranium, Plutonium,
and Americium Oxides with Incinerator Ash and its Constituents

Interactionsof Actinideswith Oxides:

We have observedthat additionsof Na20 and CaO to ash will loweruranium
volatility. The decrease in volatilityis a resultof the interactionsof the uraniumoxides
withthe alkali,groupI, and alkalineearth,group II, oxide constituentsinthe ash. The
other primary constituentsof the ash, SiO2, AI20 3, and Fe20 3, seem to interact
weaklyor not at all with the uraniumoxides.No data are availablethat wouldsuggest
how Pu and Am oxides wouldinteract with ash materials. However,there are some
data which indicatehow U oxides would i_ract with ash materials.

The known phase equilibria for the systems SiO2-UO2 [23], UO2-AI203 [24],
and UO2-Fe304 [25] show that no intermediate phases are formed and that little or no
solid solubility is observed. Thus, U in the form of UO2(s) would not be expected to
react with the primary ash constituents. However, U in incinerator environments would
normally be expected to oxidize to U308(s ) which seems to behave differently than
UO2(s). Schreiber [26] has shown that the +5 and +6 oxidation states of U are more
soluble than the +4 in aluminosilicate melts. Thus, the interaction of U308(s) with
aluminosilicates is greater than the interaction of UO2(s). Schreiber [26] has found that
glasses of the compositions 55.7 wt% SiO2, 17 wt% A1203, 16.4 wt% CaO, 7.4 wt%
MgO, and 3.5 wt% Na20 and 61.4 wt% SiO2 17.6 wt% AI20 3, 9.5 wt% CaO, 4.5 wt%
MgO, and 7.1 wt% Na20 will dissolve up to 15 wt% U308 at 1250°C under oxidizing
conditions, but under reducing conditions the same glasses can dissolve only 4 to 5
wt% UO2. In addition, Schreiber's results indicate that greater U30 8 solubility is
observed in glasses which contain Na20. Under oxidizing conditions an
aluminosilicate of the composition 51.6 wt% SiO2, 2.3 wt% AI20 3, 19.2 wt% MgO,
26.9 wt% CaO can dissolve only about 8.5 wt% U30 8 at 1500°C, which is
considerably less than Schreiber's other aluminosilicate melts which had 15 wt%
U30 8 solubility at 1250°C. The greater the U30 8 solubility, the stronger the
interaction of uranium with the glass. Hence, the addition of Na20 seems to increase
the strength of the interaction of uranium with the glass which is consistent with what
we have observed in our volatility measurements. Schreiber's results [26] also show
that for an aluminosilicate melt at 1500°C about 30% of the U is in the +6 state, about
65% is in the +5 state, and about 5% is in the +4 state. Thus, the overall oxidation
state of U in the glass is +5.25 which is nearly the same as the oxidation state of +5.33
in U308(_J This is also consistent with the uranium in ash volatility data herein. The
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plotsin Figs. 8 and 9 seem to showthat the volatilityof U in ash has the same O2(g)
and H20(g ) pressuredependenceas U308(s ). Thus, the oxidationstate of U in the
ashesis aboutthe sameas U in U3Os(s).

The ashes we used in the actinidevolatilityexperimentsalso containedsome
TiO2, butthe amountswere too small to ascertainif largeramountswould helptie up
the actinidesand, consequently,lower the actinidevolatility. Some data exitswhich
suggeststhat additionsof TiO2 may be helpful.Vance, et al. [27] have shownthat
uraniumcontainingglassesof the composition6.6 mol% Na20, 5.1 mol%AI203, 16.5
mol%CaO, 14.8 mol%TiO2, and 57.0 mol%SiO2 with 0.1 to 2.0 mol% U substituted
for Ca willtie up the U inthe phaseCaUTi207+y. Abrajano,et al. [28] foundthat a U-
Ti-O phase formedina glassof the composition45.8 wt% SiO2, 13.2wt% Fe203, 10.8
wt% B203, 9.6 wt% Na20, 5.4 wt% AI203, 4.1 wt% Li20, 4.1 wt% MnO2, 1.5 wt% NiO,
1.4 wt% MgO, 1.0 wt% CaO, 1.0 wt% U30 8, 0.7 wt% TiO2, and othertrace elements
totaling1.0 wt%. Also,varioustitanatessuch as used in the SYNROC waste form
process are known to incorporateactinides into their structures[29]. Perovskite,
CaTiO3, is knownto incorporate+3 actinidesandzirconolite,CaZrTi207, is knownto
incorporate+4 actinides. The resultingmixed oxides are knownto have very low
leachability which suggests that the actinides are held tightly in these materials.
However, it is known that uraniumoxide in the form of UO2(s) will not react with
TiO2(s) [30] whichindicatesa very weak interactionbetweenthe two oxides.Similarly,
the interactionof U308(s ) with TiO2(s) is expected to be weak unlessgroup I or II
oxidesare also present.

Sincethe groupI and II oxidesseemto be the onlyoxideswhichbythemselves
interactstronglywith the actinideoxides,we have appliedthermochemicalmodeling
only to these oxides. In order to calculate stabilitiesof these mixed oxides and
activitiesof actinideoxidesin these mixedoxides,the formationenthalpies,AH°f,298,
the entropies, S°298, and heat capacities, Cp, are needed. However, limited
thermodynamicdata are availablefor mixedactinideoxides,especiallythe Pu andAm

mixedoxides. Therefore, thermodynamicestimatesprimarilyfor the AH°f,298 values
are needed where data are lacking. In thisstudy,existingthermodynamiccorrelations

have been revised in an effort to betterestimate AH°f,298 values of mixed actinide
oxidesfor whichdata are lacking.UsingestimatedAH°f,298 values,which agree well
withexperimentalvalues in mostcases, the stabilityand activityof the actinideoxides
in variousmixedoxideequilibriaare then calculated. The relativeeffectivenessof the
group I and II oxidesas additivesare thengeneralized.

FormationEneravof MixedOxides- Correlations:

The actinideoxides react with manyof the group I and II oxidesto form stable
mixedoxides. Muchof the availabledata on reactionsof thistype are summarizedby
Morss [31]. U, Pu, and Am are expectedto oxidizeto U30 8, PuO2, and AmO2 in
incineratorenvironments. Respectively,the oxidationstates of U, Pu, and Am are
+5.33, +4, and +4. Ingeneral,the oxidationstateof the actinidesin the oxidewilldiffer
from that in the mixedoxides.For example,Morss[31] has shownthat each of these
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actinidestend to form mixedoxidesin the +6 and +5 state, although,Pu and Am are
also knownto form mixedoxides in the +4 state. The discussionherein is limitedto
the +6 actinidesin mixedactinideoxidessince moreexperimentaldata are available
on these types of mixed oxides. In addition, incineratorenvironmentsare typically
oxidizingenoughsuchthat +6 actinidemixedoxidesare expectedto be important.

Tardy and Garrels[32-34] have shownthat the Gibbsformationenergyfromthe
constituentoxides is proportionalto the difference in a parameterwhichthey identify

• as AO2"M. Thus, fora reactionof the type

aAOx + bBOy= AaBbOax+by, (19)

the free energyof formationfromthe constituentoxidesisgivenby

&G°r,298 = K[AO2-A- AO2-B]. (20)

The AO2"M parameteris definedas

AO2"M= l/z [&G°f,298(aOz(s)) - _G°f,298(a2Z+(aq))], (21)

where AG°f,298(MOz(s)) is the Gibbs formationenergy of the constituentoxideand

AG°f,298(M2Z+(aq)) isthe Gibbsformationenergyof the aqueousmetallicion. Initially
we used Tardy and Garrels' methodto estimateGibbs formation energies of mixed
oxides [8]. This correlationwas adequate to make roughestimatesof the formation
energiesof the mixed oxides,but a correlationwhich better fit the experimentaldata
was desired•

Morssand Mensi [35] showthat the formationenthalpiesof ABO3 perovskites
from the constituentoxidescorrelatewell with the Goldschmidttolerance factor [36].
Thus, fora reaction of the type

AO(s) + BO2(s) = ABO3(s), (22)

the AH°r,298 values fit the equation

_H°r,298 = K (rAO)/[21/2rBO] + C, (23)

where rAO and rBO are the nearest neighbor bond distances in the constituent oxides.
Goudiakas, et al. [37] have used this correlation with good success to include
additional thermodynamic data on ABO3 perovskites.

Although the two correlations appear quite different, they are actually quite
similar. For Tardy and Garrels' method the free energy of formation is used and for
Morss and Mensi's method the enthalpy of formation is used. For reactions from the

• oxides to form mixed oxides as in eqns (19) and (22), the change in entropy and the
change in heat capacity are expected to be small. Thus, to a good approximation

5]



AG°r,T = AH°r,T. (24)

In otherwords,AH°r,298 andAG°r,298 are interchangeablein eqns (20) and (23).

Fuger[38] has shownthat

AH°f,298(MOz(s))- AH°f,298(MO2Z+(aq))= CM/rMO + C. (25)

This correlationis valuable for estimatingthe AH°f,298 values for oxides when the

AH°f,298 valuesfor the aqueousionsare known. If the AH°f,298 termsin eqn (25) are
replacedwithAG°f,298 terms,theneqn (25) can be substitutedintoeqns (20) and (21)
to yield

&H°r,298= CA/rAO+ CB/rBO+ C. (26)

This correlationis similarto that givenby Morssand Mensi [35] inthe respectthat the
&H°r,298 valuesare proportionalto l/rBO.

For eqn (19) the AH°r,298 value is also givenby

AH°r,298 = aAULE(AOx)+ b&ULE(BOy)- AULE(AaBbOax+by), (27)

where AULE is the latticeenergyof the constituentoxide or mixed oxide. For ionic
compounds,the latticeenergyrepresentsa reactionof thetype

aOz(s) = a2Z+(g) + z O2-(g), (28)

and is givenby the Bornlatticeenergyequation

&ULE(MOz) = A (1 - 1/nMo)/rMO. (29)

Since oxides are partly ionic in character, it might be expected that the AH°r,298
valuescouldbe fittedto a relationshipof the form

AH°r,298= CA(1 - l/nAo)/rAO + CB(1 - l/nBo)/rBO + C, (30)
k

where nAO and nBO are the Born repulsion terms which appear in the Born lattice
energy equation rAO and rBO are the nearest neighbor bond distances in the mixed
oxide. Eqn (30) and eqn (26) differ only by the Born repulsion terms.

Upon fitting data on a number of mixed oxide systems using eqns (20), (23),
(26), and (30), we found that eqn (30) most accurately fits the experimental data. We

therefore select the form of eqn (30) for calculating AH°r,298 values for group I and II
mixed oxides with the +6 actinides.
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In addition to relating formation energies to the nearest neighbor bond
distances in the constituentoxides, a relationshipwhich relates mixed oxides of
differentstoichiometriesis needed. Many binary oxide systems form several mixed
oxides. In the SrO-UO3 system, for example, at least 5 different mixed oxides are
known, Sr3UO6, Sr2UO5, SrU04, Sr2U3011, and SRU4013 [40]. Tardy [34] has

' proposeda method to relate the Gibbs formation energies of mixedoxides of different
stoichiometry. For reactions of the type in eqn (19), Tardy proposes that the Gibbs free

• energies of formation for different stoichiometries are related by

AG°r,298 = K [axby/(ax + by)]. (31)

In the denominator, Tardy uses the total number of oxygen atoms in the mixed oxide
per formula unit. In order for the relationship to be independent of the way the formula
is written, the total number of atoms, which includes the metal atoms, in the mixed
oxide formula unit should be used in the denominator. Making this adjustment and
using the relationship in eqn (24) we obtain

&H°r,298= K [axby/[a(1+ x)+ b(1 + y)]]. (32)

The complete expression for calculating AH°r,298 = values as based on eqns (30)
and (32) is given later in this report.

Formation EnthalDiesfor NDO_(s). andAmO3L_:

In order to calculate AH°f,298 values for the Pu and Am mixed oxides in the +6

valence state, estimates of the AH°f,298 values for PuO3(s) and AmO3(s) are needed.
The AH°f,298 value for NpO3(s) is also calculated so that available formation data for
+6 Np mixed oxides can be included in the mixed oxide formation energy correlation.

Using a modified form of Fuger's correlation [38],

,_H°f,298(MO3(s))- z_H°f,298(MO22+(aq))=
A[(1 - 1/nMo)/rMO] + C, (33)

the AH°f,298 values for NpO3(s), PuO3(s) and AmO3(s) can be estimated. Taking the

AH°f,298(MO22+(aq)) for WO22+(aq) and MoO22+(aq) from Dellien, et al. [41], the
AH°f,298(MO22+(aq)) for UO22+(aq) and the _H°f,298(MO3(s)) value for UO3(s) from

Grenthe, et al. [40], the _H°f,298(MO3(s)) values for MoO3(s) and WO3(s) from the
JANAF tables [21], and the rMO and nMO values given in Table 16 gives A = -1040.86

nm-kJ/mol and C = 4613.27 kJ/mol for eqn (33). Using the AH°f,298(MO22+(aq))
• values for NpO22+(aq), PuO22+(aq), and AmO22+(aq) from Fuger [38], the

. AH°f,298(MO3(s)) values for NpO3(s), PuO3(s), and AmO3(s) are calculated to be
-1052.8 kJ/mol, -995.4 kJ/moi, and -809.5 kJ/mol, respectively.
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Table 16. Nearest neighbor bond distances, rMO, for coordination
number of 6, the Born repulsion term, nMO, and the factor sMO used In
eqns (20) and (22).

sMO = (1 - 1/nMo)/rM 0

oxide rMO nMO sMO
(nm) (nm"1) '

+1:
Li20 0.20003 4.75 3.9468
Na20 0.24023 7 3.5680
K20 0.27868 8 3.1398
Rb20 0.29180 8.75 3.0353
Cs20 0.29155 9.5 3.0689

+2:
BeO 0.18609 4.75 4.2424
MgO 0.21060 7 4.0700
CaO 0.24054 8 3.6376
SrO 0.25795 8.75 3.4337
BaO 0.27610 9.5 3.2406

+6:
AmO3 0.21024 10 4.2808
PuO3 0.21098 10 4.2658
NpO3 0.21189 10 4.2475
UO3 0.21251 10 4.2351
WO3 0.19207 9.5 4.6584
MoO3 0.18969 8.75 4.6693
CrO3 0.16587 8 5.2752
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Additionally,the AH°f,298 valuesfor NpO3(s) and PuO3(s) can be estimatedby
assumingthat

&H°f,298(iO3) - _H°f,298(UO3)=

, AHOf,298(aAOx.MO3)-AH°f,298(aAOx.UO3). (34)

. Morss, et al. [39] used this relationshipto estimate ,_H°f,298 = -1076 :!:6 kJ/molfor
NpO3(s). The differencein formationenergyof a numberof +6 mixedactinideoxides
are given inTable 17. The averagedifferencebetween+6 Np mixedoxidesand +6 U
mixedoxides is 139.6:1:10.5 kJ/moland the averagedifferencebetween +6 Pu mixed
oxides and +6 U mixedoxides is 228.9 :!:14.6 kJ/mol. From these differencesand

from the AH°f,298 value for UO3(s) from Grenthe,et al. [40], the AH°f,298 values for
NpO3(s) and PuO3(s) are calculatedto be -1084.2:1:10.5 kJ/moland -994.8 :t:14.6
kJ/mol,respectively.

For NpO3(s) we take the average of the two estimatedvalue.==while weighting

the secondvalue twiceto give a AH°f,298 value of -1073.7 :t:22 kJ/mol. For PuO3(s)

we average the two estimatedvaluesto give a AH°f,298 value of -995.1 + 11 kJ/mol.
For AmO3(s) we have only one estimate, -809.5 + 25 kJ/mol. These formation

enthalpiesare given in Table 18 alongwith AH°f,298 values for other relevantoxides
[22,40,43,44].

CalculatedFormationEnthaloiesfor MixedActinideOxides:

Fora reactionof the type

aAOx + bBOy= aAOx.bBOy, (35)

where A is a group I or groupII metaland B is a + 6 cation,the enthalpiesof reaction
are best fit by an equationwhich combines the forms given in eqns (30) and (32) to
yield

AHOr,298= Dab[CASAO+ CBSBO+ Cab], (36)

where

sMO- (1 - l/nMo)/rMO, (37)

Dab = axby/[a(1 + x) + b(1 + y)], (38)

and

Cab = A[ax/(ax + by)] + B[by/(ax + by)]. (39)
o
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Table 17. Enthalples of formation of + 6 neptunium and plutonium mixed
oxides minus enthalples of formation of +6 uranium mixed oxides.

aAOz.UO3(s) . M(s)= aAOz.MO3(s). U(s)

M = Np M = Pu '

compound &H°r,298 &H°r,298
(kJ/mol) (kJ/mol) .

UO3.H20(s) 154.4
UO3(NO3)2.6H20(s ) 159.0
Cs2UO4CI2(s) 148.1
Ba2MgUO6(s) 149.0 250.6
Ba2CaUO6(s) 136.4 228.0
Ba2SrUO6(s) 134.7 233.5
Sr3UO6(s) 136.4 219.7
Ba3UO6(s) 124.7 213.0
Li2UO4(s) 133.9
Na2UO4(s) 137.2
K2UO4(s) 126.8
Cs2UO4(s) 132.2
Na4UO5(s) 141.8

Ave. 139.6 + 10.5 228.9 + 14.6

Data on uraniumcompoundsare from ref. [25].
Data on neptuniume_ldplutoniumcompoundsare fromref. [32,33,41].
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Table 18. Standard enthalples of formation of relevant oxides.

&H°f,298
oxide (kJ/mol)

U02(s) -1085.0 + 1.0a
U02.6667(s) -1191.6 ± 0.8a
UO3(s) • -1223.8 + 1.2a

NpO2(s) -1074.0 + 2.5b
NpO3(s) -1073.7 ¢ 22b

PuO2(s) -1056.2 ± 0.7b
PuO3(s) -995.1 ¢ 1lC

AmO2(s) -932.2 ¢ 2.7b
AmO3(s) -809.5 ± 25c

Li20(s) -597.9 ± 0.3d
Na20(s ) -417.1 ± 4.2d
K20(s) -362.3 ± 2.5d
Rb20(s) -338.9 ± 13.3d
Cs20(s) -346.0 ¢ 0.8d

MgO(s) -601.2 ± 0.6e
CaO(s) -635.1 ± 0.9e
SrO(s) -592.0 ¢ 3.3e
BaO(s) -548.1 ± 2.1e

a from ref [25]
b fromref [11]
c estimatedintext
d from ref [30]
e from ref [31]
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rMO is calculatedfrom the tables givenby Zi_tkowski[42] assuminga coordination
numberequal to 6. nMO is the repulsionterm inthe Bornlatticeenergyequation.Dab
is a normalizationfactorwhich relatesthe enthalplesof formationof mixedoxidesof
different stoichiometries.AlthoughCab was givenas the constantC in eqn (30), we
find that a betterfit of the data is obtainedif It is allowedto vary linearlywiththe oxide
constituentcompositionsas shownineqn (39).

Using data from a number of sources [22,40,41,45-51], the enthalpies of
formationfromthe constituentoxidesof the mixedoxideswith+1 and +6 cationsare fit
to the equation

&H°r,298 = Dab[575.010sAO. 203.639sBO + Cab], kJ/mol, (40)

where

Cab =-2115.803[ax/(ax + by)]- 1639.523[by/(ax+ by)]. (41)

From availabledata in the literature[40,41,52,53], the enthalplesof formation
from constituentoxides of the mixed oxides with +2 and +6 cations are fit to the
equation

&H°r,298 = Dab[464.439sAO- 160.940sBO+ Cab], kJ/mol, (42)

where

Cab = -1029.067[ax/(ax+ by)]- 1348.827[by/(ax+ by)]. (43)

Comparisonsbetweenthe experimentaland calculatedformationenergiesusingeqns
(40) and (41) are given in Table 19 for mixedoxideswith +1 and +6 cationsand using
eqr,s (42) and (43) are giveninTable 20 for mixedoxideswith +2 and+6 cations. The
valuesof rMO and nMO usedare giveninTable 16.

Using eqns (40) to (43) and then using the AH°f,298 values for the constituent

oxidesgiven in Table 18, the _H°f,298 values for a numberof mixedactinideoxides
are calculatedand given inTables 21 and 22.

Activitiesof ActiniUeOxides;in MixedQxides:
t,

We now proceed to calculate the activities of actinideoxidesfor groupI with +6
actinidemixedoxidesand group il with +6 actinidemixedoxides. Resultsare given
fora temperatureof 1300K(see Tables24 and 25). Calculationaldetailsfollow.

In orderto evaluatethe effectivenessof additives,the activitiesof the U, Pu, and
Am oxidesare calculatedas a functionof group I or II oxidecontent.Forconsistency
andcomparisonpurposes,we calculatethe activitiesof the oxidesper mole of actinide
metal constituent.Thus, U3Os(s) is treated as UO2.67(s). Using the data given in
Tables 18, 21, and 22 and also by knowingthe free energyof reactionas a functionof
temperaturefor each of the reactions
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Table 19. Comparison of experimental enthalples of formation of mixed
oxides with +1 end +6 cations from the constituent oxides versus
calculated enthalples of formation using eqns (40) and (41) In the text.

experimental calculated

' compound Dab &H°r,298 AH°r,298
(kJ/mol) (kJ/mol)

U2NpO 4 3/7 -153.7 -151.9
Na2NpO4 3/7 -270,5 -245.2
K2NpO4 3/7 -346.0 -350.6
Cs2NpO4 3/7 -366,9 -368.2

Na4NpO5 6/10 -405.0 -386.2

Na2NP207 6/11 -323,9 -284.1
K2NP20 7 6/11 -417,7 -418.4
Rb2NP20 7 6/11 -422.6 -451.0

Li2UO4 3/7 .146.5 -150.6
Na2UO4 3/7 -256,8 -243.9
K2UO4 3/7 -334.6 -349.4
Rb2UO4 3/7 -360.0 -375.3
Cs2UO4 3/7 -358.2 -366.9

Li4UO5 6/1 f_ -219.8 -254.0
Na4UO5 6/1U -398,5 -384.5

Li2U20 7 6/11 -168.1 -164.0
Na2U20 7 6/11 -339,1 -282.8
K2U20 7 6/11 -440.6 -417.1
Rb2U207 6/11 -445,5 -449.8
Cs2U207 6/11 -426.4 -439.3

LI2U3O10 9/15 -168.1 -168.2
Na6U7024 63/37 -1533.0 -868.2

Li2WO4 3/7 -162.5 -187.4
Na2WO4 3/7 -286,4 -281.2
K2WO4 3/7 -375.9 -386.6

Na2W207 6/11 -297.9 -329.7

Li2MoO4 3/7 -176.1 -188.7
• Na2MoO4 3/7 -307.4 -282.0

K2MoO4 3/7 -389.6 -387.4

J
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Table 19. (oont'd) Comparison of experimental enthalplea of formation of
mixed oxides with +1 and +6 cations from the constituent oxides versus
calculated enthalples of formation using eqns (40) and (41) in the text.

experimental calculated

compound Dab AH°r,298 zlH°r,298 '
(kJ/mol) (kJ/mol)

o
i i i i i ii i |. i

Rb2MoO4 3/7 -402.3 -413.4
Cs2MoO4 3/7 -423.0 -405.0

Na2Mo20 7 6/11 -337.8 -333.0
Cs2Mo20 7 6/11 -466.5 -487.4

112CrO4 3/7 -206.3 -241.4
Na2CrO4 3/7 -335.6 -334.7
K2CrO4 3/7 -451.4 -440.2
Rb2CrO4 3/7 -482.3 -466.1
Cs2CrO4 3/7 -494.5 -457.7

Na2Cr207 6/11 -385.8 -398.3
K2Cr20 7 6/11 -522.6 -532.6
Rb2Cr20 7 6/11 -540,6 -565.3
Cs2Cr20 7 6/11 -566.1 -554.8
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Table 20. Comparison of experimental enthalples of formation of mixed
oxides with +2 and +6 ca,_lons from the constituent oxides versus
calculated enthalples of formation using eqns (42) and (43) in the text.

, experimental calculated
compound Dab &H°r,298 &H°r,298

(kJ/mol) (kJ/mol)
J

Sr3PuO6 9/10 -274.0 -252.7
Ba3PuO6 9110 -357.0 -333.5

Sr3NpO6 9/10 -278.1 -250.2
Ba3NpO6 9/10 -366.0 -330.5

BeUO4 3/6 >0.0 10.0
MgUO4 3/6 -31.9 .30.1
CaUO4 3/6 -143.6 -130,5
SrUO4 3/6 -175.5 -177.8
BaUO4 3/6 -222.1 -223.8

Sr2UO5 6/8 -231.1 -231.0
Ca3UO6 9/10 -176.9 -163.2
Sr3UO6 9/10 -268.6 -248.1
Ba3UO6 9/10 -342.8 -328,9
BaU20 7 6/10 -241.7 -287.9
Sr2U3011 18/16 -390.8 .424.7
SRU4013 12/18 -434.5 -274.1

P"WO 4 3/6 -61.1 -24,3
MgWO4 3/6 -73.0 -64,0
CaWO4 3/6 -163.2 -164.4
SrWO4 3/6 -208.8 -212.1
BaWO4 3/6 -312.1 -256.9

Sr2WO5 6/8 -276.1 -282.0
Ca3WO6 9/10 -182.9 -224.3
Sr3WO6 9/10 -309.2 -309,6

BeMoO4 3/6 -26.3 -25,1
MgMoO4 3/6 -54.2 -64.9
CaMoO4 3/6 -166.0 -165.3
SrMoO4 3/6 -208.4 -213,0
BaMoO4 3/6 -253.7 -257,7

' MgCrO4 3/6 -152.3 -113.8
CaCrO4 3/6 -170.5 -214,2

, SrCrO4 3/6 -249.4 -261.5
BaCrO4 3/6 -307.3 -306.3
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Table 21. Caclulated enthalples of formation from the elements for
various mixed actinlde oxides with +1 and +6 cations using eqns (40)
and (41) In the text.

M = U M = Pu M = Am
J

AH°f,298 AH°f,298 AH°f,298
(kJ/mol) (kJ/mol) (kJ/mol)

Lt2M2OT(S) -3209.4 -2755.4 -2385.9
LI2MO4(s) -1972.4 -1728.4 -1562.1
Li4MO5(s) -2673.4 -2448.5 -2264.7
Li6MO6(s) -3343.3 -3119.0 -2935.5

Na2M2OT(S) -3147.4 -2693.5 -2323.9
Na2MO4(s) -1884.9 -1658.9 -1474.6
Na4MO5(s) -2442.5 -2217.6 -2033.8
Na6MO6(s) -2951.7 -2727.4 -2543.9

K2M207(s ) -3226.9 -2773.0 -2403.4
K2MO4(s) -1935.6 -1709.6 -1525.3
K4MO5(s) -2480.6 -2255.7 -2071.9
K6MO6(s) -2957.8 -2733.4 -2549.9

Rb2M207(s) -3236.3 -2782.3 -2412.8
Rb2MO4(s) -1938.0 -1712.0 -1527.7
Rb4MO5(s) -2469.9 -2244.9 -2061.2
Rb6MO6(s) -2929.2 -2704.8 -2521.3

Cs2M207(s) -3232.9 -2778.9 -2409.4
Cs2MO4(s) -1936.8 -1710.8 -1526.5
Cs4MO5(s) -2472.5 -2247.5 -2063.8
Cs6MO6(s) -2937.1 -2712.7 -2529.3
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Table 22. Calculated enthalples of formation from the elements for
various mixed actinide oxides with +2 and +6 cations using eqns (42)
and (43) in the text.

M = U M = Pu M = Am

' AH°f,298 AH°f,298 AH°f,298
(kJ/mol) (kJ/mol) (kJ/mol)

MgM207(s ) -3105.5 -2651.1 -2281.3
MgMO4(s) - 1855.1 -1628.9 -1444.5
Mg2MO5(s) -2435.4 -2210.4 -2026.6
Mg3MO6(s) -3009.7 -2785.4 -2602.0

CaM207(s) -3259.9 -2805.4 -2315.2
CaMO4(s) - 1989.4 -1763.2 -1578.8
Ca2MO5(s) -2653.8 -2428.8 -2245.0
Ca3MO6(s) -3292.1 -3067.8 -2884.4

SrM207(s) -3273.6 -2819.2 -2449.4
SrMO4(s) -1993.7 -1767.4 -1583.0
Sr2MO5(s) -2638.6 -2413.6 -2229.9
Sr3MO6(s) -3248.0 -3023.8 -2840.3

BaM207(s) -3283.5 -2829.1 -2459.3
BaMO4(s) - 1994.6 -1768.4 -1584.0
Ba2MO5(s) -2618.1 -2393.1 -2209.3
Ba3MO6(s) -3197.0 -2972.8 -2789.4
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UO2.s7(s) + 1/6 O2(g) = UO3(s), (44)

PuO2(s) + 1/2 O2(g) = PuO3(s), (45)

and

AmO2(s) + 1/2 O2(g) = AmO3(s), (46)

the activities of UO2.67($), PuO2(s), and AmO2(s) as a function of temperature can be
calculated. The free energy functions for U3Os(s ), UO3(s), PuO2(s), AmO2(s), and
02(0) are taken from Cordfunke, et al. [22]. The free energy functions for PuO3(s) and
AmO3(s ) are assumed to be the same as the free energy function for UO3(s). The
calculated free energy changes for eqns (44) to (46) as a function of temperature are
given in Table 23.

Many of the compounds listed in Tables 21 and 22 are unstable. The stability of
mixed oxides in each binary system can be ascertained from the Gibbs formation
energy of each mixed oxide. In the Na20-PuO2 system, for example, the free energy of
the reactions

Na20(s ) + 2 PuO2(s) + O2(g) = Na2Pu207(s) (47)

Na20(s ) + PuO2(s) + 1/2 O2(g) = Na2PuO4(s) (48)

2 Na20(s) + PuO2(s) + 1/2O2(g) = Na4PuO5(s) (49)

3 Na20(s) + PuO2(s) + 1/2O2(g)= Na6PuO6(s) (50)

at 1300 K are calculated to be 33.6 kJ/mol, -86.8 kJ/mol, -228.4 kJ/mol, and -321.1

kJ/mol, respectively. Since the AG°f,1300 value for eqn (47)is positive, Na2Pu2OT(S)
is unstable. If the common tangent rule is applied, then Na2PuO4(s) is also predicted
to be unstable. In other words, the estimated thermodynamics predict that Na2PuO4(s)
will dissociate to Na4PuO5(s) and PuO2(s). Mixed oxides that are not expected to
form at 1300 K are designated as unstable in Tables 24 and 25.

As an example of how the activity of the actinides can be calculated consider
the equilibria between Li2UO4(s) and Li4UO5(s).

2 Li2UO4(s) -- Li4UO5(s)+ 1/3 U308(s ) + 1/6 O2(g). (51)

If the free energy of reaction is known, then the equilibrium constant can be calculated
by

_GOf,T= -RTInKeq' (52)
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Table 23. Free energy of reaction of actlnlde oxides to form trioxide as a
function of temperature.

1/3 U308(s ) 1/6 O2(g ) = UO3(s ) (A)
PuO2(s) + 1/2 O2(g) = Pu_J3(s) (B)
AmO2(s ) + 1/2 O2(g) = AmO3(s ) (C)

• eqn (A) eqn (B) eqn (C)
T AG°r,T _G°r,T AG°r,T
(K) (kJ/mol) (kJ/mol) (kJ/mol)

600 -12.35 104.95 166.67
700 -8.77 112.53 174.03
800 -5.10 120.21 181.41
900 -1.38 128.00 188.81
1000 2.73 135.87 196.22
1100 6.22 143.82 203.62
1200 10.08 151.84 211.02
1300 13.98 159.92 218.41
1400 17.89 168.06 225.77
1500 21.83 176.25 233.11
1600 25.78 184.48 240.42
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Table 24. Activities of actinide oxides are given at 1300 K with p(O2)=
0.10 atm for two phase regions for alkali.actinide mixed oxides. The two
phase region consists of the designated phase and the one next lower in
actinide content. Unstable phases are Indicated.

M:U M:Pu M=Am '
a(UO2.67) a(PuO2) a(AmO2)

Li2M207(s) unstable unstable unstable
Li2MO4(s) 6.54xl 0-2 unstable unstable
Li4MO5(s) 2.07xl 0-4 unstable unstable
Li6MO6(s) 4.34x10-13 4.55x10.7 8.39xl 0-5

Na2M207(s) 1.49x10-1 unstable unstable
Na2MO4(s) 3.71x10-4 unstable unstable
Na4MO5(s) 4.79x10-8 5.93x10-2 unstable
Na6MO6(s) 3.79x10.19 3.97x10-13 7.33x10-11

K2M207(s) 1.04xl 0"2 unstable unstable
K2MO4(s) 1.06xl 0-6 unstable unstable
K4MO5(s) 3.78x10-12 4.60x10-6 9.22xl 0-4
K6MO6(s) 5.35xl 0-26 5.66x10-20 1.04xl 0-17

Rb2M207(s) 5.43xl 0-3 unstable unstable
Rb2MO4(s) 2.53x10-7 3.41xl 0-1 unstable
Rb4MO5(s) 3.71xl 0-13 4.64x10-7 9.04xl 0-5
Rb6MO6(s) 1.14xl 0-27 1.20xl 0.21 2.22x10"19

Cs2M207(s) 6.66xl 0"3 unstable unstable
Cs2MO4(s) 4.02x10-7 5.41xl 0-1 unstable
Cs4MO5(s) 7.78xl 0-13 9.72x10-7 1.93xl 0-4
Cs6MO6(s) 3.94xl 0-27 4.16xl 0-21 7.61xl0 -19
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Table 25. Activities of actinide oxides are given at 1300 K with P(O2)=
0.10 atm for two phase regions for alkaline earth-actinide mixed oxides.
The two phase region consists of the designated phase and the one next
lower In actinide content. Unstable phases are indicated.

M = U M = Pu M = Am
• a(UO2.67) a(PuO2) a(AmO2)

MgM207(s) 4.56x10"1 unstable unstable
MgMO4(s) 3.33x10-1 unstable unstable
Mg2MO5(s) unstable unstable unstable
Mg3MO6(s) unstable unstable unstable

CaM207(s ) 7.11xl 0-2 unstable unstable
CaMO4(s) 4.59x10-4 unstable unstable
Ca2MO5(s) 3.67xl 0-6 unstable unstable
Ca3MO6(s) 1.51x10-6 unstable unstable

SrM207(s ) 2.98x10-2 unstable unstable
SrMO4(s) 5.08xl 0-5 unstable unstable
Sr2MO5(s) 7.13xl 0-8 9.25x10-2 unstable
Sr3MO6(s) 5.70xl 0-10 5.92x10-4 1.09xl 0-1

BaM207(s ) 1.30xl 0-2 unstable unstable
BaMO4(s) 6.45xl 0-6 unstable unstable
Ba2MO5(s) 1.68xl 0-9 2.18xl 0-3 4.45xl 0-1
Ba3MO6(s) 3.26xl 0-13 3.39x10-7 6.18xl 0-5
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where

Keq= a(UO2.67)P(O2)1/6. (53)

For the reaction
i

2 Li2UO4(s) = U4UO5(s). UO3(s), (54)

the AH°f,298 value can be calculatedfromthe data in Tables 18 and 21. Since the
change in heat capacity and entropy are expectedto be small for this reaction,the
assumptionin eqn (24) can be used.Therefore,the &G°r,T value for eqn (54) at every

temperatureis roughlyequivalentto the &H°f,298 value. If eqn (44) is subtractedfrom
eqn (54), then eqn (51) is obtained. Using the data in Tables 18, 21, and 23, the

&G°f,1300 for eqn (51) is thencalculatedto be 33.6 kJ/moland Keq is calculatedto be
4.46x10-2. AssumingP(O2) = 0.10 atm and a temperatureof 1300 K, the activityof
UO2.67(s) is calculatedfromeqn (53) to be 6.54x10"2. Usingthe same procedure,the
activitiesfor a numberof othertwo phase mixedoxide equilibriaare given in Tables
24 and25.

The activitiescalculatedin Tables 24 and 25 are all based on the calculated
enthalpies of formationgiven in Tables 21 and 22. The activitiescalculated using
enthalpyof formationdata in the literaturefor mixedoxideswhere availableseem to
agree well with the activitiescalculatedusingthe estimatedAH°f,298 valuesgiven in

Tables 21 and 22. Forexample,Grenthe,et al. [40] giveAH°f,298 valuesof -1989.6:1:
2.8 kJ/mol, -2635.6 :t:3.4 kJ/mol,and -3263.4:1:3.0 kJ/molfor SrUO4(s), Sr2UO5(s),
and Sr3UO6(s), respectively.Usingthesevaluesand the data in Table 23, the activity
of UO2.67(s) at 1300 K in each of the two phase equilibriaSrUO4-Sr2UO5, Sr2UO5-
Sr3UO6, and Sr3UO6-SrO is calculatedto be 8.22x10-5, 2.83x10-6, and 1.37x10-10,
respectively. This agrees roughly with the UO2.67(s)activities of
5.08xl 0"5, 7.1 3x10 "8, and 5.70x10-10 giveninTable 25.

Keller, et al. [54] have studied the stabilityof actinide mixed oxides which
contain Li20 and Na20. In general, their resultson the stabilityof the mixedoxides
agree withTable 24. Their resultsshowthat in the U3Os-Na20 system,the phases
Na2U2OT(S), Na2UO4(s ), Na4UOs(s ), Na6UO6(s) all form and in the U3Os-Li20
system,the phasesLi2U207(s), Li2UO4(s), Li4UO5(s), and Li6UO6(s)all form. Inthe
PuO2-Na20 system,only the phasesNa4PuO5(s) and Na6PuO6(s) form and in the
PuO2-Li20 system,onlythe phasesLi4PuO5(s)and Li6PuO6(s) form. In the AmO2-
Na20 system,onlythe phasesNa4AmO5(s)and Na6AmO6(s)form and inthe AmO2-
Li20 system only the phases Na4AmO5(s) and Na6AmO6(s) form. Although
Na4PuO5(s ), Li4PuO5(s ), Na4AmO5(s), and Li4AmO5(s) are not listedas stable
phasesat 1300 K in Table 24, the data in Tables 18, 21, and23 indicatethat they are
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stable at lower temperatures. Thus, the stabilities of mixed oxides in the Pu and Am
mixed oxides systems calculated from the data herein are consistent with the
observationsof Keller,et al.

Because the free energychanges in Table 23 increasewith temperature, the
stabilityof the +6 mixedactinideoxidesare calculatedto decrease withtemperature.
This suggeststhat at lower temperaturesthe activitiesof UO2.67(s), PuO2(s), and

. AmO2(s) in the two phase regionsof the mixedoxides are lower. The free energy
changes in Table 23 indicate that the drop in actinide oxide activity at lower
temperatureswill be largest for the Am mixed oxides and smallest for the U mixed
oxides. This impliesthat mixed actinideoxides,primarilyPu and Am mixed oxides,
with smaller fractions of the group I and II oxides will decompose to higher
compositionsof group I or II oxide plus free actinideoxidewithtemperature. This is
similarto someobservationsby Keller,et al. [54]. At about573 K, theyobservedthat
Na4AmO5(s)willdecomposeto Na6AmO6(s)plusAmO2(s). In contrast,however,they
observe a reversetrend at highertemperatures.For example,Kelleret al. find that at
923 K, Na6NpO6(s) willdecomposeto Na4NpO5(s). Then at 1073 K, Na4NpO5(s) will
decompose to Na2NpO4(s ), and then at 1273 K, Na2NpO4(s ) will decomposeto
NpO2(s). In addition,Keller,et al. [54,55] find that +5 Np, Pu, andAm in mixedoxides
are stabilizedat highertemperatures. Thus, +5 and maybe+4 oxidationstatesof Pu
and Am are probablyimportantin mixedoxidesundersome incineratorenvironments.

Application and Discussion

GeneralTreatmentof Actir}idesInteractedwithAsh;

This discussion will be concerned primarily with the U308(s) interactions with
ash since definitive experimental results were not obtained on PuO2(s) and AmO2(s)
interactions with ash.

The U308/ash volatility data can be generalized as a function of temperature by
using the partial enthalpy of solution values for UO2.67 in ash, as given by RTIn

'y(UO2.67).The activity of UO2.67(s) is given by the relationship

RTIn a(UO2.67) = RTInx(UO2.67) + RTIn7(UO2.67), (55)

where x(UO2.67)is the mole fraction of UO2.67 in the ash. The mole fractions are
calculated based on oxide formulas which are normalized to one metal atom.

The U volatilities as a function of temperature for the 0.5 wt % U30 8 in the
various ashes (except for Ash 1) are calculated using activities for UO2.67 based on

the RTIn 7(UO2.67 ) values. For these calculations, U308(s) is designated as
' UO2.67(s), and the pressures of O2(g) and H20(g ) are each assumed to be 0.10 arm.

The volatility reactions and the associated equilibrium constants are:
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UO2.67(sorn in ash)+ 1/6 O2(g)= UO3(g), (57)

K57 = p(UO3)/a(UO2.67)P(O2)1/6.

UO2.67(sornin ash) + 1/6 O2(g) + H20(g ) = UO2(OH)2(g), (58)

K58 = p(UO2(OH)2)/a(UO2.67)p(O2)1/ep(H20).

The selectedthermodynamicdata for UO3(g) and UO2(OH)2(g) are usedto carryout
these calculations. The volatilitiesabove U308(s) are carried out as well. These
resultsare presentedin Fig. 11 as a plotof log p(U total)versustemperature. These
calculationsindicate that the activity loweringof U30 8 is more effective at higher
temperatures. For 0.5% UO2.67/1633a and 0.5% UO2.67/2690 ashes, the data
indicatethat the uraniumvolatilitybelow 1250 K isthe same as that above U308(s),
and similarlyfor 0.5% UO2.67/Ash 2, the volatilitybecomesthe same as for U308(s)
below 1000 K. The 0.5% UO2.67/2691 ash is the most effectiveat activityIowedng
witha factorof 50 decreaseat 1600 K droppingto a factorof 3 at 850 K.

Also shown in Fig. 11 are the calculated U pressuresabove the two phase
mixturesCaU207-CaUO4 and CaUO4-Ca2UO5. The pressuresof O2(g) and H20(g)
are each assumedto be 0.10 atm. These calculationswerecarriedout usingthe data
in Tables 18, 22, and 23. For the CaU207-CaUO4 equilibriathe U activityloweringis
givenby followingreactionand its associatedequilibriumconstant.

CaU207(s) = CaUO4(s) + UO2.67(s)+ 1/6 O2(g), (59)

K59 = a(UO2.67)P(O2)1/6.

The free energychangeis givenby the sumof free energychangesfor the reactions

UO3(s)= UO2.67(s) + 1/6 O2(g), (60)

Ca2U207(s) = CaUO4(s) + UO3(s). (61)

The free energychange for eqn (60) is given in Table 23, and the free energychange
for eqn (61) is equal to the AH°r,298 value given in Tables 18 and 22. The activityof
UO2.67 can then be calculatedas a functionof temperature.By combiningeqn (60)
with eqn (61) the U volatilityabove the two phase mixtureof CaU207-CaUO4 is
calculated. In a similarmanner, the U activity loweringfor the two phase mixtureof
CaUO4-Ca2UO 5 is given by the followingreaction and its associated equilibrium
constants.

q

2 CaUO4(s)= Ca2UO5(s)+ UO2.67(s)+ 1/6 O2(g), (62)

K62 = a(UO2.67)P(O2)1/6.
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Figure 11. Plot of log p(U total) versus T above U308(s ), U308/ash, and CaO-UO3
mixed oxides where P(O2)= 0.1 atm, p(H20 ) - 0.1 atm.
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The free energy for this reactionis obtained by combiningthe free energy of eqn (60)
obtainedfromTable 23 andthe free energyof the reaction

2 CaUO4(s) = Ca2UO5(s)+ UO3(s) (63)

obtained from the AH°f,298 values in Tables 18 and 22. As shown in Fig. 11, the
UO2.67(s) activityloweringis calculatedto be greater at lower temperaturesfor two
phase regionsof the mixed oxides.

For the U308/ash interactions,the activity loweringis calculatedto be greaterat
highertemperatures and smaller at lower temperatures. Our treatment of the data
assumesthat the U308 dissolveshomogeneouslythroughoutthe ash sample. A large
fractionof the ash is glass, and if the actinideoxidedissolvesin the glassas someof
our TEM work on the U308/ash samplesshows,thenthis assumptionIs reasonable.
However,the TEM workon the U308/ash experimentsalso showsthat the U may be
associatedwithother crystallinephasesin the ash. If the actinideoxide is associated
with minorphases inthe ash, then the entropyof solutionwillbe lesspositivethan if it
dissolveshomogeneouslythroughoutthe sample. The net resultwillbe an increase
of the extrapolated activity at higher temperatures and a decrease at lower
temperatures. In other words,the calculatedactinidevolatilityextrapolatedto lower
temperaturesusingourtreatmentof the datawillbe greaterthanthe realvolatility.

General EffectivenessofAdditives:

From the data in Tables 24 and 25, it is clear that the group I oxides interact
strongerwiththe actinidesthan the groupII actinides. It is also clear that the groupI
and II oxides interactstrongerwith UO2.67 than with PuO2 and strongerwith PuO2
than with AmO2. In addition,the interactionsof the actinideoxides withthe group I
and II oxides increase going down a row in the periodictable. For example, the
interactionof K20 with the actinideoxidesis strongerthan the interactionof Na20.
These conclusionsseem to be consistentto what we have observedexperimentally.
The interactionof Na20 with UO2.67(s) in the ash is strongerthan the interactionof
CaO with UO2.67(s). This is demonstratedby the UO2.67(s) activitiesat 1323 K of
1.89x10 -1 in 0.5%UO2.67/Ash1 which has 6.4% Na20 and of 6.28x10"1 in
0.5%UO2.67/2690 whichhas8.0% CaO.

Althoughwe knowthat additivesof groupI and II oxideswill lowerthe activities
of the actinideoxides,verylittlecan be saidquantitativelyaboutthe amountof volatility
reductionthat will occur when large amountsof ash are present. For binary oxide
systemswith a group I or group II oxide and an actinideoxide,the stabilitycan be
predicted and activities for two phase equilibria can be calculated. However,
incineratorash will containlarge amountsof SiO2 and AI203. In some cases, other
oxides like TiO2 and Fe203 may also be present in substantialamounts. Each of
these oxidesalso reactsstronglywith group I and II oxides. Thus, smalladditionsof
groupI or II oxidesto an incineratorash may interactwiththe otheroxideconstituents
thus loweringgroup I and II oxide activitiesand reducing the reactivitywith the actinide
oxides. Hence, this interaction depends on the relative stability of the group I and II
oxides with silica and alumina versus their reaction with the actinide oxides.
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Therefore, large amounts of additive may be required before actlnide volatility
reductionoccurs. In order to better understandactinlde volatility from incinerator
ashes, a better understanding of the types of phases which form and their
thermodynamicsis needed. This modelingstudysuggeststhat K20 may be a better
additivethan Na20. Hence, somevolatilityexperimentsto determinethe effectiveness#

of K2O wouldbe valuable.

. The discussionof mixed actinideoxides species herein is hmited to actinidesin
the +6 valence state. U, Pu, and Am are all knownto form+5 mixedoxidesand Pu
and Am are known to form +4 mixedoxides [31]. Estimatesfor thermodynamicsof
formationof these mixed oxidescould also be made usingthe correlationtechnique
used herein for the +6 actinlde mixedoxides. For Pu and Am, the +4 and +5 mixed
oxides are expected to be important in incinerator environments when smaller
amounts of group I or II oxides are presentor at highertemperaturessuch as was
observedby Keller,et al. [54,55]. When largeramountsof the group I or II oxideare
present or at lower temperatures,the +6 mixed actinide oxides are expected to be
more important.

ADDlicationto theJ:lockyFlatsPlant Incinerator:

Initialworkon thisprojectpredictedthat Na2CO3(s) presentin the bed matedal
in the Rocky Flats Plant Incineratorwouldreactwith U308(s ) to formNa2UO4(s) [7].
PuO2(s ) was not expected to react with Na2CO3(s ) to form any mixed oxides.
Althoughexperimentaldata are available on the formationenergies of many of the
mixed oxides in the Na20-U308 system, no experimental data are available on
formationenergiesof mixedoxidesin the Na20-PuO2 andthe Na20-AmO 2 systems.
At 800 K, the data in Tables 18, 21, and 23 predictthat in the Na20-PuO2 system,
Na4PuO5(s) and Na6PuO6(s) are stable phases, and in the Na20-AmO 2 systems,
Na4AmO5(s) and Na6AmO6(s) are stable phases. From the free energy of the
reaction

Na2CC)3(s)= Na20(s) + CO2(g) (68)

at 800 K taken from data in the JANAFtables [21] and assumingp(CO2) = 0.10 atm,

the activityof Na20(s ) is calculatedto be 5.52x10-13. Usingthe data inTables 18, 21,
and 23, the activity of Na20(s) in the equilibria Na6PuO6-Na4PuO5 and in the
equilibriaNa4PuO5-PuO2 is calculatedto be 8.86x10"7 and 1.77x10-8, respectively.
Likewise, the activityof Na20(s ) in the equilibriaNa6AmO6-Na4AmO5 and in the
equilibriaNa4AmO5-AmO2 is calculatedto be 8.47x10-7 and 1.54xl 0"7, respectively.
Since the activityof Na20(s ) is lower in Na2CO3(s), neither PuO2(s) nor AmO2(s)
would reactwith Na2CO3(s) to form a mixedoxide in the RockyFlats Plant Fluidized

. Bed Incinerator.

In the Rocky Flats application, we expect that little or no lowering of Pu and Am
' volatility will occurdue to interaction with the ash except perhaps when large amounts

of CaO, Na20, or K20 are present. Although U may react with ashes to lower its

73



volatilitythe strongestInteractionis expectedto be with the Na2CO3 bed material in
the primarycombustorto formNa2UO4(s). Takingthe reactions

Na2UO4(s)+ H20(g) + CO2(g) = UO2(OH)2(g)+ Na2CO3(s), (69)

PuO2(s)+ 1/2 O2(g) + H20(g)= PuO2(OH)2(g), (2) '

and

AmO2(s.s.in PuO2)+ 1/2 O2(g) + H20(g) = AmO2(OH)2(g) (67)

as the volatilizationreactionsin the secondarycombustionchamberof the RockyFlats
Plant Incinerator,we calculatethe volatilitiesof U, Pu,andAm. The vaporpressuresof
the actinidetrioxidesare insignificantat 823 K relativeto the vapor pressureof the
oxyhydroxidesand are thereforenotconsidered. Only maximumvaluescan be given
for the PuO2(OH)2(g) and AmO2(OH)2(g) volatilittes. The AH°f,298 values for
UO2(OH)2(g), PuO2(OH)2(g ), and AmO2(OH)2(g) are given in Table 15.

The -(AG ° - AH°298)/T values for reactions(2) and (67) are takenfromTable 10 and
the free energy functionsfor UO2(OH)2(g) are given in Table 6. The free energy

functionsand AH°f,298 values for H20(g), O2(g), and Na2CO3(s) are taken from the
JANAFtables[21], and the free energyfunctionandAH°f,298 value for Na2UO4(s)are
taken from Grenthe,et al. [19]. AssumingT = 823 K, p(O2)=0.10 atm, and P(H20)=
0.05 atm, and p(CO2) = 0.10 atm, pure Na2UO4(s) and PuO2(s) with AmO2 at 200
ppm in the PuO2 in the combustionchamber, the pressureof U vapor species is
calculatedto be 3.00x10-20 atm, and the pressuresof Pu and Amare calculatedto be
lessthan 2.90x10-24 atm and3.53x10"28 atm, respectively. Assumingan offgasflow
rate of 40 kmol/hand a total operationaltime of 6000 h/y, the volatilizationrate from
the combustion chamber for U is 1.7x10 "9 g/y, and for Pu and Am is less
than 1.7xl 0-13 g/yand 2.0x10"17 g/y, respectively.

ApDlic_tior]to Incineratorsin General:

Forapplicationto incineratorsin general,we assumethat U306(s) and PuO2(s)
are the sourcematerialsfor the volatilizedU and Pu. AmO2 is taken to be at 1000
ppm AmO2 in PuO2. The pressuresof O2(g) and H20(g) are bothassumedto be 0.1
atm, the offgas flow rate is assumed to be 40 kmol/h, and the operationaltime is
assumedto be 6000 h/yo Fromthese conditions,the maximumamountof U, Pu, and
Am volatilized in the incinerator combustionchamber per year is calculated as a
function of temperature (See Fig. 12). The HCI(g) and HF(g) concentrationsin the
offgas are assumed to be negligible,and hence, actinidevolatilitiesarising fromthe
formationof actinideoxychloridesand oxyfluoridesare notconsideredin Fig. 12. At
low operatingtemperatures,i.e. 800 K, the volatiP,ization rates of U, Pu, and Am are
calculated to be 2.1x10-5 g/y, 6.6x10"14 g/y, and 4.0x10-17 g/y, respectively. At
moderateoperatingtemperatures,i.e. 1200 K, the volatilizationrates are calculatedto
be 7.9x101 g/y, 3.8x10-5 g/y, and 3.5x10-8 g/y, respectively. At high operating
temperatures,i.e. 1600 K, the volatilizationratesare calculatedto be 8.0x105 g/y, 4.8
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Figure 12. Plot of log gU/y, log gPu/y, and log gAm/y versus T above U308(s ),
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P(H20) = 0.1 atm, offgas flow rate is 40 kmol/h, and operation time is 6000 h/y.
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g/y, and 5.9x10"3 g/y, respectively. The volatilization rates for the Pu and Am are
upper limitvalues. Roughlythe actinidevolatilityis a factorof 108 greater at 1200 K
thanat 800 K anda factorof 1012 greaterat 1600 Kthanat 800 K.

Summary and Conclusions

Transpirationexperimentshave been applied to determine the volatilityof U
from U308(s ) in the presenceof steam and oxygen at 1173-1573 K. The volatile
species have been identifiedas UO3(g) and UO2(OH)2(g), and thermodynamicdata
have been developed for these species. Transpirationexperimentshave also been
carriedoutat 1223-1323K on U30 8 interactedwithseveralflash materialsto evaluate
U volatility lowering because of U30 8 activity lowering. Very little lowering of U
volatilityis found with typical flashes. However, ashes with high Na20 (6.4 wt%)
contentsor with highCaO (25 wt%) contentsboth showed U volatility Ioweringsby
abouta factorof ten. Transpirationexperimentswere alsocarriedoutat 1228-1381 K
to determine Pu volatilitiesfrom PuO2(s) and PuO2 interacted with flyash, and to
determine Am volatilitiesfrom a 3%239PuO2/0.06%AmO2/ash material. These
experimentsshowedthe volatilitiesof Puand Am to be extremelylow,with the Pu and
Am carried over in the experimentsto be dominatedby dust transport.The results
allowus to setupper limitsonthe volatilitiesof PuO3(g),PuO2(OH)2(g), AmO3(g), and
AmO2(OH)2(g).

Thermodynamic modeling studies were carried out that show that for
aluminosilicateash materials it is the presence of group I and group II oxidesthat
enhancesactivityloweringof the actinideoxides. K20 is the mosteffectivefollowed
by Na20 and CaO for common ash constituents. To obtain more major effects in
actinide activity lowering, excess amountsof group I or II oxides would need to be
added to exceed their interactionwith ash and lead to direct formationof alkali or
alkalineearthuranates,plutonates,andamericates.

Applyingthe actinidevolatilityresultsfoundhere to the secondarycombustorin
the RockyFlatsPlant FluidizedBed Incinerator,we findvolatilizationratesof 1.7 x 10-9
g/y of U, lessthan2x10-13 g/yof Pu, and lessthan2x10"17 g/y of Am.
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