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ARTICLE INFO ABSTRACT

Keywords: One way to better manage mining waste may be to reduce its quantity by reusing it. Using waste
Radiological assessment as construction material in the case of the niobium industry might be feasible, even though it
Sustainability carries radioactive elements. This study evaluates the radiological impact of using niobium waste
Niobium mining waste as a building material. Samples of niobium waste with and without granulometric classification

Exhalation rate
Aggregates
NORM

were tested. Moreover, concrete proof bodies, concrete plates, and common commercially
available aggregates and cement were radiologically assessed for comparison purposes. The main
conclusion is that niobium waste might be both physically and radiologically suitable to manu-
facture concrete respecting boundary conditions.

1. Introduction

Many minerals and ores are classified as Naturally Occurring Radioactive Materials NORM). Therefore, under unfavorable con-
ditions, may pose radiation risk to individuals. Mining and other industrial activities that involve minerals and raw material such as
phosphate [1], monazitic sand [2], bauxite [3], coal [4], and metals mining [5,6] have the potential to increase the effective dose
received by workers as well as by members of the public from natural sources: soil, water, and air [7]. During the extraction of minerals
from the Earth’s crust and their physical or chemical processing, the radionuclides may become unevenly distributed between the
various materials arising from crushing, grinding, mineral and chemical extraction processes [8].

Mining involves the actual extraction of ores and inherently associated waste material, the latter consisting of non-mineralized or
even low-grade rocks [9]. Mined ores are subsequentially processed for separating valuable minerals from gangue, thus resulting in
concentrates and tailings. Mining waste and mineral processing tailings require appropriate disposal and management due to the
possible associated high environmental impact. These materials may also contain trace elements, including radionuclides.

Recently, in Brazil, we have witnessed the catastrophic consequences of poor tailings management that lead to the Mariana and
Brumadinho dam disasters. One way to better manage mining waste may be to reduce its quantity by reusing it. This concept has
played a crucial role in maximizing resource utilization aiming to reduce environmental impacts [10]. A key focus on attaining
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sustainability in mining activities is effective waste removal within the production processes.

One of the main potential applications of solid mining wastes and dry slurry is construction material [11-15] mainly in the concrete
industry [16,17]. Nevertheless, the use of mining waste as recycled materials demands safety requirements for its application due to
the possible presence of toxic compounds such as asbestos-like minerals, heavy metals, and exposure from naturally occurring ra-
dionuclides [18]. Regarding the radioactive aspects, in Brazil, the installations that process only materials with a specific activity <1
Bq g~ ! and do not subject workers to dose increase above 1 mSv y~ ! are exempt from radiological control. However, there is no
legislation limiting the use of solid mining waste.

This study evaluates potential exposure to radiation caused by using niobium waste in concrete plates and proof bodies. The ac-
tivity concentrations of 2381y, 226R,, 210pp, 2327 228Th, 28R4 and °K were determined in concrete made with niobium waste. The
results were compared to commercial aggregate and cement. Exhalation rates for 22Rn and 22°Rn were determined for concrete plates
and proof bodies made with commercial concrete without the niobium waste (0%), with a mixture of 50% of niobium waste and
commercial aggregate, and with 100% of niobium waste.

2. Theory

Radiation exposure to the human body occurs mainly from external gamma rays of 238U, 232 Th day series, as well as of “°K. On the
other hand, internal exposure occurs by inhalation of radon exhaled from soil and rock in the ground and building materials, and from
its progeny of short half lives. There are three radon isotopes: 222pn (radon), 220Rn (thoron), and 2'°Rn (actinon), whose half-lives are
3.82d, 55.6 s and less than 4 s, respectively. Due to the noticeably short half-lives, thoron and actinon contribution to the total dose
received by a human body, even in closed environments, was generally not considered. Nevertheless, recent studies have shown that
the thoron contribution for the effective dose may not be negligible [19-21].

Depending on the local ground, the building construction and the buildings materials used, 22Rn activity concentration in
buildings may increase above the reference values of 300 Bq m~>, established by the International Agency of Atomic Energy (IAEA). It
may occur in houses built from materials which show radiation levels above normal background [22], for example, when using
recycled materials from the mining process. Besides, a number of variables may also influence radon exhalation in dwellings, such as
outdoor and indoor temperature, air pressure, humidity fluctuations, porosity, pore distribution and pore type, type of surface
treatment at the building site and type of the coating material applied [23]. Radiological assessment is thus necessary in mining waste
used as building material, particularly 2**U and 2*2Th activity concentration, as well as respective decay products and exhalation rates.

3. Experimental

3.1. Sample description

The samples analyzed in this study were taken from a niobium mine, identified as Industry A in this article. The samples were taken
from a stream of material called non-processed waste. This material is separated from the ore in a conveyor belt before entry in the
processing plant. The separation is done using a using a magnetic field, the non-magnetic flow is then called non-processed waste. In
this study, we refer to this material as niobium waste. The samples were taken and were then sieved to separate the granulometric
fractions normally used in the aggregate industry.

The samples were classified as sand (grain size lower than 2.0 mm), crushed stone (grain size smaller than 6.7 mm), gravel 0 (grain
size smaller than 13.2 mm) and gravel 1 (grain size smaller than 26.5 mm). A sample of niobium waste without sizing was also
analyzed. All these samples will be named here as aggregates. In each case, an amount of 10 kg of the material was received from
Industry A. The material was homogenized, and an aliquot of 300 g was taken for analysis. For comparison, two commercial aggregates
of the same granulometry and one sample of cement commercialized in the regular market were selected, acquired and analyzed. For
these commercialized samples, no information was available about their geological origin. Twelve concrete plates and nine proof
bodies of approximately 3.5 kg were manufactured with the proportion of 0%, 50%, and 100% of three batches of waste material by
the Federal University of Goias (UFG) to evaluate the exhalation rates. UFG was involved in proving the physical suitability of the
concrete samples following the Brazilian Association of Technical Standards (ABNT). After they finished their research, they shipped
the samples to the Institute of Nuclear and Energy Research (IPEN) for radiological characterization. Gamma spectrometry, neutron
activation analysis and radon/thoron measurements were carried out on all above listed samples, as described in the following
sections.

3.2. Gamma spectrometry

Gamma spectrometry was used to measure the activity concentrations of 226Ra, 210Pb, 228Th, 228Ra, and “°K in samples of cement,
waste, sand, crushed stone, gravel 0 and gravel 1, and powdered proof bodies. The proof bodies were cut, crushed, and ground for this
analysis. For these measurements, to avoid radon loss, samples weighing from 50 to 60 g were sealed in polypropylene 50 mL plastic
cans for at least 30 days before the measurement to ensure equilibrium between 2?°Ra and its short half-life progeny [24]. Activity
concentrations were determined using an HPGe detector, model GX 2020, from Canberra Industries with 1.50 keV and 2.5 keV of
resolution for the 122 keV and 1332 keV of ’Co and ®°Co, respectively. The reference materials RGU, RGTh, and RGK, from IAEA,
were used for efficiency calibration, while calibrated sources of °Co, '*’Cs, 152Eu and ' Am were used for energy calibration. To
determine ?2°Ra activity concentration, the mean value of three decay transitions of its progeny, 295 keV and 352 keV of 2'*Pb and
609 keV of 21“Bi, were considered. The activity concentration of 2!°Pb was determined by measuring its low energy peak (46.5 keV).
Self-absorption correction was applied to attenuate of the low energy gamma-ray, highly dependent upon sample composition [25].
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The Lower Limit of Detection (LLD) for this measurement configuration was 1.8 Bq kg~ For 22®Ra activity concentration determi-
nation, the mean values of the decay transition in 338 keV and 911 keV of 22Ac were used (LLD of 3.6 Bq kg 1). The mean values of the
decay transition in 238 keV of 2'2Pb and 727 keV of 212Bi were used to determine Z25Th (LLD of 4.0 Bq kg™ }). The decay transition in
1460 keV energy directly measure *°K activity concentration (LLD of 17 Bq kg™ 1).

3.3. Neutron activation analysis

The activity concentrations of 238y and %*2Th were measured by neutron activation analysis [26]. Neutron activation consists in a
nuclear reaction in which a nucleus undergoes a neutron capture process, resulting in a new nuclide that will decay according to its
own nuclear properties. The neutron activation of 2*U and 2*2Th forms 2>°Np and 2*°Pa, after beta decay, with half lives of 2.35 d and
27 d, respectively. The measurement of the gamma ray transitions in 228 and 277 keV gives the 33U concentration, while the gamma
ray transition in 312 keV, gives the 232Th concentration when comparing the activity measured in the sample with that measured in a
reference material.

Approximately 150 mg of each sample was weighed and packed in plastic polyethylene bags and further pre-cleaned with a diluted
nitric acid solution. Samples were irradiated together with two reference materials (RM), USGS STM-2 and NIST SRM 16464, and a
standard solution of the elements of interest was pipetted into a paper filter. For each sample, the concentration was calculated in
relation to each reference material, and the final report of the results is the mean value related to each RM. Samples and RMs were
irradiated for 8 h in the IEA-R1 research reactor at IPEN under a thermal neutron flux of 10'2 cm~2 s~ 1. Decay periods of 7 and 15 days
were adopted respectively for uranium and thorium for induced activity measurements.

The counting time of 1 h was used to determine the activity concentration of each sample and RM. Gamma spectrometry was
performed by using an EG&G Ortec HP-Ge Gamma Spectrometer detector (AMETEK Inc., USA) and associated electronics, with a
resolution of 0.88 and 1.90 keV for °’Co (122 keV) and 50co (1332 keV), respectively. In these conditions, the Minimum Detectable
Activity (MDA) is 12.6 Bq kq ! for 228U and 1.5 Bq kq ! for 232Th. The data analysis was carried out using in-house gamma-ray
software (the VISPECT program) to identify the gamma-ray peaks. The methodology evaluation was performed by cross-checking the
reference materials and synthetic standards.

3.4. Radon and thoron measurement

For 222Rn and 22°Rn measurements, a RAD7 (manufactured by Durridge Co., Inc.) detector was used, which consists of an alpha
particle detector that converts alpha radiation into an electric signal, distinguishing the energy of each particle, which allows the
identification of the isotopes (®'8po and 21*Po from 222Rn and 2!°Po from 22°Rn) produced by radon decay. RAD7 calibration was
carried out at Durridge’s indoor facility, using a radon chamber with a radium (**°Ra) source to provide a known 2??Rn flow. Ac-
cording to the RAD7 User Manual, the reproducibility is generally better than 2%, and calibration accuracy is in the range of 5% [1,
271.

For 222Rn, the exhalation rate was calculated following the formula given by Eq. (1) [28].

ClzV
E = —9 €]

1 — et

Where C is the equilibrium concentration, in Bq m™3; Aegr is the effective decay constant (s~ 1, valid if leakage of radon and thoron
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Fig. 1. Example of non-linear exponential regression for >’Rn. Point and whiskers are the measured values, and the line is the theoretical fit obtained using the De
Martino et al. [28] approach.
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out of the sample container is possible and if the activity concentration in the container air is low compared to the activity concen-
tration in the pore air of the sample; V is the effective volume of the chamber containing the sample plus tubes and the measurement
chamber of the radon monitor, in m’3; and t is time (s). The approach used in this study followed De Martino et al. [29], applying a
non-linear curve fit to experimental data C versus t, in the formy =a (1 - e'bx), where a = Eg/Aeff X V and b = Af, where Eg is the
exhalation rate, Aef is the effective decay constant and V, the effective volume. Fig. 1 shows an example of the nonlinear exponential
regression fit used for the exhalation rate determination from activity concentration values as a function of time.

All radon and thoron measurements were carried out in a closed system to avoid dilution. However, thoron measurements are
probably underestimated because of the short half-life. For aggregate samples exhalation rate determinations (Fig. 2), an aliquot of
approximately 300 g of each sample was placed inside an acrylic cylinder with 5 cm diameter and 200 cm length. In case of the plates
(Fig. 3), each one was covered with a 2 mm thick plastic film and sealed at the edges with adhesive tape to prevent Rn from escaping.
The proof bodies (Fig. 4) were put inside a plastic can, also sealed with adhesive tape.

In order to estimate if any radon loss could result from the measurement arrangement used in this study, the reproducibility of the
results was tested by measuring a set of same samples in two independent team’s lab, one located in Brazil and the other in Switzerland,
using the same conditions, the same type of radon monitor and plastic membranes of the same density and composition [30]. Results,
not presented here, showed no significant difference.

4. Results and discussion

Table 1 shows the activity concentrations measured in the aggregate samples of niobium waste from Industry A. From each type of
aggregate, one aliquot of the homogenized sample was taken: waste with no sizing applied (IA-W), sand (IA-S), crushed stone (IA-CS),
gravel 0 (IA-GO), and gravel 1 (IA-G1). For comparison, the same type of aggregates, with identical size grain particles, was obtained
from the local market and were named here as commercial 1 (C1) and commercial 2 (C2), representing their trademarks. Also, one
commercial cement sample, acquired in the local market (cement), was analyzed.

Table 1 shows that the activity concentration of the radionuclides from the U series (238U, 226Ra, and 2me) were lower than 125 Bq
kg1, which is considered relatively low compared to the radionuclide of the Th series (*>2Th, 22Th, and 22®Ra). The radionuclides
238y and 2%%Ra activity concentrations did not show significant differences according to the origin, i.e., from the niobium waste or the
local market. Only 21°Pb presented higher concentrations in gravel 0 and 1 in the niobium waste aggregate samples. The high 21°Pb
activity concentration may occur due to the higher half-live of U daughters and its chemical behavior during weathering processes with
210py, being accumulated in oxidized formations [31].

The marketed cement sample presented the same range of concentration for the nuclides of the U and Th series and “°K. Estokova
and Palas¢dkova [32] reported a compilation of ?2°Ra, 22Th, and “°K activity concentrations in types of cements found in 16 different
countries whose values vary from 12 to 92 Bq kg ; 14-59 Bq kg * and 93-1133 Bq kg~ 1, respectively. Ozdis et al. [33] compiled
information given in 19 articles from 14 countries for the activity concentrations of the same radionuclides, finding values in the range
of 20-119 Bq kg ! for ?2°Ra, from 9 to 59 Bq kg~ for 2*2Th and from 51 to 2493 Bq kg ! to *°K. In Brazilian cement the concentration
rage varies for 50-204 Bq kg~ ! for 22°Ra, from 20 to 192 Bq kg’1 for 2%2Th and from 160 to 550 Bq kg’1 to “°K [34]. The activity
concentration of these radionuclides in the cement raw materials depends on geological and geographical conditions, and geochemical
characteristics of those materials [35]. However, the activity concentrations measured in the marketed sample in this study are in good

sample
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Fig. 2. Experimental apparatus for radon exhalation rate measurement in aggregate samples.
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Fig. 3. Experimental apparatus for radon exhalation rate measurement in plate samples.

Concre oof bodies

k- S

Fig. 4. Experimental apparatus for radon exhalation rate measurement in proof bodies samples.

agreement with those reported for various locations in different countries and the one reported for other Brazilian samples.

The activity concentration of Th series nuclides in the concrete made with Industry A waste, on the other hand, presented much
higher values. It can also be observed for sand, crushed stones, gravel 0 and gravel 1. This amount of thorium is related to the
mineralogy of the mined material composed of phyllite, carbonatites, and amphibolites [36]. It is also associated with high rare earth
element concentration [37]. The values presented in Table 1 also reveal that the non-classified waste presented an activity concen-
tration higher than the aggregates. These differences may result from the fact that the aggregates were wet sieved leaving the excess of
Th nuclides daughters in the wash water, or due to an unexpected non-homogeneity between the fraction used in the non-classified
sample and the sieved samples used to obtain the aggregates. Future studies must include the analysis of the waste water from the
washing process and the remaining waste of the classified aggregates in order to clarify the differences observed here that must also be
taken into consideration for radiological protection purposes.

Figs. 5-7 show the distribution of the radionuclides from the U and Th series and 40K in the powdered proof bodies manufactured
with different concentrations of the niobium waste (aggregate), 0% (no addition of niobium waste aggregate material), 50% and 100%.

Fig. 5 shows relatively small variation for both 238 and 2?°Ra. 21%Pb is the only nuclide that presents a wide range varying from 24
to 190 Bq kg™ L. Accordingly, the variation for 2*3U was within the 20-55 Bq kg™! range, while 22°Ra values the range were within an
even narrower range ie. 40-60 Bq kg~ * apart from the above mentioned PB1-100% samples, which showed 110 Bq kg~!. The activity
concentration of 233U was below the detection limit in samples PB1 and PB2 made with 100% of the niobium waste aggregate. The
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Table 1
Activity concentrations measured in the cement, waste (W), sand (S), crushed stone (CS), gravel 0 (GO) and gravel 1 (G1) samples from Industry A, and aggregates
commercialized in the region (C1 and C2 representing two different aggregates trademarks).

Activity concentrations (Bq kg’l)

Sample 238U 226Rﬁ 210Pb 232rIvh 228-[11 228Ra 40K

Cement obtained in the regular market

Cement 19 +2 23 +1 7 +11 21 +1 28 +5 24 +4 247 +5
Aggregates of niobium waste samples from Industry A (IA)

IA-W ND* 76 +3 ND 4839 +299 2269 +18 2162 +13 182 +10
1A-S 16 +9 65 +2 66 +16 1050 +54 854 +8 800 +7 853 +8
IA-CS 71 +11 57 +3 645 +14 1651 +102 820 +11 725 +9 947 +11
1A-GO 89 +6 42 +2 789 +13 1529 +86 902 +15 844 +6 869 +9
IA-G1 81 +6 57 +3 ND 1249 +70 738 +9 689 +6 834 +10
Commercialized aggregate samples, named “G” and “PB” in this study, obtained in the regular market

C1-s 121 +8 113 +2 359 +5 122 +8 71 +7 65 +4 627 +3
C1-Cs 125 +4 77 +2 118 +15 142 +7 58 +11 62 +7 650 +14
C1GO 109 +3 43 +15 104 +5 102 +5 61 +7 56 +2 637 +8
C1-G1 105 +3 94 +2 132 +5 110 +6 67 +3 58 +4 659 +9
C2-s 107 +4 59 +2 96 +10 210 +12 107 +7 98 +4 624 +8
C2-Cs 121 +5 55 +2 29 +6 1192 +67 100 +8 95 +4 646 +9
C2-GO 95 +4 50 +3 ND 214 +11 92 +4 93 +4 580 +8
C2-G1 87 +5 59 +2 ND 159 +10 112 +8 105 +4 575 +8

* ND = Not determined.
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Fig. 5. Values of activity concentration and uncertainties (whiskers) for the elements of U series in the proof bodies (PB) samples made with 0%, 50%, and 100% of
niobium waste aggregate material.
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Fig. 6. Activity concentration and uncertainties (whiskers) for the elements of the Th series in the proof bodies (PB) samples made with 0%, 50%, and 100% of
niobium waste aggregate material.
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Fig. 7. Activity concentration and uncertainties (whiskers) for “’K in the proof bodies (PB) samples made with 0%, 50%, and 100% of niobium waste aggre-
gate material.

sample PB2-100% was also below the detection limit for 2!°Pb. The variation observed for the nuclides activity concentration from the
238 series can be due to the significant variation of lithologies found in the mining place resulting in considerable variations of the
activity concentrations of the gravel used to make these proof bodies.

Fig. 6 shows the activity concentrations for the Th series. In this case, the general pattern is an increase in activity concentration of
232Th, 228Th, and 2?®Ra with increasing concentrations of niobium waste employed in the manufacture of the concrete proof bodies.
Therefore, as expected, the highest activity concentrations were found in the proof body concretes made using 100% of the niobium
aggregate. The activity concentrations measured in the proof bodies concrete, PB1 and PB3, produced with 100% of the niobium
aggregate, however, showed much higher values compared to the ones produced with 0 and 50% of aggregates. This difference may be
related to the high heterogeneity among the aggregate lithologies (El Hajj et al., 2019) and from the fact that three different batches
were used in the proof bodies making. Overall, the activity concentrations of 2>2Th in PB-100% were reduced in PB-50% from values
varying from 500 to 700 Bq kg ™! to values varying from 140 to 330 Bq kg 1.

Fig. 7 shows the activity concentrations for the “°K. Here too, a different patter was observed, as the relatively high values were the
50% specimens in both PB-2 and PB-3 series, while the highest value were obtained for 100% specimen in the PB-1 samples. In all cases
the values varied in the 700-1100 Bq kg~ ! range, which is here considered a small variation.

Comparing Figs. 6 and 7 results with the activity concentration index established by the European Commission [38] of 300 Bq kg,
200 Bq kg~ ! and 3000 Bq kg for 226Ra, 232Th and “°K, respectively, it is possible to affirm that the addition of up to 50% of aggregates
from the niobium industry in the concrete limits the dose to values lower than 1 mSv y 1.

According to the Brazilian Technical Standard 6118 (ABNT 6118, 2003) [39], concrete generally consists of 12-16% appropriate
cement and 84-88% of appropriate coarse and fine aggregates, both figures by weight. The aggregates can be mined from either hard
rock sources, then crushed, or from sands and gravels [40]. Using recycled material from mining operations certainly contribute to
reducing both waste and tailing disposal, as well as reducing the demand for mining material for cement and the concrete industry
itself, provided the radiological safety is ensured.

4.1. Radon and thoron exhalation rates

Fig. 8 presents the results for radon and thoron exhalation rates (ER) for the aggregates. The aggregate samples from Industry A, as
classified in the sample description sectionlabeled in Fig. 8 S-A (sand), CS-A (crushed stone), GO-A (gravel 0) and G1-A (gravel 1)
showed a higher exhalation rate than the aggregates selected in the region (labeled “G” and “PB”), for both Z?Rn and ?*°Rn. “S” stands
for sand, “CS” stands for crushed stone, “G0” stands for gravel 0, and “G1” stands for gravel 1. Accordingly, the ER for thoron was four
orders of magnitude higher than those of radon, as it is usually found for different materials applied for construction shown in Table 2.
For thoron, the values reported may be underestimated as the nuclide transfer time to the Rad7 was not considered. Moreover, the use
of a closed-circuit may also bring more inaccuracy into the thoron measurements.

The ER obtained for the plate samples, as presented in Fig. 9, showed that plates prepared with cement type CPII (P1, P2, P3)
resulted in higher 222Rn and ??°Rn exhalation rates than plates prepared with cement CPV-ARI type (P4, P5, P6). The cement CPII is
meant for general use and the final concrete tends to present high permeability. In contrast, the cement CPV-ARI is a high resistance
cement that tends to manufacture low permeability concrete. This may indicate that the latter cement provides a less porous concrete
structure, therefore reducing the radon and thoron scape.

Fig. 10 shows the results obtained for the radon and thoron ER of the proof bodies. All proof bodies samples were manufactured
with the cement CPII (for general use) and niobium waste in different concentrations. The result for sample PB1-50% could not be
determined for radon, and a high value with high uncertainty was observed for sample PB2-0%, probably due to the very low 2>?Rn ER,
although all samples have been measured in the same conditions. Radon ER was much lower than that observed for thoron, and no
clear correlation could be observed between the ER values and the amount of residue used in the proof body preparation. One pos-
sibility that should be investigated is the bulk density and total pore volume of each proof body according to their residue composition.
The variability in niobium waste activity concentration should be further investigated using a variogram as the activity concentration
seem to vary significantly from batch to batch.
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Table 2
Exhalation rate (ER in Bq m~2s™") for radon and thoron found in different construction materials based on [41-45].
222Rn range 220Rn range Refer
Granite 0.06 + 0.01 76 + 34 [37]
1.04 + 0.03 2420 + 667
Granite 0.7 2515 [38]
1.33 5900
Cement 0.00049 + 0.00001
Aerated concrete 75 [39]
Concrete 96
Concrete 0.4+0.1 [40]
Sand 0.00029 =+ 0.00002 [41]
Sand 0.008 + 0.002 [40]
Aggregate 0.00150 + 0.00006 [40]
Aggregate 0.00044 + 0.00003 [41]
Brick 3.09 100 [38]
Brick 7.07 640 [38]
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Fig. 9. Exhalation rate of 22?Rn (A) and 2?°Rn (B), and uncertainties (whiskers), in the plate samples made with the niobium aggregate.
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Fig. 10. Exhalation rate of 222Rn (A) and 2?°Rn (B) and uncertainties (whiskers), in the proof bodies samples.

5. Conclusions

This study evaluated the activity concentration of U and Th series nuclides and “°K, and 222Rn and ?2°Rn exhalation rates for
niobium waste with physical properties suitable to be used as aggregates (sand, crushed stones, gravel 0 and gravel 1), and concrete
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plates and proof bodies produced using niobium waste. The goal was to test the feasibility of using niobium waste as construction
material. Moreover, we analyzed common commercially available aggregates and cement for comparison.

The activity concentrations of Th series nuclides are much higher in Industry A aggregated samples than observed for the same type
of material obtained in the local market. Also, the non-classified waste sample analyzed here presented higher Th nuclides series
activity concentration than the classified aggregates, however, it is not clear if resulting from the heterogeneity of the samples or from
the wet sieving employed. These high activities justify the need for thoron measurements in the aggregates, despite its low half-life.
The use of the analyzed niobium aggregates in the proportion of 50% of the concrete aggregates may reduce the total activity con-
centrations of the final product. The exhalation rates for 222Rn and 22°Rn in the plates and proof body produced with the aggregates
resulting from the niobium mining operations are in the same range of common materials regularly employed in construction.
Moreover, the use of cement of CPV-ARI type resulted in concrete with a lower exhalation rate. The high activities encountered in these
materials may threaten human health if used for dwellings due to the gamma exposition. Nevertheless, to reduce the amount of waste
generated in the mining industry, the Industry A aggregate may be applied for the construction of outdoor structures such as bridges,
viaducts, and roadbeds where exhaled radon cannot be accumulated and public individuals do not spend a considerable amount of
time.

Regarding the limitations and recommendations for future works, it is crucial to consider the impacts the radioactivity may have on
the physical integrity of the concrete on a long-term basis.
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