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1. EnextpoximiuHe BifHOBJIEHHSI OKCUI'€HOBMICHUX CIIOJIYK BOJIb)pamMy B pO3IJIaBaxX Ha OCHOBI XJIOPUiB HATPIIO Ta
KaJbllito
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Pedepar:

1. Inceprauiiina po60oTa CIipsiIMOBaHa Ha BUPIllIEHHSI aKTyaJbHOT'O 3aBIaHHS Cy4acHOI HAyKU Ta TEXHIKU: pO3pOOKY
HAyKOBUX 3aCaJ, HOBOIO KOMEPLiHHOro NpoLecy OTPUMaHHs BOJb(Ppamy i3 IpUPOIHOI CUPOBUHY, SIKU JO3BOJIUTD
BUKJIIOYUTH i3 TEXHOJIOTIYHOTO LIMKJy BOJIb(PAMOBOro BUPOOHUIITBA CTaAil0 ii MepepoOKMu Ha TPUOKCUT, BOJIbPpamMy
Ta BiIMOBUTUCH BiJ] BAKOPUCTAHHS BOJHIO B IKOCTi BiTHOBHUMKA. Ha BiMiHY Bifj BilOMUX HayKOBO-TEXHIYHUX
pilieHb OKCUreHOBMICHI criosyku Bosibppamy (WO 3 Ta CaWO 4 ) 3ar1porioHOBaHO BiJHOBJIIOBATU METOLIOM
BHCOKOTEMIIEPATYPHOTO €JIEKTPOJIi3y y po3iiasieHill eBrektnyHil cymimi CaCl 2 -NaCl na pigkomy rajgieBomy
karozi. Takuii KaTof, 3abe3nedye He Jinlle HAAiiiHUI1 KOHTAKT 3 BUXiIHUMU CIOJIyKaMU BOJIbdpamy Ta ixHIO

piBHOMIpHY noJisIpy3aliiio, aje i 3axuilae BiHOBJIeHU BOJIbdPaM Bifi OKHUCHEHHS Ta B3a€MOJIii 3 €JIeKTPOJIITHOIO



cyMimmo. PisHULIS y TMTOMUX Macax BUXiJHOTO TPUOKCUY BOJIb(PpamMy Ta rajiio 4o3BoJiss€e YHUKHYTH He6aKaHOI
B3aemozii WO 3 3 po3I1aBIeHOI0 eJIeKTPOJIiTHOIO CYMIIIIIIO, BHACIITOK SIKOI yTBOPIOIOTHCS IOGIYHI IPOSYKTH:
BoJIbpamMar Kajbliilo Ta OKCOXJIOPUX BobdpaMy. BcTaHOBIIEHO, 1110 BiJHOBJIEHHS OKCUT€HHOBMICHUX CIIOJIYK
BoJIb(pPamMy SIK Ha BOJIb(PaMOBOMY, TaK i Ha rajlieBOMy KaToJax IIPOTiKae 4epe3 HU3KY MOCiIOBHUAX
€JIEKTPOXIMIYHYX [IEPETBOPEHD B PE3YJILTATI AKMX YTBOPIOIOTHCA CKIaAHOOKCHUIHI CIIOJIYKY KaJIbLIiIO Ta HATPIIO 3
BOJIbQpPaMOM Pi3HUX CTYyII€HIB OKUCHEHHS. BillHOBJIEHHS BiiOyBa€ThCs He JIMIIe 32 PaXyHOK eJIEKTPUYHOTO, CTPYMY,
asie 11 3a paXyHOK HaTpilo Ta KaJbllilo, SKi yTBOPIOIOTbCS IIPU €J1EKTPOJIi3i. HeoOxiIHOI0 YMOBOIO BiJHOBJIEHHS
OKCUT€HOBMICHUX CIIOJIYK BOJIb(pamMy € 3a6€31e4eHHs] CyMiCHOTO PO3Psiy KaTiOHiB PO3IJIABJI€HOI €J1IEKTPOJIITHO]
cyMimi Ha kaTofi. OCKIiZIbKY €JIeKTPOXiMiuHe BifHOBJIEHHS TPUOKCUY BOJIbPPaMy B €BTEKTUYHOMY PO3ILIaBi
XJIOPUiB HATPilO Ta KaJbliilo BiOyBa€eThCS Uepe3 IIPOMIKHY CTaflil0 yTBOPEHHS BOJbdpaMary Kasbllilo, K BUXiIHY
CIIOJIYKY AOLIBHO BUKOpHcTOBYBaT HEe WO 3, a CaWO 4 . CipugTIMBMMU YMOBaMU BiTHOBJIEHHS
OKCUT€HOBMICHUX CIIOJIyK BOJIb)PaMy € €JIeKTPOJIi3 i3 BAKOPUCTAHHSIM PiJIKOTO rajlieBoro KaToay siK B
rajlbBaHOCTaTUYHUX, TaK i IOTEHLIOCTATUYHUX YMOBAX, IPUYOMY BUXIiJIHI CIIOJIyKHU BOJIbPPaMy AOLIIBHO
BHMKOPHCTOBYBATHY y APiOHOIUCIIEPCHOMY CTaHi. 3a yMOB, 1O KiJIbKIiCTb €JIEKTPUKY, IPOIYLIEHO] Yepe3
€JIEKTPOJIi3HY KOMIPKY, BiiNIOBifla€ KiIbKOCTi €JIeKTPUKU, TEOPETUYHO HEOOXiAHIN /1J151 IOBHOTO BiTHOBIEHHS
3aBaHTaXXeHOI BUXiTHOI BOJIb(PaMOBOi CIIOJIyKY, CepeHil CTYIiHb BUIy4YeHHs Boabppamy i3 WO 3 ckiagae 65 %,
BUXiJ] 32 CTPYMOM ~ 65 %, pO3Mip 4aCTOK OTPUMAaHOTr0 BOJIbPPamMoBOro nopoiky ~3,6:10 -2 mxm. CTymiHb
BUJIy4eHHS BosbPpamy i3 CaWO 4 cknanae ~ 75 %, BUXif 32 CTpyMOM ~ 76 % po3Mip BOJIbPPAMOBOTO MOPOIIKY
~3,5-10 2 MkM. BigmiueHo, 110 i3 36i7bIIEHHSIM TEMIIEPATyPHU CTYHiHb IX KPUCTATiYHOCTI Ta pO3Mip YaCTOK
BOJIbGPaMOBOT0 IOPOIIKY 3pocTaioTh. ONTUMAaJbHA TeMIlepaTypa BigHoBieHHs ckiagae 800 °C. [Tutomi BuTparu
€JIEKTPOEHEPTii OLiHI0I0ThCS BeandnHow 3,64,0 Br-ron /r Bonbdpamy. [TokazaHo, 10 OKCUTE€HOBMICHI CIIOJIYKH
BoJIb(paMy MOXKHA BiJHOBUTH i y TBEPLOMY CTaHi Ha TBEPAUX €JIEKTPOAaxX. Kpale BilTHOBIIOIOTCS 3pa3Ku
BUXIiTHUX CIIOJIYK BoJIbdpamy 6e3 rnornepenHboi TepMiuHOi 06po6ku. [IuTOMI BUTPATU esleKTpoeHeprii pu
BiZJHOBJIEHHI Ha TBEPJOMY €JIEKTPO/Ii OLiHIOIOTHCSI BEJIMYMHOIO 7,8 BT'rOg /T Bosibdpamy. OTpUMaHMI1 TOPOLIOK
BoJIbpaMy Mae cepeHilil po3Mip KpUCTasiTis ~ 4,2-10 -2 mxM. [JocinxeHo B3aemonito WO 3 ta CaWO 4 3
pos3maByeHolo eBTekTnyHOMW0 cyMimmo CaCl 2 -NaCl y temneparypHomy iHnTepsani 600-800 °C. BusiBneHo, mo
piBHOBa>XHUI BMICT BosibdpamMy y COJIbOBIil (azi y 060X BUIlagKax OGHAKOBUI i 3aKOHOMIpHO 3pocTac i3
301IbLIIEHHSM TEMIIEPATYPH 33 OJIHAKOBUM 3aKOHOM. B3aeMogist Tpuokcuay Bosbdpamy 3 po3ljiaBoM MIPOTiKae
4yepes CTaJlilo YTBOPEHH: Kasblill Boabdpamary. OTprMaHi pe3yabTaTy JAKOTh MifICTaBA BBAXKATH, 110 IPU
B32€MOJii 3a3HaYEHNX OKCUT€HOBMICHUX CIIOJIYK BOJIb)PaMy YTBOPIOIOTHCSI TOMOT€HHI COJbOBi a3y MoTpiriHoi
cucremu CaCl 2 -NaCl-CaWO 4 , BMicT y sIKUX BoJbpaMary Kasbllilo B TemrnepaTypHomy iHtepsasi 700:800 °C
3a[I0BIJIbHO ONMCYEThCS 3anexxHicTio In S = 8,331 - 14057 /T. JocaimkeHo ¢pasoBi piBHOBaru NoTpiiiHOI cucTeMu
CaCl 2 -NaCl-CaO B o6sacTi, 306arayeHii XJIOpUOM Kajbliilo Ta HATPil0; BU3HAYEHO PiBHOBAKHY KOHLEHTPALIiI0
OKCHUJy KaJIbliilo Ta ckiag, ¢as, sIKi IpU LIbOMY iCHYIOTb Y PiBHOBaXHOMY CTaHi 3a pi3HUX Temnepartyp. [Ipu
nocrifiHomy cniBBifHomeHHi komnoHeHTiB [NaCl]:[CaCl 2 ] = 1,06 (MoJ1.) y posniaBax notpiitHoi cucremu CaCl 2
—-NaCl-CaO piBHOBaXHMI BMICT OKCU-AY KaJbLilo csrae 12,0 MoJ1.%, pu LbOMY TeMIIepaTypa iXHbOi KpucTasisarii
He nepesuinye 550 °C. CymiIi 3a3Ha4€HOTO CKJIaly LO3BOJISIIOTH 3MiICHIOBATH €JIeKTPOXiMiuHe BifHOBIIEHHS
OKCHUT'€HOBMICHUX CIIOJIYK BOJIbdpaMy B IIMPOKOMY iHTepBaJli Temmepatyp (Bix 550 1o 1000 °C) 3a BUCOKOTO BMiCTy

K XJIOPUIiB KaJbLIil0 Ta HATPilo (He HIK4e 3a 40 M0i1.%), TaK i okcupay KamibLio (5o 12,0 Mo.%).

2. The dissertation is aimed at solving an urgent task of modern science and technology: the development of the
scientific foundations of a new commercial process for obtaining tungsten from natural raw materials, which will
allow to exclude from the technological cycle of tungsten production the stage of its processing into tungsten
trioxide and to abandon the use of hydrogen as a reducing agent. In contrast to known scientific and technical
solutions, oxygen-containing compounds of tungsten (WO3 and CaWO4 ) are proposed to be reduced by the
method of high-temperature electrolysis in a molten eutectic mixture CaCl2 -NaCl on a liquid gallium cathode.
Such a cathode provides not only a reliable contact with the original tungsten compounds and their uniform
polarization, but also protects the reduced tungsten from oxidation and interaction with the electrolyte mixture.
The difference in the specific masses of the initial tungsten trioxide and gallium avoids the undesirable interaction



of WO3 with the molten electrolyte mixture, which results in the formation of by-products: calcium tungstate and
tungsten oxochlorides. The reduction of oxygen-containing compounds of tungsten on both W and Ga cathodes
proceeds through a series of successive electrochemical transformations resulting in the formation of complex
oxide compounds of calcium and sodium with tungsten of various degrees of oxidation. Recovery occurs not only
due to electric current, but also due to sodium and calcium, which are formed during electrolysis. A necessary
condition for the recovery of oxygen-containing compounds of tungsten is the provision of a compatible discharge
of the cations of the molten electrolyte mixture at the cathode. Since the electrochemical reduction of tungsten
trioxide in the eutectic melt of sodium and calcium chlorides occurs through the intermediate stage of calcium
tungstate formation, it is advisable to use calcium tungstate rather than WO3 as the starting compound. Favorable
conditions for the recovery of oxygen-containing tungsten compounds are electrolysis using a liquid gallium
cathode in both galvanostatic and potentiostatic conditions, and it is advisable to use the original tungsten
compounds in a finely dispersed state. Under the conditions that the amount of electricity passed through the
electrolysis cell corresponds to the amount of electricity theoretically necessary for the complete recovery of the
loaded initial tungsten compound, the average degree of tungsten extraction from WO 3 is 65%, the yield is
current ~ 65%,the particle size of the obtained tungsten powder is ~3.6-10 -2 um. The degree of extraction of W
from CaWO4 is ~ 75%, the current output is ~ 76%, the size of the tungsten powder is ~3.5-10 -2 pm. It was noted
that with increasing temperature, the degree of their crystallinity and the size of tungsten powder particles
increase. The optimal recovery temperature is 800°C. The specific electricity consumption is estimated at 3.6-4.0
Wh/g of tungsten. It is shown that oxygen-containing compounds of tungsten can be recovered in the solid state
on solid electrodes. Samples of initial tungsten compounds without prior heat treatment are better recovered. The
specific consumption of electricity during recovery on a solid electrode is estimated at 7.8 Wh/g of tungsten. The
resulting tungsten powder has an average crystallite size of ~ 4.2:10-2 um. The interaction of WO3 and CaWO4
with a molten eutectic mixture of CaCl2 -NaCl in the temperature range of 600-800°C was investigated. It was
found that the equilibrium content of tungsten in the salt phase is the same in both cases and naturally increases
with increasing temperature according to the same law. The interaction of WO 3 with the melt proceeds through
the stage of formation of calcium tungstate. The obtained results give reason to consider that the interaction of
the mentioned oxygen-containing compounds of tungsten produces homogeneous salt phases of the ternary
system CaCl2 -NaCl-CaWO04 , the content of which calcium tungstate in the temperature range of 700:800°C is
satisfactorily described by the dependence In S = 8.331 - 14057 /T. The phase equilibria of the CaCl2 -NaCl-CaO
ternary system in the area enriched with CaCl2 and NaCl were investigated; the equilibrium concentration of
calcium oxide and the composition of phases that exist in an equilibrium state at different temperatures were
determined. At a constant ratio of the components [NaCl]:[CaClI2]=1.06 (mol), in the melts of the ternary system
CaCl2-NaCl-CaO,the equilibrium content of calcium oxide reaches 12.0mol%, while their crystallization
temperature does not exceed 550°C. Mixtures of the specified composition allow electrochemical reduction of
oxygen-containing compounds of tungsten in a wide temperature range (from 550 to 1000°C) with a high content
of both calcium and sodium chlorides (not lower than 40mol%) and calcium oxide (up to 12.0mol%).
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