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The article presents the results of industrial testing of processes for obtaining high-purity uranium compounds,
including extraction, concentration, and purification of uranium from a mixture of nitric and phosphoric acids, solid-
phase stripping, and reduction of U(VI) to U(IV). It is shown that the combination of three different extraction lines for
the concentration and purification of uranium from accompanying valuable elements and radioactive isotopes makes it
possible to obtain a natural uranium concentrate with a low content of impurities, which determine the economics of
uranium hexafluoride production. The processes of drying and roasting of crystals of ammonium uranyl tricarbonate
after solid-phase re-extraction in an atmosphere of reducing gases of ammonia and hydrogen make it possible to obtain
uranium dioxide suitable for fluorination to obtain tetra and uranium hexafluoride.

INTRODUCTION

The production of uranium, as the first fuel for
nuclear power plants, appeared in the 1950s. It
successfully solved the problem of processing low-grade
uranium ores with a high extraction of uranium and its
compounds. Together with the production of uranium, a
new assessment of its quality appeared — the nuclear
purity, which limits the content of impurities with a high
thermal neutron capture cross-section to a limit that does
not interfere with the fission of the ?°°U isotope nuclei
[1].

The technology for the production of uranium and its
compounds in Ukraine began to develop rapidly in the
1960s when the processes of sorption and extraction of
uranium compounds were first developed and introduced
into the industry. They made it possible to increase the
extraction of uranium to 99.5% and ensured its purity at
the level of 99.9% [2]. The main reagents for processing
uranium ores were sulfuric and nitric acids, sodium
carbonate. Subsequently, a mixture of sulfuric and nitric
acids was used for the processing of phosphorites [2].

The sulfuric acid method of uranium ores processing
is the main in the uranium industry. Along with the
advantages, low cost, and availability of sulfuric acid,
produced at uranium plants, this method has a drawback
— lime which is used for neutralization, forms gypsum
dumps. This significantly increases the volume of waste
pulp and the area of their storage [1, 3].

Nitric acid leaching of uranium ores made it possible
to achieve the highest recovery of uranium and
accompanying elements. This technology has not found
wide application due to the higher than sulfuric acid cost,
and the need to create an associated production line for
the utilization of nitrate ions. Associated production of
fertilizer from reagents used for the processing of
uranium and rare metals was more profitable than the
direct production of saltpeter from Na,CO; and HNO;
[2,3].

The use of nitric acid in the uranium technology was
developed in Ukraine only at the Prydniprovsky chemical
plant (PChP) [3]. At the same time, nitric acid was
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utilized in the production of ammonium or sodium
nitrates. This significantly reduced the cost of uranium.

The quality of uranium oxide concentrate (UsOg) with
a U content of >84% required additional costly
operations to reduce U(VI) to U(IV) in a gaseous
environment with hydrogen or membrane electrolyzers
with purification of UF4 from impurities that prevent its
conversion into UFs [4].

For the extraction of uranium from sulfuric acid
media, mixtures of extractants were used: a solution of
tributyl phosphate (TBP) in kerosene, di-(2-ethylhexyl)
phosphoric acid (D2EHPA) with TBP, trialkyl amine, etc.
[5]. This also made it possible to extract such valuable
elements as molybdenum, vanadium, iron, scandium, etc.
The process of extracting uranium from nitric acid media
was first studied at the PChP, some results are presented
in [3].

The process of re-extraction of uranium from the
extractant is of great importance for obtaining pure
uranium oxides. Ammonium carbonate is usually used as
the main stripping agent. The study of the quality of
crystals of ammonium uranyl tricarbonate (AUTC) in the
sulfuric acid extraction version was carried out in [6]. A
feature of that work was the circulation of carbonate
mother liquor after the separation of AUTC crystals,
which worsened the quality of UsOs. The low
concentration of uranium (15g/L) in the saturated
extractant and ammonium carbonate (150 g/L) did not
allow larger AUTC crystals to be obtained. The process
of crystal calcination was carried out under rarefaction,
which led to the oxidation of U(1V) to U(VI).

The types of extractors used have a key influence on
the efficiency of the extraction process. They have
evolved from box-type extractors to centrifugal
apparatus. The first studies of extraction processes began
in the 1960s based on bulky mixer-settlers with low
kinetics and low specific productivity. In the 1970s,
pulsating columns were developed, as a result, several
apparatuses were created for the implementation of rare
metal extraction processes [7]. Large volumes of
flammable-explosive extractant in the cycle required
serious costs to ensure production safety. This led to the
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creation of more efficient devices of a new design: vibro-
and pneumatic extractors [8]. The latest achievement in
extraction technology is centrifugal extractors, which
improve the kinetics of the process and reduce the contact
time of the phases to seconds. This made it possible to
intensify the extraction process, reduce the volume of the
extractant, and implement the extraction process without
the formation of a third phase [9].

The purpose of industrial testing was to optimize the
parameters of the processes of extraction, re-extraction,
drying and calcination, reduction of U(VI) to U(IV). To
do this, it was necessary to study the processes of

compounds with purification from impurities to a purity
of 99.9%, obtaining uranium dioxide with a bulk density
of 2.7...2.9 g/lcm?®. For the processing of ore solutions of
various chemical compositions, it was necessary to
optimize the technological scheme to ensure a high
extraction of uranium and its purification from thorium,
molybdenum, and vanadium.

MATERIALS AND METHODS

To carry out experiments on the extraction
purification of uranium, two compositions of working
solutions were obtained, the chemical composition of

selective extraction of wuranium from its wvarious which (in g/L) is given in Table 1.
Table 1

Chemical composition of the studied solutions
Name HNO3 HsPO, U Th Fe3* Si NaNOs;
Nitrophosphate solution of uranium >100 60...80 |45..90] 0.3 <14 0.1 —
Nitric acid commercial solution of
uranium from a concentrate of the | 60...90 - 40...60 - <5.0 0.15 >200
“yellowcake” type

The first solution was obtained during the processing
of uranium-rare-earth phosphorites from the Melovoye
deposit (Kazakhstan). The second solution was obtained
by processing a rich concentrate of the “yellowcake” type
under the nitric acid scheme.

To recover uranium into the organic phase, a mixture
of TBP and D2EHPA in kerosene was used. A rich
uranium solution containing up to 50 g/L of uranium and
an extractant partially saturated with uranium enters the
first extraction line after contact with a poor phosphate
solution in the second line. During the process, the
extractant was saturated with uranium and sent to the
solid-phase re-extraction of uranium by a solution of
(NH4).COs. After re-extraction, the extractant was treated
with 45% nitric acid to saturation up to 500 g/L in HNO3
and returned to the cycle.

For industrial testing, three-section box extractors
with a volume of 15 m?® with a mechanical drive were
used in all trials. For extraction from the phosphate
solution, an extraction column with a diameter of

Line Ne1

—

Uranium nitrate
solution

Organic phase
(TBP, DEHPA,
ammonium salts)

600 mm and a volume of 4 m® was used in parallel. A
cascade of vibroextractors with a diameter of 1200 mm
and a volume of 0.9 m® made of stainless steel was used
in parallel to extract uranium from a nitric acid solution.

The raffinate of the second stage of extraction, after
the treatment, was sent to the processing of phosphoric
acid with the production of complex fertilizers of the
“nitrophos” type. The raffinate of the first line was sent to
the production of sodium nitrate.

The mother liquor after crystallization of AUTC
contains ammonium nitrate, uranium with a concentration
corresponding to its solubility at an excessive carbonate
content of the process. It was sent to prepare a carbonate
solution for the stripping of uranium.

In the process of solid-phase re-extraction, AUTC
crystals with a size of more than 100 um were formed,
which ensured the required quality of uranium oxide in
terms of the content of impurities after washing, the
required granulometric composition, and an increased
bulk density of UO,.

Line Ne2

Nitrogen-phosphorus-acid
solution of uranium

Il raffinate Saturated o.p. o.p. W.p.
* * (I raffinate)
Production of Washing & v
NaNOs % Fertilizer

R tion |a_(NH2)2COs HNOs production and

1) REE extraction
Mother liquor op.
crystals >

AUTC crystals

Uo;
Fig. 1. A scheme of industrial testing of the technology for producing uranium dioxide
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The AUTC crystals were washed, hydrocycloned,
dried in a furnace at a temperature of 350 °C, and entered
the VGPT-8 furnace, where the modes of roasting under
vacuum and overpressure were studied.

Industrial tests were carried out according to the
following block diagram (Fig. 1).

NH; and CO, were captured in the scrubber to form a
mixture of bicarbonate and ammonium carbonate, which
was returned to the stripping cycle. The uranium oxide
concentrate after roasting was analyzed for the content of
impurities according to TU 85.1981-89. The
granulometric composition and bulk density were
determined before and after shaking. During the tests, the
saturation of the extractant with uranium, its content in
the raffinate were analyzed, the optimal ratio of the water
and organic phases (w.p. and 0.p.), as well as the duration
of each process, were determined.

RESULTS AND DISCUSSION

After laboratory studies, a solution containing
(80+20) g/ TBP and (30+10)g/L D2EHPA in
hydrocarbon solvent kerosene was chosen as an
extractant. The choice of the extractant was determined
by the chemical composition of commercial uranium
solutions. Uranium in solution No. 1 was in the form of
the compound UO,(NOs),, which dissociated into the
UO2?* cation and the nitrate anion. The process of
uranium extraction by TBP was accompanied by the
solvation of neutral UO2(NQOs), molecules by two TBP
molecules and was described by the equations:

U022+ +2NO3; «— UOz(NOa)z ; (1)

UOz(NO3)2 + 2TBP « UOz(NOa)z'zTBP. (2)

Uranyl nitrate in a mixture of nitric and phosphoric
acids at a concentration of 90 and 80 g/L, respectively,
was in a more dissociated form than in a mixture of nitric
acid and sodium nitrate. D2EHPA was used to extract it.

For complete recovery of uranium, which was present
in solution in the form of the UO2?* cation and the neutral
UO,(NOs), molecule, TBP was mixed with D2EHPA. In
this case, the extraction of uranium was described by the
equation:

U022+ +2RH < UO,R, + 2H*. (3)

Taking into account the participation of water
molecules in the reaction, the equation gained the
following form:

U022+ + 4RH + H,0 < UO:R4H»-2H,0 + 2H* . (4)

The overall process of uranium extraction with a
mixture of TBP and D2EHPA was described by the
equations:

U022+ + 2NO37 +2TBP « UOQ(NOg)z‘ZTBP, (5)

UOz2+ + 4RH + H,0 < UO:R4H»H,0 + 2H", (6)

UO,R4H2-H20 + TBP <~ UO2R4H>-TBP + H,0 . (7)

During the industrial tests, the phenomenon of the
formation of a solid phase, the so-called "beard",
regularly appeared. The results of studying the causes of
this undesirable process were presented in [6].

The presence of impurities of iron, silicon, titanium,
zirconium after the extraction process led to
emulsification and interaction of the extractant with the
hydrolysis products of TBP: mono- and dibutyl
phosphoric acids. The third phase required its withdrawal
from the cycle to stabilize the efficiency of the extraction
process. It was found that the third phase is at the
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interface and can grow in height in box extractors. Its
removal from the system once per month with a volume
of up to 1.5 m® did not violate the efficiency of the
extraction process.

The process of returning the mother liquor to the
stripping cycle was also tested. This led to the
accumulation of impurities, especially thorium, which
worsened the quality of the commercial product. To
remove thorium and impurities, the mother liquor was
dissolved in nitric acid, which required the organization
of an additional process of standalone extraction for the
removal of uranium and thorium. The gas cleaning dust
and the UO, fraction > 2 mm were sent for dissolution in
nitric acid.

The process of uranium re-extraction from TBP is
described by the equation

UOz(NOg)z'zTBP + 3(NH4)2CO3 —

(NH4)4[UO2(CO3)s] + 2TBP + 2NHiNOs. (8)

The process of uranium re-extraction from D2EHPA
is described by the equation

UOsR, + 3(NH4)2C03 > (NH4)4[U02(CO3)3] + 2RH

+ 2NHs . (9)

In fact, three mechanisms are realized in both
processes: solvation, cation exchange, and dehydration
with the formation of a mixed complex.

The uranium nitric-phosphate solution contained the
largest amount of impurities elements. The ratio of
uranium to phosphorus, thorium, REE, and iron was 1:8,
20:1, 1:3, 1:2, respectively, which could lead to an
increase in their concentration in the commercial product.
Under TU 95.1981-89, the content of thorium and rare
earth elements in uranium oxide should not exceed
0.005% and 1-10-5%, respectively, which was ensured by
a three-stage extraction and constant removal of
impurities with the mother liquor from the cycle through
standalone extraction.

Taking into account the lower concentration of
uranium in the nitric-phosphoric acid solution than in the
nitric acid solution, the process of extracting uranium
from the phosphorus-containing solution on the second
line was used first in the course of the extractant at the
ratio of the organic and aqueous phases O:W = 3:1. This
ensured the degree of uranium extraction of 99.7% and
the conversion of REE, P.Os, Fe, and radionuclides
(%2Th, #'Ac, #%Po, 219Ph) into raffinate, which formed
insoluble compounds with the phosphate ion. The
raffinate with a uranium content of < 30 g/L was supplied
for the extraction of rare earth elements and the
utilization of phosphorus in the form of fertilizers.

The capacity of the extractant for uranium after the
second line did not exceed 18 g/L, and for its maximum
saturation with uranium (up to 45 g/L), it was sent to the
first line, where it contacted with a rich nitrate solution of
uranium and sodium at a ratio of O:W = 1:1. At the same
time, the main impurities (Fe, Al, Ca) were displaced into
the raffinate, which was supplied to the production of
sodium nitrate.

The extractant after stripping was washed with water
at O:W = 3:1 and saturated with nitric acid up to 50 g/L.
It returned to the cycle for standalone extraction. After
the extraction of uranium and thorium at O:W = 8:1, the
extractant was saturated with uranium to a content of
10 g/L, while the extraction of uranium was 99.9%.
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The optimal phase ratio in the extraction process on
the first line was 1:1, the number of stages was 8, which
made it possible to ensure the content of uranium in

raffinate was less than 30 mg/L. The results of the
uranium extraction process testing are shown in Fig. 2.

0.p. Uranium phosphate
80 g/L TBP; solution
20 g/L DEHPA S9g/L U
HNO, <50 g/L P,Os
Uranium nitrate v
solution op. Saturation by acid O.p. Extraction Ne2
s509/LU - 50 g/L HNO; " n=7,0w=13
¢ v Raffinate

op Washing b $209L U "Nitrophos”

Extraction Ne1 »> e
45g/LU HNO; HNO; production

n=8, 0W=1:1

O:W =10:1

Re-extraction
1h,OW=31;n=2

Raffinate fpr Return
the production acid
of NaNO3 solution

Mother liquor

AUTC crystals —— Y

‘ # 30 % (NH,4),CO3

with impurities

[0)

.p. Acidification HNO,
<50 mg/L U

50 g/L HNO; [

e Standalone op.
HNO, Deacidification o extraction 14gLU
2109 U n=3;0.W=81
Raffinate for
fertilizer
production
Fig. 2. A scheme of uranium purification by extraction
The technological parameters of extraction processes are shown in Table 2.
Table 2
Technological mode of the extraction process
Uranium concentration, g/L Number of
Name in the water| in the in raffinate ow Note
steps
phase extractant
Standalone uranium | , , 44 <10.0 <0.01 3 1:5...10) -
extraction
Extraction of uranium The formation of the
from a phosphate <7.0 10.0...14.0 <0.03 7 1:(2...3) third phase is
solution observed
Extraction of uranium
from a nitric acid >46.0 45.0 <0.03 8 1:1
solution

The phase ratio at the standalone extraction stage content in the raffinate (a nitrate solution of sodium
varied depending on the concentration of uranium in the  nitrate) was no more than 30 mg/L.

mother liquor, the amount of dust after calcination, and
the coarse fraction UO, >2 mm, within 2...10 g/L, or
due to different impurity content and the need for
maximum recovery of uranium and thorium.

The dependence of the capacity of the extractant on
the initial concentration of uranium is shown in Fig. 3.

The isotherm showed that 3 stages are sufficient for
the complete extraction of uranium. At the same time, the
uranium content in the ammonium nitrate solution, which
was sent to the production of fertilizers, is less than
10 mg/L. The isotherm of uranium extraction from a
phosphate solution confirmed the need for 7 extraction
steps, which made it possible to quite fully extract
thorium from the extractant since it formed sparingly
soluble compounds with a phosphate ion, the content of
which was 35...50 g/L in terms of P,Os. .

The saturation of the extractant with uranium in the !
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Fig. 3. Uranium extraction isotherm

For additional purification of uranium from
mpurities, the saturation of the extractant for uranium

first line was <45 g/L, which ensured that the uranium was in(_:reased to 70 mg/g, but this required an gdditional
extraction process before the recovery of uranium from

the raffinate to prevent its entry into sodium nitrate.
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For solid-phase re-extraction of uranium and thorium,
a 30% solution of (NH.),COz was used at O:W = 3:1.
The process was carried out for 2 h at a temperature of
20...25 °C. AUTC crystals after filtration were classified
in hydrocyclones with a diameter of 100 mm with a taper
of 15% to separate small crystals contaminated with
impurities, as well as oxides and carbonates of di-
trivalent metals. The extraction of uranium into AUTC
was more than 99.5%.

A 30% ammonium carbonate solution was chosen for
the stripping of uranium from a saturated extractant. The
process was carried out at a ratio of O:W = 3:1 for 1 h.
This made it possible to obtain large, well-filtered AUTC
crystals. The excess concentration of (NH4),CO3 was up

Drain for producing
of fresh (NH,),CO3

!

Re-extraction

to 50 g/L, which made it possible to achieve almost
complete conversion of uranium into AUTC and the
transformation of metal impurities into insoluble
carbonates or hydroxides. The latter formed a lighter
phase than AUTC crystals, so they were easily separated
during classification.

To separate large AUTC crystals and metal impurities
precipitate, the hydrocyclone method was used, which
was implemented in three stages by countercurrent during
washing of AUTC crystals with water and an ammonium
carbonate solution on hydrocyclones. The results of
industrial tests made it possible to implement the
following technological scheme (Fig. 4).

30 % (NHy),CO3

1h;OW=3:1;n=2

Phase separation ——

Saturation to
50 g/L HNO;3

Upper
Tayer

Settling of
crystals

Hydrocyclo- l
nication (n=3)

For extraction #2

AUTC crystals
A

AUTC crystals
Y

Hydrocyclo- Washing of AUTC | H:0
nication (n=23) crystals —+
Mother liquor gases Drying
) 350°C; 45 min
Dissolution in H,O  Intothe air
HNO; < dust *
Gas cleaning | Y925€S Roasting
A| 40°C; 45 min 850°C; 30 min;
For standalone Ap ~ 80 Pa
extraction NHAH?O;;
v solution J UO, powder
Preparation of — ' 5
NH.),CO ) raction +2,0 mm
(NH4):C0s fraction elimination
+2,0 mm *
\
uo,

Re-extraction

p=2,7-2,9 g/cm?

Fig. 4. A scheme of uranium dioxide obtaining

A mother liquor with a uranium content of 1...2 g/L
containing an excess of (NH,),CO; and NHsHCO3 was
treated with nitric acid. A solution with excess acidity up
to 50 g/L was sent to standalone extraction at O:W = 8:1
to recover uranium and thorium. The raffinate containing
up to 200 g/L of NH4NO3 was supplied to the production
of “nitrophos” fertilizer. The drying temperature of
AUTC crystals was maintained at 350 °C in furnaces
rotating at a speed of 30 rpm. Then the crystals were
roasted at a temperature of (800+50) °C. The roasting of
AUTC crystals under vacuum with air access increased
the uranium concentration to 85%, which corresponded to
the formula 2UO3-UO,. The process can be described by
the equation:
3(NH4)4[U02(C03)3] — 2003 U0 + 9CO21 + 10NH37T +

+ NQT + ZHzT + 7H20. (10)

The process of roasting at an excess pressure of
reducing gases up to 80 Pa, formed during the
decomposition of AUTC in the temperature range of
800-850 °C, can be described by the equation:

(NH4)4[U02(003)3] — UO, + 13C02T + 2NH3T +

+N2T + 2H2T + 3H,0. (11)
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The size of AUTC crystals makes it possible, after
calcination, to obtain uranium dioxide powder with a
particle size of up to 2 mm and a density after tapping of
2.7...2.9 g/cmé. Chemical analysis of uranium oxide for
the content of critical impurities showed their lesser
content than according to TU 95.1981-89.

It was of practical interest to compare the purity of
UO; and UF,. The standard chemical composition of UF4
to obtain UFs is as follows, %: UF,; > 96; UOsF, — 2.0;
UO,-18; Th<0.005 Ni<0.0035 Cr<0.009;
Mn < 0.0001; Cd<0.00005; B <0.00001; Mo <0.001;
V < 0.001. Uranium dioxide obtained by the developed
technology with the use of extraction, re-extraction and
roasting processes corresponded in quality to UF4, which
made it possible to recommend it for direct
hydrofluorination.

CONCLUSIONS

1. Industrial tests of the extraction refining of
uranium made it possible to optimize the parameters of
the technology for uranium dioxide obtaining, meeting
the requirements for the production of UFs without
additional purification.
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2. During the tests, a complex extraction scheme for
the processing of uranium-containing solutions of various
compositions with the utilization of all reagents in the
form of fertilizers was developed.

3. A mixture of TBP and D2EHPA in kerosene was
tested as an extractant, which made it possible to
efficiently purify uranium from thorium and impurities
with a large thermal neutron capture cross-section.

4. During the solid-phase re-extraction of uranium
with ammonium carbonate, large AUTC crystals were
obtained, which made it possible to effectively separate
them from impurities and obtain large particles of
uranium dioxide up to 2 mm in size with a high bulk
density of up to 2.9 g/cm?.

5. The combination of drying and roasting of AUTC
crystals maintaining the excess pressure of hydrogen-
containing gases within the range of up to 0.8 kPa, made
it possible to completely reduce U(VI) to U(1V).

6. Obtaining UO- in the refining process eliminates
the costly hydrogen reduction of U3Og to UO,, which is a
prerequisite  of UFs production. This allows to
significantly reduce the cost of uranium hexafluoride
production.
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®I3UKO-XIMIYHI OCHOBHU TEXHO.JIOI'Ti OTPUMAHHSI OKCHUIB YPAHY
A.II. Myxauos, /1.0. Enamonuyes, O.A. Xapumonosa

BukianeHo pesyiabTaTH MPOMHUCIOBUX BHIIPOOYBaHb MPOLECIB OTPUMAHHS BUCOKOYHCTHX CIOJYK ypaHy, IO
BKJIFOUAIOTh EKCTPaKI[if0, KOHIIGHTPYBaHHS Ta OYMIICHHS ypaHy i3 cymimi a3oTHoi Ta QocdopHOi kuciory,
TBeprodazHy peekcrpakmito Ta BigHoBiaeHHs U(VI) go U(V). Iloka3zaHo, 10 TOEIHAHHS TPHOX PI3HHUX
eKCTpaKUiHHUX JHIA KOHIIEHTPYBAaHHS Ta OYMIIECHHS YpaHy BiJ CYIYTHIX LIHHHUX €JIEMEHTIB Ta PalioaKTHBHHX
130TOIIB JI03BOJIIE OTPHMYBATH KOHLIEHTPAT MPHUPOJHOTO ypaHy 3 HU3bKMM BMICTOM JIOMIIIOK, 1[0 BH3HAYaIOTh
CKOHOMIKY BHUpPOOHUIITBA rekcadTopuay ypaHy. Ilpolecu CyIIiHHS Ta MPOKATIOBAHHS KPUCTATIIB aMOHIIO
ypaHinTpukapOoHaTy micis TBepAoda3Hoi peeKkcTpakiii B arMocdepi BiJHOBIIOBAIFHHUX Ta3iB amiaky Ta BOJHIO
JIO3BOJISTIOTH OTPUMATH JBOOKHC YpaHy NPHAATHY At (GTOpYBaHHS 3 OJIep)KaHHAM TeTpa- Ta rekcaQTopuLy ypaHy.

OU3UKO-XUMHNYECKHUE OCHOBBI TEXHOJIOI'MHA ITOJYYEHUSI OKCH/J10B YPAHA
AL Myxaues, /I.A. Enamonues, E.A. Xapumonosa

W3noxxeHbl PE3yIbTaThl IMPOMBIINIJICHHBIX HUCIIBITAHUI MPOLECCOB MOJTYYECHHUA BbICOKOUYHCTBIX COC}II/IHGHI/Iﬁ YpaHa,
BKJTIOYAIOIINX JKCTPAKIMIO, KOHICHTPHUPOBAHHE M OYHUCTKY ypaHa M3 CMeCH a30THOH Hu (OCHOPHOH KHCIOTHI,
TBepaoGazuyro peskcrpakiuio U Boccranoienue U(VI) mo U(IV). Tlokazano uTo codeTaHue TpeX pPasIduHBIX
OKCTPAKIIMOHHBIX JIMHUH KOHLCHTPUPOBAHUA W OYUCTKU YpaHa OT COIIYTCTBYIOUIMX M[EHHBIX JJIEMCHTOB U
PaIMOAKTHBHBIX M30TOIOB MO3BOJSIET TOJIYYaTh KOHIIEHTPAT MPUPOJHOTO YpaHa ¢ HU3KUM COJAEPKAaHHEM MPUMECEH,
OIIPENIEIISIIONIMX YKOHOMHKY TPOM3BOJCTBA rekcagropuaa ypaHa. IIporecchl CyIIKM W THPOKAIKH KPHCTALIOB
AMMOHHSI YPaHUITPUKAPOOHATA MOCIE TBEPAO(PA3HON PEIKCTPaKIMU B aTtMocepe BOCCTAHOBHTEIBHBIX Ta30B
aMMHaKa ¥ BOJIOPOJIa MO3BOJISIFOT TOJMYYUTh JBYOKHCH YpaHa MPUTOAHYIO /s HTOPUPOBAHUSI C MOTYyYCHHEM TETpa- U
rexca)Topraa ypaHa.
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