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Abstract

Sulfide copper concentrate from domestic ore deposit (Bor, Serbia) was
subjected to oxidation in the air atmosphere due to a better understanding of reaction
mechanism and oxidation of various sulfides present in the copper concentrate at
elevated temperatures. Results of the initial sample characterization showed that
concentrate is chalcopyrite—enargite-tennantite type, with an increased arsenic content.
Characterization of the oxidation products showed the presence of sulfates, oxysulfates,
and oxides. Based on predominance area diagrams for Me-S-O systems (Me = Cu, Fe,
As) combined with thermal analysis results, the reaction mechanism of the oxidation
process was proposed. The reactions which occur in the temperature range 25 — 1000 °C
indicate that sulfides are unstable in the oxidative conditions. Sulfides from the initial
sample decomposed into binary copper and iron sulfides and volatile arsenic oxides at
lower temperatures. Further heating led to oxidation of sulfides into iron oxides and
copper sulfates and oxysulfates. At higher temperatures sulfates and oxysulfates
decomposed into oxides. Kinetic analysis of the oxidation process was done using
Ozawa’s method in the non-isothermal conditions. The values for activation energies
showed that the reactions are chemically controlled and the temperature is the most
influential parameter on the reaction rates.
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Introduction

Copper ores in the world’s exploiting deposits are being continually depleted,
getting more complex, and grades of the valuable elements are constantly declining.
These issues complicate pyrometallurgical processing and bring new requirements for
management of the produced waste streams. Copper sulfides are often accompanied
with many undesirable elements among which is arsenic. Arsenic hasn’t got significant
market value, but, as a toxic element, it has to be removed from ores, concentrates and
other process streams because of the environmental or process reasons [1]. A wide
range of arsenic-containing minerals exist in nature, and on many occasions; these
minerals are associated with minerals of a commercial value. Sulfide copper ores are
closely associated with minerals like enargite, Cu3zAsS4 or tennantite Cuj2As4S;3, which
contain a significant amount of copper and precious metals. These arsenic sources can
end up to wastewaters upon mineral processing, causing various environmental
problems. Arsenic-containing effluents need to be treated before discharge or recycling
[2].

Beneficiation of sulfide copper ores typically includes flotation. However, this
process doesn’t remove arsenic if it is present in the ores. After the beneficiation, copper
concentrates are either subjected to roasting or to direct pyrometallurgical extraction
(smelting and converting), depending on the copper amount in the concentrate. These
stages are common to all conventional smelting processes and mainly involve the
oxidation of the batch. When the oxygen is put into the system, the sulfide minerals will
decompose, but given the iron has got a higher affinity for oxygen than copper at
smelting temperatures, iron is preferentially oxidized [3]. In conventional flash
smelting, heavy metal impurities end up either in the slag or eventually in blister copper
[4, 5] from which they are eliminated by electrolytic refining. Copper slag, which
contains heavy metals requires either a controlled disposal in a landfill [6] or a thorough
clean-up before their safe disposal. Partial oxidation of copper concentrate containing
sulfide minerals is carried out in order to reduce the sulfur content to the amount
desirable for the smelting process and further, obtaining richer copper matte. The
complexity of the reactions that occur during the oxidation of sulfide copper minerals is
based on the fact that some of the phase transformations are simultaneous and their
mutual influence during the roasting process in the air atmosphere should not be
omitted.

The behavior of chalcopyrite based ores and concentrates during oxidative
roasting at high temperatures was investigated from thermodynamic, thermal and
kinetic aspects by several authors [7-11]. Thermal analysis techniques (differential
thermal analysis, thermogravimetry) are proved as important tools to determine the
concentrates’ behavior during decomposition of copper iron sulfides and sulfur
volatilization rates [12-15].

Oxidation of enargite at roasting temperatures and determining the reaction
mechanism and kinetics [16], showed that reaction mechanism of enargite oxidation run
in three sequential stages. Sulphation roasting studies on synthetic copper—iron sulfides
with steam and oxygen [17] showed that copper sulfide formed copper sulfate with this
gaseous mixture at 500 °C. The kinetics study of the CuS—FeS system showed that
activation energy value for this conversion was found to be 30.36 kJ-mol! in the
temperature range 400 to 500 °C. Thermal decomposition of three synthetic copper
sulfides (chalcocite (Cus,S), chalcopyrite (CuFeS,), and enargite (Cu3AsS4)) and two
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commercial copper concentrates, studied on thermobalance and imaging furnace [18],
demonstrated that the absence of oxygen, in combination with high decomposition
temperatures furthers the removal of heavy metal impurities by volatilization.

Overall, there have been comparatively few published articles on the oxidation
behavior and solution treatment processes for low-grade copper ores and complex
concentrates because of their relatively low commercial importance in comparison to
other, more dominant copper ores. A general observation is that these minerals are not
amenable to many conventional processing routes [19]. A complete understanding of
the oxidation behavior of sulfide particles at elevated temperatures is still objected of
the investigation because the reaction mechanism of individual particles strongly
depends upon a number of parameters (particle size, heating rate, the partial pressure of
oxygen, amount of the impurities present in the particles, etc.) [20].

As a contribution to a better knowledge of the Cu-Me-S-O system (Me = Fe, As)
and its behavior during oxidation at elevated temperatures, the results of thermal
decomposition of sulfide copper concentrate samples from domestic ore deposit (Bor,
Serbia) are presented in this paper. Kinetic analysis was done in non-isothermal
conditions to obtain activation energies of the oxidation and to determine the most
influential parameters on thermal decomposition.

Experimental

The samples for the experimental investigation were taken from homogenized
and grained copper concentrate, obtained from domestic ore body “H” (vicinity of Bor,
Republic of Serbia). Ore body “H” belongs to South-eastern group of Bor copper
deposits, situated in Timok volcanogenic complex (Serbia) [21]. Chemical analysis of
the initial sample was done on ICP-AES spectrometer “SPECTRO Ciros Vision”.
Characterization of the mineral forms present in the initial sample and oxidation
products heated for one hour at 450, 650 and 900 °C was done by XRD analysis
("Philips" PW-1710). SEM/EDS analysis was done for the initial concentrate sample
coated with gold on ,,Jeol”“ model JSM-6610LV and on Oxford Instruments detector
“X-Act”. Thermal analysis (DTA/TG) was done on NETZSCH STA 409 EP with
following experimental parameters: a mass of the sample 100 mg, heating rate 10 °C
min’!, temperature range 25 - 1000 °C, in the air atmosphere. Predominance area
diagrams for Me-S-O systems (Me = Cu, Fe, As) at 25 °C, 450 °C, 650 °C and 900 °C
were obtained using HSC Chemistry 6.1 database. Kinetic analysis of the concentrate
oxidation was done using Ozawa’s method of non-isothermal kinetics under heating
rates 5, 10, 15, and 20 °C min™' within the heating range 25 — 1000 °C.
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Results and discussion

Chemical analysis

Results of chemical analysis, shown in Table 1, indicate that the investigated
concentrate is a low-grade sulfide copper concentrate with copper content below 10
mass%. Iron and sulfur are present in similar amounts, and content of other detected
elements is below 1 mass%. The concentrate is overburdened with gangue minerals
(Si02+Al,03) which is almost 50 % of total sample mass. Arsenic content is highly
increased (3.44 mass%), which is almost seven times higher than the upper limit of 0.5
mass% for pyrometallurgical production of copper from sulfide ores and concentrates.
Due to environmental risks, this concentrate must be pretreated in order to reduce the
amount of arsenic, before entering the pyrometallurgical copper production.

Table 1. The chemical composition of the initial sample (mass %).

Element Cu S Fe Zn Sb Pb As Ni Cd SiO; AlLO; Other
Content 9.52 11.0 10.07 0.18 0.15 0.006 3.44 0.0005 0.0009 49.34 0.014 8.62

X-ray structural analysis

XRD powder diffraction patterns of the initial concentrate sample and oxidation
products are comparatively given in Fig. 1. Characterization of minerals present in the
initial sample showed that concentrate consisted of binary copper-iron sulfide
chalcopyrite (CuFeS,), as well as copper-arsenic sulfides, enargite (Cu3AsS4) and
tennantite (Cui2AssS13). The residue consists of gangue minerals olivine and quartz. In
the structure of oxidation products at 450 °C, chalcocyanite (CuSO4) was detected,
while iron from the chalcopyrite oxidized into hematite (Fe,Os), which was also
observed in the oxidation products at 650 °C and 900 °C. The structure of the products
after heating at 650 °C consisted of dolerophanite (CuO-CuSQOs). At 900 °C tenorite
(Cu0) and cuprite (Cux0) were found, besides hematite (Fe,O3), magnetite (Fe;O4) and
metastable spinel maghemite (yFe,Os). The XRD analysis results showed that arsenic
present in the initial sample as enargite and tennantite volatilized fully since it was not
detected in the oxidation products at higher temperatures.
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Fig. 1. Diffractograms of the initial sample (a) and oxidation products at 450 °C (b),

650 °C (c) and 900 °C (d).
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Morphology of the initial sample, shown in Fig. 2 and Table 2, confirmed the
presence of enargite (CuzAsSs) and tennantite (CujpAs4S;3). Quartz (SiO,) was
observed in all tested points. Iron was detected in the spectrum 1, probably as a
component of olivine, because no sulfur was observed in the analyzed spectrum. The
initial sample in all tested points showed the presence of arsenic.

100um

Fig. 2. Morphology of the initial concentrate sample.
Table 2. EDS analysis of the initial sample.

Spectrum No. 1 2 3 4
Element mass %

Cu 1.7 35.0 4.3 46.8
Fe 45.8 0.0 0.0 0.0
S 0.0 34.6 0.0 28.7
O 46.6 11.1 44.7 6.7
Si 4.3 0.9 49.3 1.9
As 1.6 18.3 1.7 15.9

Thermal and thermodynamic analysis

Thermal and thermogravimetric tests were performed in order to define the
reaction mechanism of the oxidation process. DTA and TG curves of the investigated
sample are presented in Fig. 3. By heating in the air atmosphere, in the interval 25 — 310
°C mass decrease in the sample was observed due to moisture removal, followed by an
endothermic peak on DTA curve. Further heating in the range 310 — 600 °C indicated
the occurrence of three successive exothermal peaks on DTA curve, with a significant
mass decrease on TG curve in the interval 310 — 405 °C, which is in a good agreement
with the literature [22-24]. Related peaks indicate there were three ongoing processes
during oxidation. Studies by other authors in determining the mechanism of oxidation of
realgar and auripigment mixtures, pointed to the existence of two sets of two connected
exothermic peaks at 276 °C, 305 °C, 584 °C and 645 °C, which was interpreted as the
evaporation of arsenic oxides at lower temperatures and pyrite oxidation at elevated
temperatures [25].
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Fig. 3. DTA and TG curves of the sulfide copper concentrate sample.
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As a useful tool for helping to determine the reaction mechanism of the oxidation
process, predominance area diagrams (Kellog diagrams), for Me-S-O system (Me = Cu,
Fe, As) at 25, 450, 650 and 900 °C were plotted (Fig. 4), as functions log pso2(g) =
(log po2 (g)), based on available thermodynamic data [26-28]. From predominance area
diagrams optimum temperature and pressure conditions for the roasting of metal
sulfides can be easily obtained [29].
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Fig. 4. Predominance area diagrams for the Me-S-O system
(Me = Cu, Fe, As) at 25 °C (a), 450 °C (b), 650 °C (c) and 900 °C (d).

Predominance diagram for Cu-S-O system shows that oxidation of CusS in the air
leads to the formation of copper sulfates and oxysulphates. The direct transformation
from sulfide to oxide is not possible because there is no common line between CuS and
CuO phase areas. The diagram for Fe-S-O system shows that iron sulfate is a stable
phase at temperatures up to 450 °C and the reaction mechanism at this temperature
follows oxidation of FeS, over iron oxide, to lower and higher sulfate. At 650 °C and
900 °C, Fe,0s3 is the most thermodynamically stable phase, followed by transformation
of higher to lower sulfides, which are further transformed to final oxide Fe,O3. As-S-O
system shows different behavior during the oxidation compared to Cu-S-O and Fe-S-O
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systems, since arsenic does not form oxysulphates. As,;S; oxidation in the air
atmosphere at all investigated temperatures leads to volatile arsenic oxides formation.
According to the results obtained by XRD analysis, thermal analysis and data
from predominance diagrams, following reaction mechanism of the sulfide copper
concentrate oxidation in the temperature range 25 — 1000 °C can be defined.
The first exothermal peak on DTA curve at 385 °C relates to chalcopyrite
oxidation [22]:

2CuFeS, +0, (g) - Cu,S+2FeS+80,(g) I

The second exothermal peak at 442 °C represents a thermal change due to
oxidation of enargite and tennantite, according to the following reactions [16]:

4Cu,AsS, +130,(g) = 6Cu,S + As,0, (g) +10S0, (g) 2

Cu,,As,S,; +100,(g) = 6Cu,S + As,0, (g) + 7SO, (g) 3

Above 405 °C mass increase can be observed on TG curve, which corresponds to
oxidation of FeS (Eq. 4),

2FeS +3,50,(g) - Fe,0, +250,(g) 4

while Cu,S, as the oxidation product from Eqs. 1-3 further oxidized forming
chalcocyanite:

Cu,S+0,(g)+S0,(g) = 2CuSO, 5

The third exothermal peak at 506 °C, with the further mass increase, can be
related to forming dolerophanite from chalcocyanite:

4CuS0, +250,(g) +0,(g) —> 2Cu0-CuSO, +4S0,(g) 6

Within the temperature interval from 650 °C to 764 °C, part of chalcocyanite is
decomposed to tenorite, followed by an endothermal peak at 743 °C and mass decrease
on TG curve [23]:

CuSO, — CuO +S0,(g) 7

Above 700 °C magnetite is stable, so the part of hematite is transformed into
magnetite:

6Fe,0, — 4Fe,0,+ O,(g) 8

Temperature interval 764 — 850 °C was characterized by the occurrence of the
endothermal peak on DTA curve at 796 °C, with a mass decrease on TG curve, which
corresponds to dolerophanite decomposition:

CuO-CuSO, — 2CuO+S0,(g) 9
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Decomposition of gaseous SO; can be described by Eq. 10 [23]:
SO, (g) >50,(g) +0,50,(g) 10

At higher temperatures (890 — 945 °C) magnetite transformed into maghemite
(Eq. 11) [23]:

4Fe,0, +0,(g) — 6YFe,0, 11
as well as tenorite further oxidation into cuprite:

4Cu0+4S0,(g)+0,(g) = 2Cu,0+4S0,(g) 12

Thermal treatment of the investigated copper concentrate showed that its
oxidation during heating from 25 °C to 1000 °C involved several overlapping
exothermal and endothermal reactions and the loss of volatile elements (arsenic and
sulfur).

Kinetic analysis results

In solid-state reactions, appropriate kinetic equations, rate limiting steps, and
calculation of kinetic parameters could supply a deeper conception into the possible
transformation mechanisms [30]. Determination of the most probable reaction
mechanism model(s) can be complicated for multi-step reaction kinetics [31]. The DTA
and TG curves of non-isothermal decomposition of the investigated sulfide copper
concentrate at four different heating rates (5, 10, 15, and 20 °C min™') are shown in Fig.
5 and Fig. 6. According to previous results, following stages of the oxidation process
were defined: I —moisture removal; II — oxidation of the surface layers of chalcopyrite;
Il — oxidation of the inner layers of chalcopyrite; IV — oxidation of enargite and
tennantite; V — forming of dolerophanite; VI — decomposition of chalcocyanite into
tenorite; VII — decomposition of dolerophanite into tenorite.
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Fig. 5. DTA curves for thermal decomposition of sulfide copper concentrate at heating
rates of 5, 10, 15 and 20 °C min™ in the air.
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Fig. 6. TG curves for thermal decomposition of sulfide copper concentrate at heating
rates of 5, 10, 15 and 20 °C min™ in the air.

Thermal analysis results were used to determine kinetic parameters (activation
energy and pre-exponential factor) for the oxidation processes as described in the
literature [32-36]. Kinetic analysis is based on the assumption that the rate constant (k)
is described by the Arrhenius equation:

k=Aexp| ——
o

E 13
T

where A is the pre-exponential factor, £, is the activation energy, R is the
universal gas constant, and 7 is the absolute temperature. The DTA data (Tm—peak
temperature) were processed and the kinetic parameters of the oxidation processes were
obtained using the method of Ozawa [37, 38].

The peak temperatures (Tm) from the DTA curves are shown n Table 3.

Table 3. Peak temperatures from DTA curves.

Heating rate Peak temperature (Trm) / K

(®) /K min’! I I m v \Y VI VII

5 373 631 676 708 840 995 1057
10 379 657 718 781 851 1005 1070
15 397 708 760 834 927 1012 1074
20 399 743 786 895 1005 1016 1079

The Ozawa plot is shown In Fig. 7, as a relationship between In (®) and 103 Ty,"!,
where @ is the heating rate.
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The activation energy E, is calculated from the slope of the obtained straight line,
and the pre-exponential factor InA is calculated from the intercept. All obtained data for
activation energy (E,), the pre-exponential factor (In A), and regression coefficient (r?)
are presented in Table 4.

Table 4. Activation energies (Ea/kJ mol”), pre-exponential factors (InA/s”), and
regression coefficients (r°) obtained by Ozawa method for peak temperatures.

Kinetic Peak No.

parameter I 11 11 v \% VI VII

Ea/kJ mol”! 55 65 55 40 49 428 396

InA/s! 19.68 14.05 1137 838 9.0 53.63  47.02
P2 091 097 099 099 09 0091 0.95

Calculated values for the activation energy show that all oxidation steps took
place in the kinetic area. In stages defined by peaks I — III, activation energies were
close to the values which correspond to transitional area, where both temperature and
diffusion have impact on the reaction rate, while in stages defined by peaks VI and VII,
the activation energy was rising sharply, indicating that temperature had the greatest
impact on the reaction rate.

Conclusions

A sulfide copper concentrate from the domestic deposit (ore body “H”, Serbia)
was subjected to experimental investigation. Chemical analysis showed that the
concentrate is the chalcopyrite-enargite-tennantite type, with arsenic content (3.44 mass
%) high above the upper limit for metallurgical processing. The concentrate is also
overburdened with gangue minerals. It can be concluded that this concentrate needs to
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be pretreated, or mixed with other conventional concentrates, in order to decrease the
amount of arsenic, according to ecological demands and legislation.

Due to a better understanding of the structural, thermodynamic, thermal and
kinetic behavior of the sulfide copper concentrate during oxidation in the air
atmosphere, in the temperature range from 25 to 1000 °C, simultaneous thermal
(DTA/TG), XRD, and scanning electron-microscopic analyses (SEM/EDS) were
performed. The obtained results indicated that oxidation process of the investigated
sulfide copper concentrate occurred in three stages. The first stage can be described as
binary sulfides decomposition followed by exothermal effects and mass decrease (below
600 °C). Endothermal reactions of forming sulfates and oxysulphates in the second
stage are followed by their decomposition into oxides above 850 °C, with their further
oxidation at temperatures close to 1000 °C. Thermal treatment of the investigated
copper concentrate showed that its oxidation during heating from 25 °C to 1000 °C
involved several overlapping exothermal and endothermal reactions and the loss of
volatile elements (arsenic and sulfur). According to these results, the reaction
mechanism of the oxidation process was proposed. Kinetic analysis and calculations,
performed by Ozawa method of non-isothermal kinetics, showed that all stages of the
oxidation process took place in the kinetic area, indicating that the reactions were
chemically controlled and the temperature had the greatest impact on the reaction rate.
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