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AbstractThe mechanisms of flue-gas desulfurization using high and low-grade natural manganese oxide ores were
comparatively studied. Both manganese oxide ores exhibit good desulfurization capabilities with SO2 content in the
effluents less than 30 ppm, but the low-grade ores show the much better desulfurization capability. XRD and SEM/EDS
results reveal that the MnO2 absorbs the SO2 to convert to MnSO4. The SO2 give prior to react with the surface MnO2
and the produced MnSO2 enriched on the surface leads to the gradually decrease of the SO2 removal rate during desul-
furization process. The better desulfurization capability of the low-grade ores is ascribed to the more dispersive MnO2
due to the poriferous/lax internal tunnel structure, and the embedded inert SiO2 shows better support effects to avoid
pore structure blocking, which is favorable for enhancing the diffusion of the SO2 and desulfurization reaction process.
This study is of significance in the comprehensive utilization of the low-grade natural manganese oxide ores, environ-
mental protection and even the preparation of the desulfurization catalyst with MnO2.
Keywords: Mechanism, Manganese Oxides, Manganese Sulfate, Flue-gas Desulfurization

INTRODUCTION

Sulfur oxides (SOx) are the major hazardous air pollutants in flue
gas, which contributes to regional acid rain pollution and urban
photochemical smog [1-3]. Therefore, sulfur oxides (SOx) must be
cleaned before being emitted. In particular, sulfur dioxide (SO2)
generated from coal and fossil oil combustion is one of the major
anthropogenic contributors to air pollution [1]. Typically, China is
one of the few countries in the world where more than 70% of the
country’s total energy sources are supplied by coal combustion.
Thus, flue-gas desulfurization (FGD) appears particularly import-
ant. At present, the most successful and commercialized desulfur-
ization technology is wet flue gas desulfurization (WFGD), especially
wet limestone FGD [4,5]. Although this technology can meet the
regulatory requirements for the control of sulfur dioxide emissions
and the raw materials are easily obtained, some issues cannot be
ignored. First, the byproducts of this process can easily plug pipes
and be normally discarded as voluminous liquid slurry, which can
lead to secondary contamination [6]. Secondly, the temperature of
flue gas flowing towards the reactor tower usually needs to be cooled
to 85-100 oC from 300 oC, which makes the waste heat of flue-gas
not effectively utilized. After aqueous phase absorption, the tem-
perature of flue gas may drop to 40-50 oC, which is unfavorable for
gas emissions. In recent years, some other WFGD technologies,
such as double alkalis FGD and seawater FGD, have been further
studied to improve on these drawbacks [7-9]. These technologies

have advantages in some aspects and are used in some factories,
but some deficiencies are still unavoidable, such as pipe blockage,
secondary contamination, high operating costs, which lead some
technologies to be difficult to promote in the actual industrial pro-
cess [7,10-15].

Dry FGD technologies are considered to solve those issues be-
cause the flue gases can directly contact with dry sorbents (lime,
activated carbon et al.). Compared with the wet FGD, the dry FGD
is considered to be the more suitable way of flue gas desulfuriza-
tion because of the low operating costs, no water consumption and
easy treatments of the byproducts [16-18].

Recently, a significant amount of work has been done to develop
dry FGD processes based on the sorption of sulfur oxides on metal
oxide [19-21]. In those dry sorbents, manganese oxides (MnOx) have
been investigated due to the high sulfur dioxide absorption capac-
ity, which is based on MnO6 octahedral sharing faces and edges to
form various tunnel structures [22,23]. A few researchers focus on
dry flue-gas desulfurization using manganese oxides (ores) as sor-
bents from the 1960s, and the effects of various parameters, such as
temperature, SO2 concentration, O2 concentration and space velocity
are studied in detail. These studies indicate that manganese oxides
(ores) have high SO2 absorption capacity and the manganese sul-
fate byproduct is easy to use without secondary pollution [24-26].
However, most of the studies use synthetic rather than natural man-
ganese oxides absorbent. The preparation of the absorbents increases
the cost of desulfurization to some extent. In addition, many of
them only pay attention to the desulfurization performance of the
absorbents, while the mechanisms of the desulfurization rate de-
creasing at the late stage of the reaction have been ignored. There-
fore, it is meaningful to find manganese oxides cheaper absorbent
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to achieve high-efficient flue gas desulfurization. Lu Fan et al. stud-
ied the activated carbon supported pyrolusite on desulfurization
[20] and found that the higher sulfur capacity of pyrolusite acti-
vated carbon is mainly attributed to the synergistic effect of metals
mixture (manganese and iron) in pyrolusite. The natural manga-
nese oxide ores have been confirmed to be better for desulfuriza-
tion. However, the desulfurization capabilities of the different grade
natural manganese ores have not been reported comparably and
the desulfurization mechanisms of the different grade natural man-
ganese ores are also not investigated.

In this study, two natural manganese oxide ores with different
grades were selected as the raw materials to study flue gas desul-
furization comparatively. The behaviors of high and low-grade
manganese ores on desulfurization were studied, which reveal the
mechanisms of the dry flue-gas desulfurization with natural man-
ganese oxide ores. The results provide a theoretical basis for strength-
ening the desulfurization process. In addition, it is believed that
this study is of significance in co-utilizing of the low-grade natural
manganese oxides ores and SO2 in flue gas, environmental protec-
tion and even the preparation of the desulfurization catalyst with
MnO2.

EXPERIMENTAL

The low and high-grade natural manganese oxide ores used in
this study were provided by Citic Dameng Co., Ltd. Guangxi Zhuang
Autonomous Region, China. The two types of natural manganese
oxide ores were crushed, ground, and then sieved to 80-120m.
The components were analyzed by atomic absorption spectropho-
tometer (TAS-990, PGENERAL, China).

Manganese oxide ores (15 g) were fed into the fluidized bed reac-
tor and heated to 723 K. Then the simulated flue gas mixture con-
taining 2,000 ppm SO2, 5% O2 and balance N2 was introduced in
the quartz tube reactor at a gas space velocity of 3,200 mL/g·h1

(GHSV) and reacted with the ores for a certain time. The reaction
time was 8 h. During the reaction, the effluent SO2 concentration
was measured on-line by portable gas analyzer PG-350 (HORIBA,
Japan). At the end of the processes, the reactor was cooled and solid
samples were taken out for analysis. The SO2 removal rate was cal-
culated by equation as follows:

R1=(C1C2)/C1×100% (1)

where R1 is SO2 removal rate, C1 and C2 are the concentrations of
SO2, in ppm, at the inlet and outlet of the reactor, respectively. The
breakthrough capacity is defined as the point where the SO2 out
exceeded 30 ppm.

X-ray powder diffraction (TTR III, Rigaku Corporation, Japan)
with Cu K radiation at a speed of 10o∙min1 was employed to char-
acterize the structures of the ores and the desulfurization prod-
ucts. The specific surfaces were measured by the surface area and

porosity analyzer (ASAP2020 HD88, America). The adsorption data
was then used to calculate the surface area using the Brunauer-
Emmett-Teller (BET) equation. The section of the particles was
observed through a JSM-6360LV scanning electron microscope
(SEM, JEOL, Japan) with an applied voltage of 20 kV. Scanning
electron microscopy equipped with an energy dispersive X-ray spec-
trometer was used for the elemental analysis of the morphology
and sectioned specimens.

RESULTS AND DISCUSSION

1. Components and Phase Structure of the Manganese Oxide
Ores

Atomic absorption spectrophotometry (AAS, TAS-990, PGEN-
ERAL, China) was carried out to obtain the components of the both
manganese oxide ores. The chemical compositions obtained AAS
are listed in Table 1. Both manganese oxide ores show different man-
ganese content. For the high-grade manganese oxide ores, the Mn
content (wt%) is 58.75 wt%. The low-grade manganese oxide ores
contain 20.81 wt% Mn, 8.91 wt% Fe, 16.19 wt% Si and 5.52 wt%
Al.

Fig. 1 depicts the X-ray powder diffraction (XRD) patterns of
the both manganese oxide ores. Both samples show remarkable
MnO2 peaks, but some peaks appearing in the two samples are dif-
ferent. Typically, high-grade manganese oxide ores mainly include
-MnO2 (marked with 1) and minor Mn2O3 (marked with 4), and
the MnO2 with other structures are negligible due to the low con-
tent. And for the low-grade manganese oxides ores, one can observe
that there are significantly great sharper and stronger diffraction
peaks (marked as 5), indexed with the SiO2 phase, demonstrating

Fig. 1. XRD patterns of the fresh manganese oxide ores (1: -MnO2;
2: -MnO2; 3: -MnO2; 4: Mn2O3; 5: SiO2).

Table 1. The chemical composition of the manganese oxide ores (wt%)
Ore type Mn Fe Si Al Na Ca K Mg S
High-grade 58.75 0.91 01.71 1.04 0.945 0.37 0.75 0.026 0.061
Low-grade 20.81 8.91 16.19 5.52 0.460 0.64 1.67 0.740 0.025
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the good crystallinity and relatively large content of SiO2. Unlike the
high-grade manganese oxide ores, there still exist some small peaks
of -MnO2 and -MnO2 marked in 2 and 3, respectively, except for
the -MnO2. No other phases like Fe2O3 and Al2O3 compounds
are detected due to their low content or crystallinity.
2. Flue Gas Desulfurization Curve

Fig. 2 shows the SO2 removal rate vs. retention time curves of
different-grade manganese oxide ores in the flue gas desulfuriza-
tion process. Both samples show similar desulfurization process,
but the flue-gas desulfurization abilities are quite different. In par-
ticular, the SO2 removal rate of the high-grade manganese oxides
is more than ~99% with SO2 less than 30 ppm in the initial 90 min
and then rapidly drops to ~35% at 200 min, and then gradually
decreases to only 5.3% at 480 min. As for the low-grade manga-
nese oxides, the retention time of the SO2 removal rate around
99% maintains about 200 min, and it reaches to ~14.3% even at
480 min. Both of the manganese oxides ores exhibit good flue-gas
desulfurization ability at the beginning to some extent. However,
the SO2 removal rates gradually decline to a relatively stable level,
indicating the flue-gas desulfurization ability fading for both sam-
ples. Obviously, the longer retention time with ~99% SO2 removal
rate for the low-grade manganese oxides indicates the much better
flue-gas desulfurization ability, which is very meaningful for the
effective use of natural manganese oxide ore resources, especially
for low-grade manganese oxide ores.
3. Phase Structural Change After Desulfurization

XRD was performed to investigate the phase composition of
the two manganese oxides ores after desulfurization. As shown in
Fig. 3, some new peaks around 2=24o, 25.4o and 33.1o, respec-
tively, indexed with MnSO4 phase, clearly appear in both sulfated
manganese oxide ores. And part of the MnO2 peaks become weak
or disappear, indicating the MnO2 partially converts into MnSO4

in the desulfurization process. While, the peaks of Mn2O3 phase in
high-grade manganese oxide ores are still detected after desulfur-
ization. It is difficult to judge whether the Mn2O3 phase partici-
pates in the desulfurization reaction in the case. Thus, the pure
Mn2O3 suffered from the same desulfurization process and then
the sulfated product was detected by XRD. As shown in Fig. S1,

some typical MnSO4 peaks can be found in the sulfated product,
demonstrating the Mn2O3 can also react with the SO2 in the desul-
furization process. The Fe content in the low-grade manganese
oxides ores reached 8.91 wt%. According to previous studies [17,
27], Fe2O3 is the main phase in the manganese oxides ores and shows
some sulfur capacity under certain conditions. Therefore, it is nec-
essary to further investigate the desulfurization ability of Fe2O3 in
the process. As shown in Fig. S2, there is no variation in the peaks
of the Fe2O3 phase before and after desulfurization for the pure
Fe2O3, indicating that the removal of SO2 is not affected by the
Fe2O3. As a result, it can be concluded that the SO2 in flue gas is
mainly adsorbed by the manganese oxide ores to produce MnSO4.
The chemical reactions are listed as follows:

MnO2+SO2=MnSO4

2Mn2O3+4SO2+O2=4MnSO4

4. Manganese Conversion Rate
Based on reaction (1) and (2), the Mn conversion rates from the

manganese oxides to MnSO4 during desulfurization are directly
associated with the SO2 removal rate. The high Mn conversion rates
represent high Mn utilization efficiencies. Thus, it is necessary to
measure the manganese conversion rates to evaluate the manga-

Fig. 2. The relationship between SO2 removal rate and retention time
of the low and high-grade manganese oxide ores.

Fig. 3. XRD patterns of the fresh and sulfated manganese oxides ores
((a) High-grade ores; (b) low-grade ores).
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nese utilization efficiencies. The detailed methods are shown as
follows:

The obtained sulfated manganese oxide ores samples taken, one
was stirred in deionized water to dissolve the soluble manganese
salts (mainly MnSO4). And the other one with the same weight was
leached in aqua regia to dissolve the total Mn. Mn content in ob-
tained solutions was measured by AAS. The manganese conver-
sion rates are calculated as follows:

R2=C3/C4×100% (2)

where R2 is manganese conversion rate, C3 and C4, in wt%, are
the contents of the soluble Mn and total Mn, respectively. As a
result, the manganese conversion rates at the end of the tests were
10.75% and 40.98% for the high and low-grade ores, respectively.
Low Mn conversion rate of both ores implies the incomplete reac-
tion during desulfurization and most of Mn in the sulfated man-
ganese oxide ores still remains as oxide rather than MnSO4, which
agrees with the XRD analysis (Fig. 3). Comparatively, the low-grade
one shows much higher manganese conversion rates than the higher
one, which represents its higher manganese utilization efficiencies.
This result is meaningful in the comprehensive utilization of the
low-grade manganese oxide ores.
5. Morphological Characterization

The surface/internal morphology structures of the ores are in
importance in the desulfurization reaction [20]. Scanning electron
microscope (SEM) was applied to observe the morphologies of both

samples. Fig. 4 shows the surface and the cross-section images of
the two different manganese oxide ores before desulfurization. Both
samples show rough surface structures. Notably, the high-grade
manganese oxide ore (Fig. 4(a)) shows a loose surface with little
granules distribution, while the low-grade manganese oxides ores
in Fig. 4(c) is also loose and appears spongy-like structure. More-
over, the cross-sections of the particles were carried out (Figs. 4(b)-
4(d)) to judge the internal structure. The high-grade manganese
oxide ore (Fig. 4(a)) shows relatively dense and compact internal
structure without obvious holes, while the low-grade manganese
oxides ores are poriferous and lax structure with fine and small
distributed holes. It is well known that a dense surface is unfavor-
able for gas adsorption and tends to hinder SO2 diffusion toward
the surface of the manganese oxides, which makes the SO2 removal
rate decrease [28]. The MnO2 loaded on the poriferous and lax
structure in low-grade manganese oxide ores may be favorable to
SO2 diffusion during desulfurization and further promotes flue-
gas adsorption and manganese conversion. Both samples after
desulfurization are observed by SEM/EDS in Fig. 5. The surface
morphologies of both manganese oxides ores after desulfurization
become flocculent and dense, which could be attributed to the man-
ganese oxides converting to MnSO4.

Fig. 6 exhibits the backscattered electron cross-section images of
the sulfated high-grade manganese oxides corresponding to the
EDS mapping. Typically, the Mn elements are distributed in the inter-
nal regions without very distinct differences except on the edge of

Fig. 4. SEM and the cross-section images of the different grade manganese oxides: (a), (b) High-grade manganese oxides ores; (c), (d) low-
grade manganese oxides ores.
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the particles, which are relatively sparse, indicating the homoge-
neous distribution of Mn elements in the particle interior. S element
is mainly distributed in the outer areas along with a tiny amount
of S dispersed in the inner regions. This could be the SO2 spreads
to the interior through the loose surface structure of the manga-
nese oxides ores at the beginning. The S distribution is consistent
with the relatively sparse Mn distribution on the particle edges, de-
monstrating the produced MnSO4 originated from S bonding with
the Mn are mainly accumulated on the particle surface. With the

increasing retention time, the surface MnSO4 enrichment rapidly
fills the surface pores and further hinders the diffusion of SO2. Thus,
the SO2 removal rate shows a dramatic decline. With the reac-
tions proceeding, the flocculent and dense surface structure are
gradually strengthened by the produced MnSO4, and then the SO2

removal rate slightly declines [29]. When the retention time is
enough long, the flocculent and dense surface hinder the SO2 dif-
fusion; thus the SO2 removal rate then becomes stable at a low point.

An overall observation of the distributions of Si, Mn, Fe and S

Fig. 5. SEM images of the different grade manganese oxides after desulfurization: (a) The high-grade manganese oxide ores and (b) the low-
grade manganese ores.

Fig. 6. Backscattered electron images of the sulfated high-grade manganese oxides section and surface scan results of the sulfated high-grade
manganese oxides section.
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in low-grade manganese oxides (Fig. 7), Si shows a sporadic distri-
bution on the cross-sections, while the Mn, Fe and S are homoge-
neously distributed on the cross-sections except the Si distribution
areas. Differing from the high-grade grade manganese oxide ores,
the S elements are not only accumulated on the surface of the par-
ticles in the low-grade manganese oxide ores, but also enriched in
the particle interior even though the concentration is relatively lower
than that on the surface, implying that the flue gas is easier to dif-
fuse into the internal particles. As in previous studies, the SiO2 has
2D/3D-frame-like structure [30], which reflects that the SiO2 plays
a role of inserting materials to support the internal structure and
further strengthen the dispersivity of the MnO2, which could be
given as an explanation of the S distribution in the internal of the
particles. The S enriching on the cross-sections surface implies the

similar channel blocking effects to the high-grade manganese oxide
ores during desulfurization process. Another high content is Fe. It
is difficult to distinguish the variations only by a brief view of the
distributions of S and Fe elements. Carefully, one can notice that
their distributions are quite different in the particles edge, such as
B and D areas. It shows that both S and Mn concentrations in D
area are consistent and far higher than those of Fe, while those in
B area are inverse, demonstrating Fe compounds cannot react with
the SO2 gas, which agrees with the XRD results (Fig. S2) and the
previous study [17].
6. N2 Adsorption Isotherms

Fig. 8(a) and (b) illustrate the nitrogen adsorption isotherms of
the both manganese oxide ores before/after desulfurization. All sam-
ples show typical type-IV isotherms with H2 hysteresis loops cor-

Fig. 7. Backscattered electron images of the sulfated low-grade manganese oxides section and surface scan results of the sulfated low-grade
manganese oxides section.
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responding to a step at relative pressure around P/P0=0.40-0.60. It
is demonstrated that all the samples are mesoporous structure with
uniform distribution [31,32]. The BET surface area, average pore
size and total pore volume are shown in Fig. 9. The BET surface
area for the low-grade manganese oxide ores is 41.72 m2·g1, while
that for the high-grade manganese oxide ores is only 9.2m2·g1, indi-
cating the significantly larger contact area for the low-grade man-
ganese oxide ores. The high BET surface areas are attributed to the
poriferous and lax structure in low-grade manganese oxide ores.
As previously reported, a larger surface area could be favorable to
the desulfurization reaction [33]. Thus, the low-grade manganese
oxide ores show much better desulfurization capability. After desul-
furization, the BET surface areas of the both ores decrease to 14.74
and 3.98 m2·g1, respectively, which could be related to structural
collapse and blocked channel during desulfurization. The average
pore size and pore volume also slightly decrease after desulfuriza-
tion, which further affects the SO2 diffusion.

CONCLUSIONS

The mechanism of dry flue-gas desulfurization using low and

high-grade manganese oxides was comparatively studied. The experi-
mental results revealed that the low-grade manganese oxide ores
are porous and exhibit excellent flue gas desulfurization ability.
More than 99% of SO2 removal rate are obtained at the beginning
of the reaction for both of the selected high and low grade manga-
nese oxide ores accompanied by MnSO4 produced. However, the
SO2 removal rate sharply drops with prolonging the desulfuriza-
tion reaction, which is ascribed to the gradual gathering of the
generated MnSO4 on the surface or in the pores of the manganese
ores. The produced MnSO4 on the surface or in the pores further
hinders the diffusion of SO2. By comparing the SEM/EDS results
of the low and high-grade manganese oxides, it is observed that
MnO2 is more dispersed in low-grade ores due to the support of
the frame-like structure of the SiO2. The MnO2 exposed in the reac-
tion gas leads to the light less or smaller blocking effects of MnSO4.
It makes the manganese conversion efficiency and SO2 removal rate
of low-grade ores significantly higher than that of the high-grade
ores.
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Fig. S1. XRD patterns of the pure Mn2O3 before and after desulfur-
ization.

Fig. S2. XRD patterns of the pure Fe2O3 before and after desulfur-
ization.
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