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Abstract
Finely ground tailings from flotation processing of waste copper reverberatory smelting slags of the 
Sredneuralsky Copper Smelter (“SUMZ technical sands”) was accumulated in significant amounts and may 
pose a threat to the environment as a potential source of heavy metals. At the same time, the waste can be 
considered as a promising source of useful components due to relatively high contents of zinc (3.3–3.9%) 
and copper (0.4–0.5%). Development of technologies for recycling the “technical sands” is a promising task 
of nonferrous metallurgy and requires their comprehensive study. The purpose of this research was to study 
the material composition of magnetic fractions of the “SUMZ technical sands” and assess the prospects of 
extraction of useful components (zinc and copper) from their flotation tailings using wet magnetic separation. 
Chemical analyses of the obtained fractions were carried out at the Center for Collective Use “Geoanalitik” 
of the Institute of Geology and Geochemistry, UB RAS by inductively coupled plasma mass spectrometry 
method using an Elan-9000 quadrupole mass spectrometer. Phase analyses were carried out at the Ural-M 
Collective Use Center of the Institute of Metallurgy, UB RAS by X-ray phase analysis using a Bruker D8 
Advance diffractometer. The magnetic properties of the magnetic separation fractions were studied by 
thermomagnetic analysis. After treating the tailings by wet magnetic separation, the yield of the magnetic 
fraction (48 kA/m) was approximately 83%, that of the weakly magnetic fraction (200 kA/m) was 11%, and 
that of the non-magnetic fraction, 6%. The data on the phase and chemical composition of the tailings 
magnetic separation fractions were obtained. It was found that zinc and copper were distributed relatively 
uniformly among the fractions with a slightly higher content of copper in the non-magnetic fraction and that 
of zinc in the weakly magnetic fraction. The dependence of magnetic susceptibility of the “technical sands” 
minerals on the presence of isomorphic impurities in them was confirmed. The joint evaluation of the data of 
X-ray phase and thermomagnetic analyses showed that at practically identical X-ray diffraction patterns the 
thermomagnetic curves in the range of 20-700°C demonstrate significant differences between the magnetic 
separation fractions. All the obtained thermomagnetic curves are irreversible. At the used parameters of wet 
magnetic separation, this method proved inefficient for the “technical sands” separation, and additional 
research is required to find optimal methods of the tailings pretreatment and magnetic intensity modes. The 
research findings contribute to the study of magnetic properties of copper-smelting slag processing tailings 
and are of interest for the development of new flow schemes for their utilization and recycling.
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ОБОГАЩЕНИЕ, ПЕРЕРАБОТКА МИНЕРАЛЬНОГО И ТЕХНОГЕННОГО СЫРЬЯ

Научная статья
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медеплавильных шлаков
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Аннотация
Тонкоизмельченные отходы флотационной переработки отвальных медеплавильных шлаков отража-
тельной плавки Среднеуральского медеплавильного завода («технические пески СУМЗ») накоплены 
в значительных объемах и могут представлять опасность для окружающей среды как потенциальный 
источник тяжелых металлов. В то же время они могут рассматриваться как перспективный источ-
ник полезных компонентов вследствие относительно высокого содержания цинка (3,3–3,9 %) и меди 
(0,4–0,5 %). Разработка технологий по утилизации «технических песков» является перспективной за-
дачей цветной металлургии и невозможна без их всестороннего исследования. Целью наших иссле-
дований являлись изучение вещественного состава магнитных фракций «технических песков СУМЗ» 
и оценка перспектив извлечения полезных компонентов (цинка и меди) из хвостов флотации с ис-
пользованием мокрой магнитной сепарации. Химический анализ полученных фракций выполнен 
в Центре коллективного пользования «Геоаналитик» Института геологии и геохимии УрО РАН ме-
тодом масс-спектрометрии с индуктивно связанной плазмой на квадрупольном масс-спектрометре  
Elan-9000. Фазовый анализ выполнен в центре коллективного пользования «Урал–М» Института ме-
таллургии УрО РАН методом рентгенофазового анализа на дифрактометре Bruker D8 Advance. Маг-
нитные свойства фракций магнитной сепарации изучены методом термомагнитного анализа. После 
обработки отхода методом мокрой магнитной сепарации выход магнитной фракции (48 кА/м) соста-
вил приблизительно 83 %, слабомагнитной (200 кА/м) – 11 %, немагнитной – 6 %. Получены данные 
о фазовом и химическом составе фракций магнитной сепарации отхода. Отмечено, что цинк и медь 
распределяются по фракциям относительно равномерно с несколько повышенным содержанием 
меди в немагнитной, а цинка – в слабомагнитной фракции. Подтверждена зависимость магнитной 
восприимчивости минералов «технических песков» от наличия в них изоморфных примесей. Со-
вместная оценка данных рентгенофазового и термомагнитного анализов показала, что при практи-
чески идентичных рентгенограммах термомагнитные кривые в интервале 20–700 °С демонстрируют 
существенные различия фракций магнитной сепарации. Все полученные термомагнитные кривые 
необратимые. При использованных параметрах мокрой магнитной сепарации для разделения «тех-
нических песков» данный метод малоэффективен, необходимы дополнительные исследования по 
поиску оптимальных способов предподготовки отходов и режимов напряженности магнитного поля. 
Результаты исследований вносят вклад в изучение магнитных свойств отходов переработки меде-
плавильных шлаков, представляют интерес для разработки новых схем их утилизации и повторной 
переработки.
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переработки, утилизация, магнитная сепарация, термомагнитный анализ, магнитные фракции, маг-
нитные свойства, фаялит (Fe2SiO4), форстерит ((MgMn)SiO4), диопсид (CaZn(Si2O6)), магнетит (Fe3O4), 
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Introduction
Mining and metallurgical wastes occupy vast ar-

eas around the world and cause significant environ-
mental damage [1–3]. Nonferrous metallurgy wastes 
are particularly dangerous for the environment due to 
high content of heavy metals [4–6]. 

At present time, flotation method is most often used 
for slag processing at copper smelters [7–9]. As a result, 
a concentrate of copper-containing components is ob-
tained and the processing tailings, “technical sands”, 
which are a finely dispersed and mechanically activa- 
ted materials, are produced. These tailings find limited 
application in construction [10] and for reclamation of 
disturbed territories [11, 12]; there are ongoing deve- 
lopments in the application of copper-smelting slag 
flotation tailings for industrial wastewater treatment 
[13]. However, for the most part the tailings are buried 
and, to date, have been accumulated in significant vo- 
lumes in the areas where smelters operate. The “tech-
nical sands” can cause contamination of groundwater, 
surface water, soil, and plants [14, 15]. 

Copper-smelting slag flotation tailings can be 
considered as a potential source of useful compo-
nents [16, 17]. The development and implementation 
of technologies involving processing and recycling 
of technogenic waste is an extremely urgent task for 
current industries, sustainable nature management, 
and environmental conservation [18–20]. The solu-
tion of the problem of multipurpose utilization of 
copper-smelting slag flotation tailings requires their 
comprehensive study.

The Ural and Siberian regions are among the main 
production centers of nonferrous metallurgy in Russia. 
In 1994–1995, Sredneuralsky Copper Smelter (OJSC 
SUMZ) and Kirovograd Copper Smelter began proces- 
sing of waste cast slag as a source of copper-zinc con-
centrate. The material composition of the OJSC SUMZ 
flotation tailings [21–23] accumulated in the amount 
of more than 10 mln t, has been studied in detail. Ac-
cording to preliminary estimates, this amount may 
contain about 340 kt of zinc, 43 kt of copper, 43 kt of 
lead, as well as 3.5 mln t of iron. The “technical sands” 
of SUMZ contain up to 4% zinc and up to 0.5% copper. 
Acid leaching method is applicable for their extraction. 
Maximum recovery of zinc (up to 77 %) and copper 
(up to 64 %) was achieved using sulfuric acid (in con-
centration of 300 g/dm3) [24]. For increasing zinc and 
copper recovery it is necessary to take into account the 
"technical sands" phase composition, their distribution 
among mineral phases, as well as grinding fineness [25] 
and magnetic properties of the waste.

The studies on the extraction of valuable compo-
nents from copper-smelting slags by magnetic separa-
tion are known in literature [25, 26]. It was established 

by the example of JSC Svyatogor converter cop-
per-smelting slag flotation tailings that the change in 
magnetic field strength (1,200, 800, 400 E) in wet mag-
netic separation, grinding size, and the method of slag 
cooling practically does not affect the iron content in 
the resulting iron concentrate [25]. Chinese scientists 
proposed a combined process of direct reduction and 
magnetic separation of copper-smelting slag flotation 
tailings using limestone [26]. However, not enough at-
tention has been paid to the mineral composition of 
the resulting magnetic fractions.

The purpose of our research was to study the ma-
terial composition of Sredneuralsky copper smelter 
waste cast slag processing tailing magnetic fractions 
and to assess the prospects for the extraction of useful 
components (zinc and copper) from the flotation tai- 
lings using wet magnetic separation. In this connec-
tion the following problems were solved: fractiona-
tion of SUMZ copper-smelting slag processing tailings 
by wet magnetic separation; determination of che- 
mical and phase composition of the obtained magne- 
tic fractions; characterization of their magnetic pro- 
perties using thermomagnetic analysis; evaluation of 
the efficiency of the flotation tailings separation by 
wet magnetic separation methods.

Research Subjects and Methods
Waste cast slag from reverberatory smelting at the 

Sredneuralsky copper smelter is subjected to grinding 
first at cone crushers to a fraction of 10 mm, then at 
ball mills to 0.05 mm. The subsequent extraction of 
copper concentrate is carried out by flotation. The li- 
quid concentrate and tailings (“technical sands”) are 
separately thickened in radial thickeners and filtered. 
Vacuum filters were used to dewater the tailings.

«“SUMZ technical sands” is a finely dispersed 
material of the following grain size: (–0.21 + 0.10) 
mm, 1.1–4.1%; (−0.1 + 0.05) mm, 21–30%; < 0.05 mm,  
69–75%. Their chemical composition is as follows, 
wt.%: FeO – 32.3; SiO2 – 31; Fe2O3 – 14.29; Al2O3 – 7.05; 
CaO – 4.53; Zn – 3.28; MgO – 1.64; S – 1.32; K2O – 0.74; 
Na2O – 0.64; As – 0.53; Cu – 0.44; Ba – 0.43; TiO2 – 
0.26; Pb – 0.2; P2O5 – 0.1; MnO – 0.09 [23]. 

The separation of the SUMZ copper-smelting slag 
flotation tailings into magnetic fractions was per-
formed at the Department of Mineral Processing, Fa- 
culty of Mining and Mechanical Engineering, Ural 
State Mining University. For the separation of mag-
netic fractions the method of wet magnetic separa-
tion was used1, characterized by the continuity of 

1 Svertkov A. A., Chekmenev A. N., Bratus S. V., Shark-
hov V. V. Patent No. RU 2013109184 A, Russian Federation, IPC 
B03C1/00. Method of wet magnetic separation of magnetite 
ores and devices for its implementation: appl. 2013109184/03, 
28.02.2013: publ. 10.09.2014.

https://mst.misis.ru/
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Therefore, the application of magnetic field 
could not provide desirable separation of the “SUMZ 
technical sands”. The yield of magnetic fraction was 
83.27%, that of weakly magnetic fraction, 10.85%, 
and that of non-magnetic fraction, 5.88% (Table 1).

In addition, the presence of glass (up to 30 wt.% 
in the SUMZ slags) has a significant effect on the se- 
paration of the copper-smelting slag flotation tai- 
lings using wet magnetic separation. It was found for 
copper-smelting slags of Karabashmed that crushing 
in centrifugal-impact apparatuses (disintegration) 
occurs with a low degree of selectivity due to their 
glassy structure [28].

The cooling conditions of the copper-smelting 
cast slag, which serves as a source material for the in-
vestigated “technical sands”, are markedly different 
from natural ones. As a consequence, homogenized 
mineral individuums represent a smaller part of the 
volume. The predominant part of the waste is repre-
sented by to varying extent crystallized glass [23, 29]. 
In the clastic material of the “SUMZ technical sands”, 
fine clastic glass representing fragments of for- 
ming minerals at different stages of homogenization 
of their composition quantitatively dominates. The 
glass fills interstitials between olivine, magnetite, 
and sulfide mineral individuums. The glass composi-
tion (according to microanalyzer data) is as follows: 
30–50% silica, 7 to 20% alumina, up to 10% alkaline 
metals, 1.5–10% zinc, up to 1% copper, and up to 30% 
iron oxides [30]. The presence of complex cryptocrys-
talline structures, solid solution decomposition struc-
tures, the structures of elements substitution in the 
crystalline lattice of minerals in the form of hems on 
the periphery of grains reduces the degree of the slag 
disintegration selectivity when crushed.

The chemical analysis of the obtained magne- 
tic fractions of the “SUMZ technical sands” (Table 2) 
showed that zinc and copper are distributed relatively 
evenly among the fractions. Some increase of cop-
per content in the non-magnetic fraction and that 
of zinc content in the weakly magnetic fraction was 
found. 

the separation process, which was provided by crea-
tion (in the working chamber) of the magnetic field 
with the intensity decreasing in the direction of pulp 
movement.

The chemical and phase compositions of the ob-
tained fractions were determined at the Center for 
Collective Use “Geoanalitik” of the Institute of Ge-
ology and Geochemistry, UB RAS by inductively cou-
pled plasma mass spectrometry (ICP-MS) using an 
Elan-9000 quadrupole mass spectrometer (Perkin-
Elmer, Canada). The phase analyses were carried 
out at the Ural-M Collective Use Center of the Insti-
tute of Metallurgy, UB RAS by X-ray phase analysis  
using a Bruker D8 Advance diffractometer (Bruker 
AXS GmbH, Germany).

The study of magnetic properties of the "tech-
nical sands" was carried out at the Institute of Geo-
physics, UB RAS. The thermomagnetic analysis me- 
thod was used to determine the total magnetization 
of the magnetic separation fractions. The scheme of 
the installation is presented in the monograph [27]. 
The samples magnetic susceptibility was measured 
using a commercially available KT-3 kappometer.

Research Findings and Discussion
The “SUMZ technical sands” are finely dis-

persed materials (particle size <0.05 mm) consisting 
of a  mixture of fayalite, pyroxene, iron-containing 
glassy phase of acidic and basic compositions, mag-
netite, hematite, wustite, spinelides, sulfides, and in-
termetallics. Magnetite and sulfides are confined to 
the glass phase. A characteristic feature of the “sands” 
is the increased content of zinc (about 3.3–3.9%) and 
copper (0.4–0.5%) at Zn / Cu ratio of 7.5. Zinc is pres-
ent in all the phases. Silicate zinc is contained in the 
fayalite and the glass phase. Other heavy metals in-
cluding copper are predominantly concentrated in the 
sulfides and intermetallics. According to the literature 
data [25] primary copper minerals are represented by 
chalcopyrite, cubanite, and cuprite, which are usually 
accompanied by secondary copper minerals, covel-
lite and bornite. The total mass fraction of the cop-
per-bearing minerals is 1.5%. About 50% of iron is 
contained in the fayalite. The bulk of alkali and alka-
line-earth elements, as well as aluminum and silicon, 
are encapsulated in the glass phase [23].

Magnetic properties of the SUMZ copper-smel- 
ting slag processing tailings are governed by the mag-
netic properties of its constituent minerals. Almost 
all mineral phases of the “technical sands” are mag-
netics, capable of magnetizing in a magnetic field. 
This is due to the fact that they usually include atoms 
with their own magnetic moment due to the presence 
of unpaired electrons, such as Fe2+, Fe3+.

Table 1
Results of separation of copper-smelting slag flotation 

tailings by wet magnetic separation

Fraction Magnetic field 
strength, kA/m

Weight, 
g Yield, %

Magnetic 48 119.52 83.27

Weakly magnetic 200 15.57 10.85

Non-magnetic – 8.44 5.88

Total – 143.53 100.00

https://mst.misis.ru/
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According to the historical studies, zinc-bearing 
magnetite phase is observed in copper-smelting slag 
processing tailings [21, 23]. This fact can be regard-
ed as one of the manifestations of incomplete homo- 
genization of the mineral. It can be assumed that the 
increase of zinc content in the weakly magnetic frac-
tion is connected with this fact. The presence of zinc 
was also determined in wustite, which is inferior in 
quantity to magnetite in the “technical sands”, but 
also contains a certain amount of zinc.

Copper remains predominant in the non-magne- 
tic fraction, most likely due to the presence of emul-
sion impregnation of matte [23] and copper-bearing 
minerals in the glass [25].

The mineral basis of the “technical sands” are sil-
icates (about 84%) represented by olivines, pyroxenes, 
and glass phase. The secondary phases are oxides of 
iron and nonferrous metals (about 14%), sulfides 
(about 2%) (Table 3). Intermetallics are present in 
small amounts. 

The indicated mineral phases (see Table 3) have 
the corresponding crystal lattices. However, it should 
be noted that most of the minerals of the “technical 
sands” have not yet reached full homogenization. The 
peculiarity of the majority of the mineral fragments in 
the clastic material of the tailings is noticeable devia-
tions from stoichiometric compositions.

According to the data of X-ray phase analysis the 
olivines in the “SUMZ technical sands” have predom-

inantly fayalite composition (Fe1.64, Ca0.04, Zn0.15)(Si0.85, 
Al0.27)O4. The studies of the magnetic properties of 
olivines [31, 32] have shown that at low tempera-
tures antiferromagnetic ordering occurs in them, 
with the magnetic cell coinciding with the crystal-
lographic one. 

Pyroxenes in the “SUMZ technical sands” are 
ferrosilicates of the following composition: (Fe, Mg, 
Ca, Zn)2.0Si1.9O6.0 with Al impurities. It was noted ear-
lier that augite (Ca, Fe, Mg)[SiO3]2 individuums are 
sometimes found in waste slags [33]. Trivalent iron 
and copper cations are often found in the crystal lat-
tice of pyroxenes.

The main segregations of magnetite, sulfides, 
nonferrous metal oxides and intermetallics are 
concentrated in the glassy phase of the “technical 
sands”. The grains of these minerals are well boun- 
ded, of various sizes, including nanocrystalline 
ones. Magnetite also forms complex intergrowths 
with fayalite. Pure magnetite in flotation tailings is 
rare; its composition can be represented by the fol-
lowing structural formula: (Fe2,8, Al0,5, Si0,1, Zn0,1)O4.  
It often includes copper, while Cr, Ti, Cd, Sn cati-
ons are occasionally found. Magnetite is a typical 
ferromagnet  [34]. Magnetite crystals and grains are 
themselves natural permanent magnets, having the 
strength and polarity of a true magnet. But the pre- 
sence of isomorphic impurities in magnetite compo-
sition will reduce the magnetic susceptibility. 

Table 2
Data of chemical analysis of magnetic fractions of copper-smelting slag flotation tailings, wt. %

Fraction SiO2 Al2O3 MnO CaO MgO P2O5 Cu Zn Pb As Fetot

Initial “sands” 32.4 2.9 0.04 4.39 0.98 0.05 0.18 1.17 0.06 0.07 35.5

Magnetic 32.4 3.1 0.04 4.54 1.01 0.05 0.19 1.20 0.07 0.07 37.8

Weakly magnetic 35.2 3.3 0.04 5.15 1.28 0.06 0.15 1.36 0.07 0.06 34.8

Non-magnetic 37.2 3.9 0.05 5.01 1.71 0.07 0.24 1.20 0.07 0.05 33.1

Table 3
Mineral composition of magnetic fractions of copper-smelting slag flotation tailings according to X-ray phase 

analysis, wt.%

Mineral Initial “SUMZ technical 
sands” Magnetic fraction Weakly magnetic 

fraction
Non-magnetic 

fraction

Fayalite Fe2SiO4 48.2 51.3 64.6 64.5

Forsterite (MgMn)SiO4 15.4 10.0 9.0 10.0

Diopside CaZn(Si2O6) 20.4 19.9 19.3 19.6

Magnetite Fe3O4 13.7 15.7 4.1 1.4

Sphalerite ZnS 1.8 1.8 1.9 1.3

Zincite ZnO 0.5 1.3 1.1 3.2
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Wustite (Fe0,9, Al0,02, Si0,01, Zn0,04)O and hematite 
(Fe, Al, Si0,4)2O3, sometimes with admixtures of Zn and 
Sn, were found in the “SUMZ technical sands”. They 
are antiferromagnetic minerals whose magnetic sus-
ceptibility is small but positive [35]. When a magnetic 
field is applied, isomorphic impurities will have a sig-
nificant effect on the magnetic susceptibility of these 
minerals. 

Pyrrhotite-like sulfides in the “technical 
sands” have the following compositions (Pb, Fe, 
Cu, Zn, Si0,08, Sn0,07)S, FeS · Cu2S, (Pb, Fe, Cu)1,06S,  
(Pb, Fe, Si0,44, Ca0,18)1,1S. Pure pyrrhotite is a ferro-
magnetic [36]. Just like magnetite, it has its own 
magnetic moment and is capable of creating a mag-
netic field around it.

Diamagnetics in the “SUMZ technical sands” are 
represented by copper metal, antimony-bearing in-
termetallics, sulfides (chalcosine and sphalerite), cu-
prite and zincite, anhydrite of (Ca0,74Ca, Na, Al, Mg)
SO4, composition, aluminum and silicon hydroxides. 

96% of magnetite, more than 80% of silicate 
and sulfide phases belong to the magnetic fraction  
(Table 4). Such distribution of the substances can be 
connected with thin impregnation of magnetic mi- 
nerals in the glass phase and the formation of inter-
growths with silicates, as well as with the change in 
the magnetic structure of mineral phases, arising in 
the presence of isomorphic impurities in the crystal 
structure of minerals when magnetic field is applied.

Isomorphous impurities (in the crystal lattice 
of the “technical sands” silicates) of cations posses- 
sing their own magnetic moment due to the pres-
ence of unpaired electrons, for example, Fe2+, Mn2+, 
Fe3+, Mn3+, Mn4+, Ni2+, Cu2+, as well as magnetite and 
pyrrhotite inclusions lead to the appearance of are-
as of increased magnetization inside silicate grains 
and thin aggregates of silicate minerals and glass, 
preserved after crushing of the copper-smelting slag. 
Therefore, more than 80% of the silicates are con-
centrated in the magnetic fraction.

The concentration of diamagnetics in the mag-
netic fraction (see Table 4) can be explained both by 
electrostatic capture of small grains of diamagnetic 
minerals and the presence of dusty particles of mag-
netite and/or pyrrhotite dispersed in them. 

The distribution of magnetite in the magne- 
tic fractions depends on its chemical composition, as 
well as on the degree of disintegration (disclosing) 
intergrowths with fayalite and glass phase. The more 
impurities in the crystal lattice of magnetite, the  
lower the magnetic susceptibility. Magnetite was de-
tected even in the non-magnetic fraction.

According to the XRD data, copper is predomi-
nantly concentrated in the pyrrhotite-like sulfides. 
The distribution of zinc by mineral phases is as fol-
lows: 15–20% of the total zinc content belong to 
magnetite, 30–35% to silicates (olivine), 20–25% to 
zincite, and up to 20% to sphalerite. 

The joint evaluation of the data of X-ray phase 
and thermomagnetic analyses of the copper-smelting 
cast slag flotation tailings showed that at practically 
identical X-ray diffraction patterns thermomagnetic 
curves in the range of 20–700 °С demonstrate sig-
nificant differences of the magnetic separation frac-
tions (Fig. 1).

All the obtained thermomagnetic curves are ir-
reversible. The magnetic properties of the “sands” 
magnetic separation fractions are determined by the 
presence of magnetite and pyrrhotite-like sulfides.

The magnetic fraction reaches Curie tempera-
tures between 470 and 520 °C upon heating, indica- 
ting the presence of an isomorphous series of ferro-
magnetic minerals.

When the weakly magnetic fraction is heated, 
an increase in magnetic susceptibility after cooling 
by about 20% is observed (Curie temperature ran- 
ges 420 to 570 °C). Two inflections are noticeable on 
the cooling curve; one probably corresponds to the  
magnetite formed during cooling, the other corre-
sponds to the admixture of initial ferromagnetic 

Table 4
Distribution of minerals in magnetic fractions of copper-smelting slag flotation tailings taking  

into account weight yield of fractions, wt. %

Mineral Magnetic fraction Weakly magnetic fraction Non-magnetic fraction

Fayalite Fe2SiO4 79.81 13.09 7.09

Forsterite (MgMn)SiO4 84.17 9.87 5.94

Diopside CaZn(Si2O6) 83.63 10.57 5.82

Magnetite Fe3O4 96.13 3.27 0.61

Sphalerite ZnS 84.04 11.56 4.29

Zincite ZnO 77.69 8.56 13.50
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minerals with the same Curie temperature as that of 
the strongly magnetic fraction.

When heating the non-magnetic fraction, the 
Curie temperature was 550 °C, which indicates some 
presence of ferromagnetic minerals, while cooling re-
sulted in the formation of magnetite, due to which the 
magnetic susceptibility increased about 3 times. 

The precursors of magnetite formed during coo- 
ling of weakly magnetic and non-magnetic fractions 
are probably iron hydroxides and isomorphously 
substituted ferromagnetic minerals: magnetite and 
pyrrhotite.

The thermograms analysis showed that the 
magnetic separation fractions contain quite a large 
amount of impurities that significantly reduce their 
magnetic susceptibility and, correspondingly, mag-
netic strength. Therefore, a more complete separa-
tion of the “technical sands” requires an increase in 
magnetic field strength, possibly rather considerable, 
using superconducting magnetic systems [37]. 

Thus, the copper-smelting slag flotation tailing 
phase composition, mineral magnetic properties and 
structural features determine the low efficiency of the 
“technical sands” separation by generally accepted 
methods of wet magnetic separation. For their suc-
cessful separation, the material preparation is neces-
sary prior to magnetic separation. 

As is known, the existing flowsheets of iron ore 
beneficiation based on magnetic separation and de-
veloped on the principle of staged separation of waste 
tailings with obtaining finished concentrate, only in 
the last operation are applicable and efficient for rich 
ores. In the beneficiation of finely impregnated lean 
ores, there are problems associated with reducing the 
coarseness of the material fed to magnetic separa-
tion. The maximum complete disclosing (releasing) of 
minerals is achieved only when grinding to the size of 
the extracted mineral grains that entails an increase 
in both energy costs and overgrinding of the ore com-
ponents, including already disclosed minerals [38]. 
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Fig. 1. Thermomagnetograms: a – magnetic fraction of “SUMZ technical sands” (measurement limit of 10 mV); b – weakly 

magnetic fraction (measurement limit of 3 mV); c – non-magnetic fraction (measurement limit of 0.3 mV);
d – natural magnetite from Abakan deposit (measurement limit of 10 mV)
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Ultrafine grinding of minerals [25] using ball  
and bead mills leads to the destruction of crystal in-
tegrity and defect formation with the appearance of 
X-ray- amorphous layers, as well as increasing their 
hydration and solubility. It was found that sulfide 
minerals undergo such structural and chemical 
changes as sulfatization and amorphization under 
mechanical impacts [39]. 

In the process of magnetite grinding to  
0.04–0.02 mm its primary domain structure is bro-
ken that first of all causes the growth of coercive 
force of the particles. This contributes to increased 
flocculation and entrapment of significant amounts 
of non-metallic particles into the floccules that  
reduces the efficiency of separation of magnetite 
and non-metallic minerals. At the same time, the 
specific magnetic susceptibility of magnetic parti-
cles finer than 0.02 mm sharply decreases that con-
tributes to the loss of overground magnetite with 
tailings. It was also revealed that during mechan-
ical processing (crushing, grinding) the defectivi-
ty of magnetite structure increases, which leads to 
magnetite transformation towards magnetite-mar-
tite-hematite [40]. 

The processes of slurry and defect formation re-
duce the separation selectivity.  To reduce the ne- 
gative effects of these processes, the introduction 
of surfactants into the grinding process was pro-
posed [39]. 

The disadvantages of mechanical disclosure can 
be avoided by applying a high-voltage pulse me- 
thod of disclosure of solids, including glass [41], which 
demonstrates high selectivity and efficiency, as well 
as allows the process regulating and automating.

The separation selectivity can be also improved 
by using a spiral separator, which makes it possible 
to remove grains of iron-bearing minerals of different 
densities from inter-cycle operations as they are dis-
closed to avoid overgrinding [42].

Conclusion
For the first time for the Sredneuralsky cop-

per smelter copper-smelting slag flotation tailings 
(“SUMZ technical sands”) the material composi-
tion of magnetic fractions was studied and ther-
momagnetic curves were obtained. The “technical 
sands” have pronounced magnetic properties, as 
they contain ferromagnetic minerals and isomor-
phic impurities – cations with their own magnetic 

moment in the crystal lattices of minerals. Magne- 
tite is concentrated in the magnetic fraction (about 
97 %). The increase of copper and zinc contents in 
the non-magnetic fraction is probably due to non-
stoichiometry of olivine, as well as the presence of 
microinclusions. 

The joint evaluation of the data of X-ray phase 
and thermomagnetic analyses showed that at practi-
cally identical X-ray diffraction patterns the thermo-
magnetic curves in the range of 20–700 °C demon-
strate significant differences of the fractions of the 
copper-smelting slag flotation tailings magnetic 
separation. All the obtained thermomagnetic curves 
are irreversible. Therefore, a more complete separa-
tion of the “technical sands” requires an increase in 
the magnetic field strength. We believe that the use 
of thermomagnetic analysis to assess the magnetic 
susceptibility of the fractions will be useful for qua- 
lity control of the produced concentrates at all stag-
es of the separation. 

Phase composition, magnetic properties of mi- 
nerals of the “technical sands” and their structural 
features: the presence of cryptocrystalline struc-
tures, complex mineral intergrowths, solid solution 
decomposition structures, the structures of elements 
substitution in the mineral crystals in the form of 
hems on the periphery of grains – all of this redu- 
ces the efficiency of the “technical sands” separation 
by conventional methods of wet magnetic separa-
tion. For their successful separation an additional 
research to find optimal methods of the tailings pre-
treatment and modes of magnetic field strength is 
required. 

The “technical sands” pretreatment should in-
clude up-to-date methods of disintegration and 
separation of hard-dressable finely impregnated 
lean ores, such as ultrafine grinding using high-vol- 
tage pulses, spiral separation with withdrawal of 
iron-bearing minerals of different densities (as they 
are disclosed) from inter-cycle operations to avoid 
overgrinding, use of surfactants to reduce slurry and 
defect formation. For magnetic separation, the ap-
plication of high-gradient wet magnetic separation 
with superconducting magnetic system would be 
promising.

The research findings contribute to the study 
of magnetic properties of copper-smelting slag pro-
cessing tailings and are of interest for the develop-
ment of new flow schemes for their utilization and 
recycling.
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