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Abstract

The aim of this study was to develop a roasting–magnetic separation technology for
ferruginous manganese fines generated during the processing of ores from the Tur deposit
in order to reduce iron content and increase manganese concentration in products suitable
for subsequent metallurgical applications. A process flowsheet involving magnetizing
reduction roasting with a carbonaceous reductant (Shubarkol coal) followed by magnetic
separation was proposed. The effects of key process parameters, including reductant dosage
(20 and 30 wt.%), roasting duration (180 and 300 min), and particle size distribution, were
systematically investigated. The separation efficiency of iron and manganese was found to
depend strongly on the roasting conditions and the reduction degree of iron-bearing phases.
The proposed technology demonstrated high efficiency, with the best results obtained at
30 wt.% coal and 300 min of roasting, achieving manganese recovery of up to 73.40% in the
non-magnetic product while reducing iron content to 2.13%. Furthermore, the inclusion
of a preliminary magnetic separation stage improved process selectivity, producing a
manganese concentrate containing up to 31.9% Mn and 2.0% Fe. X-ray diffraction analysis
confirmed the formation of (Fe,Mn)O, hausmannite, and braunite, while quartz remained
the dominant gangue phase. The results demonstrate the potential for efficient utilization
of ferruginous manganese fines and the expansion of the metallurgical raw material base
in Kazakhstan.

Keywords: ferruginous manganese fines; magnetizing roasting; magnetic separation;
reduction roasting; manganese concentrate

1. Introduction
The steady growth of global steel production and the increasing demand for alloying

elements have highlighted the strategic importance of manganese-containing ferroalloys,
particularly ferromanganese and ferrosilicomanganese [1–3]. These materials are key
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components in the production of structural and alloy steels, acting as effective deoxidizers
and strengthening additives [4,5]. However, the depletion of high-grade manganese ore
reserves in many countries is forcing the processing industry to shift toward the utilization
of low-grade and refractory ores that are difficult to beneficiate [6,7].

Kazakhstan possesses significant mineral resources of manganese ores; however, most
of them are characterized by a high iron content (up to 30%) and a low manganese content
(less than 25%), which limits their suitability for conventional ferroalloy smelting [8]. Geo-
logical exploration data indicate that more than 70% of the reserves belong to ferruginous
manganese ores, while the remaining portion consists of oxidized and refractory varieties
that are difficult to beneficiate. At the same time, the volume of substandard reserves and
mining wastes exceeds 120 million tons, which simultaneously creates an environmental
challenge and represents a potential secondary resource base for utilization [9,10].

Conventional processing methods, such as pyrometallurgical smelting with iron re-
moval into slag or hydrometallurgical leaching, are often economically inefficient for such
ores [11–13]. Therefore, increasing attention is being paid to alternative technologies that
enable selective recovery of manganese while reducing iron content. One of the most
promising approaches is the combination of oxidative roasting and magnetic separation.

In recent years, reduction and magnetizing roasting technologies combined with
magnetic separation have been considered promising methods for the processing of low-
grade iron-bearing ores and technogenic materials. During the roasting process, weakly
magnetic iron oxides are converted into magnetite, which enhances the efficiency of
subsequent magnetic separation and iron recovery [14,15]. Studies [16–18] have shown
that process performance is largely governed by roasting conditions and the associated
phase transformations.

A similar approach is also applied in the processing of ferruginous manganese raw
materials, where during reduction roasting iron-bearing minerals acquire magnetic proper-
ties, whereas manganese phases predominantly remain weakly magnetic or non-magnetic.
This enables their selective separation by magnetic separation and improves the quality of
the obtained products [19–22].

A similar mechanism of phase transformations has been confirmed for both natural
ferruginous manganese ores and complex technogenic materials. Studies have shown that
iron reduction using various reductants, including hydrogen, enables efficient separation
of the iron-bearing phase while manganese remains in a refractory form, thereby enhancing
process selectivity [19,20]. Investigations of the magnetic properties of low-grade man-
ganese carbonate ores also confirm that, after reduction treatment, a significant increase
in the magnetic susceptibility of iron-bearing phases is observed, which improves the
efficiency of their subsequent recovery [21].

Similar technological regularities have been established in the processing of metallurgical
waste materials, including pyrite cinders and cyanide tailings. It has been shown that the
application of flowsheets such as “reduction roasting–aqueous leaching–magnetic separation”
or direct reduction roasting–magnetic separation ensures efficient recovery of iron into the
magnetic fraction and improves the quality of the resulting concentrates [22–26]. Collectively,
these findings confirm the potential of thermomagnetic methods for the processing of complex
ferruginous manganese raw materials and technogenic materials in order to enhance their
metallurgical value.

In recent years, a number of studies have been conducted on the possibility of direct
processing of technogenic ferruginous manganese materials without a preliminary benefici-
ation stage. It has been established that the application of carbothermic reduction enables
the production of complex alloys directly from waste materials, confirming the potential of
their utilization as secondary metallurgical raw materials [27,28].
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Ferruginous manganese ores and low-grade manganese raw materials are of consider-
able practical interest as potential sources for the production of manganese concentrates.
However, their efficient utilization is complicated by the close association of manganese
and iron minerals, as well as their complex mineralogical composition, which significantly
hinders their separation by conventional beneficiation methods [29,30].

In recent years, considerable attention has been given to the development of technolo-
gies based on reduction roasting followed by magnetic separation. This approach enables
the selective reduction of iron-bearing minerals to magnetic phases, primarily magnetite or
metallic iron, while manganese remains in a weakly magnetic state, thereby facilitating their
subsequent efficient separation [29–31]. One study [29] demonstrated the high efficiency of
magnetizing roasting technology in a fluidized bed followed by magnetic separation for
the separation of iron and manganese in low-grade ferruginous manganese ores.

The choice of reducing agent and thermal treatment conditions plays an important
role in selective reduction processes. One study [32] demonstrated the significant in-
fluence of coal type on the reduction kinetics and magnetic separation performance of
high-phosphorus oolitic iron ores, while the authors of [33] investigated reduction roasting
processes in a fluidized bed using coal fuel, confirming the possibility of effective formation
of magnetic iron-bearing phases.

A number of studies have focused on improving combined processing flowsheets
involving magnetic separation integrated with flotation and chemical leaching. For instance,
the study [34] proposed a technology based on sodium magnetizing roasting, magnetic
separation, and subsequent acid and alkaline leaching, which enabled effective reduction
of phosphorus content in the concentrate. The authors of [35] demonstrated the possibility
of improving iron concentrate quality by combining low-intensity magnetic separation
with reverse flotation, while one study [36] developed a combined scheme of oxidative
roasting, gas reduction, and magnetic separation for simultaneous iron recovery and raw
material dephosphorization.

Carbothermic reduction processes have also been actively investigated for ferruginous
manganese ores. The authors of [37] established regularities in the morphological evolution
of mineral phases during carbothermic reduction and demonstrated the possibility of
effectively increasing the Mn/Fe ratio in the concentrate. The authors of [38] demonstrated
the potential of reduction roasting for the separation of manganese and iron in high-
alumina ferruginous manganese ores, while the authors of [39] confirmed the effectiveness
of combining reduction roasting with magnetic separation to increase the Mn/Fe ratio in
fine-grained raw materials.

Further improvement in process efficiency can be achieved through preliminary mate-
rial preparation and the integrated utilization of various types of technogenic raw materials.
In particular, the authors of [39] demonstrated the positive effect of a desliming stage on the
magnetic separation performance of low-grade ferruginous manganese ores. The authors
of [40] proposed a technology for the co-reduction of copper smelting slag and ferrugi-
nous manganese ore followed by magnetic separation, enabling the efficient utilization of
secondary resources and enhancing the comprehensive recovery of valuable components.

Despite the considerable progress achieved in reduction roasting and magnetic sepa-
ration of manganese-bearing ores, several important challenges remain unresolved. Most
published studies have focused on natural manganese ores with relatively favorable Mn/Fe
ratios, whereas considerably less attention has been paid to ferruginous manganese ma-
terials characterized by high iron content, low Mn/Fe ratio, and complex mineralogical
composition. In such materials, the selective transformation of iron-bearing phases dur-
ing roasting and its influence on the subsequent Mn–Fe separation efficiency are not yet
fully understood. Furthermore, the combined effects of reductant dosage, roasting con-

https://doi.org/10.3390/pr14152505

https://doi.org/10.3390/pr14152505


Processes 2026, 14, 2505 4 of 16

ditions, and magnetic separation parameters on manganese enrichment require further
investigation, particularly for technogenic manganese materials.

Although significant advances have been achieved in recent years, including the devel-
opment of reduction roasting–magnetic separation technologies for low-grade manganese
resources, limited attention has been devoted to ferruginous manganese materials from
Kazakhstan. In particular, there is a lack of systematic studies considering the specific min-
eralogical characteristics of the intermediate technogenic product from the Tur deposit and
the application of locally available fine-grained carbonaceous reductants such as Shubarkol
coal. Consequently, the development of an efficient beneficiation process for these materials
remains an important scientific and technological challenge.

Therefore, the aim of this study is to develop and optimize a thermochemical pro-
cessing technology for ferruginous manganese materials from the Tur deposit based on
reduction roasting followed by magnetic separation. Particular attention is paid to the influ-
ence of roasting conditions and reductant dosage on phase transformations, manganese and
iron separation, and the quality of the obtained products. The proposed processing route is
intended to improve manganese recovery while simultaneously producing an iron-bearing
product, thereby contributing to the comprehensive utilization of Kazakhstan’s ferruginous
manganese resources.

2. Materials and Methods
In the present study, ferruginous manganese raw materials were processed using

an intermediate technogenic product (hereinafter referred to as ITP), generated during
the primary beneficiation of ores from deposits in Central Kazakhstan and stored in
tailings facilities. This material had not previously been considered as a feedstock for
ferroalloy production.

The long-term storage of these products in tailings is associated with their non-
compliance with industrial requirements in terms of manganese and iron content. The main
limitation is low manganese content (less than 20%) combined with a relatively high iron
content (up to 15%), which precludes their direct use for the production of standard grades
of manganese ferroalloys. The chemical composition of the studied sample is presented in
Table 1.

Table 1. Chemical composition of the investigated sample, wt. %.

Mntotal Fetotal SiO2 CaO MgO Al2O3 P S LOI

15.14 12.40 42.70 1.56 1.42 7.00 0.04 0.02 10.05

For the processing of the sample, a roasting–magnetic beneficiation flowsheet (Figure 1)
was developed based on a review of the literature [41–45] and taking into account the
physicochemical properties of the raw material. Within the framework of the study, two
technological options were tested:

Option I (Figure 1a) involves preliminary preparation of the run-of-mine ore to a
particle size of 0–10 mm, followed by separation into two size fractions, including crushing
to a 0–5 mm class, screening, thermal treatment in a reducing atmosphere, and subsequent
low-intensity dry magnetic separation.

Option II (Figure 1b) involves preliminary crushing to a 0–5 mm fraction, screening,
and the application of both high- and low-intensity dry magnetic separation stages before
and after thermal treatment in a reducing atmosphere. The finer particle size was selected
to improve mineral liberation and to ensure efficient pre-magnetic separation prior to
roasting, thereby enhancing the separation of iron-bearing and manganese-bearing phases.
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Figure 1. Process flow sheet of roasting–magnetic beneficiation.

Roasting was carried out in a CNZ-6.12.4/10-I2 chamber resistance electric furnace
(Karaganda, Kazakhstan.) at a temperature of 650–700 ◦C for 180 and 300 min. The re-
duction roasting parameters were selected based on published studies and preliminary
screening experiments. The roasting temperature range of 650–700 ◦C was chosen because
it provides favorable conditions for the selective reduction of iron-bearing minerals to
magnetic phases while minimizing the reduction of manganese oxides, thereby improving
the efficiency of subsequent magnetic separation. The reductant dosages (20 and 30 wt.%)
and roasting times (180 and 300 min) were selected based on preliminary optimization
experiments to evaluate the effects of reducing potential and residence time on phase
transformations and the separation behavior of iron and manganese. The selected temper-
ature range is consistent with previous studies on the reduction roasting of ferruginous
manganese ores reported in the work [42].

Roasting was performed under a reducing atmosphere generated by the carbon monox-
ide (CO) formed during the gasification of Shubarkol long-flame bituminous coal. As a
reducing agent, Shubarkol long-flame bituminous coal was used. Its chemical composition
and proximate analysis are presented in Table 2.

Table 2. Chemical Composition and Proximate Analysis of Coal.

Proximate Analysis, % Chemical Analysis, wt.%

Ash Content Volatile Matter Moisture Csolid S SiO2 Al2O3 Fe2O3 CaO MgO P2O5

3.1 43.3 12.30 40.96 0.34 59.71 25.21 7.80 4.24 2.60 0.44

Magnetic separation of the roasted intermediate products was performed in accor-
dance with GOST 25114-82 [46] using a 138T-SEM laboratory magnetic separator (Kara-
ganda, Kazakhstan) designed for low- and high-intensity dry magnetic separation. Prior to
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magnetic separation, the roasted products were cooled to room temperature and screened
to obtain a particle size fraction of −5 mm. The separation was initially carried out at a
magnetic field intensity of 0.1 T. Residual magnetic susceptibility was monitored using a
laboratory magnetic probe ERGA-T2622 (ERGA LLC, Kaluga, Russia).

The chemical and phase composition of the raw material and final concentrates was
studied using wet chemical analysis and X-ray diffraction (XRD) in accordance with inter-
national analytical standards.

X-ray diffraction (XRD) analysis was carried out using a Bruker D8 Advance diffrac-
tometer (Bruker AXS GmbH, Karlsruhe, Germany) with Cu Kα radiation (λ = 1.5406 Å),
operated at 40 kV and 40 mA. Prior to analysis, the samples were dried, ground to a
particle size of less than 74 µm, and analyzed over a 2θ range of 10–90◦. Phase identifica-
tion was performed using the PDF-2 database (International Centre for Diffraction Data
(ICDD), Newtown Square, PA, USA). The diffraction patterns were analyzed to identify the
crystalline phases present in the samples. The results of the wet chemical analysis were
obtained in certified specialized laboratories.

Thus, the integrated set of sample preparation, beneficiation, and analytical methods
(wet chemical analysis and XRD) ensured reliable data on the chemical and phase composi-
tion of the feed material, intermediate products, and final concentrates, forming the basis
for further evaluation of the processing results.

3. Results and Discussion
3.1. Granulometric Composition and X-Ray Diffraction (XRD) Analysis of the Initial Intermediate
Technogenic Product (ITP)

At the initial stage, the chemical characteristics of intermediate technogenic products
(ITP), formed during the primary beneficiation of ferruginous manganese ores, were
investigated. It was established that the manganese content is 15.14%, while the iron content
is 12.40%, indicating a significant presence of iron-bearing silicate phases. The Mn/Fe
ratio is 1.22, which is substantially lower than the values required for ferromanganese (5–6)
and ferrosilicomanganese (3–4) production. This indicates the high iron content of the
material and the limited suitability of ITP for direct use in ferroalloy production without
prior beneficiation [41].

The low Mn/Fe ratio confirms the necessity of selective iron removal and manganese
phase concentration to improve the metallurgical value of the raw material.

In addition to chemical and phase analyses, a detailed particle size analysis was per-
formed, since the size distribution of the material significantly affects the efficiency of thermal
treatment and magnetic separation. The results are presented in Figure 2 and Table 3.

It should be noted that prior to thermal treatment and magnetic separation, the ITP
samples were pre-crushed to a −5.0 mm fraction in order to obtain a uniform particle
size distribution consistent with the technological requirements of the equipment used.
This operation eliminated the influence of coarse inclusions and ensured comparability of
manganese recovery and iron removal results during magnetic beneficiation.

The analysis of manganese and iron distribution across different size fractions of ITP
samples revealed a pronounced inverse relationship between these elements and particle
size. The highest manganese content was observed in coarse fractions, whereas iron was
predominantly concentrated in fine-grained particles.

The Mn content in the coarse fraction (+10 mm) reaches 29.70%, while in the finest
fraction (−0.5 + 0 mm) it decreases to 10.00%. In contrast, the iron content in this fraction
reaches 12.30%, which is more than twice the Fe level in coarse size classes. Particularly
high iron concentrations are observed in the −2.5 + 0.5 mm fraction, where Fe exceeds 12%
at relatively low manganese content.
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Figure 2. Cumulative particle size distribution of the investigated sample.

Table 3. Results of granulometric analysis of ITP (fraction 0–10 mm).

No. Sieve Size, mm Partial Yield, % Cumulative Yield
«+», %

Mn Grade Fe Grade

Partial, % Cumulative
«+» Partial, % Cumulative

«+»

1 +10.0 1 ± 0.2 1 29.70 ± 0.3 29.70 5.30 ± 0.2 5.30

2 −10.0 + 7.5 7.5 ± 0.3 8.5 24.80 ± 0.3 25.38 10.23 ± 0.3 9.65

3 −7.5 + 5.0 12.5 ± 0.4 21 22.40 ± 0.3 23.60 11.40 ± 0.3 10.69

4 −5.0 + 2.5 18 ± 0.5 39 16.10 ± 0.3 20.14 12.60 ± 0.3 11.57

5 −2.5 + 1.25 11 ± 0.4 50 16.40 ± 0.3 19.32 13.30 ± 0.3 11.95

6 −1.25 + 1.0 5.5 ± 0.3 55.5 13.60 ± 0.3 18.75 14.70 ± 0.3 12.22

7 −1.0 + 0.5 7.5 ± 0.3 63 13.80 ± 0.3 18.16 14.20 ± 0.3 12.46

8 −0.5 + 0.0 37 ± 0.6 100 10.00 ± 0.3 15.14 12.30 ± 0.3 12.40

ITP 100.0 - 15.14 ± 0.3 - 12.40 ± 0.3 -

The figure presents the cumulative particle size distribution of the investigated ma-
terial. The results indicate a pronounced dominance of fine fractions in the sample. The
largest proportion of material (63%) is represented by the −1.0 + 0.5 mm size class and
finer fractions.

Coarser fractions, including +10.0 mm and −10.0 + 7.5 mm, account for a minor
portion of the sample, with a combined share not exceeding 8.5%. This indicates a high
degree of fragmentation of the material, with a significant shift toward fine particle sizes.

Such a particle size distribution may significantly influence subsequent processing
behavior, including beneficiation efficiency, reduction roasting kinetics, and magnetic
separation performance.

For ITP (0–10 mm fraction), the mineralogical composition is dominated by quartz
(SiO2) (55.9%) and hematite (Fe2O3) (17.6%). Additionally, dickite-2M1 (Al2Si2O5(OH)4)
(11.5%) and pyrochroite (Mn(OH)2) (9.9%) were identified, while dehydrated pyrochroite
(1A) associated with aluminosilicates accounts for 5.2%. The results of XRD analysis of the
ITP are presented in Figure 3 and Table 4.
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Figure 3. X-ray diffraction (XRD) pattern of the intermediate technological product (ITP).

Table 4. Phase composition of the intermediate technological product (ITP) determined by XRD
analysis.

Phase Content, wt.%

Quartz, sun SiO2 55.9

Hematite Fe2O3 17.6

Dickite-2M1 Al2Si2O5(OH)4 11.5

Pyrochroite, sun Mn(OH)2 9.9

Pyrochroite 1A dehydroxylated, tetra Aluminium
octasilicon oxide|Aluminum Silicate Al4Si8O22

5.2

Overall, the ITP is characterized by a silica–oxide composition with a high content of
quartz and iron oxides, as well as a notable proportion of aluminosilicate and manganese
hydroxide phases. This indicates the heterogeneous mineralogical nature of the initial
raw material.

3.2. Roasting: Yield and Characteristics of the Obtained Products
3.2.1. Option I

Charge materials with a mass of 16 kg were mixed with Shubarkol coal screenings
at reductant dosages of 20% and 30%. Roasting was carried out at a temperature of
650–700 ◦C with holding times of 180 and 300 min. These parameters ensured partial
reduction of manganese and iron, promoting their redistribution between magnetic and
non-magnetic products.

The charge materials were initially sieved through a +5 mm mesh screen. The +5–10 mm
fraction was crushed in a jaw crusher and then mixed with the 0–5 mm fraction of the charge.
The resulting mixture (0–5 mm fraction) was subsequently combined with Shubarkol coal
screenings (−2.5 mm) under the same conditions: reductant dosage of 20% and 30%,
roasting temperature of 650–700 ◦C, and holding times of 180 and 300 min.

The roasted product was subjected to magnetic separation in a low-intensity magnetic
field. The non-magnetic fraction was used as manganese concentrate, while the magnetic
fraction was considered as tailings. This scheme enabled efficient separation of iron and
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manganese while minimizing manganese losses to the magnetic product. Comparative
data on the yield, grade, and recovery of the main components are presented in Table 5.

Table 5. Mass balance and metal recovery of the intermediate thermal product (ITP) under Option I.

No. Product τ, min Coal Dosage, % Yield, %
Content, % Recovery, %

Mn Fe SiO2 Mn Fe SiO2

1 Concentrate 5 300 20 53.16 20.30 2.86 42.10 68.43 12.39 52.69

2 Concentrate 6 180 20 43.48 22.30 2.80 40.00 65.17 8.93 42.44

3 Concentrate 7 300 30 54.22 18.70 3.22 37.40 73.40 14.27 52.62

4 Concentrate 8 180 30 46.07 21.30 2.94 35.40 66.95 11.14 42.03

Concentrate No. 5, obtained using 20% coal and a roasting duration of 300 min,
demonstrated relatively technological performance: the yield reached 53.16%, manganese
content was 20.30%, while iron content decreased to 2.86%. Manganese recovery was
68.43%, indicating efficient transfer of manganese into the non-magnetic product. At the
same time, iron recovery remained low at 12.39%, confirming its predominant concentration
in the magnetic fraction.

Concentrate No. 6, obtained under the same coal dosage (20%) but with a reduced
roasting time of 180 min, was characterized by the highest manganese grade of 22.30% and
the lowest iron content of 2.80%. However, the improvement in concentrate quality was
accompanied by a decrease in yield to 43.48% and a reduction in manganese recovery to
65.17%. Iron recovery in this case was 8.93%, the lowest among the investigated regimes.

With an increase in coal dosage to 30% and a roasting time of 300 min, Concentrate No.
7 was obtained, which provided the highest manganese recovery (73.40%) and the highest
product yield (54.22%). However, manganese content decreased to 18.70%, while iron content
increased to 3.22%, indicating improved recovery at the expense of concentrate grade.

Concentrate No. 8, produced using 30% coal and a roasting time of 180 min, exhibited
intermediate characteristics. Manganese content reached 21.30% with iron content of 2.94%,
yield was 46.07%, and manganese recovery was 66.95%. Iron recovery was 11.14%.

A comparison of the results shows that the efficiency of roasting–magnetic benefici-
ation is governed by the combined influence of reductant dosage and roasting duration.
The maximum manganese recovery (73.40%) and highest yield (54.22%) were achieved
using 30% coal and a roasting time of 300 min (Concentrate No. 7). In contrast, the
highest-quality concentrate, with the maximum manganese content (22.30%), minimum
iron content (2.80%), and the highest Mn/Fe ratio (~7.96), was obtained using 20% coal and
a roasting time of 180 min (Concentrate No. 6). Thus, the selection of the optimal regime
depends on the target product requirements, whether maximum manganese recovery or
higher concentrate quality is prioritized.

3.2.2. Option II

Charge materials were pre-sieved through +2.5 mm and +5.0 mm mesh screens. The
+5.0 mm fraction was subjected to crushing and subsequently mixed with the +2.5–5.0 mm
fraction of the charge. The resulting mixture (0–5 mm fraction) was then subjected to high-
intensity dry magnetic separation to obtain an iron–manganese intermediate product.

The obtained intermediate product (magnetic fraction) was mixed with Shubarkol
coal screenings (−2.5 mm) at reductant dosages of 20% and 30%, followed by roasting at
600–650 ◦C with holding times of 180 and 300 min.

The preliminary magnetic separation removes a portion of the strongly magnetic
iron-bearing minerals before roasting. Consequently, the feed entering the roasting stage
contains a lower proportion of iron-rich phases and is relatively enriched in manganese-
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bearing minerals. This change in mineral composition affects the solid-state reduction
reactions by decreasing the amount of readily reducible iron oxides and increasing the rela-
tive participation of manganese-containing phases in the roasting process. As a result, the
reduction roasting becomes more selective, facilitating the subsequent magnetic separation
and improving the separation efficiency between iron and manganese.

The roasted products were subjected to low-intensity magnetic separation. The non-
magnetic fraction was used as manganese concentrate, while the magnetic fraction formed
tailings suitable for further processing. This scheme enabled efficient separation of man-
ganese from iron, ensuring the production of high-quality manganese concentrates. Com-
parative data on yield, grade, and recovery of the main components are presented in
Table 6.

Table 6. Mass balance and metal recovery of the intermediate thermal product (ITP) under Option II.

No. Product τ, min Coal Dosage, % Yield, %
Content, % Recovery, %

Mn Fe SiO2 Mn Fe SiO2

1 Concentrate 17 300 20 14.06 31.90 2.00 31.70 27.69 2.30 10.59

2 Concentrate 18 180 20 13.15 29.80 1.45 29.90 24.19 1.56 9.34

3 Concentrate 19 300 30 14.97 31.10 2.22 32.30 28.75 2.72 11.49

4 Concentrate 20 180 30 13.59 30.00 2.24 27.90 25.17 2.49 9.01

Concentrate No. 17, obtained using 20% coal and a roasting duration of 300 min, is
characterized by a yield of 14.06%. The manganese content in the product reaches 31.90%
with a low iron content of 2.00%, resulting in a high Mn/Fe ratio. Manganese recovery is
27.69%, whereas iron recovery does not exceed 2.30%, indicating high process selectivity
and efficient separation of manganese- and iron-bearing phases.

Concentrate No. 18, obtained under the same coal dosage (20%) but with a reduced
roasting time of 180 min, has a yield of 13.15%. The manganese content is 29.80%, while the
iron content decreases to the lowest value among the studied samples—1.45%. Manganese
recovery reaches 24.19%, while iron recovery is only 1.56%, indicating the production of a
high-quality concentrate despite relatively low yield and recovery levels.

With an increase in coal dosage to 30% and a roasting time of 300 min, Concentrate No.
19 was obtained with the highest yield of 14.97%. The manganese content in the product is
31.10%, while iron content is 2.22%. At the same time, the highest manganese recovery of
28.75% was achieved, indicating improved process efficiency under these conditions. Iron
recovery remained low at 2.72%.

Concentrate No. 20, obtained using 30% coal and a roasting time of 180 min, is
characterized by a yield of 13.59%. The manganese content reached 30.00% with an
iron content of 2.24%. Manganese recovery was 25.17%, while iron recovery was 2.49%,
indicating high process selectivity, although the recovery level is lower compared to the
longer roasting time regime.

Comparison of the results shows that increasing the roasting time to 300 min improves
both product yield and manganese recovery regardless of the reductant dosage. The
maximum product yield (14.97%) and the highest manganese recovery (28.75%) were
achieved for Concentrate No. 19 obtained with 30 wt.% coal and a roasting time of 300 min.
In contrast, the highest manganese grade (31.90 wt.%) combined with a relatively low iron
content (2.00 wt.%) was obtained for Concentrate No. 17, whereas the lowest iron content
(1.45 wt.%) was observed in Concentrate No. 18. These results indicate that the optimal
roasting conditions depend on the intended application of the product, with a trade-off
between maximizing manganese recovery and obtaining a higher-grade concentrate with a
favorable Mn/Fe ratio.
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Increasing the coal dosage enhances the reducing potential of the roasting atmosphere,
thereby accelerating the reduction kinetics of iron-bearing minerals and promoting the
formation of magnetic phases. Under these conditions, partial reduction of manganese-
bearing minerals also occurs, increasing their association with the magnetic fraction during
magnetic separation. As a result, manganese recovery increases; however, the simultaneous
transfer of iron-bearing phases into the concentrate lowers its manganese grade. These
observations demonstrate that the reductant dosage should be carefully optimized to
achieve an appropriate balance between manganese recovery and concentrate quality.

It should also be noted that the Tur ferruginous manganese ore is a naturally siliceous
ore characterized by a high content of quartz and other silicate minerals. Therefore, the
relatively high SiO2 content in the concentrate primarily reflects the original mineralogical
composition of the ore, as well as the incomplete liberation of quartz from manganese-
bearing minerals during crushing and grinding. Although reduction roasting followed by
magnetic separation improved the enrichment of manganese-bearing phases, complete
removal of silica cannot be achieved by magnetic separation alone because quartz is a
non-magnetic mineral. Additional beneficiation techniques, such as finer grinding followed
by repeated magnetic separation, gravity separation, or flotation, may further reduce
the silica content depending on the degree of mineral liberation. From a metallurgical
perspective, elevated SiO2 levels increase slag formation during smelting, leading to higher
flux, reductant, and energy consumption in ferroalloy production.

A qualitative comparison of the obtained results with previous studies on reduction
roasting and magnetic separation of manganese-bearing ores was carried out. In [28],
the authors demonstrated that fluidized magnetization roasting followed by magnetic
separation is an effective approach for enhancing the separation of manganese and iron
from low-grade ferromanganese ores, with selective phase transformation playing a key
role in the process. Similarly, [30] reported that reduction roasting combined with magnetic
separation significantly improved the Mn/Fe ratio of fine ferromanganese ore, confirming
the effectiveness of thermal treatment in creating differences in the magnetic properties of
iron- and manganese-bearing phases.

The results obtained in the present study are consistent with these findings, demon-
strating that reduction roasting followed by magnetic separation effectively promotes
manganese enrichment in the non-magnetic fraction and improves the separation of man-
ganese and iron. However, direct quantitative comparison is limited due to differences in
ore mineralogy, chemical composition, particle size, roasting conditions, reductants, and
magnetic separation parameters. Nevertheless, the overall trends observed in this study
agree well with previously published research and further confirm the potential of this
approach for upgrading low-grade manganese-bearing ores.

3.3. X-Ray Diffraction (XRD) Analysis of the Obtained Concentrates

X-ray diffraction (XRD) analysis was performed on representative samples of concen-
trates obtained after reduction roasting and subsequent magnetic separation according
to Options I and II (Figures 4 and 5). The obtained results allow for the evaluation of
phase transformations of iron- and manganese-bearing minerals during thermal treatment
and provide insight into the mechanisms of their separation. The phase composition of
Concentrate No. 7 and No. 17 , determined by XRD analysis, is presented in Tables 7 and 8.
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Figure 4. XRD pattern of the representative sample (Concentrate No. 7, Option I).

Figure 5. XRD pattern of the representative sample (Concentrate No. 17, Option II).

Table 7. Phase composition of the Concentrate No. 7 determined by XRD analysis.

Phase Content, wt.%

Quartz, sun SiO2 53.4

Ferrous manganese oxide | Iron Manganese Oxide
(FeO)0.099(MnO)0.901

29.2

Hausmannite Mn3O4 11.2

Braunite-1Q Mn2+Mn6
3+SiO12 9.9

https://doi.org/10.3390/pr14152505

https://doi.org/10.3390/pr14152505


Processes 2026, 14, 2505 13 of 16

Table 8. Phase composition of the Concentrate No. 17 determined by XRD analysis.

Phase Content, wt.%

Quartz, sun SiO2 67.4

Manganosite Mn2+O 13.7

Hausmannite Mn3O4 10.7

Maghemite, syn Fe2O3 8.2

According to the diffraction pattern of the concentrate obtained via Option I (Figure 3),
the dominant phase is quartz (SiO2) with a content of 53.4%. In addition, the product con-
tains an (Fe,Mn)O-type oxide phase (29.2%), hausmannite (Mn3O4) (11.2%), and braunite
(Mn2+Mn6

3+SiO12) (6.2%). The formation of mixed iron–manganese oxides indicates partial
reduction of iron-bearing minerals and their transformation into magnetically active forms,
which enhances the efficiency of subsequent magnetic separation.

For the concentrate obtained via Option II (Figure 4), quartz is also the predominant
phase (67.4%), along with the presence of magnetite (Fe3O4, 8.2%), hausmannite (Mn3O4,
10.7%), and hematite-like iron structures. The higher proportion of quartz in this case
is attributed to the features of preliminary magnetic separation and the redistribution of
mineral components by size fraction prior to roasting.

Comparative analysis shows that in both schemes, the initial hydroxide and oxide
forms of iron and manganese undergo transformation into more stable oxide and mixed
phases. However, Option I results in the more pronounced formation of (Fe,Mn)O systems,
which contributes to more efficient component separation and higher manganese recovery.
In contrast, Option II is characterized by a higher concentration of quartz gangue in the
final product, reflecting the effects of preliminary magnetic classification of the material.

Thus, the XRD results confirm that magnetizing reduction roasting leads to significant
phase transformations that determine the selectivity of subsequent magnetic separation
and the quality of the obtained concentrates.

4. Conclusions
1. The investigated intermediate technogenic product (ITP) is characterized by a low

Mn/Fe ratio (1.22) and a mineralogical composition dominated by quartz, iron oxides,
and manganese hydroxide phases, highlighting the necessity of beneficiation prior to
its utilization in ferroalloy production.

2. The study demonstrated that the efficiency of manganese and iron separation strongly
depends on the combined effects of particle size, reductant dosage, roasting time, and
magnetic separation conditions. Selective phase transformations occurring during
reduction roasting promote the enrichment of manganese in the non-magnetic fraction
while concentrating iron in the magnetic product.

3. X-ray diffraction analysis confirmed the formation of (Fe,Mn)O, hausmannite (Mn3O4),
and braunite during roasting, providing insight into the phase transformation mecha-
nisms responsible for the improved separation behavior.

4. The optimum processing conditions identified in this study enabled a manganese
recovery of up to 73.40%, while the highest-quality manganese concentrate contained
31.9% Mn and 2.0% Fe, demonstrating the effectiveness of the proposed roasting–
magnetic separation approach for upgrading ferruginous manganese materials.

5. The proposed technology provides a promising route for the integrated utilization of
ferruginous manganese fines from the Tur deposit by producing both a manganese
concentrate and an iron-bearing product, thereby contributing to more efficient re-
source utilization and sustainable processing of technogenic mineral resources.
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6. The present study was carried out under laboratory-scale conditions using a specific
intermediate technogenic product from the Tur deposit. Therefore, further research
should focus on pilot-scale validation, optimization of roasting atmosphere and re-
ductant consumption, investigation of the influence of particle size and mineralogical
variability, and evaluation of the metallurgical performance of the obtained concen-
trates in ferroalloy production. Future research should include pilot-scale validation
of the proposed process together with a comprehensive techno-economic assessment
to evaluate its industrial feasibility.
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