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Abstract  

The obtention of sulphur generte a hematite-rich waste, known as roasted pyrite ash, which contains significant 
amounts of environmentally sensitive elements in variable concentrations and modes of occurrence. Whilst the 
mineralogy of roasted pyrite ash associated with iron or copper mining has been studied, as this is the main 
source of sulphur worldwide, the mineralogy, and more importantly, the characterization of submicron, ultrafine 
and nanoparticles, in coal-derived roasted pyrite ash remain to be resolved. In this work we provide essential data 
on the chemical composition and nanomineralogical assemblage of roasted pyrite ash. XRD, HR-TEM and FE-SEM 
were used to identify a large variety of minerals of anthropogenic origin. These phases result from highly complex 
chemical reactions occurring during the processing of coal pyrite of southern Brazil for sulphur extraction and 
further manufacture of sulphuric acid. Iron-rich submicron, ultrafine and nanoparticles within the ash may contain 
high proportions of toxic elements such as arsenic, selenium, uranium, among others. A number of elements, such 
as arsenic, cromium, copper, cobalt, lanthanum, manganese, nickel, lead, antimony, selenium, strontium, 
titanium, zinc, and zirconium, were found to be present in individual nanoparticles and submicron, ultrafine and 
nanominerals (e.g. oxides, sulphates, clays) in concentrations of up to 5%. The study of nanominerals in roasted 
pyrite ash from coal rejects is important to develop an understanding on the nature of this by-product, and to 
assess the interaction between emitted nanominerals, ultra-fine particles, and atmospheric gases, rain or body 
fluids, and thus to evaluate the environmental and health impacts of pyrite ash materials. 
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1. Introduction  

Coal has been used in Brazil as solid fuel for thermoelectric generation for nearly 80 years (Pires and 
Querol, 2004). Brazilian coal is characterized by high proportions of sulphide minerals, pyrite and 
marcasite (Galatto et al. 2009; Lattuada et al. 2009; Marcello et al. 2008; Silva et al. 2009), and 
therefore the rejects from coal cleaning operations can be regarded as potential sources of sulphur. In 
the early 1950s, the importance of sulphur increased in the world, primarily due to an increasing 
demand for phosphate processing for agricultural purposes.  

The research discussed in this paper represents a preliminary study, aimed at evaluating the 
occurrence of submicron, ultrafine and nanoparticles in the wastes and whether they contain 
potentially toxic elements, by comparing the iron oxide waste obtained from heating of the pyrite to 
other wastes collected from the ICC site. It is hoped that the results will serve as a reference for 
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similar studies in other countries where sulphuric acid has been produced from pyrite (Kawatra et al., 
2002; Pérez-López et al., 2009; Rico et al., 2008a and 2008b; Zeilinski et al., 2010). Given the extent 
of production of roasted sulphides and the limited literature available on their potential impact on the 
environment, the information presented in this paper (especially with regard to nanoparticles) may be 
of value in designing remediation strategies for roasted pyrite ash storage systems distributed around 
the world (Gupta et al., 1996; Kawatra et al., 2002; Lin and Qvarfort, 1996; Pérez-López et al., 2009; 
Salomons, 1995; Zouboulis et al., 1993). 

2. Methods  

2.1 Sampling 

Five samples of roasted pyrite ash (ca. 3-kg), one sample of the pyrite concentrate (ca. 3-kg), and 
four samples of phosphogypsum were collected from various locations in Imbituba City, Santa 
Catarina, Brazil (Fig. 1). Due to inadequate disposal of the various by-products of the process, 
contamination of the pyrite concentrate and ash samples with traces of phosphogypsum may also have 
been included. 

 

Fig. 1. Location of the abandoned ICC complex in Santa Catarina, southern Brazil and representative 
illustrations of the waste piles sampled (A) phosphogypsum; (B) mixed concentrated pyrite, iron oxide, 

and phosphogypsum; (C) iron oxide containing secondary minerals (green fluorescence). 

Representative portions (approx. 0.5 g) of each powdered sample were subjected to X-ray powder 
diffraction (XRD). Sample digestion for total element concentrations was performed by accurately 
weighing 0.100±0.01 g, the resulting solutions were analyzed by ICP-OES, inductively coupled plasma 
optical emission spectrometry, to determine the concentrations of major elements, and ICP-MS 
(inductively coupled plasma-mass spectroscopy) for trace elements. Field-emission scanning electron 
microscopy (FE-SEM, for minerals/ particles between 0.5 and 80 μm) and high-resolution transmission 
electron microscopy (HR-TEM for minerals/particles between 0.1 and 500 nm) were used to provide 
direct (real space) visualization of nanoparticles in small amounts of each sample. Geometrical 
aberrations were measured by HR-TEM and controlled to less than a π/4 phase shift of the incoming 
electron wave over the probe-defining aperture of 14.5 mrad. EDS spectra were recorded in TEM image 
mode, and then quantified by the thin-foil method using ES Vision software to convert X-ray counts of 
each element into atomic or weight percentages. 

3. Results and discussions 

The mineralogy of the pyrite concentrate and roasted pyrite ash, as indicated by Siroquant processing 
of the X-ray diffraction data, is given in Table 1. 
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Table 1. Mineralogy of pyrite concentrate (IM-05) and pyrite ash samples as indicated by X-ray 
diffraction and Siroquant. 

 

 IM-05 IM-10 IM-11 IM-12 IM-13 IM-14 

Wt.%       
Quartz 1,9 2,6 1,6 3,2 2,5 1,4 

Kaolinite 4,2      
Illite   2,8    

Gypsum 34,0 16,1 1,9 8,6 2,6 4,1 
Hematite  81,3 78,0 74,0 92,4 73,3 
Magnetite   14,6 12,7 19,9  

Pyrite 39,4      
Jarosite   1,1 1,6 2,5 1,3 

Coquimbite 6,6      
Szomolnokite 13,8      

The concentrations of the major elements in the pyrite concentrate and ash samples inferred from the 
XRD data, based on the proportion and stoichiometric composition of the minerals, are listed in Table 
2. 

Table 2 Inferred chemistry (wt. %) from XRD data for pyrite concentrate (IM-05) and pyrite ash 
samples. 

 

 IM-05 IM-10 IM-11 IM-12 IM-13 IM-14 

Al  0,73  0,53    
Ca 6,83 3,75 0,44 2,00 0,61 0,95 
Fe 20,53 56,85 65,12 61,10 65,45 65,61 
K   0,30 0,12 0,20 0,10 

Mg       
Na       
P       
S 33,71 3,00 0,49 1,80 0,80 0,93 
Si 1,51 1,22 1,41 1,49 1,17 0,65 
Ti       

Iron is the major constituent of the roasted pyrite ash, with concentrations of 50 to 55%. These are 
equivalent to Fe2O3 concentrations of between 73 and 78%. Minor proportions of residual sulphur (up 
to 3%, or up to 8% if expressed as SO3) and Al (1–2%; equivalent to 2–4% Al2O3) are also present. 
The presence of S (0.5–3%) in the roasted pyrite ash indicates that, despite its iron-rich composition, 
this material cannot be reused in the metallurgical industry. The pyrite concentrate has a lower 
proportion of iron (25%) but a much higher proportion of sulphur (27%), together with a small 
proportion of calcium (3.8%). These are equivalent to 35.8% Fe2O3, 67.5% SO3 and 5.3% CaO, 
respectively.  That is the concentrations of the major elements in the pyrite concentrate and ash 
samples inferred from the XRD data, based on the proportion and stoichiometric composition of the 
minerals.  

The concentrations of various trace elements As might be expected, the roasted ash samples have 
relatively high concentrations of elements typically commonly associated with pyrite and other phases 
commonly found in coals (Finkelman R. B. and Gross P. M. K., 1999) especially As, Co, Cu, Mo, Ni, Pb, 
V and Zn. The roasted ash samples in the present study appear to have lower concentrations of a 
number of trace elements when compared to similar ashes derived from non-coal pyritic ores. 

The electron beam methods used in the present study also provide further information on the 
occurrence and speciation of potentially hazardous elements that may occur (often at very low 
concentrations) into the structure of some of these minerals. For example, the nanopyrite grains 
detected by HR-TEM/SAED/EDS in sample IM-05 were found to contain rounded crystalline and/or 
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amorphous nanoparticles consisting of As (2.3–4.9 wt.%), Cu (1.5–2.6 wt.%), Hg (0.7–1.8 wt.%), Ni 
(0.8–1.5 wt.%), and Se (1.4–2.9 wt.%).  The roasted pyrite ashes contain abundant hematite and 
magnetite, mixed with a carbonaceous matrix (Fig. 2A). This fact is coming from our EDS spectrum 
result and this assemblage is consistentwith heating pyrite-rich coal cleaning rejects as part of the 
sulphur extraction process. 

FE-SEM and HR-TEM/SAED/MBD images and supporting EDS data indicate the presence of additional 
fine crystalline phases, such as Fe-rich oxide or spinel. Fast Fourier transform (FFT) and spectroscopic 
techniques (e.g. electron energy-loss spectroscopy and EDS) have been used to support the 
identification of many nanominerals in the pyrite ashes. For example, Fig. 2B shows spherical 
nanohematite identified 

in sample IM14. A complex assemblage of this Fe-oxide with residual amorphous silicate can be 
observed (Fig. 2B). It is worth mentioning the ability of this assemblage system to retain Mo and Cu in 
the particle/ mineral structure. 

 

Fig. 2. Illustrations of nanominerals detected in pyrite ash. (A) Magnetite and hematite mixed with 
carbonaceous aggregate from sample IM 12; (B) hematite grains with FFT and EDS (sample IM 14) of 

the red section of the micrograph was scanned. 

In this work, the principal Pb-phases identified by FE-SEM, HR-TEM, EDS, FFT, SAED, and MBD include 
Pb-oxides at sizes of <10 nm, Pb-sulphate (e.g. anglesite as isolated particles ~50–300 nm in length), 
Pb encapsuled in carbonaceous matter, abundant amorphous minerals, and a Pb–As phase (in a ~25-
nm particle). Almost all the identified Pb-bearing phases are in the respirable particle size category. 
Our results emphasize the need for detailed single-particle characterization of anthropogenic 
nanoparticles and secondary nanominerals emitted from the sulphuric acid production industry based 
on pyrite utilization. 

6. Conclusions 

The results of the present work provide evidence of the complexity of the chemistry and mineralogical 
composition of submicronic, ultrafine and nanoparticles in abandoned sulphuric acid industry 
byproducts. 

Iron-rich ultrafine and nanoparticles often contain high proportions of toxic elements such as As, Se, U 
and others. A number of elements, such as As, Cr, Cu, Co, La, Mn,Ni, Pb, Sb, Se, Sr, Ti, Zn, and Zr, 
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were 

found to be present in individual nanoparticles and nanominerals (e.g. oxides, sulphates, clays) in 
concentrations of up to 5%. Further research will include an in-depth assessment and evaluation of the 
solubility of these residues, with views of a study on the toxicological risks for lung DNA and cells of 
human beings and other organisms likely to be exposed to them. In addition, the reductions in 
mobility, toxicity, and bioavailability associated with sorption, combined with the enhanced uptake 
expected of ultrafine and nanophases, provide considerable incentive to further explore the role that 
nanoparticulate minerals play in the attenuation of contaminant species in the environment. Future 
work will improve the conditions that would optimize this retention, and assess the possibility of 
reusing pyrite ashes as sorbents. 
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