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DEVELOPMENT OF A PROCESS FOR
THE PRODUCTION OF HARD SOLID
NANOPHERS (FE-CO) FROM COMPLEX
BLACK SLATE SOURCE

Abstract. The paper presents the results of developing a method for producing nanopowder (Fe-Co) in the form of a solid solution by precipitation from vanadium-con-
taining raw materials of the hydrometallurgical plant Balausa Firm LLP. Solutions obtained by leaching black shale ores with an iron content of up to 4-6% to obtain
iron-containing powders were studied. X-ray phase analysis has established that the initial iron content of 2 to 6% is sufficient for applying the scheme for extracting iron
sulfate and obtaining powders based on it from solutions obtained by leaching black shale ores. By the results of electron microscopy analysis, was established that the size
of crystallites in the resulting powders (Fe-Co) is 30-50 nm and that of their agglomerates is 100-200 nm.
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Kypaeai kapa cakrac mmkizarbiHan KaTThl epitiMaepain (Fe-Co) HaHOYHTaKTapbIH a1y JIiciH d3ipJiey

Amnparna. Makaiana «banayca @upmay JKILIC rupomMerautyprusiibiK 3aybIThIHBIH KypaMbIH/{a BAHA (K Oap IIMKi3aTTaH TYH/IBIPY apKbUIbI KATThI ePiTiH/Il TYpiHAET]
HaHoyHTak (Fe-Co) any onicin o3ipiey HoTwkenepi Oepinren. Kypambiaaa temipi 6ap yHTakrap/bl aily YIIiH KypambiHga TeMipi 4-6%-ra JeifiHri kapa Takrarac KeHIepiH
maiiManay apKpUIbI QlIbIHFAH epiTiHalIep 3eprreni. PenTrenaik dasansik Tangay Temip Cynb(aThiH aly jKOHE OHBIH HETi3iHAETi YHTaKTapbl Kapa TaKTarac KeHAepiH
IaiimManay apKbUIbI aJIbIHFaH ePITIHALIEPACH aly CXeMachlH KOJaHy YIiH GacTarnksl TeMip/iH 2-1eH 6%-Fa JeiiH JKeTKITIKTi eKeHiH aHbIKTa Ibl. DJICKTPOHIBIK MUKPOCKO-
IHSTHBIH KOMETIMEeH ajblHFaH yHTaKTapbH (Fe-Co) KypambiHarsl kpuctamurTep moumepi 30-50 uM, an onap/siH artomepartapsl 100-200 HM 601aThIHBI AHBIKTAIJIBL.

Tyiiinoi ce30ep: Kapa makmamac KeHoepi, KYpamblHOA 6aHAOULL 6ap epiminoiiep, WatMaiay, myHoblpy, memip-kooaibm Kammaol epiminoici.

Pa3paborka cnocoda nosryyeHusi HAHONOPOIIKOB TBePAbIX pacTBopoB (Fe-Co) 13 KOMIIJIEKCHOTO Y€PHOCIAHIIEBOTO CHIPbSI
AunHoTanus. B crarbe npuBeeHb! pe3yIbTaThl pa3paboTKy criocoda moirydyenus Hanonopoliuka (Fe-Co) B Bujie TBEpJOro pacTBOPa METOJOM OCAXKJICHHS U3 BaHA M-
COZIEpKAIIETo ChIPbs FUApPOMeTasLTyprudeckoro 3aoga TOO «®upma «banayca». HccnenoBaiick pacTBOpbI, OMY4YEHHBIE P BbIIIEIa4UBAHUN YEPHOCIAHIIEBBIX PY]I €
COICPIKAaHUECM JKeIe3a N0 4-6% JUISL TIOTY9CHUS JKEI€30COACPIKAIMNX ITOPOIIKOB. PCHTFEHO¢)&30BLIM AHAJIM30M YCTAHOBJICHO, UYTO HCXOOHOC COACPIKAHUC XKEIIC3a OT 2 a0
6% SIBISIETCS JOCTAaTOYHBIM JUIA IIPUMECHCHUS CXEMBI U3BJIICUCHUS cym;(l)aTa JKEJIC3a U ITOITYUCHHS ITOPOIIKOB Ha €Tr0 OCHOBE U3 PaCTBOPOB, ITOTYUCHHBIX IIPHU BBHIIICIIAYN-
BaHHU YEPHOCIIAHIEBBIX Py. MeToI0M dIeKTPOHHON MUKPOCKOITHU YCTAHOBJICHO, YTO Pa3Mephbl KPHCTAILIMTOB B MOIy4eHHBIX nopoiukax (Fe-Co) coctasisior 30-50 HM

u ux aromeparoB 100-200 HM.

Kniouesnie cnosa: yeprocianyesvie pyobl, 6aHAOUTICOOePICAUUE PACIBOPDL, BbIUENAYUBAHIE, OCANCOeHUe, MEEPObLIL PACMEOP MHCele30-KoOaIbm.

Introduction

Over the past few years, there has been a rapid development
of the metal products market around the world. The average an-
nual growth rate of metal products production is about 10-12%.
This is mainly due to the development of production in Asian
countries, and, above all, in China. Simultaneously with the
growth in consumption of rolled steel and other metallurgical
products, the demand for special alloy steels and alloying ele-
ments, one of which is vanadium, has increased. About 87% of
vanadium from total production is used in ferrous metallurgy as
an effective alloying additive in the production of steels of vari-
ous grades. The raw material from which vanadium is extracted
is interesting and promising from the point of view of complex
processing. The main raw material for the extraction of vanadi-
um in Kazakhstan is black shale ores of complex composition
and double resistance. It is promising to obtain iron-containing
products from this type of raw material in the form of reduced
iron and iron nanostructured powders [1].

One of the main methods of vanadium extraction from
black shale ores is sintering [1]. High temperatures activate
chemical reactions and convert vanadium into an easily solu-
ble form. The optimum temperature for sintering with soda is
about 900-1000 °C and with sodium chloride about 700-800
°C. In industrial applications of the process, the ratio of soda
or sodium chloride to ore is an important parameter. The op-
timum ratio of soda to ore is about 1:1. If the amount of soda
or sodium chloride is too high, insoluble compounds may be
formed and the efficiency of the process may be reduced [2, 3].

Leaching methods are also widely used for vanadium re-
covery. Sulfuric acid can be used for vanadium leaching at
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high temperatures and long-time intervals. In a study [4] from
black shale ores, vanadium recovery in solution was 85%.
Scientists are working on improving vanadium leaching tech-
nologies using sulfuric acid. One of the new developments is
the use of sulfuric acid and hydrogen peroxide [5]. In this ex-
periment, the extraction of vanadium into solution was 92%.
The use of sulfuric acid and sodium chloride is also practiced
[6], according to the authors’ data, because of vanadium leach-
ing the extraction into solution amounted to 90%. In general,
the use of concentrated sulfuric acid at high temperatures and
longtime intervals can achieve high extraction of vanadium
into solution. The technology of heap sulfuric acid leaching of
black shale ores allows to extract vanadium from ores with low
concentration and obtain a satisfactory degree of extraction.
Work [7-9] provides data on the degree of extraction of va-
nadium under different experimental conditions, for example,
at a concentration of sulfuric acid 2% extracted about 45%
of vanadium. World data confirm the effectiveness of sulfuric
acid leaching for the recovery of metals, including vanadium,
from black shale ores.

One of the most common methods of sorptive extraction of
vanadium from sulfate productive leaching solutions of black
shale ore is based on the use of anionite [10]. The combina-
tion of extractants based on ketones and other extractants was
also investigated. It was shown that at optimum values of pH
and extraction duration it was possible to extract about 94%
of vanadium without significant co-extraction of other metals.
However, it is also of interest to obtain by-products of vanadium
extraction, such products are the production of iron powders,
because the solutions from leaching are rich in iron [9, 11].
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The aim of the research is to obtain nanopowders of iron-co-
balt solid solution (Fe-Co) from vanadium leaching solutions.
Such powders can be used in the production of magnetic car-
riers, as permanent magnets, in the production of sensors, in
medicine and biology (carriers of drugs for delivery to the de-
sired target organ using a magnetic field, magnetic resonance
imaging, etc.) and for magnetochemical separation of radioac-
tive and hazardous waste from nuclear power.

Materials and methods of research

Starting materials

The objects of the study were representative samples of
vanadium-containing raw materials of the hydrometallurgical
plant «Firma «Balausa» LLP, which were analyzed by chem-
ical, X-ray phase, X-ray spectral, mineralogical and thermo-
gravimetric methods of analysis.

Chemical analysis showed that polymetallic vanadium
bearing ores contain %: V,0;— 0,89; MoO; — 0,036; U,0; —
0,018; Rare-earth elements — 0,069; TiO, — 0,250; WO; —
0,036; AL,0; — 3,79; Fe,0; — 2,07; K,0 — 1,18; CaO — 0,383;
8i0, —72,54; Na,0 — 0.0732; P,05-1,150, C—17,891.

The initial raw material for production of iron-containing
powders will be solutions obtained during leaching of black
shale ores with iron content up to 6%. The composition of
black shale ore leaching solutions is as follows, g/dm?: Fe** —
1,6; Fe’*— 6,4; Al —9,05; Veen — 2,78; Mo — 0,044; U - 0,019;
Rare-earth elements — 0,075; K — 2.4, all elements are in solu-
tion as sulfates.

Research Methods

Iron sulfate was isolated from the solution by the method
of chemical precipitation, then iron sulfate was prepared in the
form of FeSO,7H,0. This compound is well soluble in wa-
ter. To obtain a solid solution of nanosized powder (Fe-Co),
the following is carried out: a solution of salts of iron sulfate

heptahydrate and cobalt chloride hexahydrate was prepared,
then heated and precipitated with alkali metals in the form of
iron and cobalt hydroxides with continuous stirring, during
stirring precipitation was carried out by introducing 22-28 g
of dry sodium hydroxide into the solution of metal salts, after
which 22-42 ml of a solution of 67 wt. % hydrazine hydrate
and cobalt hydroxide was added to the solution. % hydrazine
hydrate and incubated for 3-18 minutes. Iron sulfate and cobalt
chloride hydrates were used as iron and cobalt salts. Before
precipitation, the solution of iron and cobalt salts was heated
to 82-92 °C. Solutions of iron and cobalt salts were prepared
in the following ratio, wt. %: iron 72-33, cobalt 32-72. The
technique offers the possibility of obtaining nanosized mono-
phase powder of Fe-Co solid solution by reduction of metal
salts from aqueous solutions under certain conditions. This
technique is fast and hardware uncomplicated without addi-
tional input of equipment in the technological process, while
highly energy-efficient process. Electron-microscopic studies
were carried out on the analyzer JEOL ISM — 258 3, + 70-100
microns, magnification x1500.

X-ray phase and X-ray diffraction analysis was performed
on (DRON-3 machine, Broker Advance D8).

Thermal analysis was performed on an analyzer combined
with a mass spectrometer NETZSCH STA 449 PC/PG QMS.

Results and their discussion

The method for producing the powder (Fe-Co) included
preparing a stock solution containing 2.9873 g of iron sulfate,
5.6550 g of CoCl, hexahydrate and 75 mL of H,0. This was
followed by stirring with a mechanical stirrer (30-35 rpm).
The prepared solution of Fe and Co salts was heated in a
desiccator to 80 °C. Then 25 g of dry sodium hydroxide was
added under constant stirring to precipitate Fe and Co metal
hydroxides. After stirring for 10-15 sec, 25 mL of hydrazine
hydrate solution was added to the mixture, having previously

Table 1

Preparation results and dispersibility of iron-cobalt nanoscale powder

Kecme 1

Hanoonwemoi memip-kodanvm yHmazeth OHOIPy dHeaHe OUCnepcminiciniy Homuaicenepi

Tabnuuya 1

Pe3yﬂbmambl nojiy4yenus u Oucnepcuocmb HAHOpA3MepHO20 nopouiKa JHcene3n-Kooanvm

Composition of ISntilrting saltsr,n}; Reagent 1 | Reagent2 | Reagent 3 T Recovers.
No nar;r?é[s);v(\:/ger, FeSO,* CoCl* H,0, ml NaOH, g | NH, ml oC Dispersibility, nm
7H,0 6H,0

1 30Fe-70Co 2,9988 5,6451 75 25 25 80 30-50
2 30Fe-70Co 2,9988 5,6451 90 25 50 80 30-50
3 40Fe-60Co 3,9885 4,8752 90 20 20 80 30-50
4 40Fe-60Co 3,9885 4,8752 60 25 40 80 30-50
5 50Fe-50Co 4,9785 4,0296 80 25 20 80 30-50
6 50Fe-50Co 4,9785 4,0296 60 20 40 80 30-50
7 60Fe-40Co 5,9823 3,2136 85 15 15 80 30-50
8 60Fe-40Co 5,9823 3,213 80 25 20 80 30-50
9 70Fe-30Co 6,9703 2,4163 50 35 25 90 30-50
10 70Fe-30Co 6,9703 2,4163 85 20 15 90 30-50
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stopped heating the reaction mixture. Under constant stirring
for 10 min throughout the volume, the formation of iron-co-
balt nanodispersed particles was recorded. After settling the
obtained mixture was filtered. The resulting black precipitate
was washed with distilled water and then isopropyl alcohol
to remove the volatile by-products of the reaction. Next, the
nanosized powder (Fe-Co) was dried under low vacuum (10-
2 mmHg) at 40-50 degrees Celsius for one hour. The storage
of powders was carried out in a bouquet without access to air,
which was placed in an exicator with P,0; It was found that
in the volume of the mixture uniformly formed nanodispersed
particles of Fe and Co, the formation of which was record-

a) 100 mkm

ed visually. Such uniform formation of nanoparticles in the
volume of the obtained mixture stimulates the reduction of
dispersibility of Fe-Co powders. The results of the studies of
the proposed method for obtaining solid solutions of nano-
sized iron-cobalt powder in the concentration range Fe(100-x)
Co(x), where x is from 30 to 70%, are introduced in Table 1.

The sizes of nanoparticles were determined by electron mi-
croscopic spectroscopy (JEOL JSM 6390 scanning electron
microscope). It was determined that in the whole range of
compositions of Fe-Co nanosized powders the particle sizes
vary very slightly: the size of crystallites 30-50 nm and their
agglomerates 100-200 nm, Figure 1.

50MKm

b) 50 mkm

Figure 1. Results of electron microscopic spectroscopy of Fe-Co powder.
Cyper 1. Fe-Co yHTarbIHBIH 3JIEKTPOH/IbI MUKPOCKONHUSIJIBIK CIIeKTPOCKONMUACHIHBIH HITHKeJIepi.
Puc. 1. Pe3y1bTaThl 371€eKTPOHHO-MUKPOCKONMNYECKOI crieKTpockonun nopomka Fe-Co.

Conclusions

The method of obtaining nanopowder (Fe-Co) in the form
of solid solution by precipitation method from vanadium-con-
taining raw materials — vanadium hydrometallurgical solutions
has been developed. The method of iron sulfate precipitation
and the sequence of operations for obtaining iron sulfate hep-
tahydrate and cobalt chloride hexahydrate to obtain iron-co-
balt nanopowder in the form of solid solution were developed.
By the method of electron microscopy it was found that the
size of crystallites in the obtained powders (Fe-Co) is 30-50
nm and their agglomerates 100-200 nm.

By the method of X-ray phase and X-ray structural analysis
it is established that in the mixture of cobalt content 35-65 wt.
% Co (iron 65-35 wt. % Fe) compositions are monophase, the
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