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Abstract: The Ural region holds an estimated 1.5 million tons of nickel reserves, located in the industrially developed Chelyabinsk, Sverdlovsk,
and Orenburg regions. At present, however, these deposits are not being exploited, and metallic nickel is not produced in the Urals, as
metallurgical facilities have been completely shut down. The reserves are represented by oxidized nickel ores (ONO) — a complex raw material
with low nickel and cobalt contents, whose processing by existing technologies is economically unfeasible. The challenge is compounded by
the absence of a beneficiation method for ONO that yields a concentrate; therefore, all current technologies require processing the entire ore
mass, which results in high reagent consumption and substantial energy costs. Research is ongoing to develop new technological approaches,
including alternative methods for extracting nickel and cobalt from ONO in the Ural deposits. One promising option is the use of microwave
(MW) energy to unlock nickel-bearing minerals and accelerate the dissolution of nickel and cobalt. This study evaluates the effect of microwave
energy on nickel recovery from oxidized nickel ores of the Ural region. Comparative data are presented for conventional sulfuric acid leaching
and for the process with microwave energy applied. A series of test studies was carried out to assess the feasibility of using microwave energy
for ONO processing. The comparison of technological parameters demonstrated the advantage of atmospheric sulfuric acid leaching with
microwave energy, which achieved nickel recovery of up to 95 % in a relatively short time. These results identify this approach as the most
promising for practical implementation.
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JIMYeCKU I HUKeJb Ha YpaJie He MPOU3BOJIST, TaK KaK MeTaJJIyprudecKue mpearnpusThs MOJTHOCTBIO OCTAHOBJIEHBI. [IpMYnHOI sIBJIsIETCS
TO, YTO 3aIlachl HUKEJISI MPEICTaBICHbl OKUCIEHHBIMU HUKeNeBbIMU pynaMu (OHP), KoTopele SBISIOTCS CIOXKHBIM CHIPEEM C HU3KUM
cojiepxkaHueM HUKeJIsl M KobaibTa, mepepaboTKa KOTOPOTO MO CYIIECTBYIOIIMM TEXHOJIOTUsIM HepeHTabeabHa. OCIOXHSIET 3a1a4y U TO,
YTO Ha CErOAHSIIHUIA JeHb HE cyliecTBYeT MeToja oboramieHuss OHP ¢ nojsiyueHueM KOHLEHTpaTa, MO3TOMY BCE TEXHOJIOTUH Mpeayc-
MaTpUBAIOT NepepaboTKy BCeil MacChl py/ibl, YTO BEJAET K 3HAUMTEJIbHBIM pacxo/aM Ha peareHThl U SHepreTuyecKruMm 3arpaTam. B To xe
BpeMsI He MpeKpaliaeTcst MOMCK HOBBIX TEXHOJIOIMUYECKHX TOX0I0B, OPUEHTHPOBAHHBIX HA IPUMEHEHME aJbTepPHATUBHBIX BAPHMAHTOB
U3BJIeUeHUsT HUKeJsT U Kobanbra u3 OHP ypanbckux MectopoxaeHuii. OMHUM U3 MOJAOOHBIX METOHOB siBJsieTcs npuMeHeHnue CBY-
SHEPIrUM AJsl BCKPBITUS HUKEJIEBbIX MUHEPAJIOB U MHTeHCU(DUKALIMU TIEpeBOla B paCTBOP HUKEJ Sl U KobasibTa. B Hacrosieit pabore
OlLleHeHO BiaMsiHUe Bo3aeiicTBUsi CBU-sHeprum Ha M3BJieYeHUE HUKE sl U3 OKUCICHHBIX HUKEJEBBIX pyl YpaibcKoro peruona. Ilpu-
BOJSITCSI JaHHbIE 110 CPABHEHU IO MOKa3aTeseil KJIacCMYeCcKOro CepHO-KMCIOTHOTO BhlleauMBaHus 1 Tpolecca ¢ HajtoxeHuem CBY-
9HEepPruM. BeIMOJHEH KOMITJIEKC TECTOBBIX UCCIIEIOBAHM, 11eJTb KOTOPBIX — OLIEHUTh IePCIEeKTUBHOCTD MpuMeHeHust CBU-aHeprum mist
nepepaboTku OHP. CpaBHeHME TEXHOJOIMUECKUX MTapaMeTpOB 000U X MOJIX0A0B BbISIBUJIO ITPEUMYILECTBO aTMOC(HEPHOTO CEPHO-KUC-
sotHoro BeiesaunBanuss OHP ¢ Hanoxenuem CBY-aHepruu, B Xo1e KOTOPOro ObLJIO JOCTUTHYTO U3BJIeYEeHHEe HUKEIST B PACTBOP 10
95 % 3a HeGOJIBIIONH TPOMEXYTOK BpeMeHH. Ha OCHOBaHMM MOJYYEHHBIX pe3yIbTaTOB JaHHOE HalpaBeHHe BEIOpAHO KaK HauboJiee
MepCIeKTUBHOE IS TPaKTUUYECKOM peaan3ainm.

Kuaouessie ciioBa: CBU-aHeprust, OKMCIeHHBIC HUKEJIEBBIE PY/IBI, BBIIIETa4MBaHNE, CepHAsT KUCIOTA, HUKEb.

Jas nuruposanus: [loneiranoB C.D., Jlobanos B.I., CemnenpuukoBa 1.C., Konmaunxuna O.b., Makosckast O.}0. OueHka mepcriek-
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Introduction

In both global and domestic practice, nickel is ex-
tracted from sulfide and oxidized ores. Sulfide ores
are subjected to flotation beneficiation, and the re-
sulting flotation concentrate is processed by pyro-
metallurgical methods [1]. Oxidized (lateritic) ores
account for 60—70 % of the world’s nickel reserves.
These ores cannot be beneficiated by convention-
al methods, and nickel extraction directly from raw
ore is associated with high specific costs. Therefore,
the search for efficient technologies for processing
oxidized nickel ores (ONO) remains highly relevant
[2—4]. Abroad, laterite ore processing is generally
carried out by hydrometallurgical or combined me-
thods [5—38].

Hydrometallurgical technologies implemented in
practice for ONO processing are based on direct leach-
ing of nickel and cobalt with sulfuric acid in two main
variants:

— heap leaching of raw ore with sulfuric acid solu-
tions [9—12];

— high-pressure acid leaching under autoclave con-
ditions (HPAL) [13;14].

In some cases, heap leaching is combined with au-
toclave leaching to reduce specific costs: raw ore is sub-
jected to pressure leaching, while the residue from the
autoclave stage is processed by heap leaching.

The main challenges in applying hydrometallurgical
technologies to ONO from the Ural region stem from the
low contents of valuable components (nickel and cobalt).
The specific mineralogical features of these ores result
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in high reagent consumption, low recovery of target
metals, and the formation of large volumes of solid waste
requiring disposal. These factors render traditional
hydrometallurgical technologies economically unfea-
sible and hinder the adaptation of foreign processing
schemes to domestic ores.

It is known that in ONO, most nickel occurs as an
isomorphic substitute for iron in poorly soluble silicate
minerals [14]. To intensify solid—liquid reactions, ele-
vated temperatures, pressure, and vigorous mixing are
used.

The greatest potential for accelerating hydrometal-
lurgical interactions under optimal reagent conditions
in liquid—solid systems lies in enhancing mass transfer.
Various approaches have been proposed to accelerate
heterogeneous solid—liquid processes, including the
application of oscillations of different frequencies —
acoustic and ultrasonic waves, industrial-frequency cur-
rent, as well as high and ultra-high frequencies.

Microwave (MW) energy is widely applied across
diverse industries such as petrochemistry, agricul-
ture, food processing, wood drying, medicine, and
others. In these applications, it is generally used sole-
ly for accelerated heating of materials. Only in pet-
rochemistry and catalytic chemistry has microwave
energy been applied to intensify mass transfer pro-
cesses.

The aim of the present work is to evaluate the poten-
tial for intensifying acid leaching of nickel from oxidized
ore by applying microwave energy to the reaction mass
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and to compare the results with those of conventional
nickel leaching methods..

Research methods and results

The object of study was an increment of oxidized
nickel ore from the Ural region. The increments were
composited, and a laboratory sample was prepared and
ground to a particle size below 0.074 mm. Phase analysis
revealed that the main minerals in the ore were goethite
(Fe(OH),-nH,0), silica (SiO,), and nickel silicate
(NiO,"Si0,). In addition, alumina (Al,0O5), manganese
hydroxides, calcium compounds, and other phases were
present. Alumina and silica constituted the basis of the
clay-forming minerals. According to chemical analysis,
the ore contained (wt. %): Ni — 0.92, Co — 0.064, and
Fe — 39.32.

To investigate the effect of microwave irradiation
on ONO, a laboratory unit was assembled based on
a commercially available inverter-type microwave
oven, which maintains constant output power du-
ring operation. This allowed more accurate evaluation
of specific energy consumption and minimized pulp
overheating.

The pulp (ore mixed with acidic solution) was
placed in a heat-resistant laboratory beaker and set in-
side the microwave oven directly over the waveguide
outlet. To achieve this configuration, the oven was
oriented vertically. To evaluate the effect of micro-
wave irradiation, it was necessary to ensure that the
entire microwave energy generated by the magnetron
was focused on the reaction mass. For this purpose,
the beaker was wrapped in an aluminum foil shield.
These methodological arrangements allowed reliable
determination of specific energy consumption, op-
timal pulp layer thickness (i.e., effective penetration
depth of microwave energy), and the overall efficiency
of the method.

A schematic of the laboratory setup is presented
in Fig. 1.

Concentrated sulfuric acid solutions (>80 g/dm3)
were used in the experiments, heated directly by mic-
rowave irradiation. To protect the magnetron from
thermal and chemical effects of the reaction mass, the
waveguide outlet was additionally covered with a screen
made of mica and asbestos, both transparent to micro-
waves.

At the first stage, the effect of microwave energy on
the kinetics of nickel leaching was examined by con-
ducting comparative tests under identical conditions:
liquid-to-solid ratio (L/S) = 5:1, stirring intensity
400 rpm, temperature <75 °C, and H,SO,4 concentra-
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Fig. 1. Schematic of the laboratory setup

1 — reaction beaker, 2 — pulp, 3 — aluminum foil shield, 4 — support
for the reaction beaker made of microwave-transparent material,

5 — magnetron, 6 — timer, 7 — power controller

Puc. 1. Cxema 1abopaTopHOI YCTAHOBKU

1 — peakIIMOHHBIN CTakaH, 2 — MyJbIlia, 3 — 9KPaHUPYIOIINIA KOXYX,
4 — noacTaBKa 1oj1 peakKIMoHHbII crakad n3 CBY-npo3pauyHoro
Martepuasa, 5 — MarHeTpoH, 6 — JaTYMK BpeMeHU, 7 — PEryjIsiTop
yIIpaBICHUS

tion 200 g/dm3 . Parallel ore charges of equal mass were
leached in a beaker on a conventional heating plate and
in the microwave-assisted setup. Microwave activation
was performed at an output power of 180 W for 20 min
in both cases.

At specified time intervals, aliquots of the pregnant
solution were withdrawn and analyzed for nickel content
by atomic absorption spectroscopy (Analytik Jena, Ger-
many). Nickel recovery into solution was then calculated
(Fig. 2).

As expected, microwave irradiation significantly
accelerated nickel dissolution compared with conven-
tional thermal leaching, increasing the leaching rate by
approximately fourfold. Although the maximum achie-
vable nickel recovery was not determined in this series,
the observed trend suggests that microwave activation
substantially shortens the time required to achieve high
extraction.

For practical implementation of the proposed me-
thod and reactor design, it was important to estimate
the penetration depth of microwave energy into the
solid—liquid system (a pulp consisting of sulfuric ac-
id solution and ground ore at a liquid-to-solid ratio of
1:1). To vary the pulp layer thickness, different vo-
lumes of pulp were loaded into the reaction vessel.
A separate beaker containing a fixed volume of distilled
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Nickel recovery, %

MW activation

Atmospheric leaching

T T T
0 5 10 15 20
T, min
Fig. 2. Nickel recovery as a function of time under
microwave-assisted and atmospheric leaching of ONO

Puc. 2. CpaBHeHUE 1MHAMUKY BblLIEIaYMBAHUSL HUKEI S
n3 OHP

water was placed above the reaction vessel. When the
microwave oven was switched on, the extent of heating
of the water indicated the fraction of microwave ener-
gy that had not been absorbed by the pulp. Thus, by
comparing the temperature rise in the water at different
pulp heights, the penetration depth of the microwave
energy flux through the reaction mass was assessed.
The chosen pulp density (L/S =1: 1) minimized parti-
cle settling during the test, ensuring reliable evaluation
of microwave penetration depth.

The absorbed energy was calculated from the tem-
perature difference before and after irradiation accord-
ing to the equation:

_ mCAt

E ,
T

where F is the absorbed energy, W/s; m is the mass of
water, g; C = 4.18 J/g-°C is the specific heat capacity
of water; Af is the temperature difference, °C; and 7 is
time, s.

The amount of microwave energy absorbed by the re-
action mass at different layer thicknesses is presented in
the table.

The results show that in dense pulp, the microwave
flux is fully absorbed within a 4—6 cm layer. Naturally,
this parameter depends on microwave power, pulp den-
sity, and mixing conditions. The penetration depth of
microwave energy — where heating occurs and reactions
are intensified — is referred to as the effective microwave
depth. Within this zone, heating, the skin effect, and ac-
celerated dissolution of target metals can be expected.
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In the next stage, the effect of specific sulfuric acid
consumption on nickel leaching was evaluated. Since an
additional aim was to estimate the maximum achieva-
ble recovery, experiments were performed at maximum
magnetron power (900 W) with deliberately excess acid
addition.

The leaching solution was prepared by dissolving the
required mass of acid in water and diluting to a fixed
volume. Ore charges weighed 30 g, and the solution vol-
ume was 60 ml. At this power, the reaction mass rapidly
evaporated, forming a dense sinter that fundamentally
altered the process. To avoid this, the experiment dura-
tion was limited to 4 minutes. Monitoring the temper-
ature of the reaction mass during microwave activation
was not feasible; post-experiment measurements showed
that under steady-state conditions the temperature rap-
idly reached 95—100 °C.

Given the expected high reaction rate between
nickel-bearing minerals and sulfuric acid, the acid con-
centration was the critical factor in the leaching process.
To enable proper comparison of experimental results at
equal slurry volumes (effective layer thickness of 4 cm)
and different acid concentrations, the specific acid con-
sumption was varied from 0.4 to 2.0 g H,SO, per gram
of ore.

The ore charges were mixed with sulfuric acid solu-
tion and subjected to microwave irradiation for a set
leaching time (e.g., 1 min). The pulp was then removed,
diluted with water, filtered, and the filtrate analyzed for
nickel concentration and residual acid. Leaching was re-
peated at the same acid consumption but with different
leaching times. Thus, each point on the curves in Figs.
3 and 4 corresponds to a separate test. For comparison,
additional experiments at 2 g H,SO, per g ore were per-
formed by heating the pulp to 95 °C without microwave
activation. Based on these results, nickel recovery into
solution and the fraction of sulfuric acid consumed in
the target reaction were calculated.

Microwave energy absorbed by the reaction mass
at different pulp layer heights

Konnuectso CBY-3Heprun, moraonieHHON peaKIIMOHHOM
Maccoll Ipu pa3HOIl BHICOTE CIIOST MYJIBITHI

Pulp height , Absorbed Energy
mm energy, J loss, %

10 253.6 71.8

20 612.3 32.0

40 891.4 1.0

60 895.1 0.5
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100 Nickel recovery, %

0.8 g/g

2 g/g without MW

0 T T T T T T
1 2 3 4 1, min

Fig. 3. Dependence of nickel recovery on sulfuric acid
consumption under microwave-assisted leaching
of ONO (g/g ore)

Puc. 3. 3aBucumocTs uzBiedeHust Ni B pacTBOp
MpY BhILeTauBaHUY ¢ HasoxeHueM CBY-sHeprun
MPU pa3JIMyHOM PacXoie CEPHOU KUCIOTHI (T/T PYyIbl)

Fraction of sulfuric acid
consumed, %

1 2 3 4 1, min

Fig. 4. Dependence of sulfuric acid consumption on time
under microwave-assisted leaching of ONO (g/g ore)

Puc. 4. 3aBUCUMOCTB pacxoyia CepHO KUCIOThI
npu CBY-BeimenaunBanust OHP (r/r pynbi)

The results show that under excess (i.e., high concen-
tration of) sulfuric acid, the nickel leaching rate under
microwave activation increased severalfold compared
with conventional methods.

The experiments were not aimed at determining
reagent consumption coefficients or performing an
economic assessment of this approach, but the re-
sults demonstrate that under certain conditions, near
100 % nickel recovery can be achieved in a very short
time. With countercurrent leaching — widely used
in hydrometallurgy — this method could achieve the

required metal recovery at high rates. Overall, the
findings confirm the potential of microwave energy
for enhancing the efficiency of metallurgical ore pro-
cessing.

Further studies will focus on the features of micro-
wave-assisted leaching of oxidized nickel ore under
countercurrent liquid—solid conditions.

Conclusions

1. An original methodology was proposed for stud-
ying metal leaching from mineral raw materials using
microwave energy.

2. It was established that the effective penetration
depth of microwave energy through a dense solid—Ilig-
uid system (“ground ore — leaching solution”) at a lig-
uid-to-solid ratio of 1 : 1 does not exceed 40 mm.

3. Atmospheric sulfuric acid leaching of ONO with
microwave activation was shown to accelerate the pro-
cess severalfold, achieving up to 95 % nickel recovery
into solution.
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