PROCESSING AND COMPLEX USAGE OF MINERAL RAW MATERIALS
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EFFECT OF PROCESS SOLUTION SATURATION WITH OXYGEN
ON URANIUM IN-SITU LEACHING PERFORMANCE

Introduction

Kazakhstan holds world’s second largest uranium
reserves and round 74% of uranium reserves suitable
for in-situ leaching. The unique feature of Kazakhstan's
uranium reserves is their occurrence nearby the regional
zones of oxidation. Such deposits are rare in the world
and are extracted using the advanced, comparatively
cheap and environmentally preferable technology of in-
situ leaching [1, 2]. In the in-situ leaching technology,
ore at its resting place is pumped through with the
leaching solutions. Accordingly, the soil mantle remains
almost intact, and no waste dumps and tailings appear

One of the effective methods of mining low-grade uranium deposits is the in-situ leaching tech-
nology. On the other hand, in difficult geological conditions, this technology fails to provide the desired
effect and increases duration of mining, which, eventually, evaluates production costs.

Feasibility of increasing uranium content in pregnant solution and reducing production period is
governed by ferric iron concentration in process solution. For increasing the ferric iron concentration and,
thus, the content of uranium in pregnant solution in uranium in-situ leaching, it is proposed to saturate
the leach solution with atmospheric oxygen using the Venturi tube. The lab-scale tests of core materials
for determining dependence of the uranium content in the pregnant solution on the oxygen concentra-
tion in the leach solution prove the advantages of the proposed technology of uranium in-situ leaching.

According to many researchers, the uranium recovery in the pregnant solution in in-situ leaching
depends on the degree of saturation of the leaching solutions with oxygen capable to oxidize ferrous iron
(Fe,) to ferric iron (Fe,) and, thereby, to stimulate oxidizability of the leaching environment. The objective
of the studies was to determine parameters of saturation of process solutions with oxygen.

on ground surface. As compared with the conventional
mineral mining, the in-situ leaching technology eases
of the shart-term and long-term impact on population,
extremely reduces the radioactivity level with a very few
radwaste and ends with no tailings at all [3].

The cost of the in-situ leaching is 2.5—3 times lower
than the cost of underground mining, while the recovery efficiency of ISL
ranges from 49% to 88% at the average value of 65% [4], and, for this
reason, this technology remains the most promising.

Recently, the scope of ISL technology embraces geologically unfa-
vorable reservoirs, with low uranium content, low permeability, high clay
content and without ferric iron in rock mass and in reservoir water
[5-7]. As a consequence, the uranium recovery efficiency in production
blocks is round 50% at the sulfuric acid content of 10-15 g/l in leach
solutions for easy compounds and round 80% at the solution acidity of
20-25 g/l for difficult uranium.

The uranium leaching practice shows that at the stages of ore acidi-
fication, it is observed that the useful component concentration in the
pregnant solution increases together with the residual acidity. In transi-
tion to the stage of active leaching, uranium content in the pregnant
solution achieves the peak value and then drops. This takes place for
that chemically active hexavalent uranium almost totally goes to the
pregnant solution by this moment, and only 4-valent uranium, which is
more resistive to sulfuric acid, remains in ore [8].

For speeding up leaching, two additional requirements should be ful-
filled, namely, the uniform injection of process solution at a general bal-
ance maintained and the minor deviation of borehole bottoms from their
design positions (within 1-2 m). The nonobservance of these require-
ments complicates interpretation of check boring data and impairs accu-
racy of calculations.

For cutting the operation time of a leaching site until the wanted
recovery efficiency is reached (85-90%), it is possible to decease the
distance between the pumping-in and pumping-out wells, or to increase
the well yield. The cold-technical difficulties exist in both cases. For
example, at the depths of 400-700 m, it is impossible to drill holes
without deviation of the filter by 3-5 m from the project position. For
this reason, the minimal allowable distance between the pumping-in/out
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wells is to be 20-35 m per drilling depth. Furthermore, it is impos-
sible to increase the yield of such wells as, alongside with the technical
difficulty and elevated construction costs, the governing factor is the
permeability of a pay harizon.

In the rough, the operating time of ISL sites without central cell up
to reaching the wanted recovery efficiency is round 3 years, or, with
regard to mudding-induced decrease in the well flow rates, is 4-5 years.

On this basis, one of the ways of the in-situ leaching stimulation in
uranium production is the use of various oxidizers.

Oxidation of U(IV) to UVI) in carbonate media is possible using oxi-
dizers, such as oxygen, ozone, hydrogen peroxide, thiosulfates of alkaline
metals or ammonium, sodium hypochlorite etc., or using anode oxidation
[9].

The study [10] experimentally proved very low efficiency of uranium
leaching using return solutions without preliminary oxidation of iron.
An increase in the concentration of sulfuric acid in the return solution
somewhat increases uranium leaching efficiency. At the same time, the
triple concentration of sulfuric acid raises the leaching efficiency only
by 4-5%.

A serviceable bacterial oxidizer may be Ferrooxidans which can
oxidize ferrous iron (Fe,) up to ferric iron (Fe4). When application of
biological leaching to sulfide ore was better studied, the experiments
were undertaken with uranium leaching. Biological leaching can be a good
alternative in case of low-grade and rebellious ore which is uneconomic
to treat using the conventional method [11].

The other oxidizer, often used to enhance uranium leaching efficiency,
is nitrous acid or nitrites. It is known that in the presence of bath iron and
nitrite ions, uranium oxidation follows the catalytic mechanism (nitrite
ions accelerate oxidation of iron which, in its turn, oxidizes uranium) [12].
Furthermore, ozone and hydrogen peroxide are applicable to stimulating
leaching. It is common knowledge that hydrogen peroxide in leaching solu-
tion possesses high oxidation power relative to uranium [13, 141.
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The above described methods to activate leaching solutions are by
far attractive but also have some disadvantages.

The chemical methods (nitric acid and nitrites, pure oxygen, hydro-
gen peroxide) impose stringent requirements on the conditions of trans-
port, storage and proportioning of chemical agents, on sophisticated
equipment and, certainly, on safety [15].

The bacterial leaching needs special conditions for incubation and life
maintenance of bacteria colonies [16].

The ozonation requires much power to generate high concentration
of ozone.

Finally, different approaches to stimulating uranium production using
various oxidizers involve essential operating and capital expenses, includ-
ing the environmental protection.

Thus and so, it is proposed to use atmospheric oxygen as an oxidizer
in the stimulated leaching processes.

Oxygen is poorly dissalvable in water. This gas solvability is directly
proportional to the oxygen partial pressure and considerably depends on
the temperature and composition of the water phase.

In the course of development of this technology, injection of com-
pressed air in a reservoir as well as pre-saturation of process solutions
with air were tested. For example, in test block 3 of ISL site 10 in the
Uchkuduk deposit, air was injected under the pressure of 2—4 kg/cm?2
until the pay reservoir was saturated with oxygen at 0.1 kg/t, which
agreed with the pore volume value [17]. In 30 days after actuation of
pumping-out wells, uranium content of pregnant solutions reached the
maximum value of 35 mg/l at the content of HCO, of 270 mg/l. For the
comparison, in sulfuric leach blocks (without air feed), uranium content
of pregnant solutions totals 10 mg/| at most.

The task of no less importance is the development of the technology
for saturation of leaching solutions with atmospheric oxygen. At first
sight, an evident way to this end is oxygen feed via an air supply hose
from a compressor connected to a main pipe, but the problem is that
the capacity of the main pipes in operating mines is from 60 m3/h to
130 m3/h. Alternatively, air can be fed directly to mother solution out
of door, but, due to the relatively low pressure at the air feed place,
oxygen escapes instantly, which nullifies the attempt to activate and
stimulate the solution.

Research procedure

On the afore-listed grounds, it is suggested to use the Venturi tube
for saturating leaching solutions with oxygen.

The Venturi tube is a short tube of a special design, with narrowing
and with an air suction orifice in the middle portion. As the solution
passes the isthmus of the Venturi tube, the flow velocity increases
with simultaneous air suction [18]. According to Bernoulli’s principle,
the liquid volume or the leaching solution volume to flow along a large
diameter tube is the same as the liquid volume to pass the narrow part
per unit time. To ensure the same volume of liquid at two points, the
liquid flow accelerates by Bernoulli’s principle. In case of the higher flow
velocity, the static pressure is lower. The liquid velocity/static pressure
ratio is a direct proportion, i.e., by increasing the liquid flow velacity in
a smaller diameter tube, it is possible to decrease the static pressure
down to a value which enables air suction via the orifice in the narrow
part of the tube.

The liquid flow in the narrow part is accompanied with dynamic cross
stirring, then the air-saturated solution flows into the larger diameter
zone, the flow velocity decreases, the flow made becomes laminar again,
and the static pressure increases proportionally. Practice shows that
pressure has an essential influence on solubility of gases in water. As
pressure increases, the solvability of atmospheric oxygen grows. The
solvability of liquid and solid substances is almost independent of pres-
sure. Thereupon, it can be stated that this technology allows saturation
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Fig. 1. Lab-scale modeling plant

of process solutions with oxygen at the least expenses and eliminates
gas colmatage potential.

For the comparison, the reference and the proposed technologies
with oxygen saturation were tested at a laboratory scale. The test core
samples were taken on the eastern and western sides of the Central
Mynkudyk deposit.

The core material was grey sand. The cores were sampled at dif-
ferent depths spaced at 20 cm, and each core was described. All in all,
cores of total length of 6 m were taken on each side of the deposit.
Aimed to determine the average uranium content of the cores, all cores
were ground: the average uranium content of the eastern side and
western side cores were 0.035% and 0.045%, respectively.

For the lab-scale tests, the ground core material was compacted in
a special tube and placed in a transparent container.

The lab-scale modeling plant (Fig. 1) consists of a bulb with a leach-
ing solution, container with core and a tank for the pregnant solution.

The plastic bulb with a volume of 50 | is connected with a flexible
hose 60 cm long, equipped with a horizontal pump to ensure the required
velocity of the liquid flow. Liquid is pumped through the Venturi tube at
a high velocity. The solution saturated with atmospheric oxygen flows to
tank for the dissolved oxygen concentration measurement. This tank has
an air-proof lid on the top and an electrode on the bottom. The tank lid
has an opening for the water-and-air mix to flow in, and the electrode
serves to measure dissolved oxygen.

The acid concentration was 20 g/l, the redox potential was evalu-
ated using pH meter IT-1101, and the content of uranium was measured
at a mine laboratory. The leaching time was 9 hours, and the amount of
the leach solution was 12 I. The pregnant solution was sampled every
hour, and all in all 18 samples were taken, including 9 samples with from
the eastern side of the deposit and 9 samples from the western side

Results and discussion

First, the reference technology was tested (Tables 1 and 2), and
then the testing involved saturation of the leach solution with oxygen for
determining the effect of the oxygen-rich solution on the concentration
of ferrous and ferric iron, on the value of the redox potential and on the
content of uranium in the pregnant solution. The acid concentration in
the initial leach solution was 6.3 mg/l; after the solution was saturated
with oxygen using the Venturi tube, the concentration of oxygen rises to
10.45 mg/l, i.e. by 66%.

As seen from Table 1, with increasing time of leaching, the value
of the redox potential changes slightly, from 340 to 348 mV. In the
meanwhile, the concentration of Fellll) in the leach solution (LS) was
310 mg/l, then it increased to 324 mg/l in the further course of leaching
but decreased to 320 mg/l afterwards. The concentration of Fe(ll) grew
from 270 mg/l to 368 mg/l but then lowered insignificantly to 354 mg/.
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Table 1. Uranium content, redox potential, and ferrous and ferric iron
contents (eastern side, core 1)

Table 2. Uranium content, redox potential, and ferrous and ferric iron
contents (western side, core 2)

Uranium Redox . Uranium Redox .
Sample Fe"(‘;-/IZ), Fe"ll-;-/lm, content, potential, Stai::h:g Sample Fe":;-/f]’ Fen:;-/il), content, | potential, s;::h:g

mg/l ml ? mg/Il mV ’
LS1 270 310 2.10 340 0 LS2 288 312 1.90 334 0
PS1 300 318 18.40 340 1 PS1? 290 312 20.80 336 1
ps2 290 318 18.40 344 2 ps2! 290 310 21.25 338 2
PS3 362 322 18.60 345 3 ps31 292 304 20.54 338 3
PS4 365 324 19.30 346 4 PS4 289 315 20.58 340 4
PS5 368 324 18.70 345 g pS51 294 306 18.62 340 5
PS6 362 320 19.60 346 B PSB’ 290 304 18.22 342 6
PS7 360 322 20.00 346 7 ps71 290 295 18.20 338 7
PS8 356 326 18.90 348 8 PS8! 288 305 18.00 340 8
PS9 354 320 18.80 346 9 psg! 290 296 18.00 340 9

Table 3. Uranium content, redox potential, and ferrous and ferric iron
contents (eastern side, core 1)

Table 4. Uranium content, redox potential, and ferrous and ferric iron
contents (western side, core 2)

Within the preset leaching time, the uranium content in the pregnant
solution (PS) changed in a minor way, in a range of 18.4-20.0 mg/I. On
the whole, the content of uranium in PS totaled 18.63 mg/l, and the
concentration of Fe(ll) grew by 27%.

It is seen from Table 2 that before saturation of the leach solution
with oxygen, the concentrations of Fe(ll) and Fe(lll) were, respectively,
288 and 312 mg/l, and the value of the redox potential ranged between
334 to 342 mV. During the assigned leaching time, the content of ura-
nium in PS changed within a range of 18.0-21.25 mg/l. Generally, the
average content of uranium in PS made up 19.35 mg/l.

The laboratory testing results on saturation of the leach solution
with atmospheric oxygen are compiled in Tahles 3 and 4.

As follows from Table 3, before saturation of the leach solution with
oxygen, the concentrations of Fe(ll) and Fe(lll) were 300 and 320 mg/I,
respectively, and after the saturation and with longer time of leach-
ing, the value of the redox potential increased from 360 to 387 mV.
The concentration of Fe(lll) grew to 347 mg/l, and the concentration of
Fe(ll) slightly decreased to 292 mg/l. Within the preset leaching time,
the content of uranium in PS changed in a minor way within a range of
20.9-24.2 mg/l. On the whale, the average uranium content in PS made
up 23.05 mg/l, the concentration of Fe(lll) grew by 5%, and the redox
potential increased by 4.7%.

It is seen in Table 4 that before the leach solution was saturated
with oxygen, the concentrations of Fe(ll) and Fe(lll) equaled 310 and 330
mg/l, respectively, and after the saturation and longer time of leaching,

Uranium Redox . Uranium Redox .
Sample Fe“:;-ﬂZ), FB“:;'/?), content, | potential, S;:::Il:g Sample Fen:;-ﬂZl, Fen:;-/?l, content, | potential, s;::h:g

my/l ml ’ my/l ml ’
1S3 300 320 180 3600 0 LS4 310 330 2.1 364.4 0
PS10 296 331 20.91 360.8 1 PS19 301 334 24.81 368.0 1
PS11 298 320 2165 370.2 2 Egg? ggg ggg gg:g %28 §
EEE ggi 222 gg:i 3;22 2 PS22 294 354 27.26 396.0 4
: : PS23 290 358 05.82 403.0 5
PS4 | 294 | 338 | 2346 | 3806 5 PS24 | 302 | 342 | 2694 | 4065 6
PS15 %2 345 23.00 382.8 6 PS25 286 358 27.62 403.0 7
PS16 294 341 23.15 387.6 7 PS26 280 358 08.25 403.0 8
PS17 098 347 24.00 3805 8 PS27 260 365 07.84 418.0 9

PS18 294 347 23.20 3816 9

the redox potential increased from 364 to 416 mV. The concentration of
Felll) grew to 365 mg/l, and the concentration of Felll) lowered slightly
to 260 mg/I. Within the time of leaching, the content of uranium in PS
changed in a minor way in a range of 24.8-28.2 mg/l. Generally, the
average uranium content in PS totaled 26.62 mg/l, the concentration of
Fe(lll) rose by 7%, and the redox potential increased by 14.0%.

At the laboratory scale, the solution feed velocity was set to equal
to the industrial canditions, i.e. 0.7 m/s. After suction of air via the Ven-
turi tube, the oxygen concentration in the leaching solution was 10.45
mg/l. Such concentration of oxygen made it possible to increase Fellll)
concentration in the treated solution as against the initial solution and,
accordingly, to maintain that higher concentration of Fe(lll) in the pro-
ductive solution (see Tables 1-4).

After processing of the testing data, the contents of uranium in PS
were plotted as functions of the leaching time in the reference technol-
ogy and with LS saturated with oxygen (Figs. 2).

The comparison of the laboratory test data shows that in the refer-
ence technology of leaching, the average uranium content in the preg-
nant solution is 18.63 mg/l and 19.36 mg/l in the core samples from the
eastern and western sides of the test deposit, respectively. After satu-
ration of the leach solution with oxygen, the average uranium content is
23.05 mg/l and 26.62 mg/l, respectively. It is possible to state that as
against the reference leaching technology, the proposed approach has
enabled the increased uranium contents by 23.7% and 37.5% in leach-
ing of the core samples from the eastern and western sides of the test
deposit, respectively.
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Fig. 2. Uranium content in PS versus leaching time in reference technology and with LS saturated with oxygen:
1—core 1; 2—core 2

Conclusions B. Filippov A. P., Nesterov Yu. V. Redox processes and stimulation of metal

The lab-scale studies allow drawing some conclusions as follows: leaching. Moscow : Ore and Metals, 2009. 543 p.

* the proposed technology of saturating the leaching solution with 7. Yusupov Kh. A, Aligv S. B., Dzhakupov D. A. et al. Application of ammo-
oxygen using the Venturi tube provides air suction and active mixing of nium hifluoride for chemical treatment of wells in underground uranium
air with the solution as it passes the isthmus in the tube and promotes leaching. Gorniy Zhurnal. 2017. No. 4. pp. 57-60. DOI: 10.17580/
effective transition of oxygen from air to the solution owing the change gzh.2017.04.11
in the solution pressure; 8. Ovseychuk V. A., Zozulya A. M. Reduction of process losses of uranium

* the technology is advantageous for the low capital and operating during underground leaching due to the dissolution of uranyl hydroxide.
cost, simple arrangement and maintenance and elimination of chemical Vestnik Zabaykalskogo Gosudarstvennaogo Universiteta. 2019. Vol. 25,
additive; No. 4. pp. 4-12.

* the saturation of the leach solution with oxygen ensures oxida- 9. Chervyakov N. M., Andreev A. V., Boyarintsev A. V. et al. Kinetic study
tion of ferrous iron up to ferric iron, which promotes the increase in the of the oxidative dissolution of uo2 and u308 in aqueous sodium carbo-
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