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Abstract

The kinetics of the thermal oxidation of white metal and Cu,S have been studied by
thermogravimetric analysis (TG), which was carried out under atmospheric oxida-
tive conditions (O, 100%) with heating rates of 5, 10, 15 and 20 °C min~'. Each
experiment was performed three times, the indicated values being the average of
the three experiments. The experimental data were evaluated using isoconversional
models based on the Arrhenius equation. The models are constructed using first-
order mechanisms in the reactions and therefore, since most of them present ade-
quate regression coefficients, it can be verified that order 1 is the most predomi-
nant order among the reactions found. In addition, the Kissinger—Akahira—Sunose
model, which has the highest regression coefficient, is considered to be the most
optimal. Similar behavior was recorded between Cu,S and white metal, as well as
a similar regular increase in the apparent activation energy (Ea) of 10-30 kJ mol ™!
for both materials. The reactions that took place during the oxidation of white metal
and Cu,S were determined using a computational model based on thermodynamics
developed in this work. The identified phases include CuSO,, Cu,SO,, Cu,0O, CuO,
CuO-CuSO;,.

Keywords FactSage - Thermogravimetric analysis (TG) - Kinetic - White metal -
Cu,S - Copper metallurgy

Introduction

Copper is mainly obtained by industrial extraction processes involving copper
sulfide ores. The two main industrial processes extraction types are pyrometallurgy
(82% and hydrometallurgy (18%). Hydrometallurgy extracts copper from rich cop-
per oxide ores in three stages: leaching, solvent extraction and electrowinning [1].
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Pyrometallurgy is based on flash smelting, and the principal raw material used is
a blend of copper concentrate, flux and reverts. The blend is mixed in the flash fur-
nace with enriched air (oxygen-enriched air is working air with an oxygen percent-
age higher than 21 vol%.) for smelting to obtain two immiscible liquids, matte and
slag [2].

The oxygen-enriched phase compounds the molten slag, while the sulfide phases
compound the molten matte. Copper sulfide is the main component in matte (50-70
wt.% Cu), with a minor amount of iron remaining as iron sulfide (5-20 wt.% Fe).
The gas phase develops during the flash smelting process and is mainly composed of
nitrogen and SO,. The molten phases, matte and slag, are separated by settling, and
are mechanically transferred to processes in which liquid slag is usually processed in
an electric furnace to recover copper losses in the slag, while liquid matte is refined
into blister copper (99-99.5 wt.% Cu) in a copper converter furnace [3].

Copper conversion is a batch process consisting of two stages [4]. The first stage,
slag making, separates the iron-rich phase from a mix of matte, flux and oxygen-
enriched air. The matte is oxidized by enriched air added to the bath via tuyeres to
obtain two immiscible phases, white metal mainly in the form of Cu,S (75-80 wt.%
of Cu), and slag, mainly FeO. In general, the slag production process follows the
reactions (Eq. 1-3).

2FeS + 30, & 2FeO +2 80, (D)
3FeS + 50, < Fe;0, +3 S0, 2)
2FeO + SiO, < 2 FeO - SiO, 3)

Cu,S is the chief component of white metal, but it also contains other dissolved
elements such as iron, precious metals and minor elements present in copper con-
centrates. The slag formed is mechanically removed from inside the converter fur-
nace in order to continue with the copper production stage [5].

In the second stage of the conversion process, called copper making, the main
objective is the oxidation of the white metal by oxygen-enriched air to form blister
copper (99-99.5 wt.% Cu). During copper making, the reactions described by Egs. 4
and 5 take place [1].

2Cu,S + 30, < 2Cu,0 + 250, @)

Cu,S + 2Cu,0 < 6Cu + SO, 5)

The reactions that occur in the copper-making stage are highly exothermic and,
therefore, the copper-making process is autothermic. For this reason, scrap or cold
copper-rich recycled material (cold charge) is added to maintain a working tempera-
ture of around 1250 °C [6].

The kinetic study in this work describes the conversion process of the oxida-
tion kinetics that take place during the copper-making stage. To obtain this objec-
tive, we have used the oxidative degradation of materials is understood as the set
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of reactions that the starting material, inside the crucible, undergoes due to the
combined effect of thermal heating and reaction with oxygen. The raw materials
used in the experiments in this study were industrial white metal and pure Cu,S.
Pure Cu,S was selected because it is similar to industrial white metal, with a sim-
pler composition than industrial materials.

This work studies the kinetic of the copper-making reactions in the conversion
stage of the extractive copper industry. To this end, we have used the oxidative
degradation of materials understood as the set of reactions that the starting mate-
rial undergoes, inside the crucible, due to the combined effect of thermal heating
and the reaction with oxygen.

Industrial control parameters, such as temperature, oxygen air enrichment, the
amount of working gas or time required for the oxidation process, all need close
control throughout the conversion process. These parameters are crucial in the cop-
per smelting industry for minimizing costs, by adjusting working times and using the
optimum quantity of working gas (oxygen efficiency) [7]. For this purpose, a study
of the evolution of the reaction kinetics of the oxidation process of white metal and
Cu,S was carried out. The Cu,S and white metal oxidation performed in this work
aimed to resemble the copper-blowing stage in a copper conversion process. Several
kinetic methods have been evaluated and the most suitable applied to this study.

In this work, we also studied the reactions that took place during the oxidation
of Cu,S with pure O, based on a computational thermodynamic model. Although
several published works have described some of the reactions that occur during
Cu,S oxidation [8-13], this present research has studied all the oxidation reac-
tions of Cu,S and their working temperatures, theoretically calculated by an inno-
vative computational model that matches the results to the actual mass loss/gain
obtained by the experimental thermogravimetry test.

Experimental Procedures
Materials

The raw materials for the experiments carried out were of two sources. A sam-
ple of pure copper sulfide supplied by Fisher Scientific, with a formula mass of
159.14 g mol™!, density of 5.6 g m1~! and purity of 99.5%.

The other sample was industrial white metal obtained by the oxidation of an
industrial matte provided by Caletones Smelter (Codelco, Chile). The initial
matte was oxidized by adding a silicate flux in order to yield the slag phase of the
fayalitic type. The slag produced is easily removed because it remains as liquid
on the surface, since it has lower density than white metal. The remaining white
metal was used as one of the raw materials in this study (Fig. 1).

A typical white metal composition from a pyrometallurgical smelter is shown
in Table 1. These white metal range values concur with the white metal composi-
tion studied in the present work.
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Fig. 1 White metal X-ray diffraction; Ca: Calcium; K: Potassium; Cl: Chlorine; S: Sulfur; P: Phospho-
rus; Si: Silicon; Al: Aluminum; Mg: Magnesium; Na: Sodium; F: Fluorine; Mo: Molybdenum; Zr: Zir-
conium; Pb: Lead; Se: Selenium; Cu: Copper; W: Tungsten; Ni: Nickel; Fe: Iron

Table 1 Compositional analysis
of typical white metal in mass %

Element Mass Element Mass

Cu 76.710+4.71 Pb 0.16+0.05
S 17.69+1.86 Mg 0.04+0.07
Si 1.83+1.70 Se 0.03+0.01
Al 0.50+0.25 Ni 0.11+0.05
Fe 2.00+1.67 P 0.16+0.05
Ca 0.43+1.53 K <0.01+0.01

Table 2 Compositional analysis by X-ray fluorescence of white metal in percentage

Element Mass Detection limit Element Mass Detection limit
Cu 82.76 0.01 Pb 0.08 0.011
S 14.56 0.02 Mg 0.03 0.023
Si 0.86 0.01 Se 0.03 0.005
Al 0.72 0.01 Ni 0.02 0.006
Fe 0.65 0.01 P 0.02 0.004
Ca 0.24 0.01 <0.01 0.004

The composition of the white metal used in this work was analyzed using the
Rigaku ZSX primus II model X-ray fluorescence spectrometer. The results obtained
by X-ray fluorescence are shown in Table 2.

@ Springer



High Temperature Corrosion of Materials (2023) 100:209-225 213

The white metal used in this study was analyzed by X-ray diffraction with the
Bruker D4 endeavor diffractometer, using copper radiation excited with a current
of 20 mA and 40 kV voltage. The working conditions were a scan interval of 3°
to 70° of 2 theta, an increase in angle step of 0.02° and an exposure time per step
of 1 s. The results obtained by X-ray diffraction confirmed that the composition
of the white metal sample was Cu,S by more than 97%. Figure 2 is the diffrac-
togram obtained for the white metal sample. The top of the Fig. 2 represents the
enlargement for the peaks detected in the XRD represented in the bottom of the
Fig. 2.

FRX and DRX analyses concur in sample impurities content (copper and sul-
fur exceeded 97%).

The pure copper sulfide with ground to a mesh powder of less than 200 microns
was acquired. The white metal was ground in a Fritsch Pulverisette ball mill for
five minutes at 450 r.p.m., which yielded material of less than 200 microns.

Differential Optical Absorption Spectroscopy (DOAS)

A DOAS analyzer (Unisearch Associates Inc.) was used to measure the composi-
tion of the gas produced. The DOAS analyzer determines the concentration of
SO, in volume percentage by comparing the absorption signals to their stored
reference signals. The DOAS analyzer uses four simultaneous analysis chan-
nels, each applied to different concentration values, from ppm scale to high SO,
concentration.

TG Cu,S (5-20°C min™)
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Fig.2 Mass loss profile thermograms for Cu,S in relation to four heating rates. Continuous line:
5 °C min~"; short-dashed line: 10 °C min_l; dotted line: 15 °C min™; long dashed line: 20 °C min.”!
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Thermodynamic Calculation

The FactSage Equilib module was used in the thermodynamic calculation [14—17].
This software uses the Gibbs energy minimization model to calculate the associa-
tion of equilibrium phases and their composition. Taking these results, calculated
at short intervals of increasing temperature, a study was made of the reactions that
occurred in this temperature range.

In this study, the aim of the model was to fit the thermodynamic calculation in
order to reproduce the experimental thermogravimetric analysis (TG) curve. To
achieve this required modulating the efficiency of the oxidative process.

To make the thermodynamic calculations model, it was necessary to know the
starting conditions of the system studied, such as composition, temperature and
phase state. The parameters adjusted to this study were the mass of the real sys-
tem inside the crucible used in thermal analyzer, the increasing temperature of the
system and the efficiency of the oxidation process. The oxidation efficiency was to
reproduce the temperature mass pairs reported in the TG curve. In this study, we
calculated the chemical equilibrium of each 0.1 °C difference to obtain all possible
reactions that would take place during copper sulfide oxidation, from 25 to 1300 °C,
until no further change in mass was observed in the TG analysis. In each calculation,
we assumed that the initial composition of each system studied was the final compo-
sition of the previous system.

Thermogravimetric Analysis Equipment

The kinetic behavior of Cu,S was studied by thermogravimetric analysis (TG) [18].
Three parameters were registered in TG: the mass of the crucible that contains the
Cu,S sample, temperature of the crucible and time. TG methodology evolves the
mass change of the crucible at the same time that the temperature steeply increases.
The oxidant air flow is controlled specifically for the process. As a result a curve of
mass versus time and temperature is obtained. In this study, a thermogravimetric
analyzer (Simultaneous Thermal Analysis 449 F3 Jupiter, NETZSCH) to verify the
thermochemical response of Cu,S was used. The TG experiments were performed
by heating a 50 mg sample from 25 to 1300 °C at heating rates of 5, 10, 15 and
20 °C min~!, respectively, in an oxygen dynamic flow rate of 20 cm® min~!. The
conditions used in the test are similar to those used in the work on kinetic of pyrite
by Vazquez [19].

Each experiment was performed three times, with the values reported being the
average of the three experiments. The averages obtained have a standard deviation
below 10%.

Kinetic Methods

Several isoconversional methods to evaluate the evolution of the kinetic param-
eters for the reactions that took place has been studied. The kinetic parameters
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included the activation energy (Ea), the pre-exponential factor (A) and the reac-
tion order (n). In this respect, techniques such as thermogravimetry (TG) and
derivative thermogravimetry (DTG) analyses are commonly employed to calcu-
late the kinetic parameters of oxidation reactions [9-13, 20]. All these methods
are based on the general Arrhenius equation (Eq. 6).
d(a)
el k(D)f (@) (6)
t
In this form, da/dr is the reaction rate (min~!), « is the fractional conversion,
k(T) is the rate constant and f(a) is a function of reaction degree.
The Arrhenius equation enables us to obtain Eq. 7.
d _E
ﬂ =A€( RT)f(a) (7)
dr
where A is the pre-exponential factor (min~"), Ea is the apparent activation energy (J
mol '), Tis the temperature (K) and R is the ideal gas constant (J K~! mol~1) [21].
Equation 8 is obtained by integrating and rearranging the above equation.

fw a7 ()
A w)ar
8= @ " h e ®

where g(a) is the integral form of fla), § is the heating rate (K min™'), 7, is the
initial temperature (K) and T is the final temperature (K) of the non-isothermal
experiment.

It is clear that g(a) implies a general function that will depend on each par-
ticular reaction. In general, the reaction function g(a) could also involve more
than one reaction, in other words, multiple reactions occurring at the same tem-
perature, each of which has its specific degree of conversion, thus involving the
general function of the conversion rate of the total system that cannot be cal-
culated exactly. Therefore, different approximations to express g(a) have been
applied in this study [22-28]. Some of the approximations used in this research
are described in Table 3.

Netzsch Kinetics Neo software (v2.1.2.1) was used to determine Ea and the
pre-exponential factor (A) using the methods described above.

Table 3 Methods to calculate kinetic degradation parameters using TG data

Method Mathematical expression* Reference

Friedman da') _ _ Ea [22]
in( %) = mar@) - 2 ©)

Coats—Redfern g@ _ g AR(1 _ 2RT\ _ Ea [23, 24];
42 = lnﬁE(l 2 ) £ (10)

Kissinger—Akahira—Sunose (KAS) ( YA ) _ ( AR ) _ Ea [25, 26]
In =)= In o i (11)

Flynn—Wall-Ozawa (FWO) _ [ AEa ] _ _ 0457Ea [27, 28]
log(p) = log R 2315 - ——= (12

“Different selected functions for f(a) and g(a) according to the model selected and reaction order
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Results and Discussion
Chemical Analysis

The identification, quantification and control of components other than Cu,S in
white metal could be, a priori, a relevant aspect in determining correct process
development, particularly because of problems that could arise due to possible reac-
tions or collateral physical phenomena.

Table 2 presents the white metal’s chemical composition, with the copper sulfide
sample at 99.5wt.% (Cu,S) and appreciable amounts of Si (0.86%), Al (0.72%) and
Fe (0.65%).

Comparative Evolution of Results Obtained in the Thermogravimetric Analysis
of Pure Cu,S and Industrial White Metal

Figure 2 shows the evolution of the TG curves for Cu,S at four heating rates under
oxidizing conditions. As expected, changes in the curves were observed when exam-
ining the various heating rates of the same material, due to the kinetic nature of the
TG events. In this regard, higher heating rates result in a lower resolution of the
curve since the reactions occur faster. On the other hand, lower heating rates take
longer to produce such reactions, and greater sensitivity may result.

The curves made with 5, 10, 15 and 20 °C min™' have a great geometrical simi-
larity in the trends shown by the set. For this reason, one of the curves has been
selected to be shown in isolation and to explain its mass variation step by step. The
selected curve represented in Fig. 3 is the 15 °C min~! curve because it is a curve
made at an intermediate heating ramp.

Figure 3 presents the thermograms corresponding to the mass loss profile (TG)
and its derivative curve (DTG) for Cu,S and white metal, with respect to the tem-
perature for its oxidative decomposition at 15 °C min~'. Four thermograms were
made to calculate the kinetic parameters, but only the thermogram corresponding to
15 °C min~! is presented here to show the evolution of the thermal oxidation.

The mass versus temperature continuous curves displayed in Fig. 3 for pure
Cu,S, and white metal exhibits remarkable similarity. Moreover, the derivative mass

Cu,S (15°C min'") Weight / % White Metal (15°C min-') Weight / %

— = = Derivat. Weight / Ag A"

&
>
a

150 —~ = = Derivat. Weight / Ag A°C-1

Mass / %
Mass / %

S L b O N A o
Derivat. Weight/ Ag A°C

0 200 400 600 800 1000 1200
Temperature / °C Temperature/ °C

Fig.3 TG and DTG corresponding to the oxidative decomposition of Cu,S and white metal at
15 °C min.™"
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curves (represented by the discontinuous trace) demonstrate analogous behavior,
with the peaks of the discontinuous curves coinciding in both cases. This observa-
tion strongly suggests that both pure Cu,S and white metal undergo identical reac-
tions during the heating process, supporting the aforementioned conclusion [8—10].

In Fig. 3, the TG curve indicates an absence of mass loss or mass gain (absence of
chemical reaction) up to 250 °C. Above that temperature, a similar profile of the two
samples emerges, and different phases, according to temperature, can be observed.

The TG curve in the range 250-570 °C shows a mass increase of 39% for Cu,S
and 27% for white metal, which could be related to the greater abundance of Cu,S in
the “pure Cu,S sample” than in the white metal sample. The process in this range is
related to copper sulfide oxidation to form copper sulfate, as confirmed by TG and
DTG peaks. This mass increase due to the formation of sulfates, in accordance with
Dunn [12], can be associated to the following reaction (Eq. 13).

Cu,S + 40, < 2CuSO, (13)

However, Burger [11] reported that different reactions can occur in parallel giv-
ing rise to the general reaction described by Eq. 13. In this sense, these studies show
that, in temperatures below 500 °C, the main reaction corresponds to that presented
in Eq. 14, and for temperatures between 500 and 700 °C, to Eq. 15 and Eq. 16.

2Cu,S + 50, & 2Cu0O +2CuSO, (14)
Cu,S + 2 CuSO, < 3 S0, +2 Cu,O (15)
Cu,S + 4 CuSO, < 5 S0, + 6 CuO (16)

Following this previous step, the TG curves (Fig. 3) show a shallower slope in the
range of 570-720 °C, approximately. From the data provided by Wang et al. [9] and
Zuo et al. [10], Cu,O oxidizes to CuO above 260 °C and transforms to CuO under
higher temperatures. Furthermore, above 400 °C, S oxidation and a continuous
degradation of Cu,S occurs, resulting in different Cu,O compounds being formed,
although compounds with x=2 are the most frequently reported. This mass gain by
the oxidation of copper sulfides to form copper sulfate and oxysulfate is confirmed
by TG and DTG peaks (at 550 and 720-760 °C). Nafees et al. [13] described the
formation of copper sulfates from copper sulfide at temperatures described in the
same range.

In the 720-870 °C range, the TG curves (Fig. 3) show a pronounced mass loss
related to the oxidation of sulfur to sulfur dioxide. At this stage, as a result of the
elimination of the sulfur content as SO,, a significant mass decrease to contents
similar to the initial ones at temperatures close to 870 °C takes place. Ramakrishna
and Abraham [8] showed that, in the 750°-950 °C range, the oxidation of copper
sulfides takes place according to Eq. 17-20.

Cu,S +3/20, « Cu,0 + SO, (17)
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Cu,0 +1/20, < 2Cu0 (18)
Cu,S + 2Cu,0 < 6Cu + SO, (19)
Cu,S + 0, < 2Cu+ SO, (20)

Alternatively, according to Dunn and Muzenda [12], part of the CuO can be
yielded above 900 °C, also due to the decomposition of sulfates generated in the
previous phase (Eq. 21-22).

2CuSO, < CuO - CuSO, + SO, Q1)

CuO - CuSO, < 2Cu0O + SO, (22)

No significant alteration was observed between 870 and 1000 °C. The removal
of sulfur compounds, reaching masses similar to the initial ones, was verified in this
step.

In the 1000-1300 °C stage, the TG curves show a mass loss of around 9%. Li and
Mayer [29] and Yi et al. [30] related this mass loss to the reaction in Eq. 23.

4 CuO & 2Cu,0 + O, (23)

In this study, we modeled the TG curve around thermodynamic calculations to
reproduce the crucible mass evolution using oxygen efficiency to control the mass
gain/loss. New equations for each temperature range were generated with the model
developed in this work (Sect. "Oxidation reactions of Cu2S". Oxidation reactions of
Cu,S).

Oxidation Reactions of Cu,S

A computational thermodynamic method to determine the reactions involved in the
Cu,S oxidation process in an oxidative environment has been developed. Through
this method, the chemical equilibria were calculated at each point of the experimen-
tal TG curve. The computational method developed improves empirical methods for
determining the phases formed during Cu,S oxidation because our method allows us
to determine the oxidation state of elements in each phase formed.

By merging kinetic and thermodynamic models, the temperatures found for the
different reactions following the FactSage Equilib module have been modulated to
fit the changes found in the TGA profile.

The starting material used for thermodynamic calculation was the same as in
the experimental TG. The working gas used in the thermodynamic calculation was
restricted to ensure that the reaction advance equaled the experimental mass TG
curve. The limited availability of the working gas was the method used to apply
oxygen efficiency in order to reproduce the crucible mass in each calculation step.
Table 4 shows the oxygen efficiency average data in each temperature range.
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Table 4 Reactions calculated according to the FactSage Equilib module applied to the different tempera-
ture ranges studied

Temperature ranges/°C  Oxygen Reactions

effi-
ciency/%
250.0-353.6 0.23 2Cu,S +9/20, & Cu,O + 2CuSO, (24)
353.6-416.3 2.44 Cu,S + 20, < Cu,SO,(25)
416.3-434.4 8.48 4 Cu,S + 70, < 2Cu,0 + 2Cu,SO, + SO, (26)
434.4-490.8 4.61 3Cu,S + 60, & 2Cu,0 + 2CuSO,4 + SO, (27)
490.8-573.7 1.80 3 Cu,O + Cu,S + 6 CuSO, + 40, « 7(CuO - CuSO,) (28)
573.7-718.5 1.40 12 Cu,0 + 2/5Cu,S + 70, & 24 CuO + 25(CuO - CuSO,) (29)
718.5-873.5 - (CuO - CuSO,) < 2 CuO + 1/20, + SO, (30)
1118.5-1228.5 - 4Cu0 < 2 Cu,0 + 0, 31)

Eight different reactions were determined for Cu,S oxidation. The experimen-
tal TG curve (continuous line) of the Cu,S oxidation process and the thermody-
namic curve calculated (dashed lines) are presented in Fig. 4. The starting tem-
perature of each calculated reaction is shown by points on the TG curve Fig. 4.

The calculated reactions and oxygen efficiency are shown in Table 4.

The initial mass increase at 250 °C starts with the Cu,S oxidation reaction
(Eq. 24). It was determined that the initial mass increase in the Cu,S oxidation
related to the formation of CuO and CuSO,. The reaction obtained in this work

Cu,S (10°C min 1)
140
Temp.,718.5°C TGA
135 .
Temp. 573.7°C e e e e eTheoretical TGA
130 .
X Reaction star
125 temperature
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120
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Fig.4 Comparative evolution of the experimental and estimated TG curves for Cu,S, in 10 °C min™'

heating rate
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for the initial mass change matches Dunn and Muzenda [12], as does the sulfate
formation associated to the mass increase, also described in this study.

In the 353.6-416.3 °C range, the starting material was 95.39% Cu,S, 3.18%
CuSO,, 1.43% Cu,0, as shown in Fig. 5. In the temperature range studied, the for-
mation of Cu,SO, starts with Cu,S oxidation (Eq. 25). The mass increase (10.5%)
has an oxygen efficiency of 2.44% from the 20 cm® min~! added in the TG.

In the 416.3-490.8 °C temperature band, gaseous SO, was formed as a result
of Cu,S oxidation. In this temperature range, two different reactions took place
(Eq. 26-27). The output gas empirical measurement of the thermogravimetric test
showed SO, gas production at between 418 and 502 °C (Fig. 6).

Following the previous stage, two different reactions occurred in the
490.8-718.5 °C temperature range (Eq. 28-29). The compositional evolution of the
crucible mass is shown in Fig. 5. The main phase formed in this temperature range
was CuO.CuSO,. This phase was also described by Dunn and Muzenda [12] and
Nafees et al. [13] for Cu,S oxidation.

At 718.5 °C, all Cu,S had been oxidized. The Eq. 30 reaction describes the mass
loss in the slope curve from 718.5 to 873.5 °C where the final reaction product is
CuO and SO, gas. The same reaction was described by Nafees et al. [13] for the
630 °C-840°C temperature range.

Sulfur dioxide production in the 624-863 °C range is shown in Fig. 6. The SO,
curve was obtained empirically by measuring the off-gas produced during the TG
test. The temperature range at which SO, was produced was consistent with the
reaction (Eq. 30) obtained by the computational thermodynamic model.

The mechanism proposed through the sequence of reactions in Table 4 (mod-
eled in Fig. 5) fully coincides, as far as SO, evolution is concerned, with the DOAS
measurements (Fig. 6).

The reaction described by Eq. 30 is a highly exothermic process. The exother-
mic process causes the real temperature inside the crucible to increase. The reac-
tion described for the last mass loss (Eq. 31) starts at 1118.5 °C according to the

—Cu2s
L_etle)
Cu20

Cu2s04

Concentration / %

°
A CusO4
*
X

CuO-Cuso4
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Fig.5 Phases in the evolution of Cu,S oxidation concentration as a function of temperature
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Fig.6 TG curve corresponding to the oxidative decomposition of Cu,S at 15 °C min~!; the SO, curve
corresponds to the DOAS measurement

computational thermodynamic model developed in this work. There is a difference
between the TG temperature and the reaction (Eq. 31) starting temperature calcu-
lated by the model. In this study, we have tried to explain this temperature decal-
age by means of a thermal difference between the temperature registered by the TG
equipment at this stage and the real temperature within the crucible.

Comparative Kinetic Evolution of Cu,S and White Metal

Table 5 shows that the Kissinger—Akahira—Sunose method seems to be the most
suitable to represent (as a whole) the evolution of Cu,S oxidation (pure and white
metal). This may be due to the good applicability of this method to temperature
programs other than linear heating [31-33] which, in this case, having both exo-
thermic and endothermic reactions, is especially important. The regression

Table 5 The results of the

L . . Method Cu,S White metal
application of the different
methods presented in Table 3 R? Df R? df
Friedman 0.561 1.965  0.797 1.963

Coats—Redfern (1* order) 0.896 1.965 0.935 1.963
Coats—Redfern (2" order) 0.751 1.965 0.910 1.963
Flynn-Wall-Ozawa 0.921 1.965 0.916 1.963

The underlined row corresponds to the most appropriate method
among those studied

@ Springer



222 High Temperature Corrosion of Materials (2023) 100:209-225

coefficient values obtained for the Coats-Redfern (1st order) model are also higher
than those obtained for Coats-Redfern (2nd order). This supports the supposition
that the first order is the dominant order of reaction, which is the one used in the
Kissinger—Akahira—Sunose model. Experimentally, this method shows that the acti-

vation energy is determined by the slope of the graph of ln(%) versus &TOO (Fig. 7).

Figure 7 shows the activation energy evolution for both starting materials stud-
ied, using the Kissinger—Akahira—Sunose method.

Similar behavior between Cu,S and white metal was found, with similar Ea
values that differs 1-3 kJ mol~! for both materials for a conversion variation
of 0.1-0.9 corresponding to absolute Ea values in the range of 10-30 kJ mol™!
(Fig. 7). It should be noted that the values calculated for Cu,S were significantly
lower throughout the entire conversion range than those found for white metal;
the variation in the values calculated to the different quality of the raw material
used must be taken into account. On the other hand, the values obtained were
similar to those in Barrios Garcia [5] (24 kJ mol™"), Jalkanen [34] (10.5 kJ mol™")
and Ramakrishna and Abraham [8] (25 kJ mol™").

Conclusions

The evolution of the thermal oxidation of Cu,S and white metal samples by ther-
mogravimetric analysis has been studied. TG and DTG analyses showed similar
behavior for Cu,S and white metal.

Five phases, which corresponded to increases and decreases in sample mass,
of the thermal oxidation of these samples were identified: CuSO,, Cu,SO,, Cu,0,
CuO, CuO-CuSO,.

30

Pure Cu,S J

sl | ——— Industrial Cu,S e

20

Activation Energy (kJ mol™)

0,0 0,2 0,4 0,6 0,8 1,0

Conversion (o)

Fig.7 Activation energy evolution calculated by the Kissinger—Akahira—Sunose method for Cu,S and
white metal
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Among the methods studied for kinetic data analysis, the Kissinger—Aka-
hira—Sunose method seemed to be the most suitable.

Activation energy evolution with respect to the degree of conversion indicated
lower values of this parameter for Cu,S with respect to industrial white metal.

A non-empirical methodology based on computational thermodynamic calcula-
tions to reproduce the Cu,S oxidation TG curve, by performing oxidative restriction
in the process, has been developed, and a very accurate mass loss/gain match to the
TG measurements was obtained.

The analysis of SO, in the off-gas produced during Cu,S oxidation was consistent
with the reactions obtained by the non-empirical thermodynamic model developed.
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