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Abstract: Background: Rhenium [Re] is obtained as a by-product during the extraction of copper
and molybdenum ores. In current extractive metallurgy, Re extraction involves a heat treatment that
causes Re losses by volatilization and release of toxic gases into the environment.

Objective: This research proposes a novel microwave heat treatment [MWHT] to enhance Re ex-
traction avoiding Re losses and toxic gas release into the environment.

Method: A novel MWHT and traditional thermal processes used in mining were applied to Cu-Mo
concentrates. The elemental composition analysis of the concentrate was performed by atomic spec-
trometry. The crystalline phase was identified by X-ray diffraction. Particle structure observations
were performed with an optical microscopy [OM] and scanning electron microscopy [SEM] with a
Field Emission, including semiquantitative analysis [EDS]. Thermal behavior and non-isothermal
reduction processes were studied using Thermogravimetry Differential Thermal Analysis [TG-
DTAI.

Result: Re, S and As release decreased 5% during MWHT, compared to 34% of traditional meth-
ods. Molybdenite [MoSz] and Chalcopyrite [CuFeS2] were the crystalline phases in the ore after
MWHT. Rhenium was found as an oxide [ReOs] and metallic Re. Samples under MWHT showed
structural transformations in the mineral particles, with minimal mass losses and high Re and Mo
concentrations. The structural transformation of the ore involved microcracks formation.

Conclusion: The MWHT induces a combination of particle degradation mechanisms and lower
temperature requirements that prevent Re losses. Lower gas emissions turn this technology into an
environmentally friendly one. Crystalline transformation of the Re-chalcopyrite phase enhances Re

release during leaching, the next step after MWHT in the hydrometallurgical extraction.
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1. INTRODUCTION

Re constitutes a valuable and extremely rare chemical el-
ement, currently used in numerous applications: a] in metal-
lurgy as an addition element [for high-temperature superal-
loys], b] as a catalyst in the petrochemical industry, c] in elec-
tronic equipment, and d] in medicine for pancreatic cancer
therapy [1-7]. Minerals containing Re are generally found in
very small quantities and are currently not commercially via-
ble sources. Re is present in nature at low concentrations as
an isomorphic impurity in more than 50 carrier minerals such
as molybdenite [MoS;] and chalcopyrite [CuFeS;]. In both
cases, it is associated with complex sulphide minerals [8-11].
Rhenium has different industrial methods for production [12-
15]. The most used is molybdenite roasting. The mechanism
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is associated with molybdenum production. First, flue gases
[SO-] are released from the ore by oxidative roasting. This is
possible since Re volatilizes at temperatures above 400°C in
the form of rhenium heptaoxide [Re2O;]. The ore is then
treated by leaching and solvent extraction to obtain Re [16-
20]. This method has advantages, such as large capacity, easy
operation, and low demand for equipment. It also has signifi-
cant shortcomings. During the oxidation-roasting process,
dust with harmful gases are emitted [M0S;, MoQOs, MoOg,
SOz, SO2], and certain amounts of Re,O7 can be lost [17, 21,
22]. These ga emissions constitute unacceptable air pollution
and damage to the extractive metallurgy equipment, increas-
ing production costs [17, 23, 24]. Mining's impact on climate
change and gas emissions mitigation purposes is under the
spotlight in scientific studies. M. Azadi et al. [25] inform that
emissions from coal mining are well studied and are expected
to reach approximately 784 Mt of CO,-equivalent [COze] by
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2030. In this sense, it is relevant to extend research to extrac-
tive metallurgy processes, such as roasting heat treatments, in
order to develop new alternatives to minimize gas emissions
and improve energy consumption. Nowadays, rhenium is
mainly produced through the molybdenum roasting and cop-
per smelting processes. However, compared to the hydromet-
allurgical process, the pyrometallurgical process consumes
more energy and discharges larger amounts of waste gas, re-
quiring expensive gas treatment or causing serious environ-
mental problems [20, 26]. In addition, due to its recovery as a
by-product from the gas phase in smelting and roasting, the
total recovery of rhenium in those processes is of key im-
portance.

Furthermore, to overcome the shortcomings of oxidative
roasting during Re extraction, a microwave heat treatment
[MWHT] has been introduced as a roasting alternative [27-
29]. MW is associated with electromagnetic radiation in the
microwave frequency range of 300 MHz - 300 GHz. Some
researchers carried out experimental exploration and theoreti-
cal analysis of microwave irradiation’s influence on mineral
microstructure [30-33]. MW heating of a refractory mineral is
more efficient compared to conventional roasting processes,
resulting in lower energy costs. Refractory mineral com-
pounds have different absorption properties in the MW field,
causing temperature gradients within the particles that pro-
mote microcracks generation. The temperature gradients pro-
duce localized "hot spots" that result in areas with high tem-
peratures that induce phase transformations in the structure
and localized volume changes. Studies have been conducted
on the effect of content on MW-induced cracking [34-38]. It
was demonstrated that MW radiation has a significant impact
on the pore structure when the coal body’s moisture content is
low, and this behavior can be assimilated to sulphide minerals
due to its oxygen affinity. MW heating is more efficient than
conventional heating in terms of speed and uniformity [17, 39-
41]. It is important to consider that MW heating occurs from
the core of the particles as the MW penetrates and generates
heat inside the sample. On the opposite, in conventional heat-
ing processes, particles are heated from the surface to the core
by conduction or convection. The reverse MW heating pattern
is considered extremely useful for mineral treatment pro-
cesses when the heat has to be trapped inside the material [39,
42, 43]. In addition, MW contributes to the propagation of mi-
crocracks due to electromagnetic vibrations. Numerous exper-
iments and numerical research have been carried out into the
mechanism governing the MW-induced fracturing of rocks
[or ores] and the influence of MWHT on the mechanical prop-
erties of rocks [or ores] [44-47]. Under the effect of MWHT,
new intergranular and transgranular fractures are generated in
rocks [48-51]. More seriously, rocks are cracked and crushed
or molten to cause rocks [or ores] to lose all of their bearing
capacity. The mineral particles cracks, and the rupture im-
proves Re recovery during leaching and solvent extraction,
decreasing energy requirements during milling processes. Alt-
hough the use of microwaves is not at an industrial scale in
the roasting stage of pyrometallurgical routes, in recent years,
many studies have been devoted to this pretreatment tech-
nique [52-54]. Accordingly, emerging applications of micro-
wave-assisted roasting [MWAR] to treat sulfide materials
such as gold concentrates and mixed oxide-sulfide zinc ores
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have recently been reported. In the present work, a methodol-
ogy for Re extraction from copper and molybdenum ores em-
ploying MWHT is proposed. To evaluate the performance of
the proposed methodology, a comparative study between
MWHT, oxidative roasting and carbothermal reduction was
carried out. The characterization of the treated mineral sam-
ples includes the chemical composition determination and the
crystalline phases identification by X ray diffraction [XRD].
In order to identify gas emissions, chemical reactions, and
phase transformations in relation to temperature, differential
thermal analysis tests [DTA TG] were performed at a constant
heating rate [ = 10 °C min‘Y]. The structure and the presence
of microcracks in the particles were evaluated by optical mi-
croscopy and scanning electron microscopy [SEM with EDS
analysis]. The results were correlated with the information of
the thermodynamic simulation of the systems, considering
specific conditions of interest.

2. MATERIALS AND METHODS

In this study, microwave irradiation treatment was carried
out in a 2.45 GHz multimode furnace [model JQ2801X] with a
turntable and a maximum power of 1900 W. The chamber di-
mension was 333 x 548 x 525 mm. Samples of 10 g were placed
in a porcelain crucible of 50 mL. The heat treatment power con-
ditions selected were: 500 W, 750 W and 950 W. The samples
were treated using periods of 10 min up to a total time of 30
min. Between heat periods, the temperature was measured with
an infrared thermometer gun. Finally, samples were cooled and
stored properly. Temperature variations in the sample during
heat treatments were monitored with a GIS 1000C Professional
Bosch thermal detector [-40°C to 1000°C].

For comparison, a sample of the concentrate was subjected
to the carbothermal reduction process, and the working proce-
dure and parameters were described in a previous study [55].
As was mentioned, the capture values and the reducing agent
were adjusted in order to retain the highest sulfur concentra-
tions. The temperature and time conditions were established to
reach the highest recovery of the desired elements. To remove
impurities, the Re-containing molybdenum-copper sulphide
concentrates were treated by an alkaline leaching process. The
leaching agent was a sodium hydrosulphide solution in the pres-
ence of sodium hydroxide NaSH/NaOH. For the comparative
study, the sample with the highest Re content was selected.

The study also included a sample processed by conven-
tional roasting heat treatment, processed in air at 400°C for 30
min. All the samples and heat treatment conditions are de-
tailed in Table 1.

Table 1. Samples identification and heat treatment conditions
used in the study.

Sample Heat Treatments Conditions
S1 Conventional roasting - processed at 400°C for 30 min.
T1 Carbothermal roasting with CaO [0.2 g] and C [0.5 g],
heated to 400°C for 30 min.
MW MW [500 W, 750 W and 950 W], considering periods of
10 min and tiora = 30 Min
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The chemical composition of the samples S1, T1, and MW
was determined by different atomic spectroscopy techniques
according to the concentration of the target element. The sam-
ples [0.2 g to 0.5 g] were digested by applying a multi-acid
media depending on the analytical technique. A double attack
sequence was performed. Finally, samples were diluted to 5%
[v v1] nitric acid. Major elements were determined by atomic
absorption spectroscopy in Perkin Elmer equipment, AA
PinAAcle 900T. The minor elements were determined by in-
ductively coupled plasma optical emission spectrometry [ICP-
OES] instrument PERKIN ELMER 7300 DV. The sample
MW heat treated applying 750W showed the highest Re con-
tent and was selected for further studies.

The crystalline phase identification was carried out by X-
ray diffraction using a Philips X 'Pert diffractometer and the
software Match 3.0 for data processing.

The structure of the concentrate particles was observed by
optical microscopy [OM] using an Olympus GX51 micro-
scope with a Material Plus image analysis system and a Zeiss
microscope with polarized light and differential interference
contrast microscopy [DIC]. The structural study also included
the observation carried out by scanning electron microscopy
[SEM], including semi-quantitative analysis [EDS], with a
Field Emission Gun, FEI QUANTA 200. The thermal behav-
ior of the samples, including the non-isothermal reduction
process, was determined by thermal analysis [DTA TG] using
a SHIMADZU TA 60 instrument. Tests were performed up to
700°C, considering a heating rate of 10°C min in air. The re-
sults are correlated with the thermodynamic simulation car-
ried out by FactSage 8.1 [56]. The databases used were:
FTmisc 8.1, FTOXCN 8.1, FToxid 8.1, FTsalt 8.1, FactPS 8.1.

3. EXPERIMENTAL

Sample preparation: for the Rhenium recovery study, a
copper, iron, and molybdenum sulphide mineral from a de-
posit placed in the central zone of Argentina was selected. The
mineral was processed by “rougher” flotation. Then, samples
were crushed and pulverized [up to 100 mesh granulometry]
in order to improve Re extraction. Once the samples reached
the appropriate size, they were homogenized and hermetically
preserved in polypropylene containers. Roasting stage: from
the processed sample, 10 g were weighed and placed in a 50
mL porcelain crucible. It was exposed to MW radiation in 3
periods of 10 minutes of 500, 750, and 950 W [30 min]. Fi-
nally, the sample was cooled and stored. Re extraction meth-
odologies involved an initial characterization of the molybde-
nite sample without heat treatment. Then, the proposed treat-
ment was applied to the mineral, along with two other com-
monly used techniques, in order to evaluate and compare the
efficiency of the different processes. In summary, the treat-
ments were:

» Sample S1: processed at 400°C for 30 min.

» Sample T1: processed [by carbothermal roasting] with
Ca0 [0.2 g] and C [0.5 g], heated to 400°C for 30 min.

» Sample MW: processed with MWHT for 30 minutes
[technique proposed in this work]. Subsequently, tests were
carried out on the processed samples in order to characterize
them and compare the results.
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4. RESULTS AND DISCUSSION

For comparison, the ores treated by the described roasting
treatments were characterized according to their chemical
composition, crystalline phases, and morphology. The chem-
ical composition of the samples is shown in Table 2. The sam-
ple identified as SO shows the chemical composition of the
molybdenite [MoS;] concentrate without heat treatment. For
validation of the spectroscopic methodology performed for Re
determination, a standard reference material was analyzed
[423-Molybdenum Oxide Concentrate, with a certified rhe-
nium concentration of 0.004%]. The average Re concentration
value obtained for the reference material was 0.0038%, with
no significant difference [p= 0.05] with the certified Re con-
centration value.

Table 2. Chemical composition of the samples in wt %.

Sample So S T, MW
Cu 2.5+3 1.92+3 1.37+3 1.15+3
Fe 2.7+3 1.07+3 1.91+3 2.37£3
Na 0.18+3 0.06+3 0.06+3 0.12+3
K 0.15+3 0.11+3 0.11+3 0.13+£3
Mo 49.48+3 50.67+3 55.10+3 56.77+3
Mn 0.01+3 0.01+3 0.01+3 0.01+3
Ca 0.57+3 0.50+3 5.92+3 0.61+3
Mg 0.20+3 0.18+3 0.17£3 0.22+3
Re 0.65+3 0.43+3 0.63£3 0.62+3

S 29.89+3 23.05+3 25.53+3 27.18+3
As 0.20+3 0.05+3 0.05+3 0.18+3

It is relevant to note that sample T1 and sample MW pre-
sented the highest Re concentrations [0.63 %wt.] and [0.62
%wt.], respectively. These results are consistent with those re-
ported by Juneja et al. [23]. Although Re recoveries are similar
in carbothermal and MWHT, the recoveries of S and As after
MWHT are close to the concentration of S and As in the mineral
without thermal treatment. The values indicate that no harmful
emissions of SO, and AsOs were generated during MWHT.

The crystalline phases present in the samples after heat
treatments were identified by XRD, as shown in Fig. 1. The
results showed that the main crystalline phases determined in
all the samples are Molybdenite [MoS;] and Chalcopyrite
[CuFeS;]. Rhenium is present in all the samples as oxide
[ReOs] and metallic Re. In sample T1, carbide [CFeORe;] was
also identified. The information obtained is consistent with
the chemical composition of the samples.

XRD results also provided information on the crystalline
structure present in the identified phases. The main phase
[MoS;] was a hexagonal crystalline structure after the pro-
posed heat treatments. The tetragonal crystalline structure of
chalcopyrite constitutes the most common phase in nature.
However, the CuFeS; [chalcopyrite] phase presents a crystal-
line structure transformation between tetragonal and cubic
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phase FCC compatible with the intermediate solid solution
cubanite [57]. These data allow us to infer how MWHT favors
the generation of microcracks with the exposure temperature,
retaining the rhenium in the calcine as an oxide.
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Fig. [1]. Crystalline phases identified in samples. [a] S1, [b] T1 and
[c] MW.

The reactivity of the sulfides or transformation to metal
sulfides and the reactions associated with metal sulfides in an
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oxidizing atmosphere [such as roasting treatments] may be es-
tablished by thermodynamic calculations. In the samples, it is
possible to propose the following reactions [eq. 1 to 4] to ex-
plain the products identified by XRD diffraction. The en-
thalpy evolution [AHO and AGO, in cal] in relation to temper-
ature [T, in °C] for all reactions was calculated by applying
the Reaction module of the software FactSage 8.1. The range
of temperature considered in the thermodynamic simulation
was 100°C to 800°C, with a temperature of 50°C. In addition,
it was possible to evaluate Gibbs energy variations AGO at
T=400°C, verifying that all of them were negatives. The fea-
sibility of the reactions at 400°C could be proposed in the or-
der: AG30 > AG10> AG20> AG30.

ReS;+20,> Re+2S02  [1] AG10400°C=-108417.4cal
Re + 1.5 02 > ReOs [2] AG20400°C= -97140.1cal

MoS; + 3 O = Mo0O, + 2SO, [3] AG30400°C= -
194292 3cal

2 MoO: + O, 2 2 MoO3 [4] AG40400°C= -52653.1cal

Plotting AGO at temperatures between 100 to 800°C makes
it possible to compare the evolution predicted for all the reac-
tions (Fig. 2). Based on the thermodynamic prediction, the re-
action (eq. 3) of MoS; roasting is probable at a temperature
range of 100°C to 800°C. The corresponding reactions (eq. 1
and eq. 2) also are possible at the same temperature condi-
tions. However, at T= 251°C, both lines present a crossing
point. At higher temperatures, the ReS; reaction with oxygen
to form metallic Re (eq. 1) is more probable and predominant.
This means that metallic Re is accumulated in the system at
temperatures higher than 251°C since it is probable at higher
temperatures. Nevertheless, part of the metallic Re could be
transformed in ReO3; because eq. 2 also presents a negative
value of AGO up to 800°C. The formation of MoOs (eg. 4) is
also feasible according to the negative value of AGO but with
the lowest prevalence.

-40000 H
-50000 4

-80000 o

b O""O
~100000 {B,,OH“”
B-o-—pgon=Bln_ g

. ] o-’ﬁ"’s 0—O0-D0—0-—o-o-0-g—g-o
= 120000 l
o 4
=
© 140000 4 T=251C
-]

-160000 o

180000 — e
A A-A—AAAT

-200000 - PR Y

-220000 o —¥—R4

— T ‘* T ' T T T T ‘T T T T T T T T
0 100 200 300 400 500 600 To00 800 800 100

T('C)

Fig. [2]. AGO evolution at temperatures between 100 to 800°C of the
eq.1to 4.

The experimental results obtained through differential
thermal analysis tests provided experimental relevant infor-
mation on the thermal behavior of the samples. For this rea-
son, the correlation between theoretical predictions and exper-
imental results is considered necessary to provide a complete
evaluation of the system.
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The thermal behavior of the MW sample was determined
by DTA TG tests up to 750°C (Fig. 3). The DTA curve shows
the main exothermic peak at ToMW =535°C. The DTA curve
of this sample also presents slope changes at T1=570°C, T2=
595°C and T3= 667°C compatible with structural transfor-
mations in the mineral particles since no changes of mass were
registered in the TG curve at the mentioned temperatures.
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Fig. (3). Thermal behaviour of the sample MW. [a] DTA curve and
[b] TG curve. (A higher resolution/colour version of this figure is
available in the electronic copy of the article).

Fig. 4 shows the thermal behaviour of S1 and T1 samples
obtained under the same conditions as the MW sample. DTA
curves of samples S1 and T1 showed exothermic peaks at:
TpS1=>555°Cand TpT1 =505°C, Fig. 4 (a). The MW sample
presented an intermediate value at TpMW = 535°C. The com-
parison between the three DTA curves showed that samples
T1 and MW presented slope changes in a similar temperature
range (between 565°C to 595°C), not clearly visualized for
sample S1. In addition, it is observed that the exothermic
peaks determined in the three samples present different values
caused by the differences in the heating process conditions.
This affirmation is consistent with others reported [55]. The
exothermic reaction is attributed and justified by a mechanism
involving molecular oxygen diffusion from the air into the
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molybdenite (MoS;) particles. The oxygen reacts with MoS;
to gradually form the following products: MoO; at 400°C (eq.
3), MoOs at 555°C (eq. 4) and sulfates, explaining the mass
increase (AmT1= +1.8%), determined for sample T1 at T
600°C. The information is consistent with other reported re-
sults [58, 59]. Wang et al. [60] described the reaction (eq. 3)
as the most violent exothermic reaction, producing more than
85% of the total heat released. According to Kar [61], molyb-
denite oxidation reactions (ec. 3) and (ec. 4) are affected by
the oxygen concentration in the atmosphere and the surface
atomic force of the particles.

According to Horikoshi and Serpone [62], MWHT accel-
erates chemical reactions in comparison with other conven-
tional heating methods under identical temperature condi-
tions.

MWHT produced lower gas emissions and minor environ-
mental impact. The MW reaction presented a mass loss of
Am=-8.82%, as observed in the TG curve, Fig. (3b), compared
to T1, -10%, and S1, -18% (Fig. 4b).
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Fig. (4). Thermal behaviour of the samples S1 and T1. [a] DTA
curves and [b] TG curves. (A higher resolution/colour version of this
figure is available in the electronic copy of the article).
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A structural study was carried out to corroborate the ob-
tained results and to identify the MW mechanisms. This study
involved optical microscopy [OM] and scanning electron mi-
croscopy [SEM-EDS analysis]. The presence of Molybdenite
[MoS;] and Chalcopyrite [CuFeS;] particles was corroborated
in all samples. Particles showed irregular morphologies and
are constituted by different phases. In sample T1, carbon par-
ticles were observed. Both phases are commonly associated
with other minerals and trace elements. In addition, by SEM
and EDS analysis, the chemical composition of all the phases
was determined. Metallic Re was detected inside the particles
of molybdenite [MoS;] and chalcopyrite [CuFeS;]. These re-
sults agree with Drabek et al. observations [63]. Fig. (5a-d)
shows the maps of the main elements: Mo, Cu, Fe and Re. Re
is associated with the CuFeS; phase of the particle.

(©) (d)

Fig. (5). Particle with Molybdenite [MoSz] and Chalcopyrite CuFeS:
that contain metallic Re. The information is corroborated by the maps
of the elements (a) Mo, (b) Fe, (c) Cu and (d) Re, obtained by EDS.
(A higher resolution/colour version of this figure is available in the
electronic copy of the article).

The structural aspects determined through microscopy
techniques corroborated the presence of different sulfide
phases within the concentrate particles, as well as previous
MW heat treatment. Fig. (6a) shows the aspect of the observed
particles by SEM in the sample without heat treatment. In this
case, the sample contains particles with irregular morphology
and different colors according to the different mineral phases
present. Through punctual EDS analysis, it was possible to es-
tablish that white phases are compatible with Chalcopyrite
[CuFeS;] associated with the other two phases: light gray and
dark gray. The dark gray phase is mainly constituted by Si,
Al, Ca, and Mg. In addition, isolated bright particles were also
observed. The multi-component phases present in the mineral
promoted the formation of localized heat point during MW
treatment. MW treated particles are shown in Figure 6 [b]. A
considerable change of the particles structural characteristics
is visualized after the heat treatment at 750 W. The important
quantity of identified fines showed considerable interface
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decohesion and particle fragmentation. The combination of
degradation mechanisms such as microcracks, decohesion,
and stratification is consistent with results reported by Hori-
koshi et al. [62] and Lu et al. [38]. Fig. (6¢) shows in detail
the internal fragmentation of the Chalcopyrite particles [white
phase] produced by MW heat treatment, accelerating allo-
tropic transformation. The produced micro-cracks improved
the permeability and diffusion of the leaching solution into ore
particles, improving metal recovery. In Fig. (6d), different
phases [white spherical, irregular dark gray, and light polygo-
nal gray phases] were identified within particles, probably as
reaction products generated during the MW treatment.

Fig. (6). Structural aspects determined through microscopy tech-
niques. (a) Aspect of the mineral particles observed without heat
treatment. (b) Aspect of the mineral particles observed with heat
treatment S1. (c) Decohesion, fragmentation and microcracks ob-
served in the MW mineral particles sample. (d) Different phases
[white spherical, irregular dark gray and light polygonal gray phases]
identified within part of the grey particles. (A higher resolution/col-
our version of this figure is available in the electronic copy of the
article).

The degradation mechanisms verified by SEM on the MW
sample are consistent with an allotropic crystalline phase
transformation of the chalcopyrite [cubic to tetragonal]. This
transformation involved volume changes and localized tem-
perature differences caused by heat points produced by MW.
The formation of microcracks in the mineral particles, includ-
ing molybdenite, promoted a higher Re recovery during leach-
ing in hydrometallurgy processes [64]. In addition, transversal
cracks were also observed, consistent with particle degrada-
tion and thermal stress induced by thermal expansion. The
thermal expansion after microwave irradiation is higher than
the strength of the mineral particles [65-68]. The thermody-
namic simulations carried out by FactSage 8.1 corroborated
the lowest gas emissions produced for the MW. The emission
is constituted mainly by SO.. For the carbothermal roasting
applied to the T1 sample, the emissions are constituted mainly
by SO, and CO:..
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The solid phases predicted in samples S1, T1, and MW at
each heat treatment condition confirm the generation of MoS;,
MoO,, and ReS,. Particularly in the MW sample, the predic-
tions are consistent with a higher recovery of Mo and Re, de-
termined by the chemical composition and X-ray diffraction.
The increase of Mo content is justified by the presence of this
element in five solid phases.

The increase of Mo concentration in the molybdenum con-
centrate is explained by considering gases released, mainly
SO, decreasing the total mass of the concentrate (Eq. 1 and
2). Mo retention in the concentrate is also favored by MW ra-
diation, increasing temperature up to 600°C, decomposing
and oxidating MoOs, Fes0s y WOs. When temperature
reaches 700°C, stable Mo complexes like Fe;[MoO4] are
formed [64].

MWHT applied on sulfide minerals could be considered
as an ecofriendly alternative considering lower reaction times
[even involving no solvent and no catalysts] and low gas emis-
sions. The heating process by MW does not depend on heat
conduction, for this reason, it is faster than conventional pro-
cesses, and the heating efficiency is only influenced by the
mineral particle composition. In addition, heating a solid by
microwave radiation frequently generates hot spots [with 100
to 200 K above the temperature of the rest of the mass] as a
result of differential heating. Accordingly, MW treatment can
be useful in extractive metallurgy for refractory minerals, in-
creasing internal cracking in ore particles and reaching higher
metal recovery [46, 65, 69, 70].

CONCLUSION

The MW heat treatment induces a combination of particle
degradation mechanisms that promote Re recovery, prevent-
ing losses during heat treatment. In addition, lower gas emis-
sions combined with lower exothermic reactions produced by
the MW heat treatment turns this type of technology into an
environmentally friendly one. Thermal studies showed a
lower temperature requirement during the MW heat treatment,
which prevented Re losses by volatilization. This affirmation
was confirmed by lower mass losses in the mineral samples.
Thermodynamic simulation corroborates that the MW thermal
treatment presents the lowest gas emissions, especially for
SO,. The MW heat treatment produces decohesion, generates
microcracks by localized heating in the particles, and a crys-
talline structure transforms the chalcopyrite phase associated
with molybdenite from cubic to tetragonal. The mentioned
transformation produced volume variations that induced the
nucleation and propagation of microcracks, causing fragmen-
tation. Since Re is associated with chalcopyrite, this transfor-
mation could enhance future Re release during leaching, the
next step after thermal treatment in hydrometallurgical extrac-
tion. The information obtained is applicable to extractive met-
allurgy processes of copper and molybdenum sulfide concen-
trates in order to achieve relevant economic benefits and min-
imal environmental impact.
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