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The paper presents the results of studies of the physicochemical processes of the extraction and nitric acid
purification of uranium salts obtained by the method of precipitation of ammonium uranyl carbonate (AUC) from ore
solutions of leaching of uranium and polymetallic ores with their subsequent dissolution in nitric acid. It is shown that
the process of extraction on a mixture of tributyl phosphate (TBP) in kerosene makes it possible to obtain high-purity
uranium oxide. For the selective extraction of impurities, the process of uranium extraction from the nitric acid medium
was carried out with a mixture of TBP and di(2-ethylhexyl) phosphoric acid (DEHPA) in kerosene. The first uranium
concentration 40...50 g/L simulated the process of uranium desorption, the second < 100 g/L simulated the process of
dissolution of uranium oxide. The study of the uranium extraction made it possible to determine the required number of
extraction stages to achieve the minimum uranium content in the raffinate and the maximum extractant capacity, which
ensured the specified coefficients of uranium purification from metal impurities (V, Mo, etc.). After extraction, the
nitric acid raffinate served as a raw material for the production of a mineral fertilizer — sodium nitrate.

INTRODUCTION

For the first time, the uranium extraction process
(PUREX-process) was used in the reprocessing of spent
nuclear fuel to obtain plutonium [1]. The history of the
use of extraction processes in natural uranium production
technology is described in [2]. The most widely used
uranium extraction was in sulfuric acid and phosphoric
acid schemes with the use of extractants TBP, DEHPA,
trialkylamine (TAA), and some others [3].

Uranium oxide concentrate as the end product of
uranium ore processing was obtained by the roasting of
AUC crystals precipitated by ammonium carbonate from
ore solutions. The resulting concentrate contained no
more than 60% uranium and required additional
purification. The introduction of the process of sorption
of uranium on ion-exchange resins made it possible to
selectively extract uranium from the ore solution and
increase its concentration after desorption to 20...30 g/L.
Obtaining “yellow cake” concentrate after in-situ
leaching (ISL) made it possible to increase the
concentration of uranium to 80...100 g/L. Both solutions
had to be processed by extraction to obtain purified
uranium oxide, which is necessary to obtain nuclear grade
uranium hexafluoride UF.

The process of leaching uranium ores from pulps is
usually based on the use of sulfuric acid, which, after
sorption, was neutralized with milk of lime to pH =7, and
gypsum is sent to a special storage facility. The use of
nitric acid instead of sulfuric acid made it possible to
increase the degree of uranium extraction from 90 to
99%, while its neutralization with soda made it possible
to obtain sodium nitrate, as well as “nitrofoska” a
complex fertilizer with nutrient content of 40%. The
process of extracting uranium from nitric acid media has
not been studied or used yet.

Concentrate of natural uranium in the form of
uranium oxide is a standard intermediate product during
uranium ore processing. The requirements for the quality

106

of uranium oxide are regulated by the international
standard ASTM-C-967, which determines the uranium
content in the concentrate not less than 84%, and
impurities — not more than 1-102%.

Before the introduction of the extraction process on
an industrial scale, the purification of uranium from
impurities was based on the laborious processes of
crystallization and recrystallization of AUC. Metallic
impurities that passed into uranium oxide after roasting
were removed due to different solubility during the
precipitation of UF,nH,O. The advent of the TBP
extractant made it possible to use it for deeper
purification of uranyl nitrate.

The sorption of uranium on the SG-1 cation
exchanger was the first known in the uranium industry. It
allowed concentrating uranium up to 150 times and was
first introduced at the GP “VostGOK” (Zhovti Vody) in
1961.

Because ore solutions contained up to 1g/L of
uranium, the extraction process was impossible due to the
large volume of low-concentration solutions. The use of
concentrates with 60% of uranium made it possible to
obtain a solution with a uranium concentration of up to
100 g/L, suitable for studying the extraction process to
solve the following problems:

1. Develop an extraction scheme for the purification
of uranium from solutions with 50 and 100 g/L of
uranium.

2. Optimize the technological parameters of the
extraction and re-extraction of uranium to achieve the
required quality of uranium oxide.

3. Develop the process of solid-phase uranium
regeneration by an ammonium carbonate solution.

The purpose of this work wasto study the conditions
for the extraction of uranium with a mixture of TBP and
kerosene in a nitric acid medium, as well as to investigate
the peculiarities of solid-phase re-extraction of uranium
by ammonium carbonate.
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MATERIALS AND METHODS

The end product of uranium production technology
fromoreis chemical concentrates, which must bepurified
according to the scheme of double salting out of AUC.
To remove impurities, it is necessary to carry out
extraction from nitric acid solutions obtained from
dissolving various chemical concentrates in nitric acid at
excess acidity of 50 g/L in our trials, the solid phase was
separated by filtration, and the nitric acid filtrate served
as a starting solution for studying the extraction process.
In this case, two samples were taken: the first was based
on the content of 50 g/L of uranium, the second was
prepared by dissolving a mixture of a chemical
concentrate in 48% HNOs.

Chemical concentrate of uranium in the form of
crystals with a uranium content of 40...60% was
dissolved in 48% nitric acid at an excess acidity of 50 g/L
to obtain 2 solutions:

— first, with a uranium content of 50 g/L;

— second, with a uranium content of 100 g/L.

Both products were analyzed for the content of U, K,
Na, Al, S, P, Fe, Cu, Mg, Mn, Si, after which their
specific weight was measured.

After the separation of the solid phase, the filtrate
served as a starting solution for studying the extraction
process. TBP with a specific gravity of 0.96 g/mL was
used as an extractant. Kerosene with a specific gravity of
0.817 g/mL was used as an inert diluent. One volume of
TBP was mixed with three volumes of kerosene, so TBP
concentration in the mixture was 28 wt.%. A mixture
with a specific gravity of 0.8 g/mL was treated with a
0.5% solution of nitric acid at a ratio of 1:2. During the
extraction, the number of stages and the distribution
coefficient of uranium over the stages were determined at
a ratio of 1:2. The extraction was carried out in a
separatory funnel for 10 min. The aqueous phase after the
first stage of extraction was sent to the second stage and
so on. After each stage, the aqueous and organic phases
were analyzed for uranium content, then the distribution
coefficient of uranium was calculated. The extraction was
terminated when the uranium content in the raffinate was
less than 50 mg/L.

Determining the number of extraction stages and the
distribution coefficient of uranium over the stages were
carried out on two nitric acid solutions with a uranium
concentration of 50 and 100 g/L. To determine the
number of extraction stages and the distribution
coefficient of uranium over the stages, a certain amount
of a nitric acid solution and an organic phase (at a phase
ratio of 1:1) were taken, which were mixed by shaking in
a separating funnel for 10 min. The water phase that has
passed the first extractionstage, served as the starting
point for the second stage of extraction with fresh
extractant and so on.

To determine the distribution coefficient of uranium
over the extraction stages, the organic and aqueous
phases were analyzed for the uranium content. The
distribution coefficient was calculated by the equation:

0= Corg/Cagy 1)

where o is the distribution coefficient; C,q is the
concentration of uranium in the organic phase; Cy is the
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concentration of uranium in the equilibrium aqueous
phase.

Re-extraction of uranium was carried out from the
organic phase with a uranium content of 30 g/L. An
ammonium carbonate solution with a concentration of
214 g/L was used as a stripping agent. We took 50 mL of
the organic phase and 100 mL of the ammonium
carbonate solution. The volume ratio of the organic and
aqueous phases was 1:2. Such a ratio was chosen so that
after stripping, the excess carbonate content in the
aqueous phase would not be lower than 150 g/L, i.e.,
salting out of uranium occurred simultaneously with the
stripping. The contact of the ammonium carbonate
solution and the organic phase was carried out in a
separating funnel with shaking. In this case, the contact
time varied from 5 to 60 min. After re-extraction, AUC
crystals were separated from the mother liquor by
filtration and the organic phase from the mother liquor —
by separation after 10 min of settling. The organic phase
was then analyzed for uranium content.

When determining the effect of excess carbonate
content on the degree of re-extraction, the ratio of the
organic and aqueous phases was 1:1, the contact time was
30 min. The specified excess carbonate content in the
carbonate mother liquor was established by the addition
of dry ammonium carbonate. The separation of the AUC
crystals, the carbonate mother liquor, and the organic
phase was carried out in the same way as in determining
the influence of the contact time on the degree of uranium
re-extraction. After separation, the organic phase was
analyzed for uranium content.

The nitric acid solution was subjected to five-fold
countercurrent extractions with a ratio of organic and
aqueous phases of 2:1, and a contact time of 3 min. The
separation and contacting of phases were carried out in a
separating funnel. After five-fold extraction, the aqueous
phase was filtered and washed with kerosene (2 volumes
of kerosene per 1 volume of the aqueous phase) and
analyzed. Washing of the aqueous phase with kerosene
was carried out to trap TBP. After the first extraction, the
organic phase was removed for stripping of uranium with
a saturated solution of ammonium carbonate in a
separating funnel with a contact time of 30 min and a
ratio of organic and aqueous phases of 1:1. The
precipitated AUC crystals were separated from the
aqueous and organic phases by filtration. The crystals
were calcined in a muffle at 800 °C and analyzed.

The re-extraction of uranium from the organic phase
was carried out not with a fresh solution of ammonium
carbonate, but with a carbonate mother liquor obtained
from the previous experiment, which was preliminarily
saturated with dry ammonium carbonate. Thus, the same
carbonate mother liquor was used several times as a
stripping agent.

During the extraction, the conditions of maximum
saturation of the extractant were determined at which the
majority of impurities and no uranium remained in the
raffinate. The raffinate after the second stage was
neutralized with soda to get NaNOj; solution with a
concentration of 200 g/L and sent to the fertilizer
production.
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RESULTS AND DISCUSSION

After analyzing the initial solutions, the content of the
main impurities was determined (Table 1).

It can be seen from the above data that the main
impurities that determine the consumption of nitric acid are
nitrates of manganese, aluminum, iron, sodium, and
magnesium.

The dissolution of the uranium chemical concentrate
and impurities in nitric acid is described by equations:

Na,U,07 + 6HNO; —
—>2U02(NO3)2 + 2NaNO; + 3H,0,

MeO + 2HNO3—>MC(NO3)2 + H,0,

where Me is bivalent metal.

A determination of the equilibrium distribution of
uranium over the extraction stages (Table 2) showed that
5-6 extraction stages are sufficient for the deep extraction
of uranium.

2
®3)

From Table 2 it follows that after five stages of
extraction of the nitric acid solution, it is possible to
obtain a uranium content in the aqueous phase of
50 mg/L. At the same time, the distribution coefficient of
uranium by stages fluctuates in the range of 2.5...4.0.

The processes of uranium extraction using TBP and
its stripping with ammonium carbonate are described by
equations:

UOz(N 03)2 + TBP— TBPUOz(NO3)2, (4)
TBPUOz(NO3)2+ 3(NH4)2CO3 —
— (NH,)4[UO(CO3)5] + 2NH,NO3z+ TBP. ®)

As shown (Table 3), the distribution coefficient of
uranium remains constant when the contact time changes
from one minute to twenty minutes. Consequently, the
equilibrium distribution of uranium between the phases is
achieved upon contact for 1 min.

The kinetic studies and the effect of carbonate content
on the degree of re-extraction are shown in Table 4.

Table 1
Chemical composition of the nitric acid solutions
Name Acidity, 3\;/);0|rf]|tc Content of components, g/L
g/L g/mgL, U K Na |Al | S |Fe |[Ca |Mg |Mn | P |SiO, |Cu
Nitric acid 500 | 1.106 | 46 |0.015 [0.11 |1.94 |0.83 [0.27 [0.17 [0.21 |0.46 [0.10 |0.16 |0.07
solution No. 1
Nitric acid
: 487 1.196 | 105 |[0.250 (1.30 |4.33 [{1.74 |0.71 |0.23 |0.45 |1.78 [0.18 |0.21 |0.13
solution No. 2
Table 2
Results of uranium extraction and distribution
N Extraction | Uranium contentinte | Uranium contentinthe | Uranium distribution
ame . .
stage organic phase, g/L aqueous phase, g/L coefficient
1 30.7 12.1 2.54
Nitric acid 2 10.8 3.20 3.38
itric acl 3 2.61 0.69 378
solution No. 1
4 0.464 0.13 3.56
5 0.123 0.047 2.66
1 64.1 24.5 2.62
2 40.0 145 2.76
Nitric acid 3 12.45 3.50 3.56
solution No. 2 4 253 0.61 4.15
5 0.48 0.13 3.70
6 0.13 0.048 2.70
Table 3 With a contact time of 20...30 min, a degree of
Influence of contact time on the distribution coefficient uranium re-extraction of 99.9% can be achieved.
of uranium Residual carbonate content in the aqueous phase is no
] Uranium Uranium ] more than 150 g/L. A decrease in excess carbonate
Time content in content in Uranium content to 100 g/L leads to a decrease in the percentage of
contact, | e organic | the aqueous | iSIPUtion | stripping to 99.7 at.% 30 min of contact. With an excess
minute phase, g/L phase, g/L coefficient | carbonate content in the mother liquor of 200 g/L and less
than 20 min of contact time, the percentage of uranium
1 31.0 12.0 2.58 .
re-extraction decreases to 98%.
3 310 11.95 2.59 The resulting uranium oxide (Table 5) meets the
5 30.5 11.75 2.59 condition in all parameters, except for the phosphorus
15 315 13.18 2.4 content. The increased phosphorus content could be
20 320 12.70 252 explained by the capture of a certain amount of TBP
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hydrolysis.
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Carbonate mother liquor after uranium stripping
contains a significant amount of impurities, the uranium
content in it — 0.3...1.2 g/L. The extraction of uranium
from the organic phase reaches 97...99%. The aqueous
phase after five-fold countercurrent extraction contains an

increased amount of organic phase, as can be judged from
oxidizing ability, which ranges from 237...442 mgO./L.
Most of the impurities remain in the aqueous phase after
extraction.

Table 4

Results of studies of uranium re-extraction
(uranium content in the original organic phase 30.5 g/L)

_ Contact time Excessive carbonate Uranium content in Percent_age of
Ratio* min ' content of the mother the organic phase uranium

liquor, g/L after regeneration, g/L reextraction, %

5 190 0.600 98.00

10 198 0.650 97.90

21 15 192 0.250 99.20

20 197 0.025 99.92

30 195 0.021 99.93

60 196 0.028 99.91

105 0.086 99.72

156 0.021 99.93

11 30 180 0.026 99.92

195 0.028 99.91

197 0.025 99.92

*organic:mother liquor

Table 5

Chemical analysis of uranium oxide
(re-extraction time 30 min; organic:aqueous = 1:1; specific gravity of the organic phase 0.935 g/mL)

Number | Exceed Chemical composition of uranium oxide, %

Cy‘;fes Carb;/rl‘_ates' u | a |p B Si Cu | Mn | Fe K | Na
1 220 8212 | 0002 | 0.73 |8810° |0.002 |8810° |3010* | 1.710* |3.410° | 0.003 |0.005
2 197 | 8255 | 0003 | 1.80 |22:10* {0001 |12:10% |2410* |1.810" [4910° | 0.002 |0.003
3 205 | 8114 | 0002 | 220 |32:10” | 0001 |4910° |8.1:10* |3510* |1.1-107 | 0.002 |0.002
4 197 {807 | 0009 | 300 |3.7:10* {0005 |22:10° |2910° |2710* | 16107 | 0.008 |0.004
5 197 | 7997 | 0008 | 210 |2.010* {0007 |1.810° |4610° [2010* [22:107 | 0.003 |0.003
6 187  |80.74 | 0007 | 064 |27:10* [0.006 |2.610° [1910° [2610* |3010° | 0004 |0.007
8 204 | 8154 | 0027 | 270 |2910* | 0005 |2510° [1.710° | 8.110* | 20102 | 0.003 |0.003

Thus, the increase in the salt composition of the
carbonate mother liquor occurs insignificantly over eight
cycles. The content of vanadium, phosphorus, and iron in
the solution increases slightly. Uranium oxide at eight
cycles meets all requirements, except for phosphorus. The
uranium content in uranium oxide ranges from 79.97 to
82.55%.

CONCLUSIONS

1. For the extraction of uranium from nitric acid
solutions obtained by dissolving 40...50% chemical
concentrates in nitric acid, an extractant consisting of
28% TBP and 72% kerosene can be used.

2. From a nitric acid solution containing 46 g/L of
uranium, after five stages of extraction with a ratio of
organic and aqueous phases of 1:1, it is possible to obtain
a raffinate with uranium content of <50 mg/L. The same
uranium content in the aqueous phase can be obtained
from a nitric acid solution containing 105 g/L of uranium
after six stages of extraction.
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3. Coefficient of distribution of uranium by stages of
extraction from the nitric acid solutions ranges from 2.5
to 4.0.

4. The equilibrium content of uranium between the
aqueous and organic phases is achieved at a contacting
time of 1 min.

5. Re-extraction of uranium from the organic phase
with a saturated solution of ammonium carbonate
provides 99.9% efficiency with excess carbonate content
in the mother liquor of at least 150 g/L and a time of
20 min.

6. The quality of uranium oxide obtained by AUC
crystals roasting meets the standard requirements, except
for phosphorus.

7. Extraction of uranyl nitrate with a mixture of TBP
and kerosene provides a good purification of uranium
from impurities of metals, in particular, from
molybdenum and vanadium.

8. With the cyclicity of the stripping agent, the
uranium content in the uranium oxide ranges from 82.55
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to 79.97%. After eight cycles with a circulating stripping
agent, an increase in the content of alkaline impurities in
the uranium oxide was still not observed.

9. When uranium is extracted with a mixture of TBP
with kerosene from nitric acid solutions obtained by
dissolving chemical concentrates in nitric acid, a third
phase is formed. This is due to the hydrolysis of TBP and
the interaction of mono-butyl-phosphoric acid with
uranium, which also leads to an increased content of
phosphorus in the uranium oxide.

10. To purify the organic phase from TBP hydrolysis
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OU3UKO-XUMHNYECKHUE OCHOBBI IPOLECCA SKCTPAKIHHUOHHOI'O A@®UHAXKA
INPUPOJHOI'O YPAHA

Al Myxaues, /1. A. Enamonues, E.A. Xapumonosa

W3n0oskeHbl  pe3ysbTaThl HCCIACAOBAHUN (DU3UKO-XUMHYECKUX IPOIIECCOB ADKCTPAKIHMOHHON a30THOKHUCIOTHOM
OYKCTKH COJIeH ypaHa, MOJyYEHHBIX METOIOM OCAaXICHUS ypaHuitpuikapOoHata ammoHusi (YTKA) u3 pyaHbeix
PacTBOPOB BBIIIEIAYMUBAHKS YPAHOBBIX M MOJMMETAIIMIECKUX PYJ C IMOCJICTYIOIINM PacTBOPCHHEM HX B a30THOU
kucinote. [lokazaHo, 4To mponece SKcTpakuu Ha cMecH Tpudytmiadocdara (THD) B kepocrHe MO3BOIISET MOTYIUTh
BBICOKOYHCTYIO 3aKHCh-OKHCh ypaHa. Il CeJICKTMBHOTO H3BIECUYEHHS NPHMECEH MpOIecC SKCTPaKIMH ypaHa W3
a30THOKHUCIION cpensl mpoBoamics cMecbio Th® u mu(2-satmnrekcnn) ocdoproit kucioTel (221 DK) B kepocuse.
IepBas xoHueHtpanus ypana 40...50 r/n MomenupoBaia mpoiecc aecopOiu ypana, Bropas < 100 r/m — mporiecc
PacTBOpPEHUsI 3aKUCH-OKHCH ypaHa. 3ydeHWe HM30TepM SKCTPaKIMU ypaHa IMO3BOJMIO OMNPEIEIUTh HEOOXOIMMOe
YHCIIO CTYNEHEH SKCTPaKIWH UISl JOCTHKCHUS MHHHUMAJIBHOTO COZAEp)KaHMS ypaHa B paduHaTe M MaKCHMAaJIbHOH
€MKOCTH 9KCTpareHTra, 4To 00eCnednIo 3aJanHble Ko3((GHIUEHThI OYUCTKU ypaHa oT npuMmecei Metamios (V, Mo u
p.). A30THOKHCIIOTHBIH pad)UHAT MOCIE SKCTPAKINK CIY)KWJI HCXOJHBIM CBIPEM JJIS IPOM3BOJICTBA MUHEPAILHOTO
ynoOpeHus: — HaTPUEBOW CETTUTPHI.

®I3UKO-XIMIYHI OCHOBH MPOIECY EKCTPAKIIIHHOT'O A®DPIHAKY
IHPUPOJHOI'O YPAHY

A.II. Myxauos, /1.0. Enamonuyes, O.A. Xapumonosa

BukiageHo pe3ysbTaTH JOCIIMKEeHb (PI3UKO-XIMIYHUX MPOIECIB €KCTPAKIIHHOIO a30THOKHUCIIOTHOTO OYHMIICHHS
colell ypaHy, OTPUMAaHHX METOAOM OCa/UKEHHS ypaHinTpmikapooHaty amonilo (YTKA) 3 pyaHux po3uuHiB
BUJIYTOBYBaHHs YPaHOBHX Ta MOJIIMETAJIEBUX PYA 3 MOJAIBIIMM PO3YMHEHHSIM iX B a30THii kucioti. [TokasaHo, mo
npouec ekcrpakuii Ha cymimi TpudyTuidocdary (TBD) y raci no3Bossie 0TpuMaTH BUCOKOUNCTHI 3aKHUC-OKHC YpaHy.
JInst CeneKTHBHOTO BWIIy4EHHs IOMIIIOK IIPOIEC EKCTPaKLii ypaHy 3 a30THOKHCIIOTO CEpe/IOBHINA IPOBOJIMBCS
cymimmmro Th® i gi(2-ermnrexcun) dochoproi kucnoru (A2EI'DK) y raci. [epma xoHnenTparis ypany 40...50 r/n
MoOJIeITIoBaia mporiec jgecopOiri ypany, apyra <100 r/n — mpoiec pO3UMHEHHsI 3aKHUCY-OKHCY ypaHy. BuBYeHHS
130TepM eKCTpakIil ypaHy IO3BOJWIIO BHU3HAYUTH HEOOXIMHY KUIBKICTh CTYICHIB EKCTPAKIii JUI1 JOCATHEHHS
MIiHIMAJEHOTO BMICTY ypaHy B padiHaTi Ta MAKCUMAaJIbHOI €EMHOCTI €KCTpareHTa, 1o 3a0e3Meumio 3a1ani KoedimieHTH
OUMIIEHHS ypaHy Bix jgomimok mertaniB (V, Mo Ta iH.). A30THOKHCIOTHMH padiHaT Iicist eKCTpakiii CiyXuB
BUXI/THOIO CHPOBHMHOIO JUIsl BUPOOHHUIITBA MiHEPAIIbHOTO JIOOpHBa — HATPI€BOI CEIIITPH.
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