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SUMMARY

Airborne products generated at uraznium mills were assigned
solubility classifications for use in the ICRP Task Group Lung
Model. Assignments were based on measurements of the dissolu-
tion half-times exhibited by their component radionuclides in
simaulated lung fluid at 37°C. No significant difference was
seen between the dissolution behavior cf airborne samples and
sieved ground samples c¢f the same product, and both types were
utilized in making the assignments. If the product contained
radicnuclides that dissclved at different rates, composite
classifications were assigned to show the solubility class of
each component. If the dissclution data indicated that a radio-
nuclide was present in two chemical forms that dissolved at dif-
ferent rates, a mixed classification was assigned to¢ show the
percentage ¢f radionuclide in each solubility class. Both com-
posite and mixed classifications were shown to be compatible
with the ICRP Lung Model. Based on results frcom seven samples,
uranium-ore dust was assigned the composite classification:
(2%5y,2%%y) W; (**°Ra) 10% D, 90% Y; (2%°Th,?'’pb,?!°pPo) V.
Based on the results from nine samples, tailings-pile dust was
classified: (%??®Ra) 10% D, 90% Y; (?®°Th,?!%pb,2!%0) v.

No significant difference was seen Letween the dissclution be-
havicor of tailings-pile dust from either the alkaline-leach or
acid-leach process for uranium recovery. Based on the results
from five samples, uranium octoxide was classified ¥. Based on
the results from two samples, uranium tetrafluoride was also
classified Y. BRased on the results from one sample, ammonium

diuranate was classified D. Based on the results from five
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samples, yellow-cake dust was classified (%2%°U,?°fU) 60% D,

40% W. The term "yellow cake," however, covers a variety of
materials which differ significantly in color, chemical compo-
sition, and dissolution rate; and this classification repre-
sents the average behavior of samples whose individual classi-
fications ranged from 100% D to 36% D, 64% Y. Solubility
classifications based on the dissolution half-times of particu-

lar yellow-cake products should, thus, be used when available.
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INTRODUCTION

This study was conducted to classify the solubilities of
airborne products from uranium mills in terms of the ICRP Task

(1) The International Committee on Radiation

Group Lung Model.
Protection has recommended this model for computing the clearance
rate of dust from the human respiratory tract. Thus, it provides
a basis both for lung dosimetry and for setting exposure limits
to airborne radivcactive dusts. A key factor in this model is

the clearance classification of the inhaled material. Three
clearance classes were established: D, W and Y, corresponding

to biclogical half-times of 0 to 10 days, 11 to 100 days, and
>100 days, respectively. In the absence of biological data,
clearance classifications for materials have been approximated

by their dissolution half-times in simulated lung fluids. (173
Although endocytosis and ciliary-mucus transport are known to
contribute to lung clearance, experiments have indicated that a
few days after dust deposition, dissolution determines the clear-

{4_5). Given material

ance rate for the lower respiratory tract.
of a particular clearance or solubility class, the model assigns
transport rates for this material from various anatomical com-
partments. From these parameters, one can compute the residence
times of the material and the associated radiation dose in each
compartment.
In the present study, dissolution-rate measurements were

made in vitro but under conditions simulating those in the lung.

Dissolutions were carried out at 37°C in an aquecus sclution

whose composition closely matched that for interstitial lung
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fluid. The small amounts of protein and lipid normally present
in lung fluid were omitted since their identities are not well
established, and the inclusion of substitutes in the lung-fluid
simulant would have created conditions for rapid bacterial
growth. Maximum dissoluticn rates were sought because the lung
was expected to be a site for efficient dissolution and because
the values were to approximate clearance rates that included
contributions from endocytosis and ciliary-mucus transport.

Four types of mill products were investigated: uranium-
ore dust, tailings-pile dust, yellow-cake dust, and uranium
tetrafluoride. The first two products are well known to be
heterogeneous materials containing a variety of radionuclides
that may dissolve at different rates. For such samples, disso-
lution rates were evaluated for five long-lived members of the
238g-decay chain: 23%%0 (as traced by 23%°u), 23%0Th, 22%Ra,
1%ph, and 2'%Po. For samples of yellow cake and uranium tetra-
fluoride, only dissolution rates of uranium were evaluated since
its isotopes were the only radionuclides present at significant
concentrations. Dissolution rates of pure uranium octoxide and
ammonium diuranate were also evaluated¢ in order to check on pre-
vious classifications for these substznces and to interpret the

disscluticn behavior of the mill products.

CONCLUSIONS AND RECOMMENDATIONS

Measurement of the half-times for dissolution of uranium-
mill products into simulated lung fluid at 37°C provided a
practical basis for classifying their solubilities in terms of

the ICRP Task Group Lung Mocdel. If the products contained
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several radionuclides that dissolved at different rates, this
behavior was summarized by composite classifications showing
the solubility class of each component. When the decrease in
amount of undissolved radionuclide could not be described by a
single exponential function in time, the sum of two exponential
terms was found adegquate. The latter situation indicated that
the radionuclide was present in two chemical forms with signifi-
cantly different dissolution rates, and the product was assigned
a mixed classification showing the percentage of radionuclide
in each solubility class. No significant difference was seen
between the dissolution behavior of airborne samples and sieved
ground samples of the same product, and no significant difference
was seen between the dissolution behavior of tailings dust from
mills using either the alkaline-leach or acid-leach process for
uranium recovery. No significant change was seen in the disso-
lution properties of tailings dust with distance from the piles,
up to 500 meters.

Recommended solubility classifications for the products
examined in this study are:

uranium-ore dust: {235%7,23%3%y) w; (2%2°Ra) 10% D, 90% Y;

(zgnTh,210Pb,210PO) Y
tailings-pile dust: (*2%Ra) 10% D, 90% Y; {(2°%Th,2!%pb,
210PO} Y

uranium octoxide: Y

uranium tetrafluoride. Y

ammonium diuranate: D

yellow~cake dust: {*3%y,23%y) 60% D, 40% W

The term "yellow cake," however, was found to apply to materials
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with significantly different chemical structure, and the solu-
bility classification recommended above is a generalization of
the behavior of the samples examined. When available, solubil-
ity classifications based on the dissolution half-times of

particular products should be used.

FXPERIMENTAL

COLLECTION OF SAMPLES

Samples of uranium ore dust were collected from the air
around ore-crushing operations and from deposits of dust on
horizontal structural elements at these sites. Airborne samples
were collected on glass fiber filters mounted in high~volume air
samplers. The filters were rated by the manufacturer as 93%.9%
efficient in removing 0.3 um aerosols of dioctyl phthalate in
the DOP-retention test. They were changed daily, and the dust
collected on successive days was compcesited until at least 4
grams were Obtained. Samples of deposited dust were obtained
simply by sweeping portions into a container.

Samples of yellow-cake dust were collected both from the
air near drying operations and from production lots submitted
for analysis. The latter were furnished by the Sequoyah Labor-
atory, Kerr-McGee Nuclear Corporation, Gore, Oklahoma, and in-
cluded samples from the Anaconda Corporation mill at Blue Water,
New Mexico, the Exxon Minerals Company mill at Casper, Wyoming,
the United Nuclear-Homestake Partners mill at Milan, New Mexico,
and the Kerr-McGee Nuclear Corporation mill at Ambrosia Lake,
New Mexico. A sample of airborne yellow cake was also obtained

at the latter mill. This was collected with a high-volume air
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sampler near a vent of exhaust air from the yellow-cake drying
operation.

Tailings-pile dust was collected at the three mills in
New Mexico listed above. Samples were collected both directly
on the tailings piles and at sites considered to be at the per-
imeters of the tailings-pile areas. On the piles themselves,
samples were collected from both ground-surface deposits and
from air impact flow particle collectorsts) left at the sites
for the months of April and May. A diagram of this type of
collector is shown in Figure 1, Particles enter through a
7.6-cm diameter inlet and collect at the bottom of a 25-cm diam-
eter nylon screen. Sample ccllection at these sites was attemp-
ted with high-volume air samplers, but due to calm air, insuf-
ficient sample was obtained in even a 5-day sampling period.
Only the air impact flow particle collectors were used at the
perimeter sites. At Mill 1, the sampling site was on a perime-
ter road approximately 500 meters from the edge of the tailings
pile but still 1000 meters within mill oproperty. At Mill 3,
this site was on the actual mill boundary, approximately 100
meters from the edge of the tailings pile. At Mill 4, the
sampling site was also approximately 100 meters from the edge
of the tailings pile on a road defining the pile boundaries but
still 500 meters within mill prowerty. In each case, the parti-
cle collectors were positioned downwind from the prevailing wind
across the tailings piles.

Other uranium compounds were obtained from varlous sources.

Uranium tetrafluoride was obtained from the Sequoyah Facility, Kerr-

-5-
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McGee Nuclear Corporation, Gore, Oklahoma, and from the Metrop-
0lis Works, Allied Chemical Corporaticn, Metropolis, Illinois.

A sample of ammonium diuranate was obtained from the Westing-
house Corporation, Nuclear Fuels Division, Columbia, South Caro-
lina. One sample of uranium octoxide was obtained from the U. 5.
National Bureau of Standards as reference material SRM-950. Four
others were produced by heating samples of the four commercial

yellow-cake products to constant weight at 800°C.

DETERMINATION OF PARTICLE SIZE AND AREA

Samples were sieved prior to surface-area and dissolution-
rate determinations, and unless otherwise specified, only parti-
cles that passed through a 325 mesh U. 5. Standard Sieve with
45-um aperatures were used. Some samples were separated with a
Bahco Microparticle Classifier into fractions with narrow parti-
cle~size ranges in order to test for possible correlation between
dissolution rate and particle size. Due to the irregular shapes
of the particles, however, dissolution rates were expected to
correlate more closely with the specific surface areas of the
samples. These were measured by the B.E.T. method(?), using a
Micromeritics Surface Area Analyzer. In this methed, an inert
gas 1is allowed to interact with the sample until a monomoclecular
layer of gas is adsorbed on its surface. The specific surface
area is then calculated from the volume of gas adsorbed, its mo-
lecular diameter, and the weight of the sample. 8ince the gas
molecules are small compared to any irregularities in the sur-
face of the particles, this method provides a much more accurats
measure of specific surface area than could be calculated from

particle-size distributions.



PREPARATION OF SIMULATED LUNG FLUID

Simulated lung fluid with the composition shown in Table 1
was used in this study. This composition was recommended by

Moss(a)

after a comparison of various media simulating inter-
stitial fluids. It was achieved by slowly adding the following
ingredients in order to 990 ml of distilled water and adjusting

the final wvolume to 1000 ml:

0.2033 g MgCl,*6H,0
6.0193 g NaCl

0.2982 g KC1

0.2680 g Na,HPO, - 7H,0
0.0710 g Na,SO0,

0.3676 g CaCl,-2H,0
0.9526 g NaH3;Cz0z-3H,0
2.6043 g NaHCO;

0.0970 g Na3H3;CgO7+2H,0

If the pH of the resulting sclution was not 7.3, it was adjusted
to this value with small volumes of 1 N HCI1.

TABLE 1. Compositions of Actual and Simulated Lung Fluids
(9) (8)

Ion Actual Simulated
Calcium, ca?*t 5.0 meq/L 5.0 meq/%
Magnesium, Mg®*t 2.0 o~ 2.0 "
Potassium, X7+t 4.0 " 4.0 "
Sodium, Na* 145.0 " 145.0 "

Total Cations 156.0 " 156.0 "
Bicarbonate, HCQO;=* 31.0 " 31.0 "
Chloride, C1°7 114.0 " 114.0 "
Citrate, H3C50?3‘ - 1.0 "
Acetate, H3C20,” 7.0 " 7.0 "
Phosphate, HPO,%~ 2.0 " 2.0 "
Sulfate, S0,°%- 1.0 " 1.0 "
Protein 1.0 -

Total Anions 156.0 " 156.0 "
pH 7.3 7.3

*Assuming meg protein/% = 4.15 (g protein/%).
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MEASUREMENT OF RADIQONUCLIDES

Radionuclides in dust samples were assayed both by gamma-
ray spectrometry and by alpha-energy analysis following chemi-
cal separation. In the gamma=~ray analyses, the counting rates
for the 46.5 keV photon of 2'%pb, the 68.0 keVv photon of %3°fTh,
the 163 keV photon of 235U, and the 186 keV photon of 22%Ra
were measured. For ore dust, f10% precision was generally
achieved by counting 4-gram samples on a l-inch diameter intrin-
sic germanium diode for 4 hours. A similar precision was
achieved by counting 15-gram samples of tailings dust on a 2-
inch diameter intrinsic germanium diode for from 4 to 18 hours.

The chemical separation techniques were those developed in
this laboratory for routine analyses of uranium ores and tail-
ings-pile material. Briefly, a solid sample was dissolved in
acid and measured amounts of 232U, 23%Th, 2°%pp, and !?*3Ba were
added as internal standards. In one aliquot of this solution
uranium and thorium were separated from the other nuclides by
coprecipitation on calcium phosphate. This precipitate was then
dissolved, and the uranium and thorium were separated by selec-
tive extraction into a solution of 10% dihydroxyaluminum amino-
acetate in xylene. Aqgueous solutions of the separated radionu-
clides were prepared, each was electroplated on a separate metal
disc, and the deposited radionuclides were counted on an alpha-
energy analyzer,

A second aliquot of the dissolved sample was used to evalu-
ate the %!%°po, 21%ph, and %2%Ra content. A measured amount Of

208po was added as an internal standard, and the aliquot was
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made 0.4 N in hydrochleoric acid. Ascorbic acid and ethylenedi-
aminetetraacetic acid were added to complex interfering ions,
the polonium was allowed to plate out on a silver disc, and the
disc was counted on an alpha-energy analyzer. The same method
was used to determine the amount of 2!°%Po dissolved in samples
of simulated lung fluid.

A measured amount of ?!?pPb was added to the solution re-
maining from the ?!°Po-deposition, anéd lead was selectively ex~
tracted with a solution of 1% diethylammonium diethyldithiocar-
bamate in chloroform. It was then back-extracted into aqueous
media, and the 0.239 keV photon cf 2!2Pb was counted in order
to compute the chemical yield. A measured amount of 2°®po was
then added, and the sample was set aside for about 100 days in
order to let 2!%po build in. At the end of this time, the polon-
ium nuclides were allowed to plate out on a silver disc and
counted on an alpha-energy analyzer. The amount of 2!?Pb in the
sample was computed using both these measurements and the time
allowed for 2!°po ingrowth.

Radium-226 in the aqueous layer remaining from the lead ex-
traction was separated from uranium and thorium by converting
the latter elements to their anionic chloride complexes and re-
removing them on an anion-exchange resin. Cation radionuclides
in the filtrate were then adsorbed on a column of cation-exchange
resin, calcium was eluted with ammonium acetate, and both %2®Ra
and !®°Ba were eluted with nitric acid. The samples were dried
at 400°C to remove ammonium acetate and then counted on a total
alpha counter for 22°Ra. The samples were also counted in a

7-inch sodium icdide well-~crystal for !'*°®Ba in order to compute

-10-



the chemical yield. The same method was used to determine the
amount of *?®Ra dissolved in sampies of simulated lung fluid.
Rapid spectrophotcmetric methods were developed to assay
samples of simulated lung fluid exposed to uranium compounds.
Amounts of hexavalent uranium were evaluated from direct mea-
surements on filtered lung fiuid in 10-cm cells at 448 nm. The
optical absorbance at this wavelength was found to increase lin-
early with uranium concentration, as confirmed independently by
Davies-Gray redox titrations. The precision of the method was
estimated to be *3%. Mixed amounts of tetravalent and hexa-
valent uranium were evaluated by oxidizing all uranium in the
fluid to the hexavalent state with periodic agid. Typically,
3 grams of periodic acid were dissolved in 100 ml of sample, the
temperature was raised to 80°C for one minute, and the recooled
solution was examined in 10-cm cells at 425 nm. Again, the op-
tical absorbance at this wavelength was found to increase linear-
ly with uranium concentration, and the precision of the method

was estimated to be 5%,

DISSOLUTION QF SAMPLES

Two dissolution methods werxe used: the batch methed and
the pass-by method. In the batch method, the dust particles were
contacted with simulated lung fluid at 37°C for a selected period
of time, the two phases were separated rapidly by filtration, and
either the solid residue or the filtrate was assayed for radio-
nuclide content. The solid residue was then recontacted with
fresh fluid, and the procedure was repeated. Millipore HA filters

with 0.45 um size pores were generally used to separate the
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phases, but Millipore VF filters with 0.0L um size pores were
also used to test for incomplete phase separation. Four-gram
samples of ore dust were suspended in 200 ml of simulated lung
fluid contained within a closed Pyrex flask and the contents
were agitated with a motor-driven Teflon paddle. The same sys-
tem was utilized for dissolution of tailings dust except that
15-gram samples of dust were used. FPor dissolution of yellow
cake and other uranium compounds, 0.6-gram samples were added
to 100-ml aliquots of simulated lung Zluid in closed Pyrex
flasks, and the contents were agitated on a motor-driven shaker-
bath. 1In all cases, the pH of the solution was monitored at
least weekly and adjusted to 7.3 with dilute hydrochloric acid,
if necessary.

In the pass-byv method, simulated lung r£luid at 37°C was
continuously passed by a bed of dust particles enclosed between
Millipore VF €ilters. This sample packet is shown in Figure 2
and consisted of a weighed amount of sample enclosed by filters
that were sealed to a Teflon-ring spacer with rubber cement.

It was placed in the bottom section of a polypropylene dissolu-
tion chamber shown in Figure 3 and compressed with the polyethyl-
ene-screen end of the middle core. The upper section of the
chamber was then added, and all exterrnal seams were sealed with
ethylene dichloride which acted as a solvent for the plastic.

The leak-tight chamber, fitted with silicone rubber tubing at

the inlet and outlet was immersed in a2 water bath at 37°C, and
simulated lung fluid was pumped through thes chamber with a peri-

staltic pump. The incoming fluid passed down the center of the

-12-
































































































on roads that marked the general perimeter of the tailings-pile areas.
All were samples of airborne dust, and their dissolution patterns are
shown in Figures 23 through 25. Again, the specific activities of
all radionuclides remaining undissolved decreased exponentially with
time except for ?2%Ra that required the sum of two exponential terms.
vValues for these parameters and the specific surface areas of the
samples are listed in Table 9.

Tailings-pile samples H, K, L, and O were collected near a mill
using the alkaline-leach process for uranium recovery, whereas the
other samples were collected at mills using the acid-leach process.
Despite this difference in source material, no significant difference
was found in the dissolution rates of radionuclides from these two
types of samples.

TABLE 9. Dissolution Half-Times of Radionuclides from Tailings Dust
Collected at the Perimeters of Various Tailings-Pile Areas

Sample Distance Area 2307 225pa 210pp 210pg

N 500G m 31.?1 70 d <1d[9%](b) 481d[91%] 396 d 2310 d
(Mi11 1) m2g~" {58-202) (320-1100) {264-788) (1611-4076)

it 100 m 1.6 447 d <1d{7% 679d[93%] 537 d 1873 d
(Mi11 3} {357-597) {441-1474) {330-924) {1732-2038)

P 100 m 5.0 398 d <1d[4%] 554d{96%] 488 d 304 d

{Mi11 4) (223-1824} (389-962) (280-1824) (271-344)

{a)

Parentheses enclose the 90% confidence limits for the dissolution
half-times.

(b)If the data are best represented by the sum of two exponential terms,
hrackets enclose the percentage of radionuclide with the indicated
half-time.

DISSOLUTION OF URANIUM TETRAFLUORIDE

Dissolution rates for two samples of uranium tetrafluoride dust
were measured. These were both mill products, but they were prepared
by different procedures. As shown in Figure 26, dissolution of the
Kerr-McGee product can be expressed as a single exponential term,
whereas dissolution of the Allied Chemical product must be expressed
as the sum of two expeonential terms. Values for the dissolution param-
eters and for the specific surface areas of the samples are listed in

Table 10.
_.44_



























































