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Abstract

The present work dealt with selective leaching of uranium from Alloga carbonaceous shale which assays 0.136% of U
associated to 0.177% Cu and 0.068% of rare earth elements, based on an environmentally friendly method, using Na,CO5/
NaHCO; solution. The carbonate leaching kinetics was studied to determine the nature of the dissolution process. Applying
the un-reacted shrinking-core model in the solid-liquid phase reactions, it can be inferred that the predominant dissolution
mechanism of uranium is diffusion controlled only. The apparent activation energy (E,) was estimated to be 9.320 kJ/mol.
The study focus was then shifted to the recovery of 99.7 U using anion exchange Amberlite IRA,,, resin at pH 8.5 and about
93% of the adsorbed U were regenerated using 10% sodium bicarbonate solution. Finally, the regenerated U-rich solution
was treated with H,O, solution to precipitate UO,+2H,0 which achieved a precipitation efficiency of 99%. The latter was

carefully washed and ignited at 850 °C to prepare pure U;Ox.
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Introduction

An interesting rare metal mineralization was recorded in
Alloga locality of Abu Zienema area. This mineralization is
mainly associated with different rock facies including shale,
siltstone, clay, ferruginous sandstone, calcareous sandstone
and feldspathic sandstone (EL Assy et al. 1986; Abdel
Monem et al. 1997). Alloga carbonaceous shale facies of Um
Bogma Formation is considered as one of the most impor-
tant occurrences of U mineralization beside the associated
economic metal values, e.g., REEs, B, V, Co, Ni, Zn, Cu,
etc. (Al Shami 2003; Abdellah 2014; Abu Khoziem 2017).

Uranium is generally leached by two principal meth-
ods namely acidic or alkaline method. The choice of either
depends mainly upon the overall composition of the ore and
its effect upon the reagent consumption. Alkali carbonate
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(sodium or less commonly ammonium) is sometimes used
for uranium leaching from its ores of high in carbonate min-
erals like calcite, dolomite, etc. (Suri et al. 2009; Santos and
Ladeira 2011). This depends on the fact that the carbonate
anion forms stable soluble uranyl carbonate complex [UO,
(CO;)N, —2n. It can be applied to both primary and second-
ary mineral deposits, however, after oxidation of the former
(Lunt et al. 2007). Alkaline leaching is generally character-
ized by producing a comparatively pure solution due to its
relative selectivity, easy regeneration and recycling beside
minor corrosion problems (Abhilash and Pandey 2013; El
Ansary et al. 2017).

El-Sheikh et al. (2015) studied in detail the selective
recovery of U and Cu from carbonate-rich latosol ore mate-
rial occurring at Abu Thor locality of southwestern Sinai
mineralization by applying two successive alkaline leaching
processes. Selective uranium leaching was performed using
urea, while copper was subsequently and relatively leached
with mixed solutions of ammonium hydroxide and ammo-
nium carbonate. Abu Khoziem (2017) studied the miner-
alogy and recovery of U from Alloga carbonaceous shale.
Different leaching studies have been investigated including
alkali agitation leaching, H,SO, acid agitation leaching and
pug leaching method. Also, the alkali agitation alkali agita-
tion leaching using Na,CO; is not efficient in dissolving both
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U and other associated. The latter was found to be preferred
under the following conditions; 1.35 ton H,SO,/ton ore at
110 °C for 2 h.

In this context, Oraby et al. (2018) studied the Cu/U min-
eralization and suggested alakline leaching for the recovery
its metal values. The relevant factors of alkaline leaching
of a technological sample were studied using a mixture of
150 g Na,CO,/(NH,) HCO; solution. Under the most favora-
ble conditions of contact time of 180 min. at 80 °C and S/L
of 1/5 the leaching process efficient to dissolve about 93.75%
U and 97% Cu. Recovery of the leached metal values was
performed using ion exchange for the former and direct pre-
cipitation for the latter.

In the alkaline medium, uranium is capable of forming
anionic species mainly as uranyl carbonate complexes, [UO,
(CO;),]*™ and [UO, (CO,);]*~ (Li et al. 2006; Hunter 2013).
The anion exchanger is the most suitable resin for uranium,
when it is mainly present as uranyl carbonate complexes.
Anion exchange resins have been successfully employed to
recover uranium from its leach liquors (Seneda et al. 2001;
Nascimento et al. 2004; Ladeira and Morais (2005); San-
tos and Ladeira 2011; Muhammad et al. 2017). Finally, the
aims of the present work is characterize (explain) the Alloga
carbonaceous shale either chemically, mineralogically with
studying the kinetics of carbonate leaching process. The
purpose was to prepare U cake with the possible purity. To
achieve this goal, a technological sample was properly col-
lected representing the studied carbonaceous shale.

Experimental
Characterization of the ore material

To achieve the suitable leaching method for the working ore
material, it was decided to study its chemical and mineralogi-
cal composition. Complete chemical analysis was investigated
including the major elements oxide beside the associated trace
elements. For this purpose, a representative sample portion
of the collected technological sample was properly prepared.
The major elements oxide was analyzed following the method
given by Shapiro and Barnnock (1962). With respect to Ca
and Mg, a titrimetric method with EDTA was performed. The
spectrometric analysis was applied for estimation of SiO,,
Al,O,, TiO, and Fe,0; (total); while for Na,O and K,O, the
flame photometry was used. Weighted sample portions were
used to estimate that the loss of ignition (obtained at 1000 °C)
is corresponding to humidity, combined water, CO, as well
as possible organic matter. On the other hand, a visible—ultra-
violet spectrometer was used for the quantitative analysis
of total REEs using 0.05% arsenazo III at A 654 nm using
Ce as reference (Marczenko 2000). An atomic absorption
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spectrometer was used for analysis of heavy metals, e.g., Cu,
Co, Ni, Mn, etc. at the proper wave lengths. For U determi-
nation, the oxidometric titration method was applied against
NH,VO; (Mathew et al. 2009).

To investigate the mineralogical composition of the study
sample, the heavy mineral separation procedures were applied.
The whole disaggregated sample was then deslimed by wash-
ing and decantation. After drying, the sample was properly
sieved using a set of sieves ranging from — 30 to 4+ 120 meshes
(595 to 125 p) and the obtained size fractions were subjected
to heavy liquid separation using bromoform (sp. gr. 2.84). The
obtained heavy mineral fractions were investigated using bin-
ocular microscope where some picked mineral grains were
identified by X-ray diffraction technique (XRD).

Optimization of leaching and extraction procedures

Several experiments were performed to optimize the agita-
tion leaching of 10 gm from the ground sample with different
Na,CO,/NaHCO; concentrations at different solid/liquid ratios
and stirring for different periods of time at different tempera-
tures. The leached U was estimated in all agitation leaching
streams to calculate its leaching efficiency. After the detection
of the leaching optimum conditions, a sample weight of 250 g
was used for the preparation of the pregnant alkaline leach
liquor required for U extraction process. In this context, the
anion exchange resin Amberlite IRA ;, in its carbonate form
was used for optimization of uranium extraction process from
its carbonate leach liquor. For this purpose, batch experiments
were conducted using different volumes ratios of wet settled
resin (WSR) and leach liquor (R/L) at different pH values and
different stirring times. The raffinate solutions were analyzed
for uranium and its extraction efficiency was calculated. The
loaded resin, after washing with distilled water, was subjected
to the elution process to regenerate the loaded uranium using
10% NaHCOj solution. The eluate-rich uranium solution was
then subjected to U precipitation using H,0,.

Results and discussion
Characteristics of the study carbonaceous shale
Chemical composition

From the obtained data of the major constituents of the
working sample, Table 1, it is clearly evident that the studied
sample is mainly composed of high concentration of car-
bonates (23.5% L.O.1., 8.15% of CaO and 6.35% of MgO)
besides SiO, (45.20%), Al,05 (7.10%) and moderate iron
oxide (6.75%). These oxides are chiefly allotted as calcium
carbonate and magnesium-silicate minerals. It is worthy to
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mention herein that the organic matters together with the
carbonate minerals represent about 38% of the total chemi-
cal composition of the studied sample; this matter reflects
the carbonaceous nature of the studied sample. With respect
to the valuable metal elements, it was found that U, Cu and
REE:s assayed to 0.136%, 0.177% and 0.068%, respectively,
which reflects the significant high grade of mineralization.
From chemical composition of the studied technological
sample, it can be concluded that it might be in favor of
applying an alkali leaching procedure.

Mineralogical composition

For heavy liquid separation, the size fraction ranged from
—30to + 120 meshes (595 to 125 u) was deslimed followed
by drying at 110 °C, and then subjected to heavy liquid sepa-
ration for upgrading the heavy fractions before mineralogical
analysis. Investigation of the obtained heavy mineral frac-
tions of sample under the binocular microscope revealed
that dolomite and gypsum are the main mineral constituent
stogether with the gangue constituents, e.g., goethite, hema-
tite and quartz.

Some of the picked mineral grains from the upgraded
heavy fractions were investigated by X-ray diffraction analy-
sis. Unfortunately, no economic mineral species correspond-
ing to U and/or rare earth elements has been identified. This
can be interpreted as U and RE elements not forming spe-
cific discrete mineral but rather incorporated within organic
matter which is present in high ratio in the study sample
(Jaireth et al. 2008). On the other hand, rare earth elements
and uranium element may exist as adsorbed ions on the iron
oxy-hydroxides and carbonate minerals (Kuscu et al. 2016;

Table 1 Chemical composition of the study mineralized carbona-
ceous shale

Major constituents Wt% Trace elements

(ppm)
Sio, 45.20 Cu 1770
TiO, 0.01 U 1360
Al O4 7.10 REE 680
Fe,04 6.75 \Y% 182
CaO 8.15 Ni 157
MgO 6.35 Cr 192
Na,O 0.65 Zr 449
K,O 0.90 Y 50
CI- 0.26 Ba 947
SO, 0.42 Pb 164
P,0; 0.10 Mn 170
LOI* 23.54 Sr 158
Total 99.43 Total 6279

2LOI Loss of ignition

Ali 2016) which incorporated within oragnic matter which
is present in high ratio in the study sample.

It is worthy to mention herein that the present mineral-
ogical study revealed the presences of two main types of
Cu mineralization. The first type was of the alteration (oxi-
dation) zone such as atacamite CuCl(OH); and malachite
Cu CO; (OH) (Table 2). While the second type was of the
copper sulfide ones (reduction zone) such as chalcopyrite
CuFeS, (Table 2). Finally, from the above mineralogical
study, it can be concluded that, this mineral assemblage
together with the gangue constituents reflects the non-refrac-
tory nature of the study material.

Optimization of alkaline agitation leaching

Both chemical and mineralogical data reflect that the studied
technological sample is mainly carbonaceous shale. Thus,
the alkali leaching method was preferred compared to acidic
one. The following leaching parameters were studied to opti-
mize alkaline leaching conditions:

Effect of Na,CO;/NaHCO; concentration

This factor was studied using different Na,CO;/NaHCO;
mixture solution concentrations ranging from 5 to 20%. The
other leaching conditions were fixed at room temperature
(35+5 °C) for 2 h with S/L ratio of 1/2 and 3/1 Na,CO,/
NaHCO; mixed ratio. The obtained data (Fig. 1a) showed
that when Na,CO,/NaHCO; concentration increased from 5
to 10%, U leaching efficiency increases from 33.1 to 63.2%.
Any further increase of the alkali mixture concentration up
to 20%, the U leaching efficiency decreases to 33.8%. This
mean that, by increasing the alkali concentration no increas-
ing in leaching efficiency occur.

Effect of solid/liquid ratio

Different solid/liquid ratios (S/L) ranging from 1/2 to 1/5
were studied to detect the effect of S/L ratio upon U leach-
ing efficiency using 10% Na,CO,/NaHCO; for 2 h at room
temperature. The obtained data (Fig. 1b) indicated that U
leaching efficiency decreased from 63.2% up to 38.7% by
increasing S/L ratio from 1/2 up to 1/5. This may be attrib-
uted to the dissolution of some interfering elements.

Effect of Na,CO5/NaHCO; ratio

This factor was studied using 10% Na,CO;/NaHCO; in
different carbonate mixed ratios ranging from 1:1 to 4:1
Na,CO;/NaHCOj;. The other leaching conditions were kept
constant using S/L ratio of 1/2 with stirring time for 2 h at
room temperature. Data shown in (Fig. 1c) clarified that the
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Table 2 X-ray diffraction data of atacamite, malachite and in chalcopyrite association with dolomite

ASTM #11-0078 ASTM #2-0146 ASTM #5-0490
Sample Dolomite Atacamite Quartz
CaMg (CO3) CuCI(OH);, Sio,

dA° e dA° e dA®° e dA° e
5.43 3 5.49 100
4.26 3 4.26 35
3.98 3 4.03 5
3.46 2

3.44 5
3.34 12 3.34 100
3 3 3.02 5
2.89 100 2.89 100 2.84 50
2.8 2 2.71 90
2.713 2.75 55
2.67 3 2.67 10 2.65
2.54 3 2.52 5
2.45 2 2.46 12
24 3 2.41 10
2.27 0.7 227 90 2.28 12
2.19 7 2.09 30 221 5
2.01 4 2.07 5
1.91 12 1.91 5
1.85 2 1.85 5 1.83 20
1.8 6 1.8 20 1.82 17
1.79 6 1.786 30
1.78 7 1.78 30
1.69 1.1 1.67 7
1.63 2 1.63
1.57 1.3 1.57 10 1.56
1.54 1.5 1.545 10 1.541 15
1.47 1.6 1.47 5 1.48 5
1.44 2 1.45 5 1.45 3
1.43 1.1 1.43 10 1.42 5
1.41 0.5 1.41 10 1.42
1.39 2 1.389 15 1.386 10 1.382 7

ASTM #11-0078 ASTM #10-0399
Sample Dolomite Malachite
CaMg (CO3) Cu,CO; (OH),

dA° e dA° e dA° e
7.33 1.4 7.41 12
6 14 5.99 55
5.01 27 5.06 75
4.71 5 4.7 14
3.69 35 3.69 5 3.7 85
3.04 24 3.03 18
2.89 100 2.89 100
2.85 29 2.86 100
2.717 14 2.78 45
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Table 2 (continued)

ASTM #11-0078

ASTM #10-0399

Sample Dolomite Malachite
CaMg (CO3) Cu,CO; (OH),
dA° e dA° e dA° e
2.52 15 2.54 10 2.52 55
2.48 7 2.477 30
2.35 4 2.35 14
2.19 9 2.192 30 2.19 20
2.13 6 2.23 20
2.07 2 2.066 5 2.08 18
2.01 3 2.015 1 2.022 6
1.97 3 1.991 12
1.85 4 1.848 5 1.855 4
1.81 6 1.804 20 1.833 10
1.78 6 1.786 30 1.759 12
1.68 3 1.696 10
1.62 3 1.616 18
1.59 4 1.56 10 1.589 18
1.51 2 1.496 1 1.531 14
1.48 4 1.465 5 1.476 18
1.39 2 1.389 15 1.386 10
ASTM #11-0078 ASTM # 4-864 ASTM #5-0490 ASTM #6-0046
Sample Dolomite Chalcopyrite Quartz Gypsum
CaMg (CO5) CuFeS, SiO, CaSO,H,0
dA° e e dA° e dA° e dA° e dA°
7.6 6 7.56 100
4.27 4 4.26 35 427 50
3.7 3 3.69 5
3.35 15 3.34 100
3.04 8 3.03 100 3.06
55
2.87 100 2.89 100 2.87 25
2.67 4 2.65 10 2.68 28
2.54 3 2.54 10 2.53 1
2.4 5 2.41 10
2.19 14 2.19 30 2.45 12 2.4 4
2.13 1.3 2.13 9 2.14 2
2.09 1.7 2.08 16
2.07 3 2.07 5 2.07 8
2.02 8 2.02 15
1.91 1 1.89 16
1.87 2 1.87 40 1.88 10
1.85 4 1.85 5 1.85 80 1.82 17 1.84 2
1.8 11 1.84 20 1.801 1
1.79 10 1.79 30 1.79 4
1.66 1 1.67 7 1.66
1.6 0.8 1.57 10 1.59 60 1.61 1 1.62 6
1.54 4 1.55 10 1.54 15
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Table 2 (continued)

ASTM #11-0078 ASTM # 4-864 ASTM #5-0490 ASTM #6-0046
Sample Dolomite Chalcopyrite Quartz Gypsum
CaMg (CO5) CuFeS, SiO, CaSO,H,0
dA° 1/1° 1° dA®° 1° dA° 1° dA° 1/1° dA°
1.45 2 1.47 5 1.45 3
1.43 1.1 1.43 10 1.42
1.39 2 1.39 15 1.39 7
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Fig.1 a Effect of Na,CO;/NaHCO; mixture solution concentra-
tion upon U leaching efficiency at room temperature for 2 h with S/L
ratio of 1/2 and 3/1 Na,CO;/NaHCO; mixed ratio. b Effect of S/L
ratio upon U leaching efficiency at room temperature (35+5 °C) for
2 h, 10% Na,CO3/NaHCO; and 3/1 Na,CO4;/NaHCO; mixed ratio. ¢
Effect of Na,CO;/NaHCO; ratio upon U dissolution efficiency at S/L
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ratio of 1/2 with stirring time for 2 h at room temperature. d Effect of
temperature upon U leaching efficiency at Na,CO5;/NaHCO; of 10%,
S/L ratio of 1/2 and 2 h. e Effect of time upon U dissolution efficien-
cies at Na,CO3/NaHCO; of 10%, S/L ratio of 1/2 and leaching time
of 90 °C
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Na,CO;/NaHCO; mixed ratio of 3/1 is more effective upon
U leaching efficiency compared to the other mixed ratios.

Effect of leaching temperature

The remarkable influence of different leaching temperatures
ranging from 35 °C up to 95 °C upon U leaching efficiency
was conducted in Fig. 1d. The other leaching conditions
were kept constant at Na,CO,;/NaHCO; of 10%, S/L ratio
of 1/2 and leaching time of 2 h. From the obtained data, it
is clearly evident that the U leaching efficiency significantly
improved from 63.2% to its maximum value (99.3%) with
increasing leaching temperature from 35 °C up to 95 °C.

Effect of leaching time

This factor was already investigated at the obtained optimum
leaching condition changing the leaching time periods from
0.5 to 3 h. The corresponding leaching efficiency (Fig. le)
indicated that the leaching time of 2 h is very suitable to
dissolve 99.3% of U.

Finally, from the foregoing alkaline agitation leaching
study, it can be concluded that this technique is more effi-
cient in selective leaching of 99.3% U from the studied car-
bonaceous shale sample at the optimum leaching conditions
summarized as:

Na,CO,/NaHCO; ratio: 3/1

Na,CO; + NaHCOj; concentration: 10%
Solid/Liquid ratio: 1/2

Leaching temperature: 90 °C

Leaching time: 2 h

Kinetics of carbonate leaching Study

The effect of leaching time upon the dissolution of U at
different temperatures was carried out at optimum leach-
ing conditions of —200 mesh (74 p) particle size, 10%
Na,CO5;+ NaHCO;, solid/liquid ratio 1/2 at temperature
range between 35 and 90 °C. Figure 2 shows that the leach-
ability of uranium increases gradually by increasing time
and temperature. The maximum leachability was found to
be 99.3% at 90 °C and after leaching time of 2 h.

Application of leaching kinetic models

The un-reacted shrinking-core model is the most commonly
used mathematical model to describe the heterogeneous
reactions like mineral leaching from its ores. In the solid-lig-
uid phase reactions, the rate of reaction is controlled by the
following steps: liquid-film diffusion (mass transfer), solid
or product layer diffusion, and surface reaction or chemi-
cal reaction. One or more of these factors might control the
rate of the reaction (Levenspiel 1999). Amongst the three
controlling mechanism, the liquid-film diffusion resistance
is eliminated or minimized by effective stirring.

To determine the type of leaching mechanism prevalent
for the uranium, some reaction models were investigated to
find which kinetic equation can fit the reaction isotherms.
The results were analyzed using the following kinetic rate
Eqgs.

Reaction rate expression controlled by the surface chemi-
cal reaction:

1-(1-0'" =K, (1)

where K is the rate constant (min~") for chemical reaction.

Fig.2 Effect of leaching time 120
on the U dissolution efficiency
at different temperature

Uranium leachability (%)

=0=35 oC
==—60 oC
=65 oC
=@=75 oC
-85 oC
~6-90 oC

0 30

60 90 120 150

Time (min.)
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Fig.3 aPlotof 1 —(1 —x)"3 versus time for different temperatures. b Plot of 1 —3(1 —x)?342(1 —x) versus time for different temperatures

Table 3 The apparent rate constant with their coefficient of determi-
nation at different temperatures

Tempera- Apparent rate constant Coefficient of determina-
ture (°C)  (min~}) tion (R?)
Chemical Diffusion Reaction control Diffusion
control (K,) control (K,) control
35 0.0016 0.0023 0.8659 0.989
60 0.0021 0.0027 0.8830 0.998
65 0.0028 0.0021 0.8293 0.926
75 0.0033 0.0029 0.9044 0.934
85 0.0031 0.0035 0.9672 0.978
90 0.003 0.0042 0.9644 0.95

Reaction rate expression controlled by the diffusion
through the ash or product layer:

1-3(1 - +2(1 —x) = K,t, )
where K| is the rate constant (min~") for diffusion through
the product layer.

Figure 3a and b shows the result of plotting 1 — (1 — x)!
and 1 —3(1 —x)*?+2(1 —x) as a function of time at differ-
ent leaching temperatures. The values of the reaction rate
constants K were determined from the slope of the straight
line of the relation between kinetic model and time.

The K, and K, values computed from Eqgs. (1) and (2) are
given in Table 3. The R? values mean the extent of fitting
between the experimental data and the predicted one. The
best fit has R? of nearly 1.0. The K, values given in Table 3
vary in the rage of 0.0016-0.003 min~!, while the K, were
between 0.0023 and 0.0042 min~!. The R? values for K; were
0.989-0.95; while for K, it was in the range of 0.86-0.96.
Based on the R? values, it can be inferred that the predominant
dissolution mechanism of U from the Abu Zienema carbona-
ceous shale ore is diffusion controlled only.
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Calculation of the activation energy

The logarithmic values of these reactions rate constants K
were plotted against the reciprocal of the absolute leaching
temperature according to the Arrhenius equation shown in
Fig. 4.

The activation energy of the reaction can be calculated
using the following equation:

k=Aexp (—E,/RT), 3
Lnk = —E,/R(1/T) + LnA, ©)

where k is a reaction rate constant, recovery (conversion
fraction) in min~". A is the frequency factor, constant min~".
E, is the apparent activation energy kJ mol~". R, is the uni-
versal gas constant=28.314 JK~! mol~!. T is the reaction
temperature K.

From Fig. 4, the activation energy (E,) was calculated as

. — _Ea
follows: Slope = e
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For expression the reaction rate equation,

L 1121x—2.559 - 1121x = —La
Y= S YT 8314

E, = [-1121 x —8.314] = 9320 J mol™" = 9.320 kJ/mol

The apparent activation energy (E,) was calculated from the
slope of straight line obtained to be 9.320 kJ/mol for diffusion-
controlled reaction models. Based on the (E,) values, it can
be inferred that the predominant dissolution mechanism of U
from Alloga carbonaceous shale is diffusion controlled only.
This value is less than the amount mentioned by Crundwell
(2013) who pointed out that the activation energy for diffusion-
controlled reactions is below 20 kJ/mol and it is above 40 kJ/
mol for chemical-controlled reactions.

Results of the uranium extraction

Applying the above-mentioned optimum leaching conditions
upon 250 g of Alloga carbonaceous sample yields 1 L of car-
bonate solution of pH 10 and assaying 0.34 g/L of U as given
in Table 4. This solution is subjected to ion exchange unit for U
recovery. The extraction process of U from the carbonate solu-
tion via equilibrium batch technique involves two main stages
namely adsorption and elution. The uranium adsorption reac-
tion that occurs in the resin can be described by the equation:

4RX + [U0,(CO)3] "™ > R,UO,(CO; ), +4X

Optimization of adsorption stage of uranium

Several experiments were performed using the anion
exchange Amerlite IRA,, to determine the optimum con-
ditions of the adsorption process of U from the carbonate
solution. These factors include: pH values, stirring time and
resin/liquid volume ratios (R/L v/v ratio).

pH value The effect of different solution pH values upon
the loading efficiency using R/L ratio of 0.4/100 (theoretical
optimum ratio) and stirring time of 30 min was studied at

Table 4 Chemical composition

Constituents Conc. (g/L)
of the prepared carbonate leach
liquor at pH=10 U 0.34

Cu 0.005

REEs ULD

Fe ULD

CO; /HCO; 60

CI” 0.8

SO, 1.3

ULD Under limit of detection

pH values ranging from 8 up to 10. Results are illustrated
in Fig. 5a mean loading efficiency upon the resin reached
its maximum value (33.7%) at pH 8.5 which represent the
optimum value for U uptake. However, further decrease in
pH value has an opposite effect.

Stirringtime To study the effect of stirring time upon the extrac-
tion of U from its carbonate solution, a volume of 100 mL leach
solution was shaken with 0.4-mL resin (R/L ratio 0.4/100) at pH
value 8.5 for different time periods of 20, 30, 40 and 60 min. The
obtained data, illustrated in Fig. 5b, indicate that U adsorption
efficiency increases from 20 to 43.8% by increasing the stirring
time from 20 to 40 min. While further increasing the time up to
60 min, the loading efficiency of U decreased to 41.7% and this
may be due to desorption of U. In this context, it is important to
mention herein that the lower extraction efficiency of U may be
attributed to the uptake of some interfering anions, e.g., SO42',
Cl” and CO32‘ which compete U upon the resin sites (Morais
and Laderia 2008). So, it was decided to increase the volume of
resin to improve U extraction efficiency.

Resin/liquid (R/L) ratios The adsorption efficiency of U was
studied at different resin/liquid (R/L) ratios ranging from
0.4/100, 0.8/100, 1/100, 1.2/100 to 1.5/100 at pH 8.5 and
stirring time of 40 min. The obtained data Fig. 5c clearly
indicate that U adsorption efficiency increased by increasing
the resin volumes and achieved the maximum value (99.7%)
at R/L ratios of 1.5/100.

Elution process and uranium precipitation

Elution process is not only to regenerate the loaded resin
but also to obtain U-rich eluate solution suitable to prepare
the preferred U product. After the resin bed was fully satu-
rated with U, it was rapidly washed with suitable volume of
distilled H,O to get rid of any impurities and directed to the
regeneration process using 100 ml of 10% NaHCO; solu-
tion with stirring for 40 min (Gupta and Singh 2003; Dunn
et al. 2008; Robert 2008). The U eluted from the loaded
resin attended about 93%. The elution of uranium from the
saturated resin bed using sodium bicarbonate is described
by the following equation:

R,UO,(CO;), + 4NaHCO; — 4R (HCO;) + Na,UO,(CO;),

Finally, the obtained U-rich eluate solution of pH 10.2
and assaying (3.05 g/L) was treated with 5% H,SO, solu-
tion to adjust pH to 3.5 and treated with H,0O, solution
for U precipitation. About 99% of U was precipitated
as UO,+2H,0 at pH 1.5 with stirring time period of 4 h
at room temperature (Bhowmik et al. 2009; Kim et al.
2011). After filtration and washing, the precipitated ura-
nyl peroxide cake was ignited at 800 "C for 1 h to be

@ Springer
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Fig.5 a Effect of pH upon U adsorption efficiency using R/L ratio of 0.4/100 and stirring time of 30 min. b Effect of stirring time upon U
adsorption efficiency at pH value 8.5 and R/L ratio 0.4/100. ¢ Effect of R/L ratio upon U extraction at pH 8.5 and stirring time of 40 min

Fig.6 EDX analysis of U504 cps/eV

Spectrum: Acquisition

El AN Series unn. C norm. C Atom. C Error

wt. %] wt.%] [at.%] [wt.%]
U 92 M-series 65.4 77.55 19.96 2.2
0 8 K-series 16.37 19.49 74.2 2
Al 13 K-series 2.15 2.56 5.78 0.2

kev

crystallized. The produced U;04 was identified using
EDX analysis technique as shown in Fig. 6, while the
purity was already estimated as 97.1% via chemical anal-
ysis of its U content.

Finally, the present study effectively achieved the selec-
tive extraction for U from carbonaceous shale material and
associated REEs and Cu elements using environmentally and
more economic chemical reagent (Na,CO;) and extraction
via batch technique which can be easily applied in industrial
scale

@ Springer

Conclusion

Appropriate selective Na,CO;/NaHCO; agitation leaching
processing has been achieved for the carbonaceous shale of
Alloga, southwestern Sinai. Based on the (E,) values, it can
be inferred that the predominant dissolution mechanism of
U is diffusion controlled only. Carbonate leach liquor was
prepared by applying Na,CO;/NaHCO; of 10% concentra-
tion at 90 °C with stirring time for 2 h, U content assay
0.034g/L. Amberlite IRA400 anion exchange resin in batch
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experiments was applied for extraction of 99.7% U at pH
8.5 with stirring time 40 min and R/L ratio 1.5/100. U304
was finally prepared with purity of 97.1%. The experimental
results showed that anion exchange resin method can be one
of the important and prospective methods for the recovery of
uranium from carbonate solutions relying on environmen-
tally sustainable practices.
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