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THERMODYNAMIC AND KINETIC ANALYSIS OF COBALTITE OXIDATION PROCESS

In this paper results of the thermodynamic and kinetic analysis of cobaltite oxidation process were presented. Inductively cou-
pled plasma atomic emission spectroscopy (ICP-AES) and energy dispersive X-ray fluorescence (ED-XRF) were used to determine
the chemical composition of the examined cobaltite. The results of the chemical analysis showed that the tested sample of cobaltite
mainly consists of cobalt, sulfur, calcium, arsenic, and iron, with a trace amount of some other elements. Also, some analyses were
obtained by X-ray diffractometry (XRD) and scanning electron microscopy (SEM) coupled with energy dispersive spectrometry
(EDS). Mineralogical analysis by X-ray diffractometry shows the existence of four phases: the minerals cobaltite, calcite, pyrite,
and jaipurite. Based on the calculated phase stability diagram of the Co-S-O and As-S-O systems, a thermodynamic analysis of the
cobaltite oxidation process was performed. The results of thermogravimetric analysis and differential thermal analysis (TG/DTG)
were used to determine the mechanism of the oxidation process. Using the Sharpe method of reduced reaction half-time, a kinetic
analysis was performed under isothermal conditions in the temperature range from 300°C to 900°C. The calculated value of the

activation energy of the oxidation process is 8.3 kJ/mol ™.
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1. Introduction

Cobalt has a large industrial application, especially in the
production of high-temperature alloys [1-4]. One of the most
important minerals from which cobalt is obtained is cobaltite
(sulfur arsenide with the formula CoAsS). Cobalt is often sub-
stituted with iron or nickel in cobaltite. Some known reserves of
this mineral are located in China [5], Canada [6], the Democratic
Republic of the Congo [7], and others [8,9]. Cobalt is a material
widely used in modern and military industries due to its high
melting point, high strength, and good magnetic properties.

The process of extracting cobalt from its concentrates is
based on a combination of pyrometallurgical and hydrometal-
lurgical procedures with final refining. Treatment of cobaltite
in order to extract cobalt involves the following processes:
melting, roasting/leaching and direct leaching, depending on
the applied technological procedure. The leaching process of
sulfide minerals has been investigated in other studies [10].
The smelting process as a way of obtaining cobalt is avoided in
industrial practice, especially with those types of cobaltite that

have an increased concentration of arsenic, because the increased
concentration of arsenic negatively affects the process itself
by preventing electro-refining. The increased concentration of
arsenic in cobaltite also has a negative impact on the environ-
ment. Arsenic easily evaporates, so a certain amount of elemental
arsenic and its mixtures are released during melting, and those
are very toxic. In direct leaching, high ambient pressure and high
temperature methods have been developed. When lower capital
and operating costs are taken into account, extraction by the
relatively simple roast-leach technique becomes more attractive
for multi-component cobaltite concentrates. During the roasting
process, sulfur and arsenic are removed, after which cobalt is
converted from a difficult-to-dissolve mixture of sulfides into
soluble forms, mainly oxides. For the extraction of cobalt in
industrial frameworks, the processing of ore with cobalt and
arsenic is carried out by roasting-leaching process.

In open sorces there is no kinetic study performed using
the Sharpe method of cobaltite taken from the Elizabeth Lake
Mine, Espanola Ontario (Canada). Beside Sharpe method,
results of desulfurization at 300°C, 500°C, 700°C, and 900°C
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and phase stability diagram for the systems Co-S-O and As-S-O
are inovative results of cobaltite. Due to this fact in this paper
characterization of cobaltite has been performed.

In this paper, the results of the characterization of cobaltite
are presented after analysis using atomic absorption spectroscopy
(AAS, ED-XRF), scanning electron microscopy (SEM/EDS),
and X-ray diffractometry (XRD). Desulfurization of the sample
was performed at temperatures of 300°C, 500°C, 700°C, and
900°C. Differential thermal analysis and thermogravimetric tests
(TG/DTA) were performed in order to determine the individual
degrees of oxidation reactions of the sample. Kinetic testing of
the sample was performed using the Sharpe method, and the
associated activation energy (Ea) value was determined. The
calculation of the phase stability diagram for the systems Co-S-O
and As-S-O for the investigated cobaltite is also given.

2. Experimental part

The investigated cobaltite originates from the Elizabeth
Lake Mine, Espanola Ontario (Canada). Taken sample was di-
vided in two parts. One part of the sample was solid and subjected
to SEM/EDS test. The second part of the sample was ground
into a fine powder and homogenized. Size of samples particles
was in range of 1 nm to the 1 um.

Sample from first group was used for SEM/EDS test. Used
device for SEM/EDS analysis was JEOL JSM-6460 scanning
electron microscope with energy dispersive spectroscopy (EDS)
(Oxford Instruments X-act). The selected samples for SEM/EDS
analysis were firstly ground using sand paper, then polished us-
ing diamond paste, and finally cleaned in an ultrasonic bath. The
overall compositions of annealed samples were determined by
mapping the entire polished surface of the samples. In contrast,
the compositions of the observed coexisting phases were deter-
mined by examining the surface of the same phase in different
parts of the sample.

Second part of homogenized sample was divided into three
part. One part of sample was used for ICP-AES test, second for
XRD test and third for DTA/TGA tests.

The elemental composition of cobaltite was determined
on an ICP-AES device, Thermo Scientific iCAP 6500 Duo ICP
(Thermo Fisher Scientific, Cambridge, United Kingdom). For
the sample preparation, microwave digestion Advanced Micro-
wave Digestion System, Milestone, ETHOS 1, Italy coupled
with an HPR-1000/10S high-pressure segmented rotor was used.
The mass of the solid sample was 0.1 g. For the dissolution of
the samples, a couple of reagents were used: 5 ml of ultrapure
water, 5 ml of HNOj; (65%, Sigma Aldrich), and 3 ml of H,O,
(30%, Sigma Aldrich). Sample disolved in solvent for ICP-AES
mesurement were filterd with 0.2 um filter.

Using XRD analysis, phase identification data were ob-
tained, which were recorded on a D2 PHASER diffractometer
from Bruker. The device is equipped with a dynamic scintilla-
tion detector and a ceramic X-ray Cu tube (KFL-Cu-2 K) with
A =1.5406 nm in the 26 range of 10° to 75° with a diffraction
maximum of 0.02°. The detection was performed using the
software Topas 4.2 and the database PDF2 (2013).

Measurements with Energy Dispersive X-Ray Fluorescence
Spectroscopy (ED-XRF) of the initial sample were performed
at a voltage of 35 keV at a current of 0.8 mA. The measurement
time was 120 seconds.

TG/DTA tests were performed on a TG apparatus model
STA 409 EP, company NETZSH, Germany. The heating rate was
10°C/min, and the mass of the sample was 100.00 mg. The test
was performed in an air atmosphere. Kinetic tests of the oxida-
tion process were performed using the system shown in Fig. 1.
The experiments were performed in isothermal conditions in the
temperature range of 300°C-900°C. The samples were heated
in a furnace with a horizontal tube. An additional amount of air
is introduced into the reaction area, while the gaseous products
SO, and SO;, which are created in the furnace tube, are collected
in absorption vessels with an aqueous solution of hydrogen
peroxide, which, reacting mutually, form sulfuric acid. In the
presence of the indicator, sulfuric acid reacts with the measured
standard NaOH solution in order to later calculate the content of
isolated sulfuric as well as the level of desulphurization during
the oxidation process.

10

Fig. 1. Schematic representation of the apparatus used for kinetic tests; (1 — air purification system, 2 — horizontal tubular furnace, 3 — pyrom-
eter and voltmeter, 4 — ceramic tube containing the sample, 5 — gas filter, 6 — porcelain sample tray, 7 — absorption vessel, 8 — magnetic stirrer,
9 — automatic burette, 10 — control absorption vessel, 11 — vacuum pump, 12 — hand pump for tube washing)



The degree of desulfurization D% has been calculated by
using formula (1).

D% = ((Sconcentrate-Sfrying)/Sconcentrate) * 100 (1)

Where (Sconcentrate-Sfrying) = Sgass so Eq. (1) is equal to
the Eq. (2).

D% = (Sgass/Sconcentrate) * 100 2)

Calculations were performed in accordance with the Sharpe
method of reduced half-time of reaction [11].

3. Results and discussion

3.1. Quantitative chemical analysis, SEM
and XRD analysis

TABLE 1 shows the results of the quantitative chemical
analysis of the basic elements in the initial sample.

TABLE 1

Chemical composition of the basic elements in the sample

Element Conte:)lt/ mas. Element Content / mas.
o %
Fe 3.23 Ca 9.47
Ni 1.0 Co 26.67
Pb 0.006 S 1737
Mn 0.075 As 6.03
Remainder = 36.149 mas. %

Based on the results of the chemical analysis, the domi-
nant presence of cobalt and sulfur can be observed, followed
by calcium with 9.47 wt.%, arsenic with 6.03 wt.%, and iron
with 3.23 wt.%, while the other analyzed elements are present
in amounts less than 1 wt.%.

The initial sample of cobaltite was examined using
SEM/EDS and XRD techniques for mineralogical analysis.
SEM/EDS analysis determined the chemical composition of the
phases present in the sample, and based on the results obtained in
the initial sample, the existence of four phases was established.
Fig. 2 shows an SEM micrograph of the original cobaltite sample,
on which the detected phases are marked.

Fig. 2 shows the existence of four phases, namely cobaltite
(CoAsS), pyrite (FeS,), calcite (Ca(CO);), and jaipurite (CoS).
In addition to Co, As, and S, small amounts of Fe and Ni were
also detected in cobaltite (CoAsS) by SEM/EDS analysis.
The detected amount of Fe and Ni was 1.15 and 1.18 at.% of Fe
and Ni. The percentage of these two elements is insignificant.
The second phase detected is the mineral jaipurite CoS, which
occurs as a fine-grained light phase. The third detected mineral
is pyrite FeS,, which occurs as a gray phase. The fourth detected
phase is calcite Ca(CO);, which is the darkest phase in the mi-
crostructure shown in Fig. 2.

In addition to SEM/EDS analysis, XRD analysis was also
performed on the same sample. TABLE 2 shows the obtained
results, which include certain parameters of crystal lattices.
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Fig. 2. SEM microphotograph of the initial sample of cobaltite with
marked phases

TABLE 2
XDR analysis of the cobaltite
. Crystal lattice
7/°C Phase Spatial parameter in A
group
a b c
C"‘lc“e[‘lzc]a(co)3 R3h | 4.97085 16.5218
Cobaltite —CoAsS | »1 | 5.5838 | 5.5838 | 5.5838
25 [13]
Pyrite — FeS, [14] | Pa3 | 5.3712
Ja‘p‘“ﬁ‘;]’ COS | p63mme | 33741 5.1759

The Rietveld method was used to interpret the results,
and the literature used for the analysis is listed next to the de-
tected phases [12-15]. The results obtained using XRD analysis
showed very good agreement with the results of the SEM/EDS
analysis.

Fig. 3 shows the obtained X-ray diffractogram of the initial
sample, where the peaks corresponding to the detected phases
are marked with different symbols.
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Fig. 3. X-ray diffractogram of the cobaltite at room temperature
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The characteristic ED-XRF spectrum of the investigated
sample is shown in Fig. 4.

TABLE 3

XRD results of the cobaltite sample after annealing
at different temperatures

16000 Crystal latti t
4 . rystal l1attice parameters
14000 - r 7/°C Phase Spatial in A
| ‘ group a b c
120007 Calcite - Ca(CO) -
1 e 5| R3h |4.97085 16.5218
-, 10000 - [12]
= Co B
£ 50004 300 | Cobaltite ~CoASS | b1 | 55081 | 5.5081 | 5.5981
z ] [13] .
6000 ‘ Pyrite — FeS, [14] Pa3 | 53388
4000_' Fe Rt BE Jaipur.ite —CoS [15] | P63/mmc | 3.3813 5.1868
sca\|l / a Caleite = Ca(CO) | p3, | 4.97085 16.5218
2000 4 \ [t ] 1 /Pb [12]
1\ L e
et e 0 CObalm‘; ; COASS | peant | 56139 | 5.6139 | 5.6139
2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 3 [] 5
Energy, keV Hema“[tfé FeOs | R3er | 53544
Fig. 4. ED-XREF cobaltite spectrum Jaipurite — CoS [15] | P63/mmc | 3.3799 5.1898
Cobalt arsenide —
CoAsO [17] P121/cl | 5.8319 |9.6355(10.2567
The results of the ED-XRF analysis of cobaltite are consist- 700 | Hematite — Fe,O; Ricr | 53500
ent with the chemical analysis and the results of the SEM/EDS [16] _ i
and XRD analyses. The presence of sulfur, calcium, manganese, Lime — CaO [18] Fm3m_| 4.7908
iron, cobalt, arsenic, and lead was detected in the sample. In or- Co(l;al;agerlll;ie | P121/el | 5.8196 19.6650 | 10.2900
der to observe the changes at different temperatures, a cobaltite T ° SC E) ]18 s YRTSE
sample was annealed at 300°C, 500°C, 700°C, and 900°C, after Hle?nZt;te i F£ O] n_1 i -
which diffractograms were recorded, and the obtained results 900 [16] 0 R3c¢cR | 53520
are shown in TABLE 3. Cobalt oxide — CoO _
. Fm3m | 4.1942
The results of the XRD analysis show that there are no [19]
changes for the sample that was annealed at 300°C compared Arsenolite — As,O; =
) Fd3mZ | 11.1179
to the cobaltite sample that was analyzed at room temperature. [20]

Annealing the sample at this temperature did not lead to changes
in the structure, so it can be concluded that the four phases: co-
baltite, pyrite, calcite, and jaipurite are stable up to 300°C, but
with a decrease in the intensity of the characteristic 26 peaks.
After annealing at 500°C, the oxidation of pyrite FeS, occurs,
which is converted into hematite Fe,O5. Further annealing at
700°C results in structural changes. Cobaltite — CoAsS, which is
stable up to 500°C, was not detected at 700°C but rather changed
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Fig. 5. Diffractograms for the cobaltite samples after annealing at dif-
ferent temperatures

from the sulfide form to the oxide form, so the CoAsO phase
was detected, which means that oxidation has occurred. Also, the
formation of As,05; and CoO occurs at 900°C, which originates
from CoAsO. Diffractograms for the cobaltite samples after an-
nealing at different temperatures are given in Fig. 5.

3.2. Thermodynamic analysis of cobaltite
oxidation process

The thermodynamic analysis of the cobaltite oxidation
process began with the construction of phase stability diagrams
for the Co-S-O (Fig. 6) and As-S-O (Fig. 7) systems in the
temperature range from 300°C to 900°C. The calculations were
performed using the HSC software [21].

Based on the constructed phase stability diagrams for the
Co-S-0 and As-S-O systems, it can be concluded that, at lower
temperatures, the most stable phases are cobalt sulfate CoSO,4 and
the higher arsenic oxides As,O5 and As,O,4. With an increase in
temperature, the area of stability of cobalt sulfate decreases and
the area of stability of oxide phases expands. At around 900°C,
the oxides of CoO and As,05; become equilibrium phases under
the conditions of oxidation of cobalt and arsenic sulfides in the
air atmosphere.



log pSO2(g)
5
0
300°C a)
0 =
CoS2 .
5 [CoS1.333
S\007
C0S0.89
-10
-15
20
-30 25 20 -15 -10 0
log pO2(g)
log pSO2(g)
5
700°C )
0
CoS2 .
-5
CoS1.333
Cos CoO
-10
// Co304
CoS0.89
15
20
-30 25 -20 -15 -10 0
log pO2(g)

295

log pSO2(g)
5
500°C b)
0
CoS2 CoSO4 [ ]
5
Co81.333
e
CoS
-10 Co0
C050.89
Co304
15 Co
20
-30 -25 =20 -15 -10 -5 0
log pO2(2)
log pSO2(g)
5
0,
900°C d) Cos04
0
CoS2
5
CoS1.333
CoO
CoS
-10 // Co304
C080.89
15 -
20
-30 25 -20 -15 -10 -5 0
log pO2(g)

Fig. 6. Phase stability diagrams in the Co-S-O system at: a) 300°C, b) 500°C, ¢) 700°C, d) 900°C. The marked dark area represents the usual gas
compositions during the oxidation and roasting of sulfide concentrates (5-15% SO, and 1-5%0, + 10%H,0 and 75%N,)
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Fig. 7. Phase stability diagrams in the As-S-O system at: a) 300°C, b) 500°C, c¢) 700°C, d) 900°C. The marked dark area represents the usual gas
compositions during the oxidation and roasting of sulfide concentrates (5-15% SO, and 1-5%0, + 10%H,0 and 75%N,)
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Possible sequence of transformations based on phase sta-
bility diagrams in the case of the oxidation of cobalt sulfide at
lower temperatures:

CoS — CoS0y,
COSZ — COSO4

and at higher temperatures:

CoS — CoO0,
CoS, — CoO

In the case of arsenic sulfide oxidation, the possible
sequence of transformations based on the stability diagram
at lower temperatures could be represented by the following
reaction paths:

AsS — A5203 —>A8204 i ASzOS,
Ast3 — ASzo3 —>ASZO4 — A5205
and at higher temperatures:

Ast3 — ASzo3

3.3. Thermal analysis

Fig. 8 shows the TG and DTA curves of cobaltite. TG analy-
sis shows that cobaltite degradation takes place in three phases.
The first, 2.94% mass loss at 90.6°C, can be attributed to the loss
of adsorbed water from the sample and the formation of gases
that evaporate easily. The second, 2.80% mass loss occurs in
the temperature range of 300-600°C. In this temperature range,
three transformations occur. First one is denoted at temeperature
0f 453.9°C. This temperature can be related to the oxidation of
pyrite and the formation of the Fe,O5. This transformation is in
agreement with the results of XRD. The second and third peaks
at 541.8°C and 584.9°C correspond to the oxidation process,
at this point the sulfur has burned off and turned into an oxide.
According to the results of XRD test in this points CoAsS turned
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Fig. 8. TG and DTA curves of the cobaltite

into oxide state CoAsO. The largest, 7.70% mass loss occurs in
the third phase in the temperature range of 600-1000°C. The
exothermic peak at 655.2°C corresponds to the conversion of the
Ca(CO); to the CaO. Which is in agrement with XRD results.
The transformation at 752.9°C represents the formation of the
Co0, while the exothermic peak at 803.8°C corresponds to the
formation of the As,0;.

3.4. Sharpe half-time reaction method for calculating
activation energy

Fig. 9 shows the experimentally determined dependences
of the degree of desulfurization on the reaction time at four dif-
ferent temperatures.

1 —=—300°C
1004 —e—500°C
| ——700°C
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Fig. 9. Dependence of the degree of desulfurization of cobaltite on the
reaction time at different temperatures

Fig. 9 shows the relationship between the degree of desul-
furization (D/%) as a function of time at different temperatures
investigated. Based on the obtained experimental data, it can be
concluded that the degree of desulfurization increases both with
time and temperature. It can also be noted that at 300°C, the de-
gree of desulfurization is 25%. With increasing temperature, the
degree of desulfurization increases, and at 500°C within 30 min-
utes, this value is 42%. At 700°C, the degree of desulfurization
is 64.45%. The degree of desulfurization reaches a maximum
value of 96.47% at 900°C after a 30-minute oxidation reaction.

The selection of the appropriate kinetic model for the
linearization of the experimental data was made according to
Sharpe’s method of reduced half-time of the reaction, Eq. (3):

F(x):A~[L] (3)
los
where ¢, 5 represents the time to reach x = 50%, and 4 is a constant
that depends on the kinetic function F(x).

Fig. 10 shows selected kinetic models for linearization
according to the Sharpe method. The linearization is used to



determine which kinetic model is the most suitable. Only the
right kinetic model can linearize the values and other models even
after data analysis give curves. The most used kinetic models
are given in Fig. 10.

100

= D,: 2 =kt
* D,: (1-x) In(1-x) + x = kt
* Dg: [1-(1-x)"2)2 = k-t
= D, 1-2/3x-(1-x)23 = k-t
= Fyi=In(1-x) = kt
- Ry 1-(1-x)V2 = k4t

Ry 1-(1-x)1% = ket

201 — Ay [FIn(1-x)]'2 = kt
- Ag: [In(1-x)]"3 = k+t
== EXPERIMENT
0 1 2 3 4 5

tto.s

Fig. 10. Selection of the kinetic models for linearization according to
the Sharpe method. For example, the meaning of x — x represents the
%D or o — the percent of reaction.

By comparing the experimental data and kinetic equations,
it can be observed that the value of the reduced half-time of the
reaction is more closely approximated by the kinetic function
F1:In(1 —a)=k - 7. This function was used to further linearize
the experimental data.

Fig. 11 shows the linearized experimental curves obtained
by applying the F'1 function based on the obtained data from
Fig. 9. The activation energy was determined based on the slope
of the constructed Arrhenius plot given in Fig. 12.

The calculated value for the activation energy is Ea =
= 8.3 kJ/mol ! for the stage of the oxidation process.
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Fig. 11. Graphic representation of the kinetic equation F'1:In(1 — a) =
=k-1
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Fig. 12. Arrhenius diagram for the oxidation process

4. Conclussions

This paper presents the results of the thermodynamic and
kinetic analysis of cobaltite in order to better understand its
properties, structure, as well as kinetic and thermal behavior
during the oxidation process. Cobaltite was subjected to min-
eralogical and chemical analysis, thermal, thermodynamic,
and kinetic examination of oxidation mechanisms. At lower
temperatures, numerous reactions occurred during heating in
an air atmosphere, accompanied by oxidation semi-products.
Based on the results obtained by TG/DTA and XRD analysis,
it is clear that the final products of the oxidation process are the
oxides Fe,03 (453.9°C), CaO (584.9°C), CoAsO (655.2°C),
Co0 (752.9°C), and As,05 (803.8°C). By using Sharp’s half-
time reaction method, a kinetic calculation was performed, and
the corresponding Ea is 8.3 kJ/mol™".
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