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The synthesis of Mn3O4 nanoparticles from a manganiferous iron ore through reductive leaching, precipitation,
and calcination was investigated. The reductive leaching results showed that Mn (99.9%) was almost completely
extracted into the leaching solution along with a substantial amount of Mg (99.9%), Al (99.5%), Ca (80%), and
Fe (22.9%) under the following conditions: 30 g/L tartaric acid as a reducing agent, 1 M HCI solution, leaching
temperature of 90 °C, and leaching duration of 3 h. In the first precipitation step, Fe and Al were expelled from
the pregnant leach solution by the addition of NaOH prior to conducting the precipitation experiments for the
production of manganese carbonate (MnCO3) particles from the purified solution. In the second precipitation
step, MnCOj3 particles were produced using sodium carbonate (Na3COs3) as the precipitating agent. The effects of
parameters such as reaction temperature, Na;CO3 concentration, and experimental duration were investigated
using the Taguchi approach. Manganse(II) was precipitated in the form of MnCOj3 particles (97.4%) under the
following conditions: a temperature of 30 °C, NapCO3 concentration of 0.014 mol/L, and duration of 30 min. The
precipitate was observed to have a structure similar to that of rhodochrosite (MnCOg3). Thermogravimetric/
differential thermal analyses were subsequently performed in three different atmospheres (air, oxygen, and ni-
trogen) to select a suitable atmosphere for calcination. The experimental results indicated the formation of
hausmannite (Mn304) with a purity of 97.5% Mn304, 0.42% MgO, 1.66% CaO, and 0.34% FeO. The specific
surface area, particle size, Curie temperature, magnetisation, coercivity, and remanence ratio of the final product
obtained via 3 h of calcination at 350 °C were estimated to be 133.3 mz/g, <142.2 nm, 56 K, 10.10 Amz/kg,
0.35T, and 0.19, respectively. The characterisation results revealed the excellent low-temperature ferromagnetic
properties of the produced Mn3O4 nanoparticles.

1. Introduction

Manganese oxides have attracted attention for several decades owing
to their extraordinary properties and applications in fields involving
magnetic and electromagnetic materials (Zhang et al., 2010a), batteries,
catalysts (Mansournia et al., 2015), and adsorbents (Shao et al., 2017).
In particular, Mn3Oy is a highly significant manganese oxide that can be
employed as an anode material with excellent electrochemical perfor-
mance in rechargeable Li-CO, (Ma et al., 2018), Na-ion (Yusoff et al.,
2020), and Li-ion (Meng et al., 2019) batteries, and supercapacitors (Liu
etal., 2021). Its low cost, high specific capacitance, and environmentally
friendly and non-poisonous nature showcase its tremendous potential as
a leading supercapacitor electrode material for the future (Dubal and
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Holze, 2013). Furthermore, Mn3O4 can be used as a soft magnetic ma-
terial (Song et al., 2013). However, Mn3O4 particles with high purity,
nanostructure, and uniform particle size distribution must be produced
for the aforementioned applications.

Several methods such as sol-gel synthesis, the facile gel route (Ullah
etal., 2017), chemical deposition, the solvothermal process, the solvent-
assisted hydrothermal method (Shaik et al., 2019), co-precipitation,
precipitation conversion-roasting (Li et al., 2021), microwave- or
ultrasonic-assisted production (Gopalakrishnan et al., 2005; Rohani
Bastami and Entezari, 2012; Bastami and Entezari, 2012), and thermal
decomposition (Gao et al., 2017) have recently been adopted for pro-
ducing Mn3O4 particles with desirable properties using different re-
sources such as Mn(CH3COO); (Song et al.,, 2013), KMnO4, MnSO4
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Table 1
The conditions of leaching in the absence of reductant.
Solid-to- Acid Temperature, Time, Stirring
liquid ratio concentration, M °C h speed, rpm
1/10, 1/15, 1 70 1 300
1/20
Table 2

Experimental parameters designed according to the Taguchi approach to pro-
duce MnCO; [L9 (3%)].

Exp. no Temperature (°C) Amount of Na,CO3 added (mol/L) Time (min.)
El 30 0.014 30
E2 30 0.018 120
E3 30 0.022 210
E4 75 0.014 120
E5 75 0.018 210
E6 75 0.022 30
E7 95 0.014 210
E8 95 0.018 30
E9 95 0.022 120
Table 3
The chemical composition of the ore sample.
Element Fe Mn Al Ca Mg P S Lor

% (w/w) 25.0 15.0 1.54 3.29 0.94 0.18 0.11 10.9

# Loss on ignition.

(Zhang et al., 2010a; Zhang et al., 2013), MnCly-4H20 (Ahmed et al.,
2010), MnCO3 (Gao et al., 2017; Lei et al., 2006), MnSiO3 (Li et al.,
2019), manganese(II) glycerolate (Jankovsky et al., 2015), and man-
ganese ore (Zawrah et al., 2020). Manganese oxide particles have also
been recovered from waste batteries (Mylarappa et al., 2016).
Mylarappa et al. (Zawrah et al., 2020) indicated that manganese ore
could be leached in a nitric acid solution at 90 °C for 24 h using glucose
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as a reducing agent to realise enhanced selective dissolution of Mn with
a high leaching efficiency. Subsequently, Mn3O4 was precipitated from
the pregnant leach solution under certain conditions by the addition of
ammonia or sodium hydroxide. Sinha and Purcell (2019) examined the
reduction chemistry and leaching mechanism of manganese oxides from
Mn-based ores by analysing the effect of reducing agents with potential
for the leaching of Mn with high recoveries. Various inorganic chem-
icals, such as sulfur dioxide (Sun et al., 2013); ferrous sulfate (Das et al.,
1982), iron powder (Bafghi et al., 2008), and other iron salts (Khol-
mogorov et al., 2000); HyO9 (El Hazek et al., 2006); and organic re-
ductants, such as lactic acid (Ma et al., 2015), formic acid (Lu et al.,
2015), oxalic acid (Sahoo et al., 2001), potassium oxalate (Freitas et al.,
2013), malonic acid (Lasheen et al., 2014), citric acid (Godunov et al.,
2012), glucose (Furlani et al., 2006), sucrose (Wang et al., 2017), lactose
(De Michelis et al., 2009), and agricultural waste or biomass (Hariprasad
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Fig. 2. The effect of solid-to-liquid ratio on leaching (other leaching conditions:
70 °C, 1 h duration, 300 rpm, 1 M HCI).
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Fig. 1. The XRD pattern of the ore.
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Fig. 3. The effect of tartaric acid on leaching: a) extraction values b) XRD patterns of the residues (other leaching conditions: 1/10 solid-to-liquid ratio, 70 °C, 1 h

duration, 300 rpm, 1 M HCI).

Table 4
Manganese extraction orders utilizing various amounts of organic acids.

Order  Organic, 5 g/ Mn extraction, Organic, 30 g/ Mn extraction,

L % L %
1 Tartaric acid 55.1 Oxalic acid 76.6
2 Citric acid 54.7 Tartaric acid 65.9
3 Glucose 44.6 Citric acid 64.8
4 Maleic acid 43.1 Glucose 61.5
5 Oxalic acid 38.7 Maleic acid 54.7
6 Sucrose 32.7 Sucrose 54.6
7 Acetic acid 5.74 Acetic acid 11.9

Other leaching conditions: 1/10 solid-to-liquid ratio, 70 °C, 1 h duration, 300
rpm, 1 M HCL

et al., 2007; Lasheen et al., 2009; Cheng et al., 2009; Xiong et al., 2018),
have also been employed to dissolve Mn from ores to obtain high
recoveries.

Various separation-based methods involving carbonate (Lin et al.,
2016), hydroxide (Risti¢ et al., 2013), and oxidative (Orue et al., 2020)
precipitation have been extensively adopted to selectively recover Mn
from leachates. Lin et al. (2016) evaluated the aforementioned ap-
proaches and elucidated the separation mechanism of Mn from leachate
containing Ca and Mg impurities. The precipitation behaviour of metals
in hydroxide or carbonate form were noted to be different. An increase
in the solution pH from 2 to 13 was found to linearly increase the pre-
cipitation of Mn, Ca, and Mg, whereas the precipitation rates of Mn, Ca,
and Mg in carbonate form showed solution-pH-dependent differences.
Subsequently, selective separation of Mn(II) from a pregnant leach so-
lution (PLS) containing Ca and Mg impurities was realised using a car-
bonate chemical (NayCO3 or NH4HCO3) (Lin et al., 2016; Ali et al.,
2020). Li et al. (2021) indicated that the amount of alkali used in the
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Fig. 4. The leaching behaviour of Fe, Mn, Mg, Ca, and Al from ore as a function of leaching time (other leaching conditions: 1,/10 solid-to-liquid ratio, 300 rpm, 30 g/

L tartaric acid, 90 °C, and 1 M HCI).

Table 5
Changes in metal ion concentrations before and after the addition of sodium
hydroxide.

Elements Concentration, mg/L
Before NaOH addition After NaOH addition
Mn 11,949 11,729
Fe 4800 43
Mg 975 766
Ca 2400 1886
Al 1113 26
Table 6

Experimental results of the precipitation tests.

Exp. Mn precipitation Mg precipitation Ca precipitation pH
no (%) (%) (%) (£0.1)
El 97.4 9.65 7.80 7.11
E2 99.8 20.5 14.9 8.73
E3 99.9 43.0 41.3 9.27
E4 96.6 13.6 88.2 7.89
E5 99.7 75.4 96.4 8.27
E6 100.0 92.7 98.3 9.08
E7 95.5 56.1 63.6 7.90
E8 99.7 97.7 99.1 8.65
E9 100.0 95.4 92.1 9.13

precipitation stage for producing Mn hydroxide considerably influenced
the morphology and particle size of the final product. Particles of Mn3O4
with an irregular cubic shape were consequently produced with an al-
kali-to-manganese mole ratio of 1.6 after calcination. An increase in this
ratio to 4.0 yielded Mn3O4 particles with a cubic structure and uniform
particle size distribution.

The aforementioned literature review suggests that the recovery of
Mn from a PLS in carbonate form is more convenient and efficient than
that in hydroxide form. The primary objectives of the present study were
to investigate (i) the production of Mn3O4 nanoparticles with extraor-
dinary properties from a manganiferous iron ore using tartaric acid as a
reducing agent in a solution of HCl, (ii) the NaOH-induced removal of

impurities from the solution produced after reductive leaching, (iii) the
sodium-carbonate-assisted precipitation from a purified Mn(II) bearing
liquor, and (iv) the calcination of the precipitate. The reductive leaching
of Mn in an HCI solution was initially investigated in the presence of
various reducing agents. To the best of our knowledge, this is the first
report on the use of tartaric acid as a reducing agent in an HCl solution
for the extraction of Mn from a manganiferous iron ore. In the first step
of the precipitation tests, Fe and Al impurities were removed from the
PLS using sodium hydroxide. Additional precipitation tests based on the
Taguchi approach were conducted using sodium carbonate as a
precipitating agent to obtain high-purity MnCOg3 from the PLS of low
iron and aluminium content. Finally, the precipitated product was
converted into Mn3O4 by calcination under certain conditions that
significantly influenced the properties of the product. The calcined
product was characterised by X-ray diffraction (XRD), X-ray fluores-
cence (XRF), scanning electron microscopy (SEM), particle size distri-
bution (PSD), Brunauer-Emmett-Teller (BET), and magnetic hysteresis
(M-H curve) analyses.

2. Materials and method
2.1. Materials

The ore sample was generously provided by the Sonmez Cement
Company in Ceyhan-Adana, Turkey. The chemical composition of the
ore was determined by XRF (Panalytical MiniPal 4) and atomic ab-
sorption spectrometry (AAS; Perkin Elmer PinAAcle 900H). The sulfur
and phosphorous contents in the ore were determined using Eltra CS 580
and Nanocolor 100 D spectrophotometers. The XRD analysis was per-
formed using a Bruker D8 Discover setup equipped with a Lynxeye de-
tector to determine the mineralogical compositions of the samples. The
XRD data were acquired over 15 min in the range of 10°-90° with a step
size of 0.02°. The percentage estimation and mineral identification were
performed using DIFFRAC.SUITE EVA software with an up-to-date PDF
2 database. Prior to conducting the reductive leaching experiments, the
ore was crushed using a laboratory-type jaw crusher and subsequently
ground in a ball mill to reduce its particle size below 100 pm.
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Fig. 5. The precipitation of manganese as MnCO3 ([Mn?*]: 213 mM, [Mg*"1:
31 mM, [Ca®']: 47 mM, Na,CO5: 14 mM) (Medusa Software).

2.2. Method
2.2.1. Reductive leaching tests

The effects of different organic acids, such as tartaric acid (C4HgOg,
Carlo Erba), oxalic acid (CoH204, Merck), citric acid (CcHgO7, Merck),
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glucose (CgH1206, Merck), sucrose (CyjoHz2011, Isolab), maleic acid
(C4H404, Aromel Chemistry), and acetic acid (CH3COOH, Merck), in
HCI (Merck) solution were examined for the selective extraction of Mn
from the investigated ore. The reductive leaching tests were performed
in a 250 mL beaker reactor equipped with a circulating water bath and a
glass condenser attached to minimise evaporation. A magnetic stirrer
(MTOPS, Ms300 Hs) was used to agitate the slurry at a stirring speed of
300 rpm. The slurries obtained upon completion of the reductive
leaching tests were filtered with Whatman 1 filter paper, and the resi-
dues were washed with deionised water. The collected solutions were
measured and analysed by AAS. The effects of solid-to-liquid ratio on the
reductant-free extraction of Fe, Mn, Mg, Ca, and Al from the ore were
investigated. The conditions of the leaching tests in the absence of
reductant are summarized in Table 1.

2.2.2. Precipitation tests

Precipitation experiments were conducted on the clarified leach li-
quors i.e. pregnant leach solutions (PLSs) collected from the reductive
leaching experiments under the determined optimal conditions. A
typical precipitation experiment was performed at ambient temperature
using 75 mL of the solution in a glass beaker heated on a temperature-
controlled hot plate equipped with a magnetic stirrer. The glass
beaker was covered with Al foil during the experiment to avoid excessive
evaporation. Upon reaching the desired temperature, the precipitating
agent was slowly delivered using a syringe, while the solution was
stirred at a speed of 250 rpm. The impurities in the solution (Fe and Al)
were precipitated in hydroxide form by the addition of NaOH, resulting
in an increase in the solution pH that was monitored using a pH meter
(WTW 3110). The slurry obtained after the precipitation experiment was
filtered, and the precipitate was washed with deionised water. The
collected solutions were measured and analysed by AAS.

The solution with negligible contents of Fe and Al was subsequently
subjected to additional precipitation tests to obtain high-purity MnCOs3.
The effects of temperature, amount of Na;COs3, and reaction time on the
production of MnCOj3 from the purified solution were investigated using
the Taguchi approach. The obtained experimental results were con-
verted into three categories of signal-to-noise (S/N) ratios: (i) larger-to-
better, (ii) smaller-to-better, and (iii) nominal-to-better. The larger-to-
better ratio was selected for the precipitation of Mn, whereas the
smaller-to-better ratio was selected as the output parameter for the
precipitation of Mg and Ca. Furthermore, the contribution of each
parameter to the precipitation test was calculated. The three indepen-
dent variables with three levels are presented in Table 2. Statistical
analysis was conducted using MINITAB 17.0 software. Based on the
results obtained in this step, MnCO3 particles were prepared under
optimal conditions for use in the calcination tests.

2.2.3. Calcination tests

The thermal behaviour of the product obtained in the precipitation
stage was first investigated using a thermogravimetric (TG) analyser
from 25 °C to 1000 °C at a heating rate of 20 °C/min under (i) air, (ii)
nitrogen, and (iii) oxygen. Subsequently, calcination experiments were
conducted in a temperature range of 350-850 °C in a mulffle furnace for
different durations under the optimal atmosphere. The effects of the
calcination time (Ti) and temperature (Te) on the properties of the ob-
tained products were investigated. The experimental conditions for
calcination were denoted as TiX-TeX. For example, Ti3-Te350 refers to
an experiment performed at 350 °C for 3 h.

2.2.4. Characterisation

The phase properties of the obtained products were determined by
XRD. The surface morphologies of the selected products were imaged by
SEM (FEI Quanta 650). The chemical compositions of the investigated
products were determined by AAS and XRF. The specific surface areas
(SSAs) of the products of interest were measured using the BET method,
and the PSDs were determined using a Malvern Nano-ZS apparatus. The
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Table 7

Variance analysis (ANOVA).
Source DF  AdjSS Adv MS F- p- Contribution

value Value  ratio (%)

Manganese precipitation
Temperature 2 0.5883 0.2941 1.12 0.471 2.39
*NayCO3 2 22.8274 11.4137 43,59  0.022  92.77
Time 2 0.6668 0.3334 1.27 0.440  2.70
Error 2 0.5236 0.2618 2.14
Total 8 24.6061
Magnesium precipitation
*Temperature 2 5263.1 2631.53  45.66 0.021 50.67
*NayCO3 2 4161.0 2080.52 36.10 0.027  40.05
Time 2 848.3 424.17 7.36 0.120 8.17
Error 2 115.3 57.63 1.11
Total 8 10,387.7
Calcium precipitation
*Temperature 2 9461.7 4730.83 20.69 0.046 87.19
Na,CO3 2 915.8 457.91 2.00 0.333  8.43
Time 2 17.0 8.50 0.04 0.964  0.16
Error 2 457.3 228.63 4.21
Total 8 10,851.7 100.00

The R? value for the precipitation of manganese, magnesium and calcium as
carbonate form was found to be 97.87%, 98.89% and 95.79%, respectively.
These values indicate that the models used in this study are valid. In addition,
“*» indicates the most effective parameter in the precipitation tests.

magnetic hysteresis properties of the selected products were examined
at 5 K and 300 K in a magnetic field of up to +3 T using a physical
property measurement system (Quantum Design, PPMS Dynacool-9).
Additionally, zero-field-cooling (ZFC) and field-cooling (FC)

procedures were performed at a magnetic field of 0.01 T to determine
the Curie temperature (T¢) of the final product.

3. Results and discussion

The chemical compositions of the ore are listed in Table 3. Fig. 1
shows the XRD patterns of the ore samples. Quantitative phase analysis
was conducted based on the values of the reference intensity ratio (RIR).
As shown in Fig. 1, the ore sample consisted of hematite (Fe3Os; 16.3%),
goethite (FeO(OH); 16.1%), manganite (MnO(OH); 14.8%), maghemite-
C (Fes0Os; 12.7%), calcium silicate (CazAly(SiO4, CO3, OH); 12.5%),
quartz (SiOg; 9.2%), calcite (CaCOs; 8.3%), ramsdellite (MnOo; 7.8%),
and calcite-magnesian (Mn 129Ca g71(CO3)); 2.2%) mineral phases.

3.1. Effects of solid-to-liquid ratio on extraction

Fig. 2 shows the extraction percentages of the aforementioned
metals. The highest extraction of Mn (11.1%) was achieved at a solid-to-
liquid ratio of 1/10, whereas 9.23% Fe, 7.24% Mg, 40.9% Ca, and 21.2%
Al were drawn into the leaching solution. Increasing the solid-to-liquid
ratio resulted in a decrease in the extraction of each metal. For example,
the extraction of Mn decreased linearly from 11.1% to 5.58% as the
solid-to-liquid ratio decreased from 1/10 to 1/20. This is due to the
decrease in H' ions required per gram of the sample during leaching.
The reduction reaction of MnO; in acidic solutions is shown in (Eq. (1)).
In addition, the other metals exhibited similar extraction behaviour,
except for Mg, which exhibited a negligible decrease. Consequently, the
solid-to-liquid ratio was fixed at 1/10 in the subsequent experiments.

MnO, +4H"* +2¢~ = Mn®* +2H,0, AGS,; = —230.022 kJ )
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rhodochrosite mineral.

3.2. Effects of acid concentration and temperature on extraction

The extraction of Fe, Mn, Mg, Ca, and Al was found to increase with
increasing leaching temperature and HCI concentration (Fig. S1). The
XRD analysis of the residues revealed the disappearance of Mn-related
minerals with increasing leaching temperature and HCl concentration
(Fig. S2). Moreover, the peaks corresponding to the quartz content in the

residue increased in intensity owing to its resistance to leach in HCl. The
leaching efficiency of the metals was strongly influenced by the tem-
perature and acid concentration. Because these experiments were aimed
at the selective extraction of Mn from an ore, the reductive leaching tests
were conducted under the following optimised parameters: a leaching
time of 1 h, stirring speed of 300 rpm, temperature of 70 °C, and HCl
concentration of 1 M, with the ore being leached at an efficiency of
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Fig. 8. The thermal behaviour of rhodochrosite (MnCO3) produced at the E2 condition at a temperature of 25-1000 °C in the presence of (a) nitrogen, (b) oxygen,

and (c) air atmosphere (WL = weight loss).

Table 8
Determination of mineral phases under various calcination conditions.
Calcination conditions” Mineral(s)” PDF card no
Ti3-Te350 Hausmannite (Mn304) 01-075-1650
Ti5-Te350 Hausmannite (Mn304) 01-074-6605
Ti3-Te600 ¥-Mn3O4 00-018-0803
Mnj 0304 01-073-5018
Ti5-Te600 y-MnzO4 00-018-0803
$-Mn3zO4 01-076-2337
Ti3-Te850 B-Mn3zO04 01-086-2337
Ti5-Te850 B-MngzO4 01-086-2337

# Roasting time Ti = 3 or 5 h, temperature Te = 350, 600 or 850 °C.
b Refer to Fig. S5.

11.0% Mn and 9.52% Fe.

3.3. Effects of reductants on extraction

The effects of reductants on the extraction of Fe, Mn, Mg, Ca, and Al
from the ore were investigated. The use of reductants resulted in
enhanced extraction of the concerned metals (Fig. 3a and Fig. S3). The
extraction of Mn was estimated as 76.6%, 64.8%, 65.9%, 54.4%, 61.5%,
54.6%, and 11.9% in the presence of oxalic acid, citric acid, tartaric acid,
maleic acid, glucose, sucrose, and acetic acid at concentrations of 30 g/
L, respectively. In contrast, the extraction of Fe reduced by 23% in the
presence of each reductant. The extraction of metals from the ore in
decreasing order was as follows: Mn > Ca > Al > Mg > Fe. Furthermore,

the amount of the reducing agent used in the leaching tests significantly
influenced the leaching behaviour of these metals. For example, the
extraction of Mn in the range 5.74%-55.1% with the descending order
given in Table 4 at 5 g/L reducing agents increased to the range 11.9%-—
76.6% at a higher dosage of 10 g/L reducing agent, but with a different
descending order (Table 4).

The XRD analysis indicated that the characteristic peaks of the
manganite and ramsdellite minerals started to decrease in intensity or
disappear, confirming the extraction of Mn from the ore (Fig. 3b and
Fig. S4). However, Mn-bearing minerals were detected in the residue
obtained via acetic-acid-assisted leaching, because of the considerably
low extraction of Mn. The decrease in the peak intensities of Mn-bearing
minerals clearly led to an increase in the intensity of the quartz peaks.
These experiments indicated that Mn could be leached with an efficiency
greater than 60% using oxalic acid, tartaric acid, citric acid, or glucose
as a reducing agent. Therefore, the selective leaching of Mn from a
manganiferous iron ore using tartaric acid as a reducing agent in an HCI
solution was targeted; this has not been previously reported. In addition,
the synthesis of Mn3O4 nanoparticles from the produced reductive
leaching solution has not been previously described. The chemical re-
action for the selective extraction of Mn using tartaric acid as a reducing
agent in an HCI solution can be expressed as follows (Eq. (2)):

5Mn0O, + 10H" 4+ C4HOg = 4CO, + 5Mn** + 8H,0, AGS,,

= —1295.545kJ (2)

The process of leaching was conducted at a higher temperature using
30 g/L tartaric acid as a reductant to realise enhanced Mn extraction.
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Fig. 9. The SEM images of the produced Mn-oxide nanoparticles after the calcination process (codes explained in Table 8).

Tests conducted at 90 °C for 3 h resulted in 99.9% Mn being drawn into
the leaching solution along with Mg (99.9%), Al (99.5%), Ca (80%), and
Fe (22.9%) as shown in Fig. 4.

3.4. Precipitation of manganese carbonate (MnCO3)

The stock solution for the precipitation study was collected under the
following conditions: a solid-to-liquid ratio of 1/10, stirring speed of
300 rpm, temperature of 90 °C, duration of 3 h, HCI concentration of 1
M, and tartaric acid concentration of 30 g/L. The solution pH was
increased up to 5 (+£0.1) from —1.6 by the addition of 0.065 mol of
NaOH to remove impurities. The concentrations of impurities (Fe, Mg,
Ca, and Al) in the purified solution decreased in the first step. The Mn
concentration slightly decreased from the leach liquor presumably
because of the adsorption of Mn ions on the fine particles (Table 5).

The precipitation temperature, amount of Na;COs, and precipitation
time were investigated using the Taguchi approach for producing high-
purity MnCOs in the second-step precipitation tests; similar studies have
been previously conducted (Ali et al., 2020; Zhang et al., 2010b). The
precipitation percentages of each element and the final pH values of the
solutions are listed in Table 6.

The final pH of the solution varied between 7.11 and 9.27, which is
consistent with the precipitation diagram of MnCOs3 particles con-
structed with respect to the solution pH. Fig. 5 demonstrates that MnCO3
can be produced in a pH range of 7-11, theoretically validating the
experimental findings of this study. Furthermore, the following chemi-
cal reaction (Eq. (3)) occurred spontaneously at 30 °C:

MnCl, + Na,COy = MnCO; + 2NaCl, AGS, = — 139.962 kJ ©))

Accordingly, Mn precipitated as MnCOs3; however, Mg and Ca did not
precipitate with high precipitation percentages under the employed
conditions. For example, the precipitation percentages of Mn were in the
ranges of 97.4%-99.9%, 96.6%-100%, and 95.5%-100% at tempera-
tures of 30, 75, and 95 °C, respectively. These results suggested that the
reaction temperature did not affect the precipitation of Mn, and that
specific conditions were required to precipitate Ca and Mg in carbonate
form. Based on the precipitation conditions, the precipitation percent-
ages of Mg and Ca varied in the 9.65%-97.7% and 7.80%-99.1% ranges,
respectively. The results from this study indicated that Mn could be
precipitated along with the Mg and Ca impurities with an increase in the
reaction temperature and amount of NapCOs. The experimental results
were converted into S/N values, as shown in Fig. 6.
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> reaction time > reaction temperature. ANOVA analysis (Table 7)
indicated that the amount of added Na;COs3, with a contribution ratio of
92.77%, was the only effective parameter among these factors; the

The influence of precipitation conditions can be conveniently eval-
uated using these graphs. The effects of the conditions on the precipi-
tation percentage of Mn were in the following order: amount of Na,CO3

10
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experimental error was estimated to be 2.14%.

Although the reaction temperature did not considerably influence
the precipitation of Mn, an increase in the reaction temperature resulted
in the precipitation of Mg and Ca, which lowered the purity of MnCOs.
These findings were confirmed by chemical analysis of the concerned
products. For example, the product was primarily composed of 46.4%
Mn, 0.17% Mg, 0.79% Ca, 0.17% Fe, and 42.3% LOI when the precipi-
tation test was performed under the following conditions (E1): a tem-
perature of 30 °C, NapCOs3 concentration of 0.014 mol/L, and duration of
30 min. The purity of the product obtained under the E8 set of conditions
was low because of the precipitation of Ca and Mg along with Mn in
carbonate form, which contained 35.9% Mn, 1.83% Mg, 7.41% Ca, 0.13
Fe%, and 43.8% LOIL.

The polymorphs and phase properties of the products were charac-
terised by XRD and SEM analyses (Fig. 7). The peaks were consistent
with the pattern of the rhodochrosite mineral (MnCOs, PDF Card No:
00-044-1472). Although the precipitation percentages of Ca and Mg
were higher, no peaks of Ca or Mg carbonate minerals were observed
owing to the detection limit of XRD (Ali et al., 2020). In addition, the
XRD analysis indicated that the product was amorphous and poorly
crystallised, which is consistent with the SEM images of the products
obtained under the E1, E2, E5, and E9 conditions. The obtained MnCO3
products were not smooth and well-shaped. Therefore, based on the
characterisation test results, the product synthesised under the E1 set of
conditions was adopted for subsequent calcination tests.

3.5. Production and characterisation of hausmannite (Mn3O4)

Several reactions may occur during the process of decomposition,
depending on the atmosphere. The MnCOs particles are decomposed
into Mn oxide and CO; gas; however, different forms of these Mn oxide
particles (MnO, Mny03, Mn3O4, Mns0g, and MnOs) could be generated
(Biernacki and Pokrzywnicki, 1999). The calcination atmosphere is
known to play a key role in the oxidation properties of Mn oxides
(Jankovsky et al., 2015; Augustin et al., 2015). For example, MnO par-
ticles can be produced in the presence of Ar, whereas MnyO3 can be
produced via decomposition of MnCOs5 particles in air (Pinc et al., 2016).

The production of Mn oxide particles must be carefully conducted,
because the calcination temperature and atmosphere significantly affect
their properties such as particle size, surface area, and Mn oxidation
state. Therefore, the decomposition behaviour of the products in a
temperature range of 25-1000 °C were evaluated under (i) nitrogen, (ii)
oxygen, and (iii) air. The TG/differential thermal analysis (DTA) curves
of the product produced under E1 are shown in Fig. 8.

The TG curves were divided into three phases (phase I [25-150 °C],
phase II [150-600 °C], and phase III [600-1000 °C]), based on the
endothermic peaks observed in each DT curve, to elucidate the
decomposition mechanism of the products. Moreover, the DT curves
were used as an indicator to determine the temperature-dependent
phase transformations of the calcined products. As shown in the phase
I region, a peak representing the evaporation of molecular water
appeared in a temperature zone of 85.07-97.94 °C. A weight loss (WL) of
7.66% was achieved by the E1 product under a nitrogen atmosphere.

The endothermic peaks determined in the phase 2 region
(150-600 °C) validated the temperature-dependent decomposition of
MnCOj3 and the release of CO5 gases. The decomposition temperature of
MnCOj3 was noted to be approximately 395 °C. The highest WL of the
product (31.9%) was obtained in this region (Fig. 8a), which was in line
with the theoretical value (31.3%) corresponding to the decomposition
of MnCOj3 into Mn,03 nanoparticles. These reactions can be represented
as follows (Eq. (4)) (Pourmortazavi et al., 2012; Wang et al., 2013a):

C))

Fig. 8b shows several endothermic peaks in the phase 1 and 2 regions
with respect to a pure oxygen atmosphere. These peaks are presumably
due to the temperature-dependent oxidation tendencies of the obtained

M}’lCOg +Mn02 = Mn203 + COZ7 AGZB = —51.177KJ
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Mn oxide products. The following chemical reactions presumably
represent the formation of various Mn oxide compounds (Egs. (5)-(8)):

2MnCO; + 0, = 2Mn0; +2C0,,AGS,; = — 139.795 KJ 6))
2Mny 05 + 0y = 4Mn0,, AGS,, = —37.441 kI @)
4MnCO; + 0, = 2Mn, 05 +4C0,, AGSy, = — 242.149 kI %)
6MnCOs + 0, = 2Mn; 04 + 6C02, AGS,, = —312.833 KJ ®

The mass loss of the product in air was estimated to be 26.9% (phase
2; Fig. 8c), validating the decomposition of MnCO3 into Mn3gO4 (theo-
retical value: 28%). The DT curves revealed that the thermal behaviour
of the product in nitrogen and air atmospheres were similar; thus, the
decomposition process could be conveniently controlled to produce Mn
oxide particles with desirable properties. However, the presence of
several endothermic peaks in Fig. 8b hints at issues that could affect this
production. Therefore, the effects of calcination parameters on the
properties of the product in an air atmosphere were investigated.

The effects of the calcination conditions on the phase properties of
each product were probed by XRD analysis, summarized in Table 8. The
rhodochrosite mineral was converted into hausmannite under the Ti3-
Te350 conditions. However, two peaks corresponding to Mn3O4 were
observed. Increasing the reaction time to 5 h at the same temperature
(Ti5-Te350) led to the appearance of additional peaks representing
hausmannite in the XRD pattern. The hausmannite mineral was well
crystallised with extended reaction times. A mixture of Mn oxide min-
erals was obtained under the Ti3-Te600 conditions. Two major Mn oxide
minerals were determined to be y-Mn304 and Mnj ¢304. Increasing the
calcination time at the same temperature (Ti5-Te600) resulted in the
disappearance and appearance of the Mnj 304 and p-Mn3O4 peaks,
respectively. These findings are consistent with those of a previous study
(He et al., 2003). The phase change of Mn oxide minerals from Mny03/
Mnj 0304 to Mn3O4 occurred with increasing temperature (Liu et al.,
2014; Narayani et al., 2019). Peaks representing f-Mn3O4 were obtained
under the Ti3-Te850 conditions. As mentioned earlier, Mn oxide min-
erals with well-crystallised properties can be produced via prolonged
calcination. The p-Mn3O4 mineral was obtained under the Ti5-Te850
conditions. These findings were confirmed by the SEM images shown
in Fig. 9.

The products obtained at 350 °C were neither well crystallised nor
amorphous (Ti3-Te350 and Ti5-Te350); however, an increase in the
calcination temperature to 600 °C led to the formation of well-shaped
and flow-like structures (Ti3-Te600 and Ti5-Te600). Moreover, rod-
like and cubic crystals were observed in the SEM images of p-Mn3O4
produced under the Ti3-Te850 and Ti5-Te850 conditions, respectively.
The calcination temperature played a crucial role in the preparation of
Mn oxide nanoparticles with different structural properties.

Fig. 10 shows the particle size distribution of the products obtained
at 350 °C. The product formed within 3 h exhibited a unimodal distri-
bution (Ti3-Te350). Particle size analysis revealed that 97.9% of the
product synthesised under the Ti3-Te350 conditions was smaller than
142.2 nm. However, increasing the duration led to an increase in par-
ticle size and yielded a bimodal distribution (Ti5-Te350). After 5 h, the
PSD showed that 65.3% of the product (Ti5-Te350) was smaller than
209.8 nm.

Fig. 11a shows that Mn oxides with various specific surface area
(SSA) values can be produced depending on the experimental condi-
tions. Prior to the calcination, the SSA of the MnCO3 particles was
estimated to be 73.61 m?/g. After calcination, the SSA values of Mn
oxide products were in the range of 2.97-133.3 m?/g, which is consis-
tent with those obtained in previous studies (Dubal and Holze, 2013;
Gao et al., 2017; Zhang et al., 2013; Aghazadeh et al., 2017; Pudukudy
et al., 2014; Li et al., 2016). The electrical capacities of Mn3O4 nano-
particles are known to increase with increasing SSA. A larger surface
area enables faster access of electrolytes and ions to the active material.



M. Altiner et al.

Therefore, Mn3O4 with a high SSA must be prepared for use in Li-ion
batteries (Meng et al., 2019; Wang et al., 2013b). The SSA of the prod-
uct increased from 73.61 m?/g to 133.26 m?/g owing to the decompo-
sition of MnCOs into Mn oxide nanoparticles at high temperatures. This
finding is consistent with those of a previous study (Liu et al., 2019), in
which Mn304 nanoparticles with a SSA of 90 m?/g were produced from
MnCOs particles with a SSA of 15 m?/g after 6 h of calcination at 300 °C.
An increase in the calcination time resulted in a decrease in the SSA of
the product, leading to the synthesis of a product with a SSA of 121.9
m?/g under the Ti5-Te350 conditions (Fig. 11). A dramatic decrease in
SSA was observed with an increase in the calcination temperature and
time. Products with SSA values of 26.12 m%/g and 21.20 m?/g were
obtained under the Ti3-Te600 and Ti5-Te600 conditions, respectively.
Furthermore, products with SSA values of 2.97 m?/g and 5.10 m%/g
were synthesised under the Ti3-Te850 and Ti5-Te850 conditions,
respectively.

The magnetic behaviour of Mn3O, is known to be strongly dependent
on the ambient temperature. Consequently, Mn3O4 nanoparticles
exhibit ferromagnetic behaviour at low temperatures (<100 K), and
display paramagnetic behaviour under ambient conditions. The Curie
temperature (T¢), which can be used to monitor the ferromagnetic-to-
paramagnetic conversion behaviour of the product, is known to be 42
K for Mn3O4 nanoparticles (Dwight and Menyuk, 1960; Chang et al.,
2004; Azzoni et al., 2001). Two different experiments (zero-field-cooling
and field-cooling) were performed to determine the Curie temperature
of the product synthesised in this study. As shown in Fig. 11b, the
magnetisation reached a maximum and subsequently started to decrease
at a temperature of 56 K, which was determined to be the T¢ of the
product. Furthermore, this finding is in good agreement with that of a
previous study (Vazquez-Olmos et al., 2005); however, the T¢ value is
lower than those obtained in other previous studies (Gopalakrishnan
et al., 2005; Bastami and Entezari, 2012; Dwight and Menyuk, 1960;
Chang et al., 2004; Azzoni et al., 2001). The value of T¢ is known to be
significantly influenced by the production conditions of the materials;
for example, a mixture of Mn3O4 and polyethylene glycol (PEG) (80:20)
exhibits paramagnetic and ferromagnetic behaviour at temperatures
>50 K and <50 K, respectively (Durmus et al., 2011).

Magnetic hysteresis (M-H) curves of the product obtained under the
Ti3-Te350 conditions were collected at temperatures of 5 K and 300 K
under a magnetic field of £3 T (Fig. 11c and d). The M-H curves cor-
responding to the zero-field-cooling and field-cooling experiments of the
product at 5 K revealed its ferromagnetic behaviour; moreover, the
magnetisation value (Mpax) of the product was estimated to be 10.10
Am?/kg, which is considerably low compared to that of bulk Mn3Oy (Ms:
38 Amz/kg) (Tebble and Craik, 1969). The maximum saturation mag-
netisation of bulk Mn304 could not be attained. Similar results have
been obtained in a previous study (Rani et al., 2018) because of the
misaligned spin configurations of nanosized materials, which resulted in
a low magnetic moment of the product (Jahromi et al., 2015; Selvan
et al., 2008; Sherin et al., 2014). The remanence ratio (M;/Mpax) Was
estimated to be 0.19 using data from the M-H curve. The coercivity (H.)
of the product (0.35 T) was smaller compared to previously reported
values of H [15, 71], indicating that the smaller H_ is possibly related to
the properties of the crystals (nanorods and nanoparticles) in the
product. A decrease in the particle size increases the coercivity of the
product (Song et al., 2013). The M-H curve is linear at 300 K, indicating
that the product exhibited paramagnetic behaviour (Mpax: 0.20 Am?/
kg); therefore, no coercivity was observed. This finding is in line with
that of a previous study (Bastami and Entezari, 2012). Chemical analysis
indicated that a high-purity product with a composition of 97.5%
Mng30y4, 0.42% MgO, 1.66% CaO, and 0.34% FeO can be produced. The
purity of this product is significantly higher than that of a product ob-
tained in a previous study in which iron-oxide-rich Mn304 was obtained
from a low-grade manganese ore (Zawrah et al., 2020).
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4. Conclusions

The production of high-purity Mn3O4 nanoparticles from a man-
ganiferous iron ore by hydro- and pyro-metallurgical methods, including
reductive leaching, precipitation, and calcination, was investigated. The
experimental results of the reductive leaching tests revealed the possi-
bility of dissolving Mn with a high extraction percentage (99.9%) from
the ore using tartaric acid as a reducing agent in an HCI solution. Iron
and aluminium impurities in the leachate were initially removed by the
addition of NaOH. In the second step of the precipitation tests, the ef-
fects of precipitation conditions on the production of MnCO3 from the
purified solution were investigated using the Taguchi approach, which
showed that the contribution ratios of the parameters could be ordered
as follows: amount of Na;CO3 > reaction time > reaction temperature.
However, increasing the amount of Na;COg triggered the precipitation
of Ca and Mg in carbonate form, resulting in a decrease in the purity of
the MnCOs3 product. Rhodochrosite particles (MnCO3; 97.4%) were
precipitated under the following conditions: a temperature of 30 °C,
NayCO3 concentration of 0.014 mol/L, and a duration of 30 min.
Calcination was conducted at different temperatures, durations, and
atmospheres. The polymorphs and crystal properties of the Mn3O4
product changed with respect to the duration and temperature of
calcination. The product obtained under the Ti3-Ti350 conditions was
determined to be Mn304 with extraordinary properties such as a high
SSA (132.55 mz/g), particle size of <142.2 nm, remarkable low-
temperature ferromagnetic behaviour (5 K), and high chemical purity
(97.5% Mn304, 0.42% MgO, 1.66% CaO, and 0.34% FeO).
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