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B Hacrosmiee BpeMsA B IPOMBIIIIEH-
HOCT) CYLIECTBYIOT JiB€ OCHOBHBIE CXEMBI
nepepabOTKM TUTAHCOMEPXKAIUX KOHI[eH-
TPATOB: CEPHOKNCIOTHAs M XIOpHas, OC-
HOBHBIM CBIpbeM IJIi KOTOPBIX SBIIAIOTCA
PYTWI, WIBMEHUT ¥ TUTaHOMAarHetut [1].
OpHako CTPYKTypa OTEYeCTBEHHOTO TH-
TAHCOIEP)KAIIIETO CBIPbsI OTINYAETCS OOTTb-
IOV JOJIENl HeTPAAULIIOHHBIX ICTOYHKOB,
SB/IASIC  OJHOBPEMEHHO U TUTAHCOJEp-
KAIVIM, YCTyIas IO COREPXKaHMIO TUTaHA
TPaAUIIVIOHHBIM BUJIJaM TUTAHOBOTO CHIPbS
- WIbMEHUTOBOMY VM PYTHJIOBOMY — U pefi-
KOMeTaJUIbHBIM, YTO TpeOyeT cO3AaHys HO-
BBIX TEXHIYECKUX pereHnit [2].

B mocnennee Bpems Bce 6ornbliiee BHU-
MaHJe TPUBJ/IEKAIOT CIOCOOBI TepepaboT-
K/ MMHEPAJIbHOTO CBIPbs TuApoaudTo-
pugHbIMU MeTofaMu. OCOOEHHO BBITOJJHO
VICTIOJIb30BATh TAKON MOJXOJ B Ipolieccax
nepepaboOTKM MOTMMETATINYECKOTO ChI-
Pbs, IIOCKOJIbKY OH II03BOJIAET PacIIMpUTh
aCCOPTUMEHT M [IyOMHY VM3BJICYEHNA I[eH-
HBIX KOMITOHEHTOB [3, 4]. [Tpu B3anmopeit-
creum ¢ NH,HF, xucnopopcogepxammue
COeNIIHEeHNsI TIePeXONHbIX ¥ MHOTUX He-
IIePEXOIHbBIX 3JIEMEHTOB 00pasyloT O4YeHb
yROOHbIe 151 ITepepab 0Tk GTOPO- MM OK-
codTopoMeTanaTel aMMOHMSI, KOTOPbIe B
CUITYy CBOMX (PM3MKO-XVMIYECKNX CBOJICTB
obecneyrBalOT PaCTBOPUMOCTb IIPOJYK-
TOB ¥ BO3MOXXHOCTb pasfielieHusi cMeceil
nyTeM BO3roHKU [5]. CregyeT OTMeTUTS,
9TO 1py (HTOPUPOBAHUYU MUHEPATBHOTO
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coippsi NH,HF, o6pasyioTcsa ManopacTBo-
pyMble QTOPUABI HEKOTOPBIX 3JIEMEHTOB
(KaspIVA, MAarHMs, pefKO3eMeNbHBIX dIe-
MeHTOB). B To e BpeMms, Kak ObIIO ITOKa-
3aHO HaMM paHee [6], MalOpacTBOPUMBIE
¢bTOpUABI MOTYT OBITh IlepeBefieHbl B Horiee
pacTBOpMMBIE COEAMHEHUA — CynbdaThl —
TBepAo(da3HbIM B3aVMOJIEICTBUEM C CY/Ib-
¢dbaToM aMMOHUSL.

B maHHOM fOK/ITajze mpefcTaB/IeHbl pe-
3y/lIbTaThl JVICC/IEHOBAHMUA BO3MOXXHOCTH
MCTIONIb30BaHMs cMecu ruppopndTopusa u
cynbdara aMMOHVA IS BCKPBITUA TUTAH-
COJiepyKallero ChIPbsl C M3B/IeYEHNEM BCeX
II0/IE3HBIX KOMIIOHEHTOB 3 MIHEPaIbHO-
rO CBIPbS U BBIJIETIEHVEM UX B BUJIE TOBap-
HBIX IPOAYKTOB. B kauecTBe 00beKTOB Iyt
UICCTIeiOBaHMsl ObUIM BBIOPAHBI M/IBMEHM-
TOBBI/i KOHIIEHTPAT ApPMaJHEHCKOTO pOC-
coimHOro Mectopoxxjenns (IIpumopckmit
Kpail) ¥ IepOBCKUTOBBIIL, JOIAPUTOBBIIL
u cheHOBBINI KOHIIeHTpaThl J/IoBO3epcKoro
MeCTOpPOXKZieHNs (AaTuThI).

TepmorpaBuMeTpudeckoe MCCIENOBA-
Hue cmecu NH,HF, n (NH,),SO, (puc. 1)
II0Ka3aJI0, YTO HarpeBaHMe COIPOBOXK/IAeT-
€S TEPMUYECKUM PaA3JIOKEHNEM B TEMIIEpPa-
TypHOM MHTepBane 125-430°C ¥ MOIHBIM
IIepeXoJi0M IPOAYKTOB B Fa30BYI0 (asy.

PenrtrenodasoBblit aHanmns ¢as, Bbie-
JIEHHBIX IIpM Pa3/IMYHBIX TeMIleparypax,
II0Ka3ajl, YTO IIePBbI 3HAOTEPMUYECKUN
adexT Ha HpUBENEHHON TepMOrpaMme



otHocutcsa K masrenvio NHHF, (t,, =
126.2°C). Ilpu panmpHeiilieM HarpeBaHWUN
cMecy HaboaeTcs yObUIb MacChl, KOTOpast
B TeMIlepaTypHOM uHTepBane 126-200°C
00yC/IOB/IeHa He3HAYNTE/TbHBIM VCITapEeHN-
em NH,HF,, sarem Bbie 200°C npotrexa-
et pasnoxxenue (NH,),SO, c Boienenuem
aMMMaKa 11 006pa3oBaHMeM TUAPOCyIbdara
ammonnusa NH,HSO,. ITponykr, BbieneH-
HbIi 11py 220°C, 110 JaHHBIM peHTreHoda-
30BOTO aHA/IN3a IPeACTaBIIAT COO0I CMech
NH,HF,, NH,HSO, n (NH,),SO,. B tem-
neparypHoM nHTepBaje 220-280°C Habro-
faeTcs JiBa SHAOTepMMYecKMX 3¢dekra,
KOTOpBbIe HAKJIAfIbIBAIOTCA APYT HAa ApyTa:
xuneane NH,HF, (t,, = 238°C), compo-
BOXJlawleecsa pasnoxenueM Ha NH; n
HF, u nnaBnenne NH,HSO, (t,, = 251°C).
JanbHeiillee IOBBbILIEHNME TeMIEPATYpPhI
COIIPOBOX/IAETCS ABYMA 9HAOTEPMUYECKH-
MU 3¢ deKTaMy, IPOTEKAOIMMY C MAKCH-
MajibHOM cKopocTbio npu 330 u 425°C un
00YCIIOB/IEHHBIMY CTYIIEHYATBIM Pa3jioxe-
H1eM ruppocynbdaTa ammonusa NH,HSO,
Ha CepHBIN aHTUIPUT, aMMMAK U BOJY.

TaxuM o6pasom, TepMOrpaBuMeTpuye-
ckuit ananmns3 cmecu NH,HF, u (NH,),SO,
MO3BOJIAET IIpeAIoNararb, 4To IpM Ha-
TPEBAHMM TUTAHCOMEPIKAILETO CBIPbS CO
CMEChI0 3TUX JIBYX peareHTOB B MHTEpBa-
ne Temreparyp mo 200°C OymeT MCIIONb-
3oBaHa cnocobHocts NH,HF, paspymare
KPUCTA/UINYECKYIO PELIETKY MUHEPANIOB C
¢dTOpUpOBaHNEM OCHOBHBIX KOMIIOHEHTOB
MIHEPATbHOTO CBIPbs, a B TEMIIEPATyPHOM
uHrepsane 300-450°C MOXHO OXMJATh
IIpOTeKaHMe IPOLeCCOB KOHBepcum obpa-
30BaBHINXCA GTOPUJIOB B CYIbQATHI.

Insa usydeHns BO3MOXKHOCTY VICIIOJIb-
30BaHMs CMeCH TMAPOAUGTOPUIA U CYlb-
¢daTa aMMOHMA /IS BCKPBITHSA TUTAHCOfEP-
KaIIlero ChIpbsi 00pasiibl MUHEPAIBHOTO
CBIpbA CMELIMBANIN C BCKPBIBAIOUIVM pe-
areHTOM B Pa3/IMYHBIX COOTHOIIEHMAX U

B CTEK/JIOYIJIEPOAHBIX TUIJIAX IOMeEIAIn
B MY(QeIbHYI0 IeYyb-KOHTPOUIEp (UPMBI
Nabertherm GmbH (Tepmanust), ocHaien-
HYIO 97IEKTPOHHBIM PETYIATOPOM C nppo-
BBIM JIMCIIEEM, HarpeBaiu /0 3aJJaHHO
TeMIIEpaTypbl ¥ BBbIIEP>KMBAIN IIPYU 9TON
TeMIlepaType B TedeHue 4-6 4. [lnga mpo-
BefleHMsI cOopa ¥ aHa/mu3a NPOAYKTOB B
ra3oBoii (haze B3aMMOJEIICTBME OCYILECT-
B/ISUIU B HUKE/IEBOM KOHTelHepe ¢ GTopo-
IIJITACTOBBIM KOHZeHCaTopoM. HukeneBblii
KOHTEJHep IIOMEIA/I B PEAKTOp C I/eK-
TPOOOOTPEBOM, TeMIIEPATypPy 3IMeKTpOIe-
Yy 3a7jaBajiv C ITOMOIIbI0 BBICOKOTOYHOT'O
perynaropa Temmneparypbl BPT-2. Hase-
cku cocrtapsmu 30-50 1.

VccnepoBaHue T1OKasano, 4YTO IIpU
HarpeBaHuUM oOpPa3IOB WIbMEHUTOBOTO,
IepOBCKUTOBOIO, JIOIAPUTOBOIO U cde-
HOBOTO KOHI[EHTPATOB CO CMECBIO TUIPO-
nudropuzpa m cyabdara aMMOHUA IpH
Temneparypax fo 200°C mporekaer ¢ro-
pUpOBaHIe BXOAAIINX B COCTaB MIHEPAJIb-
HOTO CBIPbsI KOMIIOHEHTOB € 00pa3oBaHueM
COIVIACHO IaHHBIM PEHTIeHO(a30BOro aHa-
NM3a MPOCTHIX ¥ KOMIIEKCHBIX (PTOPUOB
cocraBoB: (NH,),TiF,, CaF,, (NH,);FeF,
(NH,),SiF,. BsanmoneiicTBue Ha 3TOII CTa-
MY MOXKET OBITh IIPEJICTABIEHO CIIEAYIO-
IMIMU CXeMaMIU:

FeTiO, + 6 NH,HF, — (NH,),FeF, +

+(NH,),TiFs + NH;T + 3 H,OT; (1)

CaTiO; + 3,5 NH,HF, — CaF, +

+(NH,),TiF, + 1,5 NH,1 + 3 H,0T;  (2)

(Na,Ce,Ca)(Ti,Nb)O; + 9 NH,HF, —
— (NH,),TiF, + (NH,);NbOF, +

+NaCeF, + CaF, + 4 NH,T + 2 H,0OT;  (3)
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PucyHok 1 — Tepmorpamma cmecu NH4HF, m
(NH4)2S04
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CaTiSiOs + 7 NH,HF, — CaF, +
+(NH,),TiFe+(NH,),SiF+

+NH;[+5 H,OT; (4)
Fe,O; + 6 NH,HF, —
— 2 (NH,);FeF, + 3 H,0T; (5)
SiO, + 3 NH,HF, —
— (NH,),SiFs + NH;T+ 2 H,07. (6)

[lanpHeliliee MOBBILIEHVE TeMIEpary-
PbI COIIPOBOXKIACTCA PA3JIOKEHMEM CYJlb-
¢dara ammonnmsa (NH,),SO, ¢ obpasoBanu-
eM kucoro cynbgara NH,HSO,, kotopsrit
BCTYIIAeT B PEAKIMIO B3aVMOZIENCTBUA C
obpasoBaBIIMMICA pTOpUAAMU C HOTyYe-
HYEM COITIACHO JAHHBIX PeHTreHO]as3oBo-
ro aHa/M3a paCTBOPUMBIX B BOJie JIBOITHBIX
cynbdaroB cocraBoB: (NH,),TiO(SO,),,
(NH,),Ca(S0,),,  (NH,),Cay(SO,); m
NH,Fe(SO,),. BsaumopeiictBue Ha 3TOIi
CTaMU MOXKET OBITH IIPELCTABIIEHO CIIeNy-
IOLIVIMM CXeMaMII:

(NH,),TiF, + 2 (NH,),SO, + H,0—
—(NH,),TiO(SO,), + 4 NH,;T+6 HF]. (7)
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(NH,);FeF, + 2 (NH,),S0, —

— NH,Fe(SO,), + 6 NH, + 6 HF];  (8)

+2 NH,T + 2 HFT. 9)

Texcadpropocumukar aMMOHUS
(NH,),SiF¢ He BcTymaeT B peakijuio B3au-
mopericteus c NH,HSO,, a nepexogut Bra-
30ByI0 (hasy un cyommmupyet (T =319°C).
Kpome ToOTO, ClefyeT OTMETUTD, 4TO IIPU
3TUX TeMIIepaTypax B ra3oBylo a3y mepe-
xopat NH; n HE Boipendarommecs cormacHo
IPUBEJEHHBIM BBIlE ypPaBHEHVAM, CyOmm-
MaT KOTOPBIX MOXKeT ObITh COOpaH B BuIe
$TOpPNIOB aMMOHMA U B JJa/IbHEIIIeM VIC-

IO/Tb30BaH B 060poTe.

O6pa6orannbie cmecpto NH,HF, u
(NH,),SO, npu temneparype 360°C wuc-
clefyeMble KOHIIEHTPAThl IIPECTABIIAIOT
c060J1 OTHOPOIHBIN CBHIITYYNIT IPORYKT Ce-
POBATOro, a B C/Ty4ae MIbMEHUTOBOIO KOH-
IIEHTpaTa CYPEHeBATOro I[BeTa M IO JaH-
HBIM PeHTTeHO(]a30BOro aHa/IM3a COTEpKaT
CMeChb PaCTBOPUMBIX B BOJie ABOJHBIX CY/Ib-
¢aros: (NH,),Ca(SO,),, (NH,),TiO(SO,),,
NH,Fe(SO,), n (NH,),Fe,(SO,);.
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PucyHok 2 — Tepmorpamma cmecm CaF,
NH4CeF4 n (NH4)2504

40+
50

T ¥ T ¥ T v T ¥ T b T 5 T

——
100

Beito msydyeHo pacnpepenenue u ¢op-
MBI HaXOXX/IeH)s TPUCYTCTBYIOIUX B MMI-
HepaIbHOM cbIpbe P33 mpu TakoM criocobe
BCKpBITHA. PaHee HaMM OBIIO YCTaHOB/IEHO
[7], 9TO B YCIIOBUAX BCKPBITUA IUAPOANG-
TOPMIOM aMMOHMI IEPOBCKITOBOTO U JIO-
IIAPUTOBOTO KOHIIEHTPATOB, COMEPIKAIUX
B BUJIe TIPUMeCH pefiKo3eMe/lIbHble 3JIe-
MeHTBI, ¢propupoBaHye P39 mpotekaer ¢
ob6pa3oBaHMeM KOMIUIEKCHBIX (pTopaMmo-
HUEBBIX coreit obitero coctasa NH,LnF,,
KOTOpbIe He PACTBOPUMBI B BOJIE VI ITPY BOJI -
HOM BbIII[e/Ta4VBAHNM TIOTHOCTBIO OCTAIOT-
Cs B BUJIe KOMIIEKCHBIX TOPaMMOHMEBBIX
cosell B HEpaCTBOPMMOM OCTAaTKe BMeCTe C
CaF,. TepmorpaBumeTpuyecKkoe MCCIefo-
BaHIE B3aMMOJIEVICTBUA 3TOTO HEpPacTBO-
pMMOro ocTaTka C Cynb¢paToM aMMOHVA
IIPUBEIEHO Ha puC. 2.

V13 npuBefenHoii TepMOrpaMMBbl BUHO,
YTO IPY HAarpeBaHUM MCCIIENYEMON CMecu
IIpY IOCTIYDKeHUN Temneparypbl 260°C Ha-
4HaeTCsl yObIIb Macchl 00pasiia, KoTopas
npojospKaeTcs fio Temneparypsl 500°C. B
JAHHOM TEMIIEPAaTYPHOM MHTEpBaje Ha-
OmofaeTcA Tpu Mpoljecca, MPOTEKAOIIe C
nornolenueM rera: npu 260-350, 350-390
1 400-500°C ¢ MaKCMMaJIbHOM CKOPOCTBIO

T
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npu 335, 365 n 470°C, npu 3TOM JBa Iep-
BBIX IIPOIlecca YaCTMYHO HAKIAJbIBAIOTCA
IpyT Ha fpyra. beuto ycraHOBIeHO, YTO,
KaK U B paHee PacCMOTPEHHBIX CIydYasx,
Ha4asIo yOBbUIM MAaCChI CBSI3aHO C BBIE/ICHN -
eM B ra3oByI0 a3y aMMuaka B pe3yabraTe
Tepmudeckoro pasnoxxenusa (NH,),SO, n
ob6pazoBaHMsA TI'MApPOCyIbdaTa aMMOHNA
NH,HSO,. IIpogykTbl B3amMopeicTBus,
HOJTy4eHHbIe IpM TeMIepaTypax 1o 320°C,
II0 JIaHHBIM PEeHTreHo(a3oBOTO aHaIM3a
comepxxanmu CaF,, MCXOEHBII KOMILIEKC-
HbI1 propup P39 u cymbdarbl aMMOHNA
B Buze (NH,);H(SO,) wm (NH,),SO, n
NH,HSO,. ITpu fanpHesieM MOBbILIEHNN
TeMIIepaTypbl 00pa3soBaBLINMIICA TULPO-
cynbdar aMMOHMA BCTYIIAeT B PeaKINIo C
IPUCYTCTBYIOIMMY B IIVXTe (propuaaMu
¢ oOpa3oBaHueM J[IBOHBIX CyIb(}aTOB, U
IPOAYKT, BBIIE/ICHHDbINI IIPY TeMIIepaTy-
pe 390°C, 1o jaHHBIM peHTreHo]a30BOro
aHa/MM3a INpeAcTaB/IAN coboil cMech pac-
TBOPMMBIX B BOJie JIBOVHBIX CyIb(aToB
ammoHusa u kanpiua (NH,),Ca(SO,), n
ammonusa n P39 (NH,);Ce(SO,);. Takum
006pa3oM, B TeMIlepaTypHOM WHTepBaje
340-385°C nporekaeT KOHBepcusA Gpropusa
Ca n xoM1IeKcHBIX propupos P33 B gBoII-
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Hble cynbdatel. BaanmopeitcTeue mia P39
Ha 3TOI CTafMM MOXeT OBbITh IpefCcTaBIe-
HO C/IEAYIOIIMM ypaBHEHMEM:

NH,CeF, + 3 (NH,),SO, —
—(NH,);Ce(SO,); + 4 NH,T + 4 HFT. (10)

[loBplIeHNEe  TeMIepaTypbl  BBIIIE
390°C compoBOXKIaeTcsl BbIfeneHneM Oe-
JIOTO IBIMA, MMEIOIETO KIICTYI0 PeaKINIo,
IPOAYKT IpuobperaeTr O6ojee CBETIBI OT-
TEHOK. B aTux ycnousax Bo ¢propomacro-
BOM KOHJIeHCaTope CyOIMMupoBal Ipo-
LYKT 6e/1oro 1BeTa, KOTOPBIN 110 JAHHBIM
peHTreHo(a3oBOro aHamusa IpefCTaB-
man coboit (NH),SO,. Taxum obpasom,
(NH,),SO,, BBImendoommiics mpyu pasmio-
YKEeHIN [BONHBIX CyIb(aToB KO MPOCTHIX,
IpM 3TUX TeMIlepaTypax pasjaraeTrcs Ha
CepHBINl aHTUAPUJ, AMMIAK U1 BOAY, KOTO-
pble IepexXofiAT B rasoByw ¢asy u 3areMm
CyOMUMMPYIOT B XOTOZHOM KOHJEHCATOpe
caoBa B Buje (NH,),SO,. [TponykT B peak-
LJIOHHOJ 30HE, BBIIEJICHHDINl IIPU TEMIIE-
parype 490°C, npepcTapiseT coboil cMech
IPOCTBIX CYIb(ATOB 1EeMEHTOB, IPUCYT-
CTBYIOIIVX B MCCIEAyeMOM oOpasiie.

BogHoe BbllIenaunMBaHMe IPOAYKTA
00pabOTKM THUTAHCOfEP)KAIUX KOHIIEH-
tparoB cMecbio NH,HF, u (NH,),SO, npn
temneparypax 340-360°C conpoBoXpaeT-
Cs IPaKTUYeCKY TTOJTHBIM IIepeX0fIoM IIpo-
IyKTa B pacTBOp. BbImapeHHbIN JO CyXMx
cornelt GUIBTPAT IO JaHHBIM peHTreHoda-
30BOTO aHa/IM3a IPEACTaBIAT CO00IT B 3a-
BUCYMOCTI OT TeMIIepaTypbl NPOBeNeHNA
mporiecca BCKPBITUA cMech (a3 JBOIHBIX
CynbdaToB aMMOHVS ¥ KOMIOHEHTOB M-
HEpaJIbHOTO CHIPbS WIN WX CYIbaToB U
NH,HSO,. Ilony4enHble pacTBOpPbI MMEIOT
Kucnytwo peaknuio ¢ pH=1-2, npu Heb60/1b-
moM HarpeBaHun (o 50-60°C) pacTBOp
MYTHeeT 1 00pa3yeTcsi MeITKOIVCIIePCHBIN
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0cajiok 6eoro 1[BeTa, KOTOPHIN IO [aH-
HBIM peHTreH0(a30BOro aHaaM3a Ipef-
crasnser coboit TiO, B ¢dopme aHaTasa.
ITO CBS3aHO C TeM, YTO B ITUX YCTIOBUSIX
IpOTEKAET MPOIECC TUAPONN3A COMU TH-
tana (NH,),TiO(SO,), ¢ obpasoBanuem
mmokcuma Tturta”a [8]. 9ToT cmocob mo-
3BOJIsIET IMTOJTHOCTHIO BBIIETUTh TUTAH U3
pacTBOpa BBII[E/IAYMBAHNUSA, A IIOYYeH-
HBII (UIBTpPAaT MO [aHHBIM pEHTTEHO-
dasoBoro aHammsa IpeACTaBIsieT COOOI
cmecs ¢pas - NH,HSO, u NH,Fe(SO,),
wm  (NH,),Ca,(SO,); ¢ mnpumecsio
(NH,);Ln(SO,). ns ussneyenus P33 us
pPacTBOPOB IIMPOKO WCIIONB3YIOTCS Me-
TOJBI CTYIIEHYaTON HeiTpammsauyn. [Ipu
OCX/IEHN TUAPOKCUIOB TAHTAHOU/IOB U3
pacTtBopoB 3HaueHue pH Havama ocaxpe-
Hus ruapokcuznoB P39 konebnetcs ot 6.95
(Y) mo 7.82 (La). C gpyroit CTOPOHBI, 3Ha-
yeHne pH Havama ocaXXIeHUs TUAPOKCHIA
Ca coctaBnser 10-11.

BbiBOoAbI

[IpoBeneHHOE VICCNIEOBaHME IOKa3a-
1o, yto cMmech ruapopudropuma NH,HF,
u cynbgara ammonus (NH,),SO, mMoxHO
paccMaTpyuBaTh KaK HOBBIVI PeareHT It
BCKPBITUA TUTAHCOEP)KAIIETO MIHEepaslb-
HOTO CBIpbs, OOecleuyBamoIUil YIpolie-
Hue crocoba mepepaboTKM TaHHOTO BUAA
CBIPBS C BBIJIe/IeH/IeM KOMIIOHEHTOB ChIPbsI
B BIJe KOMMEpPYeCKM BOCTpPeOOBaHHBIX
COEIVHEeHMII, @ peareHThl, ¢ IOMOIIBIO KO-
TOPBIX IIPOM3BOAAT XVMUYECKWIT TIepefier,
pereHepypoBaTh U BO3BpALIaTh B IIPOU3-
BOJICTBO.

BckpbITie MMHEpaJbHOTO ChIpbs CMe-
cero NH,HF, u (NH,),SO, nporekaer B
JIBe CTafuy: B MHTepBaje TeMIeparyp
no 200°C wucronp3yeTcss CIIOCOOHOCTD
NH,HF, paspymarb KpUCTaIIM4YeCKYIO
pelIeTKy MUHEpasIoB, C IIPOTeKaHVeM IIPO-



IIeccoB (I)TOPI/IPOBaHI/IH OCHOBHBIX KOMIIO- IPOUCXOAUT KOHBEpPCUA O6paSOBaBHII/IXCH
HEHTOB MIHEPAJIbHOTO ChIPpbA I o6pasoBa- (bTOpI/I}IOB B paCTBOpUMbIE CYJII)(I)aTbI.
HMEM ITPOCTHIX M1 KOMIIJIEKCHBIX (I)TOPI/II[OB,

a B TeMIiepaTypHoM uHTepBasne 300-380°C
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Currently, there are two main
technologies for processing of titanium-
containing concentrates in industry:
sulfuric acid and chlorine, the main raw
materials for which are rutile, ilmenite,
and titanomagnetite [1]. However, the
structure of domestic titanium-containing
raw materials is distinguished by a large
proportion of non-traditional sources,
being simultaneously titanium-containing,
inferior in titanium content to traditional
types of titanium raw materials - ilmenite
and rutile - and rare-metal raw materials,
which requires the creation of new technical
solutions [2].

Recently, more and more attention
has been drawn towards methods that use
ammonium hydrodifluoride as the reagent
for processing mineral raw materials. It is
especially beneficial to use this approach
in the processing of polymetallic raw
materials, since it allows expanding the
range and depth of extraction of valuable
components [3, 4]. When interacting with
NH,HF,, oxygen-containing compounds
of transitional and many non-transitional
elements form ammonium fluoro- or
oxofluorometallates, ~which are very
convenient for processing, which, due to
their physicochemical properties, ensure
the solubility of products and the possibility
of separating mixtures by sublimation
[5]. It should be noted that during the
fluorination of mineral raw materials with
NH,HF,, sparingly soluble fluorides of
some elements (calcium, magnesium, rare
earth elements) can be formed. At the same
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time, as we have shown earlier [6], poorly
soluble fluorides can be converted into
more soluble compounds, sulfates, by solid-
phase interaction with ammonium sulfate.

This report presents the results of a
study of the possibility of using a mixture
of ammonium hydrodifluoride and
ammonium sulfate for processing titanium-
containing raw materials with the extraction
of all useful components from mineral raw
materials and their isolation in the form of
marketable products. The objects chosen
for the study were ilmenite concentrate
(Ariadnenskoye alluvial deposit,
Primorsky Krai), perovskite, loparite
and sphene concentrates ((Lovozerskoye
deposit, Apatity). The main mineralogical
composition of the studied concentrates
was represented by the corresponding
titanium minerals, hematite and quartz.

The thermogravimetric study of a
mixture of NH,HF, and (NH,),SO, (Fig. 1)
showed that heating is accompanied by
thermal decomposition in the temperature
range of 125-430°C and complete transition
of the products into the gas phase.

X-ray phase analysis of the phases
isolated at different temperatures showed
that the first endothermic effect in the given
thermogramrefers to the meltingof NH,HF,
(tmex = 126.2°C). When the mixture is
heated further, a loss of weight is observed,
which in the temperature range of 126-
200°C is due to insignificant evaporation
of NH,HF,. Above 200°C decomposition
of (NH,),SO, occurs with the release of
ammonia and the formation of ammonium



hydrosulfate (NH,HSO,). The product
isolated at 220°C was a mixture of NH,HF,,
NH,HSO,, and (NH,),SO, according to
X-ray phase analysis. In the temperature
range of 220-280°C, two endothermic
effects are observed that overlap each
other: boiling of NH,HF, (t,.,; = 238°C),
accompanied by decomposition into NH;
and HE and melting of NH,HSO, (t,,.; =
251°C). A further increase in temperature
is accompanied by two endothermic
effects, which occur at a maximum rate at
330 and 425°C and are due to the gradual
decomposition of ammonium hydrosulfate
(NH,HSO,) into sulfuric anhydride,
ammonia and water.

Thus, the thermogravimetric analysis
of a mixture of NH,HF, and (NH,),SO,
suggests that when titanium-containing
raw materials are heated with a mixture
of these two reagents, in the temperature
range up to 200°C, the ability of NH,HF,
to destroy the crystal lattice of minerals
with fluorination of the main components
of mineral raw materials will be used, and
in the temperature range of 300-450°C, we
can expect the processes of conversion of
the resulting fluorides into sulfates.

Mineral raw material samples were
mixed with the processing reagent in
various proportions by weight. The resulting
mixture of concentrate and reagent in glassy
carbon or platinum crucibles was placed ina
muflle furnace-controller from Nabertherm
GmbH (Germany) equipped with an
electronic controller with a digital display. It
was heated to a predetermined temperature
and was held at that temperature for 4-6 h.
To collect and analyze the products in the
gas phase, the interaction was carried out
in a nickel container with a fluoroplastic
capacitor. The nickel container was placed
in an electrically heated reactor, where
temperature was adjusted using a VRT-2

high-precision temperature regulator. The
weighed portions were 30-50 g.

TThe study showed that when samples
of ilmenite, perovskite, loparite and sphene
concentrates with a mixture of ammonium
hydrodifluoride and ammonium sulfate
are heated at temperatures up to 200 °C,
fluorination of the components of the
mineral raw material proceeds with the
formation, according to the data of X-ray
phase analysis, of simple and complex
fluorides of the compositions: (NH,),TiF,,
CaF,, (NH,),FeF, (NH,),SiF.. The
interaction at this stage can be represented
by the following schemes:

FeTiO, + 6 NH,HF, — (NH,),FeF, +

+(NH,),TiFs + NH;T + 3 H,OT; (1)
CaTiO; + 3,5 NH,HF, — CaF, +
+(NH,),TiF, + 1,5 NH,T + 3H,01;  (2)
(Na,Ce,Ca)(Ti,Nb)O; + 9 NH,HF, —

— (NH,),TiF, + (NH,);NbOF, +
+NaCeF, + CaF, + 4 NH,T + 2 H,0OT;  (3)
CaTiSiOs + 7 NH,HF, — CaF, +

+(NH,),TiF¢+(NH,),SiF+
+NH;1+5 H,Of; (4)
Fe,O, + 6 NH,HF, —
— 2 (NH,),FeF, + 3H,07;  (5)
$iO, + 3 NH,HF, —
— (NH,),SiF, + NH; ]+ 2 H,O1. (6)

A further increase in temperature is
accompanied by the decomposition of
ammonium sulfate (NH,),SO, with the
formation of ammonium hydrosulfate
(NH,HSO,), which reacts with the resulting
fluorides to obtain, according to X-ray phase
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analysis data, water-soluble double sulfates
of the compositions: (NH,),TiO(SO,),,
(NH,),Ca(SO,),, (NH,),Ca,(SO,); and
NH,Fe(SO,),. The interaction at this
stage can be represented by the following
schemes:

(NH,),TiF, + 2 (NH,),50, + H,0—
—(NH,),TiO(S0,), + 4 NH,1+6 HF]. (7)

(NH,);FeF, + 2 (NH,),S0, —

— NH,Fe(SO,), + 6 NH,1 + 6 HF];  (8)

CaF, + 2 (NH,),S0, — (NH,),Ca(SO,),+

+2 NH,T + 2 HFT. 9)
Ammonium hexafluorosilicate
(NH,),SiF,  does not react with

NH,HSO,, but goes into the gas phase
(T,b=319 °C). It should also be noted that
at these temperatures NH; and HF pass
into the gaseous phase and are released
according to the above equations. The
sublimate of these gases can be collected in
the form of ammonium fluorides and then
reused in the cycle.
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The concentrates treated with a
mixture of NH,HF, and (NH,),SO, at a
temperature of 360°C are homogeneous
products with a grayish color, and in the
case of ilmenite concentrate the product
is lilac colored, and contain a mixture of
water-soluble double sulfates according to
X-ray diffraction analysis: (NH,),Ca(SO,),,
(NH,),TiO(SO,),,  NH,Fe(SO,), and
(NH,),Fe,(SO,);.

The distribution and types of REE
compounds, which are present as
impurities in perovskite and loparite
mineral raw materials, were studied.
Earlier we have established [7] that under
conditions of processing of perovskite and
loparite concentrates with ammonium
hydrodifluoride, the fluorination of REE,
contained as an impurity, proceeds with the
formation of complex fluoroammonium
salts of the general composition NH,LnF,,
which are insoluble in water and, upon
aqueous leaching, completely remain
in the insoluble residue together with
CaF, in the form of complex salts. The
thermogravimetric study of the interaction
of this insoluble residue with ammonium
sulfate is shown in Figure 2.
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From the given thermogram, it can be
seen that when the mixture under study
is heated, when the temperature reaches
260°C, the weight loss of the sample begins,
which continues up to a temperature of
500°C. In this temperature range, three
processes of heat absorption are observed:
at 260-350, 350-390 and 400-500°C with a
maximum rate at 335, 365 and 470°C; the
first two processes partially overlap. It was
found that, as in the previously considered
cases, the onset of weight loss is associated
with the release of ammonia into the gas
phase as a result of thermal decomposition
of (NH,),SO, and the formation of
ammonium hydrosulfate NH,HSO,. The
reaction products obtained at temperatures
up to 320°C, according to X-ray phase
analysis, contained CaF,, the initial complex
rare-earth  fluoride, and ammonium
sulfates in the form of (NH,);H(SO,), or
(NH,),SO, and NH,HSO,. With a further
increase temperature, the formed
ammonium hydrosulfate reacts with the
fluorides present in the charge to form
double sulfates, and the product isolated at
a temperature of 390°C, according to X-ray

in

' 1
500 550

phase analysis, was a mixture of water-
soluble double ammonium and calcium
sulfate (NH,),Ca(SO,), and ammonium
and REE sulfate (NH,);Ce(SO,);. Thus,
in the temperature range of 340-385°C,
the conversion of CaF, and complex REE
fluorides into double sulfates proceeds.
The interaction for REE at this stage can be
represented by the following equation:

NH,CeF, + 3 (NH,),SO, —
—(NH,);Ce(SO,); + 4 NH,;T + 4 HFT. (10)

An increase in temperature above
390°C is accompanied by the release of
white smoke, which has an acidic reaction,
and the product acquires a lighter shade.
Under these conditions, a white product
sublimated ina sublimator, which, according
to X-ray phase analysis, was (NH,),SO,.
Thus, (NH,),SO,, released during the
decomposition of double sulfates to simple
ones, decomposes at these temperatures
into sulfuric anhydride, ammonia and
water, which pass into the gas phase and
then sublimate in a cold condenser again in
the form of (NH,),SO,. The product in the
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reaction zone, isolated at a temperature of
490°C, was a mixture of only simple sulfates
of the elements present in the test sample.

Water leaching of titanium concentrate
treatment product by NH,HF, and
(NH,),SO, mixture at 340-360°C is
accompanied by almost complete product
transfer into the solution. The filtrate
evaporated to dry salts according to
X-ray phase analysis is, depending on the
temperature of the decomposition process,
mainly a mixture of phases of double
ammonium sulfates and components of
mineral raw materials or their simple sulfates
and NH,HSO,. The solutions obtained
have an acidic reaction with pH=1-2, and
become turbid when heated slightly (up to
50-60°C). A white precipitate is formed
which, according to X-ray diffraction
analysis, is TiO, in the anatase form. This is
due to the fact that, under these conditions,
the process of hydrolysis of the titanium
salt (NH,),TiO(SO,), proceeds with the
formation of titanium dioxide [8]. This
method makes it possible to completely
isolate titanium from the leaching
solution. According to X-ray diffraction
analysis, the resulting filtrate is a mixture
of phases NH,HSO, and NH,Fe(SO,), or
(NH,),Ca,(SO,); with an admixture of
(NH,);Ln(SO,);. Stepwise neutralization
methods are widely used to extract REE
from solutions. During the precipitation
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of lanthanide hydroxides from solutions,
the pH of the onset of precipitation of REE
hydroxides ranges from 6.95 (Y) to 7.82
(La). On the other hand, the Ca hydroxide
precipitation start pH is 10-11.

Conclusion

The study showed that a mixture of
ammonium hydrodifluoride (NH,HF,)
and ammonium sulfate ((NH,),SO,) can be
considered as a new reagent for processing
titanium-containing mineral raw materials
which simplifies the method of processing
this type of raw material with the isolation
of raw material components in the form
of commercially demanded compounds,
and the reagents that are used to produce
chemical processing, are regenerated and
then reused in the cycle.

The decomposition of mineral raw
materials with a mixture of NH,HF, and
(NH,),SO, proceeds in two stages: in the
temperature range up to 200°C, the ability
of NH,HF, to destroy the crystal lattice
of minerals is used, with the processes of
fluorination of the main components of
mineral raw materials and the formation
of simple and complex fluorides, and in
the temperature range of 300-380°C, the
interaction of the resulting fluorides with
(NH,),SO, leads to the conversion of
fluorides into soluble sulfates.
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