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Abstract

1t is very important to selectively reduce manganese oxide over iron oxide for extraction of Mn from iron-rich manganese
ore. In this study, reductive roasting of an iron-rich manganese oxide orve with elemental sulfur as reductant was
investigated. The experimental results demonstrated that manganese dioxide can be selectively reduced with elemental
sulfur and extracted via acid leaching, which was largely depended on the sulfur addition. Lower sulfur addition (S/Mn
molar ratio<1.0) results in higher selectivity, which is independent of roasting temperature. More than 95% manganese and
less than 10% iron were extracted through acid leaching under the roasting conditions of 400-600 °C with S/Mn molar ratio
of 0.6. The contents of manganese sulfide and sulfate in the roasted product increased with increasing sulfur addition, while
they decreased distinctly at temperatures above 550 °C. The thermodynamic analysis also proved that manganese dioxide
is more easily reduced than iron oxide by sulfur at 300-900 K. The phase transformations during reductive roasting revealed
that sulfides (MnS and FeS,) were favored at temperatures lower than 550 °C whereas the oxides (MnFe,0, and Fe,O,)
were predominant at higher temperatures. The reduction of iron oxide mainly occurred at large sulfur additions (S/Mn>2.0)

and the roasting temperature exerted a significant impact on the phase composition of roasted product.
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1. Introduction

Manganese is widely used in the fields of steel
production, non-ferrous metallurgy as well as battery
industry. In recent years, the rapid development of
steel production has consumed large amount of
manganese resources, particularly in China [1]. As the
superior manganese ores are exhausted gradually,
much research has been focused on using low-grade
resources as raw material. About 70% of the
manganese ore deposits are determined as oxide ore
and it is widely distributed around the world.
However, it is difficult to utilize this ore in which the
insoluble manganese dioxide must be primarily
reduced into a form soluble in dilute sulfuric acid or
alkaline medium to achieve sufficient manganese
extraction [2].

Various reductants have been employed for
reducing tetravalent manganese to bivalent
manganese oxides that are easier to be leached in
dilute acid solution. Manganese dioxide can be
reduced in acid solution by metallic iron or iron(II)
sulfate [3], pyrite [4], hydrogen peroxide [5], biomass
[6], oxalic acid [7] or nitrogeneous reductant [8], etc.
Manganese is also capable of being extracted by SO,
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leaching [9], electrolysis and bioleaching with various
microorganisms [10]. On the other hand, pre-
reduction of manganese dioxide by roasting in the
presence of reductants may be employed prior to acid
leaching. The process of carbothermal reduction
followed by acid leaching is considered as the most
common approach and coal is used as reductant in the
reductive roasting [11, 12]. Although the conventional
process is highly efficient, a great deal of pollutants
(such as SO,, NO_, dust) will be produced. Worse still,
roasting is generally performed at temperatures over
850 °C which consumes huge amounts of energy.
Other reductants reported in the literatures include
pyrite [13], SO, [14], ammonium salts ((NH,),SO, or
NH,CI) [15], CO [16], CH, [17], H, [18], and
carbohydrate [19].

Recently, sulfur-based reduction or sulfidation
using elemental sulfur as reductant has received
increasing attention. The sulfidation of a nickeliferous
lateritic ore in the presence of sulfur indicated that the
nickel oxide can be selectively sulfidized to a nickel—
iron sulfide at 400-550 °C [20]. Similarly, studies on
sulfidation roasting of cervantite [21], chalcopyrite
[22], lead—zinc oxide ore [23], as well as zinc and lead
carbonate [24]  were also reported. The oxides or
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carbonates were likely converted to sulfides which
can be recovered by flotation. A major problem of
these technologies is, however, the submicron particle
size of sulfides obtained after low temperature
sulfidation roasting which usually causes low metal
recovery in flotation.

An alternative process of reductive roasting of
manganese oxide ore with elemental sulfur prior to
acid leaching has also been successfully developed for
manganese extraction [25]. This process employs a
relatively low roasting temperature which is
considered as a cheap reductive method. Acid
leaching is appropriate to be applied in extracting
manganese due to the formation of sulfate.
Furthermore, partially reduced manganese dioxide is
validated to be highly reactive in acid/alkaline
medium, thus, it is unnecessary to be completely
reduced [26].

Although desirable manganese extraction and low
iron extraction can be obtained in this process, the
reductive priority between manganese and iron
oxides, and the phase transformations during roasting
have not been investigated [25, 27]. Studying the
behavior manganese and iron oxides in detail is of
great significance to reveal the reductive roasting
process. This paper is aimed to illustrate these issues.
The effects of S/Mn molar ratio and roasting
temperature on the reduction process were firstly
investigated. Then, the thermodynamic behaviors of
manganese and iron oxides reduced by elemental
sulfur were studied. Finally, the phase and
morphology transformation were further investigated
by XRD and SEM analysis.

2. Experimental
2.1. Materials

The Mn-bearing sample was obtained from
Leping, Jiangxi, China. This kind of ore was
originated from sedimentation processes and the ore
deposit is being exploited. The chemical composition
of the sample by referring to the Chinese standard of
chemical analysis method of manganese ore is shown
in Table 1. The total Mn grade (TMn) is only 14.30%
and TFe is as high as 30.35%, which reveals that this
sample is a kind of iron-rich manganese ore. The size
distribution of the sample is determined as 100%
passing through 74 um. The XRD pattern is presented
in Fig. 1, which indicates that the main manganese
mineral is cryptomelane (K, MnO,,), goethite (a-
FeO(OH)) and hematite (Fe,0,) are the principal iron

Table 1. Main chemical composition of manganese ore/wt.%

phase. Chemical phase analysis (refer to Section 2.3
for details) was used to measure the quantitative
distribution character of manganese in the raw
material, and the results reveal that Mn-bearing
phases in the sample include 96.9% of manganese
dioxide (MnO,), 1.9% of manganese carbonate
(MnCO,) and 1.2% of manganous silicate (MnSiO,).

The reductant used in the present work was
chemically pure sulfur with purity greater than
99.99%.
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Figure 1. XRD pattern of the raw iron-rich manganese ore
2.2. Experimental procedure

The ground manganese ore and sulfur were mixed
in various proportions and then put into a stainless
steel reactor. The reactor was introduced into an
electrically heated muffle furnace which was
preheated to a given temperature. The schematic of
the furnace was described in the literature [27]. At the
completion of roasting for 30 min, the samples were
cooled, discharged and prepared for subsequent tests.

Acid leaching is used to evaluate the selectivity
during reductive roasting. The leaching experiment
was carried out in a beaker which was equipped with
an agitator. Ten grams of the roasted sample was put
into the beaker which contained sulfuric acid solution,
and the leaching temperature was adjusted by locating
the beaker in a water bath. The acid leaching
conditions were fixed as 1 M H,SO,, 25 °C, 10 min,
5 ml/g of liquid-solid ratio and 200 rpm, according to
the literature [27]. After leaching, the solution will be
filtered to obtain the leachate and the residue. The
residue after being dried and the leachate were
prepared for subsequent chemical analysis.

TMn TFe Sio, Ca0 MgO

ALO, P S

KO | NaO | LOI*

14.3 30.35 18.63 0.22 0.92

2.21

0.28 0.18 2.14 0.12 10.07

*LOI: loss on ignition.
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2.3. Analytical method

2.3.1. Instrumental analysis

X-ray diffraction analysis was conducted to
determine the phase composition of the roasted
products. The XRD measurements were made on a
diffractometer (RIGAKU D/Max 2500, Japan). A
scanning electron microscope equipped with an
energy dispersive spectrometer (SEM-EDS, JEOL
JSM-6490LV, Japan) was used for microstructure
analysis. The sulfur content was determined using a
high-frequency infrared ray Carbon-Sulfur analyzer
(CS 3000, NCS, China). For evaluation of the
manganese balance after leaching, the Mn contents in
the leachate were determined by ICP analysis (ICP-
OES, Thermo Scientific iCAP 7000 series, America).

2.3.2. Chemical analysis

The total Mn and Fe contents were detected by
chemical analysis, as described in detail in the
literature [27]. The degrees of manganese and iron
sulfidation were determined by a bromine—methanol
diagnostic leach, which selectively leaches sulfides
and metallic elements while leaving behind
corresponding oxides [20, 28]. The sulfation degrees
of manganese and iron were evaluated by leaching in
aqueous solution, as only manganese and iron sulfates
are water-soluble.

The chemical phase of manganese was analyzed
according to the following methods [30].

1) Manganese carbonate

A 0.2000 g ore sample was put into a beaker,
where 10 g NH,Cl and 50 mL distilled water were
added. Then the prepared solution was heated and
kept boiling slightly for 60 min, followed by filtration.
The manganese content in the form of carbonate was
assayed in the filtrate.

2) Manganese dioxide

The residue together with the filter paper obtained
from the first step was quenched with 50 ml H,SO,
solution (2 mol/L) for 60 min, then filtrated and
washed, the manganese content in the form of high-
valence was assayed in the filtrate.

3) Manganese silicate

The manganese content in the form of silicate was
assayed in the residue obtained from the second step.
Mixed sulfuric-phosphoric acid (mass ratio of 1:1, 50
ml) was used to dissolve the residue by heating and
keep boiling for 30 min. The manganese content in the
solution was subsequently assayed.

2.3.3. Evaluation index

The retention ratio of sulfur represents the
proportion of sulfur retained in roasted product except
the unreacted one. The extraction of manganese or
iron in sulfuric acid can be calculated as follows to
evaluate the selectivity:

y=-22F ), 100%
myX o
where v is the extraction of Mn or Fe, %; m, and
m, are the weight of roasted product and leached
residue, respectively, g; a is the Mn or Fe grade of
roasted product, %; and B is the Mn or Fe grade of
leached residue, %.

3. Results and discussion
3.1. Reductive selectivity of Mn and Fe oxides of
the iron-rich manganese ore

3.1.1. Effect of S/Mn molar ratio

In order to investigate the effect of S/Mn molar
ratio on the extractions of manganese and iron in
sulfuric acid, the samples were roasted at 400 °C for
30 min and the results are shown in Fig. 2. It can be
seen that the leaching of manganese is greater than
that of iron at various sulfur additions. The manganese
extraction increases distinctly at low S/Mn molar ratio
and then reaches stable at about 96%. However, the
iron extraction increases slightly to about 7% when
the S/Mn molar ratio is less than 1.0, and then
increases with the sulfur addition. It suggests that
manganese dioxide was reduced prior to iron oxide by
sulfur as only low-valence manganese oxides are
soluble in dilute sulfuric acid solution. With higher
sulfur addition, more iron oxide was reduced resulting
in rapid increase in iron extraction. Hence, lower sulfur
addition contributes to higher selectivity at 400 °C.
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Figure 2. Effects of S/Mn molar ratio during reduction on
the acid leaching of manganese and iron.
(Roasting temperature: 400 °C)

Figure 3 shows the sulfur content and retention
ratio in roasted product as a function of the initial
sulfur addition. The sulfur content increases
continuously with increasing sulfur addition, whereas
the retention ratio of sulfur exhibits an opposite
tendency. The sulfur content appears to be almost
linearly proportional to sulfur addition, particularly
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when the S/Mn molar ratio is less than 1.0. The
retention ratio remains relatively high at about 59%
with S/Mn molar ratio of 0.4, and then decreases with
the increase of S/Mn molar ratio. The drop in
retention ratio suggests that the increased sulfidation
at higher sulfur additions may act as a barrier
preventing the mass transfer of sulfur from diffusing
through the product phase [29]. The remaining sulfur
would evaporate which results in lower utilization.
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Figure 3. Effects of S/Mn molar ratio on the S indexes in
roasted product. (Roasting temperature: 400 °C)

In order to reveal the effect of sulfur addition on
the selective reduction of manganese oxide over iron
oxide, the sulfidation (sulfide formation) and sulfation
(sulfate formation) degrees of manganese and iron in
roasted products were studied. The results in Fig. 4
indicate that the sulfidation of Mn increases gradually
from 11.4% to 38.8% with the increase of S/Mn molar
ratio from 0.4 to 2.0, and then changes slightly.
However, iron oxide is not obviously sulfidized until
the S/Mn molar ratio is greater than 2.0. Because only
manganese (+2) and iron (+2) sulfates are water-
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Figure 4. Effect of sulfur addition on the sulfidation and
sulfation of manganese and iron. (Roasting
temperature: 400 °C)

soluble, the sulfation degree of Mn determined by
water leaching increases from 15.9% to 39.2% within
the S/Mn molar ratio range of 0.4-3.5, whereas that of
iron was negligible at all of the sulfur additions.
Although the extraction of Mn is close to 100%
while the contents of manganese sulfide and sulfate in
the roasted product are much lower than 100%, the
existence of manganese sulfide (MnS) also
contributes to the relatively high extraction of
manganese in sulfuric acid. Manganese sulfide in the
roasted product serves as a reducing agent during acid
leaching which can be described as follows [25]:

4MnO,+MnS+4H,80,—5MnSO,+4H,0 (1)
4Mn,0,+MnS+12H,50,—13MnSO,+12H,0 (2)

3.1.2. Effect of roasting temperature

The extraction of manganese and iron as a
function of roasting temperature is shown in Figs. 5-
7. The manganese and iron extractions obtained at
different roasting temperatures for 30 min with S/Mn
molar ratio of 0.6 are illustrated in Fig. 5. There is a
remarkable difference in the extraction of Mn and Fe.
The Mn extraction is much higher than the Fe
extraction from 350 to 600 °C. The manganese
extraction increases distinctly to higher than 96%
when the roasting temperature rises in the range of
350-450 °C. The increasing trend then slows down at
higher temperatures. The relatively low extraction of
Fe indicates ineffective reduction of iron oxide due to
the priority of reduction of manganese dioxide. The
Fe extraction is also observed to change slightly
within the roasting temperature range, which
demonstrates that the roasting temperature does not
play a predominant role in the reducing selectivity of
Mn over Fe at low sulfur addition.

The sulfur content and corresponding retention
ratio in the roasted product are presented in Fig. 6. It
is evident that both indexes decrease gradually with
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Figure 5. Effects of roasting temperature on the acid
leaching of manganese and iron. (S/Mn molar

ratio: 0.6)
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increasing the roasting temperature. The maximum
sulfur content of 2.9% and retention ratio of 55.9%
are attained at 350 °C and they also change slightly
within the temperature range of 350-450 °C. However,
a further increase in roasting temperature exerts a
significant impact on the decrease of sulfur indexes.
This is because sulfur has a low boiling temperature
(about 450 °C), and may sublimate considerably with
increasing roasting temperature. Further, the sulfides
should not coexist with the corresponding oxides at
higher temperatures [20]. Thus, the sulfur content and
retention ratio are decreased.
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Figure 6. Effects of roasting temperature on the S indexes
in roasted product. (S/Mn molar ratio: 0.6)

Figure 7 illustrates the sulfides and sulfates
contents in the roasted products. It can be observed
that both the manganese sulfide and sulfate change
slightly within the temperature range of 350-450 °C.
The sulfidation of manganese begins to decrease
when the temperature is increased to 500 °C, which
was caused by the sublimation of sulfur as well as the
reaction between the sulfides and the corresponding
oxides. It suggests that there may be a change in
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Figure 7. Effects of roasting temperature on the sulfidation
and sulfation of manganese and iron. (S/Mn
molar ratio: 0.6)

mechanism at different roasting temperature. The
decline in manganese sulfate may be also caused by
the inhibition of the reaction between SO, and MnO,
at higher temperatures [27]. In addition, the
sulfidation of iron is found to be negligible with a
small decrease at 500 °C and iron sulfate (FeSO,) is
not detected under the experimental conditions.

3.2. Mechanisms on the selective reduction of
Mn and Fe with elemental sulfur
3.2.1. Thermodynamics of reductive roasting

The main chemical reactions of manganese/iron
oxides reduced by elemental sulfur are shown in Table
2. Their logK? values (plotted in Fig. 8) calculated
at specified temperatures under total pressure of 1 atm
are also presented in Table 2. The thermodynamic
data was obtained from the software FactSage 7.0.

It can be observed that the reactions of Eqgs. 3-8
may occur spontaneously at temperatures between
300 K and 900 K. Manganese dioxide is reduced
stepwise forming low-valence manganese oxide and
sulfate by the reactions of Eqs. 3-6 due to their
negative free energy. The reduction of Mn,O, varies
with the temperature (Egs. 5-6). Higher temperature is
beneficial to the formation of MnO and MnSO,, while
MnS and MnSO, are the main products at lower
temperatures. This explains the sulfidation and
sulfation of Mn, as well as the sulfur indexes which
decrease apparently as the temperature is increased.

Compared to manganese oxides, hematite derived
from the dehydration of goethite on heating is also
able to be reduced in the presence of sulfur. However,
the free energy of reducing hematite is observed to be
obviously higher than that of manganese oxides. The
priority of reducing hematite is in the order of Eq.
11>Eq. 12>Eq. 9. The equilibrium constants of Eqgs.
9-12 are smaller than those of Egs. 3-6, which
indicates less favorable reduction of hematite

Temperature (°C)
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Figure 8. The relationship between Gibbs free energy and

temperature.
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Table 2. Possible reactions between manganese/iron oxides and elemental sulfur.

NO. Chemical reactions AG?F =ATBT, kJ/mol log Kf’

A B 600K | 700K | 800K | 900K
3 S+5Mn0O,~>2Mn,0,+MnSO, -365.259 -0.052 34.52 | 29.97 | 26.57 | 23.92
4 S+8Mn,0,—~>5Mn,0,+MnSO, -405.425 0.135 28.24 | 232 | 1942 | 16.48
5 S+1/3Mn,0,—2/3MnS+1/3MnSO, -50.218 0.027 327 | 274 | 2.34 | 2.03
6 S+3Mn,0, ~8MnO+MnSO, 3.621 -0.069 362 | 3.75 | 3.84 | 391
7 S+2/3MnO—2/3MnS+1/3S0,(g) 3.97 -0.042 1.83 | 1.88 | 1.92 | 1.95
8 S+MnO—3/4MnS+1/4MnSO, -49.263 0.02 324 | 263 | 2.17 | 1.81
9 S+6Fe,0, —~4Fe,0,+S0,(g) 185.731 -0.266 -2.27 | 0.03 | 1.77 | 3.11
10 S+8Fe,0,—~>5Fe,0,+FeSO, 92.583 -0.119 -1.84 | -0.69 | 0.17 | 0.84
11 S+4/13Fe,0,—>5/13FeS,+3/13FeSO, -36.179 0.032 148 | 1.03 | 0.69 | 043
12 S+2/11Fe,0,—~4/11FeS,+3/11S0,(g) Nonlinear 1.18 | 1.16 | 1.13 | 1.09

compared to MnO,, Mn,O, and even Mn,0,. Notably,
however, the free energy of Eq. 9 is more negative
than that of Eq. 8 at temperatures above 822 K (the
intersection of Eqs. 8 and 9). It reveals that Fe,O,
would only be reduced prior to MnO above the
temperature. The reduction of hematite to magnetite
(Eq. 9) rather than iron sulfide also contributes to the
decrease of sulfur content and retention ratio.

According to the above thermodynamic analysis,
manganese oxides can be more easily reduced to
bivalent compounds than hematite by elemental
sulfur. The reductant of sulfur would firstly reduce
manganese dioxide and excessive sulfur then reacts
with hematite. This is in good agreement with the
effect of S/Mn molar ratio on the reductive selectivity
between manganese and iron oxides. Lower sulfur
addition is proved to have a positive effect on the
selective roasting, while roasting temperature plays an
important role in the composition of roasted products.
Higher temperature is advantageous to the formation
of oxides, while the generation of sulfide is favored at
lower temperature. Thus, selective reduction and
extraction of manganese which leaves iron oxide
unreacted, is feasible by adjusting the sulfur addition
and roasting temperature.

3.2.2. Phase transformation during reductive
roasting

To identify the transformation of manganese and
iron phases during reduction with elemental sulfur, X-
ray diffraction was performed and the XRD patterns
of reduced products obtained under disparate
conditions are compared in Fig. 9.

As observed in Fig. 9, the diffraction pattern of
product prepared at 400 °C with the S/Mn molar ratio
of 0.6 is quite different from that of raw manganese
ore. Cryptomelane (K, Mn/O ) in the raw ore
disappears, whereas manganese sulfide (MnS) is
formed. However, no obvious peaks of manganese
sulfate can be observed due to its low content.

Goethite (a-FeO(OH)) in the manganese oxide ore

is dehydroxylated and hematite (a-Fe,O,) is formed
above 400 °C, as described by the following equation:

2FeOOH—Fe,0,+H,0 (13)

As the S/Mn molar ratio is increased to 2.0, more
manganese sulfide is generated and the content of
hematite is reduced simultaneously. This is attributed
to the formation of pyrite at higher sulfur addition.
The results are in line with the variations of
sulfidation extent and sulfur indexes of roasted
products with the sulfur addition (Figs. 3 and 4).

The diffraction pattern obtained at 550 °C with
S/Mn of 0.6 is almost the same as that of 400 °C
except for the appearance of weak magnetite peaks.
However, obvious changes can be observed at higher
temperatures over 600 °C. Manganese sulfide is not
observed at 600 °C, and the peaks of magnetite are
enhanced through either direct reduction via sulfur or
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Figure 9. XRD patterns of the roasted products
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MnO-Fe,0,; m-Magnetite, Fe,0,)

w



7. You et al. / JMM 53 (2) B (2017) 115 - 122 121

solid state reaction between hematite and existing
pyrite [20]. Although the roasting temperature does
not significantly impact on the selective reduction,
increasing the temperature over 600 °C is a potential
efficient approach to recover iron from the leaching
residue as iron mineral is transformed to magnetite.

There is also some evidence of spinel at 600 °C
due to the reaction of Eq. 14, whose peaks are similar
to magnetite. Manganese monoxide (MnO) may be
derived from the reduction of hausmannite (Mn,0O,)
by sulfur, or solid state reaction of Eq. 15 whose
theoretical temperature when starting reaction is
753 K. Additionally, quartz (SiO,) remains unchanged
in the experimental temperature range.

Fe,0,+#MnO—MnFe,O,
MnS+3Mn,0,—10MnO+SO,(g)

(14)
(15)

The above results reveal that manganese dioxide is
selectively reduced by elemental sulfur. Manganese
sulfide is generated at temperatures lower than 550
°C, whereas some spinel is formed over 600 °C. Iron
sulfide only exists at S/Mn molar ratio of 2.0, which
explains the increased sulfidation degree at higher
sulfur addition (Fig. 4). By increasing the roasting
temperature to some extent, the sulfides would not
coexist thermodynamically with the corresponding
oxides. It agrees well with the sulfidation as a function
of roasting temperature. The results are also in
accordance with the extraction of manganese and
iron, and the sulfur indexes (Figs. 5 and 6).

In order to further understand the characteristics
of the roasted product, the products treated at 400 °C
with S/Mn of 0.6 were examined by using SEM-EDS

o Dpw 0K

and the results are shown in Fig. 10. From the surface
scanning images, manganese distributes almost
uniformly in particle A whereas sulfur is more distinct
within near-surface parts of the particle and near the
cracks. It proves that sulfidation reaction takes place
from periphery to the interior of the mineral particles.
As the manganese and iron are closely associated in
the raw material, the sulfidation of iron on the surface
of the particles would inhibit further reduction or
sulfidation of inner Mn-bearing minerals, as observed
from particles B and C in Fig. 10. The iron sulfide
generated on the surface restrains the mass transfer of
sulfur. Oxygen exists mainly in the center of the
particles, which suggests the sulfidation reaction
taking place from periphery to the interior of the
mineral particles.

4. Conclusions

Selective reduction of manganese oxide while
leaving most of iron oxide unreacted was
accomplished in the process of reductive roasting with
elemental sulfur. Over 95% Mn and less than 10% Fe
were extracted via acid leaching preceded by
reductive roasting at 400-600 °C with S/Mn molar
ratio of 0.6. The contents of manganese sulfide and
sulfate, as well as the total S content increased
gradually with increasing the sulfur addition, while
they decreased obviously as the roasting temperature
was greater than 550 °C. The experimental results
were confirmed by the thermodynamic analysis which
indicated manganese dioxide is more readily reduced
than iron oxide by roasting with elemental sulfur as

—10pm

(a) SEM

s QXY

Figure 10. Backscattered Electron Image (BEI) and main elements distribution of the roasted product with the SEM
imaging and surface scanning. (400 °C, S/Mn =0.6)
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reductant. Lower sulfur addition is expected to result
in better selectivity, and the roasting temperature
plays an important impact on the composition of
roasted products. At lower roasting temperatures (T<
550 °C) and the S/Mn molar ratio of 0.6, manganese
sulfide is generated. With higher sulfur addition,
however, pyrite is formed. At higher temperatures,
oxides (MnFe,O,, Fe,0,) become thermodynamically
stable.
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