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Abstract
In this study, a process to separate manganese and iron from manganiferous iron ores by reductive acid leaching followed by
magnetic separation was conceived and experimentally tested. In the leaching process, sulfuric acid was used as lixiviant and
oxalic acid was used as reductant. The experimental results showed that the manganese and iron separation was optimum when
the concentration of the sulfuric acid and oxalic acid were 0.75 M and 30 g/L, respectively, at a temperature of 80 °C, a solid/
liquid ratio of 67 g/L, stirring speed of 400 rpm, and leaching duration of 60min. Under this condition, 90.49% and 6.78% ofMn
and Fe were dissolved, respectively, from the ore sample with a size fraction of − 106 μm. It was determined that the leaching of
manganese from the ores was a second-order reaction with an activation energy (Ea) of 53.38 kJ/mol. The leaching residues
obtained under the optimum condition were subjected to high-intensity wet magnetic separation tests to recover the remaining
iron content. This separation process produced a concentrate containing 56.20% Fe and 1.79% Mn with iron and manganese
recoveries of 56.83% and 66.73%, respectively. A magnetic separation test from an unleached ore sample was also carried out as
a benchmark. To the best of our knowledge, this is the first time that a magnetic separation process was used to a residue obtained
from reductive acid leaching of manganiferous iron ores to recover iron.
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1 Introduction

Iron and manganese ores are indispensable raw materials for
iron and steel industries. The vast majority of iron ores are
used in steel production. Iron ores such as hematite, magnetite,
and limonite are also used in cosmetics, paint, medicine, and
chemical industries [1–3]. Similarly, more than 90% of man-
ganese ores are utilized in the steelmaking process, while the
rest is used to produce dry-cell batteries and various chemical
reagents, glasses, ceramics, fertilizers, and animal feeds [4].
Manganese not only improves the strength of a steel but also
plays an important role as deoxidizers and desulfurizers in
steel production [5]. As a result of the increasing demand for
iron and steel products, the production of manganese and iron

ores tends to increase with time. This is evident from the
increase in mine production of manganese by 29% in the last
decade, from 14 million tons in 2008 to 18 million tons in
2018 [6]. Similarly, though to a lesser extent, the production
of iron ore was increased by 13% in the last decade, from 2.2
billion tons in 2008 to 2.5 billion tons in 2018 [7].

Manganese enters the structure of mafic minerals together
with iron ions during the crystallization stage of magma.
Therefore, most manganese deposits contain iron compounds.
As a transition metal, manganese is very similar to iron in
terms of geological formation conditions, chemical and phys-
ical properties [8]. In addition, these two elements are next to
each other in the periodic table, which shows how chemical
elements are related to each other.

There are three types of ores that contain a concentrated
amount of manganese based on its iron content, namely man-
ganese ores (> 35% Mn and without Fe), ferrous manganese
ores (25% < Mn < 35% and 13% < Fe < 23%), and
manganiferous iron ores (10% <Mn < 25% and Fe <48%)
[9]. In addition to hydrothermal, sedimentary, residual, and
metamorphic deposits, polymetallic deep-sea manganese nod-
ules are recently considered to be valuable natural resources of
manganese [10, 11]. Not only manganese but also non-ferrous
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metals such as copper, nickel, and cobalt can be efficiently
beneficiated from the nodules [12, 13].

Iron ores can easily be separated from the gangues by
exploiting the differences in specific gravity, magnetic, and
surface properties [14–16]. In addition, it is possible to obtain
manganese with a high recovery from manganese ores con-
taining a trace amount of iron via gravity separation methods
[17, 18]. The presence of manganese in the iron ores, howev-
er, makes the separation process more complex due to its
similar physical and chemical characteristics to iron [19–23].
Manganese can be extracted from its oxide ores by either
reduction roasting–magnetic separation, reduction roasting-
acid leaching, or direct reductive leaching [24–26]. Direct acid
leaching in the presence of ZnS or used as oxidants for metal
sulfides is an alternative leaching method to treat manganese
ores [27, 28]. The carbothermal reduction processes using
coal, CO, or CO2 as a reductant can be used to treat complex
manganese ores to convert MnO2 and Fe2O3 into non-
magnetic MnO and ferromagnetic Fe3O4, respectively.
Microwave reduction methods, which are different from the
conventional roasting methods with main features including
selective heating and low energy consumption, have been pre-
ferred recently [29]. Several studies have demonstrated that
magnetic separation methods can be used to separate iron
from manganese ores after reductive roasting [30–32].
However, a metallurgical process involving magnetic separa-
tion following a reductive leaching of the ores to separate iron
from manganese has not been studied before.

High temperatures in the range of 500 to 1000 °C are required
to reduce manganese ores by pyrometallurgical methods. This
leads to high energy consumption. Following the high tempera-
ture reduction process, wet magnetic separators are often used
[33]. This process sequence involves material migration from a
dry to wet mediums, making the process difficult in terms of
process continuity. The present study attempts to minimize this
difficulty by using a hydrometallurgical process to reduce the
manganese from the ores. Recently, selective reduction of man-
ganese from the ores can be achieved with the use of oxalic acid
[34], sawdust [35], cornstalk [36], molasses [37], carbohydrates
[38, 39], corncob [40], guar meal [41], waste tea [42], CaS [43],
or lignin [44] as reductant. Compared with a pyrometallurgy
process, the use of a hydrometallurgical process also provides
some advantages such as less pollution, lower energy consump-
tion, and simpler equipment [45].

Sulfuric acid is the most widely used acid for leaching
because of its availability, low cost, and selectivity against
manganese. The selectivity against iron can be enhanced by
increasing the temperature or by introducing alkali metal ion
such as ammonium ion [46]. Organic acids are considered as
both an easy and effective green leachates and take a leading
role as reducing agents for the hydrometallurgical manganese
production as they do not emit hazardous gas during leaching
and require simple purification of the leach solution. They are

also efficient and easily accessible. The dissolution of manga-
nese can be as high as 100% with low iron co-dissolution
when oxalic acid is used as a reducing agent instead of the
other reducing agents [47, 48].

Direct reduction leaching of Fe-Mn ores with oxalic acid
provides better selectivity. In this route, reductants are added to
reduce Mn4+ into Mn2+ during the acid leaching process [49].
Sahoo et al. (2001) dissolved 98.4% ofMn and 8.7% of Fe from
− 150 + 105 mm low-grade manganese ore using 0.543 M sul-
furic acid as lixiviant and 30.6 g/L oxalic acid as oxidant at 85 °C
at the end of 105 min with a solid-to-liquid ratio of 1:20 [35].
Azizi et al. (2002) extracted 93.44% of Mn and 15.72% of Fe
from low-grade manganese ores using 7% of H2SO4 as lixiviant
and 42.50 g/L oxalic acid as reductant at 65 min and 63 °C [50].
Sayilgan et al. (2009) studiedmanganese and zinc recovery from
the spent alkaline and zinc-carbon batteries. After the leaching
tests, 91% of Mn and 112% of Zn were dissolved by using 30%
of oxalic acid together with 30% of H2SO4 at 45 °C after 3 h of
leaching with %10 pulp density [51]. El Hazek and Gabr (2016)
extracted 98.2% of Mn from a complex polymetallic ore using
0.24 M of oxalic acid as a reductant in 0.5 M H2SO4 medium
after 105 min of leaching at 85 °C [52]. Astuti et al. (2019) used
different reducing agents such as glucose, molasses, tannic acid,
oxalic acid, fructose, green tea, cane sugar, sodium sulfite, citric
acid, black tea, cellulose, sawdust of candlenut shell, sawdust of
Acacia wood, sawdust of coconut shell, sawdust of Albizia
chinensis wood, and H2O2 to extract Mn from a manganese
ore. After the reductive acid leaching tests, they concluded that
oxalic and tannic acid were found to be the most effective reduc-
ing agents for the H2SO4 leaching process. The Mn recoveries
were 100% under the conditions of 5% of pulp density with 1M
of H2SO4 at 30 °C of leaching temperature, 150 rpm of stirring
speed, and 8 h of leaching time with reductants/ore ratio of
0.75 g/1.5 g [53]. As an alternative to sulfuric acid, the other
inorganic acids such as hydrochloric and nitric acid have also
been used as lixiviant [54, 55]. Practically, sulfuric acid is the
most preferred lixiviant given its economic advantages over the
other lixiviants.

Although manganese oxides are used in iron and steel pro-
duction due to their desulfurization and deoxidation capabili-
ties, manganese grades in iron ores fed to furnaces should be
< 1.5%Mn for direct charge ore and < 5%Mn for sintered ore
[56]. This is because Mn has a negative effect on iron ore
reduction. It causes heterogeneous reduction and increasing
slag formation in which valuable iron ores could be found
[57]. Likewise, the Mn/Fe ratio of manganese ores should be
over 5 for ferromanganese manufacture [58].

This study aims to separateMn and Fe frommanganiferous
iron ores using direct reduction leaching followed bymagnetic
separation. This has not been reported in the literature before.
The study consists of two stages: (1) selective dissolution of
Mn from the ore by a reductive acid leaching and (2) recovery
of Fe from the leach residue using high-intensity wet magnetic
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separation. In addition, the control tests were used to the non-
leached samples to reveal the difference in magnetic
separation.

2 Experimental

The ore sample used in this study was collected from the
Ceyhan district of Adana province in Turkey. The mine has
76,557 tons of visible and probable manganiferous iron ores
reserve [59]. The sample was crushed, ground, and screened
to − 106 μm. Reductive sulfuric acid leaching was performed
to the sample using oxalic acid as reductant. Tap water was
used together with the analytical grade chemicals in leaching
and magnetic separation experiments to simulate real indus-
trial processing conditions. Mn and Fe values in tap water
were measured and excluded from the leach solutions. The
chemical contents were determined by AAS (PinAAcle 900
H) and XRF (Minipal 4) analyses. XRD devices (Bruker
Discover D8 and Rigaku Minflex) were used for the phase
identifications. The flowchart of the study is shown in
Fig. 1. The goal of this study was to obtain the manganese
in a liquid form and the iron in a solid form.

Hybrid test designs invented by Roquemore (1976) [60],
which is one of the response surface methodologies, have
been used for the selection of effective leaching parameters.
A hybrid design for n factors can be created using a central
composite design (CCD) for n − 1 factors. The design requires
5 levels for each factor. Significant Roquemore hybrid designs
are the 311, the 416, and the 628. These designs are rotatable
or near to rotatable. The first number in the name refers to the
number of factors and the next two numbers indicate the num-
ber of experiments [61].

A hybrid design coded as the 311, consisting of 3 factors
and 11 experiments, was used in this study. The Fe and Mn

extraction values (%) were recorded as responses. The results
were evaluated and 3D graphs were created by the Design
Expert 11 software. The high values were 1.00 M, 50 g/L,
and 150 min, and the low values were 0.50 M, 10 g/L, and
30 min for H2SO4 concentration, C2H2O4 concentration, and
leaching time, respectively. In addition to the prior knowledge
mentioned, the determination of lower and upper levels was
influenced by the desire to develop an environmental, eco-
nomic, and sustainable process using as little resource as pos-
sible. Hybrid design tests were conducted at room tempera-
ture. The best leaching condition of the hybrid design was
determined and then the effects of leaching temperature on
Fe and Mn extractions were investigated. Leaching tests were
carried out by a temperature-controlled magnetic stirrer at at-
mospheric pressure. For each experiment, 20 g of sample was
leached in a 500-mL beaker, which was covered with a watch
glass to minimize evaporation losses, with 300 mL of sulfuric
and oxalic acid at a predetermined concentration and temper-
ature. The iron-rich residue obtained under the optimum leach
condition was subjected to magnetic separation using a high-
intensity wet magnetic separator (Eriez L4-20 WHIMS). The
pulp, conditioned in a 250-mL vessel by mechanical stirrer
during 3 min, was fed to the magnetic separator adjusted to
specific magnetic field strength. The solid/liquid ratio was
300 g/L for magnetic separation tests. The stirring speeds were
400 rpm in all separation experiments. Samples dried at 80 °C
until a constant weight were obtained. Magnetic separation
experiments were performed before and after leaching exper-
iments and the Mn and Fe recoveries and grades were com-
pared. The recoveries for leaching and magnetic separation
tests were calculated by Eq. 1 and Eq. 2, respectively.

Y ¼ D
T
� 100 ð1Þ

Y ¼ M � m
F � f

� 100 ð2Þ

where Y is the yields of Fe or Mn (%), M is the mass of
magnetic product (g),m is the Fe orMn grades of themagnetic
product (%), F is the mass of feed sample (g), and f is the Fe or
Mn grades of feeding (%).D is dissolved Fe orMn (mg) and T
is the total Fe or Mn in feeding (mg).

3 Results and Discussions

3.1 Sample Characterization

The particle size distribution of the ground samples was given
in Fig. 2. All the particles analyzed were smaller than 5 mm
and the d80 value was 410 μm.

The Fe and Mn grades for certain particle size ranges were
determined by size-wise analysis (Table 1). It was observed
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that Mn grades increased as the grain sizes increased. The
concentration of Mn exceeded 15% at sizes bigger than
1.12 mm. The highest Fe concentration (40.76%) was obtain-
ed at a particle size fraction between 0.85 and 1.12 mm.

The degree of liberation is an important criterion for mineral
separation. In addition, the determination of this size prevents
excessive grinding and extra chemical consumption. In this
way, economic benefits are achieved through a target-oriented
approach. Microscope images of the materials were examined
at certain particle sizes to determine the liberation size (Fig. 3).

It was observed that the red and black parts (Fe and Mn
minerals) and the white and gray parts (quartz, calcite, and clay)
began to be liberated at 300 μm in size. A better liberation was
achieved under 106μm in size. This size fraction (0–106μm) is
used in the separation tests because it did not only provide high
liberation degree but also gave the lowest Fe and Mn grades.
The chemical analysis of the sample was presented in Table 2.

The XRD pattern of the sample is shown in Fig. 4.
Approximately, 82% of the sample had a crystalline structure
while the rest was amorphous. The crystalline portion contains

34.5% hematite (Fe2O3), 13.8% manganite (MnO(OH)), 12.3%
quartz (SiO2), 7.2% ferrian grossular (Ca3Al1.6Fe0.4Si3O12),
4.8% manganese (VII) oxide (Mn2O7), 2.5% ramsdellite
(MnO2), 8.1% wollastonite-manganoan ((CaMn)Si2O6), 11.1%
macfallite (Ca2(Mn+3,Al)3(SiO4)(Si2O7)(OH)3), and 5.6%
hausmannite (Mn2+Mn3+2O4) according to the Diffrac Suite
XRD phase analyzer software.

The ore deposit had a hydrothermal origin with hydrogenetic
effects caused by a high percentage of sedimentary additives (like
clay) in marine beds [62]. There is a paragenesis rich in manga-
nese mineralization accompanying hematite. The EDS mapping
analysis results, which were created from the SEM image area,
revealed the elemental distribution of the sample (Fig. 5).

3.2 Leaching Tests Based on the Hybrid Test Design

The reactions representing the iron and manganese (IV) oxide
dissolution in oxalic acid are shown in Eqs. 3 and 4. The total
reaction for sulfuric acid leaching of manganiferous iron ores
is shown in Eq. 5.

MnO2 þ COOHð Þ2→Mn2þ þ 2CO2 þ 2H2O ð3Þ
Hþ þ Fe2O3 þ 5HC2O4

−→2Fe C2O4ð Þ22− þ 3H2Oþ 2CO2 ð4Þ
MnO2 þ 2H2SO4 þ 2FeSO4→MnSO4 þ Fe2 SO4ð Þ3 þ 2H2O ð5Þ

The test conditions and metal extraction values (Fe and
Mn) based on hybrid test design are given in Table 3.

The results showed that the manganese dissolution with in-
creasing sulfuric acid concentration was less than that of in-
creasing oxalic acid concentration. Manganese extraction
values slightly increased after 0.75 M of sulfuric acid and
30 g/L oxalic acid medium (Fig. 6a). The iron content was
not as high as the manganese content in the leach solutions at
each step. At room temperature and 90 min of leaching time,

Fig. 2 Cumulative undersize
curve of the sample (logarithmic
scale)

Table 1 Size-wise
element analysis Particle size (μm) Contents (%)

Fe Mn

0–106 27.92 14.10

106–300 30.26 14.41

300–600 32.33 14.79

600–850 32.42 14.64

850–1120 34.76 14.95

1120–3150 32.33 16.42

3150–5600 31.70 15.10

5600–7000 32.24 15.18
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about 35% Mn dissolved and only about 4% Fe was co-dis-
solved. Iron dissolutions were more dependent on sulfuric acid
concentration (Fig. 6b). The lower the concentration of oxalic
acid, the more time needed to dissolve Mn. The Mn dissolution
rate was 20% at an oxalic acid concentration of 10 g/L.
Nevertheless, this rate reached 35% at a concentration of >
30 g/L (Fig. 6c). The highest manganese dissolution values
were obtained by a concentration of 0.75 M of sulfuric acid
after 90 min (Fig. 6d). Both iron and manganese extraction
values topped out by the synergistic effects of sulfuric acid
and oxalic acid.

Multiple regression analysis applied for the determination
of variable interactions was based on a nonlinear model which
is given in Eq. 6.

f xð Þ ¼ M � Ax � By � Cz ð6Þ
where M is constant, A and B denote the molar concentration
of H2SO4 (M) and C2H2O4 (g/L), respectively, and C is the
leaching duration (min).

Boundary conditions of the independent variables consid-
ered in multiple regression analyses were selected as 0.4–
1.1 M for H2SO4, 1.72–58.28 g/L for C2H2O4, and 5–
133 min for leaching time from the experimental hybrid

design conditions. Using these boundary conditions, the ana-
lytical model in Eq. 6 was solved according to the Cholesky
decomposition method by the applying least squares tech-
nique. The equation parameters (M, x, y, and z) were evaluated
separately for both dissolution rates (Fe and Mn). The results
are given in Table 4 and the significant relationships were
obtained.

The dissolution formulations are presented in Eqs. 7 and 8 as:

Fe extraction %ð Þ ¼ 0:91� A0:77 � B0:11 � C0:23 ð7Þ
Mn extraction %ð Þ ¼ 9:74� A0:16 � B0:13 � C0:17 ð8Þ

The estimated values of the parameters (exponentials for
the formulations) indicate that sulfuric acid concentration and
leaching time were the most significant parameters for Fe and
Mn dissolution, respectively.

3.3 Effect of Temperature on Leaching

In accordance with the results of the design of experiments,
the leaching experiments were performed using 0.75 M of
H2SO4 solution and 30 g/L C2H2O4 at various temperatures
ranging from 25 to 80 °C (Table 5). The stirring speed

Table 2 Chemical analysis of the
sample Contents SiO2 Al2O3 CaO Fe2O3 MnO K2O TiO2 CuO ZnO PbO LOI

% 19.02 10.13 10.02 39.91 16.30 0.11 0.32 0.17 0.05 0.17 3.80
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Fig. 4 XRD pattern of the sample
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Fig. 5 EDS mapping analysis of the sample



(400 rpm) and solid/liquid ratio (67 g/L) values were constant.
The results showed that the increases in temperature led to
increases in the speed of Mn dissolution. It was found that

after 60 min of leaching, the speed of manganese dissolution
was decreased. After the first hour at 80 °C, 90.49% of Mn
was dissolved. The Mn dissolutions at 75 and 90 min, how-
ever, were only increased to 91.51% and 91.93%, respective-
ly. Although iron extraction increased with the increase in
temperature, it remained at 6.78% at the end of the first hour.
The rate of Fe dissolution at 80 °C was increased by 500%
compared with its dissolution at 25 °C. Similar dissolution
rates for both Fe andMnwere observed in the previous studies
[63, 64].

The results of the XRD analysis of the residues, shown in
Fig. 7, revealed that the vast majority of manganese minerals
such as manganite, macfallite, and hausmannite was dissolved
at > 70 °C after 90min. Despite the decrease in the intensity of
all manganese peaks in the leaching process at 25 °C, only the
hausmannite peak was lost. The manganite mineral dissolu-
tion was completed at 60 °C. As a result of the extraction at
80 °C, all manganese mineral peaks except Mn2O7 disap-
peared. XRD results confirmed that reduction of 7-valent
manganese compounds was more difficult than reducing 4-
valent manganese complexes. Because of the dissolution of

Table 3 Test conditions and results according to the hybrid design

Test no. H2SO4

molarity (M)
C2H2O4

concentration
(g/L)

Leaching
time (min)

Fe (%) Mn (%)

1 1.00 50.00 132.43 5.02 35.57

2 0.75 30.00 5.15 1.45 17.41

3 0.50 10.00 132.43 1.73 27.55

4 0.40 30.00 47.57 2.10 26.67

5 1.00 10.00 132.42 4.15 31.33

6 0.75 30.00 90.00 2.40 34.51

7 0.50 50.00 132.43 2.56 32.50

8 0.75 30.00 175.00 3.16 35.22

9 0.75 58.28 47.57 2.54 32.72

10 0.75 1.72 47.57 1.96 18.27

11 1.10 30.00 47.57 3.61 31.40
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manganese minerals, quartz and hematite peaks became dom-
inant after 90 min.

SEM images of the fed and leached (at 80 °C and 1 h)
samples are shown in Fig. 8. The leaching process destroyed
the rigid and angular structures characterizing the surface mor-
phologies of manganiferous iron ores (Fig. 8a). The particle
surfaces exposed to chemical abrasion indicated the effect of
the leaching process. Altered lumpy structures were observed
(Fig. 8b).

The dissolution kinetics ofMnwas studied using extraction
values (Ct) versus time at different temperatures. The plots,
represented in Fig. 9, showed that Mn dissolution reactions
followed second-order kinetics. Values of 1/Ct against temper-
atures (K) was a straight line with slope k (reaction rate coef-
ficient). After the k values were determined, the Arrhenius plot
was constructed in accordance with the ln(k) in ordinate and
(1/T) in abscissa. The Arrhenius plot was given in
Supplementary file 1 (Fig. S1). The square of the correlation
(R2) was 98%. According to the Arrhenius plot, which slope
gave − Ea/R equation of the reaction, the activation energy
(Ea) was calculated to be 53.38 kJ/mol. The Ea value is in
good agreement with those found in the previous studies
[65–67].

The Ea values of diffusion-controlled reactions are com-
monly less than 21 kJ/mol, while the ones in the processes
that the chemical reaction is the rate-determining stage vary
between 40 and 100 kJ/mol. In addition, chemically controlled
reactions are intensely dependent on temperature [68, 69].

Accordingly, it was determined that the Mn dissolution reac-
tions in this study were chemically controlled.

3.4 Magnetic Separation

Hematite mineral and most of the manganese minerals are
paramagnetic [70, 71]. Magnetizations of the leach residue
(obtained at 80 °C and 1 h leach duration), original feed
sample, and iron-rich magnetic product after separation
(obtained at 1 T magnetic field intensity) were determined
using the Physical Property Measurement System (PPMS)
equipped with the vibrating-sample magnetometer (VSM)
head at ambient temperature (Fig. 10). After the first hour
of the leaching process wherein the majority of manganese
was dissolved, the concentration of iron in the leached
residue was increased. The dissolution of the calcium
and aluminum also contributed to the increase in iron
concentration. The increased convexity observed in leach
residue represents growth in magnetization due to the
higher magnetic material amount compared with the orig-
inal feed sample. It was found that the ferromagnetic be-
havior in the M-H plots increased after leaching.

Magnetic separation tests were carried out to the unleached
samples and the leached residues, separately. The residues
obtained under the following conditions were used in magnet-
ic separation tests: 0.75 M H2SO4, 30 g/L C2H2O, 400 rpm
stirring speed, 80 °C temperature, 67 g/L solid/liquid ratio,
and 1 h leaching time. These leaching residues, which

Table 4 Multiple regression analysis results

Fe extraction Mn extraction

Independent
variable

Estimate Std. error t value t value tabulated
(confidence
level = 90%)

R2 Independent
variable

Estimate Std. error t value t value tabulated
(Confidence
level = 90%)

R2

Constant (M) 0.91 0.330 2.76 1.415 0.86 Constant (M) 9.74 1.420 6.85 1.415 0.93
H2SO4 (A) 0.77 0.180 4.28 H2SO4 (A) 0.16 0.065 2.46

C2H2O4 (B) 0.11 0.057 1.93 C2H2O4 (B) 0.13 0.025 5.20

Time (C) 0.23 0.070 3.28 Time (C) 0.17 0.026 6.54

Table 5 Dissolution of Fe and
Mn at different temperatures Time (min) 25 °C 60 °C 70 °C 80 °C

Fe (%) Mn (%) Fe (%) Mn (%) Fe (%) Mn (%) Fe (%) Mn (%)

15 0.36 13.55 0.92 44.88 1.37 53.39 2.01 66.79

30 0.65 17.77 1.11 49.77 2.06 59.80 3.72 78.46

45 0.95 19.88 1.50 54.97 2.99 66.88 5.41 86.19

60 1.24 22.77 2.07 60.77 4.00 72.79 6.78 90.49

75 1.90 27.50 3.15 66.88 4.89 78.44 8.59 91.51

90 2.40 31.25 4.03 73.77 6.72 80.00 10.88 91.93
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contained 42.03% Fe and 1.14% Mn, were selected since the
high Mn dissolution and the low Fe loss were achieved at this
condition. In both separations, Mn and Fe yields increased
with increasing magnetic field strength but the product grades
decreased. Correspondingly, in the tests with low magnetic
field strength, the yields were very low but the grades were
high. As the magnetic field intensities increased, the yields
increased in accordance with specific properties of the para-
magnetic materials. The increase in the magnetic moment val-
ue of the magnetic product recovered from the leached residue
after magnetic separation at 1 T magnetic field strength shown
in Fig. 10. The magnetic moment of the product is about 2
times higher than the leached residue, which was not dis-
solved under the optimum reductive leaching condition. The
M-H diagram demonstrates that the insoluble and

ferromagnetic iron content can be recovered as a magnetic
product. The yields of the magnetic separation from the
leached residues were higher than from unleached sam-
ples (Table 6). As a result of the dissolution of Fe- and
Mn-bearing particles, some of the particles that had
magnetic properties altered into non-magnetic particles
resulted in higher yields of the magnetic separation. In
particular, the dissolution of Mn, which was over 90%,
led to indirect mineral liberation and caused higher
yields. The Fe grades of the recovered magnetic product
were higher than 56%. Moreover, Mn grades of these
concentrates were below 2.35% allowing the magnetic
product to be classified as salable iron ore products.
Magnetic separation test results found in the literature
support the findings of this study [72–74].

Fig. 7 XRD analyses of the
residues after 90 min (Q, quartz;
H, hematite; M, Manganite; X,
Mn2O7; Y, ramsdellite; Z,
macfallite; W, wollastonite; S,
hausmannite)
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Fig. 8 Micrographs of the untreated (a) and treated (b) samples



4 Conclusions

The present study demonstrated that more than 90% of man-
ganese can be selectively dissolved from manganiferous iron
ores by reductive leaching using H2SO4 as lixiviant and
C2H2O4 as reductant. The results of the hybrid test design
performed at ambient temperature showed that the concentra-
tion of reductant was more influential to the leaching process
in terms of Mn dissolution, whereas sulfuric acid concentra-
tion was more influential for Fe dissolution. Mn dissolution

reactions were found to be chemically controlled reactions
since its dissolution was highly dependent on temperature
and the activation energy was higher than 40 kJ/mol. The
optimal selective leaching conditions, under which 90.49%
Mn and 6.78% Fe were dissolved, were found to be H2SO4

concentration 0.75M, C2H2O4 concentration 30 g/L, leaching
temperature 80 °C, solid/liquid ratio 67 g/L, leaching time
60 min, stirring speed 400 rpm, and particle size 0–106 μm.
The magnetic product obtained in the present study contained
> 56% Fe and low amounts of Mn impurities (< 5%) that suit

Fig. 9 Second-order kinetics of
Mn dissolution

Fig. 10 M-H curves of the
materials
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sintered ore qualities in line with the demands of the iron and
steel industry. This product was obtained from the leached
residues collected from the optimum leach conditions by
high-intensity wet magnetic separation. The magnetic separa-
tion tests were also applied directly to the unleached sample at
a size fraction of – 106-μm size. In these tests, the Fe grades
were between 30 and 43%. It is planned to apply hematite-
magnetite conversion by a microwave-assisted carbothermal
reduction method to increase the iron recovery yields in mag-
netic separation for further studies.
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