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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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OBOrAUWEHUE, NEPEPABOTKA MUHEPAJIbHOIO U TEXHOIMEHHOI'O CbIPbA

Hay4Hasa cTaTbs

BeliecTBeHHbIN COCTAaB MarHUTHbIX (ppaKLui XBOCTOB pnoTauum
MeenaBubHbIX LLJIAKOB
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Hrcmumym zeonozuu u 2eoxumuu um. akademuxa A. H. 3asapuykozo YpO PAH, 2. EkamepuH6ype, Poccuiickas ®@edepayus
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AHHOTaUuA

ToHKOM3MeIbYeHHbIE OTXObI (DIIOTAIMOHHOI TepepaboTKY OTBATbHbIX MeIeIIaBU/IbHBIX IIAKOB OTpaXka-
TelbHOM iaBkyu CpegHeypanbCKOTO MeAeIIaBMIbHOTO 3aBofa («TexHunuyeckue rnecku CYM3») HaKOIJIEHBI
B 3HAUMTEbHbBIX 00bEMAX U MOTYT MPECTABISITh OMaCHOCTD JJIs1 OKPYsKaIolIeii cpebl KaK MOTEeHI[MaTbHbBI
MCTOYHMK TSDKEIbIX METAaIoB. B TO ke BpemMsi OHM MOTYT pacCMaTpPUBAThCS KaK MePCIeKTUBHBIN UCTOU-
HMK IT0Ie3HbIX KOMITOHEHTOB BCJIEACTBME OTHOCUTEIbHO BBICOKOTO cofepkaHus uHKa (3,3-3,9 %) u meau
(0,4-0,5%). PazpaboTKa TEXHOJOTHUIA 110 YTUIM3ALUY KTEXHUUECKUX TIECKOB» SIBJISIETCS TTePCIIEKTUBHOM 3a-
Jlaueii IIBETHOI MeTaJITypIUy M HeBO3MOXHA 6e3 MX BCECTOPOHHEero ucciaenoBanus. Llenpio Hammx uccie-
JIOBaHUI1 SIBJISITUCH U3yUeHMe BellleCTBeHHOTO COCTaBa MarHUTHBIX Gpakinit «TexHuueckux necko CYM3»
U OlLleHKA TMepCIeKTUB U3BJIeYeHMS TT0Ie3HbIX KOMIIOHEHTOB (LIMHKA U Mey) U3 XBOCTOB (IOTALIVU C UC-
MOb30BaHMEM MOKpPOJ MarHMTHOM cemapanyyu. XMMUUYeCKUii aHa/IU3 MOJIYYeHHBIX (QpaKi[uii BbITIOTHEH
B lleHTpe KOMIEKTUBHOTO TMOAb30BaHUS «['eoaHanuTuUK» MHCcTUTYTA reosorun u reoxumuu YpO PAH me-
TOAO0M MacC-CIIEKTPOMEeTPUM C MHAYKTUBHO CBSI3aHHOI IJIa3MOJi Ha KBaAPYIIOJIbHOM MaccC-CIIeKTpOMeTpe
Elan-9000. ®a30BbIit aHA/IM3 BHITIOJNIHEH B I[EHTPE KOJUIEKTUBHOTO MOIb30BaHusI «Ypan—M» HCTUTYTa Me-
rasryprunu YpO PAH MeTomom peHTreHogasoBoro aHanansa Ha audpakromerpe Bruker D8 Advance. Mar-
HUTHbIE CBOVCTBA (paKkiNit MAarHMTHO cemapaluy M3yuyeHbl METOLOM TepMOMArHMTHOTO aHaym3a. [Toce
00pabOTKM 0TXOMIa METOLOM MOKPOJT MarHMTHO cermapanyu BbIXOI MarHUTHOM Gpakinuy (48 KA/M) cocTa-
BWJI TIpubGAu3uTenbHo 83 %, crabomaruuTHOM (200 KA/M) — 11 %, HeMarHUTHOI — 6 %. TloydeHbl JaHHbIE
0 (a30BOM M XMMMUECKOM COCTaBe QpaKkiuii MarHUTHON cenmapauyuy orxoga. OTMeueHo, YTO UMHK U Meib
pacrpenensifoTcsl Mo GpakiusIM OTHOCUTEIHHO PaBHOMEPHO C HECKOIbKO TMOBBIIMIEHHBIM COLEepIKaHMeM
Meny B HEMarHUTHOJ, a I[MHKA — B JlaboMarHuTHOM (ppakuyu. [ToaTBepKIeHa 3aBUCUMOCTb MarHUTHOI
BOCIIPUUMUYMBOCTY MUHEPAJIOB «TEXHUUYECKMX MECKOB» OT HAJIMYMS B HUX M30MOPOHBIX mpumeceii. Co-
BMeCTHasl OlleHKa JaHHbIX peHTreH0(}a30BOro 1 TepMOMArHMTHOIO aHA/IN30B I10Ka3asa, UTo P MpaKkTu-
4yeCKU UJEHTUYHBIX pEHTTeHOrpaMMax TepMOMarHuTHbIe KpuBblie B MHTepBasie 20—-700°C 1eMOHCTpUPYIOT
CylecTBeHHbIe pa3nnuus Gpakuyuii MarHUTHON cemapauyu. Bce monmyyeHHbIe TEPMOMATHUTHbIE KPUBBIE
HeoOpaTuMmble. [Ipu MCTIOTb30BaHHBIX TTapaMeTpax MOKPO MarHUTHOM cemapauyy AJisi pa3ie/eHUsT «TeX-
HUYECKUX TTeCKOB» MTaHHBII MeToHd Mano3d(eKTUBEeH, HeOOXOAVMbI TOMOJTHUTEIbHbIE MCCIETOBAHMUS T10
MOMCKY ONTUMAaJIbHbBIX CIIOCO60B MTPEATIOATOTOBKM OTXOA0B U PEKMMOB HAIIPSIXKEHHOCTY MarHMTHOTO TOJIS.
Pe3ynbTaThl MCCIEOBaHUI BHOCST BK/IaJ, B M3yYeHNME MAarHUTHBIX CBOVICTB OTXOMOB IepepaboTKu meze-
TUTABMUJIbHBIX IIUIAKOB, MPEACTABJSIOT MHTEPEC AJIs1 pa3paboTKM HOBBIX CXeM UX YTUAU3ALMUU U TIOBTOPHOIA
repepaboOTKM.

KnioueBble cnoBa

Me/IeIIaBWJIbHOE MPOU3BOICTBO, MUHEPATbHbIE OTXO/IbI, Me/IETUIaBWIbHbBIE IIIAKM, XBOCTHI (JIOTAIIIOHHOI
repepaboTKM, yTWIK3auysl, MAaTHUTHAS cerapauysi, TEPMOMArHUTHBIN aHaIu3, MarHUTHbIe GPaKIUM, Mar-
HUTHBIe cBolicTBa, dasuut (Fe,Si0,), dopcreput (MgMn)SiO,), nmoncup (CaZn(Si,0q)), marnetut (Fe;0,),
chanepur (ZnS), uuHKUT (ZnO)
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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 miIn 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/dm?) [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
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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; SiO, — 31; Fe, 0, — 14.29; Al,0, - 7.05;
Ca0 -4.53;Zn - 3.28; MgO - 1.64; S - 1.32; K,0 - 0.74;
Na20 - 0.64; As - 0.53; Cu - 0.44; Ba - 0.43; TiO, -
0.26; Pb-0.2; P,0, - 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 used!, 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/

FTOPHbIE HAYKU U TEXHOJ1I0I'MU
2025;10(1):56-66

R

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 Fe?*, Fe3*.
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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.

Table 1
Results of separation of copper-smelting slag flotation
tailings by wet magnetic separation

Fraction sht/{‘zingi}llf{::/lg Wezght, 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
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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-
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inantly fayalite composition (Fe, (,, Ca, 4, Z10, ;)(Sij g5,
Aly,,)0,. 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), ,Si, ,O, ,with Al impurities. It was noted ear-
lier that augite (Ca, Fe, Mg)[SiO], 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: (Fe,g, Al s, Si;;, Zn,;)0,.
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.

Data of chemical analysis of magnetic fractions of copper-smelting slag flotation tailings, wt. % fable?
Fraction Sio, Al,0, MnO CaO MgO P,0, Cu Zn Pb As Fe,,
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 “Ssglr\l/[dzs ’Eechnical e Weal;ll.z cltr}?flnetic Norfl;:lt;:;\i%lllletic
Fayalite Fe,SiO, 48.2 51.3 64.6 64.5
Forsterite (MgMn)SiO, 154 10.0 9.0 10.0
Diopside CaZn(Si,0y) 20.4 19.9 19.3 19.6
Magnetite Fe,0, 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 (Fey,, Alyg,, Sigq, Zny,,)0 and hematite
(Fe, Al, Si, ,),05, 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, Siy, Snyy,)S, FeS-Cu,S, (Pb, Fe, Cu), S,
(Pb, Fe, Sij 4, Cay,g),,S. 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 (Ca,,Ca, Na, Al, Mg)
SO,, 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, Fe?", Mn?*,
Fe®, Mn%, Mn*, Ni*, Cu?, 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.
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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°C 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 Fe,SiO, 79.81 13.09 7.09
Forsterite (MgMn)SiO, 84.17 9.87 5.94
Diopside CaZn(Si,0y) 83.63 10.57 5.82
Magnetite Fe;O, 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].
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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); ¢ — 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
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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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