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ABSTRACT

Airborne dust samples were obtained from various locations within
plants manufacturing fuel elements for light-water reactors, and the dis-
solution rates of uranium from these sampl s into simulated lung fluid at
37°C were measured. These measurements were used to classify the solubili-
ties of the samples in terms of the lung clearance model proposed by the
International Commission on Radiological Protection. Similar evaluations
were performed for samples of pure uranium compounds expected as components
in plant dust. The variation in solubility classifications of dust en-
countered along the fuel production lines is described and correlated with
the process chemistry and the solubility classifications of the pure uran-
ium compounds .
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SOLUBILITY CLASSIFICATION OF AIRBORNE URANIUM PRODUCTS
FROM LWR-FUEL PLANTS

EXECUTIVE SUMMARY

Airborne uranium dust samples were obtained from several locations
within each of four plants manufacturing fuel elements for light-water re-
actors, and the dissolution rates of these mixtures and their pure compon-
ents were classified in terms of the ICRP Task Group Lung Model. Each sam-
ple was rxposed to well-agitated quantities of simulated luny fluid at 37°C,
and classification was based on the fraction, F, of uranium remaining un-
dissolved as a function of time. In order to allow for the presence of
more than one type of uranium compound in a sample, this functional depend-
ence was represented by a sum of exponential terms, i.e.,

F = Eii fi exp (-0.693 t/Ti), where fi is the initial weight fraction of

component i and Ty is its dissolution half-time. Based on such measurements,
the following classifications are recommended for pure uranium compounds
expected as dust components in the plants: (iH,),U,0, - D; UD,; - 48%, 52% Y,
UF, - Y; UsOs - Y; and UO, - Y. The dissolution-rate classifications of
plant dust generally were in agreement with expectations based on process
chemistry at a sample-collection site and the classifications of the pure
compounds expected at that site. They varied with distance along the
processing lines from largely D at the UF; vaporizers to entirely Y where

the finished pellets are ground to size. Dissolution of the uranium-bearing
components was shown to be the result of reaction with bicarbonate ion to
form the soluble [U0;(C0s:)3]*" anion.
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INTRODUCTION

The purpose of this study was to obtain airborne dust samples at var-
i..s locations within plants minufacturing fuel elements for light-water
reactors (LWR), and to classify the uranium-dissolution rates of these sam-
ples in terms of the ICRP Task Group Lung Model.' The International Com-
mission on Radiclogical Protection developed this model for use in comput-
ing the radiation dose from radionuclides deposited in the lung. A key
parameter is the classification of the deposited material according to the
rate at which it leaves the lung. Three classes were established: D, W,
and Y, corresponding to half-times in the lung of 0 to 10 days, 11 to 100
days, and >100 days, respectivelv. If clearance of the mate:ial from the
lung is not strictly exponential with time, it is approximated by a sum
of exponentials; and the material is classified according to the fractions
of D, W, and Y components. In the absence of biological data, lTung-clear-
ance half-times for materials have been approximated by their dissolution
half-times in simulated lung fluids.'*’ Although endocytosis and ciliary-
mucus transport are known to contribute to lung clearance, experiments
have indicated that a few days after dust deposition, dissolution deter-
mines the clearance rate for the lower respiratory tract.“»*® Given the
lung-clearance classification for a material, its transport rates between
other anatomical compartments are automatically assigned in the model.
From these parameters, one can compute the residence times of the material
and the associated radiation dose in each compartment.®

In the present study, uranium-bearing dust samples were obtained from
four plants manufacturing LWR fuel elements. These plants were:

Babcock and Wilcox Co., Nuclear Materials Division,
Apollo, PA 15613

Exxon Nuclear Co., Richland, WA 99352

General Electric Co., Nuclear Energy Products Division,
Wilmington, NC 28401

Westinghouse Corp., Nuclear Fuel Division, Columbia, SC
29205



A1l four plants prepare fuel pellets by means of the ADU process, i.e., the
conversion of uranium hexafluoride to ammonium diuranate (ADU) followed by

its conversion to sintered uranium dioxide in pellet form according to the
following steps:

Steps Plant Area
H,0
1. UFg - UO,F; UF; hydrolyzer
Z, UO;F;-—JﬂiL-(NHM)2U207 ADU precipitator
3. (NH.)2U;0; —€3% o (NH.),U,0, + U0,  ADU granulator
4. (NH,);U50,, U0,—N€t 0 y,0, ADU calciner
5. U305 —12 U0, (unsintered) Reduction kiln
6. UO, (unsintered) —ErESSUTe 0, Pellet press
(unsintered)
7. U0, (unsintered)ﬂu-uop Sintering furnace
(sintered)
8. U0, (sintered). grinder uo,

Any uranium scrap produced in the above steps is

8.
9.

(sintered)

U scrap —ﬂa—tbugog

U;Os 'LNOJ-’U()z (NOJ)Z

Pellet grinder

reprocessed as follows:

Scrap furnace

Scrap dissolver

The Gene.al Electric Co. also produces fuel pellets in its plant by a "dry

process,"” termed the GECO process.
process are replaced by the following two steps:

Step

Here, the first four steps of the ADU

Plant Area

L
2.

UF; MUOQFg + U309 + UF.,

H,

U0,F;,U308, UF,——=aU0; (unsintered)

GECO UF, converter
GECO calciner

The rest of the procedure is identical with the ADU process.

Since airborne dust formed in one area of a plant may be carried by
convection or diffusion to other areas, it is important to consider the
relative locations of the production equipment within a plant building.



Generally, several production lines are located in parallel, running from
one end of the building to the other as shown schematically in Figure 1. It
was expected that at least some of the dust samples would contain material
from more than one source. For this reason, pure samples of UO;, U30g, UOs,
UF., and (NH,),U,0, were obtained and used for comparative dissolution mea-
surements .

Dissolution-rate classifications were based on measurements of the
fraction of uranium remaining undissolved in a sample as a function of time
in simulated lung fluid at 37°C. Maximum dissolution rates were sought by
means of rapid agitation of the samples hecause the lung is expected to bSe
a site for efficient dissolution and because the values were to approximate
clearance rates that include contributions from endocytosis and ciliary-
mucus transport.

CONCLUSIONS AND RECOMMENDATIONS

Measurements of the fraction, F, of uranium remaining undissolved in a
sample as a function of time in simulated lung fluid at 37°C and expression
of these data as a sum of exponential terms, F = 2:1 fi exp (-0.693 t/T;),
provided a practical basis for classifying the sample's dissolution rate in
terms of the ICRP Task Group Lung Model. In such an expression, fj is the
initial weight fraction of uranium component i with dissolution half-time
Tij. Based on such measurements, the following classifications are recom-
mended for pure uranium compounds expected as dust components in LWR-fuel
plants: (NH,),U,0, - D; UO; - 48% D, 52% Y; UF, - Y; U:0s - Y; and
U0, - Y. The dissolution-rate classifications of the plant samples aener-
ally were in agreement with expectations based on process chemistry at a
sample-collection site, the classifications for pure compounds listed above,
and the generally accepted D classification for UFg, UO,F,, and U0,(NO,),.

At the front end of the ADU and dry processes, the dust was found to be
largely (46 to 96%) class D in uranium with some W and Y components depend-
ing upon the particular sampling location. One of three samples showed a
large amount of Y component (17% D, 83% Y), and this unexpected result
probably indicates that some air-sampling stations are exposed to unfore-
seen dust currents. At the ADU granulators and front ends of the ADU cal-
ciners, the dust was also found to be largely (45 to 72%) class D, with
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the remainder being class Y. At the front ends of the dry-process calciners,
the dust was feund te dissolve somewhat less rapidly, indicating a classi-
fication of 34% D, 66% Y. From the discharge ends of the calciners to the
grinders for the sintered fuel pellets, measurements showed that the dust
should be classified 93 to 100% Y. The dissolution behavior of dust from
the scrap-recovery areas indicated classifications ranging from 91% D, 9% W,
to 100% Y, suggesting variable fractions of U0,(NO;), and U;0e¢ in the sam-
ples. Thus, the dissolution-rate classification of uranium from dust varies
substantially with location within a plant. The dissolution behavior of
dust collected at the air-recirculation intakes for a room provides a com-
posite classification of the dust generated therein, but individual workers
in the room may be exposed to dust with a substantially different classifi-

cation.

Concerning the mechanism of uranium dissolution in simulated lung fluid,
it was concluded thF3* uranium-bearing components in dust samples react with
bicarbonate ion to frvm the solubie [U0,(C03)3]*" anion.

PROCEDURE
SAMPLE COLLECTION

Several dust samples were collected within each plant at locations de-
termined by mutual consent of the staff health physicist and the author,
following a tour of the facilities. The samples were collected by plant per-
,onne” close to the dust-generation sites within a given area. Generally,
the samples were collected by drawing ambient air through cellulose or glass-
fiber filters: but in a few cases, the samples consisted cf dust which set-
tled on metal dish>s placed in the area.

Pure samples of U0,, Us;0s, UO3, and UF, were obtained from the New
Brunsaick Laboratory of the U. S. Department of Energy, Argonne, I1linois.
A pure sample of ammonium diuranate was obtained from the Westinghouse Cor-
poration, Nuclear Fuel Division, Columbia, South Carolina.

SAMPLE PREPARATION AND CHARACTERIZATION

Samples received on filters were dried in a desicator over anhydrcus
calcium sulfate (J. T. Baker, urierite) for two or three days, and then the



dust was "vacuumed off" the surface with a vacuum line fitted with a 25-mm
diameter membrane filter (Millipore, Type HA in a Swinnex holder). The dust
collected on the membrane filter was transferred into a glass vial with a
camel-hair brush. Settled dust samples were also dried before being stored
in glass vials.

The plant samples were generally too small for measurements of their
specific surface areas, and the particle-size ranges could only be estimeted
by microscopic sizing. The particle-size ranges of the pure rcference com-
pounds were adjusted to the range 0 to 45 um by sieving.

Some of the individual dust par.icles were analyzed with a microprobe
analyzer to determine their uranium content and with an X-ray diffraction
camera to determine their crystallographic forms. Unfortunately, it was not
possible to develop precise methods for assaying a dust sample with respect
to component compounds and their crystallographic forms, within the scope of
the present study.

PREPARATION OF SIMULATED LUNG FLUID

The electrolyte compositions of human interstitial lung fluid and the
simulant used in this study are shown in Table 1. Comparison shows that they
are almost identical. The protein components of actual lTung fluid were rep-
resented by an ionically equivalent amount of citrate in the simulant as sug-
gested by Moss.® Lung-fluid proteins are poorly charaucterized and generally
not available in large quantities, and substitute proteins hinder filtration
and promote bacterial growth in solutions. Phospholipids, also known to be
present in trace amounts in actual lung fluid, were not included in the sim-
ulant for the same reasons. In a recent test,” one of the suspected phos-
pholipids, dipalmitoyl lecithin, was added to the simulant used in this ex-
periment to form a 200 mg/% solution. No effect of this ingredient on the
dissolution rate of uranium yellow cake samples was observed.



Lompositions of

[on
Calcium, Ca®?
Magnesium, Mg
Potassium, K+

Sodium, Nat

+

Total Cations

Bicarbonate, HCO
Chloride, C1°
Citrate, HsCg0
Acetate, H.:C,0
Phosphate, HPO,
Sul fate, SO0,

Protein
Total Anions
pH
Simulated lung fluid with the composition shown in Table
pared by slowly adding the following ingredients in order to 990

tilled water and adjusting the final volume to 1000 ml:

CaCl -
Nd” 16
2.6043
).0970 g Na;H;Cc0,-¢
[f the pH of the resulting solution was not 7.3-7. it was adjusted
value with small volumes of 1 N HCI1.
DISSOLUTION TECHNIQUES

Dissolution trials on the uranium dust samples were conducted in

weil-agitated portions of simulated lung fluid (SLF) at 37°C. Depending

on the amount of sample available, one of three dissolution techniques was

used.




The "batch" technique described recently’® was used when relatively
large samples were available, such as those of the New Brunswick Laboratory
reference compounds. A 0.6-g dust sample was added to a 125-ml Erlenmeyer
flask together with 100 ml of SLF. The flask was then closed with a glass
stopper and agitated in a shaker bath at 37+1°C. After selected time periods,
the flask was removed from the shaker, and the suspension was filtered
through a membrane filter (Millipore, 45-mm diameter, HA, 0.45 um pore size).
The filtrate was analyzed for uranium, und the und: ;olved dust was washed
back into the Erlenmeyer flask with 100 ml of fresh SLF. The flask was then
replaced in the shaker bath for an additional time period. The pH of “he sus-
pension was checked every three days and adjusted to 7.3-7.4 with dilute hydro-
chloric acid, if necessary. At the end of 60 days, the undissolved residue in
the flask was dissolved in 5.00 ml of warm, concentrated nitric acid and ana-
lyzed for uranium.

A second dissolution technique, termed the "sandwich" technique, was de-
signed for use with much smaller samples of uranium-bearing dust. A 0.05-g
dust sample was sandwiched between two membrane filters (Millipore, 10-mm di-
ameter, VF, 0.01 um pore size) separated by a Teflon ring, 12.5-mm 0.D.,

8.5 mm I.D. and 0.85-mm thick! Millipore Cement, Formulation No. 1, was used
to bond the filters to the ring. Dissolution was started by dropping the
sandwich into a 3-ml, conical-bottom vial (Pierce Chemical, Reacti-Vial) con-
taining 3.00 ml of SLF and a Teflon-coated, magnetic stirrer as shown in
Figure 2. The vial was closed with a2 Teflon-lined screw cap and placed in a
heating block/stirrer assembly (Pierce Chemical, Reacti-Therm System) which
drove the magnetic stirrer and kept the suspension within 37:1°C. SLF per-
meated the sandwich and any soluble uranium rapidly diffused out into the
well-stirred surrounding fluid. After selected time periods, the expesed SLF
was removed from the vial for uranium analysis, and 3.00 ml of fresh SLF was
added tc the vial to continue the dissolution. The pH of the suspension was
checked every three days and adju: .ed to 7.3-7.4 with dilute hydrochlcvic
acid, if necessary. After 60 days, the undissolved sample in the sanduich
was dissolved in 3.00 ml of warm concentrated nitric acid ind analyzed for
uranium. Although this technique was used successfully or the first fow sam-
ples of fuel-plant dust, the sandwic*es proved to be more fragile than



FIGURE 2. Sample container for Dissolution by the Sandwich Technique
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anticipated, requiring occasional repackaging of the sample. Thus, the tech-
nique described ir the following paragraph was designed as an alternative.

A third dissolution technique, termed the "mini-batch" technique, was
used with most of the samples of fuel-plant dust. Dissolution was started
by adding a 0.05-g dust sample to a 5-ml, conical-bottom vial (Pierce Chemi-
cal, Reacti-Vial) containing 5.00 ml of SLF and a Teflon-lined magnetic stir-
rer as shown in Figure 3. The vial was closed with a Teflon-lined screw cap
and kept at 37+1°C in the same heating block/stirrer assembly as described
in the preceding paragraph. After selected time periods, the vial was re-
moved from the heating block and centrifuged to force the undissolved dust
into the conical end. The cap was then opened, and the supernatant fluid was
drawn through a stainless steel needle intc a plastic syr age. A membrane
filter (Millipore, 13-mm diameter, GC, 0.22 ym pore size) in a stainless steel
filter holder (Millipore, Swinnex) was fitted on the end of the syringe, and
the solution was filtered into a container and stored for uranium analysis.
The membrane filter was then removed with stainless steel forceps, and 5.00
ml of fresh SLF was added to the barrel of the syringe. The filter holder,
minus filter, and the syringe needle were refitted on the syringe; and the
small amount of solid sample held on the filter was washed off into the vial
with a jet of SLF from the syringe. The vial was then capped, vortexed to re-
suspend all the remaining sample and replaced in the heating block. The pH
of the suspension was checked every three days and adjusted to 7.3-7.4 with
dilute HC1, if necessary. At the end of 60 days, the residual sample was
dissolved in 5.00 ml of warm concentrated nitric acid and analyzed for uran-
ium,

URANIUM ANALYSIS

The filtrates obtained in dissolution tria's using the batch technique
were analyzed for uranium in one of two ways. If the dissolved uranium was
known to be in the hexavalent state, the absorbance of the filtrate was mea-
st 2d directly in a 1-dm spectrophotometer cell at 448 mm versus a solution

+ uranium-free simulated lun_ “'uid. The calibration curve for this assay
method, using standard solutions of uranium, is shown in Fioue 4. The con-
centration of uranium in a filtrate was obtained by dividin: the measured
absorbance by 1.005, the absorptivity of the uranium in 2g~'dm~'. If the

10



FIGURE 3. Sample Container for Dissolution by the Mini-Batch Technique
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FIGURE 4. Calibration Curve for Uranium Assay in Simulated Lung Fluid at 448 n
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valenc~ «*: ce of the dissolved uranium was uncertain, 3.0 g of periodic acid
was dissolved in the 100-m1 volume of filtrate, and the solution was heated

to 80°C for ore minute in order to convert all uranium to the hexavalent state.
After this solution cooled to room temperature, its absorbance was measured

in a 1-dm spectrophotometer cell at 425 nm versus a solution of similarly
treated, uranium-free simulated lung fluid. The calibration curve for this
assay is shown in Figure 5. The concentration of uranium in a filtrate was
obtained by dividing its absorbance by 0.577, the absorptivity of uranium

in 2g~'dm=*.

The filtrates obtained in dissolution trials using the sandwich or mini-
batch techniques were anaiyzed in two other ways. If the concentration of
uranium exceeded 2 x 10~° g/, the filt.ate was analyzed by the method of
Maeck, et al'', as modified by Rodden.'? Analysis consisted of acidifying
500 uv of filtrate with 500 u2 of concentrated nitric acid in a 2-dram glass
vial. A 0.004 N potassium pcrmanganate solution was then added dropwise until
the solution was pink in order to insure oxidation of any uranium to the hexa-
valent state. A drop of 0.04 N hydroxylamine hydrochloride was added subse-
quently to chemically reduce the excess permanganate. A 4.0-ml portion of
0.005 M tetrapropylammonium hydroxide/2.8 M aluminum nitrate (2.0 M acid de-
ficient) solution'? and 2.0 ml of hexone (methyl isobutyl ketone) were then
added. The vial was closed with a plastic-lined screw cap and the contents
were vigorously agitated on a vortex mixer to extract the tetrapropylammonium-
uranium complex into the hexone phase. The hexone extract was transferred
to a clean 2-dram vial and extra ted with 5 ml of an aqueous scrub solution
to remove any metals that would interfere with the uranium analysis. The
scrub solution contained 2.5 M aluminum nitrate (1.0 M acid deficient),

0.22 M tartaric acid, 0.25 M oxalic acid, and 0.22 M ethylenediaminetetra-
acetic acid.'' A 1.00-ml aliquot of the scrubbed hexcne solution was added
to 15.0 ml of 0.001 M dibenzoylmethane (Eastman No. 2197) in 95% pyridine/

5% ethanol to form the colored uranium-dibenzoylmethane complex. This solu-
tion was transferred to a 5.00-cm spectrophotometer cell, and 1ts absorbance
at 415 nm was measured verus a solution prepared from uranium-free SLF by the
same procedure. The abso ‘bance increased linearly with uranium concentration
as shown in Figure 6, anc the absorptivity was found to be 667 2g~'dm-'.
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FIGURE 5. Calibration Curve for Uranium Assay in Oxidized Simulated Lung Fluid at 425 nm
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FiGURE 6. Calibration Curve for Uranium Assay as the Dibenzoylmethane Complex at 415 nm
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The concentration of uranium in the original filtrate was onbtained in g/t by
multiplying the absorbance of the pyridine solution at 415 in a 5-cm cell by
16 x 2 x 2/667 x 0.5 = 0.192. Filtrates containing less than 2 x 10~° g U/%
were analyzed at the Hanford Engineering Development Laboratory of the West-
inghouse Corporation by direct fluorometric analysis €ssentially as described
in ASTM procedure D2907-75, method A.'’ The sensitivity of this procedure
was 1 x 10°°% g U/2.

EVALUATION OF DISSOLUTION HALF-TIMES

Dissolution theory indicates that the fraction of a pure sample remain-
ing undissolved should decrease exponentially with time, unless the particle
size range is very broad.'" Since the samples were expected to contain more
than one uranium component with differing dissolution half-times, the data
were expected to fit an equation of the form:

F=f, exp (-0.693t/T;) + f, exp (-0.693t/T,) + ... + f, exp (-0.693t/1,)

where F is the fraction of total uranium remaining undissolved after time t,
and the f; are the initial weight fractions of uranium components in the sampli
with dissolution half-times t;. The values of F were calculated by subtract-
ing the amount of uranium dissolved during any sampling period from the amount
undissolved at the beginning of that period and dividing this quantity by the
total amount of uranium in the sample. Preliminary values of f; and Ty were
obtained by graphical analysis of the data, and these were then used as start-
ing values in an iterative computer program (Subroutine NREG from the Madison
Academic Computing Center) to obtain the best fit to data by regression anal-
ysis.

RESULTS
CHARACTERIZATION OF SAMPLES

Dissolution trials were conducted on a total of 30 samples. These are
listed in Table 2 together with their particle-size ranges, colors, and ex-
pected uranium components.
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TABLE 2. Description of Samples
Sample Color Size Range Expected Components
Ammoniun diuranate Yellow 0 - 45 um (NH, ),U,0,
Uranium trioxide Yel low 0 - 45 um U0,
Uranium octoxide Greenish black 0 - 45 um Us0g
Uranium dioxide Brownish black 0 - 45 um uo.
Uranium tetrafluoride Green 0 - 45 um UF,
Exxon Plant Dust
ADU granulator dis- Yellow 0 - 40 um (NH, ) ,U,0,
charye
ADU reduction kiln Brown 0 -10 ym uo,
discharge
Pellet grinder Brownish black 0 - 25 um Uo, {(-int.)
U scrap recovery area Black 0 - 25 um U:0s
Babcock and Wilcox
Plant Dust
UFg¢ hydrolyzer Gray 0 - 50 um U0, F,
ADU granulator dis- Yellow 0 - 25 um (NH, )2U20;
charge
ADU calciner discharge Brown 0 - 25 um Us0¢
Us;0s reduction kiln Brown 0 - 10 um U0,
discharge
Pellet grinder Brownish black 0 - 25 um U0; (sint.)
U scrap recovery area Black 0 - 25 um U0, (NO;3),, Ui0g
U scrap dissolver Yellow/black 0 - 25 um U02(NOs)»
Westinghouse Plant Dust
ADU calciner feed Yellow brown 0 -10 um (NHy )2U204, U3i0g
Sintering furnace dis- Brownish black 0 - 10 um U0, (sint.)
charge
U scrap recovery area Gray 0 - 10 um U0,(NOs),, U30¢
General Electric Dust
UF¢ vaporization room Gray 0 - 50 um UF¢, UO.F,
UF, vaporizer/dissolver Light yellow 6 - 25 um Uo,F,
ADU calciner feed Yellow 0-10 um (NHy )2U,0,
GECO calciner feed Brown 0-5 um U0,F,, UF,, U304, UO,
ADU calciner discharge Brown 0 - 50 um U;0s, UO;
GECO cai-iner discharge Brown 0 - 50 um U;0s, UG,
Pellet ., s Brown 0 - 10 um uo,
Pellet grinder Brown 0 -5 um uo,
Chem. room air, ADU end Light brown 0 - 50 um A1l of above
Chem. room air, center Light brown 0 - 50 um A1l of above
Chem. room air, GECO Light brown 0 - 50 um A1l of above

end
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Microprobe and X-ray crystallographic analyses of a randomly seiected
particle from three of the samples obtained from the Exxon Nuclear Co. are
tabulated below.

TAGLE 3. Microprobe and X-Ray Crystallographic Analyses
of Individual Particles

Sample Microprobe Assay Crystal Form
ADU reduction kiln (Exxon) 83% U Cubic U0,
Pellet grinder (Exxon) 85% U Cubic U0,
U scrap recovery (Exxon) 77% U Hexagonal U;0s

DISSOLUTION BEHAVIOR OF SAMPLES

The dissolution behavior of the samples is shown graphically in Figures
7 to 36. Most of the graphs consist of a single curve; however, those for
uranium trioxide (Figure 9) and ammonium diuranate (Figure 11) show multiple
sets of data. In Figure 9, dissolution patterns obtained for UG; by both the
batch and mini-batch techniques are compared and shown to be quite similar.
In Figure 11, dissolution patterns for (NH,),U,0, by both the mini-batch and
sandwich methods are compared and shown to be identical. Also shown in Fig-
ure 11 are dissolution patterns for portions of this sample by the batch
method both 15 months earlier and 9 months later than this comparison. The
steady increase in dissolution half-time suggests that chemical changes oc-
curred in the sample during storage in air at 23°C. The uranium content of
the sample was also found to increase from 74.6% in April, 1978 to 76.7% two
years later.

The importance of bicarbonate ion in the dissolution of uranium is also
shown in Figure 11, where the non-dissolution of (NH,):U;0; in bicarbonate-
free SLF is depicted. Figure 37 shows the optical absorption spectrum of
(NH4 )2U,0, dissolved in regular SLF, and it corresponds clo.ely to published
spectra of the [UO;(CO;),]"'anion.‘S Similar spectra, differing only in ab-
sorption intensity, were obtained for all the samples that underwent appre-
ciable dissolution.

The dissoiution data were fitted into expressions of the form:

F=f, exp (-0.693t/T,) + f, exp (-0.693t/T;) - f: exp (-0.693t/T3)+ ...
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FIGURE 7. Dissolution of Uranium Dioxide Dust, Obtained from the New

Fraction of Uranium kemaining Undissolved

Brunswick Laboratory, into Simulated Lung Fluid at 37°C
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FIGURE 8. Dissolution of Uranium Octoxide Dust, Obtained from the New
Brunswick Laboratory, into Simulated Lung Fluid at 37°C
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FIGURE 9

Fraction of Uranium Kemaining Undissolved

Dissolution of Uranium Trioxide Dust, Obtained from the New
Brunswick Laboratory, into Simulated Lung Fluid at 37°C.
(Data from batch method shown by open circles. Data from
mini-batch method shown by closed circles.)
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FIGURE 10. Dissolution of Uranium Tetrafluoride Dust, Obtained from the
New Brunswick Laboratory, into Simulated Lung Fluid at 37°C
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FIGURE 11

Fraction of Uranium Remaining Undicsolved
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mini-batch ( &4 ) methods; and March 1980, batch method (o). Dis-
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FIGURE 12. Dissolution of Dust, Collected at Exxon's ADU Granulator
Discharge, into Simulated Lung Fluid at 37°C
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FIGURE 13.

Fraction of Uranium kemaininz Undissolved

Discharge, into Simulated Lung Fluid at 37°C

Dissolution of Dust, Collected at Exxon's ADU Calciner
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FIGURE 17 Dissolution of Dust, Collected at Babcock & Wilcox's ADU
Granulator Discharge, into Simulated Lung Fluid at 37°(
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Dissolution of Dust, Collected at Babcock & Wilcox's ADU
Calciner Discharge, into Simulated Lung Fluid at 37°C
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Dissoluticon of Dust, Collected at Babcock & Wilcox's Reduction
Kiln Discharge, into Simulated Lung d at 37°C




FIGURE

Dissolution of Dust, Collected at Babcock & Wilcox'
Grinders, into Simulated Lung Fluid at 37°(
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FIGURE 21. Dissolution of Dust, Collected at Babcock & Wilcox's Uranium
Scrap Recovery Area, into Simulated Lung Fluid at 37°C
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22. Dissolution of Dust, Collected 2t Babcock & Wilcox's Uraniun
Scrap NDissolver, into Simulated Lung Fluid at 37°(
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FIGURE 25. Dissolution of Dust Collected at Westinghouse's Uranium Scrap
Recovery Area, into Simulated Lung Fluid at 37°C
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FIGURE 27. Dissolution of Dust, Collected at General Electric's UFg
Hydrolyzer, into Simulated Lung Fluid at 37°C

1.0
“+
=
0.6
v pu
2
BS
-4
o
%]
o
-t
g
S O.bh
L
-1
g
-t
o
sl
L
x
5 F
e
o
e
=
L
o
o
o
e
-
o
= 0,2
- v O -
- e B —
0.1 | | | | | |
0 10 20 30 40 50 )
Time, days

39



\\Q\

\Q\

EMQ\;ML’F!!L S S ST ——




FIGURE 29. Dissolution of Dust, Collected at General Electric's GECO
Calciner Feed, into Simulated Lung Fluid at 37°C
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FIGURE 30. Dissolution of Dust Collected at General Electric's ADU
Calciner Discharge, into Simulated Lung Fluid at 37°C
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FIGURE 36. Dissolution of Dust Collected at General Electric's Chem Room
Air Recirculation Intake, GECO End, into Simulated Lung Fluid

at 37°C
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mmonium diuranate
April )

Ammonium diuranate
july 1979)

Ammonium diuranate
(March 1980)

uraniu trioxide (batch)

Iranium trioxide (mini
batch)

jrani Octoxide

Iran 110x1de

Jran tetrafluoride

Exxon ?lant Dust

granulator discharge
y
|

""‘-’.J' tion-k1in !‘
charge
Pellet grinder

) SCrap recovery area

Babcock and Wilcox Plant
Dust

UF¢ hydrolyzer
ADU granulator discharge
ADU calciner discharge
Oa reduction kiln
{1 haraqe
Pellet grinder
recovery area
issolver

Nt"-tl'-]'\nuke' Plant Dust

ADU calciner discharge

Sintering furnace dis-
charge

U SCrap recovery area

General Electric Plant

UF¢ vaporization room
UF¢ vaporizer/dissolver




(cont lhu‘f‘!/

Sample

General Electric Plant

r J
bust (continued)

ADU calciner feed

GECO calciner feed

ADU calciner discharge

CECO calciner discharge
let press

‘ellet grinder

Chem room air

r
o P

Z
, ADU end
Chem room air, nter

Chem room ai end

SOLUBILITY CLASSIFICATIONS OF SAMPLES

On the basis of the dissolution half-times of the sample: isted in

lable 4, their dissolution rates were classified in terms of the

Group Lung Model as shown in Table 5.

ABLE 5. Dissolution-rate C]
in Terms of the ICR

assifications of
P Task Group Lung

Sample Classification

Ammonium diuranate
Uranium trioxide
Uranium octoxide
U=anium dioxide
Uranium tetrafluoride

Exxon Plant Dust

ADU granulator discharge
ADU reduction kiln discharge
Pellet grinder

U scrap recovery

Babcock and Wilcox Plant Dust

UF: hydrolyzer

ADU granulator discharge

ADU calciner discharge

Ui0s reduction kiln discharge
Pellet grinder

U scrap recovery area

U scrap dissolver




ADU calciner feed
Sintering furnace discharge
U scrap recovery area

General Electric Plant Dust

UF: vaporizer

UF: vaporizer/dissolver
ADU calciner feed

GECO calciner feed

ADU calciner discharge
GECO calciner discharge
Pellet press

Pellet grinder

Chem room air, ADU end
Lhem room air, center
Chem room air, GECO end

NT«C CCIN
U1ISLUSS LUN

Understanding of thc dissolution behavior of even pure uranium compounds
requires considerable information on their reactions with the components of
either simulated or actual lung fluid. Only a portion of this information
could be developed within the scope of the present work. The optical absorp-
tion spectrum of the solutions surrounding the dust samples provided an im-
portant clue concerning the dissolution mechanism. As stated previously,
this spectrum, shown in Figure 37, coincides with that for the [U0,(CO,) | bl
anion. Thus,reasonable mechanisms for the dissolution of ammonium diuranate
and uranium trioxide in SLF are

(NHy ) 2U202(s) + 6 HCO3-

UOsfs) + 3 HCO;- (m;.)-———-{uo (L(‘:u).}"' aq. H (aq.)

The non-exponential decrease in the fraction of UO. found remaining undis-
solved in SLF may be due to one or more reascas. It has becn pointed out
that U0, 1s not a stable solid phase in the presence of large concentrations
of cations.”” This instability has been attributed to the greater insolubil-

ity of uranates as compared with UQ;, e.q

.y

2 UD;(s) + 4 Na* (ag.) + H,0 —== Na.U.0
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Alternatively, the surface of UO; crystals may be such that the calcium ion
in SLF may react there to form insoluble calcium uranyl carbenate'®, e.g.,

U0, (5) + 3 HCO,~ (aq.) —==[10:(C04),)*" (aq.) + H* (ag.) + H.0
ca’* (aq.)

Ca,U0,(C03)s(s)

The kinetics of the competing dissolution and reprecipitation processes may be
such that considerable U0, may dissolve before the remaining crystals are com-
pletely coated with Ca,U0;(CO,),.

Dissoluticn of tetravalent uranium compounds requires the presence of
oxygen as an oxidizing agent'’, e.qg.,

2 U0, + 6 HCO,~ + 0, ———m2[U0,(C0),]*" + 2 H,0 + 2 Wt

Although the tetravalent compounds were exposed to air-saturated solutions of
SLF throughout the dissolution process, it seems possible that the oxidation
of uranium surfaces at such an oxygen tension may be quite slow and account
for the long dissolution half-times of these compounds. Such conditions, of
course, would also prevail in the lung.

COMPARISON 2% CLASSIFICATIONS WITH LITERATURE VALUES

There is _eneral agreement that uranium hexafluoride, UF¢, uranyl nitrate,
U0,(NO3)., and uranyl fluoride, UO,F;, are Class D compounds'®-?°., Thus, pure
samples of these compounds, which are expected to be airborne in LWR-fuel
plants, were not investigated in this study.

Ammonium diuranate has been assigned by others to Class W'®*?°, but the
evidence for this work is that the classification may well depend on the age
of the product and its thermal history. The sample used in this study con-
tinued to demonstrate Class D behavior over a two-year period, but it was ob-
viously approaching the status of a Class W compound. Ammonium diuranate is
known to undergo rapid decomposition at 300°C to form uranium trioxide and
ammonia.’' It seems possible that a similar slow reaction could occur at the
surface of ammonium diuranate at room temp.cature to convert it from a Class D
compound to a Class W one. A more rapid transformation of this could could
occur in ADU driers and granulators.
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angles to the process streams. The results showed that the dissolution-rate
classification of dust at these room-air intakes is independent of lateral

position across the room and, perhaps coincidentally, is that of dust from
the feed to the ADU calciner, i.e., 63%Z D, 37% Y.
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