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Abstract:

Traditional smelting process of manganese ore \Wagipd with high consume of power
and coke, and spraying and slag turning accidentsed by violent decomposition of
carbonates and manganese oxides in manganesa tre.dresent work, the thermal
decomposition mechanism and phase structures ojanase ore were systematically
investigated, calcined through microwave calcimaapproach and characterized by XRD,
SEM and EDAX. Results indicated that microwave icaton had a significantly better
effect than conventional calcination for mangar@se An increase in calcination
temperature was found to present a more profouiedtehan calcination duration. The
optimum calcination temperature was identified ¢®B0 °C, with the calcination duration
being 30 min, and manganese ore grade increasedriibal 30% to 39%-42%, with the
pulverization ratio being 8%-9%. Peak intensitiedMos0, phase enhanced with calcination
temperature increasing, and irregular cracks arsdgppeared on the surface of the
microwave calcined manganese ore. Meanwhile, thalfdity of decomposition reactions of
manganese ore at the considered temperature regasieonfirmed by thermodynamics
analysis. The upgrading and modified manganesbymicrowave calcination can realize
the direct smelting of the concentrate. The wodppses an efficient calcination idea for
manganese ore by microwave calcination.

Keywor ds. manganese ore; microwave calcination; phase stejdtiermal decomposition;

dissociation behavior



1 Introduction

As an important strategic mineral resource, manggoee relates to social and economic
development, which has been widespreadly appliettasidizers, desulfurizers and alloying
agents in the steel manufacturing (Barik et all,2Z0ang et al., 2018; Zeng et al., 2018;
Zhang et al., 2017); additionally, its far extemsapplications include electrode materials,
magnetic materials, building materials and catal{ise et al., 2017; Meshram et al., 2017,
Rifat et al., 2018; Saleh et al., 2017). HoweVes, piresence of contaminants such as adsorbed
water, molecular water and high-valence oxidessesthe smelting process to be energy
intensive and large coke consumption, even witlialohs furnace conditions (Kralj et al.,
2015; Su et al., 2012; Zhao et al., 2014). Adddibn the presence of gases formed by the
decomposition of carbonates, high-valence mangamades and crystal water, results in
accidental spraying and slag turning, renderingpasrsafety issues in the manufacturing
process (Adewale et al., 2016; Jeswani and Azapa@i?). As a consequence of such issues,
manganese ore cannot be directly smelted intoumate, hampering its industrial
continuous production. As a recent developmendyrydtiln is applied to calcine manganese
ore by domestic manganese alloy manufacturersgeitid effect, however the wide spread
adoption of rotary kiln is hampered by patent protan (Kang et al., 2011). Meanwhile,
“reduction, resource utilization and reuse” of mamegse ore is urgently to be solved for
manganese ore resources industries, especialbffibent recycling of manganese ore
resources, clean production, and the harmlessriezditof waste, far away the requirements
of economic development. The current technical lgrob mainly represents as follows: it's

difficult to efficiently use low-grade manganese oesources; high levels of harmful



elements such as sulfur (S) and phosphorus (Pgrandifficult to develop and utilize;
serious phenomenon about mining rich mines anddrang poor mines results low
comprehensive utilization; weak system researctiheary, process and equipment leads to
large resources and energy consumption, seriodggecal damage and environmental
pollution; backward harmless treatment technolagythree wastes” with large waste
emissions (Guo et al., 2013). Hence, it necessitae development of better calcination
technologies for manganese ore so as to overcamse #hortcomings.

Microwave heating as a novel and green heating odetinas been found increasingly
frequent in the comprehensive utilization of maregaore (Chen et al., 2016; Li et al., 2019a;
Li et al., 2020a), even extended to “three wastedtinent and ceramics material synthesis
(Chen et al., 2020; Li et al., 2020Db; Li et al.226). The essence of microwave heating is the
process in which the required energy is directiypsferred to the reacting molecules or atoms
inside the material, and microwave energy is caedeinto heat energy through the dielectric
loss of the material, followed by producing a thaleiffect to cause the material to be heated
(Hou et al., 2019; Li et al., 2019Db; Li et al., @1 Liew et al., 2019). Meanwhile, attributed
to the difference of the electromagnetic propemiegarious minerals, this energy conversion
method makes it possible to preferentially heatuseful minerals rather than the gangue in
the ore, resulting in uneven distribution of tengbere in the multi-phase complex ore system
and causing thermal stress between the useful atiaed the ore interface, further promoting
the dissociation between useful minerals and gaf@beng et al., 2019; Hou et al., 2019; Li
et al., 2020d; Li, et al., 2019); meanwhile, thieeifacial area and diffusional rates increase,

with the accelerated chemical reactions and effedeparation of valuable elements from the



inclusion minerals (Allamia et al., 2019; Li et,&019; Ye et al., 2018a). Actually, Ye et al.
utilized microwave calcination to achieve the seleccarbothermal reduction of M@, and
FeOy in pyrolusite, with the formation of the loose gmatous MnO phase and densg®e
phase (Ye et al., 2018b). Li et al. investigatesirtficrowave-enhanced biomass pyrolysis
reduction behavior of low-grade pyrolusite, andorggd MnO product endowed good
crystalline structures, having a loose and porouse with numerous cracks and holes (Li
et al., 2019a). Chen et al. applied microwave nalion to investigate the thermal
decomposition and dissociation behavior of mangaoes, and reported that manganese ore
could be rapidly heated to 1000 °C in 17 min bynowave calcination, with an increase of
manganese content from 30 % to 40 % (Chen et@16)2 Above literatures clearly indicate
that microwave calcination replacing traditionakcaaation technologies offers the improved
decomposition efficiency of manganese ore, withdbghermal efficiency and shorter
calcination duration; meanwhile, the microwave redd manganese ore is upgraded and
modified with irregular cracks and pits appearedtansurface, which may realize the direct
smelting of the concentrate.

Currently, the efficient recycling of manganese @®ources, clean production, and the
harmless treatment of waste are urgent to be eghftr manganese ore resources industries.
Moreover, previous work focused on the microwav&sdsd grinding, drying, reduction, and
oxidation roasting for manganese ore; in additiimankwah and Pickles have verified the
feasibility of microwave irradiation on manganese, @nd highlighted that the manganese
ore was a relatively good microwave absorber aadtdition of a small percentage to the

feed resulted in improved microwave coupling (Amaahk and Pickles, 2005). However, no



more detailed information was provided about eff@ftmicrowave calcination on the

physical properties and phase structure of mangamres and the comparison between
microwave calcination and conventional calcinatewen the calcination mechanism of
manganese ore. Towards which, in the present wioelkyeneficial effects of microwave
calcination as a suitable efficient alternativenm@inganese ore was attempted to explore, and
the decomposition mechanism of manganese ore hypwawe calcination was investigated.
Meanwhile, effects of calcination temperature aaldination duration on the weight loss,

Twmn content, pulverization ratio, crystal structurasgd microstructure morphology of
manganese ore were comparatively analyzed, withathenanganese ore and the microwave
calcined samples characterized by XRD, SEM and EDéxXl calcined through microwave

calcination and traditional calcination process.

2 Materials and methods
2.1 Materials

Manganese ore utilized as the experimental rawnmaafer the study, was provided by
Dounan Manganese Industry Co., Ltd (Wenshan cityjyiéan Province, P.R. China). The
chemical compositions of raw manganese ore werrm@eatied by Kunming Metallurgical
Research Institute (Kunming city, Yunnan ProvirfedR. China), and the analytical results
were illustrated in Table 1. It was characterizexhf Table 1 that the Mn content of the
manganese ore was 32.81%; the iron content wa%al WwRh the iron to manganese ratio of
21.87; and the phosphorus content was 0.072%,thétiphosphorus to manganese ratio of

0.0022. The component analysis indicated the masgaare was high-grade pyrolusite



(Tmn=30%) of low iron type and low phosphorus type.
2.2 Characterization

The crystal structures and microstructure morphplifiggaw manganese ore and the
microwave calcined samples were analyzed by X-iiadtometer (X’Pert powder, Panaco,
Netherlands) and scanning electron microscopy (SEMOESEM-TMP, Philips, Holland);
meanwhile, the energy dispersion scanner spectasr(tBDAX, USA) attached to the SEM
instrument was utilized to determine the elemetahpositions of the microwave calcined
samples. Wherein the XRD patterns were recordadsaanning rate of 1.6 °/min with 2-thera
ranging from 10 ° to 90 ° using a diffractometetwCuKa Radiation §=1.540598 A) and a
PIxcellD-medipix3 detector, with the anode curteamd voltage operated at 40 mA and 40 kV,
respectively.

For the crystal structures of raw manganese oocanitoe summarized from Fig. 1(a) that
the main phases of the manganese ore containg@JIICPDS: 65-7467), MNC{0JCPDS:
44-1472), CaCe(JCPDS: 70-0095), Ca(Mn, Mg)(GR(JCPDS: 83-1531), and SiO
(JCPDS: 86-1560). In addition, for the microstruetmorphology of raw manganese ore, it
was observed from Fig. 1(b) that the interface eetwthe various phases of manganese ore
was clear, MpO3;, MNnCG; and CaC@phases were distributed in a band shape, meanwhile
SiO, existed in dots laid in MnC{phase. Raw manganese ore samples were brown-black,
light aubergine, with alternative appearance oftevbands. The brown-black band was mixed
with manganese oxide and manganese carbonatehahdht aubergine band was mainly
rhodochrosite; additionally, the white band wasitel From the above analysis, it can be

concluded that the manganese ore meets the chatcseof the braunite-carbonate



manganese ore.
2.3 Instrumentation

The calcination experiments of manganese ore wafermed in a box-type microwave
high temperature furnace (HM-X08-16). The schemdiagram of microwave high
temperature furnace was illustrated in Fig. 2. Bevn in Fig. 2, the microwave furnace
mainly consisted of microwave reactor, rotationtonoinfrared thermocouple, insulating
brick, vacuum pump, a weight measurement systerapgputer control system, barometer,
flowmeter, and gas generator. The static vacuumlesssthan or equal to 10 Pa. The
protective gas was injected into the reactor cavityed on the experimental requirements.
The temperature of sample was measured by anexdftaermocouple (Marathon Series,
Raytek, USA), with a maximum service temperatur&@fo °C. Continuous controllable
microwave power ranged from 0 kW-3 kW, achievinghwiivo magnetrons at 2.45 GHz
microwave frequency for different experimental deocha
2.4 Procedure

To decrease the influence of ore sample size amnedilon experiments, the raw bulk
manganese ore was grinded by ball mill, and scoetmprepare experimental materials with
a particle size regime from 80 mm to 180 mm. Foddvby the grinded manganese ore was
dried at 105 °C for 12 h in an electric blast dgyoven (DHG9079A) for facilitating
subsequent characterization analysis. The quadraaghpling method was utilized to ensure
the uniform sampling of each group of experimehtsinvestigate effects of calcination
temperature and calcination duration on the phy/picgerties and phase structure of

manganese ore, the ore sample with 200.0 g masst@duced into ceramic crucible and



calcined by the microwave furnace (HM-X08-16) ance&ectric resistance furnace
(YFX9/16Q-YC), respectively, without protective gagcted into the reaction cavity.
Meanwhile, the calcination temperature was setaty from 550 °C, 650 °C, 750 °C, 850 °C,
and 950 °C, and the calcination duration rangehft® min to 60 min, with 10 min as a
variable node. After attaining the set calcinatiemperature and calcination duration, the
calcined samples were removed and cooled to roowpdsature by oxygen insulation for
subsequent characterization analysis. Each setlahation experiments of manganese ore
was repeated 3 times, and the experimental resalts averaged and then the error analysis
of the experimental data was conducted by Orighn 8.

The greater the weight loss, the more thorouglldo®mposition reaction and better the
calcination effect will be. The weight loss of mangse ore is defined as the following

equation,

(Mo, 1000
m, 1)

w=

wherew is the weight loss rate of manganese orgisnthe mass of raw manganese ore, with

an initial value of 200.0 gm is the mass of manganese ore after microwave edicm

3 Results and discussion
3.1 Effect of calcination duration on the weight loss of manganese ore

Effects of calcination duration on the weight lo§snanganese ore at 850 °C and 900 °C
by microwave calcination were illustrated in FigA3 presented in Fig. 3, the trends of
weight loss with calcination duration were simigar850 °C and 900 °C. The weight loss was

16.53% at 900 °C for 20 min, while it increaseaty 19.82% at calcination duration of 60



min by utilizing microwave calcination. Calcinatidaration had a significant effect on the
weight loss at the first 20 min of microwave ca#tion process, representing by a straight
rise in the weight loss of manganese ore with damatme prolonging, whether the
microwave calcination temperature was at 850 °@0@r °C. While duration time was higher
than 30 min, its effect was gradually changed tsllght. The increase of calcination duration
contributed to the completion of the formation-depwosition reactions of MnC{phase and
CaCQ phase in manganese ore, wherein MgplRase and CaG@hase were decomposed
into corresponding oxides and carbon dioxide {C@cluding MnO and CaO, rendering the
decrease of the weight loss of manganese ore diti@d the weight loss was only 12.35% at
900 °C for 20 min by conventional calcination, vehil increased to 17.31% at calcination
duration of 60 min (see Supplementary data). Atorene comparison of the microwave
calcination with conventional calcination indicatbdt the calcination effect by utilizing
microwave heating was far better than that by cotiweal heating. Compared the weight
loss by microwave calcination at duration of 20 mith the weight loss by conventional
calcination at duration of 50 min, the effectiveme$ microwave calcination was strongly
authenticated, with shorter calcination duratiomédr calcination temperature and higher
efficiency.

Moreover, it can be observed from Fig. 3 that eff@t calcination temperature on the
weight loss were observed to be more significaan tihat of calcination duration. It was
evident from Fig. 3 that a weight loss of 16.76%swhtained at 850 °C for the duration of 50
min, compared with the weight loss of manganes®btained at 950 °C with the duration of

only 20 min. The influence difference about caltimatemperature and calcination duration



was attributed to the excellent microwave-absoripirgperties of manganese ore (He et al.,
2019; Li et al., 2019b), and the kinetics of decosipon reactions with temperature. The
higher calcination temperature indicates the megeliired energy, supplied by microwave
heating and absorbed by the metal and metal oxid@snganese ore. Meanwhile, MngO
phase is decomposed at the temperatures regin#®diCt343.7 °C, and the decomposition
reaction of CaC@phasearises at 522 °C-886.1 °C. Therefore, increasihgreion
temperature indicates the dynamics requiremendecdmposition reactions of MnG@hase
and CaC@phase meet, while increasing calcination duratiasures the completion degree
of decomposition reaction at a specific temperatiurgher rendering the influence difference
about calcination temperature and calcination dumat
3.2 Effects of microwave cal cination temperature on Ty, content and pulverization ratio of
manganese ore

Influence of calcination temperature on manganeséat and pulverization ratio of
microwave calcined samples were plotted in FigMdnganese ore with high manganese
content is required for the manganese alloys snaefirocess. Higher the manganese content,
higher will be the yield, lower will be consumpticand better will be the quality. For the low
carbon ferromanganese smelting process, the ratitihzation of manganese ore demands
manganese content to be greater than 40%; whilééonigh-carbon ferromanganese and
manganese-silicon alloy process, the manganeserntdatrequired to be greater than 35%.
The manganese ore provided by the factory havinggar@ese content less than 30.00%,
obviously fails to meet the industrial furnace slams. It was observed from Fig. 4 that the

manganese content increased progressively witlmpevement of microwave calcination



temperature. The manganese content increased fiyn38.16% at 550 °C, to 39.82% at
850 °C, and to 42.03% at 950 °C, respectively. ihbease of manganese content was
ascribed to that increasing calcination temperatuget the dynamics requirements of
decomposition reaction of MnG@hase and CaGQhase, further contributing to the
completion degree of the formation-decompositiactens of MNnCQ phase and CaGO
phase in manganese ore. Wherein Ma@kase was decomposed into carbon dioxide,JCO
and corresponding oxide MnO at the temperaturameegf 176 °C-343.7 °C, followed by
CaCQ phasavas decomposed into carbon dioxide (Cé&nd corresponding oxide CaO at the
temperatures regime of 522 °C-886.1 °C, furthedeeimg the increase of the manganese
content in manganese ore. Thus, the results coadirtime manganese content of manganese
ore after microwave calcination met the requireneéritirnace standard.

The manganese ore fed to the furnace should mig@bkeuparticle size range which
usually is between 5 mm-75 mm, and the proportemiges less than 3 mm should be less
than 10%. Regardless of the type of calcinatiorhotcrushing and pulverization are
integral part of the manganese ore calcinationge®clt can be seen from Fig. 4 that the
pulverization was determined in the range of 8%&@%emperatures higher than 750 °C,
indicating the suitability of manganese ore aft&zrowave calcination to meet the furnace
standards. Compared with conventional resistanagrige microwave heating endows unique
selective and volumetric heating characteristiesedsl on the excellent heating characteristics,
the microwave calcined samples presented a snpatécle size distribution (Li et al., 2019a,;
Li et al., 2020a). The same conclusion can alsolained from the work, through the

microwave calcined manganese ore compared to thengmanganese ore, with a particle



size ranging from 80 mm to 180 mm.
3.3 Phase transformation analysis

Fig. 5 showed the phase compositions of the calomanganese ore under different
microwave calcination temperatures with a duratiore of 30 min. In comparison with the
XRD pattern of raw material shown in Fig. 1(a)eaftalcined at 650 °C for a duration of 30
min, the diffraction peaks of MnG@hase disappeared, however with the absence of the
decomposition product MnO, indicating that the Mnr@Ompletely decomposed to MnO at
temperature below 650 °C, which was oxidized to®¥And the diffraction peaks of M@,
phase appeared in the calcined sample, which dmuscribed to the partial conversion of
Mn,O3 into MnsO4. Meanwhile, compared with the calcined sample at®5the diffraction
peaks of Ca(Mn,Mg)(C¢). phase in the calcined sample at 850 °C disappeanedhe
diffraction peaks of new CaO phase appeared, whiaghattributed to the decomposition
reaction of Ca(Mn, Mg)(C¢). phase. The intensity of CaG@iffraction peaks was smaller
compared with that at 650 °C, indicating that géaamount of CaC{was decomposed and
the decomposition product was crystalline CaO efrpgeratures higher than 950 °C, the
calcined sample was mainly composed ohb0H) MnzO,4, Si0,, CaO, and a small amount of
CaCQ without decomposed. Compared with the calcinedosauat 850 °C, the diffraction
peak intensity of MgO3and CaC@phases at 950 °C successively became smallerainuic
that the decomposition reactions were still in pesg, showing better calcination effect at
950 °C. The manganese ore powder calcined at 9%@ri@neet the requirements of the
manganese content (>40.00%) and pulverization (&fi0.00%), with the manganese content

of 43.01%, all of which meet the furnace standaftierefore, it could be considered that the



optimum calcination temperature was 950 °C.
3.4 Physical structure characterization

SEM images and EDAX spectra of the two microwaveigad samples at 850 °C and
950 °C were displayed in Fig. 6, attempting to eate effects of microwave calcination on
the physical structure and semi-quantitative chah@nalysis of manganese ore, further to
exactly determine the optimum calcination condgion

From Fig. 6(a) and (c), the microwave calcined dam@s observed to be uniform, less
dense and un-sintered. The microwave calcined snal850 °C and 950 °C with the
duration of 30 min, appeared with numerous irregsiaall cracks and pits, which was
attributed to the electromagnetic properties déifiere of various minerals. Based on the
excellent microwave-absorbing properties of mexales (He et al., 2019; Li et al., 2019b),
which can be quickly heated to a higher temperawi@e weak absorbing materials such as
SiO, phase were difficult to heat, resulting in unedestribution of temperature in the
multi-phase complex ore system and causing thestreds between the useful mineral and
the ore interface, further promoting the dissooiratf useful minerals and gangue,
representing by the interfacial area and diffusioates increase, and the accelerated
chemical reactions and effective separation ofafalelelements from the inclusion minerals,
with those cracks appeared; meanwhile, under mi@vevealcination, carbon dioxide (€O
was formed by the decomposition reactions of Mg@al CaC@phases, and oxygen O
was generated by the deoxygenation reaction of,&MB)=4Mrs04(s)+0x(g), those gas also
contributed to the formation of the microstructofealcined manganese ore with pits.

In addition, fracture comparison of manganese fiez mmicrowave calcination and



traditional calcination was provided in Supplementiata. The degree of fragmentation of
manganese ore by utilizing microwave furnace wasiare evident than the electric
resistance furnace. The microwave calcined sangxebited multiple lengths and strips
with thick and thin cracks, while the conventionalcined samples had no obvious cracks
(see Supplementary data). During microwave calcngirocess, MsO3; and MnCQ phases
can be rapidly heated with good microwave-absorpnogerties, while CaC{and SiQ
phases are hard to be heated with weak microwaseaing characteristics (He et al., 2019;
Li et al., 2019b). It results in the developmenadémperature gradient between the phases,
and leads to development of thermal stress, catinidy to the break in the grain boundary,
further to cause the strip crack. On contrary, mytraditional calcination process, the heat is
radiated to the surface of the manganese ore, vgatshconducted from exterior to the
interior of the manganese ore; as a result of thedmving force, which happens
progressively and slowly, rendering the unifornco@tion of the various phases of the
manganese ore is processed more or less. Mangameess| break only after MsOs,
MnCGQO;, and CaC@phase are thermally decomposed, therefore there abxsent of visible
cracks. Moreover, the manganese ore with crackpasdupplies good physical properties
for the subsequent reduction and leaching proddwsefore, microwave calcination
replacing conventional calcination endows a bettierct for the pretreatment of manganese
ore.

Fig. 6(b) and Fig. 6(d) presented that the elemeihtsicrowave calcined samples at
850 °C and 950 °C were mainly Mn, Si, and Al. Ibhde obtained from Fig. 6(d) that the

peak intensity of element Mn was lower than thim 6(b), which was attributed to the



Mn,O3; phase was still in the process of getting convexiddn;O, phase. Moreover, the peak
intensity of element O was higher than that in Bi@), which was attributed to the formation
of CaOphase is produced by the decomposition reacti®@a€iQ phase and the
deoxygenation reaction of 6MA3(S)=4Mn04(s)+0x(g), wherein the partial decomposition
of Mn,O3; phase was decomposed intod@pphase. The EDAX results were in accordance
with the XRD analysis for the calcined samplesHi 8C and 950 °C; therefore, it can be
summarized that the optimum calcination temperatiag 950 °C.
3.5 Calcination mechanism

The relationships between equilibrium constantstantperatures used for the
formation-decomposition reactions of manganesevere calculated and calibrated by
thermodynamic software, including FactSage and H®@,the thermodynamics graph was
plotted in Fig. 7. The average atmospheric pressikainming City (Yunnan, P.R. China)
located in the Yunnan-Guizhou Plateau, being do$:08 Mpa,; therefore, the partial
pressure of C@and Q in the air should be considered in the thermodyosutalculation for
the decomposition reactions of manganese ore. Figny, it can be observed that the initial
decomposition temperature of Mng@hase was 176 °C, while the chemical boiling
temperature was 343.7 °C; the initial decompositeamperature of CaC{phase was 522 °C,
while chemical boiling temperature was 886.1 °QJ #ve decomposition reaction of Mg
phase arose at 577 °C-999.6 °C. Therefore, astedgit Fig. 7, the thermodynamic
feasibility of the decomposition reactions of mamgge ore at the considered calcination
temperature regime was clearly confirmed by thewynadhics analysis.

The XRD analysis shown in Fig. 5 indicated thatpgkek intensity of MnC@phase



increased with the increase of calcination tempeeatvhile the CaC@phase in the
microwave calcined samples gradually disappeam@deter with an obvious increase in the
peak intensity of MgO, phase and CaO phase as decomposition products.iGmkbith

XRD analysis, the formation-decomposition reactdMnCO; phase and CaG(hase

could be summarized as following,

MnCO;(s)=MnO(s)+CQ(q) (1)
6MNO(s)+Q(9)=2MnsOx(s) (2)
AMn304(s)+05(9)=6Mn,Os(s) 3)
CaCQy(s)=CaO(s)+C&g) (4)
6Mn203(s)=4Mns04(s)+0Ox(9) (5)

Calcination mechanism of manganese ore by microwalsnation could be expressed
to obey the following order with temperature ingieg: MnCQ phase was firstly
decomposed at the temperatures regime of 176 °CZ3€3(Eq. (1)); followed by the
decomposed product MnO phase was progressivelyzexido MO, and MnO3 phase (Eq.
(2) and (Eg. (3)); then the decomposition reactib@aCQ phaserose at 522 °C-886.1 °C
(Eg. (4)); the initial decomposition temperaturéMyf,Os was 577 °C, wherein part of D3
was transformed into M@, (Eg. (5)). Observed from the XRD results in FigMs30,4
phase appeared at the calcination temperature@f®&znd 950 °C, which corresponds to the
temperature range of decomposition reaction of®jrat 577 °C-999.6 °C. Moreover,
according to the Le Chatelier's principle, remowing gas product facilitates the
decomposition reactions of manganese ore to praogée forward direction. Therefore,

through the combination of thermodynamics and XRBens, it can be concluded that the



chosen optimum microwave calcination temperatu@5at°C was reasonable.

4 Conclusions

The following conclusions could be arrived basedh@ncomparative analysis for crystal
structures and microstructure morphology of raw gaaese ore and microwave calcined
samples, characterized by XRD and SEM. Resulteateld that microwave calcination
presented a significantly better effect than cotie@al calcination for manganese ore, with
shorter calcination duration, lower calcination parature and higher calcination efficiency.
An increase in calcination temperature was foungrésent more profound effect than
calcination duration. The manganese ore gradeasercefrom initial 30% to 39%-42% and
the pulverization ratio was 8%-9%, after calcine@%0 °C holding for 30 min, indicating
suitability of manganese ore after microwave caton to meet industrial furnace standards.
Peak intensity of Mg, phase increased with calcination temperature, hvigs ascribed to
the decomposition reaction of MnG@hase and the deoxygenation reaction of
6Mn,03(s)=4Mns04(s)+0: (g). The surface of calcined manganese ore appeaaegdlarly
with numerous small cracks and pits, wherein theere attributed to the release of gas by
decomposition behavior of MNG@hase and CaC(hase, and the selective heating
characteristic of microwave calcination rendereglfirmation of cracks. Thermodynamic
analysis confirmed the thermodynamic feasibilityted manganese ore decomposition
reactions by microwave calcination under the carsid temperature regime in the present
study, and driving the gas product of the decontjmwsieactions facilitated forward direction.

The work confirms effective calcination for mangs@ere with microwave calcination,



furthermore demanding further studies to exploesgbonomic feasibility for commercial

adoption.
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Table captions

Table 1 Chemical composition of raw manganese ore.



Figure captions

Fig. 1 XRD pattern (a) and SEM image (b) of raw gerese ore.

Fig. 2 Schematic diagram of microwave high tempeeaturnace.

Fig. 3 Effects of microwave calcination durationtbe weight loss of manganese ore.

Fig. 4 Effects of microwave calcination temperatomneTy, content and pulverization ratio of
manganese ore.

Fig. 5 XRD patterns of microwave calcined samptedifeerent calcination temperatures.
Fig. 6 SEM images and EDAX spectra of microwaveioald samples, (a) SEM of the
sample calcined at 850 °C for 30 min; (b) EDAX pbt1; (c) SEM of the sample calcined at
950 °C for 30 min; (d) EDAX of spot 2.

Fig. 7 Dependency of equilibrium constant on terapees for the formation-decomposition

reactions of manganese ore.



Table 1 Chemical composition of raw manganese ore

Compositions Tin Tee SIO, AlILO; CaO MgO TiQ

Mass/W% 3281 152 18.23 196 19.87 1.76 0.38

Compositions P S Pb Zn Ni Co Others

Mass/W% 0.072 17.88 0.89 1.35 0.053 0.021 3.204
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Fig. 1 XRD pattern (a) and SEM image (b) of raw gerese ore.
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The main highlights of thiswork are as follows,

(1) Exploration of dissociation behavior and thermal decomposition of manganese ore.
(2) Microwaves as energy source to enhance dissociation behavior of manganese ore.
(3) Manganese ore modified by microwave calcination meet industrial furnace standards.

(4) Irregular cracks and pits appeared on surface of microwave calcined manganese ore.
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