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The paper presents the results of industrial testing of the process and equipment for the extraction separation of
zirconium and hafnium in a single technological cycle with the production of high-purity nitrate compounds and
pure nitric acid solutions as raw materials for the production of sodium nitrate. It is shown that the efficiency of the
extraction process is determined primarily by the purity of the nitric acid solution by the content of a critical
impurity — silicic acid, which causes an undesirable emulsification process and disrupts the stability of the process.
Optimal conditions have been determined under which the formation of non-extractable forms of zirconium and
hafnium is excluded. The replacement of pulsating columns with centrifugal extractors reduced operating costs by
reducing the volume of a one-time load of a flammable extractant and its losses as a result of hydrolysis. This
increased the degree of separation of zirconium and hafnium. Centrifugal extractors provided high process kinetics,

reduced production areas, and increased labor productivity and product quality.

INTRODUCTION

The use of 90% reactor-grade zirconium in nuclear
energy determines the global volume of its production
[1]. The reactor purity of zirconium determines the level
of its nuclear properties, which ensure not only a small
cross-section for the capture of thermal neutrons due to
the minimum hafnium content but also the radiation
resistance of products under conditions of high
temperatures and pressures, neutron and gamma
radiation. The corrosion and radiation resistance of
zirconium is determined by the content of impurities
[2].

“Western Zirconium” (USA) first implemented the
zirconium extraction process in columns made of
corrosion-resistant polymer using chloride-thiocyanate
media. It is still in effect today. Its disadvantages are the
large volume of extractant loading, its loss as a result of
the dissolution of methyl isobutyl ketone (MIBK), and
the formation of calcium chloride and calcium sulfate
waste. The degree of purification of zirconium from
hafnium reduces its content to 0.008...0.009%. Chloride
wastewater is industrial waste and is sent to landfills,
occupying land. The zirconium content in hafnium can
reach 4%.

Existing industrial technologies for the separation of
zirconium and hafnium based on methods of fractional
crystallization and extraction in chloride-thiocyanate
media, in column devices, do not allow reducing the
content of hafnium in zirconium to less than 0.008%,
and total impurities to less than 0.2%. These
technologies allow losses of reagents and zirconium and
have high energy intensity and labor intensity of
production [3, 4]. Technological equipment in the form
of crystallizers and columns does not provide optimal
kinetics of the process of separation of zirconium and
hafnium and high quality of zirconium compounds in
the form of potassium fluorozirconate and zirconium
chloride; the zirconium content in salts is 32 and 40%,
respectively.
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Modern requirements for the properties of products
made of zirconium and hafnium suggest increasing the
service life of fuel rods for more than 4 years, reducing
the decay of uranium by reducing the hafnium content
in zirconium to less than 0.005%, and increasing the
frequency of zirconium and hafnium to 99.9%.
Research is underway to increase the burnup rate of
nuclear fuel to 70 MW/kg of uranium per day, which is
undoubtedly due to the purity of zirconium and the use
of hafnium.

There is practically no work in the literature on
reducing the concentration of hafnium in zirconium to
less than 0.005%.

The extraction separation of zirconium and daphnia
in a nitric acid medium using an extractant (a mixture of
tributyl phosphate (TBP) and hydrocarbons) is widely
covered in the literature [5, 6]. Despite the positive
results obtained in laboratories, the method of
separating zirconium and hafnium in nitric acid media
by extraction was not introduced into the nuclear
industry. The reason for this is non-standard mass
transfer processes with critical parameters and
imperfection of technological equipment.

Centrifugal extractors began to be used in processes
where short phase contact times were required due to
the action of radioactivity or harmful chemicals [7, 8].
They are indispensable for fire-hazardous and expensive
extractants that require emergency drainage containers
for separating liquids with small differences in density
that are prone to emulsification. Having proven their
effectiveness in the processing of radioactive solutions,
they began to be used in the production of rare metals,
replacing bulky box-type settlers and pulsated columns
[8].

Several works on this problem dealt with the issue of
creating pilot industrial production for the production of
reactor zirconium in Ukraine [9, 10]. The main attention
was paid to the problems of non-waste soda extraction
technology in comparison with chloride-magnesium and
fluoride electrolysis, compliance of the quality of

103


https://doi.org/10.46813/2023-147-103

zirconium tetrafluoride (TFC) with the requirements of
electrolysis technology, to produce alloys E-110 and E-
125 by methods of powder metallurgy and vacuum-arc
melting.

Industrial zirconium reactor technologies (chloride
and fluoride) do not allow reducing the hafnium content
to less than 0.008%, which increases the consumption of
uranium in nuclear fuel during the fission process and
does not allow increasing the service life of the fuel
assembly beyond 4 years.

The main requirements for the efficiency of high-
tech production of reactor zirconium are:

— complex processing of zircon with associated
extraction of hafnium, silicon, and scandium into
commercial products;

— determination of optimal parameters of extraction
technology;

— obtaining zirconium tetrafluoride (ZrF) with a
zirconium content of 54% and hafnium < 0.005%, and
impurities < 0.05% to achieve metal purity at a level of
> 99.9%;

— minimal losses of extractant, zirconium, and
hafnium;

— full use of reagents in the production of fertilizers;

— stability and high kinetics of extraction processes
with the highest product yield per 1 m? of production
area;

— maintaining the purity of the metal at the stage of
its production from TFC.

All these requirements must be implemented in a
single closed technological cycle with separate
placement of zirconium and hafnium production.

The purpose of industrial testing of the technology
was to determine the technical and economic conditions
for creating a single separation technological cycle
based on centrifugal extractors with the production of
associated commercial products based on reactor-grade
zirconium and hafnium compounds of a wide range, of
silicon and scandium oxides; determination of
requirements for the stability and continuity of the
processes of extraction separation of zirconium and
hafnium, allowing to reduce the content of hafnium in
zirconium to a level of less than 0.005% and zirconium
in hafnium to less than 0.5%.

MATERIALS AND METHODS

For industrial testing, centrifugal extractors of the
TSET-125 and ETs-250 types were selected, the
characteristics of which are described in [11]. A nitrate
solution of zirconium oxynitrate and sodium nitrate,
obtained during nitrate leaching of soda cake washed
from silicon after opening the zircon in molten soda in
an electric furnace, was chosen as the initial compound
of zirconium with a natural content of hafnium.

The studied nitrate solution contained, g/l: Zr 20-25;
Fe -5; Si 0.05; Hf <0.5; NaNO; 30 g/l, and HNO;
5...6 mol/l.

The extractant was a 70% solution of TBP in
kerosene. Before re-extraction, the spent extractant was
regenerated and saturated with nitric acid to an HNO;
content of 125 g/L.

The process of extraction separation of zirconium
and hafnium was carried out in such a way as to obtain a
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zirconium salt with a hafnium content of 0.03% because
it was used in the current technology for the electrolytic
production of zirconium powder from potassium
fluorozirconate (KyZrFs). The extraction process was
carried out in a cascade of TSET-125 extractors with a
productivity of up to 1.5m%h in total phases. The
number of extractors in the line was determined
experimentally.

The process of deep extraction separation was
studied for two types of zirconium compounds: with a
natural content of hafnium (zircon concentrate) and an
increased content (hafnium concentrate with a content
of 6...8% Hf). This difference requires autonomous
processes for the preparation of nitric acid solutions for
purification from silicon and fluorine, extraction, re-
extraction, and washing.

The natural ratio of zirconium to hafnium, 49:1,
must be increased to a ratio of over 2000:1 during the
extraction process. This is hampered by the
emulsification process, which is caused by the high
silicon content and the presence of mono- and dibutyl
phosphoric acids formed as a result of the hydrolysis of
TBP.

The study of the conditions for the stability of the
extraction process was determined by the analysis of the
silicon content in the solution and its effect on the
formation of the solid phase, the so-called “beard”. If
there is no sodium zirconosilicate in the soda cake, then
the silicon content in the nitrate solution depends on the
humidity of the soda cake.

The separation of soda cake and sodium silicate
solution was studied by repulpation, hydrocyclonation,
and centrifugal separation methods. The residual
moisture content of the cake should ensure that the
silicon content in the nitrate solution does not exceed
100 mg/l. Further reduction of silicon content was
achieved through the use of flocculants (GKZzh-10,
GKZzh-11, AMSR, Petrosil). They transform silicon into
a precipitate that is well-filtered.

The use of AMCP is of practical interest when the
solution:coagulant ratio = 1:0.01, which should ensure a
SiO, content of less than 25mg/l at a process
temperature of 70...85°C and obtain a well-filtered
precipitate.

For pilot industrial testing of the processes of
extraction separation of zirconium and hafnium (natural
ratio), a comprehensive technological scheme was
proposed (Fig. 1) with the production of chemically
pure oxynitrates of zirconium, hafnium, and scandium.
It includes two units for the extraction purification of
zirconium from hafnium and hafnium from zirconium
with the operations of extractant regeneration and
processing of both metals in a closed technological
cycle.

During the tests, the optimal concentration of
zirconium and nitric acid, the phase ratio, the number of
stages in each operation, the quality of separation of
zirconium from hafnium and hafnium from zirconium,
productivity, the quality of individual compounds,
conditions for the stability of the extraction process
without the formation of a solid phase and
emulsification were determined.
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The centrifugal extractors that were used during the
experiments have the following advantages:

— low weight and dimensions;

—rapid exit of the process to equilibrium mode;

— high kinetics of phase separation and mass transfer
processes;

— the possibility of processing solutions with the
presence of a solid phase;

— the ability to regulate phase contact time;

— possibility of phase separation with small
differences in density;

— high performance.

All these advantages have been confirmed in the
processes of separation of spent nuclear fuel [12].
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Fig. 1. Flow-chart for the extraction separation of zirconium and hafnium to obtain individual oxynitrates

RESULTS AND DISCUSSION

During the tests, the reasons for the loss of TBP
were studied, the consumption of which reached 0.2 t/t
of zirconium. The sources of losses were identified:

— 64% due to the entrainment of the organic phase
with the aqueous solution;

— 24% due to the processes of emulsification and
solubility of TBP;

— 12% at the stage of hydrolysis.

TBP losses amounted to:

— 62% with co-extraction raffinate;

— 8% with zirconium re-extract;

—19% with hafnium re-extract;

— 10% with solutions from washing and acidifying
the extractant.

Analysis of TBP losses allowed us to develop
measures to reduce them. Installing a coalescent filter,
washing the raffinate with a hydrocarbon solvent while
returning the organic phase to prepare the extractant,
eliminating emulsification, and removing sediment from
the cycle made it possible to significantly reduce the
loss of TBP.

The vyield of zirconium in the re-extract reached
94%, and the transition of hafnium into the target
product was 94.8%. For ease of use, the extractors were
combined into a cascade. 30 extractors were used to
separate zirconium and hafnium to obtain reactor
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zirconium. This made it possible to increase the
concentration of hafnium from 2 to 35%.

The loss of zirconium was caused by the presence of
emulsification, which resulted in the formation of a
third phase, which was removed for incineration. One of
the reasons for this was the presence of an impurity of
silicon in the form of silicic acid, which was formed
during the dissolution of sodium zircon silicate in nitric
acid according to the reaction:

NazZrSiOs + 4HNO3; — H3SiO; + 2NaNOs +

+ ZrO(NO3); + 4H,0. 1)

In the range of changes in the ratio of organic to
aqueous flows, O/W = 0.5/4.0 and the ratio of densities
of the initial solutions 0.82/0.93 at a productivity of up
to 650 I/h, there was no mutual entrainment of phases
along the stages of the extraction unit.

When working on a pilot plant, the efficiency of
mass transfer of individual stages of the extraction plant
was determined. In the joint extraction, it was 99%; for
the operation of separating zirconium and hafnium 99%
and for the operation of re-extraction of zirconium 98%.

During the pilot industrial operation of a centrifugal
extractor installation, it was found that the operating
time between cleaning the rotors from solid suspensions
is about 360 h and can be increased by reducing the
content of solid impurities in the initial solution.
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Because of studies of the processes of
desiliconization of nitric acid solutions, it was found
that the most complete desiliconization occurs when
using organosilicon water repellents — ASMR, NGL,
and their combination with polyacrylamide (PAA).
Thus, when PAA (2 kg/m3) is combined with AMSR
(6 1/m® or NGL (7 I/m3), the silicon content in the
filtrate decreases from 1 to 0.03 and 0.1g/l,
respectively; at the same time, the filtration capacity
increases: from 0.01 m3(m?-h) without additives to
0.2...0.5 m%/(m2-h).

It is shown that the concentration of zirconium in the
solution practically does not change at the consumption
of AMSR and PSE in the range of 6...10 I/m3. A further
increase in the consumption of these reagents up to
20 I/m3 leads to the loss of 15...18% of zirconium with
a silicon-containing precipitate, which can significantly
reduce the degree of extraction of zirconium.

It should be noted that when organosilicon reagents
AMCP and GKZ are added to process solutions at
temperatures above 70 °C, foaming and the release of
nitrogen oxides occur.

Based on the research, to carry out the industrial
process of deep desiliconization of zirconium nitrate
solutions, it is recommended to use combinations of
PAA (2 kg/m® with organosilicon water repellents —
AMSR (6 I/m3) or GKZh (7 lI/m?3).

At the end of the process of nitric acid leaching of
zircon cake, PAA is introduced into the reactor at a
temperature of 95...100 °C, heating is stopped and after
30 min at a temperature of 65...70 °C AMSR or GKZh
is introduced. After 20 min of stirring, the pulp is
filtered at a temperature not exceeding 60 °C through a
filter cloth.

During the testing process, the number of stages in
each operation was determined:

— total extraction should be carried out at
organic:water = 1.2:1 in 6 stages;

— separation washing of the extract includes 9
stages;

— re-extraction of zirconium from the extractant after
washing required 6 stages;

— additional extraction of zirconium for enrichment
of hafnium was carried out in 6 stages;

— saturation of the extractant with acid was carried
out in 3 stages.

In total, the extraction cycle for producing reactor
zirconium amounted to 30 stages.

Regeneration of the extractant was carried out with a
10% Na,COs solution in a pulsation column. The
achieved productivity of TsET-125 centrifugal
extractors was 300 kg of zirconium and 6 kg of hafnium
per day. With an expectation of 300 working days, the
cascade made it possible to obtain 190 t of zirconium
and 1.8 t of hafnium per year, which was enough to
obtain pilot batches of ZrF, and KyZrFs, which were
sent to test the zirconium electrolysis process. Hafnium
oxynitrate served as a raw material for the production of
hafnium tetrafluoride and hafnium-nickel master alloy.

As a result of experiments on zircon processing, a
new integrated technology for the waste-free processing
of zirconium concentrates was proposed, which is
shown in Fig. 2. For the extraction separation of
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zirconium and hafnium after soda processing of zircon,
ETs-250 extractors were selected to ensure production
capacity of up to 500 t of zirconium in the form of
tetrafluoride and to transfer the process of zirconium
electrolysis to the ZrF;-KCI-KF electrolyte, which
significantly reduced the cost of zirconium powder by
compared to the traditional KyZrFs-KCI-KF system and
increased the productivity of 10 and 20kA
electrolyzers.

The characteristics of centrifugal extractors ETs-250
and TsSET-125 have been confirmed during industrial
tests. They showed stability and reliability during the
extraction process. The TsSET-125 extractor cascade
made it possible to increase productivity per unit
volume of the apparatus by 40 times, reduce the
production area of the extraction section by 4.6 times,
and metal consumption by 1.6 times. The use of a
centrifugal field made it possible to reduce the required
contact time of the phases in the mixing chamber by a
factor of 60 with a mass transfer efficiency of 95% due
to an increase in the mixing intensity.

During the research, the influence of mutual
entrainment of phases on the efficiency of mass transfer
was determined. If the carryover of the organic phase
into the aqueous phase does not affect it, then the
carryover of the aqueous phase into the organic phase
during the washing operation from 0.05 to 1% reduces
the purification coefficient by 3 times. The selection of
a productive extractor made it possible to maintain the
performance of the technological regime.

The formation of a new solid phase occurs during
the joint extraction operation. Its concentration can
reach 3 g/l.

Based on the test results, a change was made to the
design of the centrifugal extractor — the plates were
replaced with a cross, an activator was installed in the
water seal area, and the rotor was conical in shape. This
made it possible to work with a solution containing a
solid phase and remove the sediment along with the
raffinate. The main objective of the process was to
dissolve the precipitate formed in the organic phase
containing zirconium to prevent its loss. As a result of
changes made to the design and processes, the safe
operation time of the stage was at least 15000 h.

Positive test results at the pilot plant made it possible
to transfer the extraction process to ETs-250 centrifugal
extractors with a capacity of 5 m® of total phases and
process 2 t/day of zirconium and 80 kg/day of hafnium.

The Na,ZrSiOs content in the soda cake was reduced
to 3%, and with the introduction of carbon and NaOH
additives into the soda, its formation was eliminated.
The only source of silicon remained sodium silicate,
which was supplied to the leaching of zirconium and
hafnium with nitric acid.

The development and research of a centrifugal
separator with a speed of 3000 per minute made it
possible to reduce the humidity of the cake to 15...20%
and, as a result, the silicon concentration to 200 mg/I.
As a result of laboratory tests, the critical concentration
of silicon was determined to be < 25 mg/I.

Replacing the soda solution with a mixture of alkali
and hydrogen peroxide (NaOH+H;0) in a ratio of 2:1
eliminated the formation of a new solid phase.
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Thus, as a result of industrial tests, the main
conditions for stable and continuous operation of all

ensured a closed cycle of zirconium production.
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Fig. 2. Flow-chart for the complex extraction of zirconium, hafnium, silicon, and scandium from zircon

The second source of zirconium and hafnium was a
6% hafnium concentrate in salt KyZr(HfF)s, which is
formed during the fractional crystallization of KyHfFg
and KyZrFg in an amount of up to 300 t/year of
zirconium.

In the process of separating zirconium and hafnium,
3 stages of zirconium concentration occur:

1. Increasing the concentration of zirconium from
51 t0 99.9% in metal and salts.

2. Increasing the concentration of zirconium, after
separating hafnium, from 65 to 90%.

3. Increasing zirconium concentration from 90 to
99.9%.

The turnover of zirconium in the chemical process
was less than 5%, that is, the extraction scheme made it
possible to almost completely extract zirconium and
hafnium in the form of metal oxynitrates. Nitric acid
and soda were completely utilized in the production of
sodium nitrate.

The main goal of testing the pilot technology is to
increase the degree of purification of zirconium from
hafnium to 2000 to reduce the hafnium content in
zirconium from 0.03 to <0.005%. This problem was
solved by increasing the degree of maximum saturation
of the extractant with zirconium. In this case, hafnium
was removed from the organic phase into the aqueous
phase and processed autonomously.

The processing of hafnium concentrate with a
zirconium content of up to 70% according to a separate
technological scheme was previously described in [13].
Complete separation of zirconium and hafnium in one
extraction stage is technologically impractical due to a
decrease in the depth of their separation. After removing
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99.9% of zirconium and hafnium with a zirconium
content of less than 0.5%, a third zirconium and
hafnium concentrate is obtained in a ratio of 9:1.

Hafnium production can reduce the cost of
zirconium by 20...25%, depending on the volume of
zirconium production. Thus, the cost of zirconium
depends on the complete use and sale of the main
associated element — hafnium.

In fluoride technology for zircon processing, a by-
product is released — a 6...8% concentrate of hafnium in
zirconium, which requires processing. Fractional
crystallization of zirconium and hafnium fluorides and
their extraction separation in centrifugal extractors after
conversion with alkali and nitrate dissolution of
hydroxide makes it possible to create an optimal
technological scheme for virtually waste-free processing
of zircon, which is shown in Fig. 3.

The new technological scheme for processing zircon
by fusion with K;SiFs and subsequent separation of
zirconium and hafnium in the process of fractional
crystallization and extraction eliminates the main
drawback of the current technology (low recovery of
zirconium 50% and storage of hafnium concentrate).

At the same time, the emergence of an extraction
scheme for separating zirconium and silicon does not
allow the extraction of scandium and silicon as
commercial products. Extraction technology makes it
possible to obtain a purer and cheaper ZrF, salt from
zirconium oxynitrate and thereby increase the efficiency
of the electrolysis process, which will operate on the
new ZrF4-KCI-KF electrolyte, providing an increase in
current efficiency from 55 to 65%.
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The efficiency of extraction technology for
separating zirconium and hafnium depends on the
following factors, without which the production of
reactor zirconium and hafnium is impossible:

1. The content of silicon in the initial solution
should be no more than 25 mg/I.

2. The acidity of the initial solution should ensure
the ratio [HNOs;)/[Zr]>10, with a zirconium
concentration of < 40 g/l.

3. The absence of non-extractable forms of
zirconium and hafnium in the initial solution.

4. Minimum content of mono- and
dibutylphosphoric acids, products of TBP hydrolysis
formed upon contact with nitric acid.

5. Dissolution of zirconium and hafnium deposits
contained in the organic phase during the regeneration
of the extractant.

6. Imposition of a centrifugal field on the processes
of separation of aqueous and organic phases.

7. Continuous express monitoring of zirconium and
hafnium content in aqueous and organic phases.

Accurate dosage of specified volumes of organic and
aqueous phases.

Compliance with all technology conditions requires
the availability of reliable instruments, the introduction
of an automated process control system, and the use of
centrifugal extractors.

Among the technological conditions, the critical
process is the regeneration of the extractant to purify it
from TBP hydrolysis products, which paralyze the
extraction processes of zirconium and hafnium. An
analysis of reagents for dissolving sediments was given
elsewhere [12, 13].

The main indicators of the profitability of the
extraction cascade include:

— hafnium distribution coefficient;
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— degree of concentration of zirconium in the
organic phase;

— zirconium concentration in the initial solution at
the level of 35...40 g/l;

— increasing the concentration of HNO; to 850 g/I;

— concentration of TBP in the extractant;

— continuous operation of extractors.

Trial tests of the ETs-400 extractor (centrifugal disc
extractor, rotor diameter 400 mm), which is the basic
extraction apparatus for the industrial production of
zirconium, were carried out under production
conditions. Tests were carried out on the operation of
soda purification of the organic phase from mono- and
dibutylphosphoric acids and metal impurities. The
fundamental possibility of using centrifugal extractors
for regenerating the extractant with solutions of alkali
and hydrogen peroxide is shown. The productivity of
the ETs-400 extractor was 20 m%h based on the sum of
the phases.

Before nitric acid processing, hafnium concentrate is
purified from fluorine by alkaline conversion of K,ZrFs
to KOH under the following conditions:

Alkali concentration — 160 g/I;

Hydro module — 1:6;

Process temperature — 20 °C;

Number of washing stages — 2;

The pulp mixing time at the stage — 0.5 h;

Conversion time — 2 h.

The use of NaOH is ineffective, since the solubility
of NaF is less than KF, which causes dilution of the
system and loss of potassium and fluorine.

The efficiency of fluorine separation from zirconium
under these conditions is 99.5%. The resulting
zirconium hydroxide has a pseudocrystalline structure
and is well-filtered.
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Extraction processing of nitric acid solutions
obtained by dissolving zirconium hydroxides after
alkaline conversion of KyZrFs was complicated by a
decrease in zirconium extraction during total extraction
due to the formation of non-extractable forms of
zirconium. In some cases, an increase in the zirconium
content in raffinates was found after 8 stages of
extraction with 70% TBP to 1...6 g/l. It was found that
non-extractable forms of zirconium are formed during
the nitrate dissolution of zirconium hydroxides when the
acidity decreases and the zirconium concentration
increases above 40 g/l. Optimization of nitric acid
opening based on the found boundary value of
zirconium concentration allows one to avoid the
formation of non-extractable forms of zirconium and its
losses.

The influence of concentration conditions on the
nitric acid dissolution of zirconium hydroxide on the
extractability of zirconium is shown in Table.

The extractability of zirconium

Zirconium content upon Cig?]}iir;énéne
dissolution of Zr(OH)4, g/l 7y HNO;

0.12 460

35.0 0.12 470

0.14 438

0.17 470

36.0 0.15 459

0.17 412

0.26 424

37.0 0.19 418

0.15 393

0.6 406

43.0 0.4 409

0.4 409

0.7 422

46.0 0.7 415

0.8 440

Optimizing the conditions for preparing zirconium
nitrate solutions will increase the extraction of
zirconium and hafnium into the extract by 1.5...2.4%
and reduce the loss of metals with the raffinate.

The reduction in silicon content after conversion of
K2ZrFe and washing of Zr(OH)., made it possible to
recommend the new organosilicon hydrophobizing
agent  “Petrosil”  for  industrial  testing  for
desiliconization of solutions instead of the definitive
and more expensive AMCP reagent.

The industrial extraction plant contains 26 stages
ETs-250-22 and 6 stages ETs-125-6, and consists of:

— a total extraction cascade of 2 blocks of 4 stages
(EC-250) in each. One stage is used to separate the
saturated organic phase;

— washing (separation) cascade of 2 blocks (4 and 5
stages) ETs-250;

— B-stage zirconium extraction cascade ETs-125;

— re-extraction cascade consisting of 2 blocks of 4
ETs-250 stages in each;

— extraction acidification cascade from 3 stages ETs-
250.

ISSN 1562-6016. Problems of Atomic Science and Technology. 2023. Ne5(147)

The extraction of zirconium into the extract is
98.4...99.5%, hafnium — 94.6%. When processing
zirconium nitrate solutions obtained from hafnium
concentrate with a hafnium content of 6...8%,
zirconium re-extracts with a hafnium content of
<0.005%, and hafnium concentrates containing
60...85% hafnium were obtained. The separation
coefficient of zirconium and hafnium reaches 2600 with
a degree of hafnium enrichment of 10...12.

Extraction technology was tested under industrial
conditions to obtain nuclear-grade zirconium with
improved nuclear physical properties, containing less
than 0.005% hafnium.

The possibility of obtaining nuclear-grade zirconium
was assessed in two ways:

— re-processing of standard zirconium re-extract
(Hf < 0.03%) using standard extraction technology;

— using a cascade of extractors to separate “internal
irrigation” — washing the extract with a solution
containing pure zirconium.

The tests took place in 2 stages.

| stage. The pre-obtained zirconium re-extract of
zirconium (Hf <0.03%) was acidified to an HNO;
content of 270...300 g/l and processed using standard
extraction technology. The re-extract obtained at the
first stage was used as a washing solution during the
separation washing of the second stage.

Il stage. The initial zirconium solution was prepared
by dissolving zirconium hydroxides in nitric acid. The
hafnium content in the total metals of the initial solution
was 6%. The solutions were processed according to an
extraction scheme in which the following changes were
made:

— additional extraction of zirconium from the
washing solution of the separation cascade was not
carried out;

— zirconium extracts obtained at the first stage
contained hafnium concerning the amount of metals of
0.002...0.008%.

At stage Il of testing, using re-extracts from stage |
for separation washing, zirconium re-extracts with a
hafnium content of 0.006...0.01% were obtained.
Further work on the production of nuclear-grade
zirconium is hampered by the lack of reliable analytical
support. It is necessary to develop analytical methods
for the rapid determination of hafnium that give reliable
results in the content range of 0.01...0.001%.

CONCLUSIONS

1. In the process of pilot industrial testing of
centrifugal extractors, studies were carried out on the
conditions for implementing extraction technology for
separating zirconium and hafnium compounds in nitric
acid media using a 70% solution of TBP in a
hydrocarbon solvent with natural and increased hafnium
content.

2. The technological conditions for the efficiency
of the extraction cycle processes determined critical
parameters, such as excess acidity in HNO3 of > 450 g/,
silicon content in the solution before extraction of no
more than 25 mg/l, TBP content in the extractant of
70%, phase contact time of no more than 22 s.
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3. All extraction cycle processes must be carried
out in a centrifugal field to ensure minimal operating
and capital costs, competitive costs, and purity of
zirconium and hafnium.

4. It has been determined that the most critical
factor in the efficiency of extraction technology is the
absence of insoluble deposits of zirconium and hafnium.

5. The main products of the technology for
separating zirconium and hafnium are zirconium
oxynitrate with a purity of 99.9%, with a hafnium
content of less than 0.005%, and hafnium oxynitrate
with a purity of 99.9%, with a zirconium content of less
than 0.5%.

6. The use of a stationary centrifugal extraction
module based on TSET-125 extractors can provide daily
productivity for zirconium up to 300 kg, for hafnium —
up to 6 kg per day, for ETs-250 — 2 t of zirconium and
80 kg of hafnium.

7. The extraction scheme for separating zirconium
and hafnium makes it possible to comprehensively
process various zirconium and hafnium concentrates
without loss of valuable elements and reagents, and
obtain reactor-grade zirconium and hafnium compounds
in a single technological cycle.

Yu.G. Putilov, M.T. Yanakov, T.S. Stupak,
E.P. Tsvetkov,  A.l. Kozlov, V.V.Koporev, and
A.M. Lakhov took part in this work.
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TEXHOJIOT'TYHI 3ACAIA ITPOIECY EKCTPAKIIMHOT'O PO3IIJIEHHS
HOUPKOHIIO TA TA®HIIO

Al Myxaues, /1.0. Enamonyes, 0.A. Xapumonoesa, B.I. Illesuenko

BuknaneHo pe3ysbpTaTé MPOMHUCIOBUX BUIPOOYBaHb MPOLECY W yCTaTKyBaHHS JJIsl €KCTPAKIIHHOTO PO3AiJICHHS
LUPKOHIIO 1 radHil0 B €AMHOMY TEXHOJIOTIYHOMY IIMKJIi 3 OTPUMaHHSIM BHCOKOYHCTHX HITPATHHUX CIIOJIYK METANIB i
YHCTHX a30THO-KHUCIIMX PO3YMHIB, SIK CHPOBHMHHM JUI BUPOOHHIITBA HATPi€BOi ceuiTpu. [lokasano, Mo eeKTUBHICTh
MIPOIIeCY EKCTPaKIii BU3HAYAETHCS HAacaMIIEpPe] YHCTOTOI0 a30THO-KHCIOTO PO3YMHY 33 BMICTOM KPHTHYHOI
JOMIIIKN — KPEeMHI€BOI KHCIIOTH, IO CIPHUYHHSAE HeOaXaHWH MpOoIeC eMYNbIyBaHHSA Ta MOPYIIYE CTAOLIBHICTH
npouecy. Bu3HayeHO ONTHUMaNbHI yMOBH, 3a SIKHX YHEMOXIIMBIIOETBCS YTBOPEHHS HEEKCTParoBaHUX (opm
OUpKOHIIO 1 TadHio. 3amMiHa TyJIbCAiHHIX KOJOH Ha BIAIEHTPOBI EKCTPAKTOPH CKOPOTHJA EKCIUTyaTallifHi
BUTPATH 32 paxXyHOK 3MEHIIEHHS 00CATIB OZHOPA30BOT0 3aBaHTaKEHHS MOXKEKOHEOE3[IeYHOr0 eKCTpareHTa Ta Horo
BTpaT y pe3yibraTi rigponizy. IIpu 1ibomMy 3017bLIMBCS CTYIMiHb PO3IUICHHS LUPKOHIIO 1 radHioo. BianeHTpoBi
eKCTPaKTOpH 3a0e3MeUriIi BUCOKY KiHETHKY MPOLECY, CKOPOTHIN BUPOOHHUYI IO, MiABHAIIMIN MPOAYKTUBHICT

npaili Ta AKiCTh MPOYKIIIi.
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