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ABSTRACT 
 
Phosphogypsum (PG) is a by-product of the "wet process”, whereby sulfuric acid reacts with phosphate rock to 
produce phosphoric acid. The Brazilian production of this material is around 12 million tons per year which is 
stacked in piles at the same place where it is produced. Researches carried out in several countries worldwide 
have demonstrated the potential use of PG in agriculture not only as a source for calcium and sulphur, but also 
as a conditioner for soils that contain high levels of aluminum. In Brazil, these studies are mainly focused on the 
application of phosphogypsum to the Cerrado region, the main agriculture region of the country. Taking into 
account the presence of natural radionuclides and rare earth elements (REE) 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 in partnership with the Brazilian Nuclear Energy Commission (CNEN) and 
Department of Sanitary and Environmental Engineering of Federal University of Minas Gerais in order to 
investigate the  impact of using phosphogypsum in crops cultivated in Cerrado soils. For this purpose a set of 
greenhouse experiments have been conducted in two types of soil (one clayey and other sandy loam textured) to 
determine the transfer factor of rare earth elements from soil to crops (lettuce, corn and soybean). This paper 
aims to report preliminary results of the study, including the characterization of mineralogical phases and the 
determination of REE (La, Ce, Nd, Sm, Eu, Tb, Ho and Yb) concentration in PG samples. The characterization 
of mineralogical phases has been carried out by X-ray diffraction analyses and determination of REE 
concentration in PG samples has been conducted by neutron activation analysis (k0-standardization method). 
The REE most present in PG samples was Ce (1730 ppm), followed by La (936 ppm) and Nd (791 ppm). Sm 
(85 ppm), Eu (29 ppm) and Yb (5 ppm) appear in smaller proportions. Basically, the main crystalline 
compounds found in PG samples were gypsum (CaSO4.2H2O). 
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1. INTRODUCTION 
 
Phosphogypsum (PG) is a solid waste produced by the phosphate fertilizer industry. 
Although PG is mainly calcium sulphate dihydrate, it contains elevated levels of impurities as 
radionuclides and rare earth elements (REE), wich originate from the source phosphate rock 
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used in the phosphoric acid production. The rate of generation of PG is approximately 4.8 
tons for each ton of phosphoric acid produced. The annual world production can be estimated 
at 150 million of tons. The large amount of PG produced has been attracting attention of 
radiological protection institutions and environmental protection agencies in the world, given 
its high potential for environmental contamination. In Brazil, this material has been used for 
several decades, especially for agricultural purposes. In this case, the PG is used as a source 
of calcium and sulfur, as conditioner, and for correction of subsurface soil saturated with 
sodium, potassium and aluminum. 
 
Due to the presence of rare earth elements (REE) in PG, it is necessary to understand the 
mobilization of these elements in the environment as a mechanism of transference to the 
system soil/plant and to evaluate if the use of PG in soil contributes to increased exposition of 
humans to these elements.  
 
In nature, REE are frequently associated to thorium and uranium, elements with a chemical 
behavior similar to that of lanthanides, as well as scandium [1]. The similarity in REE 
chemical behavior makes the separate determination of each element by chemical methods 
difficult; instrumental neutron activation analysis (INAA), based on nuclear properties of the 
elements to be determined, is a method of choice in trace analysis of REE and related 
elements [2]. 
 
Experiments were carried out in a greenhouse with lettuce cultivation in two types of soil 
(sandy and loamy) fertilized with four different amounts of PG. Samples of PG, soil and 
lettuce were analyzed by determining the REE. Finally, transfer factor of soil-plant was 
calculated and the annual contribution to the effective dose committed due to the ingestion of 
lettuces of the experiment. Analyses of chemical, physical and mineralogical characterization 
of soil and PG samples were also accomplished.  
 
This paper aims to provide and to discuss the preliminary results of the analyses that have 
been carried out in order to evaluate the environmental impacts associated with the use of PG 
as a soil conditioner. These include the characterization of mineralogical phases and the 
determination of REE (La, Ce, Nd, Sm, Eu, Tb, Ho and Yb) concentration in PG samples. 
 
 
 

2. MATERIAL AND METHODS 
 
PG samples were collected from a fertilizer industry situated at the Southeast Brazil, in Minas 
Gerais State. This plant manufactures fertilizer by a dehydrate process. The phosphate rock 
used in this plant is of igneous origin. 
 
All PG samples were dried at 60ºC for 48 hours, then sieved in 30 and 60 Tyler mesh (590 
and 250 µm), and then characterized for mineralogy and REE concentration.  
 
X-ray diffraction analyses (XRD) were used to search the crystalline structures in PG 
samples at CDTN (Nuclear Technology Development Centre)/CNEN (Brazilian Commission 
for Nuclear Energy). All analyses were carried out by using a Rigaku difractometer, model 
Geigerflex semiautomatic with a copper source at the following operation conditions: 8x103 
scale factor, 0.5 s time constant 40 mm/min registration speed, 802θ/min goniometer speed, 
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30mA and 40KV. Identification of crystalline phases was obtained by comparing the 
diffraction pattern of the samples with the database of International Center for Diffraction 
Data / Joint Committee on Powder Diffraction Standards. 
 
The measurement of REE (La, Ce, Nd, Sm, Eu, Tb,  Ho and Yb)  concentration in the PG 
samples has been carried out by neutron activation analysis, specifically the k0-
standardization method [3,4]. The irradiation was performed in the carrousel IC-7 of the 
TRIGA MARK I IPR-R1 reactor at CDTN/CNEN, at 100 kW, under a thermal neutron flux 
of 6.35x1011 neutrons cm-2 s-1. The parameters f and α in the IC-7 were 22.3 ± 0.2 and -
0.0022 ± 0.0002, respectively. Approximately 150 mg of samples were irradiated 
simultaneously with neutron flux monitor Al-Au (0.1%) IRMM-530RA foil cut into 5 mm 
diameter and 0.1 mm thick. The irradiation time was 8 hours and after suitable decay, the 
measurements were performed to determine REE. The gamma spectrometry was performed 
on a HPGe detector with 15% efficiency and for the spectra analysis - peak area evaluation - 
the HyperLab program [5,6] was used. For the calculation of elemental concentrations a 
software package called KAYZERO/SOLCOI  [7] was applied. 
 
 
 

3. RESULTS AND DISCUSSIONS  
 
3.1. X-ray Diffraction Analyses 
 
The results of X-ray Diffraction Analyses showed that the main crystalline compounds found 
in PG samples were gypsum (CaSO4.2H2O) with traces of anidrite (CaSO4) and bassanite 
(CaSO4. 0.5H2O), respectively as showed in FIG 1. The granulometric distribution showed 
that PG samples were mainly constituted of fine particles (–150 +270 Tyler mesh (74,36%), –
150 +200 Tyler mesh (33,78%) and –200 +270 Tyler mesh (40,58%)). 
 

 
 
 

Figure 1.  X-ray Diffraction Analyses of PG samples. 
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3.2. REE Concentration 
 
TAB. 1 presents the results of mean concentration of each one of REE analyzed in the PG 
samples. 
 

Table 1.  REE concentration in PG samples. 
 

Element Mean (ppm)  (n = 30) Standard Deviation (ppm) 
Sc 2.5 0.3 
La 936 193 
Ce 1730 148 
Nd 791 72 
Sm 85 5 
Eu 29 7 
Tb 7,8 0.7 
Ho < 9.9 - 
Yb 5 1 

   
 

It can be verified, that the REE present in the highest concentration in PG samples was Ce 
(1730 ppm), followed by La (936 ppm) and Nd (791 ppm). Sm (85 ppm), Eu (29 ppm) and 
Yb (5 ppm) appear in smaller proportions. Although Sc is not included in the Periodic Table 
like an REE, it was considered by presenting chemical properties similar to REE. 
 
All the results obtained are in agreement with the data for Brazilian PG. Santos [1] measuring 
the concentration of REE in Brazilian PG obtained concentration about 1239 ppm for La, 145 
ppm for Sm, 1285 ppm for Nd, 2490 ppm for Ce, 7 ppm of Tb, 36 ppm of Eu and 4 ppm of 
Yb. Gourbunov [8], analyzing PG samples of phosphoric acid in a Russian company, found 
values around 1050 ppm of La, 1600 ppm of Ce, 360 ppm of Nd, 76 ppm of Sm, 30.4 ppm of 
Eu, 5.1 ppm of Tb and 3.9 ppm of Yb. 
 
It can be seen that REE is enriched in PG. Thorium correlates well with REE and especially 
well with the light rare earth elements (LREE). Mazzilli [9] showed that during the treatment 
of phosphate rock with sulphuric acid uranium is enriched in the phosphoric acid whereas 
thorium and radium isotopes are enriched in the PG. The REE are usually found in more 
resistant minerals, such as monazite, which is rich in Th. 

 
 

 
4. CONCLUSIONS  

 
Both nuclear techniques used, (XRD and INAA) in characterization of PG samples, have 
been proved as efficient. XRD analyses showed that the main crystalline compounds found in 
PG samples were fine particles of gypsum (CaSO4.2H2O). INAA showed that REE are 
enriched in PG. It can be concluded that there is a tendency of accumulation of such elements 
in the environment, mainly La and Ce, demanding more studies about the use of this waste in 
agriculture. There is also a need to undertake complex biogeochemical studies to determine 
the extent of any hazard from these chemical elements in the environment. 
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