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ABSTRACT

This study presented the recovery of uranium oxide and thorium oxide from aluminothermic slag from the
metallurgical processing of columbite — a niobium/tantalum mineral with the presence of UsOs and ThO: — from
a mining-industrial facility. The methodology consisted of sampling, comminution, and leaching using sulfuric
acid. The head sample showed contents of (1.78 + 0.14) % for UszOs and (3.66 + 0.04) % for ThO:. The
metallurgical recovery reached values above 80% for the uranium oxide and above 70% for the thorium oxide
for pH < 1.5 and process time greater than eight hours.
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1. INTRODUCTION

The availability and degree of energy use are linked to the socioeconomic development of countries.
However its generation impacts the environment. Thus, matrix diversification is necessary to achieve
sustainability [1]. In this perspective, the nuclear option is advantageous because it emits low carbon,
has a low impact on water quality, has small soil occupation when compared to other matrices, accounts
for and manages waste and rejects in all stages of the fuel cycle, generates and maintains jobs for
decades. Its direct intake — uranium oxide — has only one purpose, which is energy production [2].

Still, in the context of sustainability, several authors are exploring an option to improve the cycle
of nuclear fuel, which is the reuse of naturally occurring radioactive material (NORM). As uranium
and thorium mineralize together with other elements such as niobium, tantalum, tin, mineral coal,
phosphate, and rare earth, the industries that process them end up having as by-product NORM
residues and rejects. This material constitutes a liability for industry, as in addition to the management
requirements common to all industrial waste, there are also those related to safety and radiological
protection [4,5,6,7,8].

Thus, by developing a process route that recovers the uranium present in the waste and tailings
from mining-industrial facilities, it is possible to transform an environmental liability into an input
for the fuel cycle, reduce the level of radiological safety necessary to contain the NORM and the
necessity to build repositories for your safe storage.

Therefore, this study aims to evaluate the metallurgical recovery of uranium (U3Os) and thorium
(ThO2) oxides present in an aluminothermic slag from the production of niobium and tantalum

ferroalloys — a residue/reject from the metallurgical processing of the columbite.

2. MATERIALS AND METHODS

This work had the following steps: sampling; sample preparation (comminution); leaching assays;

determination of metallurgical recovery. The steps are detailed below.
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2.1. Aluminothermal slag

The waste used in this study comes from a mining-industrial facility located in the state of Amazonas,
Brazil. The company produces niobium/tantalum ferroalloys from the pyrometallurgical processing of
columbite (a mineral of niobium and tantalum that contains uranium and thorium in its composition) [10].

Columbite is inserted into furnaces with other inputs, such as barite, coal, and aluminum oxide.
The carbothermic reduction takes place in the furnaces, resulting in the niobium/tantalum ferroalloy,
which is commercialized, and in waste, including aluminothermic slag. This material is a NORM
residue because, during the production process, uranium and thorium oxides migrate to this phase,
which reaches an activity concentration higher than the level of exemption of radiological protection
requirements [11, 12, 13].

The waste storage site is a licensed deposit located within the facility — see Figure 1 (“Trincheira
1’ and “Trincheira 2””). Around 80.000 tons of slag [10] are deposited without chronological control
of the material. Thus, piles are formed, as shown in Figure 2. where it is not possible to conduct

probes for the sampling of the material.

Figure 1: Deposit for slag storage
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The aspect of the slag can be seen in Figure 2. It generally has dimensions of less than one cubic

meter, the most common size similar to that of a closed handle.

Figure 2: The aspect of the pile and the slag

2.2. Sampling and sample preparation

Figure 1 shows the sampling site: 130 kilograms of slag were collected at twenty-five points
within the Storage Cell, spaced between 15 and 20 meters from each other. This procedure was
adopted because of the impossibility to conduct probes in the repository and because the slag was
deposited without chronological control.

After sampling, the slag went through a comminution stage. Initially, it was crushed and ground
(50% less than 1.0 mm and 50% less than 0.2 mm) to obtain the necessary granulometry for leaching.
Finally, the sample was homogenized and quartered to obtain the aliquots used in the assays — one of
these, the head sample, was sent directly to the X-ray fluorescence analysis (XRF) to identify the
initial contents of thorium uranium oxides. Figure 3 shows the equipment used: crushers; the ball

mill; the Jones separator; the XRF analyzer (Rigaku, model ZSX Primus).
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Figure 3: Equipment used in sample preparation.

crusher ball mill Jones separator XFR analyzer

2.3. Leaching and metallurgical recovery assays

The leaching assays aimed to verify uranium and thorium content variation in the obtained solid
and liquid fractions.

The process variables were:

1) Percentage of solids. For pulp formation, two percentages of solids were selected: 20% and 40%.
i) pH was controlled by adding sulfuric acid to the pulp. Five values for pH were used: 1; 1.5; 2; 2.5, and 3.
ii1) Granulometry. Particle sizes of 1000 um and 200 um were prepared using the equipment in
Section 2.1.

iv) Time. For this process variable, 6 h, 7 h, 8 h, and 9 h were selected as assay durations.

The pulp was prepared in a 250 mL beaker using 40 g of slag according to the granulometry
selected for the test. As there are two different percentages of solids, 160 g of water were used for the
20% percentage and 60 g of water for the 40% percentage. Next, the pulp was placed on the magnetic
stirrer for homogenization. Next, the pH was measured, and sulfuric acid was added through the
pipette to obtain the desired value for each assay. Finally, the assay containing the set "granulometry-
percentage of solids-pH" selected was placed under agitation during the processing time.

The equipment mentioned in the previous paragraph can be seen in Figure 4.

Thus, 160 assays were carried out, i.e., 80 assays in duplicate. At the end of each one, the pulp
was filtered, dried, had its mass measured, and its contents of U3Os and ThO2 analyzed by FRX.

Finally, using Equation 1. the metallurgical recovery, R, was obtained.
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Figure 4: Equipment used in leaching assays.

magnetic stirrer and pH meter experimental arrangement
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Where msand ¢ are, respectively, the mass and content of the solid after leaching; msig and zsuqg are,
respectively, the mass and content of the slag before leaching. Note that the contents are for uranium

and thorium oxides.

3. RESULTS AND DISCUSSION

3.1. Head sample

The XRF results, see Table 1. show significant levels of aluminum and silicon oxide.

Table 1: FRX result for the head sample.

Oxide (% and uncertainty) Oxide (% and uncertainty)

SnO2 0.036 + 0.002 Nb20s 1.62 + 0.02
Fe203 091 + 0.05 Tax0s 0.56 + 0.02
ZrO2 296 + 0.12 SiO2 190 + 1.0
Us0s 1.78 + 0.14 ALOs3 53.0 + 2.0
ThO:2 3.66 + 0.04 Y203 0.54 + 0.02
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The first may be linked to the process of obtaining ferroalloys since aluminothermy uses Al3O2
(aluminum oxide) as input, and, in this type of processing, aluminum migrates to the waste [14]. The
Si02 (silicon oxide) is very commom in slags — typically between 15% and 20% [15].

The uranium oxide content draws attention: about six times higher than the levels in Caetité
(Bahia); 18 times higher than the Santa Quitéria Project (Ceara); and larger than most major deposits
in the world. This result alone is not enough to establish the use of waste as an alternative to mining

since its quantity is limited, but it already shows that there is potential to be explored [2, 9, 16].

3.2. Leaching assays - influence of the process parameters
Figure 5 presents the distribution of recoveries of uranium and thorium oxides in three classes: re-
covery below 60 % (R < 60 %); recovery between 60 % and 80 % (60 % < R < 80 %); and recovery
above 80 % (R > 80 %). UsOs presented the highest number of records in class R > 80 %. For both

oxides, the most representative class was R <60 %.

Figure S: Results of leaching assays - distribution of metallurgical recovery.
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Time had a very significant influence on metallurgical recovery, as according to Figure 6, the
greatest recoveries correspond to times greater than or equal to 8 h for both oxides. The contact be-
tween the slag particles and sulfuric acid allows the dissociation of the residue and the transfer of

uranium and thorium to the lye. Thus, a longer time can potentiate this effect.
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Figure 6: Results of leaching assays — influence of time.
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On the other hand, there is a time from which the solution becomes saturated, and that is when the
balance between solid and liquid fractions occurs [17,18]. This was not observed in this study, possibly
due to the choice of parameters. Nevertheless, it can be inferred that it is more than eight hours — in
Section 3.5, which presents the results as a function of time, this statement becomes more evident.

Also, concerning Figure 6, there are records with recoveries below 80% at all times. This result
shows that the other process parameters also influence leaching and metallurgical recovery [17].

The influence of pH is shown in Figure 7. There is a marked predominance for records greater
than 80 % for pH =1 — especially for uranium. This role of pH was expected since the lower values
potentiate the formation of ions that are transferred to the lye [6,17,18]. On the other hand, the obser-
vation of recoveries lower than 80 % for pH = 1 corroborates the statement made for time, that is,
that the other parameters also influence leaching and metallurgical recovery.

The influence of granulometry is shown in Figure 8. A relevant role of this parameter was not
observed due to the uniformity of the distributions. This result was not expected since the larger
particles represent larger surfaces that facilitate leaching and, consequently, metallurgical recovery

[14, 17, 19].
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Figure 7: Results of leaching assays — influence of pH.
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Figure 8: Results of leaching assays — influence of granulometry.

I 200 |
B 200 | | I 1000 |
I 1000
22
wv
5 =
bt
O O
S Q
b} Q
o &
-~ ©
5 5
2 2
1
RU<80% B0%<RU<80% RU>80% RTh<60% 60%<RTh<80% RTh>80%

Uranium Thorium

Thus, the distributions observed in Figure 8 may be related to the following:
1) operational procedure itself, i.e., the fact that we have four competing process parameters;
i1) selected dimensions (200 um and 1000 pm) — a greater or lesser slag comminution may be required;
iii) physical structure of the waste - according to the physical tests, it was not possible to obtain con-

centrated products according to the physical properties;
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1v) specific surface area of the slag — a parameter that considers the material's porosity and texture
[20, 21], but which was not the target of this study.
The influence of the percentage of solids is presented in Figure 9. It is observed that the parameter

of 20 % of solids obtained the highest number of records in the classes with the highest recoveries.

Figure 9: Results of leaching assays - influence of solids percentage.
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These results were not expected since the higher the availability of solids, the better leaching [14, 17].

On the other hand, some authors presented results in which the percentage of solids was not relevant [22].

3.3. Leaching assays — recovery of uranium and thorium oxides

For the evaluation of leaching tests, the results were grouped into a configuration of "pH-granu-
lometry-percentage of solids", as shown in Table 2.

The “Assays” column presents the results in ascending order of time, i.e., the first of each group
was submitted to a leaching time of six hours, the second to seven hours, the third to eight hours, and
the fourth to nine hours. These data were used for the graphs of recovery versus time.

As noted in Section 3.4, the most relevant parameters in this study were pH and time. Thus, Figure
10 and Figure 11 present, respectively, the results for pH =1 and for pH = 1.5. The others were not

presented because from pH = 2. Metallurgical recoveries are concentrated in the R classes < 80 %.
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Table 2: Grouping of leaching assays for analysis of metallurgical recovery.

Grupo pH Configuration (pH-granulometry-solid %) Assays

1 ~1.0 1-200-20 63.5,18,70
2 ~1.0 1-200-40 1.79,65,6

3 ~1.0 1 —-1000—-20 55,52.40. 39
4 ~1.0 1 -1000—40 69, 26, 48, 44
5 ~1.5 1.5-200-20 73.53.11.41
6 ~1.5 1.5-200-40 31.22.8,13
7 ~1.5 1.5-1000 — 20 47,75, 17, 66
8 ~1.5 1.5-1000 — 40 58,21.9,72
9 ~2.0 2.0-200-20 29, 56, 64, 14
10 ~2.0 2.0-200-40 45,46, 51. 15
11 ~2.0 2.0-1000 - 20 77,24, 32. 28
12 ~2.0 2.0 —-1000—40 43.50.76, 2
13 ~25 2.5-200-20 61.37,80.78
14 ~25 2.5-200-40 20.33.30.7
15 ~25 2.5-1000—-20 16, 34, 49, 36
16  ~25 2.5-1000—40 68, 25, 57, 54
17  ~3.0 3.0-200-20 62. 10. 59, 42
18 ~3.0 3.0-200-40 4,12.35,19
19 ~3.0 3.0-1000 - 20 27,23.74, 67
20 ~3.0 3.0—-1000 — 40 71.3.38, 60

The pH = 1 groups had the best metallurgical recovery performance (Ru3os or Rrro2), as shown in
Figure 10. Among these, Assay 70 stands out in Group 1 with Rusos = (82.9 £0.2) % and Rrio2 = (81.6
+ 0.2) %. The other process parameters in this group were granulometry 200 um; and 20% solids.

Other relevant results, this time in Group 2 (pH = 1; granulometry 200 pm; and 40% solids), are
Assay 6 and Assay 65 — both with Ruzos=(83.0 + 1.0) %. It is added that Assay 65 was carried out in
eight hours. Thus, recovery of over 80 % was achieved in less than nine hours — which may represent,
in an operational phase, savings in inputs.

According to Figure 11. although the number of records greater than 80% of the pH groups = 1.5
is lower than the pH groups = 1 here, there were also highlights:

1) Group 5 — thorium oxide had, in Assay 41 (pH = 1.5; t =9 h; granulometry of 200 um; 20 % solids),
a recovery of Rrro2 = (76 £ 1.0) %j;
i1) Group 7 — uranium oxide had, in Assay 66 (pH = 1.5; t =9 h; granulometry of 1000 pum; 20 %

solids), a recovery of Ruzos = (81 £ 4,0)
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Figure 10: Results of leaching assays - pH groups = 1.
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The reason for the notes in the preceding paragraphs is that a higher pH may imply, at an opera-

tional stage, an increase in the economy of supplies.
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Figure 11: Leaching assays results - PH groups = 1.5.
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4. CONCLUSION

The head sample presented higher levels of uranium oxide and thorium oxide than those of Cae-
tité, Santa Quitéria, and the main deposits in the world [7,9,23]. Thus, despite the limitation in the
feed mass, since there are only 80,000 tons of slag in the tank, it has potential — either as a complement
to the fuel cycle or due to the reduction of liabilities.

It was observed that the main parameters for leaching were pH and time — the highest recoveries
obtained were at pH less than or equal to 1.5 and times greater than or equal to eight hours. The

following stand out: Assay 70 (pH = 1; t =9 h; granulometry 200 um; and 20% solids) for both U3zOs
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and ThO2 (R > 80 %); Assay 6 (pH = 1; t =9 h; granulometry 200 um; e 40 % solids) and Assay 65
(pH = 1; t = 8 h; granulometry 200 um; and 40 % solids) ) for uranium oxide (R > 80 %); Assay 41
(pH = 1.5; t =9 h; granulometry 200 um; 20 % solids) for thorium oxide (R > 75 % ); and Assay 66
(pH = 1.5; t =9 h; granulometry 1000 um; 20 % solids) for UsOs (R > 80 %)).

As a future study, it must be verified the influences of particle dimensions since granulometry
was not fundamental in this study, contrary to what the literature pointed [14, 19, 24].

It is also necessary to check what is the ideal leaching time. In this study, it was found that it is
around eight or nine hours. However, it is necessary to establish it with greater precision to establish
the time from which leaching is balanced.

In conclusion, from a sustainability perspective, it is necessary to think about future generations.
That is, to reduce and reuse the waste in general. Thus, the option of processing slag, provided it
meets the requirements of radiological protection and safety, is justifiable because it can increase the
cycle of nuclear fuel since the metallurgical recovery has exceeded 60 % in many cases. In addition,
processing can at least reduce a liability that requires the construction, operation, and control of de-
posits with radioactive material whose half-life is of the order of the age of the Earth (U-238) or even
the universe (Th-232).
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