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Phosphogypsum can be classified as a Naturally Occurring Radioactive Material (NORM) residue of the
phosphate fertilizer industry. One of the main environmental concerns of its use as building material is
the radon exhalation. The aim of this study is to measure the radon exhalation rate from plates and bricks
manufactured with phosphogypsum from three installations of the main Brazilian producer, Vale Fer-
tilizantes, in order to evaluate the additional health risk to dwellers. A simple and reliable accumulator
method involving a PVC pipe sealed with a PVC pipe cover commercially available with CR-39 radon
detector into a diffusion chamber was used for measuring radon exhalation rate from phosphogypsum
made plates and bricks. The radon exhalation rate from plates varied from 0.19 + 0.06 Bq m 2 h™, for
phosphogypsum from Bunge Fertilizers, from 1.3 + 0.3 Bq m~2 h™!, for phosphogypsum from Ultrafertil.
As for the bricks, the results ranged from 0.11 + 0.01 Bq m~2 h™', for phosphogypsum from Bunge
Fertilizers, to 1.2 + 0.3 Bq m~2 h™, for phosphogypsum from Ultrafertil. The results obtained in this study
for the radon exhalation rate from phosphogypsum plates and bricks are of the same order of magnitude
than those from ordinary building materials. So, it can be concluded that the recycling of phospho-
gypsum as building material is a safe practice, since no additional health risk is expected from the
radiological point of view.
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1. Introduction

In the last years, there has been an increased interest in
measuring radionuclides concentration in building materials and
radon levels in the air at homes, due to their potential risk to human
health (Campos and Pecequilo, 2003; Cazula et al., 2015; EC, 1999,
Todorovic et al., 2014; Turhan et al., 2008; Kovler, 2009). Exposure
to radon accounts for more than 50% of the annual effective dose
from natural radioactivity (UNSCEAR, 2000).

Radon in a house comes mainly from the soil adjacent to the
foundation. However, radon exhalation from building materials is
another potential source of the gas in indoor environment.

Building materials are an important radon source in houses
since they can contain small amounts of natural radionuclides such
as 2%6Ra, 232Th and “°K. The radionuclides content is usually low,
but some materials, like phosphogypsum, may contain higher
concentrations depending on the origin of the raw material used.
The presence of radionuclides puts restrictions on the use of
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phosphogypsum in building materials and in soil amendments. The
Brazilian regulatory body ruled that phosphogypsum would only
be permitted for use in agriculture or in the cement industry if the
concentration of 2?°Ra and 2%8Ra does not exceed 1 Bq g~ ! (CNEN,
2014). Recently, a working group was established at the national
regulatory level in Brazil, aiming to define a policy for using
phosphogypsum as construction material.

Phosphogypsum is a waste of the phosphate fertilizer industry.
It is formed by the chemical attack of the phosphate rock with
sulphuric acid to produce phosphoric acid. This waste is generally
stored in piles near the fertilizer factory. Phosphogypsum can be
classified as a NORM residue, Naturally Occurring Radioactive Ma-
terial, which means that its reuse may pose risks to human and
environment from the radiological protection point of view (El Afifi
et al.,, 2007; IAEA, 2013a). The radiological impact assessment of
NORM residues on the environment should comprise the release of
radon isotopes into the atmosphere (IAEA, 2013b).

The residues containing NORM altered by human activities has
received considerable amount of global attention over the last de-
cades. The main concern is the large amount of this residue and
consequent long-term risk due to the presence of radionuclides
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with long half-lives and high radiotoxicity. According to TECDOC
1712 “Management of NORM Residues” from International Atomic
Energy Agency (IAEA, 2013c), it is necessary changing attitudes
towards NORM residues. This document emphasizes that “... there
is an overall trend worldwide towards greater recycling of NORM
residues and their use as by-products. This is being driven by sus-
tainability issues such as concerns over the depletion of non-
renewable resources, by more stringent environmental protection
legislation, by a growing recognition that the amounts of NORM
disposed of as waste need to be minimized in order to make their
disposal manageable, and sometimes simply by economic consider-
ations, some of which become evident only when the true costs and
liabilities of NORM residue disposal as waste are taken into account.
Some countries are now making specific provision in their regulatory
systems for NORM residue recycling and use”. Therefore, there is an
overall trend in recycling phosphogypsum, provided that such
practice will not cause additional radiological health risk to the
public.

Phosphogypsum has been used in cement industry, as sub-base
of roads, as building material and as soil amendment. Phospho-
gypsum has become an item of commercial interest in many
countries, with a well-established market value in agriculture and
construction. However, the commercial use of phosphogypsum has
been restricted because of concerns about its radioactivity content.
Relatively high radioactivity, particularly *°Ra activity concentra-
tion (Duenas et al., 2007, Mazzilli et al., 2000), among other im-
purities, can prevent its reuse for several purposes.

The worldwide phosphogypsum production is estimated to be
at 160 million t (IAEA, 2013a) per year and only 14% is recycled and
used as building material (Maduar et al., 2011). Production is
increasing worldwide and could reach up to 250 million t within
the next twenty years. Approximately 3 billion t of phosphogypsum
are stored in piles of various sizes in well over 50 countries (IAEA,
2013a).

The Brazilian annual production of phosphogypsum reaches 12
million tons (DNPM, 2014), and Brazil, like other countries that
produce this residue, is trying to find safe solutions for its reuse.
One possible application of phosphogypsum is in the
manufacturing of building materials. However, an evaluation of its
radiological impact is required, mainly due to the radionuclides
content and radon exhalation rate. Several studies were published
concerning the radiological impact of using Brazilian phospho-
gypsum as building material, comprising the measurement of the
radionuclides content, as well as the internal and external exposure
of dwellers (Campos et al., 2011; Maduar et al., 2011, Mazzilli and
Saueia, 1999; Nisti et al., 2013; Rabi and Silva, 2006). Since most
of the Brazilian phosphogypsum contains traces amounts of radium
isotopes, a main concern to the dwellers is the inhalation of radon
and consequent internal exposure. The radon exhalation rate of is
defined as the amount of activity released per unit surface area per
unit time from the material. It depends on the ?*°Ra content of the
material, emanation coefficient, gas diffusion coefficient in the
material, porosity and density of the material (Duenas et al., 2007;
Sharma and Virk, 2001).

The aim of this study is to determine experimentally the radon
exhalation rate from bricks and plates made of phosphogypsum,
in order to evaluate if these building materials pose no additional
health risk to dwellers due to radon exhalation. A practical
approach to measure radon exhalation rate directly from the
surface of the material is to allow the radon build up in a
container, known as accumulator, over time (Chen et al., 2010;
Kotrappa and Stieff, 2009; Sharma et al., 2003; Shweikani and
Raja, 2009) and measure the radon content by passive method
with solid state nuclear track detectors (SSNTD). The phospho-
gypsum bricks and plates evaluated in this study were

manufactured by UCOS (humidification, compaction and drying)
method (Novogesso® Technology) (Kanno et al., 2007), with
phosphogypsum provided by Vale Fertilizers, the main Brazilian
phosphate fertilizer producer.

2. Materials and methods

Several methods to measure radon exhalation rate from build-
ing materials make use of accumulators associated with alpha
particle detectors, such as, continuous gas monitor, scintillation
cell, ionization chamber and solid state nuclear track detector
(Kobeissi et al., 2013; Lettner and Steinhausler, 1988; Righi and
Bruzzi, 2006; Tuccimei et al., 2006). In this study, a simple and
reliable accumulator method with CR-39 into diffusion chambers
was used for measuring radon exhalation rate from phosphogyp-
sum building materials.

Eighteen samples of plates and fifteen samples of bricks man-
ufactured with phosphogypsum provided by Vale Fertilizantes
were analyzed for the 2*?Rn exhalation rate. The phosphogypsum
producers are namely Ultrafertil located in Cubatao, Fosfertil
located in Uberaba and Bunge Fertilizers located in Cajati. Five
samples of brick manufactured with natural gypsum were also
analyzed.

A Polyvinyl chloride (PVC) pipe sealed with a PVC pipe cover
commercially available of know dimensions (7.2 cm diameter and
30 cm height) was used as the accumulator. As reported by
Tuccimei et al. (2006), PVC can be considered a radon-tight mate-
rial, unless exposed to high levels of gamma radiation that can
affect its radon permeability. The accumulator was placed on the
phosphogypsum bricks and plates and the contact between the
accumulator and samples was sealed with silicone adhesive. A CR-
39 in a plastic diffusion chamber (passive radon detector) was
placed inside the accumulator at a distance of 25 cm from the
surface of the sample, in order to count only the >22Rn contribution
and to avoid the role of 2?°Rn from the surface of phosphogypsum
building materials samples (Faheem and Matiullah, 2008; Shafi-ur-
Rehman et al, 2006). This passive radon detector assures the
discrimination of radon decay products by allowing only the gas to
enter the diffusion chamber (Bartlett et al., 1988). The exhalation
rate was determined through the radon concentration at the
accumulator.

At the accumulator closed system (Faheem and Matiullah, 2008;
Rahama et al., 2007), the passive radon detector is exposed to
variable concentrations, starting from zero to equilibrium concen-
tration. So, in order to calculate the radon concentration at the
accumulator, it is necessary to determine the effective exposure
time. The effective exposure time of the passive detectors to radon
was calculated through the following equation (Shweikani and
Raja, 2009):

teff:t—%(l —e*“) (1)

where: t is the real exposure time and A is 2*?Rn decay constant.
The detectors were exposed to radon for 30 days. After expo-
sure, CR-39 detectors were etched in a KOH (30% mass weight)
solution at 80 °C for 5.5 h in a constant temperature bath (Maduar
et al,, 2011; Manocchi et al., 2014). After etching, CR-39 detectors
were washed, dried and counted under a Carl Zeiss microscope for
track density measurements. The background was 12 + 2 tracks per
cm?. The track density was related to radon concentration in the
environment, by using a calibration factor of 2.14 + 0.17 tracks cm 2
per kBq m > h, obtained with Pylon model RN-150 calibrated radon
gas source. Radon concentration in the accumulator was calculated
through the following equation (Shweikani and Raja, 2009):
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where C is the radon concentration (Bq-m~3), D is the track density
(tr-cm~2), ks the calibration factor (tr-cm~2 per Bq-m—3-d), tis the
effective exposure time (d).

Radon exhalation rate was calculated using the following
equation (Faheem and Matiullah, 2008; Shafi-ur-Rehman et al.,
2006):

c-(a-A+V-2)
F A e 2
where E is the radon exhalation rate (Bq m~2 h™!), C is the radon
concentration in the accumulator (Bq m—3), V is the air volume of
the accumulator (m?), A is the surface area of the sample (m?), a. is
the back diffusion constant, A is the decay constant of radon (h~1), t
is the exposure time (h).

3. Results and discussion

Table 1 presents the results of the radon exhalation rate from
plates and bricks analyzed in this study. The radon exhalation rate
from plates varied from 0.19 + 0.06 Bq m~2 h™, for the phospho-
gypsum from Bunge Fertilizantes, to 1.3 + 0.3 Bq m~2 h™, for the
phosphogypsum from Ultrafertil. As for the bricks, the results
ranged from 0.11 + 0.01 Bq m~2 h~, for the phosphogypsum from
Bunge Fertilizers, to 1.2 + 0.3 Bq m~2 h™!, for the phosphogypsum
from Ultrafertil.

It can be seen from Table 2 that the experimental results ob-
tained in this study for phosphogypsum plates and bricks from
Bunge Fertilizers, Fosfertil, and Ultrafertil are of the same order of
magnitude than those from ordinary building materials. So, it can
be concluded that these phosphogypsum building materials pose
no additional health risk to dwellers due to radon exhalation rate.

It is expected that the radon exhalation should depend on the
radium activity concentration in the samples. In a previous work,
Nisti et al. (2013) evaluated the average activity concentration of
the radionuclides 2?°Ra, 232Th and 4°K, as well as, the radium
equivalent activity for the same phosphogypsum plates and bricks
from Ultrafertil, Fosfertil and Bunge Fertilizers analyzed in this
study. A positive correlation can be observed between radium
contents and radon exhalation rates, with correlation coefficients
0.91 and 0.82 for bricks and plates, respectively (Figs. 1 and 2).

Several authors observed that the 22?Rn exhalation rate from
phosphogypsum depends not only on the #2°Ra content, but also on
other factors such as density, porosity and manufacturing process
of the building material. Duenas et al. (2007) conducted a study of
radon exhalation from phosphogypsum piles and showed that
there is a statistically significant relationship between the exhala-
tion of 222Rn and the 2%*®Ra activity concentration and the porosity

Table 1
222Rn exhalation rate (value + standard deviation) from phosphogypsum plates and
bricks from different producers.

Samples 222Rn exhalation rate
(Bqm—2h1)
Plates Bricks
Ultrafertil phosphogypsum 1.3+£03 1.2+ 06
Fosfertil phosphogypsum 0.41 + 0.07 0.47 +£0.15
Bunge Fertilizers phosphogypsum 0.19 + 0.06 0.11 + 0.01
Natural gypsum ND 0.18 + 0.08

ND — not determined.

Table 2
Radon exhalation rate from bricks and plates made of phosphogypsum and other
building materials (Bq m—2 h™1).

Building Material 222Rn exhalation rate  References

This study

Nisti et al., 2013

Fournier et al., 2005

Folkerts et al., 1984

This study

Nisti et al., 2013

Lettner and Steinhdusler. 1988

Phosphogypsum Brick 0.11-1.2
Phosphogypsum Brick 0.41—5.7
Phosphogypsum Brick 6—10
Gypsum Plate 0.2—18°
Phosphogypsum Plate 0.19—1.3
Phosphogypsum Plate 0.16—4.3
Phosphogypsum Plate 2.2—4.8

Crude Brick 0.16 Sharma and Virk. 2001
Granite 0.16—-1.4 Kotrappa and Stieff. 2009
Cement 0.27—-0.66 Lettner and Steinhausler. 1988
Cement 0.18—0.91 Sharaf et al., 1999

Concrete 4.3 De Jong et al., 2006

Soil 2.2-28 Shafi-ur-Rehman et al., 2006
Sand 3.9-17 Shafi-ur-Rehman et al., 2006
Slate 0.36—1.9 Chen et al., 2010

2 Phosphogypsum.

Bricks
R =091

1,2 w Ultrafertil

0,8 -

0,6 -

0,4 ] Gypsum

2],/

0,0

% Fosfertil

T T T T
0 100 200 300 400
226

*”Rn exhalation rate (Bq m*h™)

unge Fertilizers

Ra activity concentration (Bq kg'1)

Fig. 1. Correlation between radon exhalation rate and radium activity concentration
from phosphogypsum bricks of different producers.

and density. A multiple regression analysis was carried out in order
to determine to which extent these factors could influence the
radon exhalation. The R-squared statistic of the model developed
by them indicated that 80% of the **’Rn exhalation variability
depend on these factors.

The variation observed in the 2?’Rn exhalation rates from
phosphogypsum plates and bricks cannot be explained only by the
Ra content, but depends also on other factors such as density,
porosity and manufacturing process of the building material.
Considering only the 22°Ra activity concentration of phosphogyp-
sum brick and plates (Nisti et al., 2013), it is expected that the radon
exhalation rates would be of the same order of magnitude.
Nevertheless, the radon exhalation rate from phosphogypsum
bricks and plates from Ultrafertil is three to four times higher than
those from Fosfertil. This difference can be explained by the hy-
pothesis that radon exhalation depends on several properties of the
material and not only on the radium activity concentration, as
corroborated by Duenas et al. (2007). In this study, the influence of
porosity on *2?Rn exhalation rate from phosphogysum bricks and
plates was evaluated. The total porosity of the phosphogypsum
brick and plates was calculated from the bulk density and article
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Fig. 2. Correlation between radon exhalation rate and radium activity concentration
from phosphogypsum plates of different producers.

density (Rutherford et al., 1995). Figs. 3 and 4 show the correlation
between 22?Rn exhalation rate per unit of 22°Ra activity concen-
tration and total porosity.

It can be observed a correlation between radon exhalation rates
per unit of radium activity concentration and total porosity, with
correlation coefficients —0.92 and 0.94 for phosphogysum bricks
and plates, respectively. However, plates and bricks behave differ-
ently; while radon exhalation decreases linearly with increase in
porosity for phosphogysum bricks, an inverse behavior was
observed for the plates. This can be explained by the manufacturing
process of these building materials. Although both are manufac-
tured by UCOS method, aresin is added to the plates, forming a kind
of coating film on the plates that can affect the radon exhalation
rate.

The effect of internal wall covering or painting on radon exha-
lation rate from phosphogypsum bricks and plates was also eval-
uated. The results obtained showed decreases of 64% and 70% in the
radon exhalation rate for painted and covered wall, respectively.

Nisti et al. (2014) evaluated the natural radionuclides content
and the radon exhalation rate from phosphogypsum piles from
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Fig. 3. Correlation between ?>’Rn exhalation rate per unit of *°Ra activity concen-
tration and total porosity from phosphogysum bricks of different producers.

Plates

0,012 -

o
=)
=
o
1

0,008

0,006

0,004 - Ultrafertil

0,002 Fosfertil

2221 exhalation rate (Bq m'2h_1) per
226R, activity concentration (Bq kg'1)

0’000 T T T T T T T T
30 32 34 36 38 40 42 44 46

Totoal porosity (%)

Fig. 4. Correlation between 2?2Rn exhalation rate per unit of ?°Ra activity concen-
tration and total porosity from phosphogysum plates of different producers.

Ultrafertil and Fosfertil fertilizer industries. The radon exhalation
rates varied from 341 to 562 Bq m~2 h™! for Fosfertil and Ultrafertil,
respectively. These results are two orders of magnitude higher than
those from plates and bricks, giving evidence that the porosity,
density and gas diffusion coefficient in the building material play an
important role in the radon exhalation.

4. Conclusions

The PVC pipe sealed with a PVC pipe cover commercially
available with NRPB radon detector was a convenient method for
measuring radon exhalation rates from phosphogypsum made
building materials.

From the results obtained for radon exhalation rate from
phosphogypsum bricks and plates from Bunge Fertilizers, Fosfertil
and Ultrafertil it can be concluded that the use of these building
materials for house construction pose no additional health risk due
to exhalation of radon. Building components, such as paint and
plaster could be considered as insulating materials that further
improve the reduction of radon exhalation from phosphogypsum
bricks and plates.

Building materials should be classified on the basis of their,
radon exhalation rate, besides the activity concentration of >2°Ra,
232Th and %°K, and the radium equivalent activity; as proposed by
Tuccimei et al. (2006) and Steger et al. (1992).

It can be concluded that the recycling of phosphogypsum as
building material will pose no additional internal exposure due to
inhalation of radon and external exposure from gamma emitters in
dwellers. Therefore, the practice of recycling phosphogypsum as
building material can be a safe alternative, since no additional
health risk is expected from the radiological point of view.
Furthermore, this practice will be driven by sustainability issues
such as concerns over the depletion of non-renewable resources of
natural gypsum, by more stringent environmental protection
legislation, and by minimizing the amounts of NORM disposed of as
waste.

The results obtained in this study can contribute for the estab-
lishment of guidelines by the Brazilian regulatory agency for the
safe use of phosphogypsum as building material.

Acknowledgments

This project was supported by Fundacao de Amparo a Pesquisa



236 M.P. Campos et al. / Journal of Environmental Radioactivity 172 (2017) 232—236

do Estado de Sao Paulo — FAPESP, 2009/17654-8 and Conselho
Nacional de Desenvolvimento Cientifico e Tecnolégico — CNPq,
grant 300835/95-7.

References

Bartlett, D.T., Gilvin, PJ., Still, R., Dixon, W.D., Miles, J.C.H., 1988. The NRPB radon
personal dosimetry service. J. Radiol. Prot. 8 (1), 19—24.

Campos, M.P,, Maduar, M.F, Mazzilli, B.P, Villaverde, FL, Martins, EW., 2011.
Radiological assessment of using phosphogypsum as building material. In:
Naturally Occurring Radioactive Material (NORM VI), 2010, Marakesh. Pro-
ceedings of 6th International Symposium on Naturally Occurring Radioactive
Material. International Atomic Energy Agency, Vienna, pp. 421—432.

Campos, M.P,, Pecequilo, B.R.S., 2003. Exposure assessment due to building ma-
terials in ordinary houses at Sao Paulo, Brazil. Rev. Bras. Pesq. Des 5 (2),
60—65.

Cazula, C.D., Campos, M.P., Mazzilli, B.P,, 2015. Gamma exposure due to building
materials in a residential building at Peruibe, Sao Paulo. Braz. ]. Radioanal.
Chem. 306, 637—640.

Chen, J., Rahman, N.M.,, Atiya, I.A., 2010. Radon exhalation from building materials
for decorative use. ]. Environ. Radioact. 101, 317—322.

CNEN (Comissao Nacional de Energia Nuclear), 2014. Uso do fosfogesso na agri-
cultura e na industria cimenteira (in Portuguese). Resolucao CNEN n° 179/14.

De Jong, P, Van Dijk, W., Van der Graaf, E.R., De Groot, TJ.H., 2006. National survey
on the natural radioactivity and 2’Rn exhalation rate of building materials in
The Netherlands. Health Phys. 91, 200—210.

DNPM (Departamento Nacional de Produgao Mineral), 2014. Sumdrio Mineral (in
Portuguese). http://www.dnpm.gov.br/dnpm/sumarios/sumario-mineral-2014.
Accessed 18 April 2016.

Duenas, C, Liger, E., Canete, S., Pérez, M., Bolivar, J.P., 2007. Exhalation of 222Rn
from phosphogypsum piles located at the southwest of Spain. J. Environ.
Radioact. 95, 63—74.

El Afifi, EM., Hila, M.A., Khalifa, S.M., Aly, H.E, 2007. Evaluation of U, Th, K and
emanated radon in some NORM and TENORM samples. Radiat. Meas. 41,
627—-633.

EC (European Commission), 1999. Radiation Protection 112 — Radiological Protec-
tion Principles Concerning the Natural Radioactivity of Building Materials.
Directorate General Environment. Nuclear Safety and Civil Protection.

Faheem, M., Matiullah, 2008. Radon exhalation and its dependence on moisture
content from samples of soil and building materials. Radiat. Meas. 43,
1458—-1462.

Folkerts, K.H., Keller, G., Muth, H., 1984. An experimental study on diffusion and
exhalation of 222Rn and 220Rn from building materials. Radiat. Prot. Dosim. 9
(1), 27-34.

Fournier, F, Groetz, J.E., Jacob, F, Lettner, H., Chambaudet, A., Crolet, ].M., 2005.
Study of Radon-222 exhalation of phosphogypsum blocks used as building
materials. Comparison with modeling. Radioact. Environ. 7, 582—589.

IAEA (International Atomic Energy Agency), 2013a. Radiation Protection and
Management of NORM Residues in the Phosphate Industry. Safety Report Series
n° 78, Vienna.

IAEA (International Atomic Energy Agency), 2013b. Measurement and Calculation
of Radon Releases from NORM Residues. Technical Reports Series n° 474,
Vienna.

IAEA (International Atomic Energy Agency), 2013c. Management of NORM Residues.
TECDOC-1712 (Vienna).

Kanno, W. M,, Rossetto, H. L., Souza, M.E,, Maduar, M.F,, Campos, M.P., Mazzilli, B.P.,
2007. High strength phosphogypsum and its use as a building material. In: 8th
International Symposium on the Natural Radiation Environment (NRE-VIII),
Buzios.

Kobeissi, M.A., EI-Samad, O., Rachidi, I., 2013. Health assessment of natural radio-
activity and radon exhalation rate in granites used as building materials in
Lebanon. Radiat. Prot. Dosim. 153 (3), 342—351.

Kotrappa, P., Stieff, F., 2009. Radon exhalation rates from building materials using

electret ion chamber radon monitors in accumulators. Health Phys. 97 (2),
163—166.

Kovler, K., 2009. Radiological constrains of using building materials and industrial
by-products in construction. Constr. Build. Mater 23 (1), 246—253.

Lettner, H., Steinhdusler, F., 1988. Radon exhalation of waste gypsum recycled as
building materials. Radiat. Prot. Dosim. 24, 415—417.

Maduar, M.E, Campos, M.P., Mazzilli, B.P,, Villaverde, F.L, 2011. Assessment of
external gamma exposure and radon levels in a dwelling constructed with
phosphogypsum plates. J. Hazard. Mater 190, 1063—1067.

Manocchi, FH., Campos, M.P,, Dellamano, J.C,, Silva, G.M., 2014. Radon exposure at a
radioactive waste storage facility. ]. Radiol. Prot. 34, 339—346.

Mazzilli, B., Saueia, C.H.R., 1999. Radiological implications of using phosphogypsum
as a building material in Brazil. Radiat. Prot. Dosim. 86 (1), 63—67.

Mazzilli, B., Palmiro, V., Saueia, C., Nisti, M., 2000. Radiochemical characterization of
Brazilian phosphogypsum. J. Environ. Radioact. 49 (1), 113—122.

Nisti, M.B., Campos, M.P, Mazzilli, B.P, 2013. Natural radioactivity and ?*?Rn
exhalation rate from Brazilian phosphogypsum building materials. In: 7th In-
ternational Symposium on Naturally Occurring Radioactive Material, 2013,
Beijing. Proccedings of 7th International Symposium on Naturally Occurring
Radioactive Material (Supplementary Material). International Atomic Energy
Agency, Vienna, pp. 1-6.

Nisti, M.B., Campos, M.P., Mazzilli, B.P., 2014. Natural radionuclides content and
radon exhalation rate from Brazilian phosphogypsum piles. ]. Radioanal. Chem.
299, 261—-264. http://dx.doi.org/10.1007/s10967-013-2752-z.

Rabi, J.A,, Silva, N.C., 2006. Radon exhalation from phosphogypsum building boards:
symmetry constraints, impermeable boundary conditions and numerical
simulation of a test case. ]. Environ. Radioact. 86, 164—175.

Rahama, S., Mati, N., Matiullah, N., Ghauri, B., 2007. Radon exhalation rate from the
soil, sand and brick samples collected from NWFP and fata. Pak. Radiat. Prot.
Dosim. 124, 392—399.

Righi, S., Bruzzi, L., 2006. Natural radioactivity and radon exhalation in building
materials used in Italian dwellings. J. Environ. Radioact. 88, 158—170.

Rutherford, P.M., Dudas, M.J., Arocena, J.M., 1995. Radon emanation coefficients for
phosphogypsum. Health Phys. 69 (4), 513—520.

Shafi-ur-Rehman, Matiullah, Shakeel-ur-Rehman, Rahman, S., 2006. Studying 2*Rn
exhalation rate from soil and sand samples using CR-39 detector. Radiat. Meas.
41, 708—713.

Sharaf, M., Mansy, M., Sayed, A.E.L., Abbas, E., 1999. Natural radioactivity and radon
exhalation rates in building materials used in Egypt. Radiat. Meas. 31, 491—495.

Sharma, D.K., Kumar, A., Kumar, M., Singh, S., 2003. Study of uranium, radium and
radon exhalation rate in soil samples from some areas of Kangra district,
Himachal Pradesh, India using solid-state nuclear track detectors. Radiat. Meas.
36, 363—366.

Sharma, N., Virk, H.S., 2001. Exhalation rate study of radon/thoron in some building
materials. Radiat. Meas. 34, 467—469.

Shweikani, R, Raja, G., 2009. Radon exhalation from some finishing materials
frequently used in Syria. Radiat. Meas. 44, 1019—1023.

Steger, F,, Kunsch, B., Buchner, I, 1992. 2009. ONORM S 5200: radioactivity in
building materials (a standard in Austria to limit natural radioactivity in
building materials). Radiat. Prot. Dosim. 45 (1/4), 721-722.

Todorovi¢, N., Bikit, I, Veskovi¢, M., Krmar, M., Mrda, D., Forkapi¢, S., Hansman, ].,
Nikolov, ]., Bikit, K., 2014. Radioactivity in the indoor building environment in
Serbia. Radiat. Prot. Dosim. 158 (2), 208—215.

Tuccimei, P., Moroni, M., Norcia, D., 2006. Simultaneous determination of 2>Rn and
220Rn exhalation rates from building materials used in Central Italy with
accumulation chambers and a continuous solid state alpha detector: influence
of particle size, humidity and precursors concentration. Appl. Radiat. Isot. 64,
254—263.

Turhan, S., Baykan, U.N., Sen, K., 2008. Measurement of the natural radioactivity in
building materials used in Ankara and assessment of external doses. ]. Radiol.
Prot. 28, 83—91.

United Nations Scientific Committee on the Effects of Atomic Radiation (UNSCEAR),
2000. Sources and Effects of lonizing Radiation, vol. 1 (New York: United
Nations).


http://refhub.elsevier.com/S0265-931X(16)30539-2/sref2
http://refhub.elsevier.com/S0265-931X(16)30539-2/sref2
http://refhub.elsevier.com/S0265-931X(16)30539-2/sref2
http://refhub.elsevier.com/S0265-931X(16)30539-2/sref3
http://refhub.elsevier.com/S0265-931X(16)30539-2/sref3
http://refhub.elsevier.com/S0265-931X(16)30539-2/sref3
http://refhub.elsevier.com/S0265-931X(16)30539-2/sref3
http://refhub.elsevier.com/S0265-931X(16)30539-2/sref3
http://refhub.elsevier.com/S0265-931X(16)30539-2/sref3
http://refhub.elsevier.com/S0265-931X(16)30539-2/sref3
http://refhub.elsevier.com/S0265-931X(16)30539-2/sref4
http://refhub.elsevier.com/S0265-931X(16)30539-2/sref4
http://refhub.elsevier.com/S0265-931X(16)30539-2/sref4
http://refhub.elsevier.com/S0265-931X(16)30539-2/sref4
http://refhub.elsevier.com/S0265-931X(16)30539-2/sref5
http://refhub.elsevier.com/S0265-931X(16)30539-2/sref5
http://refhub.elsevier.com/S0265-931X(16)30539-2/sref5
http://refhub.elsevier.com/S0265-931X(16)30539-2/sref5
http://refhub.elsevier.com/S0265-931X(16)30539-2/sref5
http://refhub.elsevier.com/S0265-931X(16)30539-2/sref6
http://refhub.elsevier.com/S0265-931X(16)30539-2/sref6
http://refhub.elsevier.com/S0265-931X(16)30539-2/sref6
http://refhub.elsevier.com/S0265-931X(16)30539-2/sref7
http://refhub.elsevier.com/S0265-931X(16)30539-2/sref7
http://refhub.elsevier.com/S0265-931X(16)30539-2/sref7
http://refhub.elsevier.com/S0265-931X(16)30539-2/sref7
http://refhub.elsevier.com/S0265-931X(16)30539-2/sref8
http://refhub.elsevier.com/S0265-931X(16)30539-2/sref8
http://refhub.elsevier.com/S0265-931X(16)30539-2/sref8
http://refhub.elsevier.com/S0265-931X(16)30539-2/sref8
http://refhub.elsevier.com/S0265-931X(16)30539-2/sref8
http://www.dnpm.gov.br/dnpm/sumarios/sumario-mineral-2014
http://refhub.elsevier.com/S0265-931X(16)30539-2/sref10
http://refhub.elsevier.com/S0265-931X(16)30539-2/sref10
http://refhub.elsevier.com/S0265-931X(16)30539-2/sref10
http://refhub.elsevier.com/S0265-931X(16)30539-2/sref10
http://refhub.elsevier.com/S0265-931X(16)30539-2/sref10
http://refhub.elsevier.com/S0265-931X(16)30539-2/sref10
http://refhub.elsevier.com/S0265-931X(16)30539-2/sref10
http://refhub.elsevier.com/S0265-931X(16)30539-2/sref11
http://refhub.elsevier.com/S0265-931X(16)30539-2/sref11
http://refhub.elsevier.com/S0265-931X(16)30539-2/sref11
http://refhub.elsevier.com/S0265-931X(16)30539-2/sref11
http://refhub.elsevier.com/S0265-931X(16)30539-2/sref12
http://refhub.elsevier.com/S0265-931X(16)30539-2/sref12
http://refhub.elsevier.com/S0265-931X(16)30539-2/sref12
http://refhub.elsevier.com/S0265-931X(16)30539-2/sref12
http://refhub.elsevier.com/S0265-931X(16)30539-2/sref13
http://refhub.elsevier.com/S0265-931X(16)30539-2/sref13
http://refhub.elsevier.com/S0265-931X(16)30539-2/sref13
http://refhub.elsevier.com/S0265-931X(16)30539-2/sref13
http://refhub.elsevier.com/S0265-931X(16)30539-2/sref14
http://refhub.elsevier.com/S0265-931X(16)30539-2/sref14
http://refhub.elsevier.com/S0265-931X(16)30539-2/sref14
http://refhub.elsevier.com/S0265-931X(16)30539-2/sref14
http://refhub.elsevier.com/S0265-931X(16)30539-2/sref15
http://refhub.elsevier.com/S0265-931X(16)30539-2/sref15
http://refhub.elsevier.com/S0265-931X(16)30539-2/sref15
http://refhub.elsevier.com/S0265-931X(16)30539-2/sref15
http://refhub.elsevier.com/S0265-931X(16)30539-2/sref16
http://refhub.elsevier.com/S0265-931X(16)30539-2/sref16
http://refhub.elsevier.com/S0265-931X(16)30539-2/sref16
http://refhub.elsevier.com/S0265-931X(16)30539-2/sref17
http://refhub.elsevier.com/S0265-931X(16)30539-2/sref17
http://refhub.elsevier.com/S0265-931X(16)30539-2/sref17
http://refhub.elsevier.com/S0265-931X(16)30539-2/sref18
http://refhub.elsevier.com/S0265-931X(16)30539-2/sref18
http://refhub.elsevier.com/S0265-931X(16)30539-2/sref21
http://refhub.elsevier.com/S0265-931X(16)30539-2/sref21
http://refhub.elsevier.com/S0265-931X(16)30539-2/sref21
http://refhub.elsevier.com/S0265-931X(16)30539-2/sref21
http://refhub.elsevier.com/S0265-931X(16)30539-2/sref22
http://refhub.elsevier.com/S0265-931X(16)30539-2/sref22
http://refhub.elsevier.com/S0265-931X(16)30539-2/sref22
http://refhub.elsevier.com/S0265-931X(16)30539-2/sref22
http://refhub.elsevier.com/S0265-931X(16)30539-2/sref23
http://refhub.elsevier.com/S0265-931X(16)30539-2/sref23
http://refhub.elsevier.com/S0265-931X(16)30539-2/sref23
http://refhub.elsevier.com/S0265-931X(16)30539-2/sref24
http://refhub.elsevier.com/S0265-931X(16)30539-2/sref24
http://refhub.elsevier.com/S0265-931X(16)30539-2/sref24
http://refhub.elsevier.com/S0265-931X(16)30539-2/sref24
http://refhub.elsevier.com/S0265-931X(16)30539-2/sref25
http://refhub.elsevier.com/S0265-931X(16)30539-2/sref25
http://refhub.elsevier.com/S0265-931X(16)30539-2/sref25
http://refhub.elsevier.com/S0265-931X(16)30539-2/sref25
http://refhub.elsevier.com/S0265-931X(16)30539-2/sref25
http://refhub.elsevier.com/S0265-931X(16)30539-2/sref26
http://refhub.elsevier.com/S0265-931X(16)30539-2/sref26
http://refhub.elsevier.com/S0265-931X(16)30539-2/sref26
http://refhub.elsevier.com/S0265-931X(16)30539-2/sref27
http://refhub.elsevier.com/S0265-931X(16)30539-2/sref27
http://refhub.elsevier.com/S0265-931X(16)30539-2/sref27
http://refhub.elsevier.com/S0265-931X(16)30539-2/sref28
http://refhub.elsevier.com/S0265-931X(16)30539-2/sref28
http://refhub.elsevier.com/S0265-931X(16)30539-2/sref28
http://refhub.elsevier.com/S0265-931X(16)30539-2/sref29
http://refhub.elsevier.com/S0265-931X(16)30539-2/sref29
http://refhub.elsevier.com/S0265-931X(16)30539-2/sref29
http://refhub.elsevier.com/S0265-931X(16)30539-2/sref29
http://refhub.elsevier.com/S0265-931X(16)30539-2/sref29
http://refhub.elsevier.com/S0265-931X(16)30539-2/sref29
http://refhub.elsevier.com/S0265-931X(16)30539-2/sref29
http://refhub.elsevier.com/S0265-931X(16)30539-2/sref29
http://dx.doi.org/10.1007/s10967-013-2752-z
http://refhub.elsevier.com/S0265-931X(16)30539-2/sref31
http://refhub.elsevier.com/S0265-931X(16)30539-2/sref31
http://refhub.elsevier.com/S0265-931X(16)30539-2/sref31
http://refhub.elsevier.com/S0265-931X(16)30539-2/sref31
http://refhub.elsevier.com/S0265-931X(16)30539-2/sref32
http://refhub.elsevier.com/S0265-931X(16)30539-2/sref32
http://refhub.elsevier.com/S0265-931X(16)30539-2/sref32
http://refhub.elsevier.com/S0265-931X(16)30539-2/sref32
http://refhub.elsevier.com/S0265-931X(16)30539-2/sref33
http://refhub.elsevier.com/S0265-931X(16)30539-2/sref33
http://refhub.elsevier.com/S0265-931X(16)30539-2/sref33
http://refhub.elsevier.com/S0265-931X(16)30539-2/sref34
http://refhub.elsevier.com/S0265-931X(16)30539-2/sref34
http://refhub.elsevier.com/S0265-931X(16)30539-2/sref34
http://refhub.elsevier.com/S0265-931X(16)30539-2/sref35
http://refhub.elsevier.com/S0265-931X(16)30539-2/sref35
http://refhub.elsevier.com/S0265-931X(16)30539-2/sref35
http://refhub.elsevier.com/S0265-931X(16)30539-2/sref35
http://refhub.elsevier.com/S0265-931X(16)30539-2/sref35
http://refhub.elsevier.com/S0265-931X(16)30539-2/sref36
http://refhub.elsevier.com/S0265-931X(16)30539-2/sref36
http://refhub.elsevier.com/S0265-931X(16)30539-2/sref36
http://refhub.elsevier.com/S0265-931X(16)30539-2/sref37
http://refhub.elsevier.com/S0265-931X(16)30539-2/sref37
http://refhub.elsevier.com/S0265-931X(16)30539-2/sref37
http://refhub.elsevier.com/S0265-931X(16)30539-2/sref37
http://refhub.elsevier.com/S0265-931X(16)30539-2/sref37
http://refhub.elsevier.com/S0265-931X(16)30539-2/sref38
http://refhub.elsevier.com/S0265-931X(16)30539-2/sref38
http://refhub.elsevier.com/S0265-931X(16)30539-2/sref38
http://refhub.elsevier.com/S0265-931X(16)30539-2/sref39
http://refhub.elsevier.com/S0265-931X(16)30539-2/sref39
http://refhub.elsevier.com/S0265-931X(16)30539-2/sref39
http://refhub.elsevier.com/S0265-931X(16)30539-2/sref40
http://refhub.elsevier.com/S0265-931X(16)30539-2/sref40
http://refhub.elsevier.com/S0265-931X(16)30539-2/sref40
http://refhub.elsevier.com/S0265-931X(16)30539-2/sref40
http://refhub.elsevier.com/S0265-931X(16)30539-2/sref41
http://refhub.elsevier.com/S0265-931X(16)30539-2/sref41
http://refhub.elsevier.com/S0265-931X(16)30539-2/sref41
http://refhub.elsevier.com/S0265-931X(16)30539-2/sref41
http://refhub.elsevier.com/S0265-931X(16)30539-2/sref41
http://refhub.elsevier.com/S0265-931X(16)30539-2/sref41
http://refhub.elsevier.com/S0265-931X(16)30539-2/sref41
http://refhub.elsevier.com/S0265-931X(16)30539-2/sref41
http://refhub.elsevier.com/S0265-931X(16)30539-2/sref42
http://refhub.elsevier.com/S0265-931X(16)30539-2/sref42
http://refhub.elsevier.com/S0265-931X(16)30539-2/sref42
http://refhub.elsevier.com/S0265-931X(16)30539-2/sref42
http://refhub.elsevier.com/S0265-931X(16)30539-2/sref42
http://refhub.elsevier.com/S0265-931X(16)30539-2/sref42
http://refhub.elsevier.com/S0265-931X(16)30539-2/sref42
http://refhub.elsevier.com/S0265-931X(16)30539-2/sref42
http://refhub.elsevier.com/S0265-931X(16)30539-2/sref43
http://refhub.elsevier.com/S0265-931X(16)30539-2/sref43
http://refhub.elsevier.com/S0265-931X(16)30539-2/sref43
http://refhub.elsevier.com/S0265-931X(16)30539-2/sref43
http://refhub.elsevier.com/S0265-931X(16)30539-2/sref44
http://refhub.elsevier.com/S0265-931X(16)30539-2/sref44
http://refhub.elsevier.com/S0265-931X(16)30539-2/sref44

	Phosphogypsum recycling in the building materials industry: assessment of the radon exhalation rate
	1. Introduction
	2. Materials and methods
	3. Results and discussion
	4. Conclusions
	Acknowledgments
	References


