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Abstract. Phosphogysum is a byproduct of the chemical reaction called the "wet process”, whereby sulfuric 
acid is reacted with phosphate rock to produce the phosphoric acid needed for fertilizer production. The 
Brazilian production of this material is around 4.5 millions of tons per year, which is stacked in piles at the same 
place where it is produced. Researches accomplished in several countries around the world have demonstrated 
the potential use of this product as an agricultural source of calcium and sulfur, and as a conditioner for soils 
that contain high levels of sodium. In Brazil, these studies are focused mainly in the application of 
phosphogysum in the Cerrado region, the main agriculture front line of the country. Taking into account the 
presence of natural radionuclides in this material and the fact that the mobility and bioaccumulation of these 
elements can vary significantly with changes in climate, a research project has been conducted by a partnership 
of the Brazilian Commission of Nuclear Energy (CNEN) and the Agriculture Department of Federal University 
of Viçosa in order to investigate the radiological impact of the use phosphogysum in crops cultivated at the 
Cerrado region. For this purpose a set green house experiments have been conducting in two types of soil (one 
with clay and the other with sandy loam in texture) to determine the transfer factor of natural radionuclides 
(238U, 232Th, 226Ra e 228Ra) from soil to two forage crops (soy beams and lettuce). The present paper presents the 
preliminary results of this study, including the organic matter content, granulometric distribution and P, K, Ca, 
Mg and Al concentration in soil samples, the mineralogical characterization and radioactivity concentration in 
both, phosphogysum and soils samples. The measurement of 232Th concentration has been carried out by 
neutron activation analysis, 238U by delayed neutron counting technique, 226Ra and 228Ra by the method of 
radiochemical separation. 
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1. Introduction 

The main raw material in Brazilian phosphoric fertilizer industries is the apatite present in rocks, of 
which approximately 80 % are of igneous origin [1]. The most commonly used process in the 
production of phosphoric fertilizers is the attack of the phosphate rock with concentrated sulfuric acid 
and water. In this case, the main products from chemical reactions are phosphoric acid (H3PO4), 
simple super-phosphate (SSP), and triple super-phosphate (TSP). Dehydrated calcium sulphate 
(gypsum or phosphogysum) and hydrofluoric acid are by-products of phosphate rock processing. 
 
The phosphogysum (PG) generation rate is approximately 4.8 tons for each ton of phosphoric acid 
produced. Annual world production is estimated to be 150 million tons, approximately 12 million tons 
of which are generated in Brazil. At present, this material is stored in piles located near the industries. 
However, this practice may represent a potential risk of contamination, mainly to organisms and 
hydrological systems located close to the pile.  
 
Global demand has spurred interest in finding processes that generate great amounts of both 
phosphoric acid and chemical fertilizers. However, there are several important environmental concerns 
that remain unaddressed regarding PG disposal. These problems exist because phosphogysum, 
although being mainly composed of dehydrated calcium sulfate, also contains fluoride, heavy metals, 
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and radionuclides (from the 238U and 232Th natural radioactive series) [2]. These impurities can 
percolate through the pile and contaminate groundwater, eventually causing damage to human health 
[3]. Another problem is 222Rn exhalation, which can affect populations close to the piles [4], especially 
workers.  
 
Research studies dealing with the development of possible uses for PG are ever more important, not 
just from an economic point of view, but also from technological and environmental points of view, 
since there are large amounts of this material worldwide. Besides the low cost, reutilization of PG 
would contribute to the preservation of natural gypsum reserves, guaranteeing one of the basic 
principles of sustainable development: the preservation of natural resources for future generations.   
 
The possibility of using PG in agriculture has been the focus of research in several countries [5] and in 
Brazil, especially in the agriculture of the Cerrado Region, where soils have characteristics which are 
compatible with the use of this material. In this system, fast mineralization of organic matter 
associated with intense leaching produces soils with naturally low fertility.  These are acidic soils (pH 
between 4.3 and 6.2) with high levels of exchangeable aluminum and low levels of phosphorus 
available for plants; they are also poor in calcium and magnesium, elements involved in root 
development.   
 
According to the Brazilian Agricultural Research Corporation [6], the use of PG is justified in two 
situations from an agronomic point of view: (a) where there is a need to supply calcium and sulfur to 
plants; and (b) to decrease toxic concentrations of exchangeable aluminum in sub-superficial layers 
with consequent increase of calcium levels in those layers, which tends to "improve" the environment 
for root growth.  Response to PG is greater when saturation for Al3+ is above 30 % or when Ca level is 
lower than 0.4 cmolc dm-3 of soil, a common situation in soils from Cerrado region. However, it is 
worth mentioning that the merely agronomic evaluations may be inadequate in evaluating the 
environmental impact due to the use of PG in agriculture.    

 
Agriculture is one of the main economic activities in Brazil. Increase in agricultural productivity 
depends on the use of adequate technologies that can contribute to sustainable agriculture. In order to 
contribute for regulation of the agricultural use of PG in Brazil, this project evaluated the 
environmental impact of its use in soils from Cerrado region and attempted to better understand 
transfer mechanisms of natural radionuclides and heavy metals in the soil/plant system. The present 
paper presents the preliminary results of this study, including the organic matter content, 
granulometric distribution and P, K, Ca, Si, Fe and Al concentration in soil samples, the mineralogical 
characterization and radioactivity concentration in both, phosphogysum and soils samples. 

 
2. Materials and Methods   

Samples of PG were collected in a fertilizer facility that produces phosphoric acid by means of a wet 
method. The phosphate rock used at the industrial site has igneous origin and comes from the 
Alkaline-Carbonate site in Tapira, MG, Brazil [1]. Thirty samples were collected from the surface of 
the piles at different locations, according to EPA guidelines [7].  
 
PG samples were then dried in the laboratory at 60 ºC for 48 hours and sieved through 30 and 60 mesh 
(590 and 250 µm). Afterwards, small fractions of each the samples were mixed, and divided to form a 
composed sample. This sample was submitted to leaching and solubilization tests for waste 
classification. Brazilian regulations consider two waste categories: (1) Class I - hazardous solid waste, 
with characteristics such as inflammability, corrosiveness, reactivity, toxicity, and/or pathogenetic; (2) 
Class II – Harmless solid waste - IIA (non-inert) and IIB (inert), wastes that do not present any of the 
characteristics that were described previously. Leaching and dissolution/solubilization tests were done 
according to ABNT NBR 10005/2004 [8] and 10006/2004 [9] Norms. All substances listed in the F 
and G Annexes of ABNT NBR 10004/2004 [9] were analyzed and toxicity classification tests were 
done by leaching and dissolution of inorganic and organic substances (pesticides and other 
chemicals).   
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Soil samples were collected from two different locations in the Sete Lagoas municipal district (clayey 
yellow rhodic ferralsol (hapludox) - LVSL) and in the João Pinheiro municipal district (sandy rhodic 
ferralsol (hapludox) - LVTM), that represent typical soils from the Cerrado region. Soil samples were 
air dried and sieved through 2 mm mesh.  Lime and different doses of PG were applied to the soils 
and, after an incubation period, plants of lettuce, soy beans, and corn were cultivated in greenhouse 
pot trials. 
 
Chemical characterization of soil samples was done by means of the following analyses: pH in water 
(1:2.5); P and K extractable by Mehlich 1; exchangeable Ca, Mg, and Al by extraction with 1 mol L-1  

KCl; Sum of Exchangeable Bases (SB); Cationic Exchange Capacity at pH 7.0 (CEC); Index of Bases 
Saturation (V); Index of Aluminum Saturation (m), and Organic Matter Content (OM).    
 
Several sieves with different meshes were employed for soil and PG particle size analysis: +60 #, 
+100 #, +150 #, +200 #, +270 #, +325 #, +400 #, +500 #, and -500 #. Samples were first manually 
disaggregated on a table using a cylindrical roll and then sieved in 16 meshes.  
 
A fraction of each sample was removed for mineralogical analysis by X-ray Diffraction technique 
(powder method). Those analyses were carried out using a Rigaku X-ray Diffractometer with a copper 
tube. Identification of crystalline phases was done by comparing sample diffractograms with ICDD 
database (International Center for Diffraction Data / Joint Committee on Powder Diffraction Standards 
– JCPDS). These analyses took into account intensities of main reflections and comparison of 
diffractograms in order to obtain relative amounts of different minerals in the samples.   
 
Elemental composition of PG samples was determined by X-ray Fluorescence. Phosphate content was 
measured using a colorimetric method and humidity was determined through a gravimetric method. 
 
The activity concentrations of natural radionuclides (226Ra, 228Ra, 210Pb, 210Po, 238U, and 232Th) in PG 
and soil samples were determined by Gamma Spectrometry using a CANBERRA HPGe detector 
(relative efficiency of 45 %) and Genie 2000 software for spectra analysis. Samples were sealed in 
plastic containers for 30 days, which is the time needed to assure radioactive balance between 226Ra 
and its daughters, 214Pb and 214Bi. Energy photopeaks at 609 keV and 1,020 keV, and 351 keV were 
used to determine 226Ra, corresponding to 214Bi and 214Pb, respectively. A 911 keV energy photopeak 
for 228Ac (T1/2 = 6.12 hours) was used to determine 228Ra. A 46.5 keV energy photopeak was used for 
210Pb determination.   
 
The measurement of the activity concentration of 210Po was performed using a Canberra Alpha 
Spectrometry system, through determination of the powder deposited in a silver planchet, using a 
reducing HCl and ascorbic acid medium. Matrix purification was done by using a specific SR-Spec 
chromatographic resin from Eichrom.   
 
The 232Th activity concentrations in PG and soil samples were determined by Neutronic Activation 
Analysis technique (AAN), k0 method [10]. Irradiation was applied in a TRIGA MARK I IPR-R1 
reactor located at CDTN/CNEN, using 100 kW with a thermal neutron flow equivalent to 6.35 x 1011 
neutrons cm-2 s-1, for 8 hours. Samples were simultaneously irradiated with a flow of neutrons to 
monitor Al - Au (0.1 %) IRMM-530RA (5.0 mm diameter and 0.1mm thickness). After irradiation and 
an appropriate time for decline, the procedure followed medium and long half-life radionuclide 
determination. Gamma Spectrometry was done using a HPGe detector with 15 % efficiency. 
KAYZERO/SOLCO software was used for calculating the concentration of elements.    
 
The 238U activity concentration was determined through retarded neutron fission activation method, 
and samples were irradiated with a flow of thermal neutrons. This method uses fast irradiation 
followed by a reading of retarded neutrons. Samples were irradiated for 50 seconds, 30 seconds were 
allowed for decline time, and counting took 60 seconds. The irradiation process and counting utilized 
an automated pneumatic system. A 10BF3 detector was used to count retarded neutrons. Uranium 
concentration was calculated through linear regression, adjusted according to established patterns. 
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Quality control for soil analysis results was verified by analyzing a certified reference material, 
IAEA/Soil-7 [11]. 
 
3. Results and Discussions  

Results from solid waste classification tests showed that PG was neither considered corrosive nor 
reagent, according to ABNT norms. It is classified as non-inert waste based on NBR 10004/2004 [9] 
(Class II A, non-dangerous / non-inert) due to the presence of arsenic, fluoride, aluminum, iron, 
manganese, and sulfates above established limits for the dissolution/solubilization test (Table 1).   
 
Chemical characterization revealed that both soils were acidic and possessed low fertility levels  
(Table 2). This is related to the low levels of nutrients (Ca, Mg, K, and P), as well as low CEC values. 
Low base saturation indexes (V) indicated small proportions of exchangeable Ca2+, Mg2+, and K+ are 
occupying negative charges sites of the colloids. Conversely, exchangeable Al3+ ions are dominant, as 
indicated by relatively high Al saturation index (m > 30%).The clayey soil presented slightly higher 
fertility, with higher Ca and organic matter (OM) levels. In general, both soils had high Al levels and 
potential acidity. These are typical characteristic of acidic Cerrado soils, where exchangeable Al is 
considered toxic for most cultivated plants.  
 
Table 1. NBR 100004/2004 classification for dissolution/solubilization test.  

 
Parameters Maximum 

Allowed Limit  
(mg/L) 

Concentration in the  
Dissolved Solid waste 

(mg/L) 
Arsenic (mg As/L) 0.01 0.05 

Fluorides (mg F/L) 1.5 52 

Aluminum (mg Al/L) 0.2 3.91 

Iron (mg Fe/L) 0.3 2.43 

Manganese (mg Mn/L) 0.1 2.66 

Sulfate (mg SO4
-2/L) 250 1,535 

 
 
Table 2. Soil chemical characterization. 
 

Results 

P K+ Ca2+ Mg2+ Al3+ H+Al SB CEC V m OM 

Soil 

Type pH 

(mg.dm-3) (cmolc.dm-3) (%) g/kg 

clay 5.18 1.5 0,02 0.90 0.06 0.48 8.3 0.97 1.45 10.5 33.1 4.43 

sand 5.32 0.4 0,041 0.11 0.02 0.1 3.2 0.17 0.27 5.0 37 1.17 

 
 
Mineralogical analyses revealed that PG is composed of gypsum (above 40 %), with significant 
presence of calcium sulfates, such as anydrite and bassanite (Table 3). PG has a yellowish white 
coloration and analyses of granulometry distribution showed that it is mainly made up of particles 
between 53 and 74 µm in diameter.    
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The sandy soil presented a mineralogy dominated by quartz (above 30 %). Granulometry distribution 
analyses revealed that this soil contained particles varying from 105 to 250 µm in diameter. The main 
constituent of the clayey soil was kaolinite (more than 30 %), which was basically composed of fine 
particles of approximately 250 µm in diameter.   

 
Table 3. Results for mineralogical analyses. 

 
Identified Minerals  

Samples Predominant 
(> 40 %) 

Most Important 
(< 30 %) 

Less Important 
 (< 10 %) 

Trace Elements 
(< 3 %) 

PG Gypsum 
(CaSO4.2H2O) 

Anydrite  
(CaSO4) 
Bassanite  

(CaSO4 0.5 H2O) 

- Muscovite 
[KAl2(AlSi3O10)(OH)2] 

Sandy 
Soil 

Quartz 
(SiO2) 

 

Gibbsite 
(a-Al2O3.3H2O) 

 

Kaolinite 
[Al2Si2O5(OH)4] 

Goethite 
(FeO.OH) 

 

Albite (NaAlSi3O8) 
Anatasio (TiO2) 

Hematite (Fe2O3) 
Magnetite (Fe3O4) 

Microcline (KAlSi3O8) 
Muscovite 

[KAl2(AlSi3O10)(OH)2] 
Clayey 

Soil 
Kaolinite 

[Al2Si2O5(OH)4] 
Gibbsite 

(a-Al2O3.3H2O) 
Goethite (FeO.OH) 

Quartz (SiO2) 

Hematite 
(Fe2O3) 

Magnetite(Fe3O4) 
Muscovite 

[KAl2(AlSi3O10)(OH)2] 
Rutile (TiO2) 

 
These results corroborated the soil chemical characterization analyses, which indicated low CEC 
(Refer to Table 2). Mineralogical composition was typical of Ferralsols (hapludox) from the Cerrado 
region. Wasserman et al [12]  demonstrated that presence of minerals such as kaolinite and gibbsite 
influences the transfer of pollutants in the soil-plant system. This fact can be related to the low 
capacity of those minerals to retain cations. On the other hand, Fe and Al oxides, such as goethite and 
gibbsite, may have high adsorption capacities through formation of "inner sphere" surface type 
complexes with some metals and metalloids in the soil, such as arsenic. These surface complexes are 
quite stable and can hinder the transfer of soil pollutants to plants as well as alter their bioavailability.    
 
Results obtained to the PG sample for elemental analysis using X-ray fluorescence method and 
phosphate content by colorimetric method showed very low phosphate content (0.97 %). On the other 
hand, sulfur, calcium, and H2O contents corresponded to approximately 65 % of the total (Table 4). 
 

Table 4.  Results for PG humidity, elemental and phosphate content analyses. 
 

Elements (%) 
S 16.6 

Ca 25.2 
P2O5 (total) 0.97 

H2O  15.0 
Fe 0.29 
Al < 0.01 
K < 0.01 
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Results also revealed low natural radionuclide activity concentrations (Table 5). As can be seen, PG 
concentration values for 226Ra (251 Bq/kg) and 228Ra (226 Bq/kg) were below the limit recommended 
by the US Environmental Protection Agency [7], which is 370 Bq/kg. In general, PG had 210Pb activity 
concentrations comparable to those found for 226Ra and 228Ra.    
 
The 238U activity concentration in PG was well below the concentration found in the clayey soil. It is 
important to mention that: (1) PG samples usually have low 238U concentration compared to other 
natural radionuclides. In phosphoric rock, members of the natural series of 238U and 232Th are in 
radioactive equilibrium. During acid attack to phosphoric rocks, phosphoric acid is enriched with 238U, 
while 232Th, isotopes of radium, and 210Pb tend to concentrate in PG [3]; (2) Brazilian phosphoric rock 
has an igneous origin, with smaller 238U concentrations than 232Th concentrations; and (3) the clayey 
soil used in this study was developed from weathering of granite rocks over 2,700 million years old 
which typically present contents of 238U from 5 to 10 ppm. 

 
Table 5. Results for natural radionuclides activity concentrations. 

 
Samples Activity Concentration 

(Bq.kg-1) PG Sandy Soil Clayey Soil 
226Ra 251 ± 26 18 ± 2 69 ± 5 
228Ra 226 ± 29 34 ± 2 114 ± 5 

210Pb 206 ± 29 20 ± 5 50 ± 9 

232Th 27 ± 2 8.9 ± 0.3 29.3 ± 0.9 
238U 3.2 ± 0.9 1 ± 1 6 ± 1 
210Po 229.7 ± 26.3 < 10 43.51 ± 6.1 

 
 

In general, the PG generated by phosphoric acid industries in Brazil has natural radionuclides activity 
concentrations well below those observed in other countries [13, 14]. The largest 232Th activity 
concentration in relation to 238U activity concentration can be explained by the igneous origin of the 
rock used in the phosphoric acid production process.   
 
4. Conclusion 

Several analyses were carried out in order to evaluate chemical and physical characteristics of two 
different types of soils from the Cerrado region and phosphogysum (PG), which is a solid waste 
generated by phosphoric acid production industries in Brazil.  

 
This study showed that PG is classified as non-Hazardous, non-Inert waste (Class IIA), with arsenic, 
fluorides, aluminum, iron, manganese, and sulfate concentrations in the solubilization test above the 
maximum limit established by ABNT Norm 10004/2004 [9]. Both types of soils (sandy and clayey 
Ferralsols) are acidic with low fertility and presented Al concentration level considered toxic to plants.    

 
Mineralogical and granulometry analyses indicated that PG is mainly composed of gypsum (> 40 %) 
and particles varying from 53 to 74 µm in diameter. The sandy soil is made up of quartz (> 30 %) and 
has particles varying from 105 to 250 µm in diameter. The main constituent of the clayey soil is 
kaolinite (> 30%) and has fine particles of approximately 250 µm in diameter.    

 

The 226Ra (251 Bq.kg-1) and 228Ra (226 Bq.kg-1) activity concentrations in PG samples were well 
below EPA limits recommended for agricultural purposes. 210Pb and 210Po activity concentration 
values were similar to those values found for 226Ra and 228Ra.   
 
The 238U activity concentration in PG samples was bellow the concentration found in the clayey soil. 
232Th activity concentration was larger than 238U, due to igneous origin of the rock which is used in the 
production of phosphoric acid. Activity concentration for natural radionuclides was larger in the 
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clayey soil than in the sandy soil. The same was observed regarding the concentration of other toxic 
elements. These results were related to physicochemical characteristics of the soil samples. 
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