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MATERIALS IDENTIFICATION AND SURVEILLANCE

Evaluation of the Loss-on-Ignition Measurement for Storage of
Legacy Plutonium-Bearing Materials

by

Andreas Toupadakis

ABSTRACT

The procedures forthe loss-on-ignition analysis followed by Los
Alamos NationalLaboratory, Rocky Flat&nvironmental Technolog®ite,
Savannah RiveSite, and HanfordBabcock and Wilcox Site arevaluated
and compared.The suitability of LOI analysis in certifying impure
plutonium oxide materialor storage is questionedhe processingime
required to bringhe impure materials into conformanagh DOE-STD-
3013 variesgreatly depending on the identity and concentration of the
impurities. The supercritical carbon dioxide fluid extraction method is a
promising #ernative to LOlanalysis for measuring moisture powders
but needs to be demonstrated.



1.0 INTRODUCTION

The needor developing advanced technologiies the stabilization andgubsequent
long-term storage of legacy plutonium-bearing mateiiiels becomeapparent. A DOE
study identifies the technicaissuesassociated withthe storage of plutonium-bearing
materials and cites the need to characterize and stabilize materials prior to packaging them in
sealed containers.

Potential difficulties associated with plutonium oxide storage arise primarily from a
combination of its chemical and physical properties. Oxides with resithadlsouldover-
pressurizethe storage containesver a 50-year perio@dre notacceptablefor storage.
Plutonium oxidepowdermay have aigh specific surfacareadepending on preparation
conditions. Such powdesould adsorb up to 8% of its weight asoisture’> The polar
molecules of water are strongly boundhie oxidesurface.The storage hazard associated
with adsorbed moisture gotentialover-pressurization of a sealed oxide container over a
prolonged period byhe generation ofiydrogen gasRadiolysis of organienaterials and
chemical reaction of adsorbates hold a potefdiabenerating unacceptably higinessures
of non-condensable and reactive gases during storage.

The hazard posed to workérfghe public, and the environment by possible rupture of
an oxide storage vessel is considered to be signifidémet.time dependence opressure
cannot be predicted because kinetic informatmmpossible pressurization processes is
unavailable. As a consequendbe approachhat has been adopted is to control the
maximumpressure byhermally desorbingreactivespecies fronthe oxide and restricting
readsorption prior to sealing in the storage vessel.

Impure plutonium oxide must be prepared for long-term storage in accordance with the
standard DOE-STD-3013-96Criteria for Preparing and Packaging Plutonium Metals and
Oxides for Long-TernStorage.”The standard states packaging/storage crit@itaus, the
packagedsolids ofplutonium oxides shaltontain more than 5thass % plutonium. The
guantity of stored plutonium oxide per container should be as close as practical to, but shall
not exceed5.00 kg (10.97 Ib.)Oxides are thermally stabilized by heating in air or an
oxidizing atmosphere to 98D (1742F) or higher for at least twoours. After calcination,
the thermally stabilized oxides shall exhibit less than 0.5 mass % loss on ignition (LOI) and
shall retain this characteristic through final packaging. §ihadard statethat the LOI test
shall be performed by heating a representative sample of the stabilized oxide in air to
1000C (1832F) or higher for ateast onehour. The loss-on-ignition test ishe standard
procedure forconfirming the thermal stabilization of plutoniuaxide. It is asimple and
inexpensive gravimetric method for measuring the mass fractigolatfle residues on the



oxide. Unfortunately, in addition to watehe volatile fractionncludes other species with
significant vaporpressures at000C. Consequentlythe methodprovides apotentially
inaccurate measure of the water content of oxide at the time of packaging.

Conditions and essential parametars adequately definddr preparing, handling,
and certifying high-purity PuQprior to storageA methodfor effectively removing water
and other adsorbates has been verified and the kinetics of water adsorption by fired oxide in
air are defined® In contrast,the establishment gbrocedures forthe preparation and
handling of impure plutonium dioxide samples is recognized to be a challenge. The
difficulties arise fromthe complex and variable composition of impucxides.
Compositionsare oftenundefined, andhe origin of composition changeturing the
calcination process is uncertain.

In the case of pure plutoniuoxide, LOI analysis provides a straightforward way of
certifying that little water is present, thus giving confidefaresafe storage. Ithe case of
impure plutonium oxidgpowders,the simultaneous presencewalatile impuritiesand of
impurities that react with oxygen during analysis cals@g uncertainty in the validity of
the LOI result. A false indication of a small LOI may result from fortuitous equality of mass
loss by volatilization and mass gain by oxidation.

2.0 BACKGROUND

In the nextfour sectionsthe procedures used dalifferent DOE sites forthe LOI
measurement arpresented.Table | summarizes the conditions and materiatgeed at
different DOE sites for the LOI measurement.

2.1 Los Alamos LOI Procedure

The detailed step-by-step procedure for perfornhi® measurements &ibs Alamos
is found in the Safe Operating Procedure (SOP) CST15-SOP-600-ROMaterials
Characterization of Radioactiv@xides”. The loss-on-ignition analyseare conducted by
CST-15 personnel at TA-55. The technique was qualified prior to use by analyzing a series
of plutonium oxide (PuQ) samples and establishing a statistical base for the technique. The
purpose ofthe study was not teestablish ar_Ol baseline or standard deviatiéor all
oxides analyzed but to qualify the CST-15 procedure.



Table I. Conditions and Materials Used at Different DOE Sites for the LOI Measurement.

Conditions Los Alamos Rocky Flats Savannah River Babcock &
and National Laboratory Environmental Technology Wilcox
Materials Technology Site Center Hanford Site
Sample (g) 5-10 <20 0.99 - 1.01 4-6
Time (h) 2 1 1 2
Temperature®C) 100¢® 1000 700 1000
Temperature profile Fig. 1 (b) (b) (b)
Calcination crucibles Fused silica (b) Stainless steel Platinum
LOI crucibles Platinum or Alumina Platinum Porcelain Platinum
Spoon used Stainless steel (b) Stainless steel Stainless steel
Preconditioning None (b) Obtain stable 760 None
of furnace for 30 min.
Preconditioning Ultrasonic cleaning, next (b) Heating (1h, 70) 1000C, 2h
of crucibles heating at 20, 1h cool in desiccator (1h)

@In the past, various temperatures have been used, see LA-12999-MS, Fig. 2.

®nformation is unavailable.



A summary of the procedure follows: Th®I cruciblesused inthe LANL procedure
are cleaned using an ultrasonic cleaner, and efisgss water is wipeaoff, they are dried
in a muffle furnace at 20Q for about 1 h. Crucibles agtored in a desiccator under
vacuum prior tause. The powder to beanalyzed is introduced to tludean cruciblesvith
lids. Platinum crucibles arased for analysis of samples witutonium content 80%;

otherwise they are made of alumina. Weighed samples (5-aegplit and placed in two
different crucibles, which are covered and placed in the furnace. The loss-on-ignition run is
initiated, andwhenthe heating cycle isompleted, the furnace maintains a ZDEvaiting

period until the samples are removed. Table Il and Fig. 1 show a typical temperature profile
during the run. The samples are heated isothermallfGCC for 2 h. The crucibles are
removed fronthe muffle furnace and placed in a desiccatawder argon for 18nin until

they cool. The cooled loaded crucibles are weighed again as quickhossible,and an
average weight loss is calculated.

Table II. Typical Temperature Profile During a Los Alamos LOI Analysis.

Time Temperature Time Temperature

(h) (°C) (h) (°C)
0 25 10 725
1 200 11 675
2 500 12 600
3 775 13 525
4 1000 14 460
5 1000 15 400
6 1000 16 325
7 925 17 225
8 860 18 200
9 800

2.2 Rocky Flats LOI Procedure

The procedurdor performing LOlI measurements at Rocky FlaEvironmental
Technology Site isfound in the documentL-4195-A, “Loss on Ignition (LOI)
Measurement.” Inthatdocument, it isstated thatoss-on-ignition(LOI) is a measurement
used to determine the amount of volatile material present in plutonium d{®ud®). The
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weight loss can comefrom severalsources.The most importantare thedesorption of
water, adsorbed gases, ahetomposition of residual peroxide or oxalate intermediates in
plutonium oxideprocessing.The weightloss may also occur fronthe volatilization of
impurities (inorganic salts and oxides), which are reflectatdarLOI but would notresult
in pressurization during storage. In practice it is assumed that the total weight loss is due to
adsorbed water. It isot easy tcknow howmuch of thistotal weight loss isdue to the
volatile impurities other than water.

In summary, the procedure is as follows. A sample of plutonium dioxide eztéad
20 g is heated isothermally in a platinum crucibl@@CC for 1 h in amuffle furnace.
When the sampleools to 200C, it is placed in a desiccator and the desiccatpuiged
with dry argon, helium, onitrogen gas oevacuatedvith a small vacuunmpump. The
samples stay in the desiccator for several hours to ensure that they reach room temperature.
Finally, the weight change is determined by taking the difference betweanititheveight
at room temperature and the final weight at room temperature after the LOI run.

LOI as % = [(initial weight - final weight) / (initial weight)]100
2.3 Savannah River LOI Procedure

The procedurdor performing LOl measurements at Savannah River Technology
Center is found in the documentL3.11-10004, “Weight Loss: Oxide Samples
Gravimetric.” In that document, it isstated that theprecision of the method is (1)
proportional to the magnitude of the weight loss, precision affectéoebsnoisture content
of the sample, and (2) a function of the thermal power attributable to spadificsotopes.

In this particularprocedure, emphasis gven to the precondition of crucibles and the
furnace. However, details d¢iie procedure are not given and the temperaiseel for the
LOI measurement is not mentioned.

Every new crucible used is preconditioned by heating in a muffle furnace ‘@ #f0
1 h, and cooling in a Desi-Cool¥rfor 1 h. It isemphasized that preconditioned crucibles
not used withirthe precedin@4-h period must beefired for 20 min and cooledor 20
min. The balance is calibrated with certified traceable standards before use. The samples are
transferred from the sampléal to the porcelain cruciblasing a stainlessteel orceramic
spoon.The crucibles are coveredth porcelaincovers.The furnace is preheatédr 30
min to obtain a stable 780 temperature.



2.4 Hanford LOI Procedure

The detailed step-by-step procedure for performing LOI measuremetésfaird site
is found inthe document ZA-510-332 Rev/Mdd-1, “Loss-on-Ignition ofPlutonium
Bearing Materials.” This methoaias adoptedfor measuring weightoss of any solid
material. Muffle furnaceisedmay be programmefbr heating at any temperature up to
1000 C for several hours. A controlledte of heatingllows temperature to increase at a
constant rate untitlesired setting is reachedimers maintain heafor each desired
temperature plateau. thatdocument, it isstated thathis physical test (unlike ehemical
analysis) requires only 3 parameters:
* accurate weighing

¢ sufficiently maintained temperature control
¢ humidity control

A standard is used mainly to provide a check against imprepighing. Temperature
control is dependent on rate of increasel time allowed at each temperatuptateau. A
glovebox with dry airhaving a dewpoint of lessthan -23C (-10°F), or a desiccator is
available to cookamples. It iemphasized that balant®using, balancepan, desiccator
plate, and sample pans must be clean, and if pan istinemvjt must béneated to constant
weight at1000°C prior touse.The pans usedre platinum, andthe analytical balance is
capable of measuring 0001 g.The furnace is muffle typeith controller andtimers.
The desiccator is largenough to hold five samplpans but lesghan 1.5 liters. The
reagents used are plutonium oxide standard (MSDS not availetdecterizedor weight
loss by heating at least four samples, each of 5 g for two hours°at @sCattemperature
specified on analyticatequest),and desiccant, indicating, anhydroaalcium sulfate
(MSDS 1091). Pansre allowed to cool in desiccatfur at least onehour. A standard
PuQ sample is used mainly to provide a check against weighirags. The heatingcycle
consists ofthree temperatures: 13D, T°C, and 30C (T is the temperature specified on
analytical request). First temperature is Held30 min to evaporate any moistupeesent.
After about 30 min, controller programs furnace to an operating tempendtiote may be
450°C to 1000C for 2 h. Then the cyclegoes to acooling period, but temperature of
furnace may still beead. Heating period is more than enou@r quantitative sample

weight loss. A complete cycle (3D - 130°C - T°C - 200°C) takes approximately 5 h at
100CC.



3.0 IMPACT OF DIFFERENT FACTORS ON LOI

3.1 Impact of the Post-Heating and Cool-Down Procedures

A cursory review of the literature has shown that questions regarding the effect of the
post-heating and cool-down procedures on the LOI have not been answered. The impact of
the cool-down procedure on LOI has been investigated, though not extehgissyies
of LOI runs was conducted in this regard. Each sample was processed for LOI
determination according to the LOI procedure. The only deviation from the procedure was
in the cool-down phase, specifically when the samples were placed in the desiccator as
described in Table IlI.

Table Ill. Different Cool-Down Procedures.
Sample Cool-Down Procedure
A 30 min in desiccator under about 28 L/min argon flow.
B 30 min in desiccator under 24-in. water vacuum.
C 30 min in desiccator under static atmosphere of argon.
D 30 min in glovebox atmosphere.

The cool-down procedures were selected to providematic difference in technique
in an effort to magnify thempact of thecool-down procedure othe LOI. The study
indicated that the cool-down procedure dimegact the overalLOl. However,this impact
is small anddoes notappear to significantly impact theOl results. Inany case, the
obtained results suggested several recommendations.

i. Cooling of the sample under vacuum should probably be avoided because of the
large variability associated with this technique.

ii. The cooling of the sample in the glovebox atmosphere should not be used because
of the potential susceptibility of the sample to perturbations in the glovebox
atmosphere, such as humidity.

iii. The LOI samples should be cooled in a desiccator, using a low flow of argon
(about 28 L/min) for 30 min prior to final weight determination.

While deviation in thecool-down procedure, argpecificallywhenthe samples were
placed in the desiccator, did not show a significant impact on@healuefor pure PuQ,



deviation in thecool-downratewhenthe samples arbrought from1000C to 200C is
expected to show a significamipact on the LOValuefor impure oxidesamplesSimilar
significant impact is also expected when the samples are brought from room temperature to
100C°C. Plutonium oxide samplder example containing substant@amounts ofvolatile
impuritiessuch as MoQare expected to give largel values.These volatile materials

could vaporize at temperatures well beld@0CC, thusthe slope ofthe post-heating and
cool-down temperature profile becomes an important determining factor for the LOI value.

3.2 Impact of Calcination and Impurities

As shown bythe analyticaresults for samples E-H iaig. 2, calcination temperature
below 950C is an important factor in thebservedLOl values for thisrelatively pure
dioxide (87.9% Pu).The oxidemust be fired at 95C for abouttwo hours in order to
fully remove volatileresidues. Results in Fig. &so demonstratthat 950C is necessary
for avalid LOI measurement. Ol values are unaltered by heating at higleenperatures,
but use of a 100C firing temperature is advisable to ensure that all residues are removed.

The effect of calcination temperature on the LOI value of relatpetg dioxide is also
apparent in theesults of studies by Karraker tketermine a satisfactory procedure for
calcining Pu(lll) oxalate’ The startingmaterial inthese studiesvas determined to be

Pu,(C,0,);-9H,0. As shown bythe results inTable IV, LOI for the product decreases

steadily with increasing calcinatidamperature. At 75C, a firingtime of threehours is
necessary to meet the 0.5% LOI criterion for PstOrage.

The amount of volatileesidue measured HdyOl analysis of an impure oxidafter
calcination at 95T for 2 hoursmay exceed th€®.5 % criterion. As shown irFig. 3,
calcination of an impure oxid€77.4% Pu, 3.9% Na, 1.2% K, 1.0% Gample
ATL27960)° gave arLOI of 0.97%. Figure 4 showshat additional calcination of the
impure oxide at 95T for a total time of telmours broughthe oxide into compliance with
the standard. AombinedLOl of 3.6% observedluring calcination at 95 (seeFig. 3
and 4)suggestghat alonger calcinationperiod may be requiretbr stabilizing impure
oxide thanfor stabilizing pure PuQandthat volatilization ofnon-hydrogenous species is
occurring. Investigations are under way to identify volatile products of calcination.

Inconsistent mass-loss behavior is seen in Fig. 5 by comparing mass changes measured
during calcinationwith results obtained by Ol analysis.The oxidemassdecreased by
0.6% during the initial two-hour calcination and LOI analysistiier X, product showed a
loss of 1.3%. Howeverthe mass ofthe X, oxide increased byl.1% during the
subsequent four-hour calcination. LOI analysis of thengduct obtained after firing

10
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Fig. 2. Characterization of pure plutonium dioxide item MSTPPB1.
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Table IV. Impact of Calcination Temperature on the LOI Value for the
Pure Py,(C,0,);*9H,0 Samplé.

Calcination Calcination Mass Mass Mass

Temperature Time Before LOI After LOI LOI
(°C) (hr) (9) (9) (%)
600 2 1.871 1.857 0.75
650 2 2.115 2.105 0.52
700 2 2.004 1.994 0.50
750 3 1.980 1.974 0.30
800 2 2.131 2.126 0.23

% rror is estimated to he0.10%
PLOI test (906C for 1h).

showed a loss of 1.1%lhough these observatiomsply that the calcinatiomnd LOI
processesredifferent, further analysis dhe results also suggestscarrelation between
mass change and the length of the heategod. Heatingfor two hours by botimethods
produced a loss otie order of 1%;calcinationfor four hoursconsistently resulted in a
mass gain of about 1%.

The observedime dependence ofmasschange is consistent with occurrence of two
competing reactions occurring at different rates. A possible set of mass change-time curves
that account for the observed results is presented in K@necurve is characterized by a
steady mass gain and the other by a rapid and finite mass loss. As defihedlifference
in the two curves, the net mass-change curve in Fig. 6 accourtke fuyserved values of
-1% and 1% at heating times of 2 and 4 h, respectively.

The hypotheticaturves in Fig. 6are consistentwvith plausiblechemicalreactions of
impurities in the ATL27960 oxide. Stable ternary oxides repdaethe Na-Pu-O system
include NgPuQ,, Na,PuQ, and NgPuO, which are prepared byigh temperature
reaction of PuQwith stoichiometric amounts of a or NgCO, (thermally decomposed
to NaO + CQ) in the presence of oxygéh.Plutonium is present in these compounds as
Pu(V) or Pu(VI). Idealized reaction$or formation of Pu(VI) compounds from sodium
oxide, plutonium dioxide and oxygen at 400-8D@re given by Equations 1 and 2:

3 NaO + PuQ + 1/2 Q - NaPuQ. (1)
2 NgPuQ + PuQ + 1/2 Q, - 3 NgPuQ. (2

12



LOI Conditions: 950°C, 4h
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Fig. 3. LOI results of impure plutonium dioxide item ATL27960.
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LOI Conditions: 1000°C, 2h
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Fig. 4. LOI results after further calcination of impure plutonium dioxide
item ATL27960.
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Studies of the Na-U-O system, show that additional compoundsgd@and NgU,0,) of
U(VI) exist!®** Reactions describing the formation of #h@responding compounds of
Pu follow:

Na,PuQ + PuQ + 1/2 Q - 2 NaPuQ,. (3)
2 NaPuQ, + 2 PuQ + O, - 2 NaPu0.. (4)
The net reaction defined by Equations 1-4 is given by Equation 5:
2NaO +4 PuQ+20Q - 2NaPuO,. (5)
At the 0.5:1 molar ratio of Na to Pu irATL27960, 50% transformation cdvailable
plutonium to NaPu,O, is possible with a total mass increase of about 3%.
Ternary oxides of Pu(VI) are unstable relative to compounds of Pu(Y¥8naperatures

encountered during calcination or LOI analysigormation of NegPuQ,, the stablephase
above 90€C, is described by Equation 6:

3NaO +2 PuQ+1/2Q - 2 NaPuO, (6)

As indicated by the example in Equation Fu(VI) oxides are expected tdorm as
calcination products cool in air:
4 NaPuQ, + 1/2 Q - 3 NaPuQ + PuQ (7)

Equations 1-7 suggest a possible mechanism for ohasge-timecurveslike those in
Fig. 6. A progressive mass increase accompanies the reactiopfsMdh PuQ and Q
to form the ternary oxide of Pu(V) according to Equation 6. Thdhglxides of Pu(VI)
are unstable in air at 950-10@) they form as calcineshaterialcools to roontemperature
in air. Heating of calcined oxidduring LOI analysis produces a rapinitial loss due to
decomposition of high-compositiooxide. Over atwo-hour period, this loss ifarge
compared to thenassgain associated with ternary oxide formation anmeetmass loss is
observed. If the material is heated for hounet,massincrease results becaude process
dominated by the continuous mass gain accompanying ternary oxide formation.

Though the proposed reactions described by Equations 1-7 cannot be \bafieghe
of complex chemicaprocess musbccur to cause the erratic behavadrserved for the
impure oxide duringcalcination and LOI analysis. As shown in Fig. 4the LOI
requirement is ultimatelgsatisfied after extendefiring, but confidence is diminished
because the acceptable result may result from fortuitous interaction of competing processes.

Another opportunity for studying the impact of calcination on the LOI value is provided
by the impureMOX (U Pu, 0,,,) samplePUUOXBCO05 In contrast to the impure
oxide ATL27960, this material contained uranium (17.8% U, 43.8% Pu, 8.1% O at the

17
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Fig. 7. Impact of calcination and LOI conditions on the LOI value for the

impure MOX sample PUUOXBCO5 and flow diagram for calcination
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(U,Pu)Q composition, and 7.7% impurities). The LOI criterion was met withioeiineed

for a longcalcinationperiod. As seen ifrig. 7 and 8, erratiomass changes were not
observed during firingFormation of a higher stoichiometry oxide asticipated because

U(V) and U(VI) are stable oxidation states of uraniumain. As determined byX-ray
diffraction measurements, contraction of the mixed-olatteee during firing indicateshat

a substantial fraction of the uraniwwvas oxidized to U(V) with an accompanyingass
increase of 0.7%. Though compliant with the storage standard, the LOI result is clouded by
uncertainty.

Karraker has also performed scoping studiesdéfine a satisfactorycalcination
procedure for MOX.The test materialvas a puremixed oxide (65% UQ and 35%
PuQ).’® LOI analysis showed a zero mass lafter firing andsuggestedhat the method
was suitable for MOX stabilization. A different conclusiwasreached byHaschke et al.
in a reevaluation of theIOX study byKarraker'” As indicated in Table V, LOhnalysis
of the as-received MOX showed a mass gain of 0.68%. X-Ray diffraction data showed that
the single-phaseas-received oxidevas partially converted to WO, during calcination at
750°C and theobservation of a positiveOl was attributed to partial oxidation of the
sample duringanalysis. X-Ray analysis dhe product aftel.Ol analysis showed an
increase in the relative intensities of thgQy reflections, anindication that additional
oxidation of the sample had occurrddring analysis. This observation suggisit the
zero LOI value observed after calcination may have resultedtfrefortuitous equality of
mass-loss and mass-gain processes.

In contrast to results dfOl studies on pure PuQLOI results forimpure oxides are
unpredictable and uncertain. In one c@sg. 5), the LOI requirementvas metonly after
extended calcination. In other instan¢egy. 7 and TableV), the 0.5% requirement was
satisfied after one dwo calcinationsteps. Inall cases,uncertainties exist regarding the
validity of the LOI results. Major difficulties with LOI analysis are the inability to determine
if the observed LOI is the net result of competamgcesses involving magsss and mass
gain and to determine if hydrogen-containing speciev@egilized during the mass-loss
process Additional studiesare needed to establish the suitability of i@ method for
certifying the compliance of impure oxides with DOE-STD-3013.

An additional impact of impurities is seen in thalieration of materials compatibility.
The fused-silicacalcination boats used at Lo&lamos were chosen because uieir
availability and low cost. Although no interaction is evident between &0 pure PuQ)
reaction is observed between the boats and impure oxides containing Na and K impurities.
After calcination, the impure oxide in contagith the boat adhered to theurface and
spectroscopic analysis difie productshowedincrease levels of Sf. This behavior is
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attributed to the well-known reaction of Jawith SiQ, to form soda glass, materialwith
a noticeablylower softening point (1000-1100) than that (1400-150Q) of silica.
However, such behavior does not alter the storability of the material.

Table V. LOI Results for Pure MOX?®,

Sample Mass Mass Mass Mass
Before LOI After LOI Change LOI
(9) (9) (9) (%)
MOX before 1.172 1.180 40.008 + 0.68
calcination
MOX after 1.468 1.468 0 0
calcination

®This sample analyzed 35 wt. % Pugy alpha count/PHA; 65 wt. % U®y difference.
PCalcination (75@C for 3h); LOI test (90T for 1h).

3.3 Impact of LOI Conditions

Conditions of the LOI analysis are important determinants of @ievalues measured
for impure oxides. Evaluation of recent data for calcinationLadidanalysis suggesthat
modification of proceduresmay be required andhat increasedconsistency intheir
execution is needed. Incorporation of changehd®OE standard might beecessary in
order to adequately define conditions for certifying impure plutonium oxatdeng-term
storage. This islemonstrated by consideribgo scenarios foLOl analysis ofthe same
impure oxide containing a sizable fraction of material that is volatile at 700€.0@uring
thefirst analysis, aample of calcined oxide is fired HHOOC for onehour. During the
secondLOl analysis, anidentical sample idfired at 1100C for two hours. Both
proceduresre consistenvith the DOE standard which statdkat “the LOltest shall be
based orheating of a representative sample of the stabilized oxide in di0Q6°C or
higher for at least onlkeour.” Based on results tiie study onimpure oxideATL27960,
the first samplemight be expected tpassthe LOI test, whereaghe secondmight be
expected tdail. An example relevant tthis discussion is provided by observations for
PUUOXBCO05 showinghat a 100C increase in thd.Ol temperature(900 to 1000°C)

during a two-hour firing increased the LOI df &ig. 7) from 0.17 to 0.40 mass %.
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The temperature profile of calcination is an important concern. It is not only within the
horizontal part of the temperature profile that the experimentalist will have donsstent.
Consistency will have to bebserved in both non-horizontal regionstbé temperature
profile, i.e. at the positive and negative slope region. The critical temperature increment will
be approximately between 7@ and1000C. Impure oxides with high concentrations of
inorganic volatile impurities ithis temperature region will exhibit large weidbss if a
temperature profile with a small slope is followed. In conclusion, it should not be a
surprise to see such samples not pass the LOI testtdriiperature profile isuchthat the
temperature change from about 7@ 1000C to 700C takes place at a longéme than
usual.

Calcinationprocedures must also be consiste@ixides with high concentrations of
volatile materials will most likely pass th€l test if they are calcinefibr a longtime at a
high temperature. Oxides treated for short times attéomperatures aresslikely qualify
for long-term storage.

Essential elements of calcinatioand LOI proceduresare the definition and
maintenance otonditions necessary &tabilize and analyze the materiAttainment of
stabilization rests on experimental development and verification of quality-assured
procedures. Unfortunatelgtabilization is sensitive to the nature of the impurity and a
single procedure is most likely not applicable to all impure oxides. Adel&fiemust be
devoted to development of eagitocedure. In partthese difficulties stem from a
fundamentalweakness othe LOI method: volatilespecies are not identified and the
observed mass loss is assumedesult solely from desorption efater. However, the
strength of this assumption is its provision of a highly conservative basis faxsafeled
storage of plutoniunoxides. Expansion ahe DOE standard to include otheertification
methods is necessary.

4.0 Other Methods
4.1 Thermal Desorption Mass Spectrometry

Thermaldesorption masspectrometry (TDMS) is a definitive methéakr identifying
non-condensable species produced by thermal decomposition afnsddidals invacuum.
During a TDMS measurement, a sample is placed in the reaction vessel of a sealed vacuum
system connected toraass spectrometer. gelectednassrange is periodicallyswept to
analyzegaseous products formed ti® reactor isheated. Thoughhe volatile species
formed during TDMS analysis differ fromhose produced durincplcination of a material
in air, the evolution ofhydrogen and hydrogen-containing speciesletectedand the
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relative amounts ofall volatile impurities are determined as a function of temperature.
Condensable products, which deposit in cooler regions of the reaetpihe sampled and
analyzed by other methods.

The value ofTDMS is demonstrated by results oipiad for the impureMOX sample
(PUUOXBCO05)*>Water was the primary gaseous product formed as the oxidbeated
to 950C over an eight-hour period. The largest amount of wasesrevolved between 175
and 340C; its relative abundanc&vas approximately150 times that of otheigaseous
products. A minimum in the gas evolution rate betw@®d and 45%C was followed by a
second releastnat continued at eonstant rate up 9%G. The majomproducts were water
and carbon dioxide, which appeared in a 1:1 ratio at a five-fold to ten-fold graatdinan
other species (carbon monoxide, methane, ethane oxygen , hydrogen).

In addition to use in identifying thiaermal decompositioproducts ofimpure oxides,
the TDMS method holds potential for complementinglif® results. Identification of the
volatile species formed during TDMS analysis of impure oxide afieationwould help
in determining if hydrogen-containinggesidues remained. If properlysed, thesedata
could assist in certifying the adequacy of calcination procedures for impure oxides.

4.2 Supercritical Carbon Dioxide Extraction

Supercritical fluid extractionSFE) of water from inorganicsolids with CQ is a
potential alternative methoidr removing and quantifyinghe water content of impure
oxides. Carbon dioxide is abundant, inexpensiveeamvifonmentally compatibleWater
extracted from solid materials by &&E stream is quantitatively determined by measuring
the humidity of the expanded GO

Results obtained by using Céxtraction to determine the amount of water adsorbed on
pure ZrQ and PuQ standardsre comparedvith LOI data'®*® The resultsare ingood
agreement. However, a similar comparative study with the impure oxide ATLZTe&0s
that the amount of water removed 8¥%E (0.025%) isnuchlessthan theLOIl (0.97%),
suggestinghat calcination is effective iremoving water from impure oxides trat the
extraction method is ineffective or residual carbon with other impusiere eliminated
during the LOI measurement. If C@xtraction is a quantitative methéal determining the
water content of solids, it would be valuable in certifygadcinationprocesses for various
types of impure oxides.

Studies tanvestigate the capabilities of GC@xtractionfor removing bulkwater from
oxides, hydroxides, and crystalline hydrates have been inittagfE removes 0 from
Ca(OH), and produce€aCQ. Results forcrystalline hydrateshow that some materials
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can be fullydehydrated, while otherare only partially dehydrated, angtill others are
unaffected. For example, studies with Ca@28,0 showthatwaters ofcrystallization are

not extracted by SFE; only adsorbed water is removed. Similar extraction experiments with
MgSQ,-7H,0 show that five waters of crystallization are removed.

The effectiveness of C(extraction as a general quantitative metfmddehydration
from solids seems doubtful. Extraction of water from alkali and alkaline earth hydroxides is
energetically favorable because stable carbonates form during the pvdaissmolecules
of crystallization are extracteohly if they are rather weaklypoound;i.e., are thermally
removed below 15C. The free energy ofolution of HO in supercritical CQ is
apparently insufficient to remove strongly bound waters of crystallization. Thermodynamic

data for Pu(OH)and PuQ showthat the tetrahydroxide snstable AG® = -10 kcal/mol)

relative to the dioxide and water at room temper&tamed SFE may prove effective. This
uncertainty can be eliminated by experiments ihictv Pu(OH), is extracted after
precipitation from aqueous solution and vacuum drying at room temperature. Effectiveness
of the extraction could be determined b®l, TGA (thermogravimetricanalysis) and
TDMS analyses of the solid product.

5.0 Conclusions

The primary objective of this report is to compare the LOI procedures used at different
DOE sites and identify factorthat may alter theesults. The inadequacies dfOl as a
method of certifying impure oxideor storagehave also beeaddressed and status of
possible alternative methods has been reviewed. A summary of conclusions follows:

¢ Different DOE sites emphasize different parts tbé LOI procedure in an effort to
improve precision. For example, precisiordiectly affected by the amount of oxide
used in analysis.

¢ Different DOE sites useddifferent temperaturegimes, andthermal profiles for LOI
analysis.

* Different DOE sites use different crucible materials for LOI analysis. Differatérials
are sometimes used at the same site.

* Rigorous consistency duringalcinationand LOI analysis is essential in order to
develop a reliable technical basis for decisions about storage of impure oxides.
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* Reactions involving sodiunoxide, potassium oxideuranium oxide and other
impurities may result in unpredictablmass changes duringalcination and LOI
analysis.

* The suitability of LOI analysis in certification of impure oxides storage isgloubtful.
Resultsare misleading and additionabrk is needed to determine the contribution of
hydrogenous materials to the analytical result.

* Thermal decomposition mass spectrometry is effective in identifiofagile hydrogen-
containing species formed at different temperatures during calcination and LOI analysis.

* The suitability of supercritical C@xtraction as a methddr removal andquantitative
determination of water in pure hydrateakides of plutoniumhas not been
demonstrated.

e Supercritical extraction does not remove water from common crystajlomates, and
therefore, the methodoes notappear suitabléor analysis ofimpure oxides in which
such materials are known to be present.

* The problem of certifying impurexides for storagefter calcination isunresolved.
Two approaches for addressitige problem follow:(1) Development of dydrogen-
specific analytical methodfor certifying impure oxides. Neutron absorption
spectroscopy is a promising option. (Zertification of calcinationprocedures for
classes of impure oxides by demonstratimgf representative calcinatipnoducts are
free of hydrogen. Thermal decomposition mass spectrometry is a promising option.
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