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The paper analyzes promising industrial processes for obtaining electrolytic hafnium
powder. It is shown that extraction and iodide refining are the main processes used to
purify hafnium from impurities, achieving both reactor-grade and high purity. The
conducted studies have demonstrated the possibility of creating an alternative, more
economical, and environmentally safe technology for hafnium recovery, compared to
the current magnesium-thermal method. Production of reactor hafnium by electrolysis
from molten electrolyte K,HfF;—KCI—KF is possible due to obtaining hafnium oxynitrate
salt of nuclear purity and the creation of a hermetic electrolyzer. It is shown that the
process of electrolysis leads to the accumulation of potassium fluoride in the electrolyte
and requires its periodic draining with deterioration of technological indicators associated
with increased recycling of the electrolyte. It was found that along with hafnium, metallic
potassium is released on the cathode, which additionally worsens the technical and
economic indicators of production. Sealing the electrolyzer makes it possible to create
an overpressure of anode gas and determine its quantitative and chemical composition.
Processing hafnium cathode sludge with potassium carbonate solution preserves the
potassium cycle in the system and eliminates the effluents generated by ammonium
carbonate.

Keywords: electrolysis, hafnium, electrolyzer, chloride-fluoride melt, cathode precipitate.

DOI: 10.32434/0321-4095-2024-154-3-113-121

Introduction

The applications of hafnium depend on its
physical, chemical and mechanical properties, as well
as on the purity of the metal, which is determined by
the purity of the starting salts used to produce it.
Historically, sodium and magnesium thermal methods
of producing hafnium powder as a neutron-absorbing
material were the first processes, which was determined
by the availability of raw materials, hafnium salts,
primarily chloride (HfCl,) and potassium fluorohafnate
(K,HfF) [1].

Hafnium salts were not of high purity due to
technological shortcomings in the processes of their
production using toxic chlorine. The powders fabricated
from these salts were not pure enough and contained

gas impurities (O and N) that did not allow for the
production of ductile metal. The powders were purified
to international ASTM standards by a low-yield iodide
refining process in a vacuum to produce volatile
hafnium iodide and its decomposition on a
molybdenum or hafnium filament at temperatures up
to 1700°C. The hafnium was produced in the form of
compact bars and melted by vacuum arc method into
larger ingots for further processing [2].

The iodide method reduced the oxygen content
to less than 0.03%, nitrogen to less than 0.005%, and
carbon to less than 0.01%. The metal had a purity of
99.8% with a zirconium content of <4.5%. This was
caused by the technical level of the extraction
technology for separating zirconium and hafnium. In

© A.P. Mukhachev, V.G. Nefedov, D.O. Yelatontsev, O.A. Kharytonova, 2024

This article is an open access article distributed under the terms and conditions of the Creative
Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).

Analysis of the technology of electrochemical production of hafnium



114

ISSN 0321-4095, Voprosy khimii i khimicheskoi tekhnologii, 2024, No. 3, pp. 113-121

fact, this metal was an alloy and could not be used in
reactor construction, as it formed zirconium hydrides
that were less stable than hafnium hydride when
irradiated, leading to the destruction of products. For
use in nuclear engineering, the zirconium content in
hafnium should not exceed 0.5%.

The electrolytic method of producing hafnium
powder from the HfCl,—NaCl—KCI electrolyte was
first implemented in Ukraine at the Vilnohirsk Mining
and Metallurgical Plant in an open electrolyzer. The
electrolytic hafnium powder was subjected to iodide
refining as it was contaminated with gas impurities
(O and N). Hafnium in the form of a 10 mm diameter
wire was expensive and met the needs of scientific
research only. Electrolytic hafnium powder was fused
with nickel (5 wt.%) and used as a ligature to produce
heat-resistant alloys applied to aircraft engine turbine
blades.

In the US, UK and France, hafnium chloride
became the basis for magnesium-thermal reduction
of sponge and its iodide refining, which required the
creation of by-products of chlorine and magnesium.
The production of hafnium powder by electrolysis
from an electrolyte based on K,HfF, eliminates the
need for these industries [3].

The use of hafnium can be divided into two
areas: nuclear and physical. The first area is related to
the nuclear properties of hafnium as an absorber of
thermal and fast neutrons [4]. The second is related
to the emission properties of hafnium having a low
electron yield energy, which is important for radio
engineering.

As an absorbing material in thermal neutron
reactors, hafnium is used in the form of a tube, plate,
rod or wire. Iwasaki and Konashi [5] showed that it
can be used in fast neutron reactors in the form of
hafnium hydride powder.

Hafnium powder fabricated by electrolysis is a
cleaner product for producing cheap hydride than
metallothermal powder or sponge [6]. The high
melting point of hafnium (2227°C) determines its use
as an alloying component in the metallurgy of heat-
resistant alloys for aviation and space applications.
All areas of application of high-purity hafnium are
science-intensive, which determines the prospects for
a more efficient electrochemical technology for its
production [7].

Electrolytic hafnium powder of reactor purity,
obtained from chemically pure hafnium salts in the
electrolyte K,HfF,—KCI and HfF,—KCI, was first
produced at the Pridneprovsky Chemical Plant
(Ukraine) in an open electrolyzer. The salts K,HfF;
and HfF, were obtained from hafnium oxide with a
zirconium content of less than 0.5% and transition

metal impurities of less than 1-1072% [8]. The studies
confirmed the possibility of obtaining hafnium powder
from salt melt by electrolysis.

Wau et al. [9] studied the cathodic mechanism
of reduction of Hf*" ions in a molten salt system
based on K,HfF,. It was shown that large hafnium
dendrites are formed in the chloride-fluoride melt.
The introduction of sodium ions into the electrolyte
increases its electrical conductivity and current
efficiency, but complicates the technology of cathode
sludge and electrolyte processing, as it leads to the
generation of waste containing NaF. Studies [10,11]
have been devoted to the electrolysis of hafnium
chlorides in the NaCl—KCI electrolyte, but the high
elasticity of HfCl, vapor complicates the electrolysis
process.

The anode process that causes anode destruction
in a chloride-fluoride electrolyte was described in ref.
[12]. The small amount of data in the literature on
anodic processes in hafnium electrolysis is explained
by the fact that their analysis is possible only in a
continuously operating closed electrolyzer without air
access.

Vutova et al. [13] reported the features of the
cathodic processes, including the electrorefining of
hafnium from metal scrap containing impurities that
need to be removed. Despite a long period of research
on the hafnium electrolysis process, there is no
information on its industrial implementation in the
literature.

This study aimed to investigate the process of
hafnium electrolysis from a molten electrolyte of the
composition K,HfF,—KCI—KF in a sealed electrolyzer;
establish and analyze the technological parameters
that determine the technical and economic indicators
of the process; develop reasonable stoichiometric
reaction equations; and assess the quality of cathode
powder.

Experimental

Procedure for obtaining the initial hafnium salt

Potassium fluorohafnate K,HfF; for electrolysis
was prepared from a solution of hafnium oxynitrate,
bypassing the stage of obtaining HfO,. The method
of reagent injection, specific consumption rates, and
process time were determined when obtaining the
prototype powder samples.

A hafnium nitrate solution with a concentration
of 100—200 g/dm? and an acidity of 600 g/dm* HNO;
was treated with dry K,CO, and 40% HF solution in
a stoichiometric ratio to achieve pH 4 according to
reaction (1):

HfO(NO;),+2K,CO;+6HF—

SK,HfF+2KNO,+3H,0+2CO,". (1)
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As a result of reaction (1), crystals K,HfF, were
obtained. After washing and drying, the crystals had
the following chemical composition (%): Hf47.9, Zr
0.19, F 30.5, Ni 0.003, Fe 0.01, Al 0.003, and SiO,
0.03. The content of zirconium with respect to the
sum of metals was 0.4%.

Methodology of the pilot experiment

To conduct pilot studies and determine the
optimal technological parameters, 10 kA hermetic
electrolyzers were used (Fig. 1), which consisted of a
closed water-cooled bath of X18H10T steel (analogue
of AISI 321), anodes of graphite of the EG-0 grade,
and cathodes of X18H10T steel. The KCl electrolyte
was melted using an alternating current supplied to
the graphite electrodes. The KCI melt was cooled by
water through caissons welded to the bath body and
walls. The integrity of the garnish was controlled by
measuring the resistance of at least 50 ohms. The
current density was from 2 to 3 A/cm?. The main
parameters of electrolysis are given elsewhere [14].

4

7 f anodic gazes
2 \ IT 2
R l \ 1 —
H,0 i HA0
2 | 2
ra—
H,0 1 [~ H20
[ ]
H,0 T p H,O l!

Fig. 1. Schematic diagram of a sealed electrolyzer for the
production of hafnium powder: 1 — body; 2 — caissons;
3 — anodes; 4 — cathode; 5 — molten electrolyte;

6 — garnissage; 7 — cover

After surfacing the electrolyte in a bath of a
given height, the dosage of K,HfF, was added to obtain
a hafnium concentration in the electrolyte of at least
4%. The electrolyzers reached the working electrolyte
composition within two days. The electrolyte was
analyzed for the content of K,HfF,, KCI and KF
every 6 hours. The composition of the anode gases in
the closed electrolysis mode in an electrolyzer with a
load of 10 kA was determined by the chromatographic
method. Chlorine in the anode gas was captured with
lime milk. The quality of the gas purification from
chlorine was controlled by gas sampling. The cathode
precipitate (CP) was processed according to the scheme
described elsewhere [14] and its chemical composition
was analyzed according to standard methods [15].

During the experiment, the specific rates of
reagents, yield and quality of hafnium powder were
determined. The processing of the cathode sludge
resulted in the production of two types of powders
(closed and open electrolysis mode), the separation of
K,HfF; crystals, and the separation of KCI and KF
salts. Potassium fluoride was used as a reagent to
obtain K,HfF,, partially replacing 40% hydrofluoric
acid. The salt solution was evaporated until KClI crystals
precipitated, which were returned to the electrolysis
process.

Anode gas is a by-product that is a mixture of
chlorine and the sum of CFCs 11-14 (freons F-11,
F-12, F-13, and F-14) in the presence of oxygenated
carbon compounds and water vapor within 5%. Analysis
of literature data showed the possibility of replacing
lime milk used for chlorine sanitization in the
production of electrolytic zirconium with a 20% NaOH
solution to obtain a commercial product, sodium
hypochlorite grade A, which is part of the «Bilizna»
bleaching agent. This prevents the formation of
chloride industrial wastewater and makes the
technological scheme closed. CFC recycling schemes
are known, which allows their use to produce by-
products such as fluoroplastic and CFCs.

Results and discussion

Analysis of the operation of an industrial
electrolyzer for the production of hafnium with a
current load of 10 kA

It is known that hafnium, like zirconium, is
precipitated under diffusion control, i.e., the amount
of electricity and the amount of product obtained is
proportional to the concentration of the substance in
the electrolyte. The concentration of K,HfF, was
increased to 20.7%, KF to 26%, and KClI to 53.3%
after the process reached the operating mode. It was
found that the electrolysis process of the K,HfF,—
KCI electrolyte proceeded with an increase in the
concentration of KF. As a result of the electrochemical
decomposition of K,HfF, over two days, the KF
content increased from 2.8% to 26%. At the same
time, the KCl concentration decreased from 90.8%
to 53—55%. Subsequently, the required electrolyte
composition was adjusted by changing the ratio of
K,HfF; to KCI. The hafnium concentration was
increased after 48 h of the process to reduce the open
electrolysis time and increase the process performance.

All the salts were in the melt in a dislocated
state, so the concentration of K+ions, Cl-, F-,
[HfF]&~ was 46.7%, 27%, 8.5%, and 16%,
respectively.

The data characterizing the operation of an
industrial electrolyzer with a current load of 10 kA
are shown in Table 1.

Analysis of the technology of electrochemical production of hafnium
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Table 1
Data characterizing the operation of an industrial
electrolyzer with a current load of 10 kA

Parameter Value
Current strength, A 10000
Hafnium productivity, kg/day 200
Average current efficiency, % 50-55
Voltage, V 10-15
Anode current density, A/cm” 0.2-0.3
Cathodic current density, A/cm” 3.0
Extraction of hafnium from K,HfFg into 336
cathode precipitate, % '
Yield of hafnium from cathode 745
precipitate, washed powder, % )
Electrolyte temperature, °C 750-800
Machine time factor 0.85

Composition of the electrolyte supply:

K,HfFq by calculation

KCI by calculation
Composition of the cathode deposit, %o:

Hf 45

K,H{fF 9.5

KCl 8.0

KF 14

C (powder) 2.0
Composition of anode gases, %:

chlorine 50-60

freons 40-50

Based on industrial tests, specific consumption
rates of reagents and raw materials were determined
(Table 2).

Let’s determine the current efficiency of hafnium
based on the performance of the electrolyzer.

The amount of electricity that passed through
the electrolyzer per day can be found as:
Q,=ItK=10000-24-0.85=204000 A-h. (2)
where Q; is the amount of electricity; I is the current
load; = is the electrolysis duration; K is the coefficient
of machine time.

Consumption of the amount of electricity to
obtain 200 kg/day of hafnium can be calculated in
the following way:
Qu=m/k=200000/1.67=119760 A-h. (3)

From here, we can get the current efficiency
(CE) of hafnium:

CEy=0Q4/Q:=119760/204000=0.59. 4)

Since only a part of the electricity is spent on

the hafnium release, the rest goes to the release of
potassium. Hence the current efficiency of potassium
can be determined as:
CEx=1—CEyL=0.41. (5)

The amount of potassium required to ensure the
cathodic process will be:

m =k Q(CE(=1.45-204000.0.41=122165 g
or 3132 moles, 6)
where kg is the electrochemical equivalent of
potassium.

200 kg of hafnium metal contains 11.205 moles
of this metal. Potassium fluorohafnate contains twice
as many moles of potassium, i.e. Ny onme=2241 mol.
Then, to balance the cathodic process in terms of
potassium, extra KCI must be introduced into the
electrolyte:
Nka=Niz—Nywonmre=3132—2241=891 mol. (7)

To compile the stoichiometric equation, let’s
determine the molar ratio of K,HfF, to KCI:
M ouire/ Mka=1120.5/891=1.26. (8)

This corresponds to a mass ratio of 5:4.
Therefore, 5 moles of K,HfF, and 4 moles of KCI
are required to ensure the cathodic process. To restore
the indicated amounts of hafnium and potassium in
moles, 5-4+4=24 Faradays of electricity are required.

Anodic processes

In early work on the electrolysis of chloride-
fluoride melts, it was believed that only chlorine was
released at the anode. This was because the standard
potential of fluorine is +2.85 V, and that of chlorine
is +1.36 V. In subsequent works by Delimarskyi et
al., the possibility of interaction of fluorine with a
carbon anode was shown, which results in the
formation of freons of the CCLF,_, type through the
C,F, interaction, where x~3.9—4.8. The reaction of
the interaction of fluorine with carbon is accompanied
by a significant release of energy, therefore, as a result
of depolarization, the potential of fluorine decreases
to 0.9, which is lower than the release potential of
chlorine equal to 1.2 V at a temperature of 700°C. A
chemical transformation is described by the following
reaction:
2F+2C—2e—-C,F,<2CF. 9)

The CF-compounds form a dense inert, non-
conductive film on the surface of the graphite anode,
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Table 2

Specific consumption rates of reagents and raw materials for the production of hafnium hydroxide, fluorohafnate and
electrolytic hafnium powder

Input stream | Value | Unit | Output stream | Value | Unit
Hf(OH),

Raw materials (semi-products): Product:

— hafnium nitrate solution from the extraction area | 7.2 m’ — Hf(OH),4 1000 | kg
Materials: Industrial wastewater 99.2 m’

— NaOH technical 1.8 t
Energy resources:

— electricity 139.7 | kWh

— condensation 92.2 t

— compressed air 2053 | m’

K,HfF¢

Raw materials (semi-products): Product:

— Hf(OH), 1428.8 | kg — K,HfF 1000 | kg
Materials: Industrial wastewater 15.6 m’

- KCl 1.5 t

—HF 0.6 T

— CaO solution 8.1 m’

—NH; 25% 0.3 t
Energy resources:

— electricity 128.2 | kWh

— steam 1.8 | Geal

— condensation 4.8 '

— compressed air 23 | m’

—recycled water 2067 | m’

Electrolytic hafnium powder

Raw materials:

Product:

— K, HfF, 4460 | kg — electrolytic hafnium powder| 1000 | kg
hafnium turnovers:
— solid 680 kg
— solutions (pulp) 192 | m’
Materials: Waste:
—KCl198% 1.2 T Industrial wastewater 62.6 m’
— Ar 350 | Kg
—NaC 800 | *¢
—NH; 25% 0.8 t
— H,S0, technical 0.12 t
— CaO solution 28 m’
Energy resources:
— electricity 73000 | kWh
— steam 4.5 | Geal
— condensation 3.8 t
— compressed air 29400 | m’
—recycled water 8820 | m’
— household water 50 m’

as a result of which, under certain conditions of
electrolysis, an anodic effect is possible with the
formation of mainly carbon fluoride (CF,), which
leads to the destruction of the anode.

According to the given data, the following
mechanism of freon formation is proposed. At the
first stage, a two-stage oxidation of carbon occurs

with the formation of CFCI by reaction (10), which
is a precursor for the formation of CFCs by reactions
(11)—(15), which consumes 2 Faradays of electricity:
CF+Cl —e—CEFCl. (10)

CFCI enters into disproportionation reactions

Analysis of the technology of electrochemical production of hafnium
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with the formation of the following freons:

— freon-12:
2CFCI->CF,Cl,+C, (11)
— freon-13 and freon-11:
4CFCIl-»CF;CI+CFCl;+2C. (12)

Freon-14 can be formed by the following
reactions:
— from freon-13 and CFCI:

CF;Cl+CFCl-»CF,+C+Cl,, (13)
— from freon-12:

2CF,C1,»CF,+C+2Cl,, (14)
— from CFCl:

4CFCI-»CF,+3C+2Cl,, (14)
— from CF:

CF+3F—-3e—>CF,. (15)

The formation of freon-12 freon-13, freon-11
freon-14 consumes 4, 8, 8 and 6 Faradays of
electricity, respectively, whereas both reactions (14)
and (15) consume 8 Faradays. It can be assumed that
the reaction (13) of obtaining freon-14 is more
preferential, because it requires the participation of a
smaller amount of electricity. However, a significant
part of freon-13 is consumed.

The main condition for writing the reaction
equation for obtaining hafnium is the same amount
of electricity passing through the electrodes, in this
case, 24 Faradays. The percentage ratio of freons in
the anode gas is unknown. As a first approximation,
the formation of freons according to reactions (11),
(12) and (15) is taken as follows:
0.5CF,:CF,CI:CF,Cl,:CFC1,=0.5:1:1:1. 4+4+4+4=16
Faradays of electricity is spent on the formation. At
the same time, 3.5 moles of carbon are consumed,
one mole of chlorine is additionally formed, and 4.5
moles of graphite dust are released into the electrolyte.
The total consumption of graphite anode is 8 moles.

Since 24 Faradays of electricity are involved in
the cathodic processes, the release of chlorine remains
8 Faradays. One mole of chlorine consumes 2
Faradays of electricity in the following reaction:

2ClI7—2e—Cl,. (16)

That is, 5 mol of chlorine is released at the
electrodes in total. 6 chlorine atoms or 3 moles are
spent on the formation of freons. Thus, the total
amount of chlorine involved in the anodic process is
7 moles or 14 atoms. This means that 10 moles of
KCI must be added to the 4 moles of KCl that provide
cathodic processes. Another 2 mol of KCl is required
for the balance of fluorine and chlorine: a total of 16
mol of KCI.

The performed calculations allow writing the
following stoichiometric reaction equation:

5K,HfF,+16KCl+8C+24e—5Hf+4K+22KF+
+CCIF;+CCl,F,+CCLF+0.5CF,+4Cl1,+4.5C. (17)

Let’s analyze equation (17):

— the balance is reconciled in terms of the
amount of electricity on the right and left sides of the
equation;

— the ratio of chlorine to freons is 4.0 to 3.5
moles, respectively, that corresponds to the values
given in Table 1 (50—60% to 40—50%, respectively);

— KF appears in the electrolyte, the presence of
which is noted in Table 2.

All this allows us to consider the proposed
equation quite adequately describes the processes taking
place in the electrolyzer.

The amount of potassium fluorohafnate, which
contains 200 kg of hafnium, is determined by the
following proportion with molecular masses:
Myoure= (Myonere/ Mur) - 200=415  kg. (18)

Taking into account that the degree of extraction
of hafnium from the salt is 88.6%, the total requirement
of potassium hexafluoride is approximately 469 kg. If
we assume that the degree of use of potassium chloride
is approximately equal to 88.6%, then it is possible to
determine its required amount from equation (15) by
proportion:

My = (SMiousre/ 16My))-469=728 kg. (19)

Feeding of the electrolyzer with salts is carried
out separately, which allows for maintaining a constant
content of hafnium in the electrolyte by adjusting the
ratio of K,HfF, and KCI supplied.

Possible side reactions in the electrolyzer

In the case of an insufficient amount of K,HfF;
in the electrolyte, reactions (10) and (11) are possible,
which increase the specific consumption of electricity.
Potassium metal can reduce hafnium hexafluorohafnate

due to the formation of the complex ion [HfF]?>~ at
750°C:
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K HfF+4K—Hf+6KF. (20)

The resulting hafnium powder is finely dispersed
and has a size of 10—20 um. Reaction (20) leads to
an increase in the yield of hafnium in the cathode
deposit and an increase in the concentration of KF
in the electrolyte. Since potassium metal has a density
approximately 3 times less than the density of the
electrolyte, it floats to the surface of the electrolyte,
simultaneously interacting with chlorine and
hexafluorohafnate according to reactions (21) and (20),
respectively.

2K+ Cl,—»2KCI. (21)
Formed potassium chloride reacted anew:
2KCl+2e—2K+2CI". (22)

Fine-dispersed hafnium powder during the
processing of CP is released together with carbon
powder and is sent to chemical separation and
purification. One cannot also deny the possibility of
fluorinating the powder formed by the reaction:
Hf+CF,—»HfF,+C. (23)

The process described by reaction (22) also
reduces the hafnium current efficiency.

Cathode deposit processing

CP is a mixture of hafnium powder, KCI, KF,
K,HfF, salts, as well as finely dispersed carbon and
potassium. Short circuits of closed and open mode
are processed according to the same, but autonomous
schemes, preventing their mixing. The technical
conditions for the content of impurities are met only
by the powder of the closed mode (Table 3).

The open-circuit powder, with a yield of up to
20% with respect to the total powder volume, contains
a high content of oxygen and nitrogen and is directed
for purification by iodide refining to produce hafnium
rods with a diameter of 10 mm. This increases the
cost of powder production by 15%. Both products
(conditioned powder and iodide bar) are sent for
vacuum arc or electron beam remelting to produce a
functional billet.

The use of potassium carbonate solution (potash)

to wash KCl, KF and K,HfF; salts from the powder
is technically more feasible than ammonium carbonate,
as it eliminates the generation of unprocessed
wastewater. Potash makes it possible to preserve the
potassium cycle and obtain a virtually waste-free
process. The presence of the mixture of KF and KCl
salts in the solution after the separation of K,HfF,
crystals allows them to be successfully separated due
to the difference in water solubility at 20°C and 90°C.

Recycling of the drained electrolyte allows for
the simultaneous production of a concentrated KF
solution to replace hydrofluoric acid, thus paying off
the costs of increased electricity consumption and
closing the technological cycle. The industrial scheme
of hafnium KF processing, similar to zirconium, can
be implemented on pulsation columns with a
distribution nozzle, which will reduce the specific
consumption of energy resources and the yield of
powder for chemical processing [15].

Conclusions

1. The fabrication of hafnium powder in hermetic
electrolyzers with a current load of 10 kA from the
electrolyte K,HfF,—KCI—KF was studied for the first
time.

2. The current efficiencies of the cathode and
anode processes were analyzed. It was shown that the
low (55%) hafnium current efficiency is associated
with the side processes of oxidation-reduction of
potassium, chlorine and fluorine.

3. Based on the calculations of electrode reactions,
stoichiometric equations of reactions occurring in the
electrolyzer at a temperature of 750°C and a given
ratio of K,HfF, to KCI were proposed.

4. The estimated capacity of the 10 kA electrolyzer
for hafnium powder was 40 tons per year.

5. The evolution of chlorine in the anode gas
requires processing to obtain commercial products
(sodium hypochlorite, hydrochloric acid or liquid
chlorine).

6. Processing of cathode sludge using potassium
carbonate allows creating a closed cycle for potassium
chloride and then using the resulting KF to produce
K,HfF; in the processing of metal turnovers.

7. The electrolytic method of hafnium production
from the electrolyte K,HfF;—KCI—KF allows for a
waste-free process flowsheet and ensures the reactor
purity of the metal.

Table 3
Characteristics of hafnium powder produced in open and closed electrolyzers
1 o
Component Concentration (w1.%) Iodine refining | Technical specifications 48-4-176-85
open mode | closed mode
N, 0.5 0.003-0.004 <0.003 <0.005
0, <1.0 0.03-0.05 <0.02 <0.05

Analysis of the technology of electrochemical production of hafnium
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AHAJII3 TEXHOJOTIi EJEKTPOXIMIYHOTO
OJEPKAHHS T'A®HIIO

A.II. Myxaues, B.I. Hegedos, JI.0. €aamonues,
0.A. Xapumonosa

Y poboTi BUKOHAHO aHaJli3 MEePCHEeKTUBHUX POMUCIIO-
BUX MPOLECIB OJEPXKAHHS €JEKTPOJITUUHOTO MOPOIUIKY
radHito. [NokazaHo, 1110 OCHOBHUMHU aiHAXXKHUMU MpoliecaMu
110ro OUMILEHHS Bil TOMILLIOK 10 PEaKTOPHOI Ta OCOOJIMBO BU-
COKOI 4aCTOTH 3aJIMILAIOThCsl €KCTPaKllisl Ta oauaHe padiHy-
BaHHS. 3MiMCHEHI AOCTIIXEHHs TOoKa3alu MOXIJIMBICTb CTBO-
PEHHSI aJbTepPHATUBHOI, OiJIbII €KOHOMIUYHOI Ta €KOJIOTriuHO
0e3neyHinioi TeXHOJOTii BiHOBAEHHS radHilo, HiX YMHHA
MarHierepmiuHa. OpepxaHHSI peaKTOPHOro raHilo MeToaoM
enekTpoitizy 3 posmiaasieHoro enekrpoiaity K,HfF,—KCI-KF
CTaJI0O MOXJIMBUM 3aBJSIKU OJEPXKAaHHIO COJIi OKCHUHITpaTy
radHil0 SAEPHOT YUCTOTU Ta CTBOPEHHIO I€PMETUUYHOTO
enekrposizepa. [lokazaHo, 110 MpoLEC €JIeKTPOIIi3y MPU3BO-
IUTh 10 HAKOMUYEHHSI B €JIEKTPOIiTi (propuay Kamiio i BUMa-
ra€ nepiognyHOro MOoro 37auBY 3 MOTIPIIEHHSIM TEXHOJOTIUHUX
MOKa3HUKIB, MOB’43aHUX 3 MiABUIIEHUM DPELUKIIHTOM
eJIeKTpoJIiTy. BusBieHo, 1o nopsin 3 racdHieEM, Ha KaToOJi BU-
NUISIETBCST MeTaleBUN KaJsiil, sSIKMi JOAATKOBO MOTipuIye
TEXHIKO-€KOHOMIUHi MMOKa3HUKK BUpoOHMITBA. [epmeTusanis
eJIeKTpoJIizepa 1a€ 3MOTY CTBOPUTHU HA/UIMIIKOBUI TUCK aHOJ-
HOTO Ta3y i BU3HAUUTHU HOTO KiTbKICHWH i XiIMIYHWIT CKiam.
Ilepepobka kaTogHOTO Ocany racHir0 3a ITOMTOMOTOK PO3UMHY
KapOoHaTy KaJilo JT03BOJISIE 30€perTh KajJi€BUU LUK Yy
cHUCTeMi Ta JIKBiIyBaTH CTOKH, IO YTBOPIOIOTHCS TiJ 4ac BU-
KOPUCTAHHSI KapOOHATY aMOHilo.

Kawouosi caoBa: enekrtponi3, radHiil, eJekTpoiisep,
XJIOPUIHO-(PTOPUIAHUI PO3IUIAaB, KaTOMHUI Ocal.

ANALYSIS OF THE TECHNOLOGY OF
ELECTROCHEMICAL PRODUCTION OF HAFNIUM
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The paper analyzes promising industrial processes for
obtaining electrolytic hafnium powder. It is shown that extraction
and iodide refining are the main processes used to purify hafnium
from impurities, achieving both reactor-grade and high purity.
The conducted studies have demonstrated the possibility of creating
an alternative, more economical, and environmentally safe
technology for hafnium recovery, compared to the current
magnesium-thermal method. Production of reactor hafnium by
electrolysis from molten electrolyte K,HfF;—KCI—KF is possible
due to obtaining hafnium oxynitrate salt of nuclear purity and
the creation of a hermetic electrolyzer. It is shown that the
process of electrolysis leads to the accumulation of potassium
fluoride in the electrolyte and requires its periodic draining with
deterioration of technological indicators associated with increased
recycling of the electrolyte. It was found that along with hafnium,
metallic potassium is released on the cathode, which additionally
worsens the technical and economic indicators of production.
Sealing the electrolyzer makes it possible to create an overpressure
of anode gas and determine its quantitative and chemical
composition. Processing hafnium cathode sludge with potassium
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carbonate solution preserves the potassium cycle in the system
and eliminates the effluents generated by ammonium carbonate.

Keywords: electrolysis; hafnium; electrolyzer; chloride-
fluoride melt; cathode precipitate.
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