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2 Clarivate
Analytics

«Central Asian Academic Research Centery LLP is pleased to announce that “News of NAS
RK. Series of Geology and Technical sciences” scientific journal has been accepted for
indexing in the Emerging Sources Citation Index, a new edition of Web of Science. Content
in this index is under consideration by Clarivate Analytics to be accepted in the Science
Citation Index Expanded, the Social Sciences Citation Index, and the Arts & Humanities
Citation Index. The quality and depth of content Web of Science offers to researchers,
authors, publishers, and institutions sets it apart from other research databases. The
inclusion of News of NAS RK. Series of Geology and Technical Sciences in the Emerging
Sources Citation Index demonstrates our dedication to providing the most relevant and
influential content of geology and engineering sciences to our community.

«Opmanvix Asusn axademusnvik vinvimu opmanvizely KIIC «KP ¥FA Xabaprapoi.
Teonocus oicone MeEXHUKANLIK bLILIMOAP Cepusicbly 2bliviMu dcypranvinvily Web of
Science-miny scanananean nyckacet Emerging Sources Citation Index-me unoexcmenyee
Kabvli0aneanvin  xabapnaiovl. byn unoexcmeny oapwiceinoa Clarivate Analytics
KOMRAHUusACul Jcyprandvl odan api the Science Citation Index Expanded, the Social
Sciences Citation Index ocone the Arts & Humanities Citation Index-xe kabwiioay
Mmacenecin Kapacmuipyoa. Web of Science zepmmeywinep, asémopnap, 6acnawiviiap
MeH MeKemenepee KOHmeHm mepenoiei men canacwin Ycvinaovl. KP ¥YFA Xabapnapeo.
Teonocus scone mexuuxanvix eviavimoap cepuscol Emerging Sources Citation Index-xe
enyl 0i30iH KO2amOacmulK YWiH eH 63eKmi dcane 0edendi 2eon02usi JHeaHe MexXHUKAIbIK
EbLIBIMOAP OOULIHUWA KOHMEHMKe a0anoblblmbi30bl 0i10Ipeoi.

TOO «llenmpanvro-a3uamckutl akadeMuuecKull HAy4Hulil yeHmpy coodwjaem, umo
nayunoii oicypuan “Useecmuss HAH PK. Cepusi ceonocuu u mexuuueckux Hayk» Obll
npunam oas unoexcuposanusi 6 Emerging Sources Citation Index, obnosnennou
sepcuu Web of Science. Cooepoicanue 6 3mom UHOEKCUPOBAHUU HAXOOUMCS 8 CMAOUU
paccmompenusi komnanueti Clarivate Analytics ons oanvhetiwezo npuHAMUS JICYPHANA
6 the Science Citation Index Expanded, the Social Sciences Citation Index u the Arts &
Humanities Citation Index. Web of Science npednazaem kauecmso u enyouny Konmenma ot
uccredosamenetl, agmopos, uzoameneli u yupesicoenuil. Brmouenue Hzeecmus HAH PK.
Cepus ceonozuu u mexnuyeckux nayk ¢ Emerging Sources Citation Index oemoncmpupyem
HAWLy npuepIHCeHHOCMb K Haubonee akmyaibHOMY U 6IUSMETIbHOMY KOHMEHMY N0 2e0N02UU
U MEXHUYECKUM HAYKAM OJisl Haue20 coobuecmsa.
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Abstract. This study presents the results of experiments aimed at developing
an effective method for the selective leaching of uranium and vanadium from
black-shale mineralization. The relevance of the research is associated with the
complex mineral composition of black-shale deposits, the presence of organic
matter, and the low solubility of uranium- and vanadium-bearing phases, which
limit the efficiency of conventional in-situ leaching technologies. The study
evaluates an improved well-based bioleaching approach that combines preliminary
bio-oxidation by Acidithiobacillus Ferrooxidans with the use of perforated pipes
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equipped with heating and aeration systems to maintain optimal reaction conditions
during the winter period. A series of experiments was conducted to assess the
influence of temperature, sulfuric acid concentration, and biological oxidation on
metal dissolution. The maintenance of elevated temperatures within the perforated
pipes promoted the activation of oxidation processes in the deeper zones of black-
shale deposits. Experimental findings demonstrated that achieving 96% uranium
recovery in the productive solution requires maintaining a temperature of 20 °C and
a sulfuric acid concentration of 2.5% following preliminary bio-treatment of the
ore. Subsequent vanadium leaching was performed using 10% sulfuric acid at 30
°C, resulting in a recovery rate of 83.6%. The results confirm the high efficiency of
the combined bio-oxidation and thermal-aeration approach, indicating its potential
for year-round application in In-Situ processing of black-shale deposits. The
proposed technology enhances both the selectivity and overall recovery of uranium
and vanadium compared to baseline methods, thereby offering promising prospects
for industrial implementation and improved resource utilization.

Key words: black shale ore, leaching, hydrometallurgy, oxidation processes,
extraction
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AnnoTtauus. by 3eprreyne kapa TakTarac MHKi3aTbIHAH YpaH MEH BaHAAUNA1
CEJICKTHBTI IIaiMatay bl H THiIM/119/1ICiHa31pIieyre OarbITTaIFaH SKCIEPUMEHTTEP I H
HOTIKENEpl YChIHBLIA L. JKYMBICTBIH ©3€KTUIIr Kapa TaKTaTac KeHIEpIiH Kypaesi
MUHEpaIAbIK KYpaMbIMEH, OPraHUKaJIbIK 3aTTapAblH OOJTybIMEH JKOHE ypaH MEH
BaHaIUIl MUHEpaNJapblHBIH TOMEH epiriluTiriMeH OaimaHbICTBI, Oy JocTypii
VHFBIMAJIBIK TIaliMajay TeXHOJIOTHSJIAPBIHBIH THIMIUIITIH MIEKTeiHai. 3epTTeyne
ouoToThIKTEIpYNbl Acidithiobacillus Ferrooxidans makbpUIBIMEH >KOHE JKBUIBITY
KOHE ajpanus KyHeciMeH >KaOIbpIKTajraH mepQopalusiiaHFaH KyObIpiIapMeH
OipiKTipeTiH KaKcapThUIFaH YHFBIMabl OMOIIaiimManay kyheci Oaranmanaigsl. by
KYHe KbICKBI K€3eH/E OHTAMIIBI PeaKUMsUIbIK JKaFJaiiapabl cakTayFa MYMKIHIIK
Oepeni. TemmeparypaHblH, KYKIPT KBIILIKBUIBIHBIH KOHIEHTPALMSACHIHBIH JKOHE
OMONOTHSIIBIK TOTBIFYIBIH METaNJapAbIH epirilliTiK yAepicTepiHe 9CepiH 3epTTey
yiin Oipkarap Ttoxipubenep sxyprizingi. [lepdopauusnanran KyObIpiIapIbIH
ImiHAeri TeMmeparypaHbl KeTepy Kapa TakTaTac KOHHAybIHIarbl TOTBIFY
yAepicTepiHiH OenceHAinirin apTTeipabl. ToxipuOenik aepeKkrep aifblH ana
OononorusbK euaeyacH keitin 20 °C remneparypana xkoHe 2,5 % KyKipT KbIIIKBLTBI
epiTiHiciHae ypaHHbIH 96 % eHiMl epiTiHIire oTyli KamMTamachl3 eTUICTIHIH
kepcerti. Keitinri Banaauiiai maiimanay 10 %-IbIK KYKipT KBIIIKbUIBIH jkoHE 30
°C TeMrmeparypachliH KOJIaHy apKbUIbl XKYprizinim, 83,6 % anbiHy AeHreiiHe Ko
KETKI3UI1. AJIBIHFaH HOTHKENIEp OMO-TOTHIKTHIPY MEH TEPMO-a3palrsiIIbIK 9cepi
yIUTeCTIpy/IiH KOFapbl THIMILTITIH AN IS i, OYJ1 TEXHOJIOTUSHBI Kapa TaKTarac
KeHjiepal xbU1 Ooubl In-Situ omiciMeH eHjeylAe KoJaHyFa MYMKIHJIK Oepei.
Y CBIHBUIFAH TOCUT YpaH MEH BaHAJUIII alyAblH CENCKTUBTIIITIH JKOHE KAJIbI
JICHI'€WiH apTTHIPBIN, OHEPKICINTIK EHII3yre »OHE MHHEPAJIbIK pecypcTapabl
YTBIMJIBI Al JalaHyFa KeH MYMKIHZIKTEp anrajbl.

Tyiiin ce3mep: xapa Takrarac KeHi, maiManay, THIPOMETAJTYPrisi, TOTBIFY
MpolecTepi, oo aty
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AHHoTanmsa. B mpencraBneHHoW paboTe HccieoBaHAa  BO3MOXKHOCTH
CO31aHUs Bq)(i)eKTHBHOfI TCXHOJIOTUN CCJIICKTUBHOI'O BbINICIAYMBAHUA YpaHa
U BaHaaus U3 YCPHOCIAHIICBOI'O  ChIPbA. AKTyaHLHOCTB HCCJICA0OBAaHUS
00yCJIOBIICHA CIOXKHOM MHHEpaJoTHel YEepHOCIAHIEBBIX MECTOPOXKICHUM,
BBICOKMM COZIEp’)KaHHEM OpPraHMYeCKOro BEIIeCTBAa W HHU3KOH pPacTBOPUMOCTHIO
YpaHoO- H BaHaaHﬁcoz{epmame MUHEpAJIOB, 4YTO 3HAYUTCIbHO CHHKACT
3¢ (GEeKTUBHOCTh TPAJAUIMOHHBIX METOJOB CKBOXMHHOIO BBINIEIaYUBaHus. B
WCCJIEZIOBAaHUU PACCMATpPUBAETCS] YCOBEPIICHCTBOBAHHBIM BAapHaHT TEXHOJIOTHUU
OMOBBIIIETAYNBAHNS, BKIIOYAIOIIUI TpelBapUTEIbHOE OHOOKUCIICHHE ChIPhs
KyabTypoit Acidithiobacillus ferrooxidans ¢ ucrnons3oBanueM nepPOpUPOBAHHBIX
TpyO, OCHAamEHHBIX CHUCTEMOW HarpeBa W ad’paiuuu. Takas KOHCTPYKIHUS
o0ecrieunBaeT MoJIepKaHue ONTHUMAJIbHBIX TEMIIEPATYPHBIX YCIOBHHA B 3UMHHUI
MEPUOJ, YTO TOBBIIIAET CKOPOCTh MUKPOOHOIIOTHUECKUX TporeccoB. [IpoBenena
CCepuAa ODKCHIECPHUMEHTOB I10 U3YUYCHUIO BJIMAHUA TEMIICPATYPhbl, KOHICHTPAIUU
CEPHOI KUCIOTHI U OMOJIOTUYECKOTO OKUCIEHNS Ha CTETIEHb PaCTBOPEHHS ypaHa U
BaHanus. [lognepxanre MOBBIIEHHON TeMIeparypbl BHYTpU NepPOPHPOBAHHBIX
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TpyO CIOCOOCTBOBAIO AKTHMBHOMY IPOTEKAHHWIO OKHCIUTEIHHBIX IPOIECCOB B
[TyOMHHBIX 30HaX YEPHOCIAHIEBBIX 3alieked. DKCIEpUMEHTAIBHBIE Pe3yabTaThl
MOKa3aly, YyTo u3BjieueHue 96 % ypaHa B MPOIYKTUBHBIN PacTBOP JOCTHUraeTCA
npu teMreparype 20 °C 1 KOHIIEHTpAalUK CepHON KHUCIOTHI 2,5 %, €clin ChIpbE
MIpEeIBAPUTEIFHO TIOABEPTHYTO Owonorndeckoir obpadorke. I[locnemyrormiee
BhIIenaynBanue BaHaaus 10%-Hoit cepHoit kucioroit mpu 30 °C obecrneuniio
u3BneyeHue 83,6 % wmeramna. IlodydyeHHble JaHHBIE MOATBEPKIAIOT BBICOKYIO
3¢ (EeKTUBHOCTh COYETaHUsI OMOOKHUCICHHUS U TEPMO-adPAlMOHHOTO BO3ICHCTBHUS,
JEMOHCTPUPYST TIEPCHEKTHBHOCTh METONa ISl KPYIIIOTOJUYHOTO IMPUMEHEHUS
IpH in situ mepepabdOTKe YEepPHOCIAHIIEBBIX 3alieked. lIpeacraBneHHbIN MOIX0
MTOBBIIIAET CEIEKTHUBHOCTh M 00N KO (UITMSHT N3BIICUSHHUS YpaHa U BaHA/IUS,
OTKpBIBas BO3MOXKHOCTH JIJISl TIPOMBIIIUIEHHOTO BHEJIPEHHUS TEXHOJIOTUU U Oolee
PaIOHABHOTO UCITOIB30BAHHUS MUHEPATHHOTO CHIPBSL.

KaroueBble cjioBa: 4YepHOCIAHIEBas py[a, BHIIEIaYMBaHUE, THAPOMETAI-
JyprHs, OKUCIUTEILHBIC TPOIECCHI, H3BICUCHIC

Introduction. The experience of world studies of black shale samples of mineral
raw materials shows the presence of a fairly diverse composition of metals. However,
the most characteristic association of V-Mo-U-Ni-Zn is relatively universal for
many samples of black shale ores, with scattered mineralization and fine-grained
rocks. Vanadium is most often associated with silicates, which also leads to limited
opportunities for its enrichment (flotation, etc.). Methods for extracting uranium
and vanadium range from conventional hydrometallurgy, bioleaching and in-situ
leaching (In-Situ), combinations with roasting, microwave, etc., autoclaving or
other ancillary operations are possible. The final choice of technology depends on
the specific object, its characteristics, while there are no single, universal solutions
(Vind et al, 2021).

Laboratory tests on the leaching of uranium, vanadium and rare-earth metals,
taking into account the mineralogical characteristics of the main and residual
components, show that non-extractable uranium mainly consists of micron-sized
granules of resin bluff encased in quartz and other insoluble minerals, while
the cause of inefficient extraction of vanadium are phyllosilicates, which have
different, but generally poor solubility at room temperature (Radwany et al, 2022).
An additional reason is the retention of small amounts of fine-grained vanadium
hydroxide and tar blanket, autigenic quartz and vanadium phyllosilicates (Drexler
et al, 2023). Comparison with data from studies of samples of other uranium- and
vanadium-containing resources suggests that the different solubility of vanadium-
phyllosilicate ore minerals can also reduce extraction from more common types of
ore deposits, such as black shales or coal, especially in heap leaching of low-grade
ores with large grain size (Barton et al, 2023).

The results show that uranium leaching tests in production wells are close to the
results of simulation of the kinetic reaction model, but differ significantly from the
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results of simulation of the thermodynamic equilibrium model (Wang et al, 2022).
Therefore, the kinetic reaction model may better reflect the uranium leaching
extraction process than the thermodynamic equilibrium model. At the same time,
comparing the simulation results of the thermodynamic equilibrium model and the
reaction kinetics model, it can be seen that the first simulation leads to an increase
in the leaching area, an increase in the amount of leached uranium minerals and a
reduction in the time of complete leaching of uranium minerals. In addition, when
predicting the degree of uranium mining and uranium concentration during leaching
in an ore-bearing aquifer, the prediction result of the thermodynamic equilibrium
model is too high, and the time required for mining is too short, which leads to an
overestimation of the uranium leaching rate and underestimation of the mining
time. Thus, in the numerical simulation of uranium mining by the underground
leaching method, the reaction kinetics optimizes the expression of the water-
rock reaction rate compared to the thermodynamic equilibrium, which makes the
simulation more practical.

Another important aspect of the processing of such raw materials is effective
methods of converting uranium into a solution. The most common method
involves sulfuric acid leaching — borehole In-situ, vat and others (Li et al, 2024).
The choice of a particular method is largely determined by the overall level of
uranium and other valuable components, the form of presence in the minerals of
the rock, the possibility of applying preliminary enrichment of raw materials. Thus,
the content of uranium in carbon structures significantly complicates its extraction
during leaching. Thus, the accumulation of uranium and other elements in carbide
form forms the structure of particles that are not subject to oxidation processes
under normal atmospheric conditions, as well as excluding the processing of this
raw material by hydrometallurgical methods (Etschmann et al, 2024). Uranium-
containing raw materials of quartz nature have their own distinctive features that
affect leaching processes. Studies of microcomputer tomography of sandstone
uranium ore showed changes in the porosity and structures of mineral grains during
sulfuric acid leaching (Wang et al, 2024; Zhang et al, 2024; Jiang et al, 2024).
In apatite rocks, the accumulation of uranium is presumably due to its ability to
replace calcium, where it is also found in phosphorites (Aita et al, 2024). The
structure and composition of mineral raw materials containing uranium largely
affect the ion exchange processes that occur during leaching. Thus, one of the
studies presents data on the influence of ion-exchange processes of analcymolytes
on the hydrometallurgical technology of uranium mining — In Situ (Parrotin et al,
2024).

Methods of bio-leaching of uranium. Similar to the developed and improved
technologies of bio-leaching of noble and non-ferrous metals, the search and im-
plementation of methods of bacterial processing of uranium ores is carried out.
The most widely used class of iron-oxidizing bacteria is Acidithiobacillus Ferro-
oxidans, which produce trivalent iron ions during their metabolism. Thus, in the
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field of modern studies of uranium leaching, the oxidative effect of iron ions with a
concentration of 3 g/l at a pH of 1.7 was studied, which made it possible to achieve
a recovery of 85.14% (Wang et al, 2018). Unlike ore mineral raw materials, which
are composed mainly of quartz and silicates, with impregnations of iron-containing
minerals, various types of organic compounds and carbon are also present in black
shale rock. However, the presence of organic compounds can have some catalytic
effect on the biological oxidation process. Thus, in studies of heap bio-leaching of
uranium (Shiderin et al, 2024), an increase in the oxidation kinetics of ferrous iron
was found due to the immobilization effect when using wood chips. At the same
time, a number of organic compounds can have an inhibitory effect in standard
methods of leaching metals from black shale raw materials, due to the formation
of passivating layers. In turn, the use of bacterial treatment of black shale rock can
largely neutralize this factor. Studies of the effectiveness of a number of mixed
strains of bacteria showed that the symbiotic consortia of A. Ferrooxidans and A.
Thiooxidans can prevent the formation of a passivating layer, and uranium ex-
traction reached 97.5% (Xiao et al, 2025; Chen et al, 2022).

An additional effect of the use of biological oxidation in hydrometallurgical
processes involving sulfuric acid leaching is the ability of a bacterial culture to
produce an acidic medium during its metabolism, which ultimately reduces the total
consumption of sulfuric acid. On the example of studies of biological leaching of
uranium from slags (Wang et al, 2012), it was found that already when the uranium
recovery rate is more than 50%, the acid consumption rate is 2.69% of the ore mass.
As the practice of sulfuric acid leaching shows, the use of the biological oxidation
method contributes to a further reduction in the total consumption of sulfuric acid
when starting all hydrometallurgical cycles and leaching with circulating solutions
(Koizhanova et al, 2023).

Methods and materials. The main purpose of the research and tests was to
improve the method of borehole bio-leaching of uranium, to implement the
possibility of using this method to intensify the extraction of valuable components
— uranium and vanadium from black shale, due to an additional temperature factor
and aeration, affecting the diffusion coefficient of the solution reagents and the rate
of chemical reactions. The implementation of this technology will make it possible
to carry out borehole bio-leaching of uranium and vanadium while maintaining the
optimal temperature regime in the layers of black shale deposits, regardless of the
seasonal conditions. The main difference of this technique is that at the stage of pre-
treatment with a biological oxidant, the solution containing a bacterial culture is
fed through a system of borehole distributors located in equipped perforated pipes.
Unlike deep wells of standard In-Situ leaching for conventional ores, wells of black
shale deposits will be about 10 m. The assembly scheme of perforated pipes for
gradual immersion in wells is shown in Figure 1.
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Figure 1. Assembly diagram of perforated pipes for a 10 m deep well
*1 — segments of external perforated pipes; 2 — segments of internal perforated pipes; 3 — thermal
cable of the winding of internal pipes; 4 — thermal sensor; 5 — solution flow adjustment unit; 6 — plug
of the external pipe at the base of the dump; 7 — alignment and fastening couplings of internal pipes;
8 — upper segment of the internal pipe; 9 — plug of the external pipe at the surface of the dump.

The installation of perforated pipes is carried out in the wells, in a vertical
position from the surface of the deposits to the required depth. The material for the
manufacture of pipes is acid-resistant plastic. The diameter of the outer perforated
pipes (1) is 100 mm, the perforation size is 2.5 mm. Internal perforated pipes (2)
with a diameter of 50 mm are installed inside the external ones, while the perforation
of the internal pipes, from bottom to top, is made with an increase in the size of
the holes - 0.5 mm, 1.5 mm, 2.5 mm - for every 3 m of pipe. The thermal cable (3)
and temperature sensors (4) are interposed in the internal space. The inner space
between the pipes is filled with an inert moisture-permeable filler, quartz sand,
mineral wool and other water-permeable inert materials without sorption properties
are used as the filler, the pressure flow of the leaching solution is controlled by
means of an adjustment unit (5) mounted on the surface of the pile on each inner
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pipe, including an adjustment valve, barometers and flow meters. The placement
of the outer perforated pipe in the ore dump is carried out after drilling a well with
a diameter of 120 mm to a depth of 10 m. The supply of the outer perforated pipe
with a diameter of 100 mm is carried out by gradually lowering the segments by
2-3 m, after vertical hydraulic soldering. The lower pipe segment is supplied with a
plug installed serving as the bottom of the first segment (6). The first segment of the
perforated pipe is filled with an inert filler at a level of 15 cm, and then the segment
of the inner perforated pipe with a diameter of 50 mm, with perforation holes of 0.5
mm, is fed with a plug at the end. The length of the inner pipe segment should allow
its soldering with a subsequent segment or connection using a coupling. In addition,
the inner pipe is equipped with fragments for centering in the outer 100 mm pipe,
the coupling flange of the connection with holes (7) can act as such a device. Before
filling the outer pipe with inert filler, the inner pipe with a wrapped thermal cable is
placed. A temperature sensor is installed in the central segment. The length of the
upper segment of the inner pipe (8) is 1.2 m and excludes perforation on the part
overlooking the dump surface. On the upper segment of the outer pipe, located at
the surface of the dump, a plug (9) is installed with the output of the upper segment
of the inner pipe.

The image of assembled experimental model is illustrated in Figure 2, which
shows the technological scheme of the perforated pipe in the well of black shale
deposits, with the following references to the positions of the elements: 1 — solution
flow control unit; 2 — external perforated pipe (d=100 mm); 3 — internal perforated
pipe (d=50 mm); 4 — thermal cable; 5 — inert filler (mineral wool, sand, etc.); 6 —
thermal sensor.

10m

Figure 2. Diagram of assembled perforated pipes
*1 — solution flow adjustment unit; 2 — external perforated pipe (d=100 mm); 3 — internal perforated
pipe (d=50 mm); 4 — thermal cable; 5 — inert filler (mineral wool, sand, etc.); 6 — thermal sensor
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Experimental part. Before the start of enlarged tests, the averaged sample of
black shale raw materials was analyzed for the initial chemical and phase composi-
tion. The following equipment was used to study the composition of raw materials:

- X-ray fluorescence wave dispersion combined spectrometer “Panalytical”
(Netherlands);

- Diffractometer D8 ADVANCE “Bruker Elemental GmbH” (Germany) Pur-
pose: quantitative qualitative X-ray phase and analysis; determination of crystal
sizes, parameters and crystal lattice symmetry of organic, inorganic materials in
liquid and solid form and thin films;

- Quadrupole inductively coupled plasma mass spectrometer “Thermo Scientif-
ic ICAP-Qc” (USA)

-Carbon analyzer G4 series ICARUS TF “Bruker Elemental GmbH” (Germa-
ny).

The detailed composition of the initial black shale raw materials obtained as a
result of these studies is presented in Table 1.

Table 1. Composition of the initial sample of black shale raw materials (ICP analysis)

Compound Name Chemical formula Content, %
Uranium U 0.02
Vanadium \% 1.31
Carbon (coal) C 9.2
Carbon (organic) CH, . 6.1
Sulfur S 1.2
Iron Fe 4.3
Quartz-a | Silicon SiO

Oxide 2 71.05
Muscovite H,KALSi,O , 4.035
Kalsilite, syn KAISiO, 2.1
Other elements Fe, Cu, Ca, Pb, Y.... 0.685

Enlarged tests of the technology of borehole leaching of uranium and vanadium
were carried out for 120 days (from November to March) in conditions of open
unheated rooms and winter temperatures from minus 20°C to plus 2-3°C (Figure
3). The tests involved simulating borehole leaching on a limited volume of black
shale rock. The supply of leaching solutions was carried out continuously in order
to avoid their solidification.
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Figure 3. Experimental borehole leaching system in winter conditions

In modes that do not provide for bio-oxidation and thermal effects, the
temperature of the solutions fed for leaching was 5-6°C, and productive ones
after the passage of the ore mass was 2-3°C. In the method with preliminary bio-
oxidation without thermoregulation, the treatment of the black shale rock with a
bacterial culture was carried out in advance, during periods of warm temperatures.
In the proposed experimental model of borehole bio-leaching, the temperature in
the perforated pipe was maintained at plus 20°C. Thus, 4 comparative leaching
options were worked out, including the following parameters:

1) The basic method is sulfuric acid leaching, without bio-oxidation and heating
system,;

2) Bio-oxidation only - sulfuric acid leaching after 15 days of oxidation of raw
materials by bacterial culture, without a heating system,;

3) Well heating only — sulfuric acid leaching when wells are heated to 20°C,
without preliminary oxidation with a bacterial culture;

4) Experimental method — sulfuric acid leaching after 15 days of oxidation of
raw materials by bacterial culture, additional heating of wells to 20°C.

Experiments involved sequential leaching steps. During the first two months,
leaching was carried out with a solution of sulfuric acid with a concentration
of 2.5%, which created conditions for the selective extraction of uranium from
black shale raw materials. After 60 days of experiment and the maximum possible
extraction of uranium into the productive solution for each variant, the process of
vanadium leaching was started. Taking into account the properties and specifics of
the vanadium content, leaching in each variant was carried out with a solution of
sulfuric acid with a concentration of 10.0%. In experiments involving an additional
temperature factor, heating was carried out to 30°C.

Results and discussion. In tests involving bacterial oxidation, A. Ferrooxidans
bacterial culture was pre-injected into the wells, with a parallel aeration system
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in operation. At the time of launch of option 2 - bio-leaching without heating, the
solution temperatures were in the range of plus 10-15°C, with a gradual natural
decrease to plus 6-8°C. The pH of the bio-oxidation variants was 2.2-2.3. Prior to
major sulfuric acid leaching, the bio-oxidation solutions were analyzed for uranium
and vanadium content. As a result, it was found that at the stage of preliminary
bio-oxidation for 15 days, 6.54% of uranium was extracted into the solution in the
option without thermoregulation, and in the option with heating the well to 20°C,
the extraction of uranium reached 12.5%. The presence of vanadium in solutions
from bacterial oxidation was not found, which is a favorable factor, since the
technology of further leaching provides for the separate extraction of uranium and
vanadium. After oxidation treatment, the process of basic leaching of uranium with
a solution of sulfuric acid with a concentration of 2.5% was started. The dynamics
of the extraction process of each variant is shown in Table 2.

Table 2. Dynamics of uranium extraction by various leaching options, %

Option 1 Option 2 Option 3 Option 4
Duration, days H,S0,2.5% | Bio-oxidation, | Heating up to 20°C, g:i:gfl;?o? 12{0;%
only H,S0,2.5% H,SO,2.5% 2.5%’ 2T

0* - 6.54 - 12.5

5 2.13 14.30 13.43 20.49

10 5.27 21.51 17.54 25.09

15 8.12 30.12 19.86 35.54

20 11.12 36.60 23.54 42.50

25 17.41 42.21 28.38 50.81

30 21.28 48.10 33.21 54.74

35 26.89 52.65 38.53 71.80

40 32.30 57.20 44.82 82.53

45 39.56 60.97 53.52 93.24

50 44.10 63.58 55.65 96.08

55 46.23 65.90 58.36 96.17

60 46.81 67.83 59.61 96.26
* recovery into bio-oxidation solutions at the time of leaching start.

As aresult of the first stage of sulfuric acid leaching of black shale raw materials,
an active increase in the extraction of uranium into the solution was noted in the
experimental version with preliminary bio-oxidation and subsequent leaching with
maintaining the temperature at 20°C. Uranium recovery exceeded 90% already on
the 45th day of leaching and reached a final maximum of 96.26% on the 60th
day of the experiment. Thus, the combination of pre-bio-oxidation and temperature
maintenance system makes it possible to double the efficiency of uranium extraction
compared to basic sulfuric acid leaching. Comparison of the dynamics of uranium
extraction by various combinations of leaching methods is shown in the graphs of
Figure 4.
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Figure 4. Dynamics of uranium extraction, by 4 test methods of leaching.

Analyses of productive solutions of uranium leaching with 2.5% sulfuric acid
showed sufficiently low concentrations of vanadium, and its recovery did not ex-
ceed 0.1%. This made it possible to ensure the most selective extraction of uranium
at the first stage of leaching. Leaching of vanadium was carried out at the second
stage according to the technological parameters described earlier for each option —
10.0% sulfuric acid solution, heating options 3 and 4 to 30°C. The total duration of
the leaching experiment was similar to the first step of 60 days, with the exception
of the pre-bio-oxidation period. The results of vanadium recovery are presented in
Table 3.

Table 3 — Dynamics of vanadium recovery by various leaching methods, %

Duration, Option 1 Option 2 Option 3 Option 4
days H,S0,10% Bio-oxidation, | Heating up to 30°C, Heating up to 30°C,
only H,SO, 10% H,SO, 10% bio-oxidation, H,SO, 10%
5 1.84 10.11 10.4 18,9
10 4.29 17.42 15.96 28.35
15 7.65 26,68 22.49 36.65
20 10.53 34.18 28.61 44.7
25 14.92 39.9 35.13 52.44
30 19.8 45.56 41.26 60.77
35 24.0 49.69 45.33 66.4
40 27.25 54.5 50.21 72.27
45 30.73 59.87 55.38 76.4
50 34.16 65.15 61.19 79.87
55 37.54 69.47 64.5 81.55
60 40.63 72.63 66.22 83.6
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Similar to the uranium leaching step, the highest vanadium recovery efficiency
of -83.6% was observed in the Option 4 well, where the maximum uranium recov-
ery had previously been achieved, which was also two times higher than the indica-
tors of the basic standard method. In addition to less significant indicators of vana-
dium recovery in other variants of technological combinations, associated leaching
of residual uranium was also observed, which in itself reduced the selectivity of
these methods for uranium and vanadium. The dynamics of vanadium extraction,
the corresponding variants are shown in the graphs of Figure 5.
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Figure 5. Dynamics of vanadium extraction, by 4 test methods of leaching.

Conclusions. As a result of the experiments, the most effective method for sep-
arate borehole leaching of uranium and vanadium from black shale raw materials
was determined. The In-Situ method, in hydrometallurgical uranium production,
remains one of the common methods of many uranium deposits. At the same time,
to involve in the processing of uranium deposits represented by black shale rock,
which also has acceptable technological concentrations of vanadium, the use of
innovative combined methods is required. Standard borehole leaching — In-Situ,
similar to mineral raw materials, has a low extraction efficiency of uranium and
vanadium, and is also not able to fully ensure their maximum complete separation
into productive solutions. Alternative methods of processing black shale ore — en-
richment, autoclave and vat leaching, are advisable if there are acceptable contents
of other rare earth metals in the composition of raw materials, in addition to urani-
um and vanadium. Based on the listed factors and the composition of the studied
black shale ore sample, represented mainly by uranium and vanadium, the possi-
bility of improving the existing borehole leaching technology was studied. As a
result of the experiments, it was found that equipping process wells with a heating
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and aeration system allows for effective bio-oxidation of deposits of black shale
raw materials and, as a result, doubles the extraction of uranium and vanadium
compared to basic sulfuric acid leaching. Thus, the treatment of black shale raw
materials with Acidithiobacillus Ferrooxidans bacterial culture while maintaining
the temperature regime at 20°C and aeration of the well provides 96.26% of ura-
nium extraction during the subsequent first stage of leaching with a sulfuric acid
solution with a concentration of 2.5%. After the maximum complete extraction of
uranium, an increase in the concentration of sulfuric acid to 10.0% and a tempera-
ture to 30°C makes it possible to extract 83.6% of vanadium from black shale raw
materials. Thus, preliminary biological oxidation, with the equipment of perforated
well pipes with a thermal cable to maintain the temperature and an aeration system,
contributes to the activation of oxidation processes in the depth of deposits of black
shale raw materials, which ensures high efficiency and selectivity of uranium and
vanadium extraction, even in the winter season.
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