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Abstract

This study investigates the selective dissolution of manganese from a manganiferous iron
ore using nitric acid (HNO:3) in the presence of various organic reductants. A series of
leaching experiments was performed to evaluate the effects of temperature, reductant
type, and leaching time on Mn recovery, with particular emphasis on biomass (horse
dung) and tartaric acid as novel reducing agents. The dissolution behaviour of Fe, Mn,
Mg, Ca, and Al was systematically examined, revealing that Mn extraction was strongly
enhanced in the presence of reductants, while Fe dissolution remained below 10% under
all conditions. The maximum Mn dissolution exceeded 90% at 90 °C using biomass and
reached nearly 85%-90% with tartaric acid at elevated temperatures. Kinetic studies were
conducted by applying reaction order models and the shrinking core model. The results
indicated that Mn dissolution in HNOs medium is predominantly controlled by surface
chemical reaction, with Arrhenius analysis yielding activation energies of 27.74 kJ/mol for
biomass and 21.26 kJ/mol for tartaric acid. These relatively low values confirm the effi-
ciency of organic reductants in facilitating Mn reduction and dissolution. To sum up, com-
parison of reductant efficiency revealed that, at the lowest concentrations, the dissolution
of Mn followed the sequence glucose > sucrose > oxalic acid > tartaric acid > maleic acid >
biomass > citric acid > acetic acid. At the highest concentrations, the trend shifted, with
citric acid emerging as the most effective, followed by tartaric acid > oxalic acid > glucose
> sucrose > maleic acid > biomass > acetic acid.

Academic Editor: Hyunjung Kim

o Keywords: manganiferous iron ores; manganese; iron; separation; dissolution
(Nic

Received: 17 November 2025
Revised: 27 December 2025
Accepted: 30 December 2025 .
P 1. Introduction

Published: 31 December 2025

) Iron is among the most abundant elements in the lithosphere, constituting nearly 5%
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ranking as the twelfth most abundant element. It almost exclusively occurs in mixed oxi-
dation states, forming oxides, hydroxides, silicates, and carbonates, with pyrolusite
(MnOz) being the most widespread ore mineral [3,4].

Geologically, manganese is most often enriched in marine sedimentary environ-
ments, where it precipitates from seawater or groundwater to form deposits that greatly
exceed its average crustal abundance [5]. Furthermore, manganese-rich oceanic nodules
and crusts, composed of minerals such as vernadite, birnessite, and buserite, represent
significant repositories of critical metals, including cobalt, nickel, and rare earth elements
[6]. Iron, on the other hand, is extensively concentrated in banded iron formations (BIFs),
which formed through chemical precipitation in Precambrian oceans. These deposits re-
flect alternating layers of iron oxides and silica, generated by redox fluctuations where
Fe?*-rich anoxic waters were episodically oxidized. Under certain geochemical conditions,
manganese mineralization is also closely associated with these processes [7].

Due to their similar physicochemical characteristics and neighboring positions in the
periodic table, manganese minerals such as pyrolusite were long misidentified as impure
iron ores. Only with the advent of systematic chemical studies in the late eighteenth cen-
tury, culminating in Gahn'’s isolation of metallic manganese in 1774, was manganese es-
tablished as a distinct element [8].

Iron forms the foundation of modern infrastructure, with more than 90% of global
metal production dedicated to steelmaking [9]. Its primary applications encompass con-
struction, transportation, and energy sectors, including reinforced concrete, bridges, pipe-
lines, ships, automobiles, railways, wind turbines, and power plants [10,11]. Beyond con-
ventional steel, high-purity iron and advanced alloys are employed in electrical steels,
magnetic materials, and biomedical devices, highlighting the element’s versatility across
industrial and technological domains. Manganese is equally indispensable as an alloying
component, particularly in steelmaking, where it improves strength, wear resistance, and
toughness while mitigating sulfur-induced embrittlement [12]. Approximately 85%-90%
of global Mn consumption is attributed to ferroalloy production, with the remainder used
in high-value applications such as Li-ion and alkaline batteries, pigments, fertilizers, ca-
talysis, and advanced energy materials [13]. Consequently, manganese functions not only
as a bulk metallurgical element but also as a critical material for emerging green technol-
ogies.

Conventional beneficiation techniques such as washing, gravity concentration, mag-
netic separation, and flotation have been widely applied to improve the grade of manga-
nese and iron ores [14,15]. However, the complex mineralogy and fine intergrowth of Fe—
Mn ores often limit the effectiveness of these methods, making selective and efficient sep-
aration difficult to achieve [16]. In recent years, the selective dissolution of manganese
from Fe-Mn ores through reductive leaching has attracted significant attention. Iron re-
mains in the ionic state below pH = 3.5 but begins to precipitate at higher pH values. In
contrast, manganese exhibits a greater tendency to dissolve under acidic to near-neutral
conditions, yielding pale pink Mn?* ions, and is classified among metals with a high affin-
ity for reduction [17]. The redox potential for the Mn(IV) — Mn(Il) transformation has
been reported as 21.62 V vs. SHE at 15 °C and 16.28 V vs. SHE at 95 °C, corresponding to
Eh values of 1.24 V vs. SHE and 1.19 V vs. SHE, respectively [18]. These values suggest
that elevated temperature alone is insufficient for MnO: reduction; instead, electron do-
nors with relatively low redox potentials must be employed to provide electrons in solu-
tion. Therefore, the conversion of higher-valence manganese species (Mn(IlI), Mn(IV))
into Mn(II) requires lower Eh conditions, achievable through reductive leaching in acidic
media.

The reductive dissolution of MnO: under acidic conditions can be expressed as:
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MnO, + 4H* + 2e~ & Mn?* + 2H,0 (1)

Reductive leaching has been extensively employed to recover manganese from fer-
ruginous manganese and manganiferous iron ores, utilizing a diverse array of reductants.
Reported agents include sucrose [19], pyrite [20], methanol [21], sulfur dioxide [22], oxalic
acid [23], sawdust [24], corn stalks [25], molasses [26], carbohydrates [27,28], corn cobs
[29], hydrogen peroxide [30], waste tea leaves [31], calcium sulfide [32], formic acid [33],
lignin [34], tannic acid [35], ascorbic acid [36], bamboo sawdust [37], and even unconven-
tional sources such as biomass [38]. Through these approaches, manganese oxides are ef-
fectively reduced and solubilized into the leach solution.

Recent studies indicate that nitric acid offers several practical advantages over con-
ventional sulfuric acid systems. Studies on metal-rich waste demonstrate that HNOs
yields higher dissolution efficiencies and cleaner leachates compared with H2SOs, which
often forms sulfate-rich byproducts that complicate recovery processes [39]. Similar
trends are observed in mineral matrices where nitric acid promotes more controlled dis-
solution and avoids passivating phases that slow extraction [40]. These findings suggest
that the nitrate medium can provide a more flexible and regeneration-compatible envi-
ronment consistent with the objectives of the present work. Moreover, HNOs has also been
successfully employed for the dissolution of manganese ores under reductive conditions,
demonstrating its effectiveness for Mn recovery in different mineral systems [26,41-43].

The authors have previously investigated the selective dissolution of manganese
from manganiferous iron ores using different acid systems, including sulfuric acid with
biomass as a reductant [38] and hydrochloric acid for the synthesis of MnsOs nanoparticles
via a leaching—precipitation—calcination route [44]. Building upon these studies, the pre-
sent work addresses an important gap by systematically examining nitric acid as an alter-
native leaching medium. For the first time, various organic reductants are evaluated for
the selective dissolution of manganese from Fe-Mn ores in HNO:s solution. In particular,
the use of tartaric acid and biomass as reductants in a nitric acid environment for manga-
nese dissolution has not been previously reported, highlighting the novelty and signifi-
cance of the proposed approach.

2. Experimental
2.1. Material

The manganiferous iron ore used in this study was sourced from the Dokuztekne Fe—
Mn deposit in the Ceyhan district of Adana, Turkey. The mineralization occurs within
altered spilitic volcanics and limestone, structurally modified by NW-SE-trending faults
[45]. The deposit formed during the Cretaceous and was later reworked in the Oligocene-
Miocene, producing stratiform Fe-Mn horizons associated with basaltic-andesitic volcan-
ics. Major ore minerals include hematite, braunite, bixbyite, psilomelane, kutnahorite, and
manganite, while calcite, quartz and chlorite constitute the main gangue phases. Mn mi-
cronodules up to 2 mm occur within laminated siliceous schists of the Isali Formation [46].
The ore body extends for approximately 1.2 to 1.5 km with thicknesses varying between
2 and 11 m. Approximately 300 kg of representative material was collected from outcrops
and stockpiles within the licensed area operated by Sénmez Cimento A.S. and transported
to laboratory for experimental studies.

All dissolution and chemical analyses were performed using analytical-grade rea-
gents and deionized water. Analytical-grade H250s, HCl, HNOs, Na2COs, and NaOH
(Merck) were employed for solution preparation and pH adjustment. Reductive leaching
experiments utilized analytical-grade tartaric acid (Carlo Erba, Milan, Italy), oxalic acid
(Merck, Darmstadt, Germany), citric acid (Merck, Darmstadt, Germany), glucose mono-
hydrate (Merck, Darmstadt, Germany), sucrose (Isolab, Wertheim, Germany), maleic acid
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(Aromel Kimya, Istanbul, Turkey), and acetic acid (Merck, Darmstadt, Germany) as re-
ducing agents. Biomass reductant was supplied as horse manure obtained in a single 50
kg batch from the Ahmet Kiliccioglu Horse Farm (Malatya, Turkey). The material was
oven-dried at 80 °C for 3 days, then milled under dry conditions in a laboratory-scale ball
mill charged with 10 kg of grinding media. After dry sieving, particles smaller than 1 mm
were collected and used directly in the leaching experiments.

2.2. Characterization Techniques

For the initial characterization of the material, powder samples were analyzed using
a Minipal 4 Panalytical X-ray fluorescence (XRF) spectrometer. In addition, wet chemical
analyses were performed by dissolving the material in aqua regia to validate the XRF re-
sults. After the leaching experiments, elemental concentrations in the leach solutions were
primarily determined by atomic absorption spectroscopy (AAS) using PerkinElmer
PinAAcle 900F (PerkinElmer, Waltham, MA, USA) and PinAAcle 900H instruments
(PerkinElmer, Waltham, MA, USA). To ensure analytical accuracy and validate the AAS
results, selected representative leach solutions were additionally analyzed by inductively
coupled plasma mass spectrometry (ICP-MS) using a PerkinElmer NexION 2000 P system
(PerkinElmer, Waltham, MA, USA). The results obtained by ICP-MS showed good agree-
ment with the AAS measurements. Phase identification of the solid samples was carried
out with a Bruker Discover D8 X-ray diffractometer (XRD) (Bruker AXS, Karlsruhe, Ger-
many). XRD measurements were performed on powder samples in the 10-90° 20 range
with a step size of 0.02° over a total scan time of 15 min. The obtained diffractograms were
evaluated using Diffrac.Suite Eva software (version 4.0) with the updated PDF-2 database
for mineral identification. For comminution processes, a laboratory-scale jaw crusher and
ball mill were employed. The particle size distributions of the ground samples were sub-
sequently determined using a Malvern Panalytical Mastersizer 2000 laser particle size an-
alyzer (Malvern Panalytical, Malvern, UK). For Fourier-transform infrared (FTIR) charac-
terization, spectra of the biomass samples were recorded using a Thermo Scientific Nicolet
i510 FTIR spectrometer (Thermo Scientific, Waltham, MA, USA) in the 4000-400 cm™
range to identify the functional groups present in the material. Additionally, the calorific
value of the biomass was determined using an IKA C 200 calorimeter to evaluate its en-
ergy content prior to thermal or chemical processing.

2.3. Leaching Tests

Figure 1 illustrates the experimental reflux setup employed in this study. The sche-
matic representation (Figure 1a) and the corresponding laboratory assembly (Figure 1b)
consist of a round-bottom flask (1) equipped with a thermometer (2) placed on a magnetic
stirrer-heating plate (3), connected to a vertical water-cooled condenser (4). The conden-
ser is supplied with cooling water through the inlet (5) and outlet (6) connections to ensure
efficient condensation of vapours and their return to the reaction flask. This configuration
enables controlled heating under reflux conditions, preventing solvent loss while main-
taining a stable reaction temperature throughout the leaching procedure.

Leaching experiments were performed in a 250 mL two-neck round-bottom flask fit-
ted with a reflux condenser and thermometer, placed on an Mtops MS300HS heated mag-
netic stirrer (Mtops, Seoul, Republic of Korea). A 100 mL acidic solution of the desired
molarity was heated to the target temperature before adding the ground ore sample at the
specified solid/liquid ratio. For tests with a reductant, the reducing agent was introduced
5 min prior to ore addition. Each leach ran for 1 h under continuous stirring. The slurry
was then filtered through Whatman No. 1 paper, the residue washed twice with deionized
water, and the filtrate diluted to a known volume. All leaching experiments were con-
ducted in triplicate, and the dissolution values presented in the figures represent mean
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values with a standard deviation that did not exceed +5% for any data point. Dissolved
metal concentrations were determined primarily by atomic absorption spectroscopy,
while inductively coupled plasma mass spectrometry (ICP-MS) was employed for valida-
tion of selected samples. Dissolution percentages were calculated using Equation (2).

CPLS XV

Dissolution(%) = C()RE—XW

X 100 @)

where D is the dissolution (%), Crrs is the concentration of element in the PLS (mg/L), V is
the final volume of the PLS (L), Core is the initial concentration of element in the ore
(mg/kg), and W is the amount of ore used in the leaching (kg).

Figure 1. Experimental setup for the leaching process. (a) Schematic representation of the laboratory
apparatus, showing the round-bottom flask (1) on a heating plate (3), thermometer (2), and vertical
condenser (4) with water inlet (5) and outlet (6). (b) Photograph of the actual assembled system in

the fume hood, illustrating the condenser cooling connections and heating arrangement.

3. Results and Discussion
3.1. Characterization

The chemical composition analysis of the manganiferous iron ore revealed that Fe20s
(38.5%) and MnO (20.7%) are the predominant constituents, confirming the ore as a valu-
able source of both iron and manganese. The ore also contains considerable amounts of
SiO2 (14.91%) and CaO (5.82%), together with minor proportions of Al20s (3.10%) and
MgO (1.62%). In addition, trace levels of PbO (0.24%), K20 (0.24%), BaO (0.42%), SrO
(0.36%), CuO (0.23%), TiOz2 (0.16%), NiO (0.12%), and SOs (0.18%) are present, along with
very low concentrations of ZnO (0.06%), V20s (0.10%), ZrO2 (0.04%), Ln20s (0.20%), and
Re207 (0.05%). Overall, the ore exhibits a complex mineralogical composition, character-
ized by high iron and manganese contents accompanied by siliceous and calcareous
gangue phases, as well as minor trace metal oxides. The XRD pattern of the manganese-
bearing iron ore is presented in Figure 2. The analysis revealed that the ore consists of
69.7% crystalline and 30.3% amorphous phases. Within the crystalline fraction, 16.3% cor-
responds to hematite (PDF card no. 33-0664), 16.1% to goethite (PDF card no. 81-0464),
14.8% to manganite (PDF card no. 08-0099), 12.7% to maghemite (PDF card no. 39-1346),
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12.5% to garnet (PDF card no. 03-0801), 9.2% to quartz (PDF card no. 46-1045), 8.3% to
calcite (PDF card no. 05-0586), 7.8% to ramsdellite (PDF card no. 42-1316), and 2.2% to
magnesium-bearing calcite (PDF card no. 86-2336).

The feed material was first crushed using a jaw crusher to reduce the particle size to
below 1 cm. Subsequently, the sample was ground in a ball mill until the entire material
passed below 200 um (Figure 3a). The Hardgrove Grindability Index (HGI) of the feed
was determined as 52.65, while the Bond work index was found to be 11.87 kWh/ton. Fine
particle size is a critical parameter for enhancing the efficiency of leaching, as larger par-
ticles hinder the dissolution of mineral phases encapsulated within coarse grains. When
leaching is performed on coarser fractions, the dissolution of enclosed minerals is re-
stricted, leading to reduced extraction efficiency. For instance, Fe or Mn phases encapsu-
lated within a quartz grain may not interact effectively with the leaching agent under the
experimental conditions, or dissolution may only occur after prolonged exposure, follow-
ing the dissolution of the surrounding mineral phase. Therefore, samples ground for 60
min to achieve a finer particle size distribution (dso~ 11.5 um) were selected for subsequent
leaching experiments (Figure 3b).

; | PDF 33-0664 Fe203 Hematite, syn %16.3 Major
1100 | PDF 81-0464 FeO(OH) Goethite, syn %16.1 Major
3 | PDF 08-0099 Mn+30(OH) Manganite %14.8 Major
E | PDF 38-1346 Fe203 Maghemite-C, syn %12.7 Major
1000 | PDF 03-0801 Ca3AI2(Si04,CO3,0H)3 Grossular, hydroxylian %12.5 Major
E | PDF 46-1045 Si02 Quariz, syn %9.2 Major
E PDF 05-0586 CaCO3 Calcite, syn %8.3 Major
900 | PDF 42-1316 MnO2 Ramsdeliite %7.8 Major
E PDF 86-2336 (Mg.129Ca.871)(CO3) Calcite, magnesian %2.2 Minor
o-
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Figure 2. XRD pattern of manganiferous iron ore.
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Figure 3. (a) Particle size distributions of the material ground for different milling durations. (b)
Mastersizer particle size analysis of the sample after 1 h of milling.

To further elucidate the molecular structure and functional group composition of the
biomass, FTIR analysis was performed (Figure 4). The region between 950 and 1200 cm™
corresponds to functional groups associated with carbohydrates [47]. The main absorb-
ance band was observed at 1036 cm™, indicating the presence of C-O bonds in the mate-
rial. The peak at 1415 cm represents asymmetric C-H and O-H vibrations as well as —
CH: groups [48-50]. The peaks between 1632 and 1657 cm™ are attributed to proteins and
peptides [48,51]. The bands observed at 2850 and 2924 cm™ are characteristic of fats and
lipids. At lower frequencies, the peak at 3260 cm™ arises from N-H stretching vibrations
of proteins and O-H stretching associated with water and carbohydrates, whereas the
peak at 2928 cm™ mainly corresponds to the antisymmetric stretching of CHz methyl
groups derived from lipids [47]. Overall, the FTIR results are consistent with previously
reported characteristics of sewage sludge waste [52,53].
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Figure 4. FTIR spectrum of the biomass.
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The calorific value of the biomass was determined as 3674 cal/g. XRF analysis was
performed on the ash obtained from the biomass, and the elemental composition is pre-
sented in Table 1. An additional XRF analysis conducted on the sample prior to combus-

tion in the muffle furnace revealed similar mineral constituents, along with an SOs content
of 6.40%.

Table 1. XRF analysis of the biomass ash.

Content SiO2 Fe:0s CaO SrO P:0s MnO BaO NiO TiO: K:O Cr:0Os CuO V205 Ln20s
% 3434 1158 2650 059 810 085 023 024 071 1414 034 032 005 170
3.2. Leaching Experiments
The following sections examine the effects of the key leaching parameters to clarify
their contribution to the dissolution mechanism.
3.2.1. Effect of Solid to Liquid Ratio
Examination of Figure 5a shows that increasing the solid-to-liquid ratio diminishes
the influence of acid concentration and reduces the dissolution of all elements. At constant
solution volume and acid concentration, a higher solid loading lowers the amount of acid
available per particle, thereby decreasing overall leaching efficiency. Consequently, to
achieve maximum manganese dissolution in the presence of HNOs3, a solid concentration
of 100 g L was selected as the fixed parameter for subsequent experiments. Since the
dissolution remained low at this stage, the XRD patterns in Figure 5b show no significant
changes.
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Figure 5. Elemental dissolution as a function of varying solid-liquid ratios at 70 °C, 1 h leaching
time, 300 rpm stirring speed, and 1 M HNO: (a), and corresponding XRD patterns of the leach resi-
dues (b).

3.2.2. Effect of Acid Concentration

The dissolution behaviour of Fe, Mn, Mg, Ca, and Al as a function of HNOs concen-
tration at different temperatures is presented in Figure 6. Increasing the acid concentration
generally enhanced the leaching of all elements, although the extent of dissolution varied
significantly among them. Calcium exhibited the highest sensitivity to acid concentration,
with its dissolution exceeding 80% at concentrations >4 M, particularly at elevated tem-
peratures. In contrast, Mn dissolution remained relatively limited at room temperature
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and 50 °C, where the maximum leaching did not exceed 10%. A marked increase in Mn
recovery was observed only under more aggressive leaching conditions (=70 °C and >4 M
HNOs), reaching a maximum dissolution of approximately 33% at 90 °C and 5 M HNO:s.
These results indicate that while acid concentration plays a critical role in facilitating the
dissolution of Ca, its influence on Mn and other elements is considerably less pronounced
under mild leaching conditions. To establish a systematic workflow, temperature and
HNO:s concentration were first optimized (Figure 6), followed by evaluation of organic

reductants under the selected conditions and kinetic studies for selected reductant sys-
tems.
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Figure 6. Dissolution behavior of Fe, Mn, Mg, Ca, and Al at different HNOs concentrations and

temperatures under the conditions of 300 rpm stirring speed, 100 g/L solid-to-liquid ratio, and 1 h
reaction time: (a) 25 °C, (b) 50 °C, (c) 70 °C, and (d) 90 °C.

4 5

3.2.3. Effect of Temperature

The influence of temperature on the leaching behaviour is also evident in Figure 6,
where dissolution efficiencies consistently improved with increasing reaction tempera-
ture. At higher temperatures (=70 °C), the leaching of Mn, Fe, and Mg increased notably,
although still remaining moderate compared to Ca. The strong dependence of Ca disso-
lution on both temperature and acid concentration suggests the preferential breakdown
of calcite phases under such conditions. This interpretation is further supported by the
XRD patterns in Figure 7, where the characteristic calcite peaks show a marked reduction
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in intensity and, in some cases, near disappearance, indicating that the calcite phase has
largely dissolved with increasing acid concentration and temperature. Similarly, peaks
corresponding to Mn-bearing phases diminished significantly at 270 °C, confirming the
partial dissolution of manganese minerals under harsher leaching environments. Overall,
the combined dissolution data and XRD results clearly demonstrate that temperature is a
decisive factor in promoting mineral breakdown and enhancing metal recovery, particu-
larly for Mn at high acid concentrations.
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Figure 7. XRD patterns of the leach residues obtained at different HNOs concentrations and temper-
atures under the conditions of 300 rpm stirring speed, 100 g/L solid-to-liquid ratio, and 1 h reaction
time: (a) 25 °C, (b) 50 °C, (c) 70 °C, and (d) 90 °C.

Since the selective dissolution of manganese while retaining iron in the leach solution
was desired, the conditions of 1 M HNOs concentration, 70 °C reaction temperature, 300
rpm stirring speed, 100 g/L solid-to-liquid ratio, and 1 h reaction time were identified as
the optimum parameters. These conditions were subsequently employed in the following
experiments.

3.2.4. Effect of Reductants

The influence of different reductants on the leaching performance of manganese and
iron in the presence of HNO: is illustrated in Figure 8. Among the tested organic reduct-
ants, oxalic, citric, and tartaric acids exhibited the most pronounced effects. The maximum
Mn dissolution yield was approximately 60% in the presence of oxalic acid (Figure 8a),
while citric acid addition at 30 g/L slightly enhanced the Mn dissolution to about 65%
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(Figure 8b). Tartaric acid demonstrated a comparable performance, with dissolution val-
ues close to those obtained with oxalic and citric acids (Figure 8c). In contrast, maleic acid
yielded considerably lower Mn dissolution efficiencies, around 40% at 30 g/L (Figure 8d).
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Figure 8. Effect of different reductants on the dissolution behaviour of manganese and iron under
leaching conditions of 1 M HNOs, 70 °C, 300 rpm stirring speed, 100 g/L pulp density, and 1 h reac-
tion time: (a) oxalic acid, (b) citric acid, (c) tartaric acid, (d) maleic acid, (e) glucose, (f) sucrose, (g)

biomass (horse dung), and (h) acetic acid.
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Glucose addition significantly improved Mn dissolution, achieving values of approx-
imately 60% at 20 g/L (Figure 8e), while sucrose led to dissolution yields ranging between
40% and 44% depending on concentration (Figure 8f). In the case of biomass, reductant
addition was increased up to 120 g/L in order to enhance dissolution. However, only mar-
ginal differences in Mn recovery were observed between 30 g/L and 120 g/L, with disso-
lution values consistently ranging between 40% and 45%. The reductive capacity of the
biomass arises from its intrinsic organic constituents and the low-molecular-weight or-
ganic acids formed during degradation, as supported by FTIR data and prior HPLC re-
sults [38] (Figure 8g). The use of acetic acid did not result in any noticeable improvement
in Mn dissolution efficiency (Figure 8h). Across all reductants, Fe dissolution remained
below 10%, confirming the high selectivity of the process. The overall order of element
dissolution under reductive leaching conditions was Mn > Ca > Al > Mg > Fe. The XRD
patterns of the leach residues in Figure 9 corroborate the dissolution data. The intensity of
diffraction peaks corresponding to manganese-bearing phases such as manganite and
ramsdellite decreased progressively with the addition of reductants, consistent with the
higher Mn dissolution observed. Furthermore, an increase in quartz peak intensity was
identified with increasing reductant concentrations, except in the case of biomass, where
such changes were not detected. This suggests a preferential dissolution of manganese
phases over silicate phases, in line with the trends noted in the leaching results. When
comparing the relative effectiveness of reductants at the lowest concentrations tested,
their performance in enhancing Mn dissolution followed the order: glucose > sucrose >
oxalic acid > tartaric acid > maleic acid > biomass > citric acid > acetic acid. At the highest
concentrations, however, the ranking shifted, with citric acid becoming the most effective,
followed by tartaric acid > oxalic acid > glucose > sucrose > maleic acid > biomass > acetic
acid. Atlow reductant concentrations, the dissolution behaviour is primarily governed by
the intrinsic reducing strength of the organic species, resulting in higher effectiveness for
simple sugars such as glucose and sucrose. As the reductant concentration increases, how-
ever, polycarboxylic acids such as citric and tartaric acid begin to dominate due to their
stronger complexation ability, which enhances Mn?* stabilization and promotes continued
dissolution. This concentration-dependent shift reflects a transition from a reduction-con-
trolled regime to one in which ligand complexation and metal-organic speciation become
increasingly influential. These results highlight the significant dependence of reductive
leaching efficiency not only on the type of reductant employed but also on its dosage,
underlining the complex interaction between organic reductants and the Mn-bearing min-
eral phases during acid leaching. The differences in dissolution efficiency among the re-
ductants arise from their molecular structures and intrinsic redox behavior. Polycarbox-
ylic acids such as tartaric and citric acid contain multiple -COOH and —-OH groups that
enhance electron donation and facilitate the reduction of Mn(IV/III) to Mn(II). In contrast,
sugars generate less stable intermediate radicals, and biomass or acetic acid contains fewer
active functional groups, resulting in lower Mn dissolution. This structure-dependent
trend aligns with the dissolution behavior observed in this study.
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Figure 9. XRD patterns of the undissolved solids obtained after leaching in 1 M HNO:s solution at
70 °C, with a solid-to-liquid ratio of 100 g/L, stirring rate of 300 rpm, and leaching time of 1 h under
different reductant additions: (a) oxalic acid, (b) citric acid, (c) tartaric acid, (d) maleic acid, (e) glu-

cose, (f) sucrose, (g) biomass, and (h) acetic acid.
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In addition to the enhanced dissolution of Mn under reductive conditions, the con-
sistently low dissolution of Fe (<10%) can be explained by the distinct electrochemical sta-
bility of iron in nitric acid media. Under the strongly acidic and oxidizing environment of
1 M HNO:;, iron remains thermodynamically stabilized in the Fe®* state, and the reduction
of Fe* to Fe> requires redox potentials significantly lower than those attainable with the
organic reductants employed here. Thus, while reductants readily convert Mn(IV/III)
phases to soluble Mn?, they are not thermodynamically capable of reducing Fe%. Moreo-
ver, Fe-oxide phases such as hematite and goethite exhibit inherently slow dissolution
kinetics in nitrate media and may form thin Fe(III)-oxyhydroxide layers that act as transi-
ent passivating films. These combined thermodynamic and kinetic factors explain why Fe
dissolution remains limited even under conditions that strongly promote Mn leaching,
thereby underpinning the high selectivity observed in this study.

3.2.5. Kinetic Studies

At this stage, the dissolution mechanisms of Mn were investigated in experiments
employing tartaric acid and biomass as reductants, which constitutes the novel aspect of
this study since such reductants have not previously been applied for Fe-Mn ores in the
presence of HNO:s. Dissolution data were obtained at different temperatures and leaching
times, and the Mn dissolution rates were analysed to determine their conformity with
various reaction order kinetic models. Once the reaction orders were identified, rate con-
stants were employed to construct Arrhenius plots, as expressed in the following equa-
tion:

k= AcRT ©
where k is the rate constant (min™), T is the absolute temperature (K), Ea is the activation
energy (k] mol™), R is the universal constant (8314 ] mol-' K1), and A is the pre-exponen-
tial factor.

The dissolution kinetics of Mn in HNOs medium were further examined using the
shrinking core model, and the results were evaluated through Equations (4) and (5). Sub-
sequently, the rate constants were applied to derive the Arrhenius plots, from which the
activation energies were calculated.

1—(1—a)%=kxt 4)

1—2(1—a)%+(1—a)§=kxt ®)

where k is the rate constant (min™), a is the conversion or dissolution fraction determined
between 0 and 1, and t is leaching time (min).

The dissolution kinetics of Mn were investigated under controlled leaching condi-
tions using two novel reductants: biomass (horse dung) and tartaric acid, in the presence
of HNO:s. The experiments were performed at a stirring rate of 300 rpm, with 1 M HNO:s
concentration, a pulp density of 100 g/L, and reductant dosages of 120 g/L biomass or 30
g/L tartaric acid, respectively. Leaching tests were carried out at four different tempera-
tures (30, 50, 70, and 90 °C) and varying leaching times up to 3 h. The results for biomass
and tartaric acid are presented in Figure 10 and Figure 11, respectively. For the biomass-
assisted system (Figure 10a—d), the dissolution of Mn increased significantly with both
temperature and leaching time, while Fe dissolution remained consistently low across all
conditions, confirming the reductive selectivity of biomass toward Mn. At 90 °C, nearly
complete Mn dissolution (>90%) was achieved within 3 h, whereas at lower temperatures
(30-50 °C) dissolution remained moderate. Similar trends were observed for other associ-
ated elements (Mg, Ca, Al), though their dissolution ratios were markedly lower com-
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pared to Mn, highlighting the preferential leaching of manganese. The corresponding ki-
netic plots (Figure 10e) demonstrated good linearity when fitted with the shrinking core
model based on Equation (5), indicating that Mn dissolution is controlled predominantly
by chemical reaction at the surface rather than by diffusion. The Arrhenius plot (Figure
10f) yielded an apparent activation energy (Ea) of 27.74 k]-mol™, suggesting that the pro-
cess lies at the boundary between diffusion- and reaction-controlled regimes but is more
consistent with a chemically controlled reaction mechanism.
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Figure 10. Dissolution of Fe, Mn, Mg, Ca, and Al in 1 M HNO:s with 120 g/L biomass reductant (100
g/L pulp density, 300 rpm) at 30-90 °C and varying times (a—d), with kinetic (e) and Arrhenius (f)

plots.
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Figure 11. Dissolution of Fe, Mn, Mg, Ca, and Al in 1 M HNOs with 30 g/L tartaric acid reductant
(100 g/L pulp density, 300 rpm) at 30-90 °C and varying times (a—-d), with kinetic (e) and Arrhenius
(f) plots.

In the case of tartaric acid as the reductant (Figure 11a—d), a similar temperature and
time dependence of Mn dissolution was observed, with markedly enhanced extraction
efficiency compared to biomass at lower temperatures. At 70-90 °C, Mn dissolution ex-
ceeded 80%-90%, whereas at 30 °C, values remained below 40%. The dissolution of Fe
was again suppressed under all conditions, ensuring selective Mn recovery. The kinetic
fits (Figure 11e) showed strong agreement with the shrinking core model given by Equa-
tion (6), implying that the dissolution process may involve a combination of surface chem-
ical reaction and diffusion through a product layer. The corresponding Arrhenius plot
(Figure 11f) provided an activation energy of 21.26 k]-mol, slightly lower than that for
the biomass system, suggesting a comparatively lower energy barrier and higher effi-
ciency for tartaric acid in promoting Mn dissolution. It should be noted that the activation
energies were determined under the optimal reductant dosages for each system, and
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therefore, they reflect mechanistic differences rather than a direct comparison at equiva-
lent concentrations. The activation energies obtained in this study, namely 27.74 k]-mol™
for the biomass system and 21.26 kJ-mol-! for the tartaric acid system, fall within the range
typically associated with surface-controlled reductive dissolution in nitric acid in the pres-
ence of organic reductants. A very similar activation energy of approximately 25.7 k]-mol™
was reported by Lasheen et al. [42] for the reductive leaching of manganese using molas-
ses in nitric acid. This close agreement in activation energy indicates that the dissolution
process is governed by energetically accessible surface-controlled reactions, facilitated by
organic electron donors during the reduction of higher-valence manganese species to
Mn?. Although activation energies were not reported, two additional studies employing
organic reductants in nitric acid [41,43] also demonstrated effective manganese dissolu-
tion, and their findings further support the conclusion that organic reductants promote
surface electron-transfer processes that are consistent with the activation energies deter-
mined in the present work. Overall, the results clearly indicate that both biomass and tar-
taric acid act as effective reductants in the nitric acid medium, enabling the selective dis-
solution of Mn over Fe. However, tartaric acid appears to be kinetically more favourable,
as reflected by its lower activation energy and better performance at lower temperatures.
The application of such reductants for Fe-Mn ores in HNOs medium has not previously
been reported, highlighting the novelty of this work. The kinetic analysis confirms that
the dissolution of Mn follows the shrinking core model, with activation energies con-
sistent with chemically controlled leaching processes. These findings provide valuable in-
sights for the design of energy-efficient and selective hydrometallurgical processes for
manganese recovery from complex Fe-Mn ores.

4. Conclusions

The present study provides a systematic investigation of manganese dissolution from
a complex manganiferous iron ore using nitric acid as the leaching medium in combina-
tion with organic reductants. The results clearly demonstrate that HNOs alone was insuf-
ficient to achieve significant Mn recovery under mild conditions; however, the introduc-
tion of suitable reductants markedly improved leaching efficiency. Among the eight re-
ductants tested, tartaric acid and biomass from horse dung exhibited the most promising
behaviour and were selected for detailed kinetic evaluation. Under the optimized leaching
conditions of 1 M HNOs, 100 g/L pulp density, 300 rpm stirring speed, and 30-90 °C, Mn
dissolution increased substantially with temperature and reaction time, while Fe dissolu-
tion consistently remained below 10%. The maximum Mn extraction exceeded 90% at 90
°C with biomass addition and reached nearly 85%-90% with tartaric acid at elevated tem-
peratures, indicating the high selectivity of both reductants in suppressing Fe solubilisa-
tion. These results confirm the effectiveness of organic reductants in achieving targeted
Mn recovery from Fe-Mn ores. Kinetic studies revealed that the dissolution data were
well described by the shrinking core model. For the biomass system, the dissolution be-
haviour was best explained by the surface chemical reaction model, yielding an apparent
activation energy of 27.74 kJ/mol. In contrast, tartaric acid followed a mixed mechanism
involving surface reaction and diffusion through the product layer, with a lower activa-
tion energy of 21.26 kJ/mol. The relatively small values of Ea obtained in both cases sug-
gest that Mn dissolution in nitric acid medium proceeds with moderate energy require-
ments, highlighting the energy-efficient nature of the process. These findings contribute
to the broader development of environmentally sustainable hydrometallurgical ap-
proaches for the valorisation of complex Fe-Mn ores, offering an alternative pathway for
Mn recovery that minimizes Fe contamination and reduces chemical costs.
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