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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Thermal oxidation evolution of 
Cu2S–FeS mixtures has been studied by 
thermogravimetry. 

• Among the methods studied for kinetic 
analysis, KAS method appears the most 
suitable. 

• TGA curve of Cu2S–FeS has been 
reproduced by computational thermo
dynamic calculations. 

• The chemical reactions involved in the 
oxidation of Cu2S–FeS have been 
determined.  
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A B S T R A C T   

Two samples of Cu2S–FeS mixtures were prepared in order to study the thermal oxidation evolution of the raw 
materials used during the first and second sub-stages of slag blowing in a converter furnace. To determine the 
thermal evolution in an oxidative environment, thermogravimetric analysis (TGA) was performed on both 
samples at four linear heating ramps (5, 10, 15 and 20 ◦C min− 1), obtaining similar curves in both cases. Of the 
methods studied, Friedman, Coats-Redfern, Flynn-Wall-Ozawa and Kissinger-Akahira-Sunose, the latter was 
found to be the most suitable to represent the oxidative evolution of Cu2S–FeS mixtures. The kinetic parameters 
calculated using Kissinger-Akahira-Sunose method are highly dependent on the degree of conversion. The results 
obtained for the activation energy ranging between 10 and 20 Kj mol− 1 for conversion rates of 0.2, and between 

* Corresponding author. 
E-mail address: dblanco@uhu.es (M.J. Díaz Blanco).  

Contents lists available at ScienceDirect 

Materials Chemistry and Physics 

journal homepage: www.elsevier.com/locate/matchemphys 

https://doi.org/10.1016/j.matchemphys.2023.128548 
Received 25 May 2023; Received in revised form 21 August 2023; Accepted 9 October 2023   

mailto:dblanco@uhu.es
www.sciencedirect.com/science/journal/02540584
https://www.elsevier.com/locate/matchemphys
https://doi.org/10.1016/j.matchemphys.2023.128548
https://doi.org/10.1016/j.matchemphys.2023.128548
https://doi.org/10.1016/j.matchemphys.2023.128548
http://crossmark.crossref.org/dialog/?doi=10.1016/j.matchemphys.2023.128548&domain=pdf
http://creativecommons.org/licenses/by/4.0/


Materials Chemistry and Physics 311 (2024) 128548

2

30 and 50 Kj mol− 1 for conversion rates of 0.9. In addition, a thermodynamic computational model was 
developed to determine the reactions taking place during the oxidation of the Cu2S–FeS mixtures.   

1. Introduction 

Extractive metallurgy of copper involves two industrial processes: 
pyrometallurgy and hydrometallurgy. Copper from low-grade oxidized 
ores is extracted by hydrometallurgy in three main stages, leaching, 
solvent and electrowinning, while pyrometallurgy is the main process to 
obtain copper from copper sulfide ores [1]. 

The pyrometallurgy of copper causes the oxidative melting of the 
starting material to occur across several stages. The first is flash smelting 
from a blend of copper concentrate, flux and recycled material [2]. 

Flash smelting produces two immiscible liquids, matte and slag. The 
slag is mainly composed of Magnetite (Fe3O4) and Fayalite (Fe2SiO4) 
while the matte consists of a mixture of iron and copper sulfur phases 
(FeS and Cu2S). In general, the flash smelting process follows the re
actions (Eqs. (1)–(3)) [1,3]. The main product of flash smelting is matte, 
with a grade of 62–65 %. 

CuFeS2 + 3.25 O2 = Cu2S + 0.5 FeS + 1.5 FeO + 2.5 SO2 Eq. 1  

3 FeS+ 5 O2 = Fe3O4 + 3 SO2 Eq. 2  

2 FeO+ SiO2 = Fe2SiO4 Eq. 3 

The molten matte is usually processed in a converter furnace, the 
most common of which is the Peirce-Smith version [4,5]. This furnace 
processes in batches, so the matte from flash smelting is processed in two 
stages, the first being slag blowing. 

In slag blowing, the matte is processed from flash smelting and 
sometimes also from copper recovery in slag. The recovered matte 
usually has a higher concentration of copper than the matte from flash 
smelting. After charging with matte, flux (usually SiO2) is added to the 
converter furnace. Oxygen-enriched air is blown into this melt through 
the tuyeres at the bottom of the furnace [1]. The matte oxidation process 
generally follows reactions 2 and 4: 

3 FeS+ 1.5 O2 = FeO + SO2 Eq. 4 

During slag blowing, the matte converter furnace is usually 
recharged in order to process a larger amount of material. Recharging 
takes place immediately after the first skimming of the slag produced. 
Therefore, the slag-blowing stage can be divided into two sub-stages. 
Sub-stage 1 starts with the processing of the matte with approximately 
62–65%Cu, and ends with the first skimming and matte recharged, 
while sub-stage 2 starts with the second processing of the matte with 
approximately 70–75%Cu, and ends with the second skimming and the 
copper-rich molten phase as white metal (Approx. 80%Cu). 

The second stage of the converter process is copper blowing, in 
which the white metal is oxidized to remove the sulfur contained in the 
white metal in the form of SO2 in the gas phase. The general reactions 
that follow this process are Eqs. (5) and (6). 

Cu2S+ 1.5 O2 = Cu2O + SO2 EQ 5  

Cu2S+ 2Cu2O = 6Cu + SO2 EQ 6 

The aim of this work was to study the kinetics of the slag-blowing 
stage of the conversion process. For this purpose, two starting mate
rials were used: Mixture_1, similar to a matte with 65%Cu; Mixture_2, 
similar to a matte with 73%Cu, resembling the first and second sub- 
stages of the slag blowing of the conversion process. 

These industrial processes require rigorous control of operational 
parameters, such as the temperatures applied, the air enrichment used 
or the number of times required for each oxidation process, among 
others [3]. The correct adjustment of these and other parameters is 

crucial for minimizing costs in the extraction of copper by pyrometal
lurgy. This study applied the relevant adjustments to improve the con
version process during the slag-blowing stage by studying the kinetic 
evolution of two mixtures composed of different proportions of Cu2S and 
FeS. The Friedman, Coats, Kissinger and Flynn kinetic methods were 
evaluated and the most appropriate one used in this study. 

As an innovation, we studied the chemical reactions in the oxidation 
process of the Cu2S–FeS mixture by applying a computational thermo
dynamics model developed for this study. This model provides a 
computational calculation of all reactions and their working tempera
tures. For this purpose, we made a computational reproduction of the 
experimental results of the real mass loss/gain curve obtained by ther
mogravimetry (TGA). 

2. Materials and methods 

2.1. Starting materials 

The raw material used in this study was Cu2S and FeS obtained from 
Fisher Scientific. Cu2S has a formula weight of 159.14 g mol− 1, a density 
of 5.6 g ml− 1 and a purity of 99.5 %; FeS has a formula weight of 87.91 g 
mol− 1, a density of 4.7 g ml− 1 and a purity of 99.98 %. This study ac
quired Cu2S and FeS with a mesh powder of less than 200 μm. 

Two mixtures were prepared, Mixture_1 and Mixture_2. To produce 
these mixtures, Cu2S and FeS were mixed proportionally to achieve 
compositions similar to the first and second sub-stages of the slag- 
blowing conversion process. Each amount of Cu2S and FeS was 
weighed on an analytical electrobalance. To ensure mixture homoge
nization, a Fritsch Pulverisette ball mill was used, running for 5 min at 
450 r.p.m. 

Both mixtures were analyzed using Rigaku X-Ray fluorescence 
spectrometer (FRX) model ZSX primus II. In both cases, the impurities in 
the mixtures amounted to less than 0.5 % in each sample. 

Mixture_1 had a matte grade of 65.6 %, similar to the matte to be 
processed in the converter furnace during the first sub-stage of slag 
blowing. The composition of Mixture_1 is shown in Table 1. 

Mixture_2 contained a matte grade of 72.8 %, similar to the matte to 
be processed in the converter furnace during the second stage of slag 
blowing. The composition of Mixture 2 is shown in Table 2. 

2.2. DOAS 

The gasses produced during the TGA test were examined using a 
differential optical absorption spectroscopy analyzer (DOAS) (Unisearch 
Associates Inc.). This equipment takes the SO2 absorption signals and 
compares them to the equipment’s own patterns to determine the con
centration of SO2 produced per unit time. The concentration range that 
the analyzer is able to analyze is wide, as it uses 4 simultaneous analysis 
channels ranging from high SO2 concentrations to the ppm scale [6, 7]. 

2.3. TGA 

Thermogravimetric analysis (TGA) is a suitable instrument for 

Table 1 
Composition of Mixture_1 (65 wt% Cu) obtained by FRX.  

Element Mass Detection limit Element Mass Detection limit 

Cu 65.60 0.01 Si 0.032 0.004 
S 19.74 0.02 Sn 0.031 0.009 
Fe 14.50 0.01 Ni 0.025 0.006  
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determining kinetic behavior in the oxidation process of Cu2S–FeS 
mixtures. 

This equipment provides accurate information about the weight 
loss/gain of the sample as a function of temperature. A thermogravi
metric analyzer (Simultaneous Thermal Analysis 449 F3 Jupiter, 
NETZSCH) was used to verify the thermochemical response of the 
mixtures studied. The TGA experiments were carried out by heating 
samples of approximately 50 mg from 25 ◦C to 1300◦C at four heating 
rates of 5, 10, 15 and 20◦C min− 1, respectively, under an oxygen flow 
rate of 20 cm3 min− 1. Each test condition was carried out in triplicate in 
order to verify the representativeness of the results. 

2.4. Kinetic methods 

Thermogravimetry and differential thermogravimetry (DTGA) 
techniques were applied to calculate kinetic parameters in oxidation 
reactions [8–10]. The kinetic methods used in this work are based in the 
Arrenius equation (Eq. 7). In accordance with the ICTAC (International 
Confederation of Thermal Analysis and Calorimetry) Kinetics Commit
tee [11], different isoconversional methods were used to evaluate the 
evolution of the kinetic parameters of the reactions in the oxidative 
degradation of the mixtures. The kinetic parameters calculated were 
activation energy (Ea), pre-exponential factor (A) and reaction order (n). 

d (α)
dt

= k(T) f (α) Eq. 7  

Where: dα/dt is the reaction rate (min− 1), α is the fractional conversion, 
k(T) is the rate constant and f(α) is a function of reaction degree. 

Substituting the Arrhenius equation in Eq. (7), Eq. (8) can be 
obtained. 

d (α)
dt

=A e

(

− Ea
RT

)

f (α) Eq. 8  

Where: A is the pre-exponential factor (min− 1), Ea is the apparent 
activation energy (J mol− 1), T is the temperature (K) and R is the ideal 
gas constant (8.314 J mol− 1 K− 1) [12]. 

After rearranging and integrating the above equation, Eq. (9) can be 
obtained. 

g(α)=
∫α

0

d (α)
f (α) =

A
β

∫T

T0

e

(

− Ea
RT

)

dT Eq. 9  

Where g(α) is the integral form of f(α), β is the heating rate (K min− 1), T0 
is the initial temperature (K) and T is the final temperature (K) of the 
non-isothermal experiment. 

The function g(α) is a general parameter that will depend on each 
reaction, but may also involve several reactions. Thus, multiple re
actions that can take place at about the same temperature and, with its 
specific conversion rate, are part of a general function that can involve 
the conversion rate of the total system. To facilitate the calculations, 
different approximations to give g(α) [13–16] were developed. Table 3 
presents the approximations analyzed in this study. 

Netzsch Kinetics Neo software (v2.1.2.1) was used to determine Ea 
using the methods described above. 

2.5. Reaction determination by thermodynamic modelling 

The reactions that occur during the oxidation of mixtures composed 
of different proportions of Cu2S–FeS were determined by thermody
namic calculations. The Equilib module of the FactSage program was 
used for this purpose [19–22]. This software uses the Gibbs energy 
minimization method to calculate the association of equilibrium phases 
and their composition. 

The main objective of the modeling was to fit the thermodynamic 
calculations results to reproduce the empirical curve of the TGA test. 
Short increasing temperature ranges were applied for the calculations, 
and the reactions that occurred for the oxidation of Cu2S-Fes mixtures in 
these temperature ranges were determined in each case. 

To develop the thermodynamic model, it was necessary to know all 
the starting conditions of the system studied. The model parameters 
used for each calculation step were the composition of the starting 
material, the composition of the working gas and the initial temperature 
of the thermal range. The main parameters that were adjusted during 
each calculation step were the mass inside the crucible, the working gas 
efficiency during oxidation, and the temperature variation. In each 
calculation step, the initial composition was assumed to be the final 
composition of the immediately preceding system. Working gas effi
ciency during oxidation was used to reproduce the temperature-mass 
pairs reported in the results of the empirical TGA test. The tempera
ture variation used in each calculation step was 0.1◦C, for which the 
chemical equilibrium of the oxidative process of the Cu2S–FeS mixtures 
was calculated. The total temperature range modeled expanded from 
25◦C to 1300◦C. The last system studied was determined by the no-mass 
variation based on the empirical TGA test. 

3. Results and discussion 

3.1. TGA comparative analysis 

Fig. 1 shows the thermograms corresponding to the mass evolution 
(TGA) and its derivative curve (DTG), with respect to the temperature 
corresponding to their oxidative reactions at 15◦C min− 1, for the two 
studied samples. 

The curves in Fig. 1 for the studied mixtures show similar behavior to 
those described by Schwab and Philinis [23] for pyrite oxidation, and by 
Prasad and Pandey [24] for iron sulfide oxidation. In both cases, the 
samples initially gained weight, leveled off and subsequently decreased 
in weight. 

Fig. 1 shows the similarity in the evolution of the studied mixtures. 
Nevertheless, small differences in the DTG peaks of samples 1 and 2 can 
be observed. 

In this figure, the TGA curve for both samples indicates an absence of 
either weight loss or weight gain (absence of chemical reaction) up to 
325-333◦C, after which different phases can be observed for both 

Table 2 
Composition of Mixture_2 (73 wt% Cu) obtained by FRX.  

Element Mass Detection limit Element Mass Detection limit 

Cu 72.79 0.01 Al 0.050 0.005 
S 18.49 0.02 Sn 0.040 0.009 
Fe 8.55 0.01 Si 0.020 0.004  

Table 3 
Mathematical expressiona to calculate kinetic degradation.  

Method  Reference 

Friedman 
ln

( dα
dt

)

= ln (A f(α)) − Ea
RT 

(Eq. 10) 
[13] 

Coats - Redfern 
ln

g(α)
T2 = ln

A R
β E

(

1 −
2 R T

Ea

)

−
Ea
RT 

(Eq. 11) 
[14]  

- First order g(x) = − ln (1 − α)2 

- Second order g(x) = (1 − α)− 1
− 1 

[17] 

Kissinger -Akahira 
-Sunose (KAS) ln

( β
T2

)

= ln
( A R

g(α) Ea

)

−
Ea
RT 

(Eq. 12) 
[15] 

Flynn - Wall -Ozawa 
(FWO) log(β) = log

[ A Ea
g(α) R

]

− 2.315 −
0.457 Ea

RT 
(Eq. 

13) 

[16,18]  

a Different selected functions for f(α) and g(α) depending on the selected 
model and reaction order. 
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samples and according to temperature. Six phases could be identified 
that were produced during the thermal increase in the TGA experiment 
for the two studied samples. 

TGA Stage I, corresponding to 325–425◦C. A weight increase in 
this temperature range in both TGA curves was observed. Based on data 
collected by Coombs and Munir [25] sulfate formation in iron and 
copper is likely to occur in the range of 300-500 ◦C. It is generally 
accepted that ferrous sulfate (FeSO4) is formed initially (at 200◦C and 
above), subsequently oxidizing into ferric sulfate. Oxidation to ferric 
sulfate at temperatures similar to 327◦C has been observed by Kennedy 
and Sturman [26]. 

In this stage, sulfate formation of the metal sulfides takes place. The 
equations proposed by Dunn and Muzeda [27], Coombs and Munir [24] 
and Asaki and Kondo [28] for the reactions occurring at the temperature 
corresponding to Stage 1 are Eq.14-20. 

2Cu2S+
9
2

O2 = Cu2O + 2 CuSO4 (Eq .14)  

Cu2S+ 2O2 = Cu2SO4 (Eq .15)  

Fe S+
2
3

x O2 → Fe1− x S +
x
3

Fe3 O4 (Eq. 16)  

Fe S+
3
4

x O2 → Fe1− x S +
x
2

Fe2 O3 (Eq. 17)  

2Fe3 O4 +
1
2

O2 → 3 Fe2 O3 (Eq. 18)  

2 Fe S+ 5 O2 + SO2 → Fe2 (SO4)3 (Eq. 19)  

2 Fe2 (SO4)3 → 2 Fe2O3 + 6 SO2 + 3 O2 (Eq. 20) 

The crucible weight increase is a consequence of the above reactions 
due to the oxygen uptake implied. A weight increase in the studied 
samples of 26 % for Mixture_1 (65 wt% Cu) and 29 % for Mixture_2 (73 
wt% Cu) was observed. 

These results match those reported by Schwab and Philinis [23] for 
pyrite. These authors indicated that the maximum weight loss (18.2 % at 
500◦C) corresponds to the formation of ferrous oxide. As the tempera
ture increased, the observed weight loss was less. These changes 
correspond to increasing sulfate formation at low temperatures. Thus, 
the main reactions can be represented by the following equations: 

2 Cu Fe S2 + 7.5 O2 → 2 Cu S O4 +Fe2O3 + 2 SO2 (Eq .21)  

2 Cu Fe S2 → Cu2 S+ 2 Fe S + S (Eq. 22)  

Fe S → Fe3O4 → Fe2O3 (Eq. 23)  

Cu2 S → Cu2 O → Cu S O4 → Cu O.Cu S O4 → Cu O→Cu Fe2O4

(Eq. 24) 

The previous equations also concur with those presented by Prasad 
and Pandey [24] for FeS oxidation, in which the presence of FeS2, Fe3O4 
and unoxidized FeS between 375 and 425◦C and Fe2O3 and Fe2(SO4)3 
plus unoxidized FeS at 475◦C and over, was demonstrated. 

TGA Stage II, corresponding to 425–570◦C. In this thermal range, 
an increase in the crucible mass of 16 wt% for Sample 1 and 13 wt% for 
Sample 2 was observed. 

This stage saw a net SO2 emission. Burger [29] reported that in 
temperatures below 500◦C the main reaction corresponds to that pre
sented in Eq. (25), and above 500◦C to that described in Eq. (26) and Eq. 
(27). 

2 Cu2S+ 5 O2 → 2 CuO + 2 CuSO4 (Eq. 25)  

Cu2S+ 2 CuSO4 → 3 SO2 + 2 Cu2O (Eq. 26)  

Cu2S+ 4 CuSO4 → 5 SO2 + 6 CuO (Eq. 27) 

Meunier and Vanderpoorten [30] and Prasad and Pandey [24] 
confirmed the same reactions in TGA Stage I, because in temperatures 
above 525 ◦C the only compounds present were FeS, Fe2(SO4)3 and 
Fe2O3 (the latter being the final product of oxidation). Therefore, a 
possible chemical reaction at these temperatures would be oxidation of 
FeS to Fe2(SO4)3 and its subsequent oxidation to Fe2O3 (Eqs. (31) and 
(32)), or direct oxidation of FeS to Fe2O3 (Eq. (33)). 

The changes in slope in higher temperatures due to the presence of 
kinetic barriers formed by the generated products that hinder oxygen 
diffusion have been explained by Niwa [31] and Schwab and Philinis 
[23]. They showed that the reaction rate in the temperature zone studied 
was almost independent of the temperature in this region, so that the 
kinetics, the rate of diffusion of oxygen through the pores in the ferric 
oxide layers produced, must be controlled. Some authors [8, 32] re
ported that Cu2O is oxidized to CuO under high temperatures. 
Furthermore, above 400◦C, oxidation of S and the continued degrada
tion of Cu2S occurs resulting in the formation of different CuxO com
pounds, although the most frequently reported compound within these 
temperatures is Cu2O (Eqs. (28) and (29)). The following equations are 
proposed to explain the reactions that may have taken place in this TGA 
stage: 

4 Cu2S+ 7 O2 → 2 Cu2O+ 2 Cu2SO4 + SO2 (Eq. 28)  

3Cu2S+ 6 O2 → 2 Cu2O+ 2 CuSO4 + SO2 (Eq. 29)  

3 Cu2O+Cu2S+ 6 CuSO4 + 4O2 → 7 (CuO ⋅ CuSO4) (Eq. 30) 

Fig. 1. TGA and DTG corresponding to the oxidative reactions in the Cu2S–FeS mixtures at 15 ◦C min− 1.  
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2 Fe S+ 5 O2 + SO2 → Fe2 (SO4)3 (Eq. 31)  

2 Fe2 (SO4)3 → 2 Fe2O3 + 6 SO2 + 3 O2 (Eq. 32)  

Fe S → Fe3O4 → Fe2O3 (Eq. 33) 

TGA Stage III, corresponding to 570–685◦C. No change in weight 
measurements at this temperature interval was found. Data reported by 
Schwab and Philinis [23] and Prasad and Pandey [24] showed that, as in 
the previous stage studied, the rate of oxide formation did not change 
with temperature, attributing the non-reactivity to the closure of the 
pores of the material, which prevents the diffusion of oxygen into the 
sample. 

TGA Stage IV, corresponding to 685–870◦C. A very pronounced 
decrease in the TGA curve was observed at this stage. From 685◦C up
wards, a weight loss was observed reaching levels similar to those found 
inside the crucible in temperatures around 870◦C. The loss of S in the 
samples can be associated to this phase. At this stage, the rate of weight 
loss is very high, however, once approximately 90–95 % of the weight 
loss has occurred (at 850-870◦C), the rate decreases rapidly to zero. The 
weight loss found was 55 % for Mixture_1 (65 wt% Cu) and 51 % for 
Mixture_2 (73 wt% Cu). 

The total oxidation of chalcopyrite [30] and pyrite [24] has been 
reported for this thermal range (685–870 ◦C). At 870 ◦C, samples that 
completely converted to Fe2O3 and CuO were found. Oxidation of cop
per sulfides in the 750◦-950 ◦C range has also been documented by 
Ramakrishna and Abraham [33], presenting possible equations to 
explain the reactions that can be expected to take place in that tem
perature range (Eq. (34)–(37)). For the range between 685 and 870 ◦C, 
the main characteristic of the TGA curve was a negative slope related to 
the massive production of sulfur dioxide. The desulfurization process 
leads to the conversion of copper sulfate and oxysulfate into copper 
oxides (CuO, Cu2O). 

2Cu2S ⋅ + 3O2 → 2 Cu2O + SO2 (Eq. 34)  

Cu2O ⋅ +
1
2

O2 → 2 CuO (Eq. 35)  

Cu2S ⋅ + 2 CuO → 6 Cu + SO2 (Eq. 36)  

(CuO ⋅ CuSO4) → 2 CuO+
1
2

O2 + SO2 (Eq. 37) 

Otherwise, according to the findings of Dunn and Muzenda [27], the 
CuO produced due to the decomposition of sulfates is shown in Eq. (38). 

2 CuSO4 → CuO ⋅ CuSO4 + SO3 (Eq. 38) 

The Fe2O3 produced remains unreacted in this stage. 
TGA Stage V, corresponding to 870–1030◦C. In this range, the 

crucible mass remains constant up to 1030◦C. As the reaction advance 
seemed to be independent of temperature in this range, we propose that 
the reaction rate is controlled by the rate of oxygen diffusion through the 
pores of material within the crucible. 

TGA Stage VI, corresponding to 1030–1200◦C. In this thermal 
range, the deoxygenation of residual oxides produced a slight but con
stant weight loss estimated at around 6 % for Mixture_1 (65 wt%Cu) and 
5 % for Mixture_2 (73 wt%Cu) at 1200◦C. In this stage, the sulfur is 
totally eliminated from the crucible. In agreement with Li and Mayer 
[34] and Yi [35], the observed mass drop in oxygen loss in the oxides 
produced may be due to Eqs. (39) and (40). 

4 CuO → 2 Cu2O + O2 (Eq. 39)  

Fe3O4 → Fe2O3 (Eq. 40)  

3.2. Activation energy evolution during thermal oxidation of the mixtures 

This study evaluated the kinetic methods of Friedman, Coats, Kis
singer and Flynn, and the results for each model are shown in Table 4. 

The method proposed by Kissinger-Akahira-Sunose to explain (as a 
whole) the oxidation evolution of Cu2S–FeS mixtures seems be the most 
appropriate, as demonstrated by the higher R2 value. Studies by 
Sánchez-Jiménez [36] and Vyazovkin [11] demonstrated the good 
applicability of this method in different nonlinear temperature pro
grams. The effectiveness of the method in this study, which involves 
exothermic and endothermic reactions as well as mass gain and loss, is 
especially important. In addition, the values for the regression co
efficients in the Coats-Redfern model (1st order) were calculated, and 
higher values than those obtained for Coats-Redfern (2nd order) found. 
As a result, due to the discovery of the higher value for the regression 
coefficient for the first-order modeling, the assumption that this is the 
dominant reaction order for almost all the reactions listed can be 
corroborated. Moreover, the method proposed by Friedman seems to be 
poorly suited to the kinetic study of Cu2S–FeS mixtures. 

The activation energy, as discussed in section 2.5 for the Kissinger- 

Akahira-Sunose method, from the slope of the plot of ln
(

β
T2

)
versus 

1000
T , can be determined (Fig. 2). 

A positive upward evolution in the activation energy with respect to 
the conversion degree for both mixtures can be observed. The corre
sponding values for Mixture_1 (65 wt%Cu) are, in the overall conversion 
range, higher than the calculated values for Mixture_2 (73 wt%Cu). This 
difference in the higher value of the activation energy for FeS oxidation 
(120–175 kJ mol− 1) [37] compared to that found for Cu2S oxidation 
(25–104 kJ mol− 1) can be attributed. Additionally, that difference in
creases in direct correlation to the degree of conversion in both studied 
mixtures. The study by Coombs and Munir [25] of FeS oxidation in the 
648 to 650◦C temperature range corroborates these estimates. These 
authors demonstrated that the oxidation kinetics of this compound in 
the step from Fe2(SO4)3 to Fe2O3 are controlled, calculating a value of 
192 kJ mol− 1 for this activation energy. Prasad and Pandey [24] re
ported the apparent activation energy for FeS oxidation in the range of 
192 kJ mol− 1. However, Niwa [31] calculated an activation energy of 
Ea = 21.4 kJ mol− 1 for the reaction shown by Eq. (41). 

Fe S1− x +

(
7
4
+ x

)

O2 ↔
1
2

Fe2 O3 + (1 − x) S O2 (Eq. 41)  

3.3. Oxidation reactions of Cu2S–FeS 

The reactions that occur during the oxidation of a Cu2S–FeS mixture 
were determined by thermodynamic calculations with a model devel
oped for this work. The model reproduces the TGA experimental curve 
by calculating the chemical equilibrium for small intervals in the ther
mal increase during the TGA test. As the temperature increases, the 
material in the crucible reacts with the oxygen flowing into the TGA 
device. This thermodynamic approach enabled us to reproduce the re
actions within the crucible and the weight evolution of the crucible as 
registered by the TGA curve. 

Table 4 
Shows the results of the application of the different methods presented in 
Table 3. Mixture_1 corresponds to the sample composed of 65% Cu, and 
Mixture_2 to the sample consisting of 73% Cu.  

Method Mixture_1 Mixture_2 

R2 df R2 df 

Friedman 0.849 1.966 0.880 1.978 
Coats- Redfern (1st order) 0.992 1.966 0.989 1.978 
Coats- Redfern (2nd order) 0.913 1.966 0.936 1.978 
Kissinger-Akahira-Sunose 0.997 1.966 0.998 1.978 
Flynn - Wall -Ozawa 0.651 1.966 0.701 1.978  
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Real oxygen efficiency could be determined, since the oxygen 
availability was used as a limiting factor to calculate the progress of each 
reaction, and fit them to the empirically calculated TGA test data. It was 
possible to overlap the thermodynamically calculated mass with the real 
mass inside the crucible with great accuracy. 

The chain of reactions produced in the TGA, as developed thermo
dynamically, is described in Table 5. Ten different reactions for the 
Cu2S–FeS oxidation process were obtained by computational 
calculations. 

In Fig. 3, the experimental TGA curve of the oxidation process is 
shown in a continuous line, and the thermodynamically calculated curve 
in a dotted line. On the thermodynamically calculated curve, the starting 
temperatures of each reaction determined by the model developed are 
indicated. The dashed line shows the SO2 percentage measured during 
the TGA test. 

The initial mass variation starts at 300◦C, with the increase in cru
cible weight due to Cu2S and FeS oxidation (Eq. 42). The first mass in
crease is related to iron sulfation at between 300◦C and 424.2◦C (Eq. 
42–44). 

The reactions obtained in this study for the first mass increase up to 
424.2◦C match those described by Coombs and Munir [25] and Kennedy 
and Sturman [26] for Fe sulfation, and the initial appearance of Fe2O3. 
Asaki [38] reported that the first mass gain from Cu2S oxidation yields 
Cu5FeS4, as in the equation described in this work (Eq. 42). 

Following the initial mass increase, a different reaction occurs at 
424.2◦C. In this stage, the residual Cu2S and FeS, together with the 
products of the previous reactions, react with oxygen to produce (Cu2O) 
(Fe2O3), Cu2O and CuSO4, as described by Dunn and Muzeda [27], 
Nafees [39] and Prasad and Pandey [24] (Eq. 45). 

In the 456.9-519.9◦C temperature range, the residual Cu2S and FeS, 
as well as Cu2O, CuSO4 produced in the previous stage, react with ox
ygen to produce (Cu2O)(Fe2O3) and (CuO)(CuSO4), as described in re
action 46. These same products were described by Nafees [39], Dunn 
and Muzeda [27], Prasad and Pandey [24] and Burger [29]. 

At 519.9◦C (Eq. 47), a mix of Cu2S, FeS, Fe2O3 and (Cu2O)(Fe2O3) 
produced in the last reaction stage leads, through oxidation, to the 
formation of Fe3O4, CuO and (CuO)(CuSO4), as well as spinels such as 
CuFe2O4, as determined by Asaki [38], Nafees [39], Dunn and Muzeda 
[27], Prasad and Pandey [24] and Burger [29]. 

The final mass gain stage is between 539.5 and 675.1◦C. In this stage, 
reaction 48 takes place where the last residual Cu2S and FeS, together 
with the previously produced components, react to produce (Cu2O) 
(Fe2O3) and (CuO)(CuSO4), as also described by Asaki [38], Nafees [39], 
Dunn and Muzeda [27], Prasad and Pandey [24] and Burger [29]. 

From 675.1◦C, mass loss starts with reaction 49. At this temperature, 
CuO starts to form, as described by Nafees [39] and Prasad and Pandey 
[24]. The thermodynamic model shows that SO2 starts to be produced at 
the same moment as it is registered by the DOAS device. The production 
of CuO and SO2 extends to 873.5◦C (Eq. 49 and 50), which corresponds 
to the large mass loss (TGA Stage IV of section 3.2 of this work). 

The reactions described above, 49 and 50, are highly exothermic, 
producing a higher temperature increase around the particles within the 
crucible than the temperature registered by the thermocouple near the 
crucible. The modeled curve shifted to the right with respect to the TGA 
curve at this stage. In order to correct this deviation, the temperature 
used for the model calculations in this stage was higher than the regis
tered TGA temperature. For this reason, the last of the reactions 
described (Eq. 51) might not happen at the temperature of 1040◦C 
recorded by the TGA equipment but at 1118.5◦C described by the 

Fig. 2. Activation energy evolution calculated by the Kissinger-Akahira-Sunose 
method for both Cu2S–FeS mixtures. 

Table 5 
Reactions for each temperature range for Cu2S–FeS mixtures in an oxidative 
environment during thermal degradation. The FactSage Equilib module was 
used to make the calculations.  

Temperature ranges 
(◦C) 

Reactions  

300–340.3 10 Cu2S+ 8 FeS+ 11/2 O2 = Fe2O3 + 2 FeSO4 +

4 Cu5FeS4 

(Eq. 
42) 

340.3–353.7 4 FeS+ Fe2O3 + 4 Cu5FeS4 + 37/2 O2 = 10 Cu2S+
10 FeSO4 

(Eq. 
43) 

353.7–424.2 7 Cu2S+ FeS+ 16 O2 = FeSO4 + 7 Cu2SO4 (Eq. 
44) 

424.2–456.9 3 Cu2S+ FeS+ 107Cu2SO4 + 57/2 O2 =

59 Cu2O+ 101 CuSO4 + 1/2 (Cu2O)(Fe2O3)+

10 SO2 

(Eq. 
45) 

456.9–519.9 3 Cu2S+ FeS+ 4Cu2O+ 5CuSO4 + 23/2 O2 =

1/2 (Cu2O)(Fe2O3)+ 9 (CuO)(CuSO4)

(Eq. 
46) 

519.9–539.5 3 Cu2S+ FeS+ 20 Fe2O3 + 79/2 (Cu2O)(Fe2O3)+

59/2O2 =

30 Fe3O4 + 4 (CuO)(CuSO4)+ 17 CuO+ CuFe2O4 +

28 FeCu2O4 + Cu(Cu2O4)

(Eq. 
47) 

539.5–675.1 3 Cu2S+ FeS+ 7/2 Fe3O4 + 10 CuO+ 7/
2 FeCu2O4 + 6 O2 =

15/2 (Cu2O)(Fe2O3)+ 4 (CuO)(CuSO4)

(Eq. 
48) 

675.1–787.9 7 (CuO)(CuSO4)+ FeCu2O4 =

14 CuO+ 1/2 CuFe2O4 + 1/2 Cu(CuO4)+ 7/
2 O2 + 7SO2 

(Eq. 
49) 

787.9–873.5 7 (CuO)(CuSO4) = 14 CuO+ 7/2 O2 + 7SO2 (Eq. 
50) 

1118.5–1228.5 CuO+ SPINEL = Cu2O+ MATTE+ O2 (Eq. 
51)  

Fig. 3. Theoretical modelling of the TGA curve (mixture with 73 wt%Cu) for a 
heating rate of 15 ◦C min− 1. Dashed line shows the SO2 wt% produced during 
the TGA test. 
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thermodynamic model calculations. In this last reaction (Eq. (38)), Cu2O 
is oxidized to CuO, and the material inside the crucible reaches sufficient 
temperature to melt and produce liquid matte. 

4. Conclusions 

The thermal degradation process in an oxidative environment has 
been studied for samples of Cu2S–FeS mixtures using TGA. The Fried
man, Coats-Redfern, Kissinger-Akahira-Sunose and Flynn-Wall-Ozawa 
kinetic models were all evaluated and the Kissinger-Akahira-Sunose 
method was found to be the most suitable for the kinetic study of 
Cu2S–FeS mixtures. The kinetic parameters calculated using the selected 
method are highly dependent on the degree of conversion, such as the 
activation energy ranging between 10 and 20 Kj mol− 1 for conversion 
rates of 0.2, and between 30 and 50 Kj mol− 1 for conversion rates of 0.9. 

A computational model based on thermodynamics was developed to 
reproduce the TGA curve of the Cu2S–FeS samples. The results obtained 
are high reliable, as the calculated and empirical curve fit are very close. 
The reactions that happened during the thermal degradation of the 
Cu2S–FeS mixture in an oxidative environment between 300◦C and 
1228.5◦C were determined, yielding 10 reactions and the identification 
of 13 different phases in addition to Cu2S and FeS. 
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