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ABSTRACT

The present paper substantiates the necessity oélaeng a new technology for processing titaniwmntaining
concentrates. It describes a thermodynamic studphefprocess of rutile concentrate fluorination édlgmental fluorine
using “ASTRA” software. The study has shown thamfla thermodynamic point of view, the process tabnmitations.
The article contains the description of the kind&atures of the process and their mathematicatg@ssing. It has been
established that the process is limited by diffusiactors supply of a fluorinating reagent to the&rface of a solid
material. The article contains a brief overview intlustrial technologies for producing titanium posve. The study
substantiates the necessity of developing a fundtaihe new fluoride technology for producing titam powders from
low-temperature fluoride melts. The authors descidbmethod for the preparation of fluoride meltsigshe process of
hydro fluorination of lithium and sodium fluoridesth anhydrous hydrogen fluoride obtained during ttecomposition of
potassium hydrogen fluoride. The article descrities processes occurring during the electrolyticdarction of titanium
powders from fluoride melts using titanium tetraofide as a reagent. Since the potential of titamiextraction is much
less than similar values of fluoride eutectic pditarof fluoride salts, the process of titaniumrextion proceeds with high
efficiency. The paper describes the design of arkiory unit for carrying out the electrolysis pess and the sequence of
operations for obtaining cathode deposit. The depace of the effect of the cathode conductanchetitanium yield is
investigated and the optimal conditions for elelytsis are selected. The paper presents the expetaheesults of
electrolytic production of titanium and it showsatithe cathode efficiency is not less than 93%. Teebnologies are
proposed for washing off the impurities from anitam-containing cathode deposit washing off in atore of inorganic
acids and anhydrous HF; the advantages of HF waslire shown; the content of impurities in the titan powder
obtained by washing in anhydrous HF is slightly éowthan in the case of the “acidic” washing. This due to the
dissolution of these impurities in anhydrous HFidgrwashing. In the industrial implementation oé tivashing of the
cathode deposit in anhydrous HF, this reagent isycéed in the scheme, which ensures the envirorahenfety of

production and low cost of the obtained titaniumvgder.
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INTRODUCTION

Titanium, which has a number of valuable propersiesh as high durability (due to the density of thetal), excellent
chemical resistance to many corrosive environmantshigh heat resistance, has currently occupiedetiding positions
in application in various fields of modern sciera®l technology. For the industrial production &drtium, sulfuric acid

and chloride Kroll processes are used [1]. Theusiglfacid process pollutes the environment, andptioeluced titanium
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dioxide is expensive. Every year, hundreds of thads of tons of toxic calcium sulphate are disobdrinto the
environment. The chloride process is more envirantally friendly. However, during its applicationregtt amounts of
gaseous, liquid and solid toxic chloride wastes farened, and the total extraction of titanium irgarified titanium
chloride does not exceed 89% by weight. With theldv@roduction of titanium dioxide pigment of 2,7%8ousand
tons/year, 1,467 thousand tons/year or 4,890 tagssl harmful chloride solid wastes are formed [2-At present, the
growing demand for titanium and the high cost sfatoduction have led to the need to replace theated Kroll process

with more efficient technologies.
Over the past 10 years, a number of technologies haen proposed for the production of titanium gens:
» Preform Reduction process (PRP) process (UK), baséghthermal reduction of preformedjg];

e Fray-Farthing-Chen (FFC) process (Cambridge procdsseloped in 2000, in which electrolysis is @atrout in
molten calcium chloride using a preformed TiO2 odth and a graphite anode [6]. It is expected that t

industrial production of titanium using this methetl be three times cheaper than the Kroll process

* MER-process (Materials Electrochemical Researcip@uation, DARPA, UK) [7]. To carry it out, the stiag
TiO,-containing raw material is mixed with graphite-taining material and a binder or carbon, whichlga
used as a binder for sintering powders. By contmplithe carbothermic reduction process, the follavi
substances are obtained: Andersson-Magnelli comgwouii,0,,.1), anosovit (TiOs), titanium sesquioxide
(Ti,0O3), monoxide (TiO) and titanium carbide (TIiC), aslwas mixtures containing a small amount of free
carbon. In addition, it is possible to synthesimeeptitanium oxycarbide (JOC). The process is carried out in an
inert gas environment or in vacuum at 1200-2100[8]C The obtained semi-finished product is used tfoe
manufacture of a composite anode in the procesmaethl titanium synthesis. Several methods have been
developed for the synthesis of titanium from calneomally reduced raw materials. If the oxide beieduced
does not contain residual carbon as an impuritgait be used as a cathode material. The cathoidieety,
determined according to Faraday's law, is ratherifahe reducible oxide is used as a cathodehéngrocess,
oxygen is released at the cathode. If alkali oalalle earth metals are deposited on the cathod&hwaiso
contains a reducible oxide, cathode efficiency riesméow. The diffusion of the metal-reducing ageséd as the
cathode of titanium oxide in the process of redurctlso occurs at a limited rate. When using a asite anode,
it is possible to conduct electrolysis of titanifrom melts containing titanium ions €M) or electrolysis of

titanium cations (1), which are released when the composite anodiesslded.

* Ono & Suzuki(OS)-process [9, 10], developed at theversity of Kyoto (Japan), is the result of conibg
electrolysis and calcium-thermal reduction of atamix of oxides consisting of T¥kONb,Os, TaOs, and ZrQto produce
Ti-29Nb-23Ta-4,6Zr alloy ("TNTZ"alloy). CaO by-pradt is dissolved in the CaCimelt near the cathode. It
decomposes to metallic calcium antl.his anion is removed from the melt in the fofh€® and CQ@ gases formed

at the anode. Ca released at the cathode alsdvdssothe CaGlmelt and reduces the oxides in the melt [11].

» These processes are based solely on the use gh¥i®feedstock. They do not provide informatiorirenpurity

of titanium dioxide and methods of its obtaining.
All the described methods have a number of disadgas, the main of which are:

» The need for leaching of titanium powder from thigioal perform,
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« Difficulties in converting calcium into vapors andntrolling the content of calcium vapor,
» A sharp decrease in cathode efficiency at the émigeogprocess,

» Contamination of the electrolyte with carbon dughe dissolution of the binder during the decomipasiof the

cathode,
» The need to replace anodes due to their decompuositiring electrolysis with the release of COM@&s mixture.

* The development and creation of a more advancedpesmising fluoride technology for processing titan
concentrates can reduce the harmful effects oeth@onment. One of the most common titanium cotreges,
rutile, has the following composition (% wt.) [12IO, — 93.2; SiQ — 1.8; FeO — 1.5; K®; — 1.2; AbO3; — 1.0;
MnO — 0.6; CaO — 0.4; MgO — 0.2,05 - 0.1.

EXPERIMENTAL RESULTS

One of the main processes of the proposed techp@afe fluorination of rutile concentrate. Thatfigres of fluorination
of titanium dioxide and compounds, included in twmposition of rutile concentrate, by elementabflne (F) are
described below [13]:

TiO, + 2R, — TiF, + Oy; 1)
SiO, + 2K — SiF + Oy 2)
MgO + R, — MgF, + 0.5Q; ®3)
MnO + F, — MnF, + 0.5Q; 4)
Al,0; + 3R, — 2AIF3| + 1.5G; (5)
FeO + 1,5F — FeR| + 0.5Q; (6)
Fe0s; + 3R — 2Fek + 1.5Q; (1)
CaO + B — Cah| + 0.5Q; (8)
V,0s + 5F = 2VFRst + 2.5Q. )

As a result of fluorination, a gas phase contairfiifgy, SiF,, VFs, a solid product — Fef AlF;, MnF,, Cak,

MgF,, and unreacted oxides are formed.

The equilibrium composition of the isolated thermoamic system was studied using the ASTRA
thermodynamic calculation software package [14]esehstudies were carried out for a rutile concenthaving the
following composition,% wt.: 48.43 Ti£)0.92 FeO; 1.03 Si© 0.56 ALO;; 0.15 CpOs; 0.12 CaO; 0.06 MOs, which is
51.27% of the initial mixture. The rest is the ambwhich is stoichiometrically necessary for fluation of fluorine and

the excess of this amount.

Research at the said temperature range may raghi iemergence of the following reaction produds:Cahs,
TiF4S TiOZS SiF4, CrFe, TiF4, SlOZFz, A":gg V2059 Fek, Fek, A|F3, V4010, B, F, FZO, FO, FeFs, Alee, TiFg, Feb,
Fe0s. Due to the large number of components formedhigsystem, the analysis did not take into acctumsubstances

whose concentration in the temperature range ustdely was less than 0.0001 mol/kg, which does ro¢ed 0.01% of
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the concentration of the main products laRd Q.

Figure 1 shows the dependence of the change im#éss concentration of TjFC,% wt) in the reaction products
on the temperaturd ( K) of the fluorination process.
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Figure 1: Dependence of Tif Content on Temperature for
Various Ratios of Reagents.

1) F, stoichiometry; 2) a 10% excess of B) a 50% excess oLH4) a 10% deficit of f; 5) a 50% deficit of i

Table 1 shows the equilibrium composition of thedarcts of the fluorination process of rutile coricate with a
10% excess of fluorine.

Table 1 The content of the products of the fluaiora% wt. (in the casewhen the content of thaahihaterials
is 48.43% by weight of Tig) 53.63% k, the rest being impurities) P = 0.1 MPa. 10% exadgluorine of stoichiometry*

Table 1
T,K T|F4(s} T|F4(g) V205 (5) F2 (g)
200| 72 0 |5.34107% 4.4
400| 72 |4.591075.34107 4.4
600/ O 71,6 |5.34.07° 4.4
800| O 71,6 |5.32107 4.3
1000 O 71,6 |5.2907 3.7

"The content of @), Cakys, SiFyg, AlFssand Fekg in the reaction products practically does not geaim the
considered temperature range and is 20, 1.3 17, 8.8 10" and 1.38% wt. respectively.

To study the characteristics of the fluorinationTa®, (the main component of the rutile concentrate) ek
studies were performed on an experimental laboratoit, which is schematically shown in Figure 2.
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Figure 2: Scheme of the Experimental Unit for Fluomation of TiO ,, the Main
Component of Rutile Concentrate.
1 - fluorination reactor; 2 - brass tube; 3 - intilue coil; 4 - recording device; 5 - electromagoetoil; 6 - Mo or
W spring; 7 - measuring device; 8 - molybdenumabred - a cup of nickel foil; 10, 11 - temperatuegulation and
recording system; 12, 13 - gas flow control systé: fluorine and argon supply unit; 15,16 - flinerand argon electric

heaters; 17 - volatile fluorides condensation ult- gas treatment line; 19 - reactor electriadres.

The main element of this unit is a vertical fluation reactor 1. To start the process of fluoromatireactor 1 is
heated by electric heater19. Brass tube 2 is sadidier reactor lid1, inside of which there is meamgyelement— annealed
molybdenum or tungsten spring 6, one end of whicfixed to the plug, the other is connected tostezl plunger of
induction coil 3 of recording device 4. A nickellfoup 9 is attached to the lower end of the plurgfecoil 3 with the help
of molybdenum thread. In front of reactor 1, thirdluorine and argon supplying unit 14. Sensorab@ system 11 are
used to control and record the temperature. Flaoand nitrogen gas flow rates are measured bymygsi® and 13.
Heaters 15 and 16 are used for heating the irgagkous reagents. Condensation unit 17 is locatdue autlet of the

reactor. The gases produced in the process arfgeduriom fluoride-containing impurities on line 18

To reduce the effect of heat, released during ¢laetion, on the isothermal conditions of the predasthe unit
scheme provides for the dilution of fluorine withragen. The resulting gas mixture is preheated @wil located on the
outer surface of the reactor. The use of a massetal reactor and the above-described method fulging the reaction
gas mixture has made it possible to ensure a mmitemperature gradient between the sample containeidkel foil 9

and the reaction gas mixture.

To study the kinetics of TiO2 fluorination with edental fluorine, powders with a particle size digttion from

2-10%0 2-10° m and a specific surface area of 3%gnvere used.

Studies were performed using Bi€amples weighing 280 mg and a sample layer thako&up to 4 mm in the
temperature range of 300-550 °C. During the flution process at controlled temperature and paptiabsure of
fluorine, the sample mass was continuously recor&gbrination was carried out with fluorine of comarcial purity,

which had been previously purified from HF by sapton pelletized NaF at 370-380 K.

Studies of the process of obtaining high-purityartium powder by electrolytic decomposition of titan
tetrafluoride or potassium hexafluorotitanate {hg) were carried out in a melt of a low-melting etieof fluoride salts

of alkali metals [15]. For this, triple eutecticka mixture of fluoride salts LiF-KF-NaF (FLiNaK)eve studied and, for
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use in practice, it is recommended to use the gatet0.5 M LiF - 0.39 M KF - 0.11 M NaF havingraelting point of
472°C and higher conductivity compared to eutecticshdbride salts [16]. To obtain FLiNaK, initial reaigts of chemical

degree of purity were used.
When TiR, is absorbed by the fluoride electrolyte melt, filowing reaction proceeds:
TiFag + (LIF-KF-NaF). — Lio(K5,Nap)TiFsy. (10)
The degree of saturation of fluoride melt withriitan tetrafluoride is 3-3.5%.
After saturation of the melt, dissociation processecur in the fluoride electrolyte:
Li (Ko, Nap) TiFg, — 2K*(Li*, Na) + TiFs", (11)
TiFe® = Ti* + 6F (12)
During electrolysis, titanium powder is formed Iz tathode, and elemental fluorine is releaseldeaahode:
at the cathode i+ 4e— Ti|, (13)
at the anode 4F 4e— 2K, (14)
in the electrolyte: 7 K*(Li*,Na"), = K(Li, Na)R..(15)
Studies were performed on an experimental eledtcalyit, the scheme of which is shown in Figure 3.

The titanium tetrafluoride is heated with heatéo 800 °C in the tank 5. In this case, JiFansforms from a solid
to a gaseous state, i.e. it is sublimated. The wiassk 5 is measured with the help of weightenaking a weighing error

of + 5 g. The flow rate of titanium tetrafluorided to the melt is changed by fine adjustment valve

The initial fluoride salts have very high meltingipts: Tm FLiF = 870 °C, Tm KF = 857 °C, Tm NaF €2°C,
therefore potassium hydrofluorides (KF-2HF, KF- IR KF -2HF = 80 °C Tm KF -HF=239 °C) mixed witthlitm and
sodium fluorides are used to obtain fluoride eitetVhen such a mixture of KF-2HF (KF-HF) is heatd# is released
from it, which reacts with NaF to form NaF-3HF (Env0 °C) [17, 18]. LiF is highly soluble in HF, isolubility in the
range of t = —23.0 + 12.2 °C is 9.5 g/l [19, 20hid mixture first transforms into the molten sta@d then, as the
temperature rises to 472 °C, sodium and potassidrofiuorides decompose, and HF is released frarLth-HF melt,

and LiF-KF-NaF fluoride eutectics is formed. Théeesed anhydrous HF is absorbed in absorber 3.
Eutectic of fluoride salts are prepared based eridlowing ratio:
0.5 M LiF — 0.39 M KRnhygrous— 0.11 M NaF
12979 22.659 gKF4.62¢g

30.459 gKF- HFS = 48.05 g

(ﬂ) 100 = 26.99 % wt.(

48.05

30.459
48.05

4.62
48.05

)-100 = 63.39 % wt.( )-100 = 9.62 % wt.

Impact Factor (JCC): 6.7928 NAAS Rating 3.04



Processing of Rutile Concentrates by Fluorination

To the atmosphere

3
To the No+F, 10
atmosphere t
S 1 =50-100 A
T ® Uu=2128B
: Release of H,O ‘é' ‘L
|
|
: (@) 12 ~220B
‘ O
| el —— 4
OO0 O0O0 1

Figure 3: Scheme of Unit for Electrolytic Productian of Titanium Powder.

15

1 - electrolyzer; 2 - muffle; 3 - chemical absori@8% Ca(OH) and 4% NaOH) for the absorption the released

F,; 4 - electric furnace; 5 - tank with TiF6 - fine adjustment valve; 7 - weighter; 8 - lgaif tank with Tik; 9 - cylinder

with inert gas (Ar); 10 - direct current sourcectiféer); 11 - vacuum pump; 12 - thermocouple

The obtained fluoride eutectic is saturated withnium tetrafluoride to a concentration of 7.75%8%6 in terms

of the equivalent amount of Ti. In the processatfigation of fluoride melt at 50TC complex salts are formed:

. 500°C .
KF_ + TiFag——K,TiFg,

. 500°C )
NaF_ + SiFg——NaSiFs,.

Fluorotitanate lithium is not formed, because d 50D on it decomposes.

The electrolyte melt consists of;

LiF_ + KF_ + Nak + (K;TiFg | + NgTiFg ),
7,75 % wt. in terms of TiF

In this melt, dissociation processes occur:
LiF, < Li* +F,

KF < K'+F

NaFR < Na" + F,

KoTiFg < 2K* + TiFs™,
NapTiFg, <> 2Na + TiF,

TiFe o Ti*" + 6F.

WWW.iaset.us
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To saturate the obtained fluoride eutectic by iitantetrafluoride, a metal fitting is inserted thgh the central
nozzle of muffle cap 2 (Fig. 3) down to the bottofra graphite crucible, to supply TiBas. Then this pipe is raised upwards
by 3 cm and a mark is made on it relative to thade of the lid. The glands of the fitting anddi@ then sealed. The supply
pipe of TiF, is tightly connected by a metal tube with abso®and tank 5. The absorber is filled with grana&96% Ca
(OH), and 4% NaOH mixture. The lid of muffle 2 is cooladth water, then the furnace 3 heater is turned Tdre
temperature of muffle 2 is monitored using thermgate 12, gradually increasing it to 500 °C. At nleiffemperature of
2,500-55CC, the eutectic melt is saturated with titaniumatdiiuoride. To do this, in the tank 5 preheate@@6°C, the fine

adjustment valve 6 is opened and the flow of; Tiiffo the melt is adjusted by the weight loss okta.

After the melt is saturated with titanium tetracifide, the fine adjustment valve 5 is closed. Afersening the

gland seal, the metal pipe is replaced by a rodecst.

The electrolyser has the following technical chaeastics: capacity up to 50 g/h for titanium tefhaoride;
muffle volume of 1.35 dfh electrolyte temperature of 450-500; surface area of the anode 0.05872 aathode 0.0118
m?; current density: anode 0.085-0.13 Afceathode 0.42-0.63 A/ém

For electrolysis, a graphite cathode (rod) and aroducible) are supplied with direct current, adue of which
varies between 50-100 A, and the voltage betweé&@ 2~ During the electrolysis process, a precipitarms at the
graphite cathode (titanium powder in the melt obfide salts), and elemental fluorine at the anedéch is removed

from the electrolyser and absorbed in absorber 2.

After electrolysis, the cathode with precipitategpdsit consisting of titanium powder and fluoriddt snelt is
lifted above the electrolyte melt the furnace hedtés turned off. Electrolyser muffle 2 is cooladd in order to remove
fluorine-containing gases, it is blown down with iaert gas (argon) from the cylinder 9. Then theftadid is taken off
and the cathode with ttmathode deposibbtained during the Tifelectrolysis in the melt of the alkali metal flide salt
LiF-KF-NaF (FLiNaK) is removed. The cathode depdsis the following composition, % wt.: Ti - 42.5FL- 28.75; KF -
27.03; NaF - 1.72.

It should be noted that other elements, such aB,3, the residual amounts of N&, K,TiFg, etc., are also
present in the cathode sediment. However, theitecdns incomparably small compared to the conte#nthe main
components; therefore, they cannot have a signifiefect on the purity of the resulting titaniurovider. Also, in the
cathode deposit, there are complex titanium sdltheo MeTiOstype, where Me = Na, K, Li, which are absorbed loa t

resulting product during the course of the elegstisl process.

To obtain a pure titanium powder, it must be padffrom electrolyte impurities of fluoride saltd (NaK) - LiF,
KF, NaF; complex titanium-containing salts (formby the absorption of Ty}, micro impurities introduced by the
original titanium-containing raw materials and fiig® electrolyte salts, as well as by corrosiothef equipment material.
To carry out the washing-off fundamentally new methdslneeded allowing to regenerate the reagent fasadashing-
off and minimize the amount of waste, as well asettuce the cost of titanium powder. Since theargdeposit after the
electrolysis process consists of fluoride electmbalts (FLiNaK) mixed with titanium powder, it@hlid be expected that

the best solvent of these salts is anhydrous HF.

In order to choose the washing-off temperaturés lednsider its effect on the equilibrium concetitna of HF
[21]. In order for the HF vapor pressure to begn#icant, the temperature should be (-40 ° C) hictvthe HF vapor
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pressurefr) does not exceed 50 mm of mercury.

Let's study the effect of the temperature of waghiff by anhydrous HF in the range of (-50 + —-30 8@ the
quality (impurity content) of the resulting titamupowders. In this temperature rangg; does not exceed 75 mm of

mercury. Such conditions are fairly easy to ensgirg sealed equipment and a refrigeration unit.

In the process of washing-off by an hydrous HFhhigrity reagents were used; therefore, contantinatiith
impurities present in the reagents was insignifigtess than 10 ppm). Washing-off the cathode déepath high-purity
HF was carried out in an inert gas (argon) atmosphEhis is necessary in order to ensure that awlwgdHF does not
react with moisture in the air. The washing-off gges was carried out at —20 °C for 120 minutes, KiF, NaF were
dissolved in liquid HF and then the titanium powdes separated from the liquid phase. To removgnifecant amounts

of HF, the titanium powder was purged with an irgr$ (argon).
RESULTS AND DISCUSSIONS

The results presented in Figure 1 make it possbleonclude that all the fluorination processesehae limitations from
the thermodynamic point of view, are irreversibtel proceed with the formation of fluorides of tHereents of rutile

concentrate.

In Figure 1 it shows that a higher content of ,Ti§ provided at a stoichiometric ratio of phaseswéwver,
unreacted Ti@will be present in the system. Therefore, a 10%ees of bmakes the optimal conditions for fluoridation.
Table 1 shows that at temperatures above 400 Kfotimeation of gaseous TjFoegins and its amount dominates with

increasing temperature.

The process of fluorination, which takes place fmn ¢ontact surface of the solid and gaseous phesesists of
the following main stages: 1) transporting the tisacgas to the surface of the solid material;  ghemisorption on the
surface of the solid material; 3) chemical reactibthe sorbed gas with the solid; 4) desorptiogageous TiFfrom the

surface of a solid product; 5) transporting of dbed TiF,.

The rate of interaction of TiQwith fluorine is determined by the slowest of #a@socesses. Processes 1 and 5 are
determined by diffusion factors; for a very thiyda of material, their role is relatively small, @ rate of fluorination is
determined by processes 2, 3 and 4. The speecsé frocesses is determined by temperature; tleel sfegrocess 2

depends both on the size of the surface of the sold on the partial pressure of fluoripg in the system. Thus, the rate
of interaction of TiQ with fluorine is determined by the temperatysg, and the physicochemical characteristics of the

initial product.

It has been established that at 580 K and beloavfltiorination proceeds slowly, probably with tleerhation of
solid oxyfluoride or gaseous TjFThe first compound forms a film on the surfacetit#fnium dioxide particles, which
practically stops the process. At a rather high,rtite reaction proceeds only at 630 K, while & B3the reaction rate

gradually increases, and the volatilization ofrtiten in the form of Tig ends within 12-14 minutes.

The kinetic curves of fluorination of titanium dioe with fluorine have an S-shaped form, charastieriof
heterogeneous “gas-solid” processes [22]. Threasame visible on the kinetic curves: 1 — an inaunctperiod
characterized by low speed and associated withtrdresformation of the initial TiQinto intermediate oxyfluorides.

During this period, the interface is formed, cotisgsof an intermediate compound (titanium oxyfide). Fluorine atoms
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diffuse inside the initial solid reagent, formingatei of intermediate compounds. At stage 2, as nawlei appear, the
velocity increases, reaching a maximum value, amal further course of the kinetic curves is deteadirby the
advancement of the interface. At stage 3, the tamluof the surface area occurs due to the consompf solid reagent,

the rate of transformation decreases [23].

The kinetic curve of fluorination at 580 K is chetexized by a large induction period. The ratel@brination in
the range of 780-830 K increases dramatically duth¢ fact that the reaction goes into combusti@uen It should be
noted that fluoridation proceeds with a significeglease of heat, so it is quite difficult to eresigothermal conditions of

the process.

Mathematical processing of the obtained valueshefititeraction of titanium dioxide with fluorine w@arried

out in three equations: the Gistling equation,"s8feinking" sphere and the Jander equation.

The Gistling equation is used to describe the ldseif the process in the external diffusion area:

1—(1-0) %=k,

wherea is the degree of substance transformatidsa,the rate constartis time.

The equation of the "shrinking" sphere is applethe kinetic field:

1—(1-0) %=k,

and to describe the kinetics of reactions, duritjcty sufficiently dense films are formed, slowingwh the flow
of fluorine to the reaction surface (diffusion gree Janderequation is used:

(1—~(L-e) "=kt

The possibility of using these equations to desctiite fluorination mechanism was determined byutating the
maximum correlation coefficient of th&=f(a,t) dependences for each kinetic equation. Figur& ghow the

corresponding dependences (the temperatures @tidranation process are shown in parentheses).

1-(1-a)*®
L5 6 (830 K)
5 (780 K)
4(730K)
10 b 3(680K)

2 (630K)

1(580K)

0 10 20 30 7, min

Figure 4: 1-(1-a0)?*=f(InT) Dependence for the Gistling Equation.

0
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1_(1_0()1/3
1.5+
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Figure 5: 1-(1-a)**=f(Int) Dependence for the "Shrinking" Sphere Equation.
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Figure 6: (1-(1-a)**)?=f(InT) Dependence for the Jander Equation.

The obtained results are most correctly procesgdtieoGistling equation (the correlation coeffidibeing 0.96-
0.99). This equation is derived from the assumptiat the process rate is determined by the ddfusif the fluorinating
reagent molecules and sublimated fluorination petal(iTiF,;, SiF,, O,, etc.) into the space between the grains. Thisespa

is supposed to be infinite [24].
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Ink

0.001 0.0015 7T, K*

Figure 7: Ink Dependence on Absolute Temperature.

The effect of temperature on the fluorination raftdiO,, calculated by the Gistling equation, is showifrigure
7. To determine the activation energy of the precfSa), this dependence was linearized. A direcpgutional
dependence is observed throughout the whole flaban process, except for the initial and finalgs® The deviation
from the linear dependence at the beginning optieeess can be explained by filling the system wigrt gas (nitrogen),
which is necessary to remove air from the systeuoririg the last stage of the process, it is not,ffiét is fluorinated, but

the resulting intermediate titanium oxyfluoride.
The slope of the straight line in the Arrhenius rclimates is used to determine the value of app&ari24,600
J/mol) and the multiplier by the pre-exponeqt£ 3.063 mif'). The kinetic equation for the fluorination of Ti@:

246001100

(1-(1-a)?)" =3063-¢ = -z

It should be noted that all the patterns descriddmme are valid when using a large excess of flig@oliin practice,
its minimum excess is usually used. During the faffon of intermediate fluorides from TiOthe process rate is quite
high, and fluorine can be used almost completelhed/obtaining Tif from its intermediate fluorides, fluorine is used
almost completely (quantitatively) only when thdidand gas phases are in contact. This processrited out in
countercurrent reagents when fresh fluorine is Begpo the interaction with a partially fluorinate@roduct, and the fresh

TiO, is fluorinated by the released gases.

Under static conditions (or with insufficient migjnntensity) and at high concentrations of fluorinensiderable
overheating of the solid material can occur. Sitheeintermediate titanium oxyfluoride and imputigresent in the rutile
concentrate can be sintered, poor mixing of thédsahd gas phases leads to the melting of the rahtend further
deterioration of the contact conditions of the @sasTherefore, it is more reasonable to carry betgrocess of TiF
formation in gas mist. Under these conditions, tibating of the particle can be neglected, sinceeitgperature is almost

equal to the gas temperature [25, 26].

When conducting Tifelectrolysis, the effect of cathode current denflif) on the current output of titanium

(nt,%) in the cathode product is shown (see Fig\#)en the current density is higher than 0.4 Aldime titanium yield in
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current strength exceeds 90% and practically de¢scinange with an increase in The optimal values of Ti current
output arg,~90-95 %. Table 2 shows the experimental resultd f@lectrolysis in the fluoride electrolyte LiFFKNaF-
TiF,.

During the research, it was established that tlreqsses of surfacing of fluoride eutectic, its iston with
titanium tetra fluoride, and the electrolytic reeoy occur stably in accordance with the regulatfprse-determined)
standards. Due to the ingress of moisture fromathéhrough the gland seals of the electrodes, elsas overheating of
the walls and the retort lid of the electrolyseeda the need to ensure the temperature mode dl¢letrolyte melt, the
formation and penetration of corrosion products ihie electrolyte and the pollution of the obtaitieghium powder were
observed. To eliminate corrosion, the lid and alitp of the electrolyser made of stainless stedllacated above the

electrolyte melt, had previously been covered witayer of electrolytic nickel.

M. %
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o /
/
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/
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Figure 8: Effect of Cathode Current Density (k) on Titanium Current Output
(nt,%).

Table 2: Experimental Results for the Electrolysiof Titanium in Fluoride Electrolyte

Mass of the Initial Processed, g . .

M Electrolyte, g TiF, Ti c TiF, CleEimEe, 7 T %

1 1250 100 38.7 38.1 98.5
2 1875 150 58.1 56.2 96.7
3 1250 100 38.7 38.1 98.5
4 1875 150 58.1 66.2 96.7
5 1625 130 50.3 47.0 93.4
6 1250 100 38.7 38.1 98.5

Electrolysis conditions: electrolyte composition,%t.: LiF(29.98)-KF(52.17)-NaF(10.66)-TiF (7.19);
parameters;,|= 0.09-0.13A/cn?, t = 500-550°C, T = 6 h.

Titanium powder with electrolyte (cathode depostyery firmly attached to the base of the cathadhen the
cathode is cooled to room temperature. Thus, wisérgla graphite cathode, it is almost impossiblestoove the deposit
from its surface. The deposit was removed frommtbsted cathode materials only when the cathodecwaled in liquid
nitrogen. At the same time, together with the cd¢éhdeposit, a 1-2 mm thick visible film consistiog the cathode
material was removed from the cathode. When grondime deposit and washing it off, the titanium pewadvas

contaminated with impurities of the cathode matefitiis contamination of titanium powder with metaipurities was
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eliminated when using a titanium cathode.

Cathode deposits were washed-off in a mixture ofganic acids (“acidic” washing) or anhydrous HBr Ehis,
cathode deposits weighing 50 g were used. The ftect in the deposits was 30-35% by weight (17,50¥ the content
of the fluoride electrolyte salts was LiF-KF-NalF3-65% wt. (32.5 g), respectively.

Samples of the washed-off electrolytic titanium plewafter the "acidic" washing were analyzed fa& tontent
of impurities. The results of the analysis are shawTable 5. The content of impurities in theritan powder obtained
using fluoride technology and the titanium powdersted-off with an acidic method is significantlyvir than in the

Kroll titanium sponge.

Despite the fact that during the “acidic” washihg quality of the obtained titanium powders is higbwever,
such washing requires significant quantities ofnaital reagents that cannot be regenerated ancheetuo the washing
process. Therefore, the "acidic" method of wasltag be used only under laboratory conditions t@iobéxperimental

batches of titanium powder.

The results of studies of the change in the masthefcathode deposit depending on the temperatuniagd
washing with anhydrous HF are shown in Figure 9.[2e results obtained show that at —40a°decrease in the mass of
the cathode deposit occurs in a minimum time oR20minutes. As the washing temperature increabesamount of HF

in the gas phase increases dramatically, and teBhingprocess becomes ineffective.

The effect of HF excess on the dissolution ratfiuafride salts contained in the cathode deposit4é ° C was
studied. The research results are presented imd-ifu It is shown that with an increase in theesgcof HF from 5 to
20% by volume, the time of dissolution of fluoridalts in the cathode deposit is reduced. Thess sadt almost
completely dissolved in 20% vol. HF excess in 10qlifutes. The increase in HF excess to 30% vols doé reduce the
time of dissolution of the cathode deposit. Thamfdhe process of dissolving the deposit shoulddreied out with a

20% excess of HF.
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Figure 9: Effect of the Temperature of Washing withAnhydrous HF
on the Change in Mass of the Cathode Deposit. Theemperature of
the Washing-off Process: 1 —-50 °C; 2 — -40 °C;-3-30 °C.
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Figure 10: Effect of HF Excess on the Dissolution &e of Fluoride
Salts of the Cathode Deposit. Washing-off Temperata —40 °C;
Excess HF:1 -5 % Vol.; 2 - 10 % Vol.; 3 -20 % Val4 — 30 % Vol.

The chemical composition of titanium powder, obégiby washing-off with anhydrous HF and dried inirgert medium,
is presented in Table 5.

Table 5: Composition of Titanium Powder after Washing-Off with Anhydrous HF
Content after Washing-Off with Content of Titanium Synthesized

S Anhydrous HF, % Wt. in the Kroll Process

Ti OCHOBa 99.74
Ni 9.107 0.04
Cu 5.10
K 6-10°
Li 45.10°
Na 8-10°
Mg 8-10°
Fe 5.7-10
’\VI\? ff igz Not pre-determined
Zn 7-10°
Cr 9.10°
Mo 6-10"
Co 8-10"
Sn 3.10°
Mn <1-107

Al MZ% Pb, 8.10% Not pre-determined

CONCLUSIONS

To obtain titanium powder from rutile concentrated|uoride process has been proposed, in whiclinitiel material is
fluorinated with elemental fluorine, and the resgtTiF, is separated from the fluoride impurities. Theifped TiF, is
electrolyzed in the melt of fluoride salts of alkadetals, and the obtained cathode deposit is veasffewith anhydrous

HF. In fluoride technology, two main reagents aeycled - elemental,Fand anhydrous HF. Due to this, high economic

performance is ensured, and the environment ipalbited by hazardous waste technology.
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It is shown that fluorination proceeds at high shbigethe temperature range of 300-580 Diffusion factors limit
this process, since the activation energysE24,600 J/mol. Studies of the electrolytic pratitin of titanium powder have
shown that when Tif dissolves in the alkali metal salts fluoride etited-LiNaK, a complex salt is formed -
(K2,Na&y) TiFg which is well dissolved in the fluoride melt andrithg its electrolysis, titanium powder is formed thre
titanium cathode, which is mixed with fluoride ectie. The yield of Ti in the cathode product reaci98.4-98.5 wt.%,
which is much higher than with the magnesium-thémaduction of TiC} in the Kroll process. The proposed technology
of washing Tipowder from cathode deposit using sdrbus HF almost completely eliminates the emissiof solid,
liquid and gaseous chemically harmful substanctstime environment. The content of impurities ie thipowder after
washing off the fluoride eutectic does not exceeldd) which is much less than in the Tipowder ol#diim the Kroll

process.
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