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ABSTRACT

Supercritical fluid carbon dioxide is under investigation in
this work for w. as a cleaning solvent for the final
clwming of pbmmiwn parts. These parts must he G= of
organic r.sidue m avoid corrosion in the stockpite. [.itial
studies cm stainless steel a“d fuU-scale mock-up parts

indicate !Jmt [h. oih of interest are easily and adequately
cleaned from the metal surfaces with supercritical fluid

cm-ho” dioxide, RC.SUIUfrom compatib&ty studies show
that ““desirable oxidation or other surface reactions are not

occu-ring during expmure of plutonium to ~he supercritical
fluid. Cleaning studies indicate that the oil! of interest are
rcnmvcd from the plutonium surface .nd.r relatively mild
c.”diliom, These studies indicate that supermitical fluid
mrho” dioxide is a very promising cleaning medium for
this appjicatien.

INTRODUCTION

Our aim in this work is to develop a cleaning process that
can b. “d to clean plutonium parts. The plutonium parts
are repeatedly exp-med to various organic substances during
lh. fabrica!io” a“d assembly of wcr+ons compmmts. The
plutonium is machined and requires organic based coolants.
lubricants, and oik. These organic residues must be
rcrnov.d from !he parts to avoid corrosion in the stockpile.

[“ light of lh. President’s recent initiative toward timiting

production of new weapons and, comequerdly, the long-
t.rm storage of these, it has beccwnc essential tiat these

parts are free from any organic residue.

Typically, these organic residues arc rcrnmmd k vap,
dcgreasers using halogenated bydroc.rhons like 1,1,1-
wichloroeth.ne a“d carbon tetrachlo rid.. Large amounls of

mihcd waste are gen.ra!ed and a significant qua.lily of
these volatile organic compamds are released to the

atmosphere. with the current environmenbd issues and
regulatory requirements, it has become prudenl to avoid the
use of halogenated hydrocarbons. AdditicmaUy, it is

suspected that these solvents leave a residue on tic cleaned
parts that can lead to undesimble corrosion reactions.

A. alternative cleaning medum is needed that is
environmentally acceptable, nonhazardous, nontoxic,
noncombustible, readity recyclable, low cost, not regulated,
compatible, and effeaivc. Supermitical FJuid Ca&n

Dioxide (SCF COJ is, in fact, a cleaning solvent that
meets these criteria. Work on this pmjcct is focusmd on
the evaluation of the mmpatibilhy and effectiveness of the

SCF CO, cleaning pmccss.
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A supercrhical fluid is the compressed, den s phase
above the critical temperature.. Liquefaction of @s . . .
occur upon wmprcssion below dwcriticaJ tcmperatur& t

above the critical temperature the gas cannot tiqu
4,

=gardl=~Of ~eappti~p=urcanda s~glegasphasels
maintained. ‘fhecrbicalpmint forcarbondkmideis 31° C

and 74 bar (10%3 psi) which means !hat the supercrilicd
fluid can he attained under rctativcly mild conditions.

The phase diagram of CO, (F,gure 1) shows the
su~~ritiml xgionsbove 74 barandlh. 32” isothcmm 11
can b.sccnthatv.ry liquid-like densities can beachi..cd
and stdf remain in the gas phase.
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Fig. 1: Phas. diagram of CO,

‘fhe consmnt density curves for CO, (F@rc 2) as .
function oftcmp-=ralure and press.reilhstrate that smtll

changes inpressure can result in significant changcsin [IIC
density of the CO> And, since the solubilhy of a
substanccin CO, is dependent ufmn density, one . . . iine-

tune the systcm using pressure changes to obtain the

r~u~~ solubfi!ic$

What mak.s SCFC02 sucha promising ckaningmedi.m
is that the,. tiq.id-tike densities . . . be achieved resulting
in very Iiquid-tike solv.nt propmties. It is a very good
solvent fornon-pdarto dightly palar organic substances.

There is the added bene~t of its gas-like characteristics
which mcam improved mass Iranspofi .hmact.risti.s such
as impmved dlffusivities and lower viscosities than liquids.
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Fig. 2: Constant density curves for CO,

The benefit of no surface tension is espeoialfy useful when
.Iea”ing complex gwmetries. Since it acts fike a gas, it
expands to filf the entire volume of a chamber, thus
txposing alf of the surface area of the complex geometry to

the cleaning medium.

A SCF CO, clenning process is especiaffy attractive with

r.spect to waste minimization. Typically, the organic
raid.. is removed with a hazardous solvent. Although

most of the solvent escapes to the atmosphere, a significant
quantity conmihutes to the overafl volume of waste,
forming a mixed waste. A mixed waste is o.. containing
both a radioactive cmnponc”t and a hamrdous one, and the
disposition of this waste is difficult. The pmposcd plan to
.s. a “o”hazardous wlv.”t to remove the residue

circumvents the formation of a mixed waste. The
s.per.rhical fluid can be expanded to the gas phase and
recycled leaving only the organic residue and avoids the

~ddition of the solvent to the waste volume.

The schematic given in Figure 3 depicts a simplistic
vcrsio” of the proposed system. The C02 is pumped,

compressed and sent through the cleaning chamber which
resides in a gl.vebox. The glovebox is necessary, of
course, when working with plutonium. It then goes through
.“ cxpa”sio” process where the oif is dropped out a“d the

gas is recycled. This may be more energy inte”siv. than
using a low boifing solvent in a vapr degrmser, but tbe
cost difference should be negligible outside the capital

expense of [he initial system.
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Frg. 3: Scb.matic of SCF cleaning syst.m

EXPERIMENTAL RESULTS

Preliminary tests

The preliminary work was .ccompfishcd by Motyl’ in the
early 1980’s. Stainless steel coupons w.rc contaminated
with Texaco Regal R&O 32 Oif (a commonly used
machining oil) and cleaned in SCF CO, under conditions o f
pressure ranging from 1260 to 4000 psig, temperature

ranging fmm 33 to 50°C, densities ranging from 0.65 to
0.92 glee, cleaning times of 10 to 30 minutes, and X
different flovnntes. Auger electron spectroscopy (AES)
showed a measurable but acceptably smaU residue. It was

found that this oil removal showed little pressure,
ternp.rature, density, or flowrate dependency. Further
studks using steel wool to simulate plutonium machining

turnings proved tiat the cleaning process was adequate;
although, a strong density and flowr.t. dependency was
seen for the removal of the same oil.

The studies continued using uranium. The urtni”m
coupons were cleaned at 2029 psig and 34” C. The oil was
removed easily and there were no obscrv.blc cha. gtx in

appear. n.. .t?er lb. cleaning process. AES s“ggcstcd th.

pOssibifily of C% chcmisorbed tO the UOX surf=

A preliminary compatibility test was done o. plutonium in
a static test at 1500 psig and 50” C. AES of the plutonium
surface m% carbon dioxide cleaning showed no diff.rent.

in the oxide layer before and alter cleaning which suggests
compatibility of plutonium in supcrcritical fluid c%rbon
dioxide.

Subsequent tests

In recent subsequent studies’ full-scale mock-up parts were
used to evaluate the cleaning of an appropriate shape. A

rinse analysis was used to evaluat. the cleaning .flic%cy of
the process using h.xan. and gas chromatography. .4
.Icani”g mitmio” has bee” calculated and esmblishcd at
about 5 - 10 pglcm’. These sfainless steel hemis hells wm.

contaminated with the R&O oif and cleaned with SCF COI
vmyi”g the operating conditions of pressure, tcmpem!.rc,
density, flow rate, and process times. 1. aff cases lhc
rcsid.e levels w.re far below the lowest required limit o f

5 pglcms. In fact, this oil was removed so easily, it was

not possible to optimize on any process pammeters.

Nye Watch Oif is an oil commonly used in the gaugimg and
co”touti”g process for the finished pares It was
anticipated lhat this oil might be slightly more difficult to

remove owing to a ~lar ester component in [hc
formulation of the oil. Removing this oil from the mock-

UP Part did require densities above. 0.71 g/cc (1400 psig
and 35” C) as shown in Figure 4. This information
provided the lower limits for operating parameters since it

is reasonable to assume that this oil is a typical
.o”taminati”g d.
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Fig. 4: Depend . . . . of oil rcnmval on density of CO,

A test was performed in which a hemisheif was fitted with
small coupons on both the convex and concave surfaces.
The part with the coupms was contaminated with Nye
Watch Oil and cleaned in sCF COT The coupons were

then removed and evaluated for residue by X-my

Photo.lcctmn Spectroscopy (XPS). Although alf the
coupons were more than adequately cleaned, it was
discov.rcd that the coupons rcsidmg at the pole of the
hemishell had a subwa”tially higher cm-bon layer [ha” all
the other coupms. This indicates that in some
co”lig.raticms the potential exists for “onunifonn cleaning
and this requires further inv.stigatio”.

Pluti”i”m studies

Having determined that the oils in question were easify
removed from stainless steel a“d from lhe appmprkat.
shapes, it folfowed that th. focus should turn to pluto”iurn.

A lab-scale cleaning facility was built at Los Alarms
National Laboratory (LANL) and plutonium coupon tests
were initiated.

Tb. cotnpatibilily of pl”to”ium in s.p.rcritical fluid carbon
dioxide remained questionable since the Ihmmody”arnics of
the oxidation of plutonium in carbon dioxide indicate a

favorable macti.”. k is anticipated that the ki”etim of the

pr...s, .r. $.ch hat the r=ctiOn wO.ld ..t . . ..r ..d.r
normal operating conditions; however, the kinetics at
supcrcritical .o”ditio”s have “ot bee” evaluated. Although
rate data are not available for oxidsdio” of pl”to.i.m by

carbon dioxide, kinetic experiments repxwd for tie
reaction of F1-Zr al foy.s with CO, at elevmed
temperatures]’ assist in predicting the kinetic behavior of

Pu in SCF CO} This predicted kinetic beh.vior is
co M istent with results from recent compatibility tests,

Fr.sbly burnished gram-sized samples of delm-phase
plutonium foif w.rc qmscd to high density (0.8 - 0.9
glee) flowing CO, at Wnperat”res “fl to 100° C and

eressurcs UP tO 45fx3 psig. Afier o.e-h..r .XFQSW%
sample masses were unchanged and them were no

obsemable changes of the surface,

Cleaning studies were the” undetie” m valuate ~hc
process for removal of Nye Watch Oil. At Lbis time a“
analytical method has “d bee” approved for the pl”toni. rn

area within which we are working. Therefore, tbe
evahmtion of oif removal was done by weight diff.r.”tial.
V/life this method is adequat. to d.t.nnine cleanliness m
the mg level, it is “ot suf!ici.”t to rn..t [he p:
requirements. Fourier Transform I“framd (fTIR)
tech”iq”m are being devetoped at LANL for “se as an

analytice.t rime method as well as a surfac. a“.lysis rncthod
for determining cleanliness I.v.Ls for pluto”i”m and should
beimpl.rnentedin the ncnr future, Atprese”t, bow.v.r,
mg levcldetmtion provides valuable cl~.kgi”fomatio”.

Figure 5 represents the results of the fmt pl.to”iurn
cleaning tests. Tbetests were mnat C02de”siti.s r.ngi”g

from 0.7 to 0.9 glee, pressures ranging fmm 1653 m 4069
psig, andtietemperatur. washeldat40° C. 1“.zllbuto”e
case the oif put onto the co”po. was complctety removed
by the SCF CO, process, within the limits of detection.

Additionally, there has been no obscrv.ble delctcrio”s

effects to lhe surfaces of [h.sc coupons. There was mm.
indication in these tests that lhe plutonium coupons wi[h
obs.rvabl. oxide layers before co”tarnination with oil .“d
cleaning were consistently 1.ss clean atler the SCF C02
process than freshly potished plutonium surfaces. Si”ce, in
actuathy, it is oxidcd surfaces that wiU be .Iea”ed, [his
obsemation merits further investigation. How.v. r, it is
also notd that even lh. oxided surfaces yielded virtu~lly
completely clea”cdsurf.c.s afler SCF CO, .Icm”i”g.
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Fig. 5: Removal of oif from F% with SCF CO,



CONCLUS1ONS

The successful removal of contaminating oifs from fuU-
sized mock-up (stainless steel) parts and plutonium coupons
in SCF C02 indicates a promising alternative cleaning

technology for the final cleaning of machined plutonium
parts. Observations such as the stightly less effective
cleaning of oxide surfaces and the potential for nonuniform
.Ieaningin certain configurations providemcm for further
valuation. However, alf rewdb lhus far indicate that the
SCF COlcleaningpmcess is an excetfentmetbod for this
purpose.

This technology is particularly attractive for this application
for many reasons including waste minimization a“d
hamrdous solvent elimination. Tbecleaning ofplufonium

parts is a unique application. Most cleaning applications
do not involve cleaning plutonium or other reactive m.kk.
However, [hk cleaning technology can b. applied to

.k”hg COmp].X gmm.tti., 01 ill pr0CC3S.S where
conventional methods such as aqumus cleaning arc not

feasible.
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TECHNOLOGY NEED: PURPOSE OF’ CLEANING

● EXPOSURE TO ORGANIC SUBSTANCES DURING FABRICATION

● AVOID CORROSION IN

● PRESIDENT’S RECENT
LONG TERM STORAGE

STOCKPILE

INITIATIVEREQUIRES
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TECHNOLOGY NEED: REPLACE CURRENT CLEANING PROCESS

● VAPOR DEGREASERS USING HALOGENATED HYDROCARBONS

● LARGE AMOUNTS OF MIXED WASTE ARE GENERATED

_ AVOID USING HALOGENATED HYDROCARBONS

● THESE SOLVENTS CAN LEAVE RESIDUES
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MISSION: FIND AN ALTERNATIVECLEANING SOLVENT

ENVIRONMENTALLY ACCEPTABLE

NONHAZARDOUS

NONTOXIC

NONCOMBUSTIBLE

RECYCLABLE

LOW COST

NOT REGULATED

COMPATIBLE

EFFECTIVE

4A?E(38Q
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SUPERCRITICAL FLUID FUNDAMENTALS

● COMPRESSED GAS PHASE ABOVE CRITICAL TEMPERATURE

● LIQUEFACTION CAN OCCUR BELOW Tc

● ABOVE Tc NO LIQUEFACTION OCCURS

● Cp (C02 ): 31° C, 74 BAR

A EQ&(#
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CONSTANT-DENSITY CURVES FOR C02 AS FUNCTION
OF PRESSURE AND TEMPERATURE
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SUPERCRITICALFLUID C% AS A CLEANING SOLVENT

● LIQUID–LIKE DENSITIES AND LIQUID-LIKE SOLVENT PROPERTIES

● GOOD FOR NON–POLAR & SLIGHTLY POLAR COMPOUNDS

● GAS–LIKE CHARACTERISTICS

IMPROVED MASS TRANSPORT OVER LIQUIDS

NO SURFACE TENSION



SUPERCRITICAL FLUID CARBON DIOXIDE CLEANING
OF’ PLUTONIUM PARTS

WASTE MINIMIZATION

‘ m dispose!,,,,!;,:~:::,~!i!:, +

Organicresidue

HazardousSolvent

r

m
MixedWaste

1 ~+-=nm”on’’’Organicresidue

Non-hazardous
Solvent

Organicresidue waste

A
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1

view of a closed-loop SCF cleaning system
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PRELIMINARY STUDY

● SS COUPONS
-— P = 1260 – 4000 psig
-—T = 33° – 50” c
-- d = 0.65 - 0.92 g/cc
--AES showed measurable
--Little P,T,d dependence

but small residue
to remove oil

● STEEL WOOL
--Strong density & flowrate dependency
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PRELIMINARY STUDY

A EM =~~i~

● URANIUM
-— P = 2029 psig
-—T = 34° c
--No observable change in appearance
-–AES suggested CO Zchemisorbing to UOX

o PLUTONIUM (STATIC TEST)
——P = 1500 psig
-- T = 50” c
––AES showed no difference in oxide layer
-–Suggested compatibility

SSUB09
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SCF CLEANING OF MOCK (STAINLESS STEEL) PARTS

DEPENDENCE OF NYE WATCH OIL REMOVAL ON DENSITY OF CO ~

% Nye Watch oil removed
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SCF CO ~AND PLUTONIUM COMPATIBILITY

A EG4QJ?tUWFti7S

FRESHLY BURNISHED PLUTONIUM COUPONS

3 cm2 area

P = 3000 psig P = 4500 psig

T = 35”-40” c T = 1008c

d = 0.8 - 0.9 g/cc d = 0.75 g/cc

NO VISUAL CHANGES TO SURFACE

NO CHANGE IN MASS OF COUPONS

9SU211
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NORMALIZED Mg.
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OF OIL FROM Pu WITH SCF C02
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Contaminant: Nye Watch Oil

OIL (6.18 = 1)

f
x

-L
3344

I I 1 I

T
I

~xx’l

I I I I

55667788991010 11111212
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CONCLUSIONS

●

●

●

●

●

The contaminating oilsare readilyremoved
by SCF CO 2from metal surfaces - including Pu

Evaluate process for other potentialresidues

Evaluate process on oxide surfaces

Implement the improved analyticaltechniques
to determine efficacydown to~g levelson Pu

SCF CO zremains a promising substitutesolvent
for trichloroethane‘and carbon tetrachloride
in the finalcleaning process for plutonium parts.

!?9wnIz
. .


