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Abstract. The growing demand for ferrous metallurgy products necessitates the introduction of technologies that in-
crease the efficiency of the processing of iron-bearing raw materials. A promising trend in this area is the implementa-
tion of solutions based on the possibility of selective disintegration of ores. The purpose of this work was to establish
the laws of selective disintegration of ferruginous quartzites based on the results of the study of mineralogical and
technological properties of raw materials. We present data on the study of mineralogical and technological features of
ferruginous quartzites of the Mikhailovskoye deposit. The data were obtained using X-ray fluorescence analysis and
automated mineralogical analysis. Based on studies of the nature of dissemination and the size of grains of rock-forming
and ore minerals, the tasks of ore preparation are formulated. The parameters for the iron and silicon oxide distribution
by grain-size classes in the grinding products were established during the study. Based on empirical dependences, the
grain size of grinding was predicted, at which the most effective release of intergrowths of ore minerals and their
minimum transition to the size class of —44 pm should be achieved.
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Introduction. The main trend that characterizes the development of the global iron ore industry in
recent decades is the increase in product consumption disproportionate-with the increase in reserves of
explored deposits [1-3]. In the Russian Federation, as of January 1, 2021, the balance reserves of iron ore
amounted to 112.4 billion tons, and the total reserves of the developed deposits amounted to 29.4 billion
tons [4]. The ratio of reserves growth due to exploration to production in 2020 was 0.21 (Table 1). Cur-
rently, the problems of rational use of iron ore raw materials [5] both at the stage of mining works [6-8]
and at the stage of metallurgy attract the close attention of researchers [9-11]. One of the key factors in
increasing the efficiency of production is the introduction of digital technologies [ 12-14].

Table 1

State of the raw material base of iron ores of the Russian Federation in 2018-2020 [4]

Year Increase in A + B + C, reserves Increase/loss of A + B + Cy reserves Ore production,
due to exploration, mmt due to revaluation, mmt mmt
2018 22.3 1146.6 3573
2019 59.0 -73.8 366.0
2020 37.3 80.4 376.1
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Most of Russia's iron ore reserves are confined to ferruginous quartzite deposits located within
the Kursk Magnetic Anomaly. The largest deposit in terms of reserves is Mikhailovskoye, which
belongs to the hematite-magnetite geological type [15]. Despite the high volume of ore reserves in
the deposits, about 38 % of them belong to C, category [16]. In addition, the ferruginous quartzites
of the Mikhailovskoye deposit are challenging to enrich due to several factors: high ore hardness,
abrasiveness, and close association of ore and non-metallic minerals [17]. The combination of these
factors necessitates the introduction of technological solutions that increase the completeness of iron
extraction from these ores [18, 19]. However, semi-industrial testing of new technological solutions
at enrichment and metallurgical process stages is very costly, which causes the need for comprehen-
sive preliminary studies of raw materials' physical and chemical properties.

Differences in the mineralogical composition and textural and structural features of iron ores
determine the variability of processing flow sheets [20]. The main criteria for selecting a processing
technology are the material composition of iron ores, the nature of the components dissemination, the
contrast of the separation properties, and the predicted efficiency of the processing [21, 22]. To date,
in addition to magnetic enrichment — the main processing of iron ores, combined schemes are used.
The use of gravity concentration and flotation for additional extraction of iron-bearing minerals from
magnetic tailings has proven effective [23, 24].

A promising way to modernize ferruginous quartzite processing schemes is to improve ore prepara-
tion technology [25, 26]. The standard design solution is to take the non-magnetic fraction out for addi-
tional enrichment and additional grinding of the magnetic fraction. The main problems, in this case, are
overgrinding of iron ore minerals and contamination of concentrates with waste rock minerals due to their
mechanical capture at the stage of magnetic enrichment. The microhardness values of quartz, hematite,
magnetite, and hydrogoethite confirm the tendency of ore minerals to overgrind [27].

Overgrinding of raw materials leads to increased energy costs and, consequently, to a decrease
in the profitability of concentrate production. This problem can be solved by obtaining a product with
a given distribution of components by size due to the different rates of disintegration of ore and rock
minerals. This principle underlies selective disintegration technologies [28-30]. Decisions in such
cases must be substantiated by studies of the mineralogical and technological characteristics of the
ore. The primary studies are those of mineral texture: studying the features of the intergrowth bound-
aries of ore and rock minerals, assessing the size distribution of mineral grains, and calculating the
parameters of the specific area of interfacial contact and fracturing [31, 32]. The texture is closely
related to the degree of intergrowth release, and, as a result, to the redistribution of chemical elements
by size classes in the process of ore preparation [33, 34].

Thus, the purpose of the work was to establish the patterns of selective disintegration of ferrugi-
nous quartzites based on the results of a study of the mineralogical and technological properties of
raw materials.

Methodology. The object of the study was samples of rich ore from the Mikhailovskoye deposit
after fine crushing, Pso for the studied sample was 1477.67 pum. The main iron-bearing minerals in
the ore are magnetite, hematite, martite, iron hydroxides, celadonite, and siderite. Depending on the
predominance of one of the components, two technological types of ores are distinguished: hematite-
magnetite and carbonate-martite. The rock-forming minerals in the sample are mainly represented by
various silicates and carbonates.

A series of experimental studies of the ferruginous quartzites grinding were carried out in a la-
boratory ball mill. The size of the grinding was evaluated by the Pgo indicator. Studies were conducted
for four Pgo values: 692.81; 160.08; 124.69; and 80.00 um. To eliminate random errors, each experi-
ment was repeated three times. Data on the granulometric composition of samples and the distribution
of the analyzed components after grinding were obtained by sieving on sieves with meshes of 2000,
1000, 500, 250, 100, and 44 um. The obtained classes were weighed, after which representative samples

518

This is an open access article under the CC BY 4.0 license



DOI: 10.31897/PMI.2022.58 Journal of Mining Institute. 2022. Vol. 256. P. 517-526 [®I%r @
© Tatiana N. Aleksandrova, Alexander V. Chanturiya, Valentin V. Kuznetsov, 2022 %

a b
60 40.00
=J
e 0 S 35.00
> w g 3000
N .-
3 2 2500 7
g 30 ‘E 2000 —
S RZ
o —
£ 2 S 1500
g g 1000 —
g g 500 —
3 o § 000 —
241 1405 054025 —025+0.1 —0.140.044 —0.044+0 241 1405 054025 —025+0.1 —0.140.044 —0.044+0
Size class, mm Size class, mm
O sios E rew

Fig.1. The values of the contents (a) and distributions () of iron and silicon oxide in the size classes of the initial sample [36]

were selected for the elemental composition analysis. Analysis of the chemical composition of the
initial sample and grinding products was carried out on an EDX 7000 Shimadzu X-ray fluorescence
analyzer. Automated mineralogical analysis was carried out on an automatic instrumental complex
MLA 650 (FEI Company).

The values of the main components contents in the initial ferruginous quartzites sample
according to the XRF analysis are: SiO> 23.00; TiO2 0.06; ALO3 1.90; Few: 50.24; MnO 0.02;
MgO 0.30; CaO 0.51; NaxO < 0.1; K20 0.22 %.

Based on the study of the results of chemical analysis (Fig.1), it was found that the main com-
ponents of the sample are silicon, represented as silicon oxide, and iron, calculated as total iron. The
presence of iron carbonates was also found in the studied sample.

The analysis of the contents of the components in the grain-size classes of the studied sample
showed that the highest content of total iron corresponds to the size class of —0.1+0.044 mm, and the
highest content of silicon oxide corresponds to the size class of —1+0.5 mm (Fig.1, @). The values of
the total iron content in the grain-size classes vary from 48.3 to 55.7 %. The values of silicon oxide
content range from 20.06 to 23.80 %.

When studying the distribution of silicon oxide and total iron oxide by grain-size classes in the
sample, we found that the maximum distribution of components corresponds to the —2+1 mm grain-
size class (Fig.1, b). As the grain size of the class decreases to 0.044 mm, the values of the component
distributions decrease. In the particle size class —0.044+0 mm, the distribution values for silicon oxide
increased to 12.91 %, and for total iron — up to 13.20 % was found.

In [35], a rationale was proposed for the selectivity of ore preparation operations in terms of the
distribution of raw material components by grain-size classes. A similar principle is used in this study.
The integral gamma distribution function was used to quantitatively characterize the distribution of
components in the grinding products by grain-size classes. The argument of the function was the grain
size in micrometers, and the value ofthe function was the value ofthe total distribution of the “minus”
component in a percent:

__B a
a5 W

o d) . .
where 3, oo — parameters of the gamma distribution; y(a, Ej — incomplete gamma function.

The choice of the gamma distribution to characterize the distribution of components by size in
the grinding products is due to the high convergence of the calculations of the experimental values of
the distributions. Parameters a and B characterize the mathematical expectation of the distribution
function and the interval of size values, which are characterized by the maximum values of the
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distribution of the component, as well as the form of the graphical dependence of the distribution as
a function of the grain size.

The parameter o characterizes the kurtosis of the function — a measure of the sharpness of the
function peak. The parameter [3 characterizes the variance of the component distribution function
values relative to the mathematical expectation value.

During grinding, the  parameter will increase monotonically with a decrease in Pgo of the
grinding product. At the same time o , with a decrease in the size of the grinding product, it will
slightly decrease, reaching a minimum, then sharply increase. At the stage of coarse grinding, the
transition of the material to smaller classes causes an increase in the peak sharpness of the distribution
function and a decrease in the value of the a parameter. With fine grinding, the limiting size of the
material is reduced, which increases the uniformity of the distribution of components over the existing
size classes and causes an increase in the o parameter.

The values of the B3, o parameters distributions were determined using the least squares method.
These values were iterated until the minimum of the parameter y was reached:

W= (Fup ) —20r(4)

where €exp(?1), €cal(?s) are the experimental and calculated values of the total distribution of the com-
ponent by material size, respectively.

Discussion. To analyze the nature of inclusions and intergrowth of ore and rock minerals in the
original sample, a complex of mineralogical studies was carried out, the results of which are presented
in Table 2 and Fig.2, a.

2
’

)

Table 2
Elemental composition of intergrowth
Mineral Content, % The point
Fe Si Mn Mg Ca 0 Total | of the spectrum
69.88 | 1.56 - - - 28.56 | 100.00 3
Magnetite 7023 | 119 - - - 28.58 | 100.00 4
AN o926 | 129 | - ~ [ 29.45 | 100.00 6
69.55 1.46 - - - 28.99 | 100.00 9
. 68.10 0.66 - - - 31.24 | 100.00 2
Hematite
68.31 0.68 - - - 31.01 | 100.00 7
Mineral Content, % The point
Si0, | ALO; | Fe,03 | MgO | CaO | KO CO, | Total | ofthespectrum
Celadonite | 50.83 | 1.77 | 29.19 | 4.32 - 13.29 - 100.00
Quartz 96.39 | 0.05 | 0.42 - - 3.14 - 100.00 5

Fig.2. Results of mineralogical studies of samples of ferruginous quartzites of the Mikhailovskoye
deposit: @ — magnetite in close intergrowth with hematite and quartz, the image in backscattered electrons;
b — hematite-magnetite-hydrogoethite-carbonate-celadonite-quartz interlayers in ferruginous quartzites;
¢ — contact of barren quartz interlayer (light) with ore hematite-magnetite interlayer (black) with carbonate
veinlet (brown)
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It has been established that the texture of the samples
of the studied ores is mainly thin-banded and thin-layered
(Fig.2, ¢). The most common are intergrowths of hema-
tite, magnetite, and quartz (Table 2). A lower content is
characteristic of intergrowths of magnetite and hematite
with celadonite and hydrogoethite. Magnetite and hema-
tite are characterized by a close association. Hematite is
located closer to contact with rock-forming minerals. In
the sample, hematite is present in the form of two mor-
phological forms: isometric and elongated-lamellar,
which is due to the nature of its formation. Hydrogoethite
in samples of ferruginous quartzite is formed as a product
of oxidation of iron oxides, carbonates, and silicates
(magnetite, siderite, and celadonite). The highest concen-
tration of hydrogoethite is observed in hematite-magnetite-
hydrogoethite-carbonate-celadonite-quartz interlayers
(Fig.2, b) and at the contact of quartz-magnetite-hematite
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Fig.3. Distribution of iron by minerals
in the initial sample of ferruginous quartzites
and classified material
1 — hematite; 2 — magnetite; 3 — hydrogoethite; 4 — other
minerals; 5 — celadonite; 6 — siderite

interlayers with carbonate veinlets. In the ore sample, the contact of iron-bearing minerals is characterized
by even extended intergrowth boundaries. The contact boundary of rock-forming and ore minerals is
characterized by a complex interpenetration of the boundaries of one mineral into another one.

The study of iron distribution in the main minerals of the sample and evaluation of the mineral
intergrowths release was carried out using automated mineralogical analysis. The sample was crushed

to a fineness of —0.12 mm (Fig.3).
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Fig.4. Results of the analysis of the nature of mineral grains intergrowth in a sample of fine-crushed ore
from the Mikhailovskoye deposit
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An analysis of the nature of the intergrowth of mineral grains (Fig.4) shows that 84.25 % of the
iron in the sample is associated with hematite and magnetite, and 14.88 % of the iron falls on the
oxidation products of the main ore minerals — hydrogoethite and siderite, the rest of the iron is asso-
ciated with the minerals of the host rock.

Based on the data obtained (Fig.4), it was found that the predominant size class of mineral par-
ticles of iron-bearing minerals is the class of —44+20 um. The exception is hydrogoethite, for whose
grains the predominant size classes are —20+10 and —10+5 pm. The predominance of low-sized grains
of oxidized iron minerals is associated with their genesis. The nature of their dissemination and their
low hardness will probably cause their tendency to overgrind during ore preparation.

The size distribution of mineral grains of hematite and magnetite is correlated, which confirms
their close association in the studied ore. As compared to them, the host rock minerals are character-
ized by higher values of distribution in the size classes of +100, —100+74, and —74+44 pm;
56.41 wt. % of quartz grains and 38.71 % of the celadonite grains have a size of more than 44 pm.
The predominance of host rock mineral grains greater than +44 um is likely to contribute to a more
rapid release in the milling process. Their increased strength compared to ore minerals is a prerequi-
site for the selective disintegration of ore components.

Host rock minerals, in contrast to ore minerals, are expected to have a lower grinding rate and
remain in large classes of grinding products. However, a significant part of the ore minerals of the
sample is interspersed in the minerals of the host rock, mainly in quartz. Their close association will
not allow efficient enrichment of the ore by magnetic methods; fine grinding is required to release
the intergrowths. At the same time, it is necessary to prevent a high degree of overgrinding of iron-
containing minerals and their transition to the size class of <44 pm. With a decrease in size, inter-
growths of iron-bearing minerals will have a lower magnetic susceptibility, which will reduce their
enrichment by the main magnetic process [37]. Thus, selective disintegration should ensure the inter-
growths release of ore minerals and their minimum distribution in the size class of 44 pm.

A graphical representation of the results of a study of the iron and silicon oxide distribution by size
classes —2000+200, —200+44, and —44 pum in the grinding products is shown in Fig.5.
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Fig.5. Distribution of iron and silicon oxide by size classes in grinding products
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Fig.6. Total size distributions of iron (a) and silicon oxide (b) in grinding products depending on Psoparameter

It has been established that the maximum values of the distribution of iron and silicon oxide
in the —100+44 pm class were obtained at a Pgo value of 80.03 um and amounted to 48.46 and
37.07 %, respectively. The largest increase in iron and silicon oxide in the —44 pm grain-size
class was 14.88 and 13.69 %, respectively, when the Pgo value changed from 120 to 80 um. The
distribution of iron in the —44 pum class is about 29 % at a grinding size of Pgo = 692.81 um due
to the overgrinding of released intergrowths of oxidized iron minerals. A sharp increase in iron
in the size class of —44 pm when the grinding size Pgo reaches the value of 80.03 is probably due
to the disintegration of intergrowths of host rock minerals and overgrinding of released ore min-
erals. With coarse grinding, low values of the increase in the distribution of iron into fine classes
are associated with the possible disintegration of released iron-bearing rock minerals.

To quantitatively characterize the experimental values of the total distributions of total iron and
silicon oxide, the parameters of the gamma distribution were established depending on the Pgo
parameter according to formula (1) (Table 3). Graphical interpretation of the total size distributions
of components depending on the Pgy parameter is shown in Fig.6.

Table 3
Parameters of the distribution function of iron and silicon oxide depending on the Pg) parameter
Pgo, um
Component 692.81 160.08 120.02 80.03
Fe Si0, Fe Si0, Fe Si0, Fe Si0,
0.94 0.58 0.96 0.71 1.06 0.84 4.36 3.07
B 141.61 376.72 116.82 187.93 99.74 91.09 11.08 13.79

The distribution curves of iron at Pgo values of 692.81, 160.08, and 120.02 um (Fig.6) are charac-
terized by a slight change in the convexity of the function, in contrast to the distribution of silicon
oxide, which confirms a slight redistribution of iron within the class for these grinding sizes. Addi-
tionally, for iron, there is a slight change in the a parameter for the Pso parameters. Since parameter
a characterizes the sharpness of the peak of the distribution function, its increase indicates concen-
tration in a narrow grain-size class. With fine grinding, this is due to the transition of the component
to the smallest grain-size class. Then, in order to ensure maximum selectivity in the classification of
the grinding product, the are index should be minimal, and asio, should be maximal.

Based on the experimental data obtained, empirical dependencies were established that link
the Pgo index and the o component distribution parameter in the grinding products:
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The discrepancy between the calculated and experimental values of the o parameter did not
exceed 5 %.

To assess the selectivity of the distribution of components by size for the Pso range, the ratios
of are to asio, were calculated (Fig.7).

The nature of the change in the dependencies (Fig.7, @) can be divided into three areas. In the
first area, the change in indicators is insignificant and can be explained by the gradual transition of
components from the —2000+100 pm class. The second area is characterized by a sharp increase in
the asio, index, which is probably due to the disintegration of mineral intergrowths of the host rock
and their transition to the —44 um class. The third area is characterized by the beginning of the growth
of the are parameter and is probably associated with the release of ore mineral grains embedded in
the waste rock massif and their more intense grinding.

The disintegration selectivity is characteristic of the minimum of the are/asio, function, which
was determined based on the equality of the first derivative of the ratio function to zero:

[} 1
| O |_uv—v'u .
f - 2 — Vo
Osio, v

U= P8(3.668—7.558)8.317 10" +0.928 P850.668;

v=1.504-10" +0.610P;™* ;
u' =PL O TN 831710 (5.668 - 7.558) +0.928 -5.668PL ) ;

V' =0.610-5.668P ")
The are/asio, ratio reaches its minimum at Pgo = 101.11 pm. This value of the size of grinding
is predicted for the most effective release of intergrowths of iron-bearing minerals and their minimal
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overgrinding. The obtained data can be used for further studies of the ferruginous quartzite processing
of the Mikhailovskoye deposit.

Conclusions. The growing demand for ferrous metallurgy products in various industries causes
the need to increase the efficiency of iron ore processing and the completeness of iron extraction. The
main reserves of iron-bearing raw materials of the Russian Federation are associated with deposits of
ferruginous quartzites. Fine dissemination of ore minerals, high abrasiveness, and hardness of rocks
cause high costs at the stage of ore preparation. A promising direction in the modernization of crush-
ing and grinding operations is the use of technologies based on selective disintegration. The study
established the patterns of selective disintegration of ferruginous quartzites based on the results of
studying their mineralogical and technological features.

It has been determined that ore minerals and minerals of the host rock of ferruginous quartzites
of the Mikhailovskoye deposit in the studied sample are predominantly concentrated

in size classes of —2+1, —1+0.5, and —0.044 mm. The contact of ore and rock-forming minerals in a
sample is characterized by a complex nature of intergrowth. According to the results of the automated
mineralogical analysis of the ore sample, it was found that 84.25 % of the iron in the sample is asso-
ciated with hematite and magnetite, and 14.88 % of the iron falls on the oxidation products of the
main ore minerals — hydrogoethite and siderite. The predominance of mineral grains of quartz and
celadonite with a particle size of more than 77 um is established. The main grain size of ore minerals
1s —44 pm.

The difference in the strength of ore and rock-forming minerals is a prerequisite for the use of
selective disintegration technologies (controlling the distribution of components by size classes in
grinding products). The nature of the dissemination of ore minerals in the host rock mass makes it
difficult for the release of iron-bearing minerals in the process of ore preparation and their regrinding.

Based on the interpretation of the results of the study of grinding, the patterns of selective disin-
tegration of ferruginous quartzites were established. The value of the grinding size was predicted,
at which the release of ore minerals and their minimum transition to the size class of —44 um should
be ensured.
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