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The separation of manganese and iron from a manganiferous iron ore using
horse dung (biomass) as reductant was investigated in a sulfuric acid solution,
and 99.80% Mn and 17.76% Fe were extracted into the solution under these
leaching conditions: 1 M sulphuric acid concentration, 120 g/L biomass, 1/10
solid to liquid ratio, 300 rev/min stirring speed, 90�C leaching temperature,
and 3 h leaching time. In the first precipitation step, the iron and aluminum
were first rejected from the solution at pH 5.04. Thereafter, 98.58% Mn was
precipitated at pH 10 in the second step. The precipitate was identified as a
pyrochroite mineral. After the leaching, the residue was subjected to a car-
bothermal reduction process conducted at 700�C for 10 min in the presence of
no extra reductant. The residue was converted to magnetite mineral, which
can be easily recovered by magnetic separation. Based on the experimental
results, a flowsheet has been proposed.

INTRODUCTION

Manganese is a strategic element for the applica-
tion of industrial processes. More than 80% of
manganese is used in the iron and steel production
industries. It is also utilized for the production of
batteries, glass, fertilizers, food additives, pharma-
ceuticals, chemicals, and fireworks.1 In steel pro-
duction, manganese mainly provides the removal of
impurities such as phosphorus, sulfur, and silica.
Furthermore, it increases the workability properties
and strength of steel.2

Manganese ores are divided by Chinese industrial
authorities into two main categories according to
Mn/Fe ratios. These are commercial value man-
ganese ores with an Mn/Fe ratio of 5 and ferrugi-
nous manganese ores with an Mn/Fe ratio of less
than 3.3 The Indian mining bureau has also classi-
fied manganese ores into three main categories: (1)
manganiferous iron ores (10%< Mn< 25% and Fe
< 48%), (2) ferrous manganese ores (25%< Mn
< 35% and 13%< Fe < 23%), and (3) manganese
ores (> 35% Mn and without Fe).4

Manganiferous iron ores were used in the late
19th and early 20th centuries for the production of
spiegeleisen which was identified as a ferroman-
ganese alloy containing 15% manganese, 80% iron,
and smaller amounts of carbon and silica. The most
popular production method of the steel production
processes of this period was the Bessemer process.
Manganiferous iron ores were either mixed with
iron ores or fed directly into the furnace for steel
production.5 As a result of the technological devel-
opments in steel production processes and furnaces
at the end of the twentieth century, the use of
ferromanganese alloys containing 70–80% man-
ganese became more common in the industry, and
the importance of high-grade manganese and Fe-
Mn ores increased dramatically. However, the
increasing demand in recent years and the deple-
tion of reserves of high-grade manganese ores have
caused the researchers to focus on the extraction of
manganese from low-grade manganese ores, espe-
cially manganiferous iron ores.

Due to the deoxidation and desulfurization abil-
ities of Mn oxides, Mn grades are required to be
below 1.5% for direct charge iron ores and below 5%
for sintered ores.6 The reason why manganese
grades are desired at these rates is that they have
a negative effect on the reduction of iron ores in the

(Received August 14, 2021; accepted November 17, 2021;
published online January 13, 2022)

JOM, Vol. 74, No. 2, 2022

https://doi.org/10.1007/s11837-021-05057-3
� 2021 The Minerals, Metals & Materials Society

474

http://orcid.org/0000-0002-7428-5999
http://crossmark.crossref.org/dialog/?doi=10.1007/s11837-021-05057-3&amp;domain=pdf


furnace. High Mn grades in iron ores cause a
heterogeneous reduction in the furnace and mixing
of valuable iron contents into the slag. In addition,
the Mn/Fe ratio should be higher than 5 for
ferromanganese production in manganese ores.7

Iron can be easily separated from gangue miner-
als by using the density, magnetic susceptibility,
and surface properties. The same separation tech-
niques can also be used for manganese.8–12 How-
ever, if iron and manganese are present in the same
ore, these conventional mineral processing tech-
niques are not efficient to obtain two main streams
of the product.3,13,14 This is due to the chemically
similar properties and close relationship in the
periodic table.15–17 For this reason, MnO2 and
Fe2O3 are converted into non-magnetic MnO and
ferromagnetic Fe3O4 by a carbothermal reduction
method using coal and carbon monoxide,18,19 and
then the separation efficiency is increased a little bit
more.3,20 Pyrometallurgical processes are also not
economical as they require high temperatures. In
addition, after roasting with sulfur dioxide, only
manganese ores can be converted into manganese
sulfate compounds and separated by water
leaching.21

Manganese, which is found in various
stable forms, Mn(II), Mn(III), and Mn(IV) in nature,
can be transformed into more stable compounds
with changes in Eh and pH values. To reduce the
high-valance Mn(III) and Mn(IV) to Mn(II) with
lower Eh values, reductive leaching has been car-
ried out in an acidic solution. The reduction reaction
of MnO2 in an acidic medium is:

MnO2 þ 4Hþ þ 2e� Ð Mn2þ þ 2H2O ð1Þ

Recently, manganese has been extracted the
manganese ores and manganese–iron ores by reduc-
tive leaching using carbohydrates,22–25 pyrite,26

methanol,27 SO2,28 oxalic acid,29 biomasses,30–34

hydrogen peroxide,35,36 formic acid,37 CaS,38 tannic
acid,39 and ascorbic acid40 as reductant. The use of
biomass as the ore reductant has superior advan-
tages, such as price, availability, and lower pyrol-
ysis temperature, compared with traditional coal
reductant.41 These advantages decrease production
costs and energy consumption.

However, the reductive leaching of manganese
from the manganiferous iron ores by using animal
droppings as a reducing agent has not previously
been reported in the literature. In this study, the
reductive leaching of manganese from the mangan-
iferous iron ore using horse dung (biomass) as a
reducing agent in a sulfuric acid solution has been
investigated. After the reductive leaching experi-
ments, insoluble biomass in the leach residue was
used as reductant to convert undissolved high iron
content to magnetite mineral, which can be easily
separated from gangues by magnetic separation. In
addition, the precipitation of manganese from the
pregnant reductive leach solution was performed.

MATERIALS AND METHOD

Material

The ore sample was taken from Sonmez Cementin
Ceyhan-Adana, Turkey. The sample was first
crushed by a laboratory jaw crusher (Baz-BZ923B)
and then subjected to a laboratory ball mill (Ran-
tek). The particle size distribution of the ground
sample was determined by a Malvern Mastersizer
2000. To determine the chemical composition of the
sample, a certain mass of the sample was com-
pletely dissolved in a hot aqua regia, and then the
element contents were analyzed by an atomic
absorption spectrophotometer (AAS; Perkin Elmer
PinAcle 900 F) at Abdullah Gul University, Nan-
otechnology Department (AGU) and an AAS (Perkin
Elmer PineAcle 900 H) at Cukurova University
Mining Engineering Department (CU). The loss on
ignition (LOI) value of the sample was calculated
from the weight loss of the sample kept in a muffle
furnace at 1000�C for 1 h. The total sulfur content
was determined using an Eltra CS 580 instrument.
Phosphor content was analyzed by a Nanocolor
100D spectrophotometer at CU’s Environmental
Engineering Department. The chemical composition
was also confirmed by x-ray fluorescence (XRF;
Minipal 4 Panalytical). X-ray diffractometer (XRD)
analysis was performed by a Bruker D8 Discover
instrument equipped with Lynxeye detector to
determine the mineralogical composition of the
sample at AGU’s Central laboratory. The XRD
measurements were taken for 15 min in the range
of 10–90�, and step size was 0.02�. The mineral
identification was evaluated using Diffrac Suite Eva
software, which has an up-to-date PDF 2 database.
The mineral morphology was also investigated by
scanning electron microscopy (Zeiss Gemini SEM
300) at AGU’s Central laboratory.

The biomass was first dried in an oven at 105�C
until it reached a constant weight and then fed into
a laboratory ball mill. After 30 min grinding, the
biomass was analyzed by Fourier transform infra-
red spectroscopy (FT-IR; Thermo Scientific Nicolet
6700). The calorific analysis of the biomass was
performed by an IKA C 200 calorimeter. To deter-
mine organic acids in the biomass, the waste
biomass was leached in the absence of manganifer-
rous iron ore under the following conditions: 1 M
sulfuric acid concentration, 120 g/L biomass, 90�C
leaching temperature, and 3 h leaching time. After
the leaching was completed, the leach liquor was
analyzed by high-performance liquid chromatogra-
phy (HPLC; Shimadzu Nexera X2) at CU’s Central
laboratory. The analysis of the sample was carried
out in an ICSep ICE-Coregel 87H (30 cm 9 7.8
mm 9 9 lm; Transgenomic, USA) column. The sep-
arated components were monitored with a refractive
index detector. The optimum chromatographic sep-
aration was achieved at 4 mM H2SO4 mobile phase,
0.4 mL/min flow rate, and 55�C column
temperature.
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Method

The reductive leaching tests were carried out in a
250-mL flat-bottomed two-necked reactor equipped
with a glass spiral-type reflux condenser. A temper-
ature-controlled magnetic stirrer (MTOPS
MS300HS) was used for mixing. The temperature
was controlled with a glass thermometer fixed on
the reactor. Analytical grade chemicals (Merck or
Sigma Aldrich) and deionized water were used for
chemical preparation. The leaching parameters
were kept constant at a particle size of � 100 lm,
a solid to liquid ratio of 1/10 (w/v), and a sulfuric
acid concentration of 1 M according to the prelim-
inary tests. It has been reported in the literature
that the stirring speed has no significant effect on
manganese dissolution above 250 rpm.38,42 There-
fore, the stirring speed of 300 rpm was also selected
as a fixed parameter in the leaching tests. After the
leaching experiment finished, the slurry was fil-
tered using Whatman 1 filter paper and the residue
was washed with deionized water. The leach solu-
tions were measured and analyzed by AAS to
determine the elemental compositions. The extrac-
tion percentages of the metals were calculated based
on Eq. 2. The leach residue was also analyzed by
XRF and XRD.

Extraction %ð Þ ¼ Ct � VF

W0 �H0
� 100 ð2Þ

where Ct is the metal concentration in the leachate
(mg/L), VF the volume of the analysed leachate (L),
H0 the metal concentration in the feeding (mg/kg),
and W0 the weight of the feeding sample (kg).

The carbothermal reduction experiments were
carried out on the reductive leach residue where the
highest Mn leaching conditions were determined.
The experiments was conducted at 600–900�C in a
muffle furnace. The reductive leach residue was
weighed and transferred in a crucible. When the
muffle furnace reached a desired temperature, the
crucible was put into the muffle furnace. After the
reduction period was completed, the crucible was
taken from the furnace and the residue in it was
poured into water (water-quenching) without delay
to prevent re-oxidation and contact with air. During
the carbothermal reduction tests, undissolved bio-
mass in the residue provided carbon requirements
resulting in the transformation of leach residue into
magnetite mineral. No extra reductant was used.
The XRD patterns were also plotted to determine
the phase conversion.

In the precipitation experiments, a certain vol-
ume of pregnant leach solution (PLS) was poured
into a beaker and placed on a heating mantle
equipped with a magnetic stirrer. The mixing speed
was kept constant at 350 rpm. The pH of the
solution was monitored with a Hach HQ40d pH
meter. When the solution reached a certain tem-
perature, sodium hydroxide (5 M) was slowly deliv-
ered by a syringe until the targeted pH value. When

the desired pH was achieved, the solution was
stirred for 30 min. When the time was completed,
the slurry was filtered through Whatman 1 filter
paper using vacuum filtration. The contents of the
test filtrate and washing filtrate were measured and
analyzed by AAS. The precipitation percentages of
the metals were calculated according to Eq. 3:

PrecipitationðMÞð%Þ

¼ ½CInitial:VInitial � ðCFiltrate:VFiltrate þ CWash:VWashÞ�
CInitial:VInitial

� 100

ð3Þ

where M is metal, CInitial, and CFiltrate, and CWash

are the test solution, filtrate, and wash liquor
concentrations (mg/L) of the individual element
and VInitial, VFiltrate, and VWash are the test solution,
filtrate, and wash liquor volume (L), respectively.

All the tests were duplicated to assess the repro-
ducibility of the test results. Standard deviation
values in the leaching and the precipitation tests
ranged from 0.01 to 3.17.

RESULTS AND DISCUSSION

The particle size analysis revealed that less than
80% of the sample was determined to be � 50 lm,
which has been used for the further reductive
leaching experiments (see online supplementary
Fig. S-1). The chemical composition of the sample
is given in Table I. The chemical analysis demon-
strated that the sample can be classified as a
manganiferous iron ore. The XRD pattern of the
sample is shown in Fig. 1. The crystal phase of the
sample consists of 16.3% hematite (PDF Card No:
33-0664), 16.1% goethite (PDF Card No: 81-0464),
14.8% manganite (PDF Card No: 08-0099), 12.7%
maghemite (PDF Card No: 39-1346), 12.5% grossu-
lar (PDF Card No: 03-0801), 9.2% quartz (PDF Card
No: 46- 1045), 8.3% calcite (PDF Card No: 05-0586),
7.8% ramsdellite (PDF Card No: 42-1316), and 2.2%
calcite-magnesian (PDF Card No: 86-2336)
minerals.

When the elemental mapping images are exam-
ined, it can be seen that the manganese and iron
minerals (hematite, goethite, manganite, and rams-
dellite) exist together, while the aluminum, silicone,
and calcium minerals are hosted in the same places
(see supplementary Fig. S-2). Due to the interlock-
ing structure of manganese and iron contents, a
physical separation method is not considered as a
favourable choice.

FT-IR analysis of the biomass shown in Fig. S-3
revealed that the wavenumber region between 950
cm�1 and 1200 cm�1 contains functional groups
mainly from carbohydrate.43 The main absorbance
determined at 1036 cm-1 indicates the C–O bonds in
the material. The peak at 1415 cm�1 represents a
methyl asymmetric C–H and O–H bindings and –
CH2.44–46 The peaks between 1632 cm�1 and 1657
cm�1 are proteins and peptides.47,48 The peaks at
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2850 and 2924 cm�1 are characterized by fat and
lipids. For the lower frequencies, the peak at 3260
cm�1 is due to N–H stretching of proteins and O–H
stretching of water and carbohydrates, while the
peak at 2928 cm�1 is due to CH2 antisymmetric
stretch of methyl groups mainly from lipids.43 The
FT-IR analysis is consistent with the findings of
characteristics of sewage sludge wastes.49,50 The
calorific value of the biomass was found to be
3674 kcal/kg.

Leaching Experiments Without Reductant

The leaching experiments were performed at four
different temperatures and varying H2SO4 concen-
trations (Fig. 2). It was observed that temperature
has a crucial effect on the extraction of iron. At
90�C, the iron extraction is around 80% using 4 M
and 5 M H2SO4 concentrations. It was also seen that
the aluminum extraction increases with increasing
leaching temperature. The manganese extraction
slightly increased with increasing leaching temper-
atures, but the extraction values did not exceed 30%
even at 5 M H2SO4 concentration and 90�C temper-
ature. There are no regular increases in calcium
extraction values. This stems from the precipitation
of calcium as CaSO4. The magnesium extraction
remains relatively constant even if it was conducted
at high leaching temperatures.

The XRD results revealed that goethite peaks are
significantly disappeared with an increase of the
leaching temperature, which means that the iron-
bearing minerals have been taken into the leach
solution. The intensity of the quartz peaks

signicantly increased with increasing the leaching
temperature (see supplementary Fig. S-4). The
quartz and hematite peaks became dominant peaks
in the residue when the experiments were per-
formed at 90�C and 5 M H2SO4 concentration. Since
the selective extraction of manganese was targeted
during the leaching process, it was necessary to
determine the parameters where the manganese
extraction was high but the iron extraction was low.
These experimental conditions were determined to
be 1 M H2SO4 concentration, 1 h leaching time, 300
rpm stirring speed, 70�C leaching temperature, at
which 2.16% Fe and 11.54% Mn extractions were
achieved under the conditions explored. By keeping
these values constant, the use of biomass as reduc-
tant was investigated in further leaching tests.

Leaching Experiments with Reductant (Waste
Biomass)

Initially, to determine organic acids in the waste
biomass, the HPLC analysis was performed (see
supplementary Fig. S-5). The analysis demon-
strated that the liquor contains 4234.148 ± 222.24
mg/L oxalic acid, 1754.524 ± 48.661 mg/L citric
acid, 10,225.14 ± 169.64 mg/L malic acid,
1498.002 ± 80.652 mg/L acetic acid, and trace
amounts of succinic, fumaric, and butyric acids,
which are possible reducing organic agents during
the reductive leaching process. The possible reac-
tions for manganese extraction using these acids are
shown in Eq. 10.

3MnO2 þ C2H2O2 þ 6HðþaÞ

¼ 3Mnðþ2aÞ þ 2CO2ðgÞ þ 4H2OðIÞ ð4Þ

9MnO2 þ C6H8O7 þ 18HðþaÞ

¼ 9Mnðþ2aÞ þ 6CO2ðgÞ þ 13H2OðIÞ ð5Þ

6MnO2 þ C4H6O5 þ 12HðþaÞ

¼ 6Mnðþ2aÞ þ 4CO2ðgÞ þ 9H2OðIÞ ð6Þ

4MnO2 þ C2H4O2 þ 8HðþaÞ

¼ 4Mnðþ2aÞ þ 2CO2ðgÞ þ 6H2OðIÞ ð7Þ

7MnO2 þ C4H6O4 þ 14HðþaÞ

¼ 7Mnðþ2aÞ þ 4CO2ðgÞ þ 10H2OðIÞ ð8Þ

Table 1. Chemical analysis of the sample

Content Fe Mn Al Ca Mg P S LOIa

% 25.04 15.03 1.54 3.29 0.94 0.18 0.11 10.89

aLoss on ignition.

Fig. 1. XRD pattern of the sample.
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6MnO2 þ C4H4O4 þ 12HðþaÞ

¼ 6Mnðþ2aÞ þ 4CO2ðgÞ þ 8H2OðIÞ ð9Þ

10MnO2 þ C4H8O2 þ 20HðþaÞ

¼ 10Mnðþ2aÞ þ 4CO2g þ 14H2OðIÞ ð10Þ

The reductive leaching experiments were carried
out using biomass as a reducing agent in 1 M H2SO4

solution at 70�C for 1 h (Fig. 3). It was observed that

the extraction percentages of the metals slightly
increased with increasing biomass addition. The
highest manganese extraction, 66.62%, was
achieved when 120 g/L of reductant was used. At
this reductant concentration, the extraction of iron
reached the value of 5.86%. The highest magnesium
extractions were found to be 45.41% and 46.84%
when using 90 g/L and 120 g/L biomass,
respectively.

When the XRD patterns of the residue are
examined, the manganite and ramsdellite peaks
have decreased or disappeared, which confirms the
manganese extraction (see supplementary Fig. S-6).
In these experiments, although the peaks of the
manganese minerals disappeared, the quartz peak
intensities remained almost constant or slightly
decreased. This is attributed to the reductant not
being fully dissolved in the lixiviant causing an
increase in the amount of leach residue. Also, the
gypsum peaks confirm the precipitation of calcium
as CaSO4.

Development of the Reductive Leaching
Experiment and Kinetic Study

The reductive leaching experiments were carried
out at 25�C, 50�C, 70�C, and 90�C temperatures and
four different durations under the following condi-
tions: 300 rpm stirring speed, 1 M H2SO4 concen-
tration, 100 g/L solid ratio, and 120 g/L biomass

Fig. 2. Dissolutions in the experiments conducted at 300 rpm, 100 g/L ore sample, 1 h leaching time, and varying H2SO4 concentrations at 25�C
(a), 50�C (b), 70�C (c), and 90�C (d) temperatures.
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reductant. Especially in the experiments carried out
at 90�C, the manganese extraction values were very
high. At this temperature, the manganese extrac-
tion was almost completely achieved within 2 h
(Fig. 4d).

The manganese dissolution mechanism using
biomass was investigated, which has not previously
been applied as reductant for manganiferous iron
ores. After obtaining dissolution values at different
temperatures and durations, it was investigated to
what degree manganese dissolution rates are suit-
able for kinetic reaction patterns. When the reaction
degree was determined, an Arrhenius plot was
constructed by using rate constants. The Arrhenius
formula is shown in Eq. (11):

k ¼ Ae
�Ea
RT ð11Þ

where k is the rate constant (min�1), T the absolute
temperature (K), A pre-exponential factor, Ea the
activation energy of the reaction (kJ/mol), and R a
universal constant (8.314 J mol�1 K�1).

Since the slope of the line in the Arrhenius plot
constructed with the help of rate constants is equal
to �Ea/R, the activation energies of the reactions
are calculated with the help of the equation with
one unknown. In the light of the manganese disso-
lution values, it was determined that the reactions
followed first-order reaction kinetics (see supple-
mentary Fig. S-7a). The Arrhenius plot was created
with the help of rate constants (see supplementary
Fig. S-7b), and the activation energy was found to be
38.64 kJ/mol. The manganese dissolution reaction

under these experimental conditions is chemically
controlled which is consistent with the finding of
Robertson et al..51 They reported that reactions with
an activation energy greater than 25 kJ/mol are
chemically controlled. The reductive leaching pro-
cess revealed that 99.80% of Mn along with 17.76%
of Fe were extracted into the leach solution under
the determined conditions: 1 M H2SO4 concentra-
tion, 120 g/L biomass, 1/10 solid to liquid ratio, 300
rpm stirring speed, 90�C leaching temperature, and
3 h leaching time. The subsequent precipitation and
carbothermal reduction tests were carried out using
the pregnant leach solution and residue obtained
under the determined leaching conditions.

Carbothermal Reduction Study

In the carbothermal reduction process, insoluble
biomass in the reductive leaching process acts as a
carbon provider. The CO and CO2 gases resulting
from combustion reduce the iron minerals such as
hematite and goethite. The removal of oxygen by
reduction leads to the conversion of iron content to
magnetite minerals. The possible reactions occur-
ring in the carbothermal reduction process are
given in Eqs. 12–15. Samohuos et al.52 and Peng
et al.53 indicated that iron conversion develops as
Fe2O3 > Fe3O4 > FeO > Fe in the carbothermal
reduction process when the process temperature
increases. It was seen that all of the iron content is
converted into magnetite mineral in the reduction
process at temperatures of 600�C and 700�C (see
supplementary Fig. S-8). The XRD pattern of the

Fig. 4. Dissolution rates of the contents as a function of leaching times performed at 25�C (a), 50�C (b), 70�C (c), and 90�C (d) using 120 g/L
biomass reductant.
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sample belonging to the reduction process at 700�C
was examined. It was found that the intensity of the
magnetite peaks is higher than that at 600�C, which
means that a better crystallization (magnetite con-
version) was achieved. At 800�C, the iron content
started to form a compound with silicates and
fayalite minerals, which is a paramagnetic property
and not possible to be recovered by the magnetic
separation technique. The fayalite mineral is also
seen as a dominant peak at 900�C. In addition,
metallic iron peaks (Fe nugget at 45�, 65�, and 82�
peaks) were observed with a high reduction of iron
contents at high temperatures.

C þ O2 ! CO2 ð12Þ

CO2 þ C ! 2CO ð13Þ

2C þ O2 ! 2CO ð14Þ

3Fe2O3 þ CO ! 2Fe3O4 þ CO2 ð15Þ

Magnetic susceptibility (S) was calculated by
using Eq. (16). As a result of the XRD analysis,
the magnetic hysteresis (M–H) curves of the sample
reduced in 10 min at 700�C, and the sample before
the reduction was created for 0–3 T magnetic field
intensity by a physical property measurement sys-
tem (DynaCool-9) equipped with the vibrating sam-
ple magnetometer option (Fig. 5). The increase in
the magnetic properties of the sample are visible
through the reduction process. XRF analysis
revealed that the reduced sample consists of
50.92% Fe2O3, 30.46%SiO2, 12.21%SO3, 5.46%
CaO. and 0.95 % MnO.

S ¼ M

H
ð16Þ

where S is the magnetic susceptibility (g.Coulomb/
amp), M the magnetization intensity (g.Coulomb/
m), and H the magnetic field intensity (amp/m)

The First Step Precipitation Study

The content of the PLS produced under the above
leaching conditions is given in Table S-I. The pH of
the PLS was determined to be 0.53. The pH value of
the solution was initially increased up to 5 with 5M
NaOH solution addition. The main reason for the
first step of precipitation is the removal of impuri-
ties such as Fe and Al.

Pakarinen and Paatero54 reported that Fe2+ has
a poor ability to precipitate as hydroxide, and is
generally oxidized into Fe3+ in industrial processes
and then precipitated in the form of hydroxide.
Fe3+ precipitates in hydroxide form around pH 4–5.
Higher pH values are required for the precipitation
of Fe2+ ions. Manganese begins to precipitate from
pH 7 and, therefore, the amount of Fe2+ ions play
an active role in the selective separation of man-
ganese and iron. Krauskopf55 reported that, unless
the Mn/Fe ratio is too high, iron is primarily
precipitated for manganese recovery in inorganic
processes.

The precipitation reaction can be written accord-
ing to Eq. (17). Figure S-9 shows the equilibrium
constants (log K) for the precipitation of iron,
manganese, magnesium, and calcium as a function
of temperature over the range 0–100�C, which is
useful for the recovery of metal hydroxides. It is
seen that, at 25�C, the values of log K follow
the descending order: Fe(OH)3 > Al(OH)3 >
Fe(OH)2 > Mn(OH)2 > Mg(OH)2 > Ca(OH)2. The
low value of log K for Ca(OH)2 in Fig. S-9 indicates
the need for a high pH to precipitate Ca(OH)2.

Mnnþ þ nH2O ¼ MðOHÞn þ nHþðform ¼ 2; 3;M
¼ Fe;Al;Mn;Mg;CaÞ

ð17Þ

The iron and aluminum precipitated with increas-
ing solution pH (see supplementary Fig. S-10). The
manganese, calcium, and magnesium remained in
the solution almost completely. 80% Fe was precip-
itated at 25�C temperature and pH around 4–5.
Similar results were observed for the aluminum
precipitation. It was seen that the precipitation
percentage of aluminum (Al(OH)3, log K: � 11.318
at 25�C) is interestingly higher than iron (Fe(OH)3,
log K: � 4.034 at 25�C). This might be due to the
presence of organic agents that can make more
stable complexes with iron than the aluminum and
sulfate ion concentration in the solution. It was
observed that the iron and aluminum were almost
completely precipitated at 60�C and pH 5. The
optimum precipitation conditions in the first step
were determined to be pH 5, 350 rpm stirring speed,
and 60�C precipitation temperature. The precipita-
tion test results are compatible with those of
previous studies in the literature.54,56,57 Therefore,
the remaining solution under these optimum condi-
tions was collected for the use of the second step
precipitation tests.
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Fig. 5. M–H curves of the residue and the converted sample.

Top, Altiner, and Kursunoglu480



The Second Step Precipitation Study

The content of the solution used in the second step
is given in Table S-II. The pH of the solution was
5.16. The second step precipitation experiments
were carried out at 25�C by adjusting the solution
pH. Figure S-11 shows the chemical equilibrium
diagrams for the second step precipitation. The
metal ion concentrations (216.43 mM Mn, 29.87 mM
Mg, and 1 mM Ca) were used to draw the diagrams
using Medusa software. As can be seen from the
equilibrium diagram, the manganese begins to
precipitate above pH 7.5. The manganese is com-
pletely precipitated at pH 10. The magnesium starts
to precipitate above pH 9. Calcium, on the other
hand, has a much higher precipitation pH. Mon-
hemius58 reported that high pH values (> 12) are
required for the precipitation of calcium. The man-
ganese was almost completely precipitated around
pH 10 (see supplementary Fig. S-12), which is
consistent with the finding of Zhang and Cheng.56

They reported that manganese precipitation begins
at pH around 7 until 11 and magnesium starts to
precipitate after pH 9. The obtained precipitation
test results are consistent with the Medusa HSC
chemistry software, and the findings of previous
researchers.

The XRD analysis of the precipitates is given in
Fig. S-13. The precipitate was identified as pyr-
ochroite Mn(OH)2 mineral, which confirms the
precipitation test results. The widespread XRD
peaks (halo peaks) indicate that the precipitates
are mostly amorphous structures. As a result of the
second step precipitation tests, the selective precip-
itation of manganese can be achieved at pH 10.
Based on the experimental results obtained from
the bench-scale study, a flowsheet was proposed for
the separation of manganese and iron from the
manganiferous iron ore (Fig. 6).

CONCLUSION

Depletion of primary ore resources and the effect
of technological developments necessitate the ben-
eficiation of complex ores that were not preferred
before. Sustainable development requires good
waste management as well as obtaining the maxi-
mum benefit from natural resources. In this study,
the separation of manganese and iron from a
manganiferous iron ore via reductive acid leaching
followed by precipitation and carbothermal reduc-
tion processes was investigated. Waste biomass was
used as a reducing agent in both the reductive
leaching and carbothermal reduction processes. The
biomass was only added in the reductive leaching

Fig. 6. Proposed flowsheet for the separation of manganese and iron from the manganiferous iron ore.
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step and the undissolved biomass particles in the
leach residue played a carbon-providing role in
magnetite conversion. Under the determined leach-
ing conditions, 99.80% Mn and 17.76% Fe were
taken into the leach solution, while 98.58% Mn was
selectively precipitated from the pregnant leach
solution as Mn(OH)2 in the second step precipita-
tion. The leach residue obtained from the predeter-
mined leaching conditions was ignited at 700�C for
10 min. to convert the entire iron content into
magnetite mineral, which can be easily recovered by
magnetic separation. Based on the experimental
results, the proposed flowsheet can be used for the
separation of manganese and iron from manganif-
erous iron ores.

ACKNOWLEDGEMENTS

This research was financially supported by The
Scientific and Technological Research Council of
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