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Abstract

The oxidative thermal decomposition of natural tetradymite (Bi,STe,) has been studied by
thermal techniques and by X-ray diffraction, infrared spectroscopy and scanning electron
microscopy. Oxidation occurs exothermically at comparatively low temperatures, whereas
desulfatization takes place endothermically at higher temperatures. A scheme for the overall
reaction is proposed. The exothermic process occurs at lower temperature for material of
smaller particle size.
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1. Introduction

The oxidation of commeon sulfides such as pyrite, chalcopyrite, galena, cinnabar
and molybdenite has been extensively studied by thermal analysis. Reaction
schemes for these processes have been also proposed [1-6].

The effects of different experimental variables, such as atmospheric conditions,
heating rate or mechanical activation, have been investigated because of the
technological importance of this type of process as a preliminary operation in
pyrometallurgy [7-10]. However, the oxidative thermal behavior of complex
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sulfides which contain Te, Bi, As and Sb, as well as Ag, Cu, Zn, Pb and Au
in some cases [11], is less well known. These species are usually present, al-
though in small proportions, in sulfide deposits and in other types of natural
sources.

This paper reports the thermal decomposition of natural Bi,STe, (tetradymite)
isolated from the pegmatitic formation of Cerro Blanco, Tanti, province of Cor-
doba, Argentina. This mineral has been found principally associated with quartz,
feldspar and micas in addition to pyrite, chalcopyrite and their oxidation products
[12].

To analyze the course of the oxidative process, a study was carried out by
simultaneous thermogravimetry-differential thermal analysis (DTA-TG), with the
aid of X-ray diffraction (XRD), infrared spectroscopy (IRS) and scanning electron
microscopy (SEM). The effect of the particle size of the sample has also been
considered.

2. Experimental

The material used in the study was selected by hand picking, and its purity was
checked by XRD, electron probe microanalysis (EPMA) and standard chemical
analysis. In general, the samples were revealed as being single phases by XRD.
However, the presence of small inclusions of quartz and other impurities could be
also observed by SEM in some samples. The analysis by SEM was carried out on
a Philips 505 with an EDAX 9100 instrument and an energy dispersive detector.
For the quantitative EPMA, BiO,0;, TeO, and S (all analytical-grade reagents)
were used as reference materials. The composition of 59.38% Bi, 36.12% Te and
4.50% S is in good agreement with the theoretical values for Bi,STe, (59.27% Bi,
36.17% Te and 4.55% S), although the compositional limits of tetradymite have
been shown to be Bi,STe,-Bi,S, ;Te, ; {13].

The TG-DTA experiments were carried out on a Rigaku thermoanalyzer (type
YLDG/CN 8002 L2) using a chromel—-alumel thermocouple and a constant air flow
of 0.40 | min~'. About 20 mg portions of specimen were weighed. The heating rate
was 10°C min~!, and «-Al,O; was used as DTA standard. The temperature was
raised to 700°C. The measurements were performed at two different particle sizes:
~2 mm and = 125 pm (standard sieves Nos. 10 and 120 respectively). Additional
thermal studies were carried out up to 950°C in a programmed temperature
furnace, in an air atmosphere, using an alumina crucible. The heated samples were
investigated by XRD with a Philips PW 1714 diffractometer (Cu Ko radiation, Ni
filter) diffractometer. NaCl was used as an external standard in the quantitative
analysis. The program PIRUM developed by Werner [14] was used to refine the cell
parameters.

The IR spectroscopic analyses, as usually used to identify the intermediates of
sulfide oxidation [15-17], were carried out on a Perkin-Elmer 580-B spectrophoto-
meter using a KBr pellet technique.
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3. Results and discussion

Typical TG and DTA curves are shown in Fig. 1, where the effect of the particle
size can be observed. Exothermic oxidation reactions prevail in the low temperature
region, with the formation of sulfate, whereas desulfatization is an endothermic
process that occurs at higher temperatures. This behavior is similar to that observed
for other, related compounds [1,8,15].

Fig. 2 shows the IR spectra of tetradymite samples (particle size 125 pm) at
different stages of decomposition. Additional spectra are included for comparative
purposes. Fig. 2(a) corresponds to the natural sample (without thermal treatment).
Only a weak band is observed at 335 cm ™', which is assigned to the Bi-S stretching
[16]. The spectrum of the mineral species heated up to 300°C (Fig. 2(b)), which is
X-ray amorphous, reveals the presence of weak bands at 1100 and 650 cm ~ !, which
correspond to the incipient formation of sulfate [18]. It is well known that for the
SO,?~ ion, which belongs to the T, symmetry group, the IR bands are located at
1105 cm =" (v3), 983 cm ™' (v;), 611 cm ' (v,) and 1450 cm ™' (v,) [18]. Fig. 2(¢)
shows the Biy(SO,); spectrum as a reference. The v, and v; symmetric and
antisymmetric stretchings have been assigned, together with the similar bending
modes of the tetrahedral sulfate (v, and v, respectively). The spectrum of the sample
heated up to 400°C is shown in Fig. 2(d). The similarity between the spectra shown
in Figs. 2(c) and 2(d) is clear. However, the asymmetry of the band centered at 648
cm ~' (with a shoulder at ~ 670 cm ~') and the weak bands in the lower region of
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Fig. 1. TG-DTA curves of tetradymite: particle size =2 mm (solid line); particle size = 125 um
(broken line).
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Fig. 2. Comparative IR spectra: (a) tetradymite without thermal treatment, (b) sample heated at 300°C,
(c) Biy(SO,);, (d) sample heated at 400°C, (e) sample heated at 500°C, (f) TeO,, (g) sample heated at
950°C.

the spectrum suggest the presence of another oxidic phase. These bands could be
attributed to some Bi,O; polymorphic phase [19]. At 400°C the sample is still
amorphous to X-rays. The presence of the sulfate species becomes more evident in
the spectrum 2(e), which corresponds to tetradymite heated to 500°C.
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In this spectrum, some other bands below 800 cm ' can be clearly assigned to
TeO, (paratellurite), the spectrum of which is shown in Fig. 2(f) for reference.
Likewise, the band located at 680 cm ' can be probably assigned to the BiO*
bismuthyl species, as it has been reported that Bi,(SO,); is converted to (Bi0),SO,
at 400°C [20].

In relation to the thermal behavior of tellurium oxide, it is interesting to note that
the thermal decomposition of orthotelluric acid in air has already been studied and
the final product is tellurium dioxide (paratellurite) [21-24]. This product is obtained
in the range 480-500°C, and it melts to yield amorphous TeO, between 550 and
600°C. Its sublimation occurs in the region of 700°C [15,23]. The weight loss of
~ 10% in the mineral sample heated at 700°C (which reaches =~ 17% at 800°C)
suggests this type of process. The spectra remain practically unchanged from these
temperatures up to 950°C. The spectrum of the sample heated at this temperature
may be observed in Fig. 2(g), and is similar to that of 4-Bi,O; with a cubic phase
related to the fluorite structure.

The scanning electron micrographs of the original tetradymite, and those of
samples obtained at different stages of decomposition, are shown in Fig. 3. A
comparison between the micrographs of unreacted particles of tetradymite (size ~ 1
mm, Fig. 3(a)) and of particles heated at 400°C reveals that, in general, the latter
have undergone significant reaction, especially at the rim (Fig. 3(b)). However, the
greatest oxidation occurs between 450 and 500°C (Fig. 3(c)), where there is a clear
alteration of the surface. Fig. 3(d) corresponds to a sample heated in similar
conditions but with higher particle size ( &2 mm). Small particles have a greater
interfacial area available for oxidation and react faster than the larger ones.
Evidently the oxidation process takes place via oxygen diffusion. Likewise, the
distance required for the diffusion of oxygen into the particles is lower for the smaller
particles. This leads to more efficient oxidation. The product layer on the surface
evidently contributes to the inhibition of the diffusion process. Finally, Figs. 3(e) and
3(f) show the morphology of tetradymite heated to 800 and 950°C respectively.

The IR spectra suggest that the formation of TeOQ, starts at 400°C, and it is clearly
observed at 500°C, in agreement with literature data. Although this oxide sublimes
at temperatures above 600°C, the Te:Bi ratio is 18.5:81.5 at 800°C, and the presence
of S is not detected. These data, which remain unchanged up to 950°C, are in
agreement with the theoretical values for the formal “BigTe;O,4”” phase (in which the
Te:Bi ratio is 18.63:81.37).

In the study of phases belonging to the Bi1,0,-TeO, system [25], the formation
of the cubic (fcc) Bi; . Te O s, .y solid solution phase has been detected up to x
~0.4. The presence of a phase of composition Big ;23Te€g 2730 3¢5 can be inferred
from the electron microprobe results. This assumption can be corroborated from
the a =0.559(1)nm cubic cell parameter calculated from XRD data and with the
aid of the plot that shows the variation of the cubic lattice parameter of the
Bi, _,Te,O 5, 2 oxidic phase (derived from §-Bi,O;) with x [25]. The melting
point is near 950°C for this composition [25], but the quenched sample has a similar
structure to the fcc phase. Thus, the micrograph 3(f) reveals a significant degree of
melting.
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Hence a scheme of the oxidation reaction (Scheme 1) can be proposed

400°C
4 Bi,STe, —— 1.344 Bi,(SO,); + 8 TeO, + 2.652 Bi,O,

20 O ‘
l 405°C

1.344 (Bi0),SO, + 2.656 SO,

\ 600-800°C

“BigTe,O,5” + 1.344 SO + 5 TeO,

up to 950°C

5.5 (Bij 454Tep 546) 03073

Scheme 1. The oxidation reaction.

(a)

(b)
Fig. 3(a, b)
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Fig. 3. Secanning eclectron micrographs of: (a) tetradymite without thermal treatment (particle size
~ | mm, (original magnification x 63, scale bar 1 mm), (b) sample heated at 400°C (original magnifica-
tion x 2000, scale bar 10 um), (c) sample heated at 500°C (original magnification x 2000, scale bar 10
um), (d) similar heating conditions, particle size ~ 2 mm (original magnification x 2000, scale bar 10
um), (e) sample heated at 800°C (original magnification x 1000, scale bar 10 pm), (f) sample heated at
950°C (original magnification x 500, scale bar 100 pm).

4. Conclusions

The oxidative decomposition of tetradymite is a very complex process that leads
to the formation of bismuth sulfate and bismuthyl sulfate as intermediates. Like-
wise, the TeO, formed at ~400°C reacts partially with the Bi,O; obtained by
decomposition of the sulfate. A stable solid solution of composition
(Bi, 454T€.546) O3 275 structurally related to cubic fluorite is clearly observed. Finally,
the process is affected by grinding. Thus, the exothermic oxidative reaction occurs
at a lower temperature as the particle size decreases.
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