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SUMMARY 

Lung-clearance classifications for 210Pb and 210Po in airborne dust from 
elemental phosphorus plants were estimated for use with the lung clearance 

model proposed by the ICRP Task Group on Lung Dynamics. Estimates were based 
on measurements of dissolution rates for these radionuclides from sized dust 
samples into simulated lung fluid at 37°C. The estimates were expressed in the 
classification terms of the model, i.e., D, Wand Y, indicating lung clearance 

half-times of 0 to 10 days, 11 to 100 days and more than 100 days. Dust 
samples were obtained from two plants in the western United States, and dis

solution trials were conducted on fractions containing particles with aero

dynamic equivalent diameters (AED) of 0 to 3 "m and of 3 to 10 "m. The 210Pb 

and 210Po in each of these fractions were classified 100% ClassY. The spe
cific activities of both radionuclides increased with decreasing AED of the 
particles. 
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LIST OF ABBREVIATIONS ANO SYMBOLS 

ABBREVIATIONS 

AED aerodynamic equivalent diameter 

°C degrees Gel cius 

ICRP International Commission on Radiological Protection 

meq/L - milliequivalents per liter 

ml mill i 1 iters 

SLF simulated liquid fluid 
JJffi micrometers 

SYMBOLS 

210pb - lead isotope with atomic mass 210 
210 Po - polonium isotope with atomic mass 210 
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INTRODUCTION 

Uranium, thorium and their radioactive decay products are present at low 
concentrations in minerals used to produce elemental phosphorus (Roessler et 

al. 1979, Johnson et al. 1980). When these minerals are calcined, component 

radionuclides that can fonn volatile compounds at the high temperatures of the 

kiln evaporate and, on cooling, condense on any available surface. Part of 
this condensation occurs on airborne dust passing out of the kiln stack; and 

since the smaller particles generally have the highest specific surface area, 

volatile radionuclides are expected to concentrate on them. In particular 
210pb and 210po, have been reported to concentrate on the smaller particles of 

coal fly ash (McBride et al, 1978, Kalkwarf et al. 1984). Also, small par

ticles are deposited efficiently in the lungs; and if radioactive, they may 

pose a source of radiation damage to persons exposed to this dust (Miller et 

al. 1979). 

The radiation dosimetry for radionuclides deposited in the lungs can be 

evaluated with the aid of the lung-clearance model proposed by the Task Group 

on Lung Dynamics of the International Commission on Radiological Protection 
(ICRP Task Group on Lung Dynamics 1966). Use of this model requires clearance

rate classifications for the radionuclides, and three categories are used: D, 
Wand Y, corresponding to lung clearance half-times of 0 to 10 days, 11 to 

100 days and greater than 100 days, respectively. 

This study was conducted at the request of the UeS. Environmental Protec

tion Agency to estimate the lung-clearance classifications for 210Pb and 210po 
in airborne dust from elemental phosphorus plants. Clearance-rate classifica

tions were estimated by measuring dissolution half-times of the radionuclides 
from sized dust samples into simulated lung fluid at 37°C, the normal tempera

ture of the human body. The rationale for this approach has been discussed 
elsewhere (Kalkwarf et ale 1984). Samples from the FMC plant, Pocatello, 

Idaho, and from the Stauffer Chemical Corporation plant, Silver Bow, Montana, 

were analyzed. Dissolution trials were conducted on sample fractions contain
ing particles with aerodynamic equivalent diameters in the ranges 0 to 3 pm and 

3 to 10 pm, because such particles are deposited most efficiently in the lungs. 
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CONCLUSIONS AND RECOMMENDATIONS 

The dissolution rates of 210Pb and 210 Po in samples from both the FMC and 
Stauffer plants were very similar, and very slow. It is recommended that both 
21°Pb and 210po be considered 100% Class Y substances for calculations with the 
ICRP Lung-Clearance Model. 
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MATERIALS AND METHODS 

DESCRIPTION OF SAMPLES 

The samples of phosphate rock dust were received from Radian Corporation, 
Research Triangle Park, North Carolina 27709, They had been collected by 

Radian personnel at the FMC plant in Pocatello, Idaho, on October 27, 1983 and 

at the Stauffer Chemical Corporation plant, Silver Bow, Montana on November 10, 

1983. These samples were collected in the off-gas streams from the calciners 

prior to their entry into wet scrubber units, because the dust loadings in the 

streams at these points were relatively high. A Source Assessment Sampling 
System (SASS} was used to collect the samples (Blake 1978}, This system sepa

rated the samples into fractions containing particles with aerodynamic equiva

lent diameters {AED) in the size ranges of 0 to 1 urn, 1 to 3 urn, 3 to 10 urn, 
and greater than 10 urn. The fractions were dried and weighed by Radian person

nel and mailed to the Pacific Northwest Laboratory (PNL). In order to obtain 

sufficient amounts of material for the dissolution trials at PNL, fractions 

with particles in the two smaller size ranges were combined in the same propor

tions by weight as were obtained in the original collections. 

DISSOLUTION TRIALS 

The dissolution trials were conducted on dust fractions containing par
ticles with AED's in the ranges: 0 to 3 ~m and 3 to 10 ~m. A 0.5000-g portion 

of dust was weighed and placed in a 10-mL glass vial with a conical bottom and 
a Teflon-lined, screw cap (Reacti-Vial, Pierce Chemical Co., Rockford, IL). 

The vial and contents were placed in an aluminum constant-temperature block 
(Reacti-Therm, Pierce Chemical Co.) maintained at 37°C and equipped with a 

magnetic stirrer. A 5-mL portion of simulated lung fluid (SLF) was added to 
the vial together with a Teflon-coated triangular magnetic bar to suspend the 

particles in the SLF. This assembly is shown in Figure 1. The composition of 

the SLF has already been published (Moss 1979} and closely resembles that of 

human interstitial fluid. After one day, the suspension was filtered, and the 
particles were resuspended in 5 mL of fresh SLF for an additional time period. 

This procedure was repeated at selected times for a total period of 60 days. 
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FIGURE 1. Cross-Section of Dissolution Chamber 

The pH's of the suspensions were tested every three days and, if necessary, 

readjusted to within the range 7.3 to 7.4 by addition of small volumes of 
hydrochloric acid. The filtration operation consisted of several steps. First 
the suspension was centrifuged in the vial to pack most of the particles into 
the conical bottom. The supernatant liquid was then filtered through a 13-mm 
diameter membrane filter (Millipore GS) with a 0.22->m pore size. Particles 
adhering to the filter were washed back into the dissolution vial with 5 ml of 

fresh SLF. A detailed description of this technique has been published else
where (Kalkwarf 1983). The filtered samples of SLF were stored in glass screw
capped vials until they were analyzed. At the end of the 60-day dissolution 

period, the residual particles were also transferred to glass screw-capped 
vials for analysis • 
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ANALYTICAL METHODS 

Samples of the original dust fractions, the filtered solutions from the 
dissolution trials and the undissolved particles remaining after the dissolu

tion trials were analyzed for 210Pb and 210Po. The specific activities of 
210pb in the solid samples were measured with a high-resolution, intrinsic

germanium, gamma-ray spectrometer. The samples were placed in small plastic 

vials for analysis, and the measurements were calibrated with 210 Pb-spiked soil 
samples packed in the same geometry. 

Measurement of the specific activities of 210pa in the solid samples 

required dissolution of the particles in mixtures of perchloric, nitric, hydro

fluoric and hydrochloric acids. 210Po activity was measured by alpha counting 

after deposition of the polonium on a silver disc (Jackson and Thomas 1981). 

In order to correct for the radiochemical yield and counter efficiency, a mea

sured quantity of 208 Po was added to each sample prior to dissolution; and the 

ratio of the activities of 208Po and 210 Po were measured on an alpha-particle 

spectrometer with a silicon surface-barrier diode. 

The activities of 210Pb and 210Po in the SLF solutions were determined 

following their sequential chemical separation (Jackson and Thomas 1981). The 

portion containing the separated 210Pb was allowed to stand for about two 

months to allow ingrowth of 210Po, and both portions were analyzed for 210 Po as 
described in the preceding paragraph. The specific activities of 210Pb were 

calculated from the 210Po values using the appropriate radioactive ingrowth 
equations. 

CLASSIFICATION TECHNIQUE 

The lung-clearance model proposed by the ICRP Task Group on Lung Dynamics 

assumes that the fraction of radionuclide remaining in the lungs can be 

expressed as an exponential function of time. If a radionuclide is present in 

more than one physical or chemical form and dissolution is the dominant clear

ance pathway, a sum of exponential terms is generally required to express the 

fraction remaining undissolved. Therefore, data from the dissolution trials 
were fitted to equations of the form: 
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F = 1 f. exp (-0.693 t/T.) 
i 1 1 

where F is the fraction of radionuclide remaining undissolved after timet, and 

the f; are the initial weight fractions of the various forms of this radionu

clide with dissolution half-times T;e The values ofF were calculated by 

subtracting the amount of radionuclide dissolved during any sampling period 
from the amount undissolved at the beginning of that period and dividing this 
quantity by the initial amount of radionuclide in the sample. The latter quan

tity was measured by analysis of a separate portion of sample and was verified 
by summing the amounts of dissolved and undissolved radionuclide during the 

dissolution trial. Values off; and T; were obtained by graphical analysis of 

the data. The lung-clearance half-time of the radionuclide was then assumed to 

be equal to its dissolution half-time in simulated lung fluid. 
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RESULTS 

SPECIFIC ACTIVITIES 

The specific activities of 210pb and 210Po in the dust samples at the time 

of their collection at the stacks are listed in Table 1. The values have been 

corrected for radioactive decay of 210pb and radioactive build-up and decay of 

210pa between the collection time and the time of analysis. Samples collected 
at the FMC plant were designated by the prefix~ FMC; and those collected at the 

Stauffer Chemical Corporation plant were designated with the prefix, SCC. 

TABLE 1. Specific Activities of 210pb and 210po in the Dust Samples 
at the Collection Times (95% confidence intervals) 

Sample spezloic Activity spezloic Activity 
Des i 9:nat ion of Pb (~Ci/g) of Po (pCi/g) 

FMC, 0-3Jm (6.7 ± 0.6) X 102 (9.5 + 0.6) X 104 

FMC, 3-10 Jm 39 ± 4 (3.9 + 0.2) X 103 

FMC, >10 Jm 21 + 2 (2 .4 ± 0.2) X 102 

sec, 0-3 Jm (3.8 ± 0.3) X 103 (2.0 ± 0 .2) X 103 

sec, 3-10 )m (3.5 ± 0.3) X 103 (1.6 ± 0 .2) X 103 

sec, >10 )ffi (4.7 ± 0.1) X 102 (1.4 ± 0.1) X 103 

The specific activities of 210 Pb and 210Pa were found to increase with 

decreasing AED of the particles, but this effect was more pronounced at the FMC 

plant. 

It is important to be aware that the distribution of radionuclides by 
particle-size range as shown in Table 1 is representative only of the distri
bution of radionuclides which are associated with particles in the off-gas 
streams at the locations sampled. Because of the relatively high temperatures 

(250-350°C) of the off-gas streams at the scrubber inlet sampling locations, 
some of the 210po may still have been in the vapor state (i.e., not condensed 

onto particles) and therefore not collected by the SASS train. This may 

explain the large differences in the specific activities of 210Po in the 0 to 

3 >m fractions from the FMC and Stauffer plants. More detailed information on 
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the particle size distribution of these radionuclides in calciner off-gas 
streams is presented in EPA 1

S emission test reports for these plants {EPA 
Office of Radiation Programs 1984a, 1984b). 

DISSOLUTION TRIALS AND CLASSIFICATIONS 

The results of the dissolution trials on the dust samples are shown in 
Table 2. Values for the specific activity of 210pb in the samples at the start 

TABLE 2. Dissolution Pattern of 21°Pb and 210po from Dust Samples 
into Simulated Lung Fluid at 37°C 

Sample 

FMC, 0-3 "m 

Initial 210Po 
Activity (pCi/g) 

(8.5 ± 0.5) X 104 

sec, 0-3 "m (1.8 ± o.2) x 103 

sec, 3-10 "m (1.3 ± 0.2) x 103 

Dissolution 
Time (days) 

1.0 
3.0 

10.0 
20.2 
37 .o 
59 .o 

1.0 
3.0 

10.0 
20.2 
37.0 
59.0 

1.0 
2.9 
8.9 

20.8 
40.8 
59.0 

1.0 
2.9 
8.9 

20.8 
40.8 
59.0 

8 

rraction of 
210Pb Remaining 

Undissolved 

0.9984 
0.9973 
0.9968 
0.9962 
0.9956 
0.9950 

0.9933 
0.9744 
0.9682 
0.9618 
0.9554 
0.9490 

0.9999 
0.9999 
0.9994 
0.9991 
0.9983 
0.9978 

1.0000 
0.9999 
0.9990 
0.9991 
0.9985 
0.9979 

Fraction of 
210Po Remaining 

Undissolved 

0.9997 
0.9990 
0.9984 
0.9980 
0.9979 
0.9978 

0.9991 
0.9988 
0.9979 
0.9970 
0.9943 
0.9914 

0.9997 
0.9996 
0.9989 
0.9986 
0.9981 
0.9980 

0.9997 
0.9993 
0.9992 
0.9948 
0.9942 
0.9940 



of the dissolution trials were essentially the same as those listed in Table 1~ 

due to the long~ 20-year half-life of this radionuclide. However, the specific 
activities of 210po in the samples changed between the collection time and the 
start of the dissolution trials due to the combined effects of radioactive 

build-up and decay. The specific activities of 21°Po at the start of the 
dissolution trials are listed in Table 2. As can be seen from Table 2, very 
little 210pb or 210po were dissolved during the 60-day period of the trials. 

The insolubilities of 210pb and 210pa were also tested by comparing their 

measured specific activities in the solid residues at the end of the dissolu

tion trials with those predicted if no dissolution of these radionuclides had 
occurred. Such a test was considered desireable since the inability to detect 

significant amounts of 210Pb and 210 Po in the filtrates might have been due to 

deposition of these radionuclides on the filters or on the walls of the disso
lution chamber. The results are shown in Table 3 and tend to confirm the 

insolubilities of 210Pb and 210Po in simulated lung fluid at 37°C. These data 
were not used to determine the dissolution rates for the radionuclides because 

the amounts dissolved would appear as small, imprecise differences between two 
1 a rge numbers. 

TABLE 3. Comparison of 210Pb and 210Po Activities in Particles at 
the Beginning and End of Their Dissolution Trials 
(95% confidence intervals) 

In ltlal 210pb Fl nal 210Pb* 
Same le Actlvl~ <eCT/gl Activit:z: <eCT/gl 

FMC, D-3 um (6.7 j; 0.6) X 102 <6.2 ± o.2> x 102 

FMC, 3-10 Jllll 39 ± 4 42 ± 18 

sec, D-3 um (3.8 ± 0.3) X 103 (3 0 4 ± 2 0 0) X 103 

sec. 3-10 um {3.5 ± 0.3) X 103 (3.1 t 1.6) X 103 

*Corrected to the starting time of the trial. 

Initial 210Po 
Activity CpCT/gl 
(8.5 t 0.5) X 104 

C3o6 ± 0 0 2) X 103 

( 1o8 ± 0.2) X 103 

(Jo3 ± 0.2) X 103 

Final 210p0• 
Activity <eCt/gl 
(8.3 ± )0 7) X 104 

0.0 ± 0 0 4) X 103 

(1.2 ± 0.9) X 103 

(0.7 ± 0 0 9) X 103 

The data listed in Table 2 were analyzed graphically to obtain the 

dissolution parameters for Equation 1 and the values are listed in Table 4. 

From these data, it was concluded that both 210pb and 210po should be 

considered 100% ClassY for calculations with the ICRP Lung-Clearance Model. 
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TABLE 4. Dissolution Parameters for 210pb and 210pa in the Dust Samples 

Sam~le f 210pb T (dalsl f 210po T (dalsl 

FMC, 0-3 >m 1.00 8 X 103 1.00 2 X 104 

FMC, 3-10 >m 1.00 8 X 102 1.00 5 X 103 

sec, 0-3 >m 1.00 2 X 104 1.00 2 X 104 

sec, 3-10 >m 1.00 2 X 104 1.00 7 X 103 
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DISCUSSION 

The slow dissolution rates of 21°pb and 210Po from calcined phosphate rock 

dust into SLF are similar to those reported for these radionuclides in uranium

mill tailings and coal fly ash (Kalkwarf 1979, Kalkwarf et al. 1984). The 
chemical forms of 210pb and 210pa in these materials are not known; but even if 

they were present in water-soluble forms~ they would probably be transformed 
rapidly in SLF to insoluble carbonates or hydrous oxides. The concentration of 

bicarbonate ion in the SLF was 31 meq/L, and the pH was 7.3 to 7.4 (Moss 1979). 
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