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ABSTRACT

Stockwell, D.R., Bentley, K.W. & Kerr, C.B. (1991). In vitro dissolution of uranium mill
products by the batch replacement method. Technical Memorandum 33, Supervising Scientist
for the Alligator Rivers Region.

Sixteen post-calcination uranium concentrate samples from two Australian
uranium mills were analysed using the batch replacement method of Dennis et al.
The samples were selected to represent a range of sulphate content. Results
indicate that the degree of in vitro dissolution varies between samples and
between solvents, and that the proportion of the most soluble fraction (class D) is
linearly related to the sulphate content of the material. Results using de-ionised
water, physiological saline and a simulated lung fluid indicate that, following
initial release of the soluble fraction, the extent and range of in vitre dissolution
of the remaining material is comparable to values reported in the literature. Close
examination of the in vitro dissolution results using the batch replacement method
indicate, however, that the fraction of uranium released cannot be satisfactorily
interpreted using a time-dependent exponential and a test appears to confirm this.
Consequently, in vitro experimentation by the batch replacement method is of
questionable value in prediction of in vitro behaviour in terms of dissolution half-
times. Dissolution of concentrate in a gastric juice simulant (0.1 M HCl) was also
measured as a potential indicator of gastrointestinal absorption following
ingestion.
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1 INTRODUCTION

The final stages of industrial uranium concentrate production involve the calcining,
packaging, and sampling for analysis, of large amounts of material. Workers may be exposed
to this material by inhalation or ingestion. The International Commission on Radiological
Protection has formulated a model (ICRP 1966) to provide a basis for dosimetry. Predictions
of material retention and excretion result in estimations of residual burden from which
intake limits for radioactive materials may be derived. Critical to the model is a knowledge
of the effective biological half-life of the material. For inhaled material the ICRP model
uses three lung clearance classes: D (half-life 10 days or less), W (half-life 10-100 days), Y
(half-life greater than 100 days). The dissolution characteristics and consequent human
chemical and radioactive toxicity of uranium products are determined by the characteristics
of the precipitation and calcination processes together with the efficiency of their operation.
A knowledge of these dissolution characteristics is necessary to interpret incident exposures
and routine bioassay measurements.

Previous studies by Steckel & West (1966), Cooke & Holt (1974), Kalkwarf (1978)
Dennis et al. (1982), Eidson & Mewhinney (1980) and Eidson & Griffith (1984) have
examined the dissolution of uranium from a number of uranic materials in simulated
interstitial and surfactant lung fluids. (These fluids are designed to mimic human lung fluid
in ionic composition, pH and buffering capacity [Moss 1979].) Dissolution half-time
measurements on yellowcake from US uranium mill facilities (Dennis et al. 1982) had
suggested changes to the accepted solubility of uranium in mill product from an insoluble
(Y) classification to a mixture of soluble (D) class, less soluble (W) class and Y class
components. The US Nuclear Regulatory Commission has incorporated these changes in
Regulatory Guide 8.22, which outlines a bioassay program for US uranium mills (Nuclear
Regulatory Commission 1988).

The objectives of the present study were: (1) to measure the in vitro dissolution
behaviour of uranium product concentrate from Australian uranium facilities in de-ionised
water, physiological saline and a similated lung fluid; (2) to assign lung clearance classes as
defined by the ICRP to the materials examined; and (3) to measure the in vitro dissolution
in simulated gastric juice. Our present study uses a modification of the batch method
similar to that of Dennis et al. (1982).

The mill products examined in this report are from the Queensland Mines Ltd (QML)
mill at Nabarlek and the Ranger Uranium Mines Pty Ltd (RUM) mill at Jabiru East, both
in the Alligator Rivers Region of the Northern Territory. The mills, referred to here as mill
A and mill B respectively, differ mainly in capacity rather than metallurgical practices: both
employ acid leach, solvent extraction, ammonia neutralisation, slurry centrifugation and high
temperature calcination of the precipitated ammonium diuranate. The mills are modern and
employ current, best practicable technology. The principal difference in present metallurgy
arises from the oxidation/acid leach; QML now uses Caros acid (H,SO,/H,0,) rather than
manganese oxide/sulphuric acid, This process occurs early in the mill cycle and would be
expected to have only a minimal effect on the composition of the final calcination product,
The batches of QML product investigated included materials from the earlier manganese
oxide and the current Caros acid leach, however batch selection constraints did not permit
comparison between oxidation processes.,

The final mill product is a high-temperature calcined non-homogenous uranium oxide
concentrate which may vary between batches in physical, chemical and thermochemical
composition and consequently in biological activity. Variability in composition may occur
through contamination following co-precipitation (e.g. uranium sulphate), incomplete
calcination resulting in a mixture of oxides, or through alterations in rates of precipitation




following ammonia injection, giving different particle size distributions and surface area.
Most of the materials examined in the previous studies referred to above were products
containing ammonium diuranate, uranium trioxide and other thermochemical intermediates
and final uranium octoxide product. Samples from the Ranger and Nabarlek mills are
primarily uranium octoxide following calcination at elevated temperatures.

2 MATERIALS AND METHODS

2.1 Uranium concentrate samples

The uranium concentrates produced by the Ranger and Nabarlek mills are normally
98-99.5% Uz0O4, resulting from high temperature (800°C) calcination of ammonium
diuranate, Sixteen samples of uranium concentrate were supplied by the two uranium mills
(Table 1) from their archival collections and represented approximately 40 months (Mill A)
and 4 months (Mill B) production. The sulphate content may be an indicator of the D
solubility classification component and hence is possibly a useful parameter for evaluation of
acute chemical toxicity. Samples were therefore chosen to cover the full range of observed
batch sulphate content (0.4-8.2%). Most of these samples were atypical, derived either from
early batches or following disruption of normal plant operation. Sulphate levels normally
encountered in routine operation at both mills are between 0.2-1.5% w/w.

The archival samples were dried at 110°C for 24 hours before being allowed to cool in the
presence of a strong desiccant. Unlike the products examined by Eidson & Mewhinney
(1978) and by Kalkwarf (1978), our products were indistinguishable in colour both initially
and during the course of dissolution, suggesting the absence of ammonium diuranate.

2.2 Composition of simulated lung fluid

The composition of the simulated lung fluid (SLF) used is shown in Table 2. It differs
slightly in ionic composition from the SLF of Kalkwarf (1978), and contains a surfactant
protein substitute (fraction 5 albumin BDH).

The SLF was stabilised against bacterial contamination with pentachlorophenol, and
adjusted to pH 7.3 immediately before use. The presence of phosphate ion in our SLF did
not result in observable precipitation of uranyl phosphate in any of the experiments.

2.3 Other solvents used

Other solvents used in this study included de-ionised water, physiological saline, and 0.1 M

HCL The relative efficacy of the de-ionised water and saline as solvents was investigated to

determine the possible cationic promotion of dissolution rates for ammonium diuranate

thermochemical intermediate contaminants present in the final commercial product.
Dissolution in 0.1 M HCI (simulating gastric juice) was measured as an indicator of the

potential contribution of gastrointestinal absorption of ingested uranium product.

2.4 Extraction and analysis

Our methodology was similar to that of Dennis et al. (1982) although we used shorter
sampling times in the earlier stages to examine the Class D fraction. Uranium analysis in




this study was by the delayed neutron technique (Amiel 1962) using the Australian Nuclear
Science and Technology Organisation’s 100 kW reactor Moata.

A weighed quantity (50 + 5 mg) of each uranium concentrate sample was placed into a
separate polyethylene centrifuge tube. Five millilitres of one of the solvents was added to
each tube. Tubes were capped and shaken for 2 min to disperse material and initiate
dissolution before being transferred to an environmental cabinet maintained at 37°C and
shaken at 300 rpm continuously to maintain solids in suspension, The pH of the simulated
lung fluid was maintained at 7.3 by addition of dilute hydrochloric acid as the pH drifted
slowly upwards.

After two minutes agitation each sample was centrifuged for 5 min at 2000 g, the
supernatant decanted for analysis, fresh solvent added and the procedure repeated. A total
of 13 extracts of each sample were obtained; period of extraction varied as shown below:

Extract:
1 2 3 4 5 6 7 8 9 10 11 12 13

Extraction time:
2min 2min 60 min 56 m 1h 17h 26h 23h 35h 83h 47h 117h 119h

Cumulative extraction time:
2 min 4 min 64 min 2 h 3h 20h 46h 69h 104h 187 h 234h 351 h 470 h

Five replicates of sample B4 were extracted is simulated lung fluid and analysed. The mass
of uranium present in each extract was calculated as a percentage of the original 50 mg
sample and subtracted cumulatively from 100% to give the result in terms of per cent
uranium remaining undissolved.

3 RESULTS AND DISCUSSION

Tables 3-6 sumarise the results in terms of per cent uranium remaining undissolved after
each extraction using simulated lung fluid, physiological saline, de-ionised water and 0.1 M
hydrochloric acid respectively. Figures la-c present the per cent uranium remaining
undissolved as a function of dissolution time (time in contact with the solvent with constant
agitation) for simulated lung fluid, physiological saline and de-ionised water, respectively.

To check experimental consistency, dissolution of sample B4 in simulated lung fluid
was repeated five times. Figure 2 illustrates the results of these measurements indicating
four out of the five were virtually identical; with the fifth, showing a similar trend to the
other four but displaced downwards by = 10%.

For presentation purposes, the per cent uranium remaining undissolved is given in
Figs la-c using a linear scale. When a log scale is used, as in Fig. 2, each curve suggests a
composite of three exponentials (a short-term component, a medium-term component and a
longer-term component). The simulated lung fluid results are quite similar to those obtained
by other authors (Dennis et al. 1982). However using a computerised mathematical iteration
Vardavas (1988, 1989, pers. comm.) concludes that there are no unique solutions (using the
data from these experiments) for values of f,, f,, {3, t4(1), t4(2) and ty(3) in the function:

F = f, exp [-0.693t/t4(1)] + f, exp [-0.693t/t4(2)] + f5 exp [-0.693t/t4(3)]




where f; + f, + f3 = 1 and ty(1), t}(2), and ty(3) correspond to lung model inhalation
Class D, Class W and Class Y time frames, respectively. This computer iteration suggests
that experiments would need to run for a longer time to separate Class Y and Class W
components. More data points are needed between 50-300 days.

Closer examination of Fig. 2 indicates that changes in slope corresponding to each
assumed exponential component occurred at points where experimental time scales changed
(minutes—hours—days). This raised the question: was the apparent three-component
exponential curve an artefact of the experimental technique?

This is partly confirmed in Figs 3a-c, where the per cent uranium remaining
undissolved when plotted against extract number (rather than against time) indicates a linear
correlation, with the exception of results for samples A9 and A10 (which were abnormally
high in sulphate content) using simulated lung fluid as the solvent. This suggests that after
the initial removal of the readily soluble fraction during the first or second extraction, the
proportion removed with each subsequent extraction is, within experimental error, constant
irrespective of the dissolution time.

To test this, an experiment was run using sample B4 and simulated lung fluid as the
solvent: a constant dissolution time of two minutes was used and 10 successive extracts were
analysed. Figure 4 compares the results of this experiment with the mean * 2 standard
deviations curve for the 5 replicates of the original work using sample B4. The results of the
successive two-minute extractions fall within the + 2 standard deviations envelope of the
earlier measurements using longer dissolution times. Thus, for example, the result obtained
after 16 minutes (8 changes of solvent) is identical with the results previously obtained after
69 hours which was also 8 changes of solvent. Thus the number of changes of solvent
appears to be the significant parameter rather than the time. This, in our opinion, appears
to invalidate the batch replacement technique.

Figure 5a presents the per cent uranium remaining undissolved as a function of
dissolution time for 0.1 M HCI and Fig. 5b presents the corresponding per cent uranjum
remaining undissolved as a funciton of extract number. All products examined dissolved
significantly in HCI.

Figure 6 illustrates the variation of the per cent uranium dissolved during the first
extraction in each of the solvents used with per cent sulphate content in each of the
16 samples examined. For each solvent, the amount of uranium dissolved in the first extract
appears to be linearly related to sulphate content. Linear regressions yield the following
equations:

Simulated lung fluid y=212x +3 r=0.88

Physiological saline y = 3.83x + 0.58 r=0.95

0.1 M hydrochloric acid y = 3.54x + 6.56 r=0.89

Deionised water v =4.67x - 1.54 r =0.89
where: y = % uranium dissolved in first extract,

x = % sulphate content of the uranium concentrate, and
r = linear correlation coefficient.

4 CONCLUSIONS

I.  In comparing the results of this work with that of previous authors using a similar
technique, there appears to be good agreement. For the readily soluble (Class D) fraction
this work shows that this fraction is linearly related to the sulphate content in the uranium




concentrate samples examined. In comparing solvents, similar results for a particular batch
were obtained for simulated lung fluid, saline and de-ionised water.

2. From study of the data, however, it can be seen that changes of slope occur at changes
of dissolution time. This dependence on an arbitrary experimental factor, the dissolution
time interval, appears to invalidate the conclusions, based on this experimental procedure,
on product solubility classifications previously made by other authors.

3. An experiment was run using constant short dissolution time intervals. This indicated
that the rate of dissolution was in fact related to the number of times that fresh solvent was
presented to the product material rather than to the total dissolution time. This strongly
suggests that the commonly used batch technique is inappropriate, and that the results
obtained using it are dependant on the choice of time interval. Further work needs to be
done to confirm this conclusion.

4,  All the products examined dissolved significantly in HCI (simulated gastric juice).
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Table 1. Details of samples of uranium concentrate

Mill A Mill B
Sample Lot no. % SOy % UzO4 Sample Lot no. % SO, % U304
Al 381 0.4 98.8 Bl 3183 0.4 -
A2 379 0.7 98.4 B2 3164 1.5 -
A3 218 1.0 98.6 B3 3156 3.7 -
A4 246 1.8 97.5 B4 3154 5.5 -
A5 46 2.4 96.8 B5 3080 7.8 -
A6 133 3.7 95.8 B6 RI15 - 93.7
AT 235 4.7 95.6
A8 28 5.8 94.3
A9 27 7.8 91.9
Al10 78 8.2 92.3

- data not provided

Table 2, Composition of simulated lung fluid

Pentachorophenol was added as a preservative

Salt conc. mM Equiv. wt Mass (g/L)
Sodium chloride 114 58.5 6.66
Sodium bicarbonate 31 84.0 2.60
Calcium acetate 5 97.2 0.49
Magnesium acetate 2 107.2 0.21
Dipotassium hydrogen phosphate 2 58.1 0.12
Dipotassium sulphate 1 87.1 0.09
Citric acid 1 70.0 0.07
Albumin (Fraction 5) - - 0.20




Table 3. Per cent uranium remaining undissolved after each extraction using simulated lung

fluid
Extract
1 2 3 4 5 6 7 8 9 10 11 12 13
MILL A

1 964 957 953 949 946 938 926 905 89.1 873 809 787 768

2 98.0 96.6 949 939 935 926 913 893 87.0 853 841 819 795
3 935 922 894 874 854 80.1 788 779 766 750 742 726 694
4 948 936 917 91.1 90.8 90.2 878 860 841 829 825 8l.1 806
3 955 946 925 912 887 873 860 855 845 834 824 804 786
6 840 81.1 78.7 779 772 761 750 724 698 679 585 557 535
7 88.5 864 835 830 825 815 795 788 712 689 68.0 663 65.]
8 769 732 67.2 63.1 604 543 512 501 48.1 456 441 421 410
9 81.0 722 566 524 493 37.7 293 275 256 240 228 214 196

10 804 743 70.7 701 693 688 680 656 642 62.7 61.1 58.6 56.5

MILL B

1 96.1 951 936 925 920 90.2 887 867 799 719 745 732 705
2 933 92.0 90.7 894 887 872 851 832 803 777 755 733 704
3 89.2 869 849 832 825 815 802 766 711 691 672 659 639

41 84.1 807 788 780 76.7 753 732 699 659 649 627 61.1 581
42 832 802 798 783 775 761 747 724 682 658 635 623 599
43 8Lt 772 747 723 704 694 678 638 596 571 544 528 500
44 863 831 808 796 773 760 745 726 681 653 627 609 579
45 854 820 8.0 785 76.7 752 736 714 678 653 631 614 587

5 86.1 773 738 71.7 706 69.7 685 676 654 641 631 610 555
6 9.5 954 918 888 872 854 818 796 758 736 7TI.1 696 66.6




Table 4. Per cent uranium remaining after each extraction using physiological saline (0.9%

w/v)
Extract
1 2 3 4 5 6 7 8 9 10 11 12 13
MILL A

1 973 96.8 964 956 954 944 927 913 886 859 845 824 80.2
2 982 978 975 973 972 9.4 955 938 921 920 90.8 8895 869
3 942 937 932 926 925 916 906 883 863 850 833 815 81.0
4 943 940 939 938 937 935 934 927 922 917 912 902 889
5 90.6 89.5 883 879 87.7 874 868 854 838 823 819 803 785
6 87.7 86.1 851 846 843 835 820 812 797 778 757 73.6 720
7 838 830 8.1 820 812 808 805 79.2 788 783 778 77.0 765
8 68.8 663 63.5 626 623 614 600 59.1 572 557 544 532 521
9 63.4 59.5 558 550 546 539 524 510 496 486 479 471 463
| 10 724 71.5 71.3 711 707 69.7 685 66.7 64.1 612 583 560 343
MILL B
1 97.5 97.2 969 964 959 951 939 925 90.7 89.1 87.6 86.1 84.0
2 929 91.6 912 907 884 874 859 846 825 809 795 782 767
3 85.1 846 842 840 837 832 816 8.1 774 756 743 728 709
4 788 783 780 777 715 76.7 747 73.0 704 68.1 667 654 63.8
3 743 731 727 724 721 713 69.6 679 652 635 619 601 594
6 9.8 964 960 957 954 950 935 919 885 864 842 827 806




Table 5. Per cent uranium remaining after each extraction using de-ionised water

Extract
1 2 3 4 5 6 7 8 9 10 11 12 13

MILL A

1 972 969 966 963 96.1 953 94.7 922 905 894 885 879 86.3
2 98.7 983 977 974 972 969 963 959 956 952 947 944 939
3 97.0 964 962 960 954 952 949 945 942 939 935 931 926
4 941 939 938 928 927 923 91.7 913 909 904 900 89.3 88.4
5 94.1 937 934 927 926 924 920 917 91.3 9.9 90.5 900 89.0
6 855 84.6 842 839 835 824 810 800 782 769 76.1 754 742
7 835 83.0 825 823 820 812 804 789 780 772 760 751 739
8 68.1 67.7 67.1 668 664 657 646 636 644 611 594 586 57.3
9 456 44.1 438 43.6 435 431 429 425 41.7 413 409 405 399

10 724 718 716 717 710 703 694 687 678 66.3 656 647 62.3
MILL B

1 973 97.0 967 964 960 957 952 949 944 939 935 927 91.1
2 933 928 925 921 91.7 913 90.7 903 898 89.4 89.1 884 88.0
3 854 839 836 830 826 821 816 81.1 805 80.0 79.5 788 783
4 792 781 715 710 767 761 754 748 741 733 727 714 707
5 731 726 724 722 720 715 71.0 705 700 69.6 69.1 686 68.4
6 966 963 960 957 955 951 945 940 935 929 923 912 904
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Table 6. Per cent uranium remaining after each extraction using 0.1 M hydrochloric acid

Extract
1 2 3 4 5 6 7 8 9 10 11 12 13

MILL A

1 90.3 86.5 831 797 771 544 296 160 1.7 1.0 1.0 1.0 1.0
2 957 937 877 840 824 560 327 186 5.8 38 2.8 2.0 1.7
3 839 806 768 740 716 507 314 177 2.3 1.0 1.0 1.0 1.0
4 919 896 865 84.1 825 626 463 358 18.1 13.7 10.6 7.6 5.8
5 91.6 893 864 835 813 608 446 33.1 153 9.8 6.0 2.8 1.0
6 78.3 745 714 686 665 51.7 344 250 128 6.1 3.8 2.4 1.0
7 782 759 73.7 717 69.8 539 393 406 16.5 6.2 4.7 35 1.0
8 59.2 564 540 516 499 368 257 193 184 119 9.6 7.7 5.0
9 648 614 59.1 580 573 483 459 415 373 364 358 354 320
10 67.5 648 625 602 587 450 296 21.5 101 35 1.1 1.0 1.0
MILL B

1 91.1 886 823 780 747 514 214 6.3 1.0 1.0 1.0 1.0 1.0
2 86,0 82.1 746 70.5 70.1 44,1 152 9.5 4.1 3.1 2.8 2.6 2.4
3 819 786 738 703 675 457 20.1 7.8 1.0 1.0 1.0 1.0 1.0
4 746 702 692 66,1 635 402 155 54 1.0 1.0 1.0 1.0 1.0
5 70.3 67.2 620 594 575 328 169 7.4 1.0 1.0 1.0 1.0 1.0
6 87.9 839 777 735 700 434 142 3.2 1.0 1.0 1.0 1.0 1.0
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Figure 1. Per cent uranium remaining after each extraction versus dissolution time using: (a) simulated lung fluid;
(b) physiological saline; and (¢) de-ionised water
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