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Abstract

In this paper, we experimentally investigated the integrated processing of high-iron Kazakh
bauxites by reducing smelting of ore–coke–lime briquettes to produce an Fe-Al-Si metallic
alloy, which is of potential interest for steel deoxidation, together with calcium-aluminate
slag, which is of potential interest for alumina extraction. Briquettes containing bauxite,
metallurgical coke (10–20 wt.%), and freshly calcined lime (10 wt.%, constant) were melted
in a muffle furnace at a temperature of 1200–1450 ◦C. Complete separation of metal and
slag was achieved at 1400–1450 ◦C, whereas at 1200–1350 ◦C, separation remained incom-
plete. Changing the coke/bauxite mass ratio in the charge from 0.125 to 0.286 increased
the total content of metallic Si, Al and Fe in the recovered metallic product from 77.1
to 98.66 wt.%, according to X-ray fluorescence (XRF) analysis after two-stage magnetic
separation; the metallic product obtained with a coke/bauxite ratio of 0.286 in the charge
contained 72.8% Fe, 23% Al and 2.86% Si (with minor impurities of Ti, Mn and Cr), while
the associated slag was represented mainly by CaO (59.5%) and Al2O3 (34.0%). These
slag characteristics indicate its potential suitability for alumina extraction or as a filler for
structural concrete. The proposed route represents a potentially low-waste alternative for
processing high-iron bauxites that are poorly suited to the classical Bayer process, avoiding
the direct formation of red mud and supporting Kazakhstan’s transition toward closed-loop
bauxite processing.

Keywords: bauxite; ferro-aluminum-silicon alloy; reduction smelting; ore-lime briquettes;
slag; alumina; magnetic separation; closed-loop processing; recycling

1. Introduction
Aluminum is the second most important structural metal after steel, and its con-

sumption continues to grow in industries such as transportation, mechanical engineering,
construction, and electrical engineering [1,2], which increases the demand for aluminum
metal and, consequently, requires primary producers to continually improve the degree of
metal extraction from bauxite ore [3–6].

This growth is supported by a significant amount of research aimed at expanding the
use of aluminum and its alloys as structural materials [3–6]. Abro et al. [3] investigated the
effect of aluminum additives in combination with nitrogen on the heat treatment behavior
and second-phase particle formation in microalloyed steel. Sunar and Cetin [4] studied the
fabrication of metal structures based on reinforced open-cell aluminum foams strengthened
with boron carbide. Gazi et al. [5] investigated the formability of A5010 aluminum alloy
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sheets under various incremental forming and deformation conditions. Bykov et al. [6]
studied the recycling of spent filters from primary aluminum refining ash waste as a filler
for concrete production, demonstrating the potential for recycling aluminum industry
waste in the construction industry.

The success of such applied research increases the demand for aluminum metal
and, consequently, puts pressure on its availability on the global market, requiring pri-
mary aluminum producers to continually improve the degree of metal extraction from
bauxite ore.

Globally, the ore base for alumina production is primarily represented by high-quality
low-silica and low-iron bauxites suitable for direct processing using the Bayer hydrometal-
lurgical process [7,8]. In Kazakhstan, however, alumina and aluminum production is based
on domestic bauxite deposits located in the north of the country, which are characterized
by a relatively complex mineralogical and chemical composition, in particular, an increased
content of iron and silica oxides and a low silicon modulus [9–15]. Such high-iron, high-
silica bauxites are processed by the Bayer process with reduced efficiency and lead to the
formation of significant volumes of waste in the form of sludge.

Table 1 shows the average chemical composition of bauxite from the three main Kazakh
deposits used as raw material in this work, and Table 2 shows their
mineralogical composition.

Table 1. Average chemical composition of Kazakhstani bauxites (main elements), % [9].

Field Al2O3 SiO2 Fe2O3 CaO FeO µSiO2, un.

Belinskoye 41.40 10.3 21.2 1.27 2.88 4.02
Ayatskoe 44.60 10.7 18.3 0.53 2.06 4.17

Krasnooktyabrskoye 42.00 10.9 19.4 0.96 5.41 3.85

Table 2. Mineralogical composition of Kazakhstani bauxites, % [9].

Field Kaolinite Chamosite Gibbsite Goethite Anatase Quartz Siderite Hematite

Belinskoye 15.0 1.95 52.3 2.7 2.7 1.0 2.4 18.4
Ayatskoe 14.4 1.65 56.6 2.6 2.3 1.2 1.4 16.7

Krasnooktyabrskoye 22.6 2.0 50.9 2.8 2.4 1.2 4.7 11.5

As can be seen from Tables 1 and 2, the largest proportion of chemical elements in
the composition of Kazakhstani bauxites is represented by iron, silicon, and aluminum
minerals, with hematite, goethite, and siderite together accounting for a significant iron
oxide load, along with aluminum-containing gibbsite and kaolinite.

These environmental aspects are also reflected in the regulatory and strategic policy of
Kazakhstan, which establishes requirements for the minimization of industrial waste and
stimulates the transition of resource-intensive industries, including non-ferrous metallurgy,
to closed, low-waste production cycles [16,17]. Red mud is recognized worldwide as
one of the largest types of industrial waste in terms of volume: on average, 1–1.5 tons
of red mud are generated per 1 ton of alumina produced by the Bayer process, and the
accumulated global reserves are estimated at billions of tons, with a limited degree of their
industrial utilization [18,19]. The high alkalinity (pH often above 12) and fine dispersion
of red mud make its storage a constant source of land alienation, groundwater and soil
pollution, and a risk to public health due to dusting [20]. These circumstances have
stimulated extensive research into the utilization of red mud—in the production of building
materials, environmental remediation, catalysis and, most relevant to the present work,
in the pyrometallurgical extraction of iron and other valuable elements by carbothermic
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reduction followed by magnetic separation [20–24]. Carbothermic reduction of red mud
or high-iron bauxite residues at temperatures of 1300–1600 ◦C, as shown in the literature,
allows the production of metallic iron with a degree of extraction, typically in the range of
90–98%, along with calcium-alumina silicate slag, which, depending on the composition,
can be used for the extraction of alumina, the production of cement clinker, or used as a
building filler [20,23,24].

A common feature of most published studies on red mud utilization [18–24] is that
they consider the mud that has already formed after the Bayer leaching stage, i.e., they are
dealing with an already formed hydrometallurgical waste. An alternative strategy, applied
in the present work, is to process the highest iron bauxite ore by pyrometallurgical reduction
smelting before Bayer leaching, which allows the production of an Fe-Al-Si metallic alloy of
potential interest as a steelmaking deoxidizing additive, along with an alumina-containing
slag directly from the ore, without forming red mud at all. This approach is particularly
relevant for Kazakh bauxites, the iron and silicon content of which makes them unsuitable
for classical processing by the Bayer method [9–15] due to the low silicon modulus of
bauxite and the high iron and kaolin content.

It should be noted that reduction smelting of iron-rich bauxite ore followed by metal-
slag or magnetic separation has already been reported; for example, Zhang et al. [25]
developed a semi-smelting reduction and magnetic separation route for iron-rich bauxite,
achieving an iron recovery of 96.84% and an alumina-slag Al2O3 grade of 43.98%. Thus, the
novelty of this study lies not in the general concept of pyrometallurgical processing before
the Bayer stage as such, but in the application of the ore–coke–lime briquettes technology
specifically to high-iron, high-silicon Kazakh bauxites, aimed at the simultaneous produc-
tion of Fe-Al-Si metal alloy and slag rich in CaO-Al2O3, potentially suitable for further use
in the production of steel, alumina or the production of structural concrete.

The objective of the study was to conduct laboratory studies on the integrated process-
ing of high-iron and high-silicon Kazakhstani bauxites by reducing smelting of ore–coke–
lime briquettes to produce Fe-Al-Si metallic alloy of potential interest for steel deoxidation
and a slag of potential interest for alumina production.

To achieve this goal, the following objectives were set in the study: to characterize
representative Kazakh bauxites; to develop a laboratory technology for reducing smelting
to obtain silicon–aluminum alloys and high-alumina slag, which are of potential interest for
subsequent use in steel deoxidation and the production of alumina or structural concrete.

2. Materials and Methods of Research
2.1. Source Materials

The raw materials used for the production of ore–coke–lime briquettes were pre-
ground bauxite of the −0.4. . .+0.63 mm fraction (Table 3), metallurgical coke (Table 4), and
freshly calcined lime (Table 5). The presence of kaolin in Kazakh bauxite made it possible
to exclude bentonite and other binders from the raw material composition. The initial
materials were crushed using a jaw crusher DShch 80–150 (Vibrotechnik, Saint Petersburg,
Russia), ground using a Herzog vibratory grinder, and samples were prepared using a
Herzog laboratory press. The chemical composition of bauxite, metallurgical coke, and
freshly calcined lime was determined by X-ray spectral analysis using a multi-channel
X-ray spectrometer SRM-35 (Granat group, Orel City, Russia).

Table 3. Chemical composition of bauxite in experimental studies (main elements), %.

Al2O3 SiO2 Fe2O3 CaO FeO µSiO2, un.

47.10 10.7 20.1 0.88 6.30 3.84
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Table 4. Chemical composition of metallurgical coke, %.

Component C S L.O.I.

Metallurgical coke 79.02 0.53 20.45

Table 5. Chemical composition of freshly burnt lime, %.

Component CaO SiO2 MgO Al2O3 + Fe2O3 S L.O.I.

Freshly burned lime 89 1.9 1.2 1.3 0.12 6.48

2.2. Briquette Production

The raw materials were dosed, mixed, and formed into cylindrical briquettes using
a hydraulic press at a pressing force of 30 kN. The green briquettes were pre-dried at
110 ◦C for 60 min to achieve sufficient strength for subsequent loading into the furnace for
reduction smelting. The finished briquettes had a diameter of 27 mm, a height of 20 mm,
and a mass of 17 ± 0.02 g each (Figure 1).

Figure 1. General view of characteristic ore-lime briquettes.

Samples from three experimental series, differing in the ratio of bauxite, metallurgical
coke, and lime, were prepared and tested. The amount of water added to ensure green
strength of the briquettes remained constant for all series (Table 6).

Table 6. Composition (dry matter, mass%) of components of ore–coke–lime briquettes depending on
the series of experiments.

Component Series No.1 Series No.2 Series No.3

Bauxite 70 75 80
Metallurgical coke 20 15 10

Lime 10 10 10
Water (over 100%) 15 15 15

The amount of metallurgical coke was varied between the series in order to establish its
effect on the degree of reduction of iron, silicon and aluminum, based on the requirement for
maximum reduction of iron, silicon and aluminum and taking into account the experience
of previously published studies of reduction smelting and waste recycling [23–26]. Because
bauxite content was reduced from 80 to 70 wt.% as coke increased from 10 to 20 wt.%
(Table 5), coke was not varied as a strictly independent parameter; expressed as a coke-to-
bauxite mass ratio, the three series correspond to 0.125 (Series No 3), 0.20 (Series No 2) and
0.286 (Series No 1). The amount of freshly burned lime (10%, constant for all series) was
selected to ensure a sufficiently fluid slag and effective separation of metal and slag during
reduction smelting by regulating the basicity of the resulting calcium-alumina silicate slag.
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2.3. Recovery Smelting

Briquettes of each of the three series were subjected to reduction melting in a muffle
furnace in the temperature range of 1200–1450 ◦C in an air atmosphere, with the accu-
mulation of reduction products in a graphite crucible (Figure 2). Two briquettes per melt
were loaded into a standard graphite crucible with a capacity of 0.1 kg. The furnace heat-
ing rate was 10 ◦C/min, the holding time at the operating temperature was 30 min, and
cooling was carried out together with the furnace to a temperature of 300 ◦C. Although
the furnace chamber itself contained air, the crucible cover and the excess coke in the
charge are expected to have limited bulk oxidation of the charge: combustion of coke at the
charge surface, together with the Boudouard reaction, generates a locally CO/CO2-rich
atmosphere within the crucible that is reducing with respect to the metal oxides, consistent
with the behavior reported for similar covered-crucible carbothermic reduction system.
The graphite crucible itself is a potential additional carbon source, and its contribution to
the overall carbon balance was not separately quantified in this study.

Figure 2. Results of the reduction smelting of ore–coke–lime briquettes: metallic silicon–aluminum–
iron alloy and associated slag.

2.4. Magnetic Separation

After the reduction smelting, the products were subjected to crushing and two-stage
magnetic separation on a laboratory magnetic separator SMS-20-PM1 (ITOMAK com-
pany, Novosibirsk, Russia)to separate the metallic phase from the slag: in the first stage,
permanent magnets were used, in the second—a magnetic field with a strength of 2 T.

2.5. Chemical Analysis and Calculation of the Degree of Recovery

The chemical composition of the separated metal and slag products was determined by
X-ray fluorescence analysis (XRF) using a ProSpector 2 LE portable spectrometer (Elvatech,
Kyiv, Ukraine) (serial number P1775). The metal portion was measured in the “alloys”
mode, and the slag phase was measured in the “oxides” mode. For the main compo-
nents (Fe, SiO2, CaO, Al2O3, MgO, MnO), the absolute measurement error did not exceed
±0.05–0.15%; for trace elements (P, S, Cu, Ni, Cr) it was ±0.01–0.03%.

The degree of reduction of each element (Fe, Al, Si) was calculated as the ratio of
the mass of the given element transferred to the metallic product to its total mass in the
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bauxite, expressed as a percentage, in accordance with the approach traditionally used for
the reduction smelting processes of iron-containing raw materials [24]:

αMe (%) = (mMe,met/mMe,charge) × 100 (1)

where mMe,met is the mass of the element Me (Si, Al or Fe) in the resulting metal product,
mMe,charge is the mass of the same element in the initial charge of briquettes.

In each series, 5 samples were tested.
In each series of experiments, five samples were tested, and the arithmetic mean of the

results and the standard deviation of the Fe, Al, and Si content in the metal product and
slag were calculated. In the tables, the numerical values are presented as arithmetic means;
standard deviations do not exceed 3%.

3. Results
3.1. The Effect of Temperature on the Separation of Metal and Slag

At reduction temperatures of 1200–1350 ◦C, the processes of metal oxide reduction
and separation of the resulting metallic and slag phases did not proceed fully: the melt
remained partially solid, and the metallic and non-metallic fractions were visually indis-
tinguishable. At 1300–1350 ◦C, partial melting occurred, creating favorable conditions
for phase separation; metallic phases were partially observed in the melt products. At
1400–1450 ◦C, maximum separation of metal and slag was achieved, i.e., metallic phases
interspersed with slag were clearly visible in the melt product. Part of the metallic phase of
the Fe-Al-Si alloy accumulated at the bottom of the graphite crucible, and the lower-density
slag collected above it. Further increases in temperature did not improve the experimental
results and led to the boiling of the melt, so they were not investigated in this study. Thus,
the practical value of operating temperatures for reduction melting is 1400–1450 ◦C.

3.2. Effect of Coke Content on the Metal Yield

Table 7 shows the results of the yield of condensed products (metal and slag) of the
smelting process in the optimal temperature range of 1400–1450 ◦C, calculated for 1 kg of
the initial bauxite.

Table 7. Results of the yield of condensed products (metal and slag) of melting at 1400–1450 ◦C, kg.

Product Name
Series No.1

(Coke/Bauxite
Mass Ratio 0.286)

Series No.2
(Coke/Bauxite
Mass Ratio 0.2)

Series No.3
(Coke/Bauxite

Mass Ratio 0.125)

Input:
Bauxite 1.000 1.000 1.000

Metallurgical coke 0.286 0.200 0.125
Lime 0.143 0.133 0.125

Dry charge 1.429 1.333 1.250
Output:

Metallic part 0.256 0.227 0.201
Slag 0.745 0.773 0.810

As can be seen from Table 7, the coke/bauxite ratio in the briquette charge significantly
affects the metallization of iron, aluminum, and silicon. As the coke content in the briquette
increases, the yield of the metal fraction increases from 0.201 kg at a ratio of 0.125 to
0.227 kg at a ratio of 0.20 and 0.256 kg at a ratio of 0.286, calculated per 1 kg of bauxite in
the charge.

https://doi.org/10.3390/alloys5030024

https://doi.org/10.3390/alloys5030024


Alloys 2026, 5, 24 7 of 11

It is also clear that the losses are as follows: Series 1—0.428 kg, Series 2—0.333 kg,
Series 3—0.239 kg. These losses are associated with coke combustion and gasification,
CO/CO2 release, moisture loss, etc.

3.3. Chemical Composition of the Metal Product and Slag

Two-stage magnetic separation of crushed reduction products made it possible to
isolate the metallic Fe-Al-Si phase from the slag.

As can be seen from Table 8, the metal product obtained under optimal conditions
(1400–1450 ◦C, coke/bauxite mass ratio 0.286) consisted mainly of iron (72.8%) and alu-
minum (23.0%), with a smaller proportion of silicon (2.86%) and trace amounts of titanium,
manganese, and chromium; in total, the metals Si, Al, and Fe accounted for up to 98.66%
of the product. In the slag (Table 9), CaO (59.5%) and Al2O3 (34.0%) predominated, with
lower contents of SiO2, Fe2O3, MgO, BaO, and MnO, which reflects the addition of lime
introduced to increase the fluidity of the slag and to separate the metal and slag (Section 2.2).

Table 8. Chemical composition of the isolated metal product, X-ray fluorescence (XRF) analysis, %
(arithmetic mean deviation +3.0% for n = 5).

Fe Al Si Ti Mn Cr

72.8 23.0 2.86 0.81 0.38 0.15

Table 9. Chemical composition of associated slag, X-ray fluorescence (XRF) analysis, % (arithmetic
mean deviation +3.0% for n = 5).

CaO Al2O3 Fe2O3 SiO2 MgO BaO MnO L.O.I.

59.5 34.0 2.69 1.65 1.4 0.37 0.04 0.35

An analysis of the experimental results shows that the maximum recovery of Fe,
Al, and Si in the optimal temperature range of 1400–1450 ◦C is αFe = 98.32% + 3.0%,
αAl = 27.07% + 3.0%, and αSi = 14.64% + 3.0%. These values are valid for a coke/bauxite
mass ratio in the charge of 0.286.

This confirms that the coke/bauxite mass ratio in the briquette charge is the key process
parameter determining the degree of metallization at a given temperature. However, when
selecting the optimal coke additive for industrial applications, it is also necessary to consider
the balance between the degree of metal recovery and the associated costs of the reagent
(coke), etc.

4. Discussion
The observed temperature dependence of metal–slag separation (incomplete at

1200–1350 ◦C, complete at 1400–1450 ◦C) is consistent with the behavior described for
the carbothermic reduction of other iron-containing aluminosilicate materials, where coa-
lescence and precipitation of metal droplets requires the formation of a sufficient amount
of liquid phase in the slag [22,24]. For example, in the reduction smelting of high-iron
bauxite residue studied by Wang et al. [24], the proportion of liquid phase in a similar
slag of the Al2O3-SiO2-CaO(-Na2O) system depended significantly on both temperature
and basicity, with almost complete melting required for effective separation of metal and
slag. The addition of lime and the operating window of 1400–1450 ◦C established in this
study can be explained within the same concept: the introduced CaO sufficiently reduces
the liquidus temperature of the aluminosilicate slag, allowing separation to be achieved
without the need to reach the temperatures used in the reduction smelting of red mud (up
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to 1500–1600 ◦C in [22,24]) or in its carbothermic reduction for the purpose of titanium
extraction (1600 ◦C in [23]).

The basicity of the resulting slag can be quantified using the traditional binary ba-
sicity index B = %CaO/%SiO2. Applying this definition to the composition of the slag
obtained with a coke/bauxite mass ratio in the charge of 0.286 (Table 9: CaO = 59.5%,
SiO2 = 1.65%) gives B = 36, i.e., a highly basic slag with a predominance of calcium alumi-
nates; accordingly, the low residual SiO2 content reflects the reduction of part of the silica
into the metallic phase under these conditions. The lime addition of 10 wt.% (constant
for all series, Table 6) was chosen based on the fact that freshly calcined lime (89% CaO,
Table 5) reliably shifted the slag system CaO-Al2O3-SiO2 towards the observed behavior of
the liquid phase at 1400–1450 ◦C.

The degree of Fe, Al, and Si recovery achieved in this study is comparable to the iron
extraction values reported for the carbothermic reduction of red sludge and other high-iron
bauxite residues, which, under optimized conditions, typically amount to 90–98% [20,23,24].
This demonstrates that the studied technology of ore–lime briquettes is competitive with
red sludge-based reduction methods in terms of metal extraction, while also enabling the
direct processing of bauxite ore without the prior generation of alkaline waste.

The high CaO (59.5%) and Al2O3 (34.0%) content in the resulting slag, coupled with a
low residual iron content, favors two alternative routes for its subsequent utilization, similar
to those proposed in the literature for red mud processing slags. Slags of this type, rich
in calcium and aluminum, are suitable for alumina extraction by hydrometallurgical and
other methods (e.g., sintering or leaching), as demonstrated for similar Bayer and reduction
slags [19,21,22]. The choice between slag processing directions—or their combination—
requires a separate technical and economic assessment.

From the perspective of process design, the increase in the degree of reduction with
an increase in coke addition (Section 3.2) indicates a trade-off between the efficiency of
metallization and coke consumption, and consequently, the cost of the process; therefore,
the selection of the optimal coke dosage for industrial implementation should be based on
comprehensive technical and economic optimization, not just on maximizing the degree
of reduction, which is also noted in studies of coke consumption in related processes of
iron ore pellet production and reduction smelting [26]. The elevated operating temperature
(1400–1450 ◦C) and the associated energy consumption are additional factors that must be
taken into account when conducting a technical and economic assessment of the proposed
technology on a pilot or industrial scale. The proposed integrated processing technology
also aligns with the broader environmental context in Kazakhstan, where the Environmental
Code and the national concept of a “green economy” encourage the minimization of
industrial waste and the transition of resource-intensive industries to closed production
cycles [16,17]. By obtaining an Fe-Al-Si metal alloy, which is potentially valuable as a
deoxidizing additive, and slag, which is potentially valuable for alumina production,
directly from bauxite ore, this process could minimize the generation of alkaline bauxite
waste, in contrast to the classical processing of the same ores using the Bayer method
with subsequent reclamation of red sludge [18–24]. The broader environmental aspects of
bauxite mining and processing in Kazakhstan, including land use and waste management,
are discussed in [27] and provide a useful context for assessing the environmental benefits
of the proposed approach.

It should be noted that this study has a number of limitations that determine the
priority areas for further work. The experiments were conducted on a laboratory scale using
briquettes of fixed geometry; to scale up to pilot and industrial levels, it will be necessary to
verify that the identified temperature patterns and patterns of coke influence are preserved
at larger batch volumes and under continuous or semi-continuous furnace operation. In this
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study, the coke/bauxite mass ratio in the charge was varied between 0.125, 0.2, and 0.286;
a more systematic parametric study—for example, examining the interactions between
temperature and the coke/bauxite mass ratio in the charge, briquette size, lime dosage,
and the possible role of an inert atmosphere in the furnace—combined with a kinetics and
material balance study similar to that conducted for the red mud reduction smelting [24]
would allow a more accurate determination of the optimum process parameters. Although
the resulting slag composition (Table 9) has the potential to be suitable for alumina recovery,
the present work did not include slag leaching or sintering tests; such tests, along with a
feasibility study of the proposed technology compared to the traditional Bayer process for
bauxite processing, will allow for a more detailed development of a closed-loop strategy
for bauxite ore processing in Kazakhstan.

Thus, the novelty of this work lies in determining the optimal temperature range
of 1400–1450 ◦C and a coke/bauxite mass ratio of 0.286 in the batch of ore–coke–lime
briquettes to achieve maximum extraction of Fe, Al, and Si during the integrated processing
of high-iron and high-silicon Kazakhstani bauxites using the reduction smelting method.

5. Conclusions
1. Characterization of Kazakhstani bauxites (Belinskoye, Ayatskoye, and Kras-

nooktyabrskoye deposits) confirmed that the largest proportion of their chemical com-
position is represented by iron, silicon, and aluminum minerals, which limits the ef-
ficiency of conventional Bayer processing and justifies the need for an alternative
pyrometallurgical technology.

2. Reduction smelting of ore–coke–lime briquettes at 1400–1450 ◦C ensured maximum
separation of metal and slag, i.e., the smelting product clearly contained metallic phases
embedded in the slag. Part of the metallic phase of the Fe-Al-Si alloy accumulated at the
bottom of the graphite crucible, while the lower-density slag collected above it.

3. Analysis of the experimental results shows that the maximum degree of reduction
of Fe, Al, and Si in the optimal temperature range of 1400–1450 ◦C is αFe = 98.32%,
αAl = 27.07%, and αSi = 14.64%. These values are valid for a coke/bauxite mass ratio in
the charge of 0.286.

4. The resulting metallic product (up to 98.66% metallic Si, Al, and Fe; 72.8% Fe, 23.0%
Al, 2.86% Si) is an Fe-Al-Si alloy of potential interest as a steelmaking deoxidizing additive.

5. The associated slag (59.5% CaO, 34.0% Al2O3) is a potential secondary raw material
for alumina production, pending confirmatory leaching/sintering tests, and could support
the implementation of a closed-loop processing cycle for high-iron Kazakh bauxites without
the formation of alkaline bauxite waste (red mud).

6. The proposed technology represents a technically feasible alternative to the classic
Bayer-sintering method for processing high-iron bauxites of complex composition and
requires further study on a pilot scale, including systematic kinetic, balance, and feasibility
studies, to justify industrial implementation.
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