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ABSTRACT

Phosphogypsum (PG) is a by-product of phosphate fertilizers industries. The USEPA classified PG as a
“Technologically Enhanced Naturally Occurring Radioactive Material” (TENORM). Its worldwide production
on 2006 was estimated in 150 million tons. Annually the three main phosphate industries in Brazil are
responsible for 5.5x10° tons of phosphogypsum, which is stored in stacks. The level of radionuclides present in
phosphogypsum is well-known and makes its disposal or reutilization an environmental concern. Part of this by-
product can be reused, for example, to improve fertility of agricultural soils. To assess the long term
environmental impact of radioactive contamination of ecosystems, information on source term including
radionuclide speciation, mobility and biological uptakes have high importance.

This paper intends to evaluate the bioavailability of the radionuclides **Ra, ***Ra and *'°Pb to the environment
by following a procedure established by the EC (European Community), which includes a single EDTA-NH,
0.05M extraction at pH 7.0 prior to the analyses. These results is compared with the total activity concentration
of these radionuclides in Brazilian PG and the most used phosphate fertilizers (SSP, TSP, MAP and DAP). This
procedure intends to represent on a more realistic way the leaching of radionuclides from PG and fertilizers to
soil and agricultural products.

1. INTRODUCTION

The natural series of radionuclides from U and Th are present in numerous natural resources.
High concentrations of these elements are often found in geological materials such as igneous
rocks and minerals. Human activities that exploit these resources can cause a significant
increase in concentration of these elements, commonly defined as TENORM
"Technologically Enhanced Naturally occurring Radioactive Material" and an increased
potential for exposure to natural radiation in products, by-products and waste generated. Such
activities can also lead to significant changes in the concentration of natural radionuclides in
the various compartments of the ecosystem.

One important example of this is the phosphate fertilizer industry in Brazil, which uses the
phosphate rock as raw material, called apatite. The apatite presents in its composition traces
of radionuclides of the U and Th decay series. As this ore has low phosphate content, it is
subjected to a physical chemical treatment that increases the concentration of P,Os_ called
rock concentrate.

The Brazilian phosphate industries occupies the eighth place among world producers of rock
concentrate, being used in the production of phosphoric acid, fertilizers and other inputs [1].



The phosphate fertilizer is obtained by wet reaction of the igneous phosphate rock with
concentrated sulphuric acid, giving as final product, phosphoric acid, and dehydrated calcium
sulphate (phosphogypsum) as by-product, as shown in the following equation [2]:

Ca;o(POg4)s F, + 10H,SO,4 +20H,0 -> 6H;PO,4 + 10CaS0O4.2H,0 + 2HF

Phosphoric acid is the starting material for the most utilized Brazilian fertilizers: triple
superphosphate (TSP), single superphosphate (SSP), monoammonium phosphate (MAP) and
diammonium phosphate (DAP).

For each ton of phosphoric acid produced, 5 tons of phosphogypsum are generated. The
annual world production of gypsum can be estimated at 150 million tons. The main Brazilian
phosphate fertilizer industries are located in Cubatdo (Sao Paulo state) and Uberaba (Minas
Gerais state), which together are responsible for generating about 5.5 million tons of
phosphogypsum per year, which is stored in open waste piles, next to production facilities.

This waste concentrates radionuclides of the natural series of U and Th and metals present in
the phosphate rock used as raw material. During the chemical attack of the concentrate rock,
all the chemical species are redistributed between the phosphoric acid and gypsum produced.
The separation of both radionuclides and stable elements is given by their solubility and
chemical characteristics. Studies show that radionuclides (226Ra, 228Ra, 232Th, 210pp and 210Po)
migrate to the phosphogypsum while uranium migrates to the phosphoric acid [3].

Research aiming at developing the uses of phosphogypsum becomes important both from an
economic standpoint, as technological and environmental, as this can be considered as a
waste abundant, inexpensive and which use would avoid the environmental commitment of
large areas, where it is stored. Moreover, its reuse would contribute to the preservation of
natural gypsum reserves.

Depending on the level of radioactivity present, the mining and industrial facilities with
associated uranium and thorium are subjected to CNEN control, regarding compliance with
its standards. According to CNEN "Requisitos de Seguranca e Protecdo Radioldgica para
Instalagdes Minero-Industriais" - NN - 4.01, the industrial complex of phosphate can be
classified as Category III, with specific activity of solid natural radioactive substances or
concentrated below 10 Bq g

The CNEN regulation "Diretrizes Bésicas de Radioprotecdo" CNEN - NN - 3.01 establishes a
system of dose limitation, in which the normal exposure of individuals should be restricted so
that neither the dose nor the effective dose equivalent to organs or tissues of interest caused
by the possible combination of exposures arising from authorized practices, exceeds the dose
limit specified which is 1 mSv.

The potential problem, from the radiological point of view, of the phosphate industry is the
generation of phosphogypsum waste, which is stored and can impact the environment.

Studies about radiological characterization of Brazilian phosphogypsum and the
environmental impact of its disposal can be found in the literature [4-7], as well as,
researches dealing with its use in agriculture and construction [3; 8-14].

The gypsum can be used as soil conditioner due to many factors such as high solubility,
which allows it to penetrate into the soil profile, providing high calcium in depth, reducing

INAC 2011, Belo Horizonte, MG, Brazil.



aluminum saturation, deepening the root system and encouraging the absorption of water and
nutrients [15]. The solubility of gypsum in water is 150 times greater than the limestone [16],
giving the largest gypsum solubility and mobility, justifying its best effects in soils.

The Brazilian agricultural soils are considered acid, pH between 4.3 and 6.2, low in calcium
and magnesium, with high levels of aluminum and low phosphorus availability to plants [17].

Speciation of radionuclides in Brazilian phosphogypsum has not been explored from the
bioavailability point of view. This parameter is relevant, since a better understanding of the
set of phenomena that control the mobility of contaminants in soils and also its retention by
the plants is necessary for a correct evaluation of health and environmental risks.

The use of the total concentration of the elements for the evaluation of its environmental
impact is not strictly correct. In fact, it is important to determine the fraction of the element,
which is dissolved and released into the environment. The sequential extraction is the
methodology usually used to know the distribution of the element in soil or sediment. In this
procedure, the sample is dissolved sequentially, with different chemical aggressiveness,
ranging from mild to drastic action, which represent the following phases: soluble,
exchangeable, bound to carbonates, Fe and Mn oxides, organic and residual [18].

Therefore, an acid digestion applied to soil samples, to phosphogypsum or a mixture
containing soil fertilized with phosphogypsum, represents the potential bioavailability of
radionuclides to plants, whereas, a mild digestion with EDTA solution, for example, may
represent the labile fraction, which is more representative of the phenomena of nature [19].

The solution of EDTA has been used for understanding the extraction of elements from soil
and consequent absorption of metals by plants [20]. Furthermore, the EDTA solution extracts
more elements than other salts diluted.

Taking into account the presence of natural radionuclides in phosphogypsum and its use as
soil amendment, it is important to study the mobility of radioactive elements in soil and plant
uptake. Also, there are few studies in the literature that deal with the accumulation of
radionuclides in the soil.

Therefore, this paper aims to study the availability of radionuclides (**°Ra, ***Ra and *'°Pb)
present in phosphogypsum and phosphate fertilizers, following a procedure established by the
EC (European Community), which includes a single EDTA extraction prior to the analyses.
The activity concentration of *°Ra, **Ra and *'°Pb were determined in the phosphogypsum
and phosphate fertilizers samples and in the leachate solution.

2. METHODOLOGY

2.1. Determination of ***Ra, ***Ra and ?'’Pb by gamma spectrometry

The phosphogypsum samples were collected from the three main producers of phosphoric
acid in Brazil named A (Copebras located in Cubatdo-SP), B (Fosfertil located in Uberaba-
MGQG) and C (Ultrafertil located in Cubatao-SP).
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The total concentrations of *Ra, ***Ra and *'°Pb were measured in samples in duplicate by
gamma-spectrometry with a hyper-pure germanium detector, EGNC 15-190-R, from Eurisys.
The detector was calibrated using natural soil spiked with radionuclides certified by
Amersham. Samples were packed in 100 cm’ cans and sealed for four weeks prior in order to
ensure that equilibrium had been reached between ***Ra and its decay products. The **°Ra
activity was determined by taking the mean activity of three separate photopeaks of its
daughter nuclides: *'*Pb at 295 and 352 keV, and *'*Bi at 609 keV. The ***Ra content of the
samples was determined by measuring the intensities of the 911 and 968 keV gamma-ray
peaks from ***Ac. The concentration of *'°Pb was determined by measuring the activity of its
low-energy peak 46.5 keV. Self-absorption correction was applied since the attenuation for
low-energy gamma-rays is highly dependent upon sample composition. The approach used
was modified from that suggested by Cutshall [21].

2.2. Radiochemical determination of 226Ra, 228Ra and *'°Pb

The activity concentration in the leached solution was determined by a radiochemical
procedure that consists in a precipitation of Ra and Pb and measurement of the total alpha and
beta gross counting. For the determination of **°Ra, ***Ra and *'°Pb in the leaching solution,
5g of fertilizers and PG were dissolved in 50 mL of EDTA-NH4 0.05M solution at pH 7 and
the final solution was filtered for the determination of the leached fraction.

In each sample 1 mL of Pb*" and Ba®" carrier were added to the solution. The precipitation of
Ba(Ra)SO4 was performed by the addition of H,SO4 3M and ammonium sulphate. The Pb
was determined by the addition of EDTA solution and 30% sodium chromate for precipitation
of 210PbCrO4.

The **°Ra and ***Ra concentrations were determined by measuring the gross alpha and beta
activity of the precipitate Ba(Ra)SO,4 and the concentration of 1%pp was determined through
its decay product *'"Bi, by measuring the gross beta activity of the precipitate of *'°PbCrOs.
Both radionuclides were measured in a low background gas flow proportional detector for
200 minutes. The activity concentration of **°Ra and ***Ra were measured after 21 days of
the radium precipitation and the concentration of *'°Pb after 10 days of the precipitation of Pb
as chromate. The accuracy and precision was performed by measuring the reference materials
IAEA 326- Radionuclides in soil and IAEA-300 Baltic Sea Sediment, and ranged from 2.7 to
7.9% and from 2.2 to 7.6%, respectively.

3. RESULTS AND DISCUSSION

The results obtained for the total activity concentration and activity concentration in the
leaching solution for *°Ra, ***Ra and *'°Pb are presented in Table 1. In the same Table 1 are
also presented the weight loss in percentage of the samples in the extraction with EDTA. It
can be observed that the fertilizers SSP, TSP and MAP are more soluble in the EDTA
solution than the PG samples. This behavior is reflected in the radionuclides extraction by
EDTA: the fertilizers presented higher percentages of the radionuclides extraction compared
with PG. The solubility of the PG samples in the EDTA solution is low and varied from 10 to
16%, as a consequence the extraction of the radionuclides were generally lower than 10%.
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Table 1 Activity concentration of 226Ra, **Ra and *'’Pb in PG and fertilizers samples
and in the leachate (Bq kg™)

Total concentration Leachate concentration Solubillity Extraction (%)
*%Ra *Ra *1%pp *%Ra *Ra *'’Pb o *%Ra *™Ra *1%pp
SSPA 720496  196+33  1084+106 11 9 75 43 2 5 7
TSPA  546+10 157+24 904460 100 72 316 76 18 46 35
FGA  744+138 242423 1061£132 16 45 26 10 2 19 2
MAPB 10+4 293+74 <19 1 25 2 86 9 9 10
TSPB 105428  189+13 175+54 3 24 29 65 2 13 17
FGB 186+46  151+27 182446 1 22 12 11 1 15 7
MAPC 9+1 126+11 4042 3 20 5 85 30 16 12
DAPC 5+1 48+5 <19 4 17 7 81 75 36 35
FGC 344465 219440 347444 4 16 17 16 1 7 5

1 - Solubility in percentage of the samples in the extraction with EDTA
2 — Extraction percentage of the radionuclides in the EDTA solution

4 CONCLUSIONS

It can be concluded that the radionuclides **°Ra, ***Ra and *'°Pb, although present in the PG
samples are not leached with the EDTA solution and therefore are not available to soil and
agricultural products.

ACKNOWLEDGMENTS

This work was supported by CNPq grants n° 300835/95-7 and 150935/2010-2.

REFERENCES

1. DNP — Departamento Nacional da Producdo Mineral. Economia Mineral do Brasil,
Ministério das Minas e Energia, Brasilia, 2009.

2. Rutherford, P.M.; Dudas, M.J. Samek, R.A. Environmental impacts of phosphogypsum.
Sci. Total Environ., v.149, p.1-38, 1994.

3. Mazzilli, B.P., Palmiro, V., Saueia, C.H.R., Nisti, M.B. Radiochemical characterization of
Brazilian phosphogypsum. J. Environ. Radioact., v.49, n.1, p.113-122, 2000.

4. Saueia, C. H.R. Caracterizagdo radioquimica do fosfogesso e implicagdes radioldgicas de
sua utilizagdo como material de construcdo. Dissertacao de Mestrado, Instituto de
Pesquisas Energéticas e Nucleares, Sao Paulo, 1998.

INAC 2011, Belo Horizonte, MG, Brazil.



10.

1.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Paes, V.P.; Caracterizagdo radioquimica do 226Ra, 40K dos is6topos de uranio e tério no
fosfogesso. Dissertagdo de Mestrado, Instituto de Pesquisas Energéticas e Nucleares, Sdo
Paulo, 2001.

Santos, A.J.G. Avaliacdo do impacto radioldgico ambiental do fosfogesso brasileiro e
lixiviagdo de 226Ra e 210Pb. Tese de Doutorado, Instituto de Pesquisas Energéticas e
Nucleares, Sao Paulo, 2002.

Saueia, C.H.R. Distribui¢ao elementar e de radionuclideos na produgao ¢ uso de
fertilizantes fosfatados no Brasil. Tese de Doutorado, Instituto de Pesquisas Energéticas e
Nucleares, Sao Paulo, 2006.

Saueia, C.H.R.; Mazzilli, B.P.; Favaro,D.I.T. Natural radioactivity in phosphate rock,
phosphogypsum and phosphate fertilizers in Brazil. Journal of Radioanalytical and
Nuclear Chemistry, v.264, n.2, p. 445-448, 2005.

Saueia, C. H.R.; Mazzilli, B.P. Distribution of Natural Radionuclides in the Production
and Use of Phosphate Fertilizers in Brazil. J. Environ. Radioact. v.89, p.229-239, 2006.
Santos, A.J.G., Mazzilli, B.P., Favaro, D.L.T., Silva, P.S.C. Partitioning of radionuclides
and trace elements in phosphogypsum and its source materials based on sequential
extraction methods. J. Environ. Radioact., v.87, p.52-61, 2006a.

Santos, A.J.G, Silva, P.S.C., Mazzilli, B.P., Favaro, D.I.T. Radiological characterization
of disposed phosphogypsum in Brazil: evaluation of the occupational exposure and
environmental impact. Radiat. Protec. Dosim., v.121(2), p.179-185, 2006b.

Saueia,C. H. R.; Mazzilli, B. P.; Taddei, M. H. Sequential determination of u and th
isotopes and 226Ra by alpha spectrometry in phosphate fertilizers and phosphogypsum.
In: Sth International symposium on naturally occurring radioactive materials NORM 'V,
2007, Sevilha, v. 1, p. 1-5, 2007.

Campos, M. P.; Pecequilo, B. R. S.Thoron exposure for workers with naturally occurring
radioactive materials. International Journal of Low Radiation, v.4, p. 53-60, 2007.

Saueia, C. H. R.; Mazzilli, B. P.; Taddei, M. H. Sequential radioanalytical method for the
determination of u and th isotopes, 226Ra and 210Po using alpha spectrometry in samples
of the brazilian phosphate industry. J.Radioanal. Nucl. Chem. v. 281, p. 201-204, 2009.
Van Raiji, B. Gesso agricola na melhoria do ambiente radicular no subsolo. Associagao
Nacional para a difusdo de adubos e corretivos agricolas, p.88, 1988.

Vitti,G.C. Acidez do solo, calagem e gessagem. In: Curso de atualizagdo em fertilidade do
solo. Ilha Solteira, SP. Fundagao Cargill. 1987.

Silva, C.B.; Taddei,M.H.; CiqueiraM.C.;  Knupp,E.A.N.;  Palmieri,H.E.L.;
Jacomino,V.M.F. Nuclide, metal and nom metal levels in percolated water from soils
fertilized with phopshogypsum. In: International Nuclear Atlantic Conference INAC, Rio
de Janeiro, Brazil, 2009.

Tessier, A.; Campbell,P.; Bisson,M. Sequential Extraction Procedure for the Speciation of
Particulate Trace Metals. Anal. Chemi., v. 51(7), p. 844-851, 1979.

Lopez, R.P., Valero, A.M.; Nieto, J.M. Changes in mobility of toxic elements during the
production of phosphoric acid in the fertilizer industry of Huelva (Spain) and
environmental impact of phosphogypsum wastes. J. Hazard Mat., v.148 (30), p. 745-750,
2007.

Camargo, I.M.C., Hiromoto, G., Flues, M. Heavy metal partition in acid soils
contaminated by coal Power plant. J. Braz. Chem. Soc, v.18 (4), p.831-837, 2007.
Cutshall, N. H., Larsen, I. L., & Olsen, C. R. (1983). Direct analysis of 210Pb in sediment
samples: self-absorption corrections. Nuclear Instruments and Methods, 206, 309-312.

INAC 2011, Belo Horizonte, MG, Brazil.



