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ABSTRACT

Supercritical fluid (SCF) carbon dioxide (CQ,) is being cvaluated for usc as a cleaning
solvent to replace 1.1,1-trichlorocthanc for the final cleaning of plutonium (Pu) parts.
These parts must be free of organic residue to avoid corrosion in the stockpile.
Thermodynamic and kinetic data for selected reactions off Pu metal are evaluated as
a basis for asscssing the nisk ol a violent exothermice reaction during the use of SCF
C(), on Pu. The need for considering kinetic bzhavior of o reaction in assessing its
thennal risk is demonstrated. Weight difference data and results of xray photoclectron
spectroscopy o evilnate the surface after exposure o the supercritical Muid show that
SCF CO, 18 i elfective and compatible cleiming solvent.

1.0 INTRODUCTION

The objective of this work is to develop a cleining process which can be wsed o cleinm
Pu parts. The Pu pants are repeatedly exposed to varions orgimic substances during
the fabrication and assembly of weapon components, ‘These organice residues must he
removed from the parts to avoid corrosion in the stockpile, Typically, these organic
residues are removed in vapor degaeasers nsing halogenated hydrocarbons such as
I.1.1-mchlorocthane and carbon wetrachloride. With the current environmental issnes
and repnlatory reguivements, it has hecome necessary o pvoid the nse ol these
solvents,

Aun alternative clemmng medun is needed that s envirommentally acceeptable, wm
lazardons, non-toxic, non combusuble, readily vecyelable, Tow cost, compatble, and
effeetive, Supereriteal Muid carbon dioxade is a solvent which ¢ meet these eriten,
This work is focnsed on the evalnation of the compatibility and effectiveness ol the
SCE €O, cleming process

2.0 FUNDAMENTALS OF SUPERCRITICAL FLUID CARBON DIOXIDE,

A supercritical Nndas the compressed, dense pas phase above the ertical temperatine
Fagueiaction ol the pas camot acear above the entcal wemperatre epardless of te
extermal pressure apphed soca smple pas phase s oatained, Tor CO, the enneal
pomtis at 17C and 74 dar CTOSK py Fyprane Tas the phase diapeam tor CO, whieh



shows that liquid-like densitics can be achieved and sull remain in the gas phase.
What makes CO, such a promising cleaning solvent is the fact that liquid-like
densities can provide liguid-like solvent properties. There is the added benefit of the
gas-like characternistics providing improved mass transport properties. Carbon dioxide
is a good solvent for non-polar to slightly polar organic substances.
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Fig. 1 Phase Diagram of C(Q),

10 COMPATIBILITY

The thermodynamics of the oxidation ol plutoninun in carbon dioxide sngpest a
compatibility assne. The suggestion s that since the exadation o Poometal s
exothermic, the potential exists fora sigmbicandy Large thermal exenrsion, and thus,
poses st thermal hazard 1] The thermodynanies do show an exothernne
potentiadly spontaneons reaction with e standard heat ol veacton Tor the axidation of
Pu o CO, of 1583 keal/mol and o Cabbs Jree enerpy of - 140D keal/mal, The
guestion s nused regardings the thennodyiannes of e weacbon at superentica!
condittons ad any resulting wicreased luzand AU aomstant temperatire, the heee
coerpy Tor e reaction at now standard crmditoas s delined by the standard state hees
encrpy. AGT and by the equibrion constant, K,oas Tollows AG AGT 10 RPuk
Stmee Ko 1/PCO) md AG™ s constanr at 1442 keal/iol viver achimted temperatine
vange, the AG derived at the comeal pona (1, oo 729 atm) s HS
keal/mol, Usinge Gibbs equation, AT AGH TTAS, the heat of ieaction at sapewentical
condimons can be calenlated, Calenlanon ol the enthadpy changes at a nonstandiudd
pressine depends on the avindalnduy ol enttopy data aq the condition of mterest. The
cutinpes ol solids e msensive e essie clumye cver the g ol mtenssd
However, the entropy ol €O decieasaed Ty moreasiey tdue pressie and clungsee
Brenne ST L cal/K mol at one ati v 38 7 cal/kowol e 22 0 ann [ Consequently, the



‘I'AS term s -10.4 keal/mol and AH is -156.9 kcal/mol at the critical pressure. Since
the operating conditions for SCF CQ, are cxpected to be near 40°C and 200 aum [3],
consideration should be given (o the thermodynaimic behavior at substantially higher
pressures. Al these conditions, AG is -147.6 kcal/mole and S for CO, is 34.8 cal/K
mol. The resulting AH value is -157.2 keal/mol. The heat produced by the reaction
at the critical point and at cperating conditions is lightly less than ai standard
conditions; therefore, the thermal hazard 1s not increased.

The fact that the oxidation of Pu in CO, is a thermodynamicilly favorable reaction
does not assess the risk associated with the reaction.  The rate of the reaction is
required for a valid assessment. A hazardous situation oceurs only when the rate of
reaction is such that nnacceptable temperature excursions are encountered.  Previons
studies have shown tiat the rate of oxidation of Pu in C(O, at temperatnres in which
the cleamwng system will operate are very slow and negate the possibility of a thennol
excursion, There is no Kinetic data vor the oxidation of Pu by CO, at supereritical
conditions.  The expectation is that the kinetics will he sinlar at superentical
conditions to the known kinetics at suberitcal conditions. This is consistent with
results ol studies prerformed by the authors in which freshly bumished Pa coupous
were exposed to high density CO, (0.8 - 0.9 g/ee) at 3000 -4500 pstand temperatores
from 40 e 100¢ C for one howr. ‘There was o detectable oxidation, no visible
cliange o the sirface, aud no mass change.

4.0 CLEANING STUDIES

Experiments were performed in which Pnoconpons were freshly burnished and
contantimated with a known (uantity of Nye watch ol The coupons were then placed
e the clemming apparatus and exposed o flowing COLa deasities ranging from 0.7
o 0.9 p/ee, pressares ranging from 1653 10 4069 psiy and the wemperature at 40°C,
A sampling ol these results s piven in Fignre 20 By werght differeace, all bt one
test showed that the oil put onto the conpon was ramoved by the SCE €O, process,
Althouph werght difference only provades information to 0.1 milliprinn Tevels, this
data was adeguate Tor illastrating the cleaning potential. In Figore 2 cach pair ol mn
unmbers imdicates the amount of ml apphed and te oot ol ol removed . Run
mcheited den e ol was remsoved i was applesds Tlas o rinsed the queston
ol the possibndity of restoving wmetal as well The superenteal Thind wanld not
solnbnhize the ', but there could he s anesao about the mteracton ol water, €0
and ' Theretore, a0 test was performed witde 9 028 ol water added v the
superentical Thid while exposing the fhind oo a T'a coupone Al staite expasine fon
ant Tt A107C and 30 psi CO the conpon niass imereased by O 0000 10 Tl et
mdicated that there s very e mteracton o e aowith water at these conditions

50 SURFACE STUDIES

Smhice evalnatons were perfonned with Xy Photachectom Spectinaopy (NS
Fwo: plutomimm voupons wene tecated adentically by sevapuygs the smbace th expose



clean metal and then air oxidized for 15 minutes, One coupon was immedialcly
cvaluated by XPS for a reference while the other was cleaned in CO, and then

NORMALIZED Mg. OIL (6.18 = 1)
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IFig. 2 Removal of Oil from Pu with SCIF CO),

cvilaated by XPS. Figure 3 is a spectrum showing that ol the cleaned coupon (lower,
dotted line) compared o the mncleimed coupons (upper, solid line). The cleaned
conpon contains no silicon peak and the adventitious carbon scen at 286 ¢V s greatly
redueed.
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pcak at 286 ¢V is coamonly a stable pcak which is frequently used as a relerence
pcak in XPS. Often this carbon must be sputtered off to remove it from the XPS
spectrum. The reduction of adventitious carbon is a preliminary indication that the
removal of simple hydrocarbon from plutonium surfaccs is casily accomplished in
supercritical fluid carbon dioxide.
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Iig. 4 XPS of Pu Surface: Expanded Carbon Envelope

Figure 5 is an cxpanded view of the oxygen envelope from 528 0 538 ¢V, The
uncleaned coupon exhibits a significant quaatity of hydrated hydroxide species. The
cleaned conpon shows that most ol the hydroxyl species are removed.  This resnlt
assists i the explimation of the mnexpected suall interachions with water i previons
tests in which water was itennonally added to the CO, while ¢leiming.
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Figure 6 shows that the overlayer matrix is greatly reducad in the cleaned coupon
indicating a marked decrease in the adsorbed species and general surface clcaning.
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6.0 SUMMARY

Although the thermodynamics of the oxidation of plutonium in supereritical fluid
carbon dioxide indicates an exothemnic and spontancons reaction, the kincetics are so
slow that the reaciion does not nccur within the exposure times. T'ests nsing weight
difference and visual observation as well as XPS data confirm that plutoninm is
compatible with the snpercritical Nuid carbon dioxide. The XPS data also provide a
preliminary indication that the removal of hydrocahon from the phitonium should not
be diffienlt, Al indications are that the superertfical fTuid carbon dioxide is an
clfecave cleaning sorvent for plutonmm surfaces.
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OBJECTIVE

DEVELOP A CLEANING PROCESS TO CLEAN PLUTONIUM PARTS

AVOID THE USE OF HALOGENATED HYDROCARBONS

FIND A SOLVENT THAT IS

ENVIRONMENTALLY ACCEPTABLE
NON-HAZARDOUS

NON -TOXIC

NON-COMBUSTIBLE

READILY AVAILABLE
RECYCLABLE

LOW COST

NOT REGULATED

COMPATIBLE

EFFECTIVE




PURPOSE FOR CLEANING

EXPOSURE TO ORGANIC SUBSTANCES DURING FABRICATION

CLEANLINESS CRITERION = 5— 10 ug/cm ©

AVOID CORROSION IN STOCKPILE




SUPERCRITICAL FLUID FUNDAMENTALS

LIQUEFACTION OCCURS WHEN A GAS IS SUFFICIENTLY
COMPRESSED BELOW THE Tc

ABOVE Tc LIQUEFACTION DOES NOT OCCUR

SUPERCRITICAL FLUID IS THE COMPRESSED GAS PHASE
ABOVE THE Tec

CRITICAL POINT CARBON DIOXIDE: 31 C, 74 BAR




- NUCLEAR MATERIALS DIVISION.
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NUCLEAR MATERIALS TECHNOL

STPERCRITICAL FLUID COo AS A CLEANING SOLVENT
(GENERAL)

G002 FOR NON—-POLAR & SLIGHTLY PCLAR COMPOUNDS

GAS-LIKE CHARACTERISTICS
IMPROVED MASS TRANSPORT OVER LIQUIDS
NO SURFACE TENSION




NUCLEAR MATERIALS TECHNOLOGY.

SUPERCRITICAL FLUID COo AS A CLEANING SOLVENT
(SPECIFICALLY FOR CLEANING PLUTONIUM PARTS)

GOCD SOLVENT FOR CONTAMINANTS OF INTEREST

LZAVES NO UNDESIRABLE RESIDUE

/

GAS PHASE SEPARATION OF SOLVENT MINIMIZES MIXED WASTE
GENERATION SIGNIFICANTLY
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THERMODYNAMICS

Pu(s) + COo(g) = PuOo(s) + C(s)

" Hugg = —158.3 kcal/mole

53(5298 = —144.2 kcal/mole

OPERATING CONDITIONS (40 C, 200 ATM)

ZHi;3 = —157.2 kcal/mole

—-15
~.Gq;3 = —147.6 kcal/mole




NUCLEAR MATERIALS TECHNOLOGY ... . ..

KINETICS AND THERMODYNAMICS

AH 298 NG 208
kcal/mole kcal/mole
Puis; — Optg; = PuOa(s) —252.4 -238.5
-39.2 -31.1

ED RATE OF OXIDATION AT 0.67 ATM. 25 C =

—omT (T
L ilMed

30 nmol Cp /cm2 hr
TS FOR HYDRIDING AT 1 ATM, 25 C =

KINETIC RESUL
60 mmol Hs semf hr




SUPERCRITICAL FLUID CARBON DIOXIDE AND PLUTONIUM
COMPATIBILITY

FRESELY BURNISHED PLUTONIUM COUPONS

2
3 cm area

o
li

? = 3C00 psig 4500 psig
T=3-40C T =100C
d =08 - 09 g’cc d = 0.75 g/cc

NO VISUAL CHANGES TO SURFACE
NG CHANGE IN MASS OF COUPONS




REMOVAL OF OIL FROM Pu WITH SCF CO2
CO2 Densities 0.7 to 0.9 g/cc
Contaminant: Nye Watch Oil

NORMALIZED Mg. OIL (6.18 = 1)

%xxf%%xxx$

PSS S S ST S U SN SR ST S 2 TS SN SR i SN S S
1122334455667 7821889 98101011 111212
RUN # (OIL APPLIED: OlIL REMOVED)

Run Time=30 min. Flow=0.02 Ipm
Temp.-40°C Pressure=1853-4069 psig



WATER TEST

TEST CONDITIONS:
0.023 g H20; 1 HR; STATIC; 40 C,; 3000 PSI

OBSERVATIONS:
COLUPON TURNED BLUE & GAINED 0.0004 g

CONCLUSIONS:
NO LOSS OF METAL
VERY LITTLE WATER INTERACTED




NUCLEAR MATERIALS TECHNOLOGY ... oo - . hiins 1o s gigeiarsn
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SUPERCRITICAL FLUID CARBON LIOXIDE CLEANING
HAS BEEN SHOWN TO BE EFFECTIVE AND

WILL BE IMPLEMENTED TO REPLACE 1,1,1-
TRICHLOROETHANE FOR CLEANING PLUTONIUM
PARTS.

THIS CLEANING PROCESS COULD BE USED FOR

OTHER REACTIVE METALS OR ITEMS WITH COMPLEX
GEOMETRIES.
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NUCLEAR MATERIALS TECHNOLOGY.

CURRENT DTRECTION

1. FULL-SCALE CLEANING FACILITY

2. MIXED WASTE REMEDIATICN

U - .




