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ABSTRACT

The dissolution behavior of settled and airborne
uraniun material produced by firing of depleted
uran!un munitions was studied King an in vitro
diss31utlm technfqw. Differences irI the
cunpcsitfon of bulk and respird)le Fractfon samples
of these materials were tisemed. Dissolution
ans-rysis res Jlts suggest that mder sane conditions
a rhp~dly dissolving uraniun t’rnctim may be
fomd . This ,tiaction my play an important role
1,1 determining haztird potential associated wfth
Inhalation emcsure to urantun materials. The fact
that #
cbse~ed
settiec(
analysls
fractim

larger rapidly dissolving fractim was
in the airborne nwterial than in the
materi al tndicates that dissolution
should be performed cm appropriate size
samples.

l~RoDIJcTloN

The importance of in VIVC dissolution behavior
of uranim materials ~-at Ura(liun mines and
mills has been described, l,2,3 These studies
describe the large vari~ilfty associated wfth che
dissolution properties of “yell owcake” materials
frun varfow UT FIIIIJII nills rnnd demonstrate the
me fulness of in vitro dt>solution analysis
techniques in ass~gnssoluticm he>avi or. In
qrneral , in ~ivo dissolution behavior has been
fotnd to=~—rtepenrtent upon a material’s
,,hysfco~~f cal fmlll.d In vlt,ro dissolution
,tudl?s have also been cTr7Ffiiit on urani un
lmaterlals derived frun test ;iring of depleted
u,sniun (nil) penctrator mmft~on:, Tt?c COIIplC c
results of this study ale r~ported elsewhere, i

The d~.!ect of this report 1; to focu$ on certafn
results of th● Stdy k,;I;ch i~dicate that
I!ssolutlm properties of the uraniun matcrfals can
b? depen4ent upm th? size fraction ztudierl, This
result nhy be of importanw in conducting in vitro
dissolution ar.alys!s of uranf tan materials ~o-tiil_~
ural]lun nlin~ and mills.

.-. --— —. .. ... -— .. .._ _...._ .-
‘Uork ~JIP~fOITTI@d at the Ios Alamos Nat( onal
L,wor,?tf:’y oprratthd m+r the nlfipfcrs of the US
hcparbncnt of Lnergy, Contract No. U-7405 -ENG- 36.
‘Curr?nt h,fdrws : C~oCo Inc. , Pcnca Cfty,
(lklahmla, L’SA

MATERIALS AND METHODS

Study Materials

Two OU study materials collected frcxn an
enclosed test bunker were prwidcd by the United
:tates Air Force (USAF). Thle 1 gives a
description of each of these study m.terfals, The
test bbnker at which the study mater i~ls were
collected Is used for test flrlngs of Varfow OU
penetrator muniti ons. One Of th? samples (S682.2)
was collected as a cor● sample of the bunker
material Into wtIich the punetrator is fired. The
other (S6R2-1) was collected by the bunker air
cleaning system. The core and air sample materfals
cmtained ‘1O per cent and ’20 per cent uranlun by
weight.

TABLE 1: DEPLETED URANIUM STUOY MATERIALS

Samp”le No. lreatment.——

S682-2 Core Sarlple (settled)
S6B2-J Air Sample (airborne)

Samole Generation

Ead bulk stud,y material wai s!eved and tbe
portim passing a 400 mesh (3Cl urn mesh size) screen
was CO11●ctcd. An aliquot of the sieved mat,er~al
was pressed ~nto a specially made thimble which was
mounted cm a Uright dust feed6 aeros 01
generator, The d~t feed operates by rotating a
sample pIug against a radially positioned blade
that is continually sweet by a jet of clecn air
which suspmds the materfal scraped frcxm the pluq,
me output of thfs genvrator was conducted to a
horizontal elutrt ator (sre Fig. 1) operated to pass
an aerosol that m ~ts the British Medfcal Rescarctl
Coulcil criterfa ? befng VIe resplr~le
fraction of the ~filenge aerosol. Sets of
respirtil? fractfon samples representing rat+ study
mata?rfa”i w~re collected on 5 “m pore sizp, ?5 mm
dlam~ter Illlllpo,.e mctir~ne filters, These siIm?les
were ifi~rlin th? rtissolutlcm r~?rimrrlts.

D!!solution Anal~sts.....—---—— .- - —.

Prior t. sbjectiny the re~k:l+l? fraction
samplrs to jlssolution analysls, tt,● mass or
uraniun (Ho) m ea~ fllt~r was determined using
a qross ganrna radionetric techtI{qIwr. The trchnfqw



wes a NaI scintillation detector to Rx2asure the
g Olmla atitvfty &SSO Cidted with the sample,
Standards to relate atiivlty to ~ were prepared
~fng appropriate lboratory stud materials.

FIGURE 1: RESPIRABLE MROSOL fXNERATION SYSTEM

Once Mo was determined, the filter containing
the resplr.ble fracticm uraniun sample was
sancblched between two 0.1 urn pore size, 25 rmn
diamet~r ~lucleopore mtirane filters and placed in
a dissolution chanber. The chanber (see Figure 2)
that was L%ed is a cme sided flm system described
by Allene and c&signed by MOSS.9

u

F lGu~[ ~: IW[ r~ou n]ssnLIJTIONrHAMBER
US[D IN THF STUDY

‘he solvent ~t=d In the stw+y was ~ lmg flufd
slmul ant solution described by MCE.S.1O The pH of
the sfmul ant was maintained at 7.4 + 0.1 by slcwly
bbbling 95 per mnt 02 and 5–per mnt c02
through the simulant as suggested by MWS.1O The
ter, erature Of the Simul ant was Ma(ntdfned at 37°C
+ 0,5° C In a water bath . The pH and temperature
bf the “s{mulant were m~l tored during the
experiment. The simul ant was delivered tn tl~e
dissolution chtier by a peristaltic punp dt a flmd
rate of ‘1 mL/min. Tbe ●~eriments were operated
for at least 30 days.

Simulant passfng out of the dissolution chan~er
was collected at sclert,ed tim~s. The sfimples wepz
collected in polyethylene bags hfch were heat
sealed and placed in pneunatic “rabbits” for
autwnated r.k?layedneutrtn activation (ONA) analysis.

X-ray Di ffraction Analysis

The canpc6ition of bulk an4 respirble Wadion
samples was determined using x-ray di ffracti on.
The nwthod, btIich ~ol1wed the procedure outlin?d
by Klq,ll uses a standard vertfcal
dt ffractmeter with a graphite mcmochrantter and a
proporti onal detector. This technfq~ permits the
determination of speci as and quantity of
crystalline materials and can deted the nreseoce
of amorphous materials at levels greater than 10-20
p?r cent by weight. To ascertain the percentage of
uran~un oxide present as the dioxide, standard%
were prepared fran well daracte? ized, selected
U02 and Uj@ pwders. A calibration curve
was then drawn fran which the results were cbtained.

DATA ANALYSIS ANO RESULTS

Fran the DNA data and values of MCI, estimates
of the fracticm of remaining uraniun di+solved per
day (fd) were Cal culated as fol1crds“1 for ea 151
sample:

‘j \
‘d,j ■ TM

[

0’

)1

,~lfmk + ‘k-l;~tk - ‘k-l) ‘1)

\

where, mj and ~ , the mass of maniun !n
the jth and kth samples respectively, d ■ duration
of sample collection in days, and tk = elapsed
time, in days, to the m~dpoint of the sample
collection period. lhe res U1ts of these
calculation were plotted against time tor each of
the study materials. Cries were fit to these data
wing a nonlinear least squares flttlng routine12
with the estimat~ti var!allce of eah fd Vdl Ut?

we fgnticg the fit. ‘he plots with the fitted
cuwes are shwn in Figure3. These data were fit
with a mod~l of the form:

fd ■ ‘(t - d , ~(tjd/2) - M(t + d/2)
(?)

WI re, H(t) ■ the mass of uranlun rmalning ?:
time t which equals

1 f exp (-kit),
“o ~ i

i . the ith dissolution

i.1

components ircluded in the fit, ~ . the total
rluml?r of dissol utfon cunponents, fi . the mazs
fraction of the sample astociatcd wfth the ith
d!ssc!lution compment and A~ the dissolution
rate cc: stant of the lth dissolution component .13

me fitting routine would not convcrqe for n >2
●ven tt,ough a three cmnpcment (n ■ 3) lit teemed
appropr{ale frmn insp?rtlon of the plrlts,
r,oosequently, data correspmdlng to the Iattel’ two
of V’IF ‘hre- cbsen’t?d dfssolut{on cmnponents wax
fit with p m ?, The results of the cun’e fltt!ng
were ued tO d?rf V@ ff and ){ values found In

Tale ?. Characte~izatfcm of the earliest cbsewed
dissolution ccrrpwent was limfted to estinlat?s of

‘1 (~e@ T@]~ 21 and a lcwer l{mit WI Al. The
Vdlbe Of \Z WAS wed as the lower lflnit Of \l
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PLOT OF DISSOLUTION EXPERIMENT OATA
ANO FITTED CURVES FOR THE RESPIRABLE
FRACTION OF STUOY MATERIALS S682-1 W)

ANO S682-2 (6)

Dissolutlm half-times,

T, ■ ln2/xl (3)

were” calculated for ●ddl value of kj. These
valued are shmm in ‘Ale 2.

F& sufficiently large t, id becunes tfme
“in&pen dent and takes cm the value of i3. me
‘average Value of fd correspmdlng to 10ng times

was cmtputed as a separate estimate of A3. This
value of ~3 was considered to be free of
in flueno! fran earlfel fd values that aff4?Ct the
estimation of a3 by the least squares method
mentioned hove, Thle 3 gfves the values of A3
cb tained by this analyticdl method. The X3
estimates ~talned by the two methods agree well .
}Iultiple canparisans analysis perfumed wing the
valws in Table 3 inMcat@d that there was a
sfgnf ffcant df fference (at the 95 per cent
con fiden ce InteNal) between the A3 Valups
assoclfitedwith the stufb materials. Tale 3 also
gives values of Tq calculated ufng the values of
X3 lfsted {n Thle 3.

TABLE 3: LONG-TERM PHASE DISSDLUTIM
PARAMETERS CALCIJLATD USING
AVERAGING TECHNIQUE

Stuw
Haterfal

No. Na A3-Days-l T3-Dflysc
b

5682-2 22 1.5X1O-3 ~ 3xlo-4 ‘W $ 85

S682-1 25 3.8x10-3 ● 4x10-4 180 * 20

aN lam f data~olnt6 associated with analysls
bya!~ ● ~~aldard devlation

. dissolutfon hal f-time of long-temn
%“tfm :mponeiltm

TABLE 4: RESULTS OF X-RAY DIFFRACTION ANALYSIS

study Height Per cant of Uranfun Oxfde
Material as U07 a
tlo, Resplrdsle Fracticdt Bulk

S682-2 Isett.led) 5* 97

S682-1 (alrborne) 18 60

Tknai nders are U30E.
bThe error In the estimates fs c+ 10 per cent of
the respective va;u?s.

The rt$i’ltsof x-ray dlffratifon analysis of the
bulk and ‘espir~le fracticm samples Indicated thtt
the cryst,llfne uraniun in the samples cons+sted of
USOH and UOZ. Ttble 4 shws” the percentage
of the wanlun oxid.? fomd In the samples as U02;
the bdlana cIfthe ~ystalline tzranf~ materfal was
detennined to be U30fl. Amorphous material wds
detected fn the resplr~le fractim of the dir
sample material (S682-1). The fractfon of the
sample dssoc~ated Wfth amorph0115 material UdS

estfmated to be ’20 per cent by weight.

DISCIISSION ANO COWLUSIOMS

DI fferences fn Oissoiution Behavior

Only ‘4 per cent of the resplrable fractlcm Gf
the core sample materfal (S682-2) was assocldtud

TAaLc2: fIIS’lDL1771W PAnlMr7[ns MRIVID FM lvo cmpwrm
[sPOMHTIM LPIS7 SW4R[S fITS

InftfalOtssolutfm mai@ Lmm-lwm Blssoltilm Pho\@_—— .— - -.-———————
FI 1

Stwfy
+“? —---

‘iscmd Cmpa’wnt lhlrd~mmt—. .,. -- —.— — - —.———- ————
M4:.rlhl

II! . u~ f~ l#laJ9”l T1-owlc lJ 4]. DWB-l )’)-Days

_—. —-——— .-— —— .-..
s6R7-?

-——. .- —-. .-— —
61 O.OZ ~ 0,W06 0.02 c C.ODZ 1.7 s 0.2

.— -
0.41● 0,00 ii:il=l.ti”o=--l:aAle=-i”i.om 490 . 70

5682-I % Cl? * O.(M 0,13 ~ 0.01 4.7 * 0,s 0,14 ● 0.02 0.75 ~ 0.0? 4. O11O-J n 4.711 (-I-4 170 h Zo

,
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with initial phase dissolution (see Tale 2). In
cmtrast, the respirable fraction of the air smnple
material studied here (S682-1) and similar S?mples
studied by G’llssmeyer14 had fran 11 to 4$ per

cent of the material associatd with initial phase
dizsolutlon (see Tble 2). This suggests that a
larger fracticm of material swpended in t!.e air
during Ml penetrator test firings may be readily
available for systenic cmtdminatlon than would te
indicated by th clearan~ classi fications of

U 08 and U07 l\,16 ,17 or me r~ults

v~tro studi=s of Iboratory prepared ll~~f a:
O~mterlal ,17,18 This also indicates that
important dissolution behavior di fferen ces cpn
eaist betwen size segregated samples frun a camoon
source such as the settled and ait%orne materials
studied here.

Eidsonl attributed the initial phase seen in
the d{ssoluticm of “yell&cake” samples to the
pr~enm of mnoni un diuranate, rapidly
dlssolv Ing urani un mattrial , ‘he materi~l produced
during test firing of penetrators was also d)served
to ccntain a rapidly dissolving fracti cm. Tilts
fradioh uas evident tn R greater extent in the air
sample material (S687-1) than in the core sample
material (S682-2). air sample material
(S6~-]) is thought to b~emade up of particles with
lcm set fling velocities relative to those in the
core sample material (56B2-Z), For a given
speci fic grdvity, the lcmer settling vel oci ty
material would have a relatively high specifiz
,surfdce are? which COU1 d e~lain the large
ccmcentrntion of rapidly dissolving material in the
respirdble Fraction of the air sample materidl
(S687-1). In addition, the fdct that ‘?~ per cent
by weight of the respirble fractton sample of
study material S592-1 was fomd to be amcrphow and
that tkis anorphous material may contain uraniun
sugg=ts the possibility that at least a porticm of
the rapidly dissolving fraction may b~ rapidly
dissolving amorphous wani un ccrnpomds. Therefore,
rather than ~mical ~aracter of the materfdl
alme accomting for initial phase dissolution as
Eidson found for “yell cwcake”, ililt ial phase
dissolutim for these materials may be a
consequence of the physi cal chlracter of the
material us well a~ the chmic~l canpositicm of t+e
material . This study does not resolve which is the
more inportant.

The long-term rfi;solution hal f-times (T3)
&sewed here fall in the range of long-term
bal f-times folmd by Eidson~ for similar matertals
[ frcan 140 days to 5113 days). ~csc hal f-times also
agret wi th tht ‘Y” $1ef rana~ cla:si ficatlons
assigned to u308 PId u52,1 ~ 6,1’

Thc l~g. term di$solutirm half-time associated
with the r~pirtile fractlm of the aifiorne study
material (S6Fl?-l\ was fo(nti to be sign{ ffcantly
higher (at the 95 per ten: ccmfldcnce level) than
the long-term dls$olutirm hal f-time a~soc{ ated with
the r~. pirkle frbction ot’ the settled S t udy
materlnl (S5fi2-7). As discussed &we, this
di ffermce may be a rcnl’~equen~ of the physical
&;racter of the mntprlnl such as the sp~cific
surface area as well as its chmnical canpositl on.

me fa ct f.h at slgnl ficant 41 fferences were
*\en’ed in the dlssvlution behavior of the study
materials highiight$ the neces\fty of performing

dissolution analysis on appropriate size fradion
samples. Results from dissolution analysis of Cort]

sample material (S682-2) may be most Meful ir
assessing e~osure to material resmpended during
sLIch activities as bumker dismantling. Whereas,
results frcsn analysis of air sa

$!s
e material may be ~

most we ful in assessing exp ure to materi~l
s~pended durir,g penetrator firings.

Resul:: of In vitro dissolution analysis
reported by Eidsonl w bulk “yell ticake” samples
agree with l~oratory animal lmg clearance data
&tained fram inhalation studies Wing samples of
the same “yell ticake” mater idlsmlg This
in dicates that, for the “yel 1cwcake” materi als
studied, dissolution analysis res UIts for bulk
materials are useful in assessing e~oswes to
s~pended materials. O’m results demonstrate that
this is not always tk,e case and, in cje~eral , in
vitro dissolution analysis should be per fomned wi~—-
appropri ate size fraction samples. This is
especially Important when no in vivo data iS
availble to support in vitro res~ts.

Ccrnpcsition Di fferences Between Bulk and Respir~le
}ractlon SiYnoles

A slgni ficant dl fference in the U02 content
between h ulk and respir~le fraction samples was

dsemed in both study materials (see Tble 4).
Glissmeyer14 noticed a similar size segregation.
T,e direction of this segre~ ti~; namely, that
U 08 iS
?

associated with the smaller particle
s zes , agrees with data presented by Steckle18
and rlder,2c

This finding dgain points out the importance of
performing dissolution analysis, as well as other
analyses, m (r~propliate size selected samples.
Ana?ysis of bulk material or even tctal slfipended
particulate sdmpl~s may result in inaccuracies in
prediction of iul clearance rates and/or incorrect
dSSOCidti OnS of (Iissolhfon half-times with the
physiochemical ti,(racter of the study material .
These inaccuracies and i,lcorrect associations, in
addition to being related to di fferences in the
physi cal character of depmi ted and S t ud.v
mdterials, may also be related to chmical
di ffe,.cnces in these rater i~ls.

SUMttARY

01 fferenms in the in vitro dls$olutlon behdvior
between settled and aifiorne urani um mdtel.ials were
cbsetwed. In addition, df fferencas in the
cunpositicm of bulk and respirble fraction samples
of each of these materials were found. These
discweries indicate the importance of selectlng
appropriate size fraction sampl~.~ cm uhf ch to ---
per form dlssolljtlcn analy~is as well as other
analyses wed to characterize samples.

This report is the culmin~tion of the effort~ of
many Indlvirlual$ whm we thank and ackncwl edye
here. These people include: Jim Cornette of the
United States Air Force; Owen Moss of Pacific
Northwest Ltioratory; George Kandpill Y (deceased)
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Instftute; and frun Los Alamos, Marvin Tinkle and
other sta ff of the Nuclear Mdterlals Process
“echnoloy group, John O’Rourke of the Physical
Metall urgy group, Frnte Gladney, Oan Perrin, Hal
I&, and 9+11 MOSS of the Health and Environmental
Chanis try group, Mike Minor of the Research Reactor
group, and nave Unite and Of& Becktnan of the
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Burgett, fomnerly of the Industrial Hygiene group,
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REFERENCES

1. El OSON, A. F., MEUH!NNEY, J.A. , ‘In vitro
Sol bility of Yellcucake Samples ==
Ilraniun Mills and the Impli cati on> for
Bioassay lnterpretati cm”, Health Physics 3?,
p. 993-902, 1980.

2. KALKWARF, C,R,, ‘Sol @ility Classification of
Ai rborne Produ~s fraw Uraniun Ores and
Tailings Piles”, Paci fic Northwest Lboratory
report PNL-2W0, Hanford, Washington, l?~q.

3. u DENNIS, N.A., BLAUCR, H.P., KENT, J. E.,
“Dissolution Fractions and Half Times of
Single Source Yell wcake in Simulated Lmg
Fluids”, Health Physics 42, pp. d69-477, 1982.

4. KANAPILLY, G.M., “Alveolar Micrmnv il”onment
and Its Relationship to the Retention and
Tr!nspcrt into Blood of Aermols Oeposited in
the Alveoli”, Health Physics, ~2, pp. 89-l Wl,
1977.

5. SCRi PSICK, R.C,, CRIST, K.C., TILLERY, M. I.,
and SCKIERHOLM, $.C., “Prel irlinary Study of
lJrar,iun Otide Dissolution in Simlllated Lmg
Fluid”, in preparation, lQW.

6. WRIGHT, B,M., “A N~-Feed Mcchnnism, J. Sci .
l~~t~. 77, 17, 1075.

7. AEROSOL TECHNOLOGY COMMITT7E, ‘GuI de for
Respi! tile ~!ass Sampllng”, Aner. lnd. Hyg,
A OC. J. 33, 133, 1970.

8. ALLEN, M.D., BRIfiNT, J. K., Mn55, O. R.,
ROSS IGNOL, F.J., MAHBUM, G. O., t!i3RGAN, I..G.,
RYAN , ,1.1.., AND TURCOTTF, ~.~., “Oissoluticw
rharncteris tics of 1i4FBR F(*1 -Sod{ UII
Aerosols” , Health Physics, 40, 183, 19NI,

9. ~SS, O.R., and KANAP]LI.Y, G.M,, “Dissolution
of fnh aled A.?r@sols”, in: Generation of
Awosols, ed. Klaus Ui!eke, Ann_A~or

——
Scl en m

~~;~i~, 1980.

10. KISS, O, R., “Simul ants of Lmg lntersciti~?
Fluid”, HPalth Physics, 36, pp. f147, 1979.

11, KLUG, H.P. and AL EXAND[R, LmEm, ‘!i-Ray
Oi ffraction procedures”, L’ilry. N(w York, Nrw

12.

13.

14.

15.

16.

17.

18.

19.

70.

I,

TRuSSELL, J. H., “Generalized Least Square
Package”, Los AlamL% Program Library Urite-up,
GFM, Los Alamcs, N- Mexico, Odcber 1979.

FIERCER, T.T., “ON THE Role of Particle Size in
the C!ssolution of Ltmg Burdens”, Health
Physics 13, pp. l?ll- 1221, 1967.

GLISSMEYER, J. A,, HISHIMA,
“Char aderizaticm of Aifiorne Urani~ ~ti
Test Firings of XYFF4 M’tnun it ion”, Pacific
Northwest Laboratory report P!IL-?944, Haflford,
Washington, 1979.

TASK GROUP ON LUNG OYNAMICS, “Deposition. and
Reten’:ion Models for Internal Dosimetry of the
Hunan Resoirdtory Tract’, Health Physics, 12,
pp, 173-207, 1966.

COOKE, N., HOLD, F. B., “The Sol@ility of Sane
Ur?niun Conpomds in Simulated Lmg Fluid”,
Hea’th Pnysics 27, pp. 69-77, 1974.

KALKWARF, O. R., “Soltbility Classification of
Airborne Uraniun Products from
Plants”,

LHR-Fuel
P?dfic Northwe; t Lmoratory report

PNL-3411, Hanford, Washington, 1980.

STECKEL, L.F,., WEST, C.M., “Characterization
of Y-12 Urani~sm Process Material Correlated
with In Vivo E~erience”, US Atonfc Energy
Ccmnis=on report Y-1$44-A, 1966.

0At40N, E.G., ElOSON, A. F., HAHN, F.F.,
GR!FFITH, Jr, , U.C., and. GUI LMETTE, R.A.,
“C3nparison of Early Lmg Clearance of
Ye’ll~cake Aerosols In Rats with In Vitro
Oissolutlcm and IR Analysis”, HealttTy~
46, Pp. 859-866, 1984.

F1-1)~[(, J,C., TINKLE, MC., “Oxidation of
Oepleted Urani u71 Penetrators and Aerosol
Dispersal ~t High Temperatures”, Los Alamos
Patfunal Ltiorator.v report LA-861o-MS, LOS
Alamos, NM, 1980.

York, 1974.


