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Ilyoenko A.B. InteHcudikaiis nporecy BUIYrOBYBaHHS  UIbMEHITOBUX
KOHILEHTpaTIB MaJluIIeBChbKOr0 pOJOBUINA Y BUPOOHHUITBI HIrMEHTHOIO IIOKCUIY
tutany. — KBanidikaiiiina HaykoBa mpaiis Ha rpaBax pyKOIHUCY.

Huceptanis Ha 3400yTTS HAyKOBOrO CTyIleHs Joktopa ¢inocodii 3a
cnemianbHIicTIO 161 XiMiuHI TEXHOJOrIi Ta 1HXeHepid (randy3b 3HaHb 16 XiMmiuHa Ta
OloiHkeHepis). — JlepkaBHUM BUIMNA HaBYaIbHUH 3akiaj «YKpaiHCHbKUUM JeprKaBHUN
XIMIKO-TE€XHOJOTTYHUH yHIBepcuTeT», Jninpo, 2020.

[lirMmeHTHUN [1OKCHJI THUTaHy € OJHMM 3 HaWMOIIMPEHIINX MPOJYKTIB
HEOPTaHIYHOTO CHHTE3Y, SKHH BHUKOPHCTOBYETHCS B MAIMEpOBO-IENIONIO3HINH, JaKo-
¢dapOoBiii, papmalieBTUUHINA, KOCMETUYHIN, XapUyOBii MPOMHUCIOBOCTAX, TOLIO.

B Vkpaini mirMeHTHUN AI0KCUA TUTaHY BUPOOJISIOTH 32 CYJIb()aTHOKUCIOTHOIO
TEXHOJIOTI€0, a HAWMOMIMPEHINIOW BUXITHOK CHPOBHHOIO Ui BUPOOHMIITBA
nirmeHTHOTro Ti0; € 17IbMEHITOBI KOHIIEHTpaTH. YKpaiHa BOJIOJII€ BEJIMKUMH 3aracaMu
UIBMEHITY, 10 CKJIa1atoThes 3 40 po3BilaHUX PO3CUITHUX Ta KOPIHHUX POAOBHII, Ha 16-
TH 3 SIKUX ChOTOJHI TPOBOJUTHCS MPOMHUCIOBUM BUAOOYTOK 1 30aradyeHHs. OCHOBHI
3amacyd  UIBMEHITY 30CepelkeHl B (opMi pPYIHHX pPO3CHMIB MaauiieBchbKOro Ta
Ipmancpkoro poxoBuml. OnepkaHi 3 MUX POJOBHIN UIBMEHITOBI KOHIICHTPAaTH
BIJIPI3HAIOTBCSA  CBOIM  MIHEPAJOTIYHMM  CKJIAaOM 1, BIAMOBIAHO, XIMIYHUMH
BJIACTUBOCTAMHU. Tak, Hampukiaa, TepepoOKa  UIBMEHITOBHX  KOHIICHTPATiB
ManuiieBchbKOro PoJIOBHINA CYTb()AaTHOKUCIOTHUM CIIOCOOOM BHIIYTOBYBaHHSI, HaBiTh
Py BUKOPUCTaHHI HAWOUIBII <«KOPCTKUX» yMoOB cynbdarmzarii (200°C, 96 mac.%
cynb(daTHa KUCIOTa), HE JO3BOJISIE TIOBHICTIO PO3KPUBATH BUXIIHUA PYIHUN MaTepial
(ctyninp BuIydeHHs TUTaHy He mepeBuinye 50-60%). Lle, B cBoro 4epry, mpu3BOAUTH
710 BITHOCHO HU3bKOT'O CTYTIE€HSI BUKOPUCTAHHS CUPOBHHU, HAKOMMYEHHIO IPOMUCIOBUX
[IUTaMiB Ta 3HWKEHHIO 3arajbHO1 €(p)eKTUBHOCTI BUPOOHHIITBA.

OCHOBHOIO TPUUMHOIO HU3BKOTO CTYIEHS MepepoOKy LTbMEHITY ManuiieBCchkoro
POJIOBHIIA BBAXKAETHCS BUCOKA CTYMiHB HOTO 3MIHHOCTI. SIK BiOMO, UTBMEHITH MOXHA

pO3IUIMTH HA JBl Kareropii 3a CTyHNEHEM 3MIHHOCTI: UIBMEHIT 3 MOJIbHUM



cauiBBigHOomeHHIM FeO/Fe,Os>1 1 3MiHeHHMH UIBMEHIT 13 CHIBBIIHOIICHHIM
FeO/Fe,05<1. Ilpum TpuBajsoMy BHUBITPIOBaHHI pyIud 3a PAXyHOK OKHCHEHHS
JBOBAJIGCHTHOTO ¢epyMy 1 HOro BHUHECEHHs, BIIOyBa€TbCs 30aradeHHs UIbBMEHITY
TUTAHOM (TaK 3BaHa JIEMKOKCEHI3allis, sIka MPU3BOJUTH 10 MiABUILIEHHA BMicTy T10, 10
60-65 mac.% 1 Buie). 3MiHa XIMIYHOTO CKJIaQy UIBMEHITIB pOOUTH IiX MEHII
NPUAATHUMH ISl CYJIb(ATHOKUCIOTHOTO CHOCO0Y BHPOOHMIITBA JIOKCHAY TUTaHY 1
TOMY B IPOMMCIOBOCTI Takl pPyIud BHUKOPUCTOBYIOTh B CyMIIIax 13 3BUYAWHUM
UTbMEHITOM.

AmHaii3 HayKOBO-TEXHIUHOI JIiTepaTypH MOKa3aB, M0 MPUYUHH, SKI BU3HAYAIOTH
PO3UYMHHICTh UIBMEHITY B CyJb(aTHIN KUCIOTI 3aJUIIAIOTHCA JUCKYCIHHUMU TPOTATOM
OCTaHHIX JIECSATHIITh, a JOCIIIKEHHS, Kl MPUCBSYEHI cCaM€ 3MIHEHHUM UIbMEHITaM, B
JTEpaTypl MpeJCTaBICHI B JOCUTh HEBENUKIN KIIBKOCTI. Sk mpaBuiio, BKa3yeThCs, 110
e(EeKTUBHICTh MPOIIECY MEPEPOOKH THTAHOBMICHOT CHPOBHHHM BHU3HAYAETHCS Oararbma
(dakTopamMu: peakliifHOI 3JaTHICTIO MIHEpPAJIBHOI CHPOBUHH, ii JHCIIEPCHICTIO,
YMOBaMH MPOIIECY BUIYTOBYBaHHS (TEMIIEpaTypOl0, KOHIIEHTPAII€0 KUCIOTH), TOIIO.
Haxanb, Ha OCHOBI JIiTepaTypHUX JaHUX HEMOXKJIMBO BU3HAYUTH ONTUMAJIbHI YMOBHU
MiABUIICHHS €()EKTUBHOCTI TPOIIECY BHJIYTOBYBaHHS IIbMEHITOBUX KOHIICHTPATIB,
OCKUIBKH BC1 BUITPOOYBAaHHS MPOBOJMIIMA B PI3HUX YMOBAX Ta 3 PI3HOK CHPOBUHOIO.

OuyeBUIIHO, IO BUSABJICHHSA MPHUYMH, SKi OOYMOBIIOIOTh HHU3BKY peakKIiiHy
3MAaTHICTh 3MIHEHOTO UIBMEHITY, a TaKOXX BH3HAYCHHS MOXJIMBHUX CIIOCO0IB
iHTeHCcHdiKaIii mporecy HOro XiMIi4YHOrO pPO3KIANaHHS € aKTyaJlbHHUMHU 3a/Jad4aMu,
BUPIIICHHS SIKUX J03BOJIUTH MIJBUIIUTH CTYMIHb BUKOPUCTAHHS CUPOBUHU, 3MEHIIUTU
co0iBapTIiCTh TPOAYKINi, a TaK0X KUIbKICTh MPOMHUCIOBHX BIAXOAIB (32 paxyHOK
nepepoOKy PyTUITI30BAHUX ITUIAMIB).

Huceprariiitna po0OTa TNPUCBSIYCHA TEOPETUYHOMY 1 EKCIIEPUMEHTATHLHOMY
OOIPYHTYBAaHHIO 3aKOHOMIPHOCTEW MpoIecy Cylb()aTHOKUCIOTHOTO BHIYTOBYBaHHS
TUTaHy 13 UTbMEHITOBUX KOHIIEHTPATiB MallMIeBCHKOTO POJOBHUINA Ta BCTAHOBIICHHIO
TEXHOJIOTIYHO JOUUIBHUX YMOB iHTeHcH(]iKaIii mporecy iX XiMIYHOTO PO3KIagaHHS Y

BHUPOOHUIITBI MIr'MEHTHOTO JIIOKCUAY THTAHY.



JUIst TOCATHEHHS MOCTAaBJIEHOI METH HEOOXIAHO BUPIMIWTHA HACTYIHI 3aBIaHHS:
JOCIIIUTH KIHETUKY MPOIIECY CyJb(aTu3allli SMiHEHOT'0 UTbMEHITY Ta MOKJIUBICTh HOTO
iHTeHcUiKauli GI3MYHUMH METOJaMH, a CaM€ 3a PaXyHOK MEXaHIYHOi, TepMIYHOI Ta
yJIbTPa3BYKOBOi aKTHUBAIlli; JOCIIAUTH BIUIMB HA KIHETUKY MpoLecy cynbgaTuzaiii
3MIHEHOTO UIBMEHITY XIMIYHMX (DAKTOpIB: KOHUEHTpalii PO3YHHIB CyIb(paTHOT
KHCIIOTH, IUIa3MOXIMIYHOT AaKTHUBAlli PO3YMHIB CyIb(PaTHOI KUCIOTH, BBEACHHS
peareHTra-akTuBaTOpa B peakliiHy CyMIll; MPOBECTH TEPMOJMHAMIYHUN aHami3
xiMiuHUX TiepetBopeHb B cucremax 110,-SO;—H,O Ta TiO,—NaF-SO;-H,O Ta
BU3HAUUTU TEPMOAMHAMIYHY MMOBIPHICTh peakiiii, 10 MaloTh Miclle MpHU
BUJIYTOBYBaHHI UIbMEHITOBUX PY[l; BUBHAYUTHU TEXHOJIOTTYHO JOLUIbHI YMOBHU MPOLECY
nepepoOKr 3MIHEHOTO UIBMEHITY CyJb(paTHO-QTOPUIHUM CIIOCOOOM, PO3POOUTU
NPUHIIMIIOBY TEXHOJOTIYHY CXEMY OI[IHUTH €KOHOMIYHI BUTpaTH Ha NEpepoOKy
3MIHEHUX UTbMEHITOBUX KOHIIEHTPATIB 3alIPONOHOBAHUM CIIOCOOOM.

Ax BimoMo, MeToau I1HTEHCH(]IKAIlli XIMIKO-TEXHOJIOTTYHUX MPOIECIB 3PYyYHO
noaimuT Ha GBBUYHI Ta XiMiuHIL. B poOOTI HOCHIIHKEHO KIHETHKY MPOIECy
cynbdaTtuzailii 3MIHEHOr0 1IbMEHITY Ta MOXJIHUBICTH HOTo IHTEHCHQIKAIli TaKUMHU
GI3MYHIME METOJIaMH, SIK MEXaHI4Ha, TEpMIUHA Ta YIbTPa3ByKOBa aKTHBaIlis. B sKocTi
XIMIYHUX YWHHUKIB BIUIMBY Ha KIHETHKY TIpoliecy cyibdaru3aiii po3risaaid
KOHIICHTPAIIII0O PO3YMHIB CyIb(AaTHOI KHUCIOTH, i1 IIa3MOXIMIYHY aKTHBAIlil0 Ta
BBEJICHHS pearcHTa-akKTHBATOpa B PeaKIiitHI CyMIIIi.

B pesynapTaTi mpoBeAeHUX JOCTIKEHb BIIEpIIE IOKa3aHo, IO MeXaHIuyHa
aKTHUBAIliS UJIBMEHITOBOI PYJIH MPU3BOAUTH A0 IBOX €(EeKTiB: 30UIBIIYETHCS MIBUAKICTH
il XIMIYHOTO PO3YMHEHHS B CyNIb(aTHIN KUCIOTI 1 OJHOYACHO 3HIKYETHCS CTYIIHB
BUKOPUCTAaHHS PYAHOI CHPOBHHM, OCKUIBKM B NUIAMaxX MiABUIIYETHCS YacTKa
HEPO3YMHHOTO PYTWIy. EKCIeprMeHTaabHO IOBEJICHO, IO B IIpoleci MoapiOHEHHS
¢dazoBuii CkJaj] UIBMEHITOBOTO KOHIIEHTPATy SIKICHO 1 KUIBKICHO 3MIHIOETHCS: MICIIA
MOMENy NpPOTATOM 2-X TOAUH BMICT UIBMEHITY 1 TICEBAOPYTHIY 3HHUXKYETHCH,
BiamoBigHO, 10 3,1 1 63,1%, B TOM 4ac, K BMICT pyTHiay 30UIbIIyeThCs 10 28,7% 1

3’ SIBIISIETBCS TICEBAOOPYKIT B KUTBKOCTI 5,1%.



Brnepiie BcTaHOBIEHO, L0 YJIBTPA3BYK Ha BIAMIHY Bl 3araJlbHONPUHHATHUX
ySBJIEHb HE IHTEHCU(IKY€e, a, HABMAKW, 3HWXKYE CTYHIHb BWIYYEHHS THUTaHy, IO
00OyMOBJIEHO MOT0 BIUIMBOM Ha HIBUIKICTh MOJIIMEpPU3ALIiil T'APOKCOKOMILJIEKCIB TUTAHY.
AnanoriyHui eexT 3HaiIeHo Mpu JOCIIIKEH1 BIUIUBY TEMIEPATYpH Ha €(DEKTUBHICTD
BUJIYrOBaHHA THUTaHy. [lokazaHo, 10 €(QEeKTUBHICTh BWIYYCHHS THTAaHY B MpOIECi
cyabdaruzanii 3MiHEHOro uIbMeHITy 3a Temneparyp Buuie 190°C  nounHae
3HIWKYyBaTucs. Hanpukian, npu nposeneHH1 mpoiiecy 3a temmnepatypu 200°C uepes 180
XBWIMH cyib(aru3aiii BTpaTH TUTaHy HaOmmwxkawTbes 10 60%, Mo MOsSICHEHO
YTBOPEHHSIM HEPO3UYMHHOT B KUCJIOTaX MOJIiMepHOT (hopMHu colieli TUTaHy.

ExcnepuMeHTanpbHO  JOBEJEHO, IO TMpOIEC BWIYTOBYBaHHS  TIOBHHEH
PO3TISAATUCS SK JABOCTAAINHMIA: TOYATKOBI JUISHKA KIHETHYHUX KPUBHX IO MOMEHTY
YTBOPCHHS TUIABY HAWKpallUM YHWHOM OIMCYIOTHCS PIBHIHHSAM MOJENI «CTHUCKHOI
chepu» 3 JTIMITYIOUOIO CTAJIEI0 XIMIYHOT peakIlii, a miciis yTBOPEHHS IJIaBY 3MIHIOETHCS
PEXHUM MPOLECY 1 KHHETUYHI KPUBI OMUCYIOTHCS PIBHSHHSAM OZHOBUMIPHOT qudy3ii.

Brnepire, 1y1s 3MiHEHOTO UIBMEHITY OYyJ10 TIOKa3aHO, 110 BUKOPUCTAHHS PO3UMHIB
Cynb(}aTHOI KHUCIOTH 3 KOHIIEHTpali€r moHan 85 mac.% mnpu3BOAUTH N0 PI3KOTO
3HIDKEHHS KOHCTAHTH UIBHUIKOCTI TpoIecy Cyiab(haTHOKUCIOTHOIO BHIIYTOBYBaHHS
TUTaHy. BUCTIOBIEHO NMpUITYIIIEHHS, 110 B AKOCT1 YaCTHHOK, 10 Oe3MmocepeIHb0 OepyTh
y4acTh y XIMIYHOMY PO3UYMHEHHI 1IBMEHITY B PO3YHMHAX CYIb()ATHOI KUCIOTH, CIIiJI
posrnsanatu He monekynu H,SOy, a 1i rinpatu H,SO4 nH, O, siki Ha moBepxH1 MiHEpaiB
YTBOPIOIOTh AaKTHBOBaHI KOMILJIEKCH 1HINOI OYyOBH, HDK MOJICKYJH HETiIpaTOBaHOi
cynbdaTHoi KucaoTH. JloCHiPKeHHS pO3YMHIB CcyiabdaTHOI KucioTn mMertogamu SIMP
MOKa3aJiv, M0 XIMIYHUH 3CYB MPOTOHIB CyIb(PATHOT KUCIOTH JIHIAHO 30LIBIIYETHCS 31
3pOCTaHHIM KOHIICHTpaIlii po3unHiB ax 10 85 mac.%. [Ipu 1ipomy, HamiBIIUPUHA MIKiB
IIBUJIKO 30UTBITY€EThCS MPH HAOIMKEHHI KOHIIGHTpaIlii KUciIoTu a0 85 mac.%, a moTim
TaKOX PI13KO 3MEHIITYEThCS.

BcraHoBneHo, MO0 3acTOCYyBaHHS IUIa3MOXIMIYHO AaKTHBOBAaHOI Cynb(}aTHOI
KHCIIOTH Ha cTajii cynbdaruszamii UIBMEHITY € HEIOIUIbHUM, OCKUIbKH, 3aMiCTh
iHTeHCUIKaIii Tpomecy BHIYTOBYBaHHS AaKTUBOBaHA KHUCJIOTA IHIIIIOE TIPOIIEC

yTBOpEHHS Hepo3uuHHOTO Ti0; pyTHibHOI MOAU(IKAILL.



JlocnipkeHHsT TepMoArHaMiuHoi piBHOBaru B cuctemax Ti0,—SO3;—H,0 1 TiOy—
NaF-SO;—H,O mnoxkazanu, 1mo pyTWsI MOXKE CIIOHTAHHO PO3YMHATHCS B O€3BOAHIN
H,SO, 1 B 11 BogHux po3unHax 3 yrBopeHHsM coneil Ti(SOy4), 1 TiIOSO,. Pazom 3 Tum,
€KCIIEPUMEHTAIBHO JOBEACHO €(PEeKT 3aralibMOBAHOCTI TAKUX PEaKIii yepe3 KIHETUYHI
TPYJIHOIIl, $SKi TOSICHSIOTBCA OCOOJMBOCTSIMU BiactuBocTed karioHiB Ti(IV) 1
KPUCTAIIYHOI CTPYKTYpU pyTHIy. BHUCIOBIEHO MpUNyIIEHHS, 1110 PO3pUB 3B’s3KiB Ti—
O-Ti 6e3 nomarkoBUX Jedopmaiiii KpUCTaTIYHOI IPATKM € OUIbII BUTILAHUM MpPHU
BUKOPHUCTaHHI MEHIIIHUX 3a PO3MIPOM aHIOHIB, B SKOCTI KOTPUX MOKHA PO3IISIAATH
¢Topua-ionn. TepMoauHaMIYHUN aHani3 CyJIbPaTHO-(PTOPUAHOTO BUIYTOBYBAaHHS
TUTaHy MIATBEPJUB JI0JaTKOBE 3HIDKCHHS eHeprii ['106ca peakiiii po3UMHEHHS PYTHIY
CyJb(})aTHOO KUCIOTOIO B MPUCYTHOCTI (GTOPUJI-10HIB.

Brnepiie 0ysn0 mOCHIIKEHO BIUIUB MPUPOAU (PTOPYIOUOrO peareHTy Ha MpoIlec
BUJIYrOBYBaHHs. BcTaHOBJIEHO, 1[0 IJJaBUKOBA KHUCJIOTAa 1 ii COJi B PI3HIA Mipi
IHTEeHCU(IKYIOTh MpOIleC BUIYroByBaHHA: edexTuBHicTh mpouecy 3 NaF y nekinbka
pasiB OubIa, Hixk pu BukoprctanHi CaF, abo mi1aBUKOBOi KUCIOTH.

JocnimpkeHHs 3 BU3HaUEHHsI oNTUMalIbHOTO criBBinHomeHHs: T1i:F mokazanu, 1o
HAWOUIBIIMN CTYIMiHb BHWJIYYEHHS TUTAaHY CIOCTEPIra€ThCs B EKCIEPUMEHTaX 3
peakifiiiHoro cymimto 3 moipHUM Moayiem Ti:F = 1:2. [loka3aHo, 1m0 MmocTynose
(npo6oBe) nmomaBanHs NaF y peakiiiHy cymim € OuTbll €(EKTUBHHM 1 J03BOJSE B
yMOBaX MOJEJIBHOT'O €KCIIEPUMEHTY IMIJBUIIYBATH CTYIIHb BUIYyUYEHHS TUTAHY 3 PYTUITY
Ha 15% mipu KO>)KHOMY JI0/1aBaHH1 HaBaXXKHU (ropuny, 3a ymosu Ti:F = 1:2.

Bceranosneno, mo e(QeKTUBHICTh BWJIYYEHHS THUTaHY CyJIb(paTHO-OTOPUIHUM
crrocoO0M 3aKOHOMIPHO 3pOCTa€ 3 MIABHINCHHSIM KOHIICHTpAIlii KUCIOTH B Jiarma3oHi
30-85%. BunyroByBaHHs, 3 BHUKOPUCTAHHAM OUIBII KOHIIEHTPOBAaHUX PO3YHHIB
KHUCJIOTM MEHII IHTEHCUBHE, IO J00pe TMOSCHIOEThCS TOCTYIOBUM 3HIKEHHSIM
KOHIIEHTpalli KUCIOTH. TakoX BCTAaHOBIEHO, IO ONTUMAIBHOIO TEMIEPATYPOIO
nociimpkyBadoro mporecy € 100°C, ocKUIbKM 3 MIIBUIICHHSIM TEMIEPaTypu CTYIMIHb
BUJTYTOBYBAaHHS THTAHY PI3KO 3HIKYETHCS, IO TOSICHIOEThCS BUMapoByBanHsM HF Ta

MPU3YIUHEHHSM IPOLIECY PO3UYMHEHHS PYTHITY.



3anponoHOBaHO MOAM(IKOBaHE PIBHAHHS MOJEI «CTUCKHOT Chepu», SIKE ONUCYE
reTepOreHHU XIMIYHHMA TMpoLeC 3a YydYacTI0O TPhOX PpEareHTiB: OJHOTO TBEPAOTO
(pyTrity) Ta ABOX y piaMHHIN (a3i (cynabdaTrHOi kucaotu ta propua-ioHis). IlokazaHo,
10 MIBUAKICTh MPOLECY 3aJIEKUTh SIK BiJ KOHLEHTpaLli Cyab(aTHOI KUCIOTH, TaK 1 Bij
KOHIIEHTpaIlii GTOpUIiB.

Brnepiiie BcTaHOBIIEHO, 110 00aBKU (PTOPUAY HATPiHO IHTEHCU(DIKYIOTh PEAKIIII0
MDK CYJIb()aTHOIO KHUCIOTOI 1 PYyTHJIOM 32 JOIMOMOTIOI0 3HUKEHHSI €Heprii akTUBalii 3
62,5 no 45,0 xIx/mMonb. ToMy, KHCIOTHE PO3KJIAJJaHHS PYTUITY B MPUCYTHOCTI I00ABOK
¢Topuny HaTpil0 3ampPONOHOBAHO  PO3IIIAJATH SK  TOMOT€HHO-TETEPOTCHHHIA
KaTaJITUYHUI Tpoliec, B SKOMY (PTOPUA-IOHHM BUKOHYIOTH pOJib 01()yHKI10HATBHOTO
KarajizaTopa.

BcTaHoBieHl TEXHOJOTIYHO IOIUIBHI YMOBHU TIpoliecy CyibhaTHO-()TOPUIHOTO
crioco0y BWJIYTOBYBaHHSI TUTAHOBMICHOI CHPOBHHH: MOJIbHE cmiBBigHOMmEHHS Ti:F =
1:2, C(H,SO,) = 85 mac.%, remneparypa 100°C.

[Tpu mocnimkeHH1 ctanii «0uToi» GUIbTpaIlii 1 BIIMUBKHU T1IPaTOBAHOTO JTIOKCHUIY
tutany (I'/IT) Bim cTOpoHHIX 10HIB OYyJIO BCTaHOBJICHO, IO 10HU (GTOPY crerudiuHO
aacopOytotbest Ha moBepxHi ['JIT. [loBeaeHo, 1110 BUKOPUCTAHHS YIbTPa3BYKY Ha CTaJii
BimmuBKkH ocajiB ['IT inTencudikye mporec aecop6uii propuma-ioniB 3 mosepxui I'JIT
B 2-4 pasu. OTpuMaHa MaTeMaTH4YHA MOJENb MPOLECYy BHUAANEHHS (TOPUI-I0HIB Ha
cramii BigmuBku [JIT, ska BU3HAYae ONTHUMaIbHI YMOBH IPOIECY BIJIMHUBKH Bij
JIOMIIIIOK €JIEKTPOJIITIB: Yac KOHTAaKTy mpoMuBHOI pinuaH 3 ocagoMm I'IT — 40 xB, pH =
8,0+0,3.

B nuceprariiinii poOOTI TaKOX PO3TIASHYTI MUTaHHS PO3POOKM TEXHOJIOT1YHOT
CXeMH Ta OI[IHKM BUTpPAT Ha MEPEpoOKy 3MIHEHOTO UIbMEHITY. 3 METOI 3MEHIICHHS
BUTpAT (PTOPYIOUOTrO areHTy Ha peakiiio 3 ¢epyMOM B 1JIbMEHITOBOMY KOHIIEHTpPATi
3apOTIOHOBAHO PO3AUIATH CTail0 BHJIYTOBYBaHHS Ha 2 eTanmu: MNepmui —
Cynb()aTHOKHCIOTHE BWJIYTOBYBAaHHS UIBMEHITOBOTO KOHIIGHTPATy 3 BHIIAJICHHSIM
Gepymy 3 peakiiiiHOro cepefoBuIIa 1 APyruil — cynb(paTHO-PTOPUAHE BUITYTOBYBAaHHS

PYTUIBMICHHX IUTaMIB (3TUIIIOK UTBMEHITY, 10 HE PO3UYMHUBCS Ha TOMIEPEAHIN cTaii).



TakuM yMHOM, B pOOOTI TEOPETUYHO 1 EKCIIEPUMEHTAIBHO OOIPYHTOBAHO OCHOBHI
3aKOHOMIPHOCTI MpOoIieCy Cyib(aTHOKUCIOTHOTO BUJIYTOBYBAHHSI TUTaHY 13 3MIHEHHX
UIbMEHITOBUX KOHIEHTPATIB MaluIlIeBChKOr0 pOJAOBHILA, PO3IJIIHYTI OCHOBHI CIIOCOOH
Horo (i3uuHOi Ta XiMI4HOT iIHTEHCU]IKAI[lT, BCTAHOBJICHI TEXHOJIOTTYHO JOILILHI YMOBH
MPOIIeCy iX CYIb()ATHOKUCIOTHOTO PO3KIIAJaHHSl Y BUPOOHUIITBI MIrMEHTHOTO JI0KCUIY

TUTaHY.

Kniouosi cnosa: 1n1bMEHIT TUJI, CyJab(aTHa KHUCIOTa, BWJIYTOBYBaHHS
> 2 b 2
cynbdatHo-GpTopunHuid crnocid, i1HTeHcudikalis TMpoUecy, AakKTUBALls MPOIECY,

01pyHKIIOHATBHUI KaTadi3aTop, €HEeprisi aKkTUBallii, MaTeMaTUYHa MOJIEIb.



ABSTRACT

Dubenko A.V. Intensification of the leaching process of ilmenite concentrates of
Malyshevske deposit in the production of the titanium dioxide pigment. — Qualifying
scientific work, the manuscript.

Thesis for a PhD degree in specialty 161 Chemical Technology and Engineering
(16 Chemical and bioengineering). — State Higher Education Institution "Ukrainian
State University of Chemical Technology", Dnipro, 2020.

Pigment titanium dioxide is one of the most common products of inorganic
synthesis, which is used in the paper, paint, pharmaceutical, cosmetic, food industries,
etc.

In Ukraine, pigment titanium dioxide is produced by the sulfate acid leaching
method, and the most common raw material for the production of pigment TiO, is
ilmenite concentrates. Ukraine has large reserves of ilmenite, consisting of 40 explored
placer and primary deposits, and mining and enrichment have occurred currently in 16
of which. The main reserves of ilmenite are presented in the form of ore of Malyshevske
and Irshanske deposits. The ilmenite concentrates obtained from these deposits differ in
its mineralogical composition and, accordingly, in its chemical properties. For example,
processing of ilmenite concentrates of the Malyshevske deposit by sulfate acid leaching
method, even when using the "hardest" conditions of sulfatization (200°C, 96 wt.%
sulfuric acid), does not allow to process the source ore material completely (a titanium
leaching degree does not exceed 50-60%). This result, in turn, leads to relatively low the
using degree of raw materials, accumulation of industrial sludge and reduced overall
production efficiency.

The main reason for the low degree of ilmenite processing from the Malyshevske
deposit is considered to be the high degree of its alteration. As is known, ilmenites can
be divided into two categories according to the degree of alteration: ilmenite with a
molar ratio of FeO/Fe,05;>1 and altered ilmenite with a molar ratio of FeO/Fe,O5<1.
The enrichment of ilmenite with titanium is occurred due to the iron(II) oxidation and

its removal with prolonged weathering of the ore. Such a process is called



leukoxenization, and it leads to an increase in TiO, content up to 60-65 wt.% and
above). The change in the chemical composition of ilmenites makes them less suitable
for the sulfuric acid method of titanium dioxide production and, therefore, such ores are
used in mixtures with ordinary ilmenite in the manufacture.

An analysis of the scientific and technical literature has shown that the reasons
which determine the ilmenite solubility in sulfuric acid have remained controversial in
recent decades, and studies devoted to altered ilmenites are presented in a relatively
small number in the literature. As usual, the efficiency of the leaching process of
titanium-bearing raw materials is determined by many factors: the reactivity of mineral
raw materials, its dispersion, the conditions of the leaching process (temperature, acid
concentration), etc. Unfortunately, it is impossible to determine the optimal conditions
to improve the efficiency of the leaching process of ilmenite concentrates based on
literature data, because all researches were performed in different conditions and using
different raw materials.

Obviously, identifying the causes of low reactivity of altered ilmenite, as well as
identifying the possible ways to intensify the process of its chemical decomposition are
actual tasks. The solution to these tasks will lead to increase the using degree of raw
materials, reduce production costs, and industrial waste (due to sludge processing).

The dissertation is devoted to the theoretical and experimental substantiation of
regularities of the sulfuric acid leaching process of titanium from ilmenite concentrates
from Malyshevske deposit and the founding of technologically expedient conditions of
process intensification of its chemical decomposition in the production of pigment
titanium dioxide.

To achieve this aim it is necessary to solve the following tasks: to research the
kinetics of the sulfatization process of altered ilmenite and the possibility of its
intensification by physical methods, specifically, due to mechanical, thermal and
ultrasonic activation; to research the influence of chemical factors on the kinetics of the
sulfatization process of altered ilmenite, namely: concentration of sulfuric acid
solutions, plasma-chemical activation of sulfuric acid solutions, adding of activator-

reactant into the reaction mixture; to carrying on thermodynamic analysis of chemical



transformations in the systems TiO,—SO3;-H,O and TiO,—-NaF-SOs;-H,O and to
determine the thermodynamic probability of reactions that take place during the
leaching of ilmenite ores; to determine technologically feasible conditions of the
processing of altered ilmenite by sulfate-fluoride method, to develop a basic
technological scheme and to evaluate the economic feasibility of processing of altered
ilmenite concentrates by the proposed method.

As 1s known, intensification methods of chemical-technological processes can be
divided into physical and chemical. The kinetics of the sulfatization process of altered
ilmenite and the possibility of its intensification by such physical methods as
mechanical, thermal and ultrasonic activation are studied. The concentration of sulfuric
acid solutions, its plasma-chemical activation and the adding of the activator-reactant
into the reaction mixtures were considered as chemical factors influencing the kinetics
of the sulfatization process.

It was first experimentally proven that the mechanical activation of ilmenite ore
leads to two effects: the rate of its chemical dissolution in sulfuric acid increases, and
the degree of ore using decreases at the same time, because of the proportion increasing
of insoluble rutile in sludge. It is experimentally proved that the phase composition of
ilmenite concentrate changes qualitatively and quantitatively in the grinding process.
The content of ilmenite and pseudorutile decreases, respectively, to 3.1 and 63.1%, the
rutile content increases to 28.7%, phase of pseudobrukite appeared in the amount of
5.1% after grinding for 2 hours.

For the first time, it was found that ultrasound, in contrast to conventional beliefs,
does not intensify, but, on the contrary, reduces the leaching degree of titanium, due to
its effect on the polymerization rate of titanium hydroxocomplexes. A similar effect was
found in the research of the effect of temperature on the efficiency of titanium leaching.
It is shown that the efficiency of titanium leaching in the sulfatization process of altered
ilmenite at temperatures above 190°C begins to decrease. For example, the titanium
losses approach 60%, when carrying out the process at a temperature of 200°C after 180
minutes of sulfatization. This is explained by the formation of acid-insoluble polymeric

form of titanium salts.



It is experimentally proved that the leaching should be considered as a two-stage
process: the initial sections of kinetic curves are best described by the equation of the
"contracting sphere" model with the limiting stage of the chemical reaction and the
process mode changes after the formation of the melt, and the kinetic curves are
described by the equation of one-dimensional diffusion.

For the first time, it was shown for the altered ilmenite that the use of sulfuric
acid solutions with a concentration of more than 85 wt.% leads to a sharp decrease in
the rate constant of the process of the sulfuric acid leaching of titanium. It was
suggested that such a reagent in sulfuric acid solutions should be considered not only
for H,SO4 molecules, but its hydrates H,SO,-nH,O, which form activated complexes
with a different structure on the surface of the dissolved minerals when compared with
the sulfuric acid molecules. Studies of sulfuric acid solutions by NMR methods were
shown that the chemical shift of protons of sulfuric acid increases linearly with
increasing concentration of solutions up to 85 wt.%. In this case, the half-width of the
peaks increases rapidly when the acid concentration approaches 85 wt.%, and then it
also decreases sharply.

It was found that the use of plasma-chemically activated sulfuric acid at the stage
of ilmenite sulfatization is inappropriate because activated acid initiates the formation of
insoluble TiO; (rutile modification) instead of intensifying the leaching process.

Studies of thermodynamic equilibrium in the TiO,—SO;—H,0 and TiO,—NaF-
SO3;-H,0 systems showed that rutile can spontaneously dissolve in anhydrous H2S0O4
and its aqueous solutions with forming Ti(SO,4), and TiOSO, salts. However, at the
same time, the experimentally proven inhibition effect of such reactions forces are
explained by the features of Ti(IV) cation properties and the rutile crystal structure. The
breaking of Ti—O—Ti bonds without additional strains in the crystal lattice is suggested
to be more beneficial using smaller anions, specifically fluoride ions. The
thermodynamic analysis of sulfate-fluoride leaching of titanium confirmed an additional
decrease in the Gibbs energy of the dissolution reaction of rutile in sulfuric acid in the

presence of fluoride ions.



The influence of the nature of the fluorinating reagent on the leaching process
was studied for the first time. It was found that hydrofluoric acid and its salts intensify
the leaching process in varying degrees: the process efficiency at NaF presence is
several times higher than when using CaF, or hydrofluoric acid.

The determination of the optimal ratio of Ti: F showed that the highest leaching
degree of titanium is observed in experiments with the reaction mixture with a molar
modulus of Ti: F = 1:2. It is shown that the gradual (fractional) NaF addition to the
reaction mixture i1s more efficient and allows to increase the leaching degree of titanium
from rutile by 15% at each addition of a fluoride sample provided Ti: F = 1: 2 in the
model experiments.

It is found that the efficiency of titanium extraction by the sulfate-fluoride method
regularly increases with an increasing acid concentration in the range of 30-85%.
Leaching, using more concentrated acid solutions is less intense, which is well
explained by the gradual decrease in acid concentration. It was also found that the
optimum temperature of the studied process is 100°C. When temperature increase the
leaching degree of titanium is sharply decreased. This is explained by the evaporation of
HF and the suspension of the dissolution of rutile.

A modified equation of the "contracting sphere" model is proposed. It describes a
heterogeneous chemical process involving three reagents: one solid (rutile) and two in
the liquid phase (sulfuric acid and fluoride ions). It is shown that the rate of the process
depends on both the concentration of sulfuric acid and the concentration of fluorides.

It was first found that sodium fluoride additives intensify the reaction between
sulfuric acid and rutile by reducing the activation energy from 62.5 to 45.0 kJ/mol.
Therefore, the acid decomposition of rutile at the presence of NaF additives is proposed
to be considered as a homogeneous-heterogeneous catalytic process, where fluoride ions
act as a bifunctional catalyst.

Technologically expedient conditions of the process of the sulfate-fluoride
method of titanium-bearing raw materials leaching are found: molar ratio Ti:F = 1:2,

C(H,SO,) = 85 wt.%, the temperature is 100°C.



In the study of the «white» filtration stage and washing of hydrated titanium
dioxide (HTD) from impurity ions, it was found that fluoride ions are specifically
adsorbed on the surface of HTD. It is proved that the use of ultrasound intensifies the
process of desorption of fluoride ions from the surface of HTD in 2-4 times at the stage
of the washing of the precipitates of HTD. A mathematical model of the fluoride ion
removal process at the stage of HTD washing is obtained. This model determines the
optimal conditions of the washing process from electrolyte impurities: contact time of
the washing liquid with HTD precipitate — 40 min, pH = 8.0 + 0.3.

The dissertation also considers the issues of developing a technological scheme
and estimates of the cost of processing altered ilmenite. In order to reduce the cost of
fluorinating agent for the reaction with iron in ilmenite concentrate, it is proposed to
divide the stage of leaching into 2 steps: the first one is sulfate acid leaching of ilmenite
concentrate with the iron removal from the reaction medium and the second one is
sulfate-fluoride leaching of rutile-containing sludge (non-dissolved ilmenite from the
previous stage).

Thus, the basic regularities of the sulfuric acid leaching process of titanium from
altered ilmenite concentrates from Malyshevske deposit were substantiated theoretically
and experimentally, the main methods of its physical and chemical intensification were
considered. Also, it was found the technologically expedient conditions of processing of
ilmenite concentrates with sulfate acid in the production of titanium dioxide pigment

were found.

Key words: ilmenite, rutile, sulfuric acid, leaching, sulfate-fluoride method,
process intensification, process activation, bifunctional catalyst, activation energy,

mathematical model.
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