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A technology for whole-component utilization of
refractory ferromanganese ores: hydrogen-based
mineral phase transformation

Jiali Chen,abc Peng Gao,abc Jie Liu,abc Yimin Zhuabc and Wentao Zhou *d

To address the low utilization rate of refractory ferromanganese ores, this study proposes an innovative

technology, namely the pre-enrichment-hydrogen-based mineral phase transformation–magnetic

separation, to realize the separation and enrichment of manganese and iron from the ores. The suitable

process parameters were determined as follows: a pre-enrichment magnetic field strength of 6500 Oe, a

processing capacity of 80 kg h−1, a CO dosage of 7.5 m3 h−1, a H2 dosage of 3.8 m3 h−1, a N2 dosage of

13.8 m3 h−1, a roasting temperature of 500 °C, a total gas volume of 25.1 m3 h−1, an excess coefficient of

the reductant of 1.4, and a magnetic field strength of 1520 Oe. Through the stabilization test, iron

concentrate with a TFe grade over 67% and iron recovery over 87% and manganese concentrate with

manganese grade over 48% and manganese recovery rate over 77% can be obtained. Product analysis

reveals that pre-enrichment technology achieved the removal of silicon containing gangue minerals, and

the iron-containing minerals (mainly hematite) and manganese-containing minerals (pyrolusite, braunite,

psilomelane, and manganite) are selectively converted to magnetite and manganosite, respectively, through

mineral phase transformation. The magnetite and manganosite are then cleanly and efficiently separated

and enriched in the magnetic concentrate and tailings, respectively, by weak magnetic separation.

1 Introduction

Iron and manganese are two of the basic bulk raw materials
necessary for industrial production. China is the largest
consumer and importer of iron and manganese resources in
the world, and its dependence on foreign countries for iron
and manganese ore resources exceeds 80%, which has
become a major hidden danger for the stable operation of
China's economy and the healthy development of the society.
China and its overseas rights and interests together hold
more than 280 million tons of retained manganese resource
reserves. Because refractory ferromanganese ores have
complex mineral compositions, similar physical and chemical
properties, and finely embedded particle sizes, conventional
beneficiation technology cannot achieve satisfactory technical
or economic indexes. Therefore, developing independent
innovative technologies to realize the efficient and

comprehensive utilization of refractory ferromanganese ore
resources is of great strategic significance for enhancing
China's ferromanganese resource security.1–4

At present, the methods of treating refractory
ferromanganese ore resources mainly include physical,
chemical, and biological methods.5–11 Tripathy et al.12 carried
out a test study on the gravity concentration of
ferromanganese ore (22.42%Mn, 14.46%Fe) by using an
interfering-bed separator (Floatex density separator) and
obtained a better separation index. Zhang et al.13 carried out
an experimental study for a ferromanganese polymetallic ore
(18.05% Mn, 14.65% TFe) in Xinjiang by using a weak
magnetic separation and strong magnetic separation process.
The results showed that under the optimized conditions of a
grinding fineness of −0.074 mm (85.70%), a weak magnetic
separation field strength of 0.08 T, and a strong magnetic
separation field strength of 0.60 T, an iron ore concentrate
with an Fe grade of 63.52% and an Fe recovery of 54.66%
and a manganese ore concentrate with a Mn grade of 31.25%
and a Mn recovery of 65.44% were obtained. You et al.14

conducted an experimental study on sulfidation roasting–
water leaching for a Mn ore containing Fe (14.30% Mn,
30.35% Fe) in Jiangxi. The results showed that the leaching
temperature and time played a key role, and with the
increase in leaching temperature, the dissolution rate of
sulfate was accelerated and the extraction rate increased.
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Wang et al.15 conducted an experimental study on an iron-
containing manganese ore (13.28%Mn, 6.19%Fe) in Sichuan
by using an acidophilic ferrous-oxidizing Thiobacillus
bioleaching method. The results showed that the produced
biological Fe3+, H+, and extracellular polymeric substances
significantly contributed to metal recovery and effectively
reduced the H2S emission in the exhaust gas. Meanwhile, the
radical and non-radical reactions occurring during the
advanced oxidation process triggered the generation of a
large number of reactive substances, while the charge
transfer process contributed to the effective degradation of
sulfathiazole (STZ). Under optimized conditions, a leach
solution with metal leaching yields of 95.94% Mn and
97.54% Fe was obtained.

In summary, physical methods are characterized by
relatively simple operation and low cost, but relatively poor
results. Chemical leaching methods are characterized by high
extraction rates and good selectivity but poor environmental
friendliness. Bioleaching methods are environmentally
friendly but characterized by long bacterial cultivation
periods and low production efficiency. Hydrogen-based
mineral phase transformation technology is one of the
effective technologies for treating refractory ferromanganese
ores and iron minerals.16–20 Compared with traditional
magnetization roasting technology, hydrogen-based mineral
phase transformation technology has the advantages of
efficient heat and mass transfer, uniform product quality,
and low energy consumption. Previously, the author's team
completed laboratory optimization tests and achieved
excellent beneficiation results.21–24 In this study, a pre-
enrichment-hydrogen-based mineral phase transformation–
magnetic separation technology to realize the clean and
efficient separation and enrichment of manganese and iron
in refractory ferromanganese ores from the perspective of
testing is proposed.

2 Materials and methods
2.1 Raw material properties

2.1.1 Chemical composition analysis. The ferromanganese
ore samples used in the tests were from Zambia. To
determine the elemental composition of the sample,
chemical multi-element analysis was conducted after

crushing, mixing, and shrinking, and the results are shown
in Table 1.

Table 1 indicates that the main metal elements in the ore
samples are iron and manganese, with contents of 44.71%
and 17.86%, respectively. The main impurity component is
SiO2 with a content of 5.08%. The contents of other
impurities, Al2O3, CaO, and MgO, are 1.98%, 0.18%, and
0.26%, respectively, and the contents of phosphorus and
sulfur are 0.022% and 0.004%, respectively.

2.1.2 Phase composition analysis. The chemical phase
analysis method was used to analyze the iron and manganese
phases of the sample by a chemical titration method, and the
results are shown in Tables 2 and 3, respectively.

Tables 2 and 3 reveal that iron in the ore samples is mainly
distributed in hematite with a distribution rate of 98.18%.
The iron content in magnetic iron, iron carbonate, iron
sulfide, and iron silicate is low, and their distribution rates
account for 0.79%, 0.23%, 0.51%, and 0.28%, respectively.
Manganese in the ore samples is mainly distributed in
pyrolusite with a distribution rate of 77.35%. The second
distribution is in braunite and manganite with a distribution
rate of 18.83%. A small amount of manganese is distributed
in rhodochrosite with a distribution rate of 3.82%.

2.1.3 Mineral composition analysis. The raw ore samples
(−1 mm) were cured, smoothed, combined with optical
microscope identification, X-ray diffraction (XRD), scanning
electron microscopy–X-ray energy spectrometry analysis
(SEM–EDS) and chemical multi-element analysis results, and
the mineral composition and mineral content in the
specimens were determined by using the process mineralogy
automatic test system, and the results are listed in Table 4.

The results show that the iron minerals in the samples are
mainly hematite (62.14%); manganese minerals are mainly
pyrolusite (18.00%) and braunite (4.67%). The BSE images
and BPMA mineral pseudo-color maps of the ore samples are
shown in Fig. 1.

2.1.4 The embedding relationship of major minerals. The
embedded relationship between the main minerals was
analyzed by optical microscopy, and the results are shown in
Fig. 2. Fig. 2 reveals that the embedded grain size of hematite
in the mineral samples is coarse and mainly in the form of
irregular grains. Most of the hematite in the specimen is
richly congealed, often congealed with manganese oxides
such as pyrolusite and psilomelane. The embedded grain size
of pyrolusite in the sample is coarse mainly in the form of
irregular granular aggregates, and often form iron-
manganese oxide aggregates with hematite and hard
manganese ores.

The hematite, pyrolusite, psilomelane, and braunite in the
sample are closely interconnected and often form iron-

Table 1 Chemical multi-element analysis results/%

Component TFe FeO Mn Mn2+ SiO2 Al2O3

Content 44.71 <0.1 17.86 <0.1 5.08 1.98
Component CaO MgO P S LOI —
Content 0.18 0.26 0.022 0.004 2.72 —

Table 2 Results of iron phase analysis (mass %)

Iron phase Iron in hematite Iron in magnetic iron Iron in iron carbonate Iron in iron sulfide Iron in iron silicate Total Fe

Content 42.04 0.34 0.1 0.22 0.12 42.82
Distribution rate 98.18 0.79 0.23 0.51 0.28 100.00
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manganese oxide aggregates. The monomer content can
reach 42.59%, and the content of rich connected organisms
is 56.11%. The total content of richly connected organisms
and monomers is 98.71%.

2.2 Equipment and methods

The test utilizes a continuous mineral phase transformation
system. It mainly consists of the following systems: feeding
system (including feed bin and loss-in-weight); mineral phase
conversion system (including combustion station, mineral
phase conversion furnace, cyclone separator, and fluidized
reduction reactor); discharge system (including vertical
cylinder cooler, reclaimer); dust collection system (including
ceramic dust collector, ash chute, and bag filter); utility
system (including Roots fan, gas system, CO gas system, N2

system, water supply, and drainage system).
The material flow is as follows: the material is fed into

the riser of the separating cyclone through the feeding bin,
where the feeding quantity is controlled by the loss-in-

weight weigher and feeding screw, and then it is fed into
the riser of the separating cyclone. It is then preheated by
the cyclone preheater and sent to the suspension roaster to
heat up. Following this, it is reduced to obtain the
reduction material in the magnetization reduction retention
tank. Subsequently, it is sent to the riser cooler to cool
down and then to the collector. The whole system adopts
the negative-pressure operation, and the power is from the
Roots blower. The exhaust gas is preliminarily de-dusted by
a high-temperature dust collector and then enters the
primary cooler; it is cooled to 160 °C and purified by a bag
filter, and then it is cooled by a secondary cooler to less
than 40 °C and discharged into the atmosphere by a fan.
The dust from the high-temperature dust collector and bag
filter enters the ash chute. The test process flow is as
follows: when the main furnace of the mineral phase
conversion furnace heats up to a predetermined
temperature, start feeding the material at a certain rate, and
when the reduction retention tank reaches a certain
temperature, pass in N2 and reduction gas according to a
pre-set ratio to finally obtain the roasting product. Wet
grinding of roasted ore samples is carried out using a
laboratory rod mill (XMB-70) until all materials pass
through a 100-mesh sieve and are then placed in a
magnetic separation tube (XCGS) for weak magnetic
separation, and the roasting effect was evaluated according
to the magnetic separation results to determine the suitable

Table 3 Results of manganese phase analysis (mass %)

Manganese phase Mn in rhodochrosite Mn in braunite and manganite Mn in pyrolusite Total Mn

Content 0.69 3.40 13.97 18.06
Distribution rate 3.82 18.83 77.35 100.00

Table 4 Mineral composition and content of mineral samples

Mineral name Content/% Mineral name Content/%

Hematite 62.14 Braunite 4.67
Pyrolusite 18.00 Quartz 2.96
Psilomelane 5.04 Barite 0.26

Fig. 1 (a) BSE images and BPMA mineral identification pseudo-color images of iron manganese ore samples; (b) fake color image of hematite; (c)
pseudo-color image of pyroxene ore.
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conditions required for the stabilization test. After the
condition test, a continuous stabilization test was carried
out under suitable conditions. During the stabilization test,
samples were taken every 1–2 h for 3–5 min each time, and
the magnetic separation test was carried out, which was
combined with the magnetic separation indexes to examine
the smooth operation of the suspension roaster and the

stability of the roasted product indexes. The process
flowchart is shown in Fig. 3.

In this study, XRD (D8 Advance X) was used to analyze
the physical phase of the test products with the following
operating parameters: operating voltage of 40 kV, operating
current of 250 mA, scanning range of 10–70°, scanning
rate of 10° min−1. X-ray photoelectron spectroscopy (XPS,
ESCALAB XI+, Al Kα, hυ = 1486.6 eV, full spectrum 160
eV, narrow spectrum 40 eV, resolution 0.05 eV) can be
used to analyze the changes in the elemental composition
of the surface of the samples before and after roasting
and to detect the forms of their assignment. High-
resolution transmission electron microscopy (HRTEM, JEOL
JEM-2100PLUS, accelerating voltage 200 KV, ultrasonic time
10 min) was used to detect the lattice changes of the
samples before and after roasting. Scanning electron
microscopy (resolution 0.8 nm/15 kv, 1.6 nm/1 kv;
accelerating voltage 20 V–30 kV; magnification 12–1 000 000
times) can observe the microscopic morphology of the
samples, which has the advantages of a high
magnification, clear images, and simple operation.
Equipped with an X-ray spectrometer, it can qualitatively
and quantitatively analyze the composition of the micro-
region on the surface of the material while observing the
micro-morphology. Field emission scanning electron
microscopy (FESM) and energy dispersive spectroscopy
(Apreo S HiVac) are used to characterize the micro-
morphological structure and surface elements of the
roasted samples.

Fig. 2 Characteristics of the main minerals: (a) and (b) are pyrolusite closely associated with hematite and psilomelane; (c) and (d) are psilomelane
closely associated with braunite, respectively.

Fig. 3 The process flowchart.

Reaction Chemistry & EngineeringPaper

Pu
bl

is
he

d 
on

 0
6 

N
ov

em
be

r 
20

25
. D

ow
nl

oa
de

d 
on

 4
/1

5/
20

26
 1

1:
32

:0
0 

A
M

. 
View Article Online

https://doi.org/10.1039/d5re00418g


React. Chem. Eng., 2026, 11, 367–380 | 371This journal is © The Royal Society of Chemistry 2026

3 Results and discussion
3.1 Pre-enriched concentrate preparation test

Pre-enrichment of refractory ferromanganese ores can, on the
one hand, effectively remove the sludge and part of the
veinstone and reduce the influence of veinstone minerals
and sludge on the subsequent suspension magnetization
roasting operation. Meanwhile, it can obtain the pre-enriched
crude concentrate material with suitable particle size and
uniform quality and improve both the flow characteristics of
the material in the phase transformation furnace and the
cyclone separation effect of the material in the furnace. On
the other hand, it can improve the iron grade of the materials
entering the furnace, greatly reduce the processing capacity
of the subsequent mineral phase transformation–magnetic
separation, and improve the production efficiency. In this
study, based on the pre-selection results of previous research,
it is decided to use a strong magnetic separation process to
pre-enrich the low-grade refractory ferromanganese ores.

In the previous exploratory test, it was found that when the
weak magnetic separation–strong magnetic pre-enrichment
process is used to treat the raw ore, the yield of magnetic
separation concentrate in the weak magnetic separation
operation is ≤0.5%, so the single strong magnetic separation
process is used to prepare the pre-enrichment concentrate in
this pre-enrichment expansion test flow. And according to the
results of the previous small test, it is determined to use 6500
Oe field strength to carry out a continuous test for the
preparation of pre-enriched concentrate, and the results of
the process inspection test are shown in Fig. 4. Fig. 4 shows
that a pre-enriched concentrate with a yield of 84.77%, a TFe
grade of 46.64% and a Mn grade of 16.94% can be obtained.

3.2 Mineral phase transformation of pre-enriched
concentrates

3.2.1 Effect of roasting temperature. Roasting temperature
is an important factor affecting the magnetization roasting
effect.25–28 To fully investigate the effect of roasting

temperature on mineral phase transformation, different
roasting temperatures were investigated under the
conditions of a processing capacity of 80 kg h−1, a N2 dosage
of 11.9 m3 h−1, a CO dosage of 8.7 m3 h−1, a H2 dosage of
4.3 m3 h−1, and a magnetic field strength of 1520 Oe. The
test results are shown in Fig. 5.

Fig. 5 reveals that with the increase in reduction
temperature, the change in iron grade in the magnetic
separation concentrate (iron concentrate) is not very obvious
but fluctuates within the range of 66.50% to 67.85% with an
average value of 67.10%. The iron recovery shows slight
fluctuation, and the change is not obvious. The manganese
grade in the magnetic separation tailings (manganese
concentrate) does not change significantly with the increase in
reduction temperature but fluctuates within the range of
51.21% to 53.61% with an average manganese grade of
42.81%. The manganese recovery increased slightly, and the
manganese recovery varied within the range of 89.08% to
91.33%. Taken together, the roasting temperature of pre-
enriched concentrate–mineral phase transformation should be
controlled above 500 °C. Good indexes can be achieved, with
iron concentrate grates greater than 66.5% and operational
recovery above 94%, and manganese concentrate grades
exceeding 51.2% and operational recovery greater than 89%.

3.2.2 Effect of reducing agent dosage. The reductants used
in the mineral phase transformation are CO and H2, and the
amount of reductant has a significant effect on the reduction
rate.29–33 A low amount of reductant leads to an insufficient
reaction, resulting in a low grade of roasted ore and a low
recovery. On the contrary, an excessive amount of reductant
will cause the over-reduction phenomenon and waste of
reductant. In order to investigate the effect of reductant
dosage on the phase transformation effect, the reductant
dosage test was carried out under the condition of a
reduction temperature above 500 °C, a dosage ratio of CO
and H2 of 2 : 1, a processing capacity of 80 kg h−1, and a
concentration of reductant of 45%. The test results are
shown in Fig. 6.

Fig. 4 Preparation experiment of pre-enriched concentrate: (a) yield, grade, and recovery of pre-enriched iron concentrate; (b) yield, grade, and
recovery of pre-enriched manganese concentrate.
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Fig. 6 shows that with the increase in the total
amount of reductant, the iron grade of the magnetic
separation concentrate fluctuates between 67.07% and
68.08%, and it can be considered that the iron grade

remains stable. The iron recovery also fluctuates less,
varying from 95.23% to 93.18%. The manganese grade of
magnetic separation tailings showed a trend of increasing
and then decreasing. When the reductant dosage

Fig. 5 Roasting temperature condition test: (a) grade, recovery, and yield of iron concentrate; (b) grade, recovery, and yield of iron tailings; (c)
grade, recovery, and yield of manganese concentrate; (d) grade, recovery, and yield of manganese tailings.

Fig. 6 Experimental conditions for reducing agent dosage: (a) iron concentrate yield A, grade B, and recovery C; iron tailings yield D, grade E, and
recovery F; (b) manganese concentrate yield A, grade B, and recovery C; manganese tailings yield D, grade E, and recovery F.
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increased from 9.0 m3 h−1 to 11.3 m3 h−1, the manganese
grade increased from 49.89% to 52.50%, and the
manganese recovery showed a small increasing trend.
Considering the above analysis, the suitable reductant
dosage is 11.3 m3 h−1, which means that the excess
coefficient of reductant is 1.4.

3.2.3 Effects of reducing atmospheres. In the test
process, the gas mixture into the reactor contains non-
reducing gas N2. This part of the gas does not participate
in the magnetization and reduction process of the
material, but it occupies a certain amount of flow, thus
increasing the flow rate of the material and shortening

Fig. 7 Experimental conditions for reductant concentration: (a) iron concentrate yield A, grade B, and recovery C; iron tailings yield D, grade E,
and recovery F; (b) manganese concentrate yield A, grade B, and recovery C; manganese tailings yield D, grade E, and recovery F.

Fig. 8 Continuous stable operation test: (a) grade, recovery, and yield of iron concentrate; (b) grade, recovery, and yield of iron tailings; (c) grade,
recovery, and yield of manganese concentrate; (d) grade, recovery, and yield of manganese tailings.
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the residence time of the material in the reactor.
Therefore, in the process of mineral phase transformation,
it is very necessary to study the influence of the flow rate
of N2 in the gas mixture on the mineral phase
transformation. The test was carried out at a processing
capacity of 80 kg h−1, a reductant CO and H2 dosage ratio
of 2 : 1, a total reductant dosage of 11.3 m3 h−1, and a
reduction temperature of 500 °C. The results are shown
in Fig. 7.

Fig. 7 demonstrates that as the reductant concentration
increases, the iron grade of the magnetic separation
concentrate increases and then decreases, and the iron
recovery shows a small increasing trend. When the
reductant concentration increased from 40% to 45%, the
iron grade increased from 67.33% to 68.01%. When the
reductant concentration continued to increase to 50%, the
iron grade decreased to 67.18%. The manganese grade of
the magnetic separation tailings varied between 52.40%
and 53.31%, and the manganese recovery fluctuated
within the range of 90.61% to 91.17%. Although the
reductant concentration has some effect on the iron grade
and iron recovery of iron concentrate and the manganese

grade and manganese recovery of manganese concentrate,
the effect is not obvious. In the whole range of test
conditions, the iron concentrate grade was greater than
67%, and the iron recovery rate was greater than 92%;
the manganese concentrate grade was greater than 52%,
and the manganese recovery rate was greater than 9,0%.
Considering the reduction effect, the suitable
concentration of reductant was determined to be 45%.

3.3 Pre-enriched concentrate mineral phase transformation
continuous stable operation test

Based on the results of the above tests, the operating
conditions of the continuous phase transformation test were
determined as follows: a processing capacity of 80 kg h−1, a
CO dosage of 7.5 m3 h−1, a aH2 dosage of 3.8 m3 h−1, N2

dosage of 13.8 m3 h−1, a reduction temperature of 500 °C,
a total gas volume of 25.1 m3 h−1, and an excess coefficient
of the reductant of 1.4. The continuous phase
transformation test of the pre-enriched concentrates was
carried out under these conditions to examine the smooth
running of the suspension roaster and the stability of the

Fig. 9 Mineral phase transformation process: (a) XRD pattern of raw ore, (b) XRD pattern of strong magnetic concentrate, (c) XRD pattern of
strong magnetic tailings, (d) XRD pattern of roasted ore, (e) XRD pattern of weak magnetic concentrate, (f) XRD pattern of weak magnetic tailings,
(g)–(k) TEM analysis of roasted ore, (i) manganese lattice spacing, and (l) iron lattice spacing.
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indicators. The suspension roaster operation and index
stability were examined. Timing was initiated when the
reactor temperature reached 500 °C. The stabilization test
was conducted at 1 h intervals. During the stabilization test,
small samples were taken every 1 h for 3 min, and the

samples were sorted by magnetic separator tubes, and the
beneficiation indexes were used as a standard to measure
the stability of the continuous ore phase transformation
process. The continuous stabilization test was carried out
for a total of 20 h. The test results are shown in Fig. 8.

Fig. 10 XPS analysis test results of raw ore and roasted ore: (a)–(c) represent the XPS analysis images of the original ore; (d) XPS analysis graphs of
roasted ore are shown in (e) and (f).
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Fig. 8 declares that after magnetic separation of the
sampled samples, the iron grades of iron concentrate were
all above 66% with an average value of 67.97%. The iron
recoveries were all greater than 93%, with an average
value of 94.67%. The average value of the manganese

grade of manganese concentrate was 49.85%, and the
average value of manganese recovery was 88.24%. The
above results show that the beneficiation indexes of the
mineral phase transformation products are good and
stable.

Fig. 11 XPS analysis test images of magnetic and non-magnetic products: (a)–(c) represent XPS analysis images of magnetic products; (d) XPS
analysis graphs of non-magnetic products shown in (e) and (f).
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3.4 Product analysis

To investigate the phase transformation and microstructure
evolution of the main minerals in refractory ferromanganese
ore during the mineral phase transformation process, XRD,
HRTEM, XPS, and SEM–EDS were used to analyze the surface
characteristics, microstructure, and crystal structure of the
raw ore materials, pre-enriched products, mineral phase
transformation products, and magnetic separation products,
respectively. The results are shown in Fig. 9–12.

Fig. 9(a)–(f) shows that the main phases in the raw ore are
hematite and pyrolusite. After pre-enrichment, hematite and
pyrolusite were mainly enriched in the pre-enriched
concentrate product, and quartz went into the pre-enriched
tailings, thus realizing the casting off of impurities such as
quartz. The mineral phase transformation products were
mainly magnetite, manganosite, and braunite phases,
indicating that after the mineral phase transformation
process, hematite was transformed to magnetite, and
pyrolusite was transformed into manganosite and braunite.
After weak magnetic separation, magnetite was mainly
enriched in the magnetic separation concentrate, and
manganosite and braunite were mainly enriched in the

magnetic separation tailings. The lattice streaks of iron
minerals and manganese minerals in the mineral phase
transformation products can be clearly observed as expressed
in Fig. 9(g)–(l), and magnetite and manganosite show good
crystallinity, and the spacing of the streaks is calculated to be
d = 0.3077 nm and d = 0.3151 nm, respectively, and the
corresponding crystal planes are {200} and {111}, respectively.

Fig. 10 reveals that the peaks of hematite and pyrolusite
were found at binding energies of 710.71 eV and 642.11 eV,
respectively, indicating that the main iron and manganese
minerals in the raw ore were hematite and pyrolusite. The
peaks of magnetite and manganosite were found at binding
energies of 710.88 eV and 641.75 eV, respectively, indicating
that magnetite and manganosite were the main iron and
manganese minerals in the mineral phase transformation
products. This process also indicates the transformation of
hematite and pyrolusite to magnetite and manganosite,
respectively, during the mineral phase transformation
process. As can be seen from Fig. 11, the peaks of
magnetite and manganosite were found in the magnetic
separation concentrate at binding energies of 710.75 eV and
641.54 eV, respectively, but the diffraction peak intensities
of magnetite were significantly stronger than those of

Fig. 12 SEM–EDS spectra of each product: (a) raw ore images; (b and c) pictures of roasted ore; (d–i) energy spectrum analysis of roasted ore.
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manganosite, suggesting that the main mineral in the
magnetic separation concentrate was magnetite. By
magnetic separation, magnetite in the phase transformation
products was separated and enriched in the magnetic
separation concentrate. The peaks of magnetite and
manganosite were found in the magnetic separation tailings
at the binding energies of 710.41 eV and 641.44 eV,
respectively, but the intensity of the diffraction peak of
manganosite was significant for magnetite, indicating that
the main mineral in the magnetic separation tailings was
manganosite. Through magnetic separation, the
manganosite in the mineral phase transformation products
was separated and enriched in the magnetic separation
tailings. Fig. 12 conveys that the surface texture of the raw
ore is smooth and flat, and more loose and porous
structures appear on the surface of the roasted products,
indicating that the particles are transformed from a dense
massive structure to a loose and porous massive structure
through roasting. The overall mechanism process is shown
in Fig. 13.

3.5 Introduction to industrial applications

Based on the above test conclusions, the team invented a
complete set of equipment for the efficient utilization of
mineral phase transformation of refractory ferromanganese
ore resources and successfully researched and developed the
world's first set of industrial technology of “pre-enrichment-
mineral phase transformation-high-efficiency beneficiation”
for refractory ferromanganese ore. The world's first 600 000
tons per year refractory ferromanganese ore pre-enrichment-
mineral phase transformation-high-efficiency beneficiation
project was built in Liaoning Sanhe Zambia Company.
Excellent indexes are obtained: manganese concentrate with
a manganese grade of 50.91% and a manganese recovery of
80.22%, and iron concentrate with an iron grade of 65.31%
and an iron recovery of 93.13%. The recovery of manganese
and iron increased by more than 20% compared with
conventional technology, which is characterized by

cleanliness, environmental protection, intelligence, and high
efficiency.

4 Conclusions

(1) The grade of TFe in the raw ore sample of Zambian
ferromanganese ore is 44.71%, and the grade of Mn is
17.86%. A pre-enriched concentrate with a grade of 46.64%
TFe and 17.92% Mn can be obtained by using a section of
a strong magnetic pre-enrichment process. For this pre-
enriched concentrate, mineral phase transformation control
tests, including the roasting temperature, reductant dosage,
and reducing atmosphere, were carried out. The optimized
process parameters are as follows: a reduction temperature
above 500 °C, a processing capacity of 80 kg h−1, a CO
dosage of 7.5 m3 h−1, a H2 dosage of 3.8 m3 h−1, a N2

dosage 13.8 m3 h−1, a total gas volume of 25.1 m3 h−1, and
a reductant excess coefficient of 1.4.

(2) The pre-enriched concentrate was continuously and
stably operated at 500 °C. After magnetic separation, the
average iron grade was 67.97% at an average recovery of
94.67% of iron concentrate, and the average manganese
grade was 49.85% at an average recovery of 88.24% of
manganese concentrate. The mineral phase transformation
system in the continuous test process is characterized by
good operation, stable control of working parameters, and
excellent quality of roasted products. Mineral phase
transformation technology is reliable and feasible in terms of
equipment and technology.

(3) Through the mineral phase transformation technology,
the precise control of mineral phase can be realized, and the
pyrolusite and hematite have been transformed to
manganosite and magnetite, respectively. Through magnetic
separation, magnetite in the roasted ore was separated and
enriched in the magnetic separation concentrate, and
manganosite in the roasted ore was separated and enriched
in the magnetic separation tailings.
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Fig. 13 The overall mechanism process.
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