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ABSTRACT 
 
Air pollution can be a problem in industrial processes, but monitoring and controlling the aerosols in the work 
place is not enough to estimate the occupational risk due to dust particle inhalation. The solubility in lung fluid 
is considered to estimate this risk.  The aim of this study is to determine in vitro specific dissolution parameters 
for thorium (Th), uranium (U) and tantalum (Ta) associated to crystal lattice of a niobium mineral (pyrochlore). 
Th, U and Ta dissolution factors in vitro were obtained using the Gamble solution (Simulant Lung Fluid, SLF), 
PIXE (Particle Induced X ray Emission) and alpha spectrometry as analytical techniques. Ta, Th and U are 
present in the pyrochlore crystal lattice as oxide; however they have shown different dissolution parameters. 
The rapid dissolution fraction (fr), rapid dissolution rate (r); slow dissolution rate (fs) and slow dissolution 
fraction (s) measured for tantalum oxide were equal to 0.1, 0.45 d-1 and 0.00007 d-1, respectively; For uranium 
oxide fr was equal to 0.05, r equal to 1.1 d-1; s equal to 0.000068 d-1; For thorium oxide fr was 0.025, r was 
1.5 d-1 and  s: 0.000065 d-1. These results show that chemical behavior of these 3 compounds in the SLF could 
not be represented by the same parameter. The ratio of uranium concentration in urine and feces samples from 
workers exposed to pyrochlore dust particle was determined. These values agree with the theoretical values of 
estimated uranium concentration using specific parameters for uranium oxide present in pyrochlore. 
 
 

1. INTRODUCTION 
 
In recent years, exposure to toxic elements such as metals is considered an important 
environmental and occupational problem. The main sources of metals released to the 
environment are the large amounts of chemical elements employed in industries. The workers 
involved in these industrial processes are exposed to airborne particles containing metals.  
 
Pyrochlore is oxide of Niobium, Tantalum and rare earth found associated with alkalic rocks. 
Pyrochlore [(A)2(B)2(O,OH,F)7, where A=Na, Ca, Fe+2, U+4, Sb+3, Pb, Th, Ce, Y and B=Ta, 
Nb, Ti, Sn, Fe+3, W] can also contains Thorium and Uranium associated to the crystal lattice 
[1]. 
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The industrial countries have important demand on niobium and tantalum minerals. Brazil 
and Australia are the major niobium and tantalum producers, respectively. Brazil and Canada, 
the main pyrochlore (niobium mineral) producers, account for most of the niobium minerals 
supply. Tantalum mineral are mostly produced from tantalite-columbite mines in Australia, 
which produce more than 50% of total estimated tantalum production. In Brazil, Canada, and 
certain African countries there are also tantalum mines.  
 
Niobium is an important alloying element used in steels and in super-alloys employed in the 
manufactory of aircraft turbine engines and in space industry. Tantalum (Ta) is a ductile 
refractory metal with high resistance to corrosion by acids, is a good conductor of heat and 
electricity and has a high melting point. Ta is employed in several defense-related devices as 
in aircraft, missiles and radio communications. Thorium (Th) and Uranium (U) are  naturally 
occurring primordial radionuclide widely distributed in the earth’s crust. Uranium is used in 
nuclear power reactors; depleted uranium has been used in special weapons. Thorium can be 
used as fuel element in fast breeder reactor and due to its luminance proprieties Th has been 
employed as a component in gas mantel. 
 
In the State of Goiás, Brazil, there is a plant where pyroclhore is processed to obtain a Fe-Nb 
alloy. At this mine the mineral is extracted from two open pit mines using mechanical 
process. The mineral is crushed and milled and concentrated by electromagnetic separation. 
The niobium oxide is obtained by flotation and leaching processes. The Fe-Nb alloy is 
produced by aluminothermic process and finally the Fe-Nb alloy is crushed for packing.  
During the different steps of this process, airborne particles containing metal can generate. 
The workers involved in this industrial process are occupationally exposed to airborne 
particles containing metals. Metal bearing particles inhalation can cause damage for workers 
health. Previous studies have shown that these workers are exposed to mineral dust particles 
[2, 3, 4]. At this plant, the workers are exposed to Ta bearing particles, by inhalation and by 
ingestion of drink water containing Ta [5].  
 
Small amounts of Thorium and Uranium are ingested and – to lesser extent – inhaled by 
people every day. Biokinetic behavior of several compounds of Th and U are well known [6], 
but there is little data about the biokinetic behavior of Th and U associated to mineral crystal 
lattice [4, 7-11]. While there are available several data about the effects of Th and U in the 
human body, there is very few data about Ta toxicity and these few studies are not conclusive. 
Some studies show that Ta retention half-time in human body is around years [12, 13, 14] 
[15, 16] while others show that the half-time of Ta in lung is around days [17, 18]. 
 
The risk due to intake of metals can be estimated using mathematical models that represent 
the metabolic behavior of the metal. Usually these mathematical models are developed 
considering the way of incorporation, metal concentration and the chemical form of element 
and, in inhalation cases, the solubility of the metal compound in the lung. In order to obtain a 
realistic representation of the metal biological behavior it is necessary to determine specific 
biological parameters for each substance [19].  
 
The basis for assessing the risk due to human inhalation exposure to metal bearing particles is 
provided by the new ICRP human respiratory tract model (HRTM) [19]. In this model, 
clearance from lungs is represented as the competition between particle transport and 
absorption into the blood. It is assumed that particle transport rates of a species is the same 
for all materials, otherwise, the absorption of a specific-material depends on the material [20, 
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21]. This model also can be applied to estimate the risk for workers due to inhalation and 
ingestion of stables elements (not radioactive isotopes) [19]. 
 
The assessment of the exposure to aerosols containing toxic substances requires the 
estimation of the rates at which the materials are transferred to the blood, the retention time 
and the clearance rates in the respiratory tract. The solubility rate in the lung fluid is an 
important experimental data to optimize the theoretical models and the bioassay 
measurements interpretation [19]. Solubility parameters obtained using in vitro solubility 
experiments have been assumed to estimate the metal behavior in human lung [20, 22, 23] 
 
The aim of this study is to determine in vitro specific dissolution parameters for thorium (Th), 
uranium (U) and tantalum (Ta) associated to crystal lattice of pyrochlore (Niobium mineral) 
using in Simulant Lung fluid (SLF). 

 

 

2. EXPERIMENTAL METHOD 
 
In this study, a Brazilian plant that processes pyrochlore to obtain Fe-Nb alloy was selected.  
 
The mineral samples were collected during 5 consecutive days. Each mineral sample (10 kg) 
was homogenized and then dived in two equal parts. One part is separated and homogenized 
again. This process is reaped 6 times up to obtain a mineral sample with 78 g and then it was 
sieved using a 400-mesh sieve (diameter < 37 m). After sieving process the sample volume 
was again homogenized to obtain a sample of 50 g. Each sample was analyzed by PIXE 
(Particle Induced X rays Emission) in order to determine the Nb, Ta, Th and U concentration. 
As the workers were exposed to dust particles, five mineral samples were mixed and divided 
in 3 equal samples, which were used in dissolution test. 
 
A static “in vitro” dissolution test was used for determination of the solubility [23-29], and as 
Simulant Lung Fluid (SLF) was used the Gamble’s solution [28, 29, 30]. 100 ml of SLF 
containing 0.1 g of the mineral was maintained in a closed recipient. At the end of this 
recipient there was a Nuclepore filter (pore size 0.1 m) with a flow control. At different time 
intervals (30 minute up to 30 days) the flow control of each recipient was opened and a 
sample of 10 mL was obtained. The pH of the solution was equal to 7.4 and the experimental 
arrangement was kept at room temperature (22 up to 25 ºC). Variation in room temperature 
causes no effect on the dissolution rate [31].  
 
232Th and 238U concentrations in SLF were determined using a sequential analytical method 
and alpha spectrometry for the determination of these radionuclides. Uranium and thorium 
isotopes were initially separated using tri-n-octyl phosphine oxide (TOPO) supported on a 
column of silica gel. The uranium isotopes were extracted with TOPO onto a polymeric 
membrane. Thorium isotopes were co-precipitated with lanthanum fluoride. 232Th and 238U 
concentrations were determined by alpha spectrometry [32]. The alpha spectra were obtained 
by an EG&G ORTEC model 576 system.  
 
PIXE technique [33] was used to determine the Ta, Nb, Th and U concentrations in mineral 
samples and Ta and Nb concentrations in the samples from solubility test. The samples were 
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analyzed using a 2 MeV proton beam generated by a 4 MV Van de Graaff electrostatic 
accelerator. The X-Rays were detected by a Si-PIN detector with a 0.2 mm - thick aluminum 
foil as an X-Ray absorber. The X-Ray spectra were analyzed using an updated version of 
custom-designed software based on the stripping of a multi-elemental spectrum. 

 

 

3. RESULTS 
 
The pyrochlore samples collected at the Brazilian mine were analyzed by PIXE technique 
with special attention to Nb, Ta, Th and U. The average Nb, Ta, Th and U mass 
concentrations in pyrochlore samples are respectively 3.4 ± 0.5 gNb/gpyrochlore, 0.49 ± 
0.07 gTa/gpyrochlore, 0.98 ± 0.15 gTh/gpyrochlore and 1.36 ± 0.21 gU/gpyrochlore. The 
mass concentrations ratios Nb/Ta, Nb/Th and Nb/U were respectively 6.9, 3.5 and 2.5.  

3.1 In vitro solubility test 
 
The fine fraction of mineral dust particles reaches the deep region of the lung [19, 34]. In this 
region (alveolar region) the deposited particles are mixed with the lung fluids and are 
dissolved. The dissolved fraction is absorbed by the blood and transported to other organs and 
then excreted. The risk for human health depends on the chemical and radiological toxicology 
of the compound and on the biological behavior. The solubility, in the lung, of the metallic 
compound is an important parameter to characterize the metal biological behavior. [19, 27, 
35, 36]. 
 
In pyrochlore crystal lattice Ta, Th and U are present as oxides. In the Brazilian plant, the 
workers involved in mining and milling processes inhale mineral dust particles [2, 3]. The 
mathematical models adopted by ICRP to represent metal distribution after incorporation 
considers the solubility of the compounds in the lung fluid. To calculate the internal dose 
(risk) due to the inhalation it is necessary to classify the compound as fast, moderate or slow 
dissolution compound in lung. The ICPR [36] point out that it is necessary to determine 
specific solubility parameters for each compound. 
 
The solubility parameters were determined based on the dissolved mass of each element in 
the SLF.  The total mass (Ta) and total activity (Th and U) present in filter and the fractions 
dissolved at each time period were determined at different time intervals. The experimental 
data were fitted by a two-exponential equation  
 

t
s

t
r

sr efefy     (1) 

 
where: 
y= undissolved fraction;  
fr=rapid dissolution fraction;  
r=rapid dissolution rate (d-1);  
fs=slow dissolution fraction;  
s=slow dissolution rate (d-1); and 
t=time (d).   
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Equation 1 represents the undissolved fraction of each element and the equation parameters 
define the dissolution fraction and the dissolution rates. The dissolved fractions is determined 
by equation  
 

)(1 t
s

t
r sr efefy     (2) 

 
Table 1 and Figure 1 show the results of 30 d dissolution studies using mineral concentrated 
(pyrochlore) and stimulant lung fluid (SLF). 
 
 
 
Table 1 Dissolution parameters and relevant dissolution half-times for Ta, Th and U 
contained in pyrochlore (fine fraction, particle size < 400 mesh). 
 

 
 

Ta U Th 
Rapid dissolution fractions  fr 0.14 0.055 0.025 
Rapid dissolution rate  r  (d-1) 0.45 1.1 1.5 
T 1/2 (rapid fraction) (d) 1.5 0.63 0.46 
Slow dissolution fractions  fs 0.86 0.945 0.975 
Slow dissolution rate  s  (d-1) 0.00007 0.000068 0.000065 
T 1/2 (slow fraction) (d) 9902 10193 10663 
 

 

 

The ICRP 66 [19] classifies thorium, uranium and tantalum oxides as insoluble compounds 
and defines the same solubility parameters for all: fr = 0,001; r=100 d-1 and s= 0,0001 d-1.  
 
Our results indicate that although Ta, Th and U are in pyrochlore crystal lattice as oxide they 
have different solubility parameters. Comparing the three solubility parameters it is apparent 
that the lowest solubility rate was presented by Th and the highest by Ta.  
 
These results show that the kinetic behavior of these 3 compounds could not be represented 
by the same parameter. 
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Figure 1.  Dissolution fraction curve for Ta, Th and U present in pyrochlore (fine 
fraction, particle size < 400 mesh). 

 
 
 
The worker exposure to airborne particles can be evaluated using excreta samples. The metal 
concentration in excreta samples depend mainly on the solubility, particle size and way of 
incorporation. The ratio of U concentration in urine and feces samples provides information 
about the way of incorporation and is an important parameter for biological data 
interpretation.  
 
In the Brazilian plant the workers were exposed to uranium bearing particles in the respirable 
fraction of aerosols and there is some data in literature about worker exposure in this plant [4, 
37]. The specific parameters of uranium solubility determined in the present study were used 
to predict the uranium concentration in urine and feces samples from workers involved in 
mining and milling processes. 
 
In order to predict U concentration in excreta samples it was used a commercially available 
computer program (AIDE-Activity and Internal Dose Estimation) [38] for the dose 
estimation. To predict the U concentration in excreta samples from worker exposed it was 
considered: inhalation as the only way of intake; particle size (AMAD-Activity Median 
Aerodynamic Diameter) equal to 1.5 m [4]; the specific time of exposure for each worker 
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[37] and the ICRP solubility parameters for uranium oxides (fr=0,001; r=100d-1 and s= 
0,0001d-1) and the parameters proposed for pyrochlore in this study.  
 
The values of uranium concentration in urine and feces were predicted using the AIDE 
program assuming our solubility parameters and the solubility parameters provide by ICRP 
for uranium oxides (fr=0,001; r=100 d-1 and s= 0,0001d-1). The predicted values were 
compared with the experimental results determined by Oliveira et al [37] that measured 
workers at the same plant.   
 
The theoretical ratio using ICRP parameters and our specific parameters determined for the 
pyrochlore and the experimental data are shown in Table 2.    
 
 
 
Table 2 Average ratio of U concentration in urine and feces, theoretical ratio using ICRP 
parameters and using the our experimental parameters determined for pyrochlore and 
the data obtained based on biological samples from workers  
 

Urine/feces ratio  

fr r (d-1) s (d-1) Average 
Standard 
deviation 

ICRP parameters  
(predicted values) 0.001 100 0.0001 0.029 0.0096 
Specific solubility parameters 
(predicted values) 0.055 1.1 0.000068 0.049 0.0388 
*Workers samples 
(experimental data) - - - 0.068 0.0380 
*[37] 
 
 
 
 
The results show that the ratio of U concentration in urine and feces in workers samples could 
be better predicted using our specific experimental solubility parameter. 
  
Beckova and Malatova [23] have determined the specific solubility parameters for uranium 
oxide in uranium mine, their parameters were fr: 0.142, r: 0.488 d-1 and s: 0.004 d-1. Their 
values are quite different from specific parameters for uranium present in pyrochlore and 
from the values recommended by ICRP for uranium oxide, confirming that is necessary to 
determine a specific parameter for each condition of exposure. 
 
The results suggest that physical characteristic of mineral can affect the solubility parameters 
of an element present in a mineral.  
 
 

4. CONCLUSION  
 
Results of mineral analyses show that the mineral samples used contain Nb, Ta, Th and U, so 
in this mine the workers were occupationally exposed to dust particles containing these 
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elements. To estimate the risk due to inhalation of dust particles containing metals besides the 
particle size, air concentration the compound solubility in lung fluid have to be considered. 
Ta, Th and U are present in the same crystal lattice as oxide (pyrochlore) however they have 
shown different dynamics behavior. The solubility parameters of those elements were for 
tantalum oxide fr: 0.1; r: 0.45 d-1, s: 0.00007 d-1; for uranium oxide fr: 0.05, r: 1.1 d-1; s: 
0.000068 d-1; for thorium oxide fr: 0.025, r: 1.5 d-1; s: 0.000065 d-1.   
 
Comparing the average ratio of U concentration in urine and feces from workers samples 
(0.068 ± 0.0380) with the theoretical ratio, using ICRP parameters (0.029 ± 0.0096) and using 
our measured solubility parameters (0.049 ± 0.0388) it is possible to conclude that the ratio of 
U concentration in urine and feces in workers samples could be better predicted using the 
experimental solubility parameter determined using the same mineral sample. 
   
Difference between the  specific solubility parameters for uranium oxide present in 
pyrochlore to the solubility parameters determined by Beckova and Malatova [23] using  a 
uranium oxide of an uranium mine suggest that besides particle size, chemical compound, the 
chemical and physical characteristic of the mineral can affect the solubility parameters of an 
element present in a mineral.  
 
Further studies involving particle size effect and long time experiments are underway. 
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