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Abstract

The leachability of uranium and vanadium ions was conducted from ferruginous siltstone using carbonate ions. The opti-
mum alkaline leaching parameters for dissolving about 92.92% U(VI), and 94.82% V(V) were 70 mg/L Na,CO;, 150 mg/L
NaHCO;, 1:3 solid:liquid (S:L) ratio, and 150 rpm stirring rate, for 5 h leaching time at 50 °C. Uranium and vanadium ions
were extracted from the carbonate leach liquor using the prepared cetylpyridinium carbonate [(CP),COs] in kerosene. The
maximum extraction of U(VI) was gained using 0.012 M/L (CP),CO; and 5% (w/v) tridecyl alcohol (TDA) in kerosene
from the carbonate leach solution assaying 413 mg/L U(VI) at pH 11 and 3:1 aqueous:organic (A:O) phase. Moreover, the
maximum extraction of V(V) was achieved using 0.012 M/L (CP),CO; and 5% (w/v) TDA in kerosene from the carbonate
leach solution containing 336 mg/L V(V) at pH9, and 3:1 A:O phase ratio. Vanadium ions were scrubbed from the uranium-
loaded solvent and then it was followed by uranium stripping while vanadium ions were stripped from the vanadium-loaded
solvent. McCabe-Thiele diagrams for U(VI) and V(V) extraction and stripping were constructed to determine the theoretical
stages of extraction and stripping. Finally, the optimum conditions were applied to gain the sodium diuranate and ammonium

vanadate cakes from carbonate leach liquor with the appropriate purities.
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Introduction

Uranium is already in the environment due to nuclear influ-
ences testing and unexpected liberation from nuclear plants
of electrical power generation in low concentrations. Fur-
thermore, uranium or vanadium mining and other metals
ions led to the use of uranium and vanadium vehicles in the
environment. Moreover, vanadium has multiple and continu-
ously progressing manufacturing applications. Today, up to
85% for vanadium production were consumed in stainless
steel manufacture and production of ferrovanadium alloy
(Khorfan et al. 2001). Uranium and vanadium ions were
presented in the soil, rocks, water, and contaminated water
(Altmaier and Vercouter 2012).
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Ferruginous siltstone of Abu Zenima area, Southwestern
Sinai, Egypt, is the promising locality for uranium recovery,
and it contained clays, carbonates, and quartz. The miner-
alogical identification of siltstone suggested quartz, ettring-
ite, chlorite, illite, dolomite, aragonite, plagioclase, calcite,
goethite, alkali feldspar, siderite, hematite, mica—montmo-
rillonite, carnotite, and lepidocrocite (El Aassy et al. 2011;
Marshall and Brett 2016; El Mezayen et al. 2016). Anyway,
uranium regularly paired with some transition metal ions
(such as vanadium and molybdenum) in carbonate rocks
(Atia et al. 2018).

The main conventional methods of uranium leaching
were utilized by sulfuric acid for uranium ore processing
(Reiller et al. 2011). Notwithstanding, this strategy is not
cost-sufficient for the uranium carbonate rocks owing to
extraordinary acid consumption. Recently, the methodolo-
gies on uranium and vanadium alkaline leaching were stud-
ied by many alkaline leaching agents such as hydroxide or
carbonate and bicarbonate, whereas Na,CO; and NaHCO;
mixture solution favored these types of deposits (Edwards
and Oliver 2000; Du-Preez 1989). In the alkaline carbonate
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leaching, uranium (VI) leaching was selectivity higher than
the most impurities which were precipitated. Nevertheless,
vanadium (V) was related to the carbonate leach solution,
together with uranium (VI) (Gajda et al. 2015). Uranium
content in phosphorite was leached with ammonium carbon-
ate and bicarbonate, and the uranyl carbonate solution was
produced (Guzman et al. 1995).

Formerly, uranium and vanadium recovery from various
leach liquors were broadly utilized by ion exchange, pre-
cipitation, and solvent extraction techniques (Cheira 2015;
Hashad et al. 2011; Kumar et al. 2011; Menis and Iyer 1971).
Amidst these, solvent extraction is extremely used particu-
larly for uranium and vanadium extraction, and it is the most
assuring method suggested for future study and construction;
it is obliged to extract and separate uranium and vanadium
from leach solutions (Sole et al. 2011). The extraction of ura-
nium from the main and transition metal ion groups is rela-
tively clear, while the U(VI)/V(V) extraction is complicated
from carbonate solutions. Therefore, substituted amines had
become to perform a critical role in the separation of uranium
and additionally some transition metals (as vanadium) from
the sulfuric leaching of uranium-bearing rocks (Moyer 2017).
The main advantages of these extractants are ease of manu-
facture, excellent radiolytic and chemical stabilities and the
plausibility of complete incineration that runs to fewer quan-
tities of trash. Besides, the degradation products of amines
recorded no interference during the separation processes and
easily eliminated from the solutions.

In the mean time, some quaternary amines were prepared
and utilized to separate uranium and vanadium ions from
alkaline leach liquors by solvent extraction, but no quater-
nary amines were run well by hydrocarbon diluents due to
the third phase formed. Aliquat 336 was utilized to separate
uranium ions from carbonate leach solutions although the
third phase composition was restricted by isodecanol that
was used as a modifier in Shellsol D70 (Zhu et al. 2013). The
extraction equilibrium and thermodynamic requirements of
U(VI]) from sulfate leach solution carrying impurities such
as manganese, iron, aluminum, magnesium, and calcium
were also examined by Alamine 336 into kerosene (Khan-
ramaki et al. 2017). Uranium extraction from sulfate solution
utilizing Alamine 336 melting in Exxsol D-100 merchant
kerosene and tridecanol (5% v/v) as a modifying agent was
done at the unity of aqueous/organic ratio (Avelar et al.
2017). U(VI) extraction was evaluated by LIX63/kerosene
to acquire information about the conditions concerning the
extraction degree of U(VI) and the consequent stripping rate
of U(VI) to propose a mechanism for explaining the extrac-
tion rule from the uranium leach liquor of Egyptian monazite
(Hussein et al. 2017). Stripping of U(VI) from U-Alamine
336 attained from sulfate leach liquor solution was inves-
tigated by employing various stripping agents (Na,CO3,
(NH,),CO;, and NH,Cl) in A:O phase ratio (0.5-5) and
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concentration extent (0.25-2.00 M/L) (Mir-mohammadi
et al. 2018).

Recently, some quaternary amines were also applied as
extractants to recover vanadium ions from several leach solu-
tions. Alamine 336, and Primene 81R in kerosene were used
to extract vanadium ions from sulfate solution (Lozano and
Godinez 2003). Furthermore, Aliquat 336 and TBP in kero-
sene modified with 10% octanol were applied to separate
vanadium (V) from the chloride liquor (Zhang et al. 2016).
Vanadium ion extraction was evaluated from acid leachate
by tertiary amine N235 (Ye et al. 2018). Extraction of Cr(III)
and V(V) was carried out from ilmenite sulfate leach liquor
by Aliquat 336 chloride (0.4 M/L) in kerosene (Nayl and Aly
2015). A two-stage process of extraction—stripping-NH,NO;
techniques were improved for vanadium precipitation, and it
was established to apply on the alkaline leachate generated
for the roasted coal (Long et al. 2014).

In the current study, the carbonate leaching of uranium
and vanadium from El Sheikh Soliman ferruginous siltstone
was obtained by sodium carbonate and sodium bicarbonate
solutions. Several leaching parameters were investigated on
the leaching processes at identical conditions. The solvent
extraction system of U(VI) and V(V) was applied using the
synthesized cetylpyridinium carbonate in kerosene from the
carbonate leach liquor. Various experimental parameters
were tested on the extraction of U(VI) and V(V) from the
leach solution, and the stripping parameters were also studied
from the loaded solvent. These parameters comprised of pH,
cetylpyridinium carbonate concentration, agitating time, A:O
ratio, and temperature in the extraction processes while the
stripping parameters involved stripping concentration, contact
time, phase ratio, and temperature.

Materials and methods
Initial processing of ferruginous siltstone

The studied sample is ferruginous siltstone of Um Bogma
Formation lower member, Paleozoic age and it was attained
from the El-Sheikh Soliman area, Southwestern Sinai,
Egypt. The working sample was first managed within the
crushing, milling and sieving pursuit by suitable quarter-
ing, and it was quantitatively analyzed after full dissolution
utilizing the appropriate techniques.

Analytical methods

The mineralogical analysis of the ferruginous siltstone sam-
ple was examined utilizing the X-ray diffraction (XRD)
method, employed to determine bulk mineral assemblies. The
quantitative analysis of the studied sample after its diges-
tion was then carried out for major oxides and trace element



Chemical Papers (2020) 74:2247-2266

2249

analysis. The major oxides Al,O;, Si0,, and TiO, spectro-
photometrically examined by UV/Vis spectrometer Unicam
UV2-100 while K and Na oxides were assessed by the flame
photometric technique on the sample and leach solutions.
The MgO, Fe,0;, and CaO were titrimetrically determined
(Shapiro and Brannock 1975). The estimated error for these
major constituents was not more than +2%. In the mean-
time, the trace elements were determined within inductively
coupled plasma optical emission spectrometry (ICP-OES).
U(VI) in the leachate solution was spectrophotometrically
determined using Arsenazo III at 650 nm (Marczenko and
Balcerzak 2000) while atomic absorption spectrophotom-
eter (AAS) was used to assess vanadium concentration. All
analyses were repeated three times for each sample. Fou-
rier transform infrared (FTIR) spectra were marked in the
range 4004000 cm~! by Thermo Fischer Scientific Nicolet
1210 equipment that was used for determining the functional
groups of the synthesized cetylpyridinium carbonate.

Leaching exploration

The alkaline leaching operations were investigated and
directed to attain the goal of dissolving most uranium and
vanadium ingredients under optimum conditions with fewer
dissolutions of the other unwanted materials. The leaching
operations were performed in a 300-mL Teflon beaker at
various alkaline types, several concentrations of sodium car-
bonate and bicarbonate mixture, solid:liquid ratio (1:1-1:6),
leaching time (1.0-7.0 h), stirring degree (50-250 rpm), and
temperature (25-80 °C). The conducted leaching solutions at
different parameters were analyzed. At the ending of leach-
ing, the deposit was separated and cleaned by distilled water.
The obtained leach liquor was quantitatively analyzed. The
following equations calculated uranium and vanadium leach-
ing efficiencies.

Leaching efficiency(U), %

Synthesis of cetylpyridinium chloride

Cetylpyridinium chloride (CPCl) (Rodriguez-Morales
et al. 2005) was synthesized by refluxing of 25 g cetyl
chloride (1-chlorohexadecane) (99%, Sigma-Aldrich), 70 g
pyridine (99%, Sigma-Aldrich) and catalyst (0.5 g contain-
ing the mixture of formic acid, N,N bis(carboxymethyl)
glycine, propyl ethylamine, and hydrochloric acid (99%,
Loba Chemie, India)) into a three-necked flask and it was
retained for 8 h at 95 °C. After the reaction completion, the
bulk was cooled, separated and the collected product was
washed with recovered methyl isobutyl ketone (99%, Loba
Chemie, India) to get crystalline cetylpyridinium chloride
(31.5 g) with 99.5% purity (Scheme 1).

Formation of cetylpyridinium carbonate

Conversion of 0.1 M/L cetylpyridinium chloride from
chloride to the carbonate form was completed by washing
three times with 5 M/L Na,COj, at phase ratio 1:2, shaking
at 150 rpm for 5 h each time. No chloride ions were found
in the third aqueous raffinate using 0.1 M/L AgNO; as an
indicator and no emulsion appeared during this process.
The reason was that the emulsification by a surfactant was
proportional to the shaking speed and shaking time. The
anion exchange equilibrium was gotten earlier, and thus
the emulsification occurred (Scheme 2).

Extraction evaluation

The leach solution containing 413 mg/L uranium (VI) and
336 mg/L vanadium (V) was adjusted to the desired pH
value by 1 M/L sulfuric acid and 1 M/L sodium hydroxide
solution, the aqueous phase was equilibrated by stirring
for a particular time and fitting organic phase volume in

= Dissolved U, mg x 100, (1) a separatory funnel. After equilibration, the solution con-
Total amount of U in the rock, mg tents were permitted and fixed to separate the aqueous
phase from the organic phase. The U(VI) or V(V) concen-
Leaching efficiency(V), % trations in the gained aqueous phase were measured by the
Dissolved V, mg spectrophotometer and AAS techniques, respectively. The
= Total amount of V in the rock, mg X 100. 2 distribution ratio of extraction (D) was used for attaining
Scheme 1 Synthesis of
cetylpyridinium chloride A
b ()
. | Catalyst N Cl
N/ -
CH;,
Cetyl chloride Pyridine Cetylpyridinium chloride
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Scheme 2 Formation of
cetylpyridinium carbonate
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Cetylpyridinium chloride (CPCI)

extraction efficiency, and it was calculated by the follow-
ing equation (Jeffery et al. 1995):

D= <Minitial _Maq> % Vaq ’ 3)

M aq Vorg

where D is the distribution ratio of extraction, M, is the
initial concentration of U (VI) or V(V), and Maq is uranium
or vanadium ion concentrations in aqueous phase after the
extraction procedures. The extraction percentage (E) is eval-
uated from the following equation:

100D

ECR) = m 4

V.,

org

where V,, and V., are volumes of aqueous and organic solu-
tions, sequentially. The stripping experimentations were
executed by shaking several volumes of metal ion-loaded
organic phase after extraction and the aqueous solution vol-
umes of varying concentrations of Na,CO;+ NaOH mix-
ture under contact time ranging from 1 to 15 min at room
temperature. After equilibration, the complete separation
was performed by settling down of both the phases. Known
aliquot portions were fully outgone from the aqueous strip-
ping phase for estimating the tripped metal ion concentra-
tion. Extraction and stripping investigations were applied at
ambient temperature (except for examining the temperature
parameters). All experiments were replicated various times
to confirm the correctness of the obtained results. The rela-
tive errors are no more than 2%.

Results and discussion
Characterization of ferruginous siltstone

The ferruginous siltstone sample was submitted to com-
plete chemical analysis using the mentioned procedures,
and the obtained results are shown in Table 1. From these
results, it was evident that the concentrations of silica,
alumina, Fe,0;, K,O, and CaO were assayed to be 43.91,
13.71, 11.23, 2.89, and 7.61%, respectively, while uranium
and vanadium were at 1338 and 1065 mg/kg, respectively.
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Cetylpyridinium carbonate (CP),CO;

Table 1 Chemical analysis of ferruginous siltstone sample

Oxide Wt.% Trace element mg/kg

Sio, 43.91+1.65 ust 1338 +7
Al,O, 13.71+1.23 vt 1065+5
TiO, 0.44+0.26 Ba®* 1592
Fe,0, 11.23+1.35 Pb** 610+3
MnO 0.03+0.01 crit 760 +4
MgO 1.56+0.21 Cu?* 3240+8
CaO 7.61+0.85 7t 1240+7
K,0 2.89+0.62 Th** 25+1
Na,O 0.72+0.24 Sr?+ 350+3
P,0; 0.09+£0.02 Co** 240+2
Nk 3.92+0.45 REEs 31443
CI- 0.14+0.06 MoS* 16+1
L.O.I* 13.7+1.14 Zn** 12042

*Total loss of ignition at 1000 °C

The XRD analysis of ferruginous siltstone in Fig. 1
reveals that the chief mineral constituents comprised quartz
(Si0,), kaolinite (Al,Si,05(OH),), hematite (Fe,05), dolo-
mite (CaMg(CO;),) and gypsum (CaSO,.2H,0) minerals
and there is no definite uranium mineralization. It should
be noted here that the ferruginous siltstone ore material
does not show any uranium mineralization in a way to pro-
pose that the uranium (0.1338%) and vanadium (0.1065%)
contents were possibly adsorbed on kaolinite and hematite
minerals, as well as uranium and vanadium were suggested
to exist as deposits replaced and altered by other elements
in the rock sample (Atia et al. 2018). Siltstone of El Sheikh
Soliman area was ferruginous siltstone of the lower mem-
ber of Um Bogma formation, Paleozoic age. Sheikh Soli-
man area is the promising locality for uranium extraction
where uranium is high and shows more excitability (El-
Rayes and Arnous 2015).

Leaching data

The chemistry of uranium leaching by Na,CO; and NaHCO,
was correlated with uranium ore materials, and they were
the common leachate used industrially under optimum con-
ditions illustrated in the chemical reactions. The alkaline
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leaching operation of the study sample attributed to the
applicability of hexavalent uranium to make extremely sol-
uble complexes within alkaline media. The major cations
within the ore material were Na*, K*, Ca*" and Mg?*. The
major anions were uranyl tricarbonate or uranyl dicarbonate
and vanadate (El-Sheikh et al. 2017; Gorman-Lewis et al.
2008).

In this regard, it had been reported that quaternary amine
could act as strong base extractant which was capable of
reactions in the high pH range, and it would extract uranium
ions from carbonate solutions as follows:

2(R4N);CO5qrg) + [UO,(COR)31*

2—

In the leaching solution, the vanadium (V) has VO;~ form

at the pH value over 8.0 and the VO™ turns into anion of

isopolyvanadic acid by the reduction of pH from 8.0 to 2.4;

suddenly, the anions of isopolyvanadic acid convert to VO,*
at pH fewer than 2.4 (Li et al. 2017).

- o—

(R4N),COs gy + 2VO5 - 2(RyN)VO;() + CO;3 )

(6)
Sodium carbonate concentration

A series of leaching trials were achieved using different
Na,CO; concentrations (10-100 mg/L) to leach uranium(VI)
and vanadium(V) from the ferruginous siltstone sample.
The other leaching parameters were remained constant at
the solid particle size of — 80 mesh size, solid to liquid ratio
(1:3), the contact time of 4 h and the stirring rate of 150 rpm.
The leaching efficiencies are shown in Fig. 2a. The data were
precise that the Na,CO; concentration increased from 10 to
70 mg/L, the uranium and vanadium dissolution efficien-
cies increased from 21.19 and 25.33 to 55.78 and 73.43%,
respectively. By increasing Na,CO; concentration above
70 mg/L, vanadium leaching efficiency remained constant,
while uranium leaching efficiency was decreased due to the

T T T T T T T
40 60 80
°2Theta

formation of NaOH which led to the precipitation of ura-
nium ions as shown in the following equations:

UO; +3Na,CO; + H,0 — Na,UO,(CO5), +2NaOH, (7)

2Na,UO,(COs); +6NaOH — Na,U,0, + 6Na,CO; + 3H,0,
®)

2NaVO; +2NaOH — 2Na,VO,(OH). (10)

However, 70 mg/L Na,COj; attain 55.78 and 73.43%
U(VI), and V(V) leaching efficiencies, which was the con-
centration selection employed in the following leaching
operations.

Solid:liquid ratio

To investigate the effect of solid: liquid ratio on the leach-
ing efficiencies for V(V) and U(VI), several experiments
were carried out using from 1:1 to 1:6 S:L phase ratio while
the other parameters were kept constant at 70 mg/L sodium
carbonate, — 80 mesh size particle size and 4 h leaching
time at 25 °C. The results reported in Fig. 2b. The leach-
ing efficiencies of uranium(VI) and vanadium(V) increased
at solid:liquid ratio from 1:1 to 1:3, while increasing the
volume of alkali by a solid:liquid rate from 1:4 of 1:6, only
very slightly increased the vanadium leaching efficiency
but it was decreased the uranium leaching efficiency also
because of the formation NaOH which led to precipitate of
uranium ions. So, 1:3 solid:liquid ratio was the ideal ratio.

Sodium bicarbonate concentration

The effect of bicarbonate (NaHCO;) concentration on the
leaching efficiencies of U(VI) and V(V) species from fer-
ruginous siltstone sample was investigated by varying from
25 to 200 g/L while the other leaching conditions were fixed
at 70 mg/L sodium carbonate, — 80 mesh size, 4 h leaching
time, and 1:3 solid:liquid ratio. The gained results are plotted
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Fig.2 Leaching parameters on U(VI) and V(V) leaching efficiencies
from ferruginous siltstone sample, a sodium carbonate concentration
(1:3 S:L ratio, 4 h contact time, 150 rpm stirring speed, —80 mesh
size, room temperature), b solid: liquid ratio (70 mg/L Na,CO;, 4 h
contact time, 150 rpm stirring speed, — 80 mesh size, room tempera-
ture), ¢ sodium bicarbonate concentration (70 mg/L Na,CO;, 1:3 S:L
ratio, 4 h leaching time, 150 rpm stirring speed, — 80 mesh size, room

in Fig. 2c. From the advanced data, it was noticeable that
the leaching of both U(VI) and V(V) was increased with
increasing the concentration of bicarbonate to 150 g/L and
the uranium and vanadium leaching efficiencies increased
from 51.32 and 73.55 to 82.42 and 88.55%, respectively,
whereas the addition of NaHCO; led to reacting with the
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formed NaOH and, therefore, the uranium dissolution
increased because of the formation of sodium carbonate as
in the following equation:

NaHCO; + NaOH — Na,CO; +H,O0. (11)
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Nevertheless, bicarbonate concentration increased above
150 g/L; the U(VI) and V(V) leaching efficiencies increased
slightly. Accordingly, 150 g/L bicarbonate concentration was
considered a suitable concentration for the next procedures.

Leaching time

In these experiments, different leaching times (1-7 h) were
tested. The other leaching conditions were kept constant at
— 80 mesh ore particle size, 70 mg/L Na,CO;, 150 mg/L
NaHCO;, 150 rpm stirring speed, and 1:3 solid:liquid
ratio at 25 °C. From the results plotted in Fig. 2d, it was
established that at 5 h leaching time, the obtained leaching
efficiencies of U(VI) and V(V) were 88.59% and 90.66%,
respectively. As the leaching time was increased to more
than 5 h, no effect was realized in the leaching efficiencies
of two metal ions. Consequently, it could be decided that 5 h
of leaching time outlined the favored condition for the con-
sequent uranium and vanadium ion dissolution experiments.

Stirring rate

The impact of the stirring speed was studied by the condi-
tions of — 80 mesh particle size, 70 mg/L Na,CO;, 150 mg/L
NaHCO;, and 1/3 solid/liquid ratio for 5 h leaching time at
25 °C. Stirring rate going from 50 to 250 rpm was exam-
ined. The results are shown in Fig. 2e. The leaching rates for
uranium and vanadium ions increased with increased stir-
ring rate to 150 rpm, reaching 88.59% and 90.66% leaching
efficiencies, respectively, and then rested roughly constant
above 150 rpm. Therefore, the preferred speed of 150 rpm
was applied. It is worthy of mentioning that by increasing
the values of the parameters as discussed above, the metal
impurity dissolution was significantly increased.

Temperature

The alkaline leaching operations were conducted to explore
the influence of temperature upon U(VI) and V(V) leach-
ing efficiencies from ferruginous siltstone in the range from
25 to 80 °C and the other leaching parameters remained
constant at the above optimum conditions. The attained
data are specified in Fig. 2f, and it reveals that by increas-
ing the temperature to 50 °C, the leaching efficiencies of
uranium and vanadium increased to 92.92% and 94.82%,
respectively. With a further increase to 80 °C, the uranium
and vanadium leaching efficiencies were slightly extended to
93.92% and 95.97%, respectively. Increasing the temperature
enhanced the solubility of unwanted impurities such as arse-
nide, sulfides, chlorites, silicates, and phosphates. Hence,
it could be inferred that 50 °C leaching temperature would

be satisfactory and deemed optimum for the leaching of the
studied two metal ions.

Solvent extraction approaches
Characterization of CPCl and (CP),CO,

The purity of the synthesized cetylpyridinium chloride
(CPCl) and cetylpyridinium carbonate ((CP),CO;) was
confirmed by the melting point (Rodriguez-Morales et al.
2005), elemental analysis, and FTIR analysis. They were
in the pure forms and as white crystalline powders at room
temperature. The CPCI had a melting point of 78 °C, and
the melting point of (CP),COj; is 85 °C. The yield of CPCI
was 80.1% (31.5 g). The elemental analysis of CPCI: theo-
retical % for C, H;sNCI: C: 74.19%, H: 11.27%, N: 4.12%,
Cl: 10.44%. Found: C: 74.45+0.52%, H: 10.75+0.65%,
N: 4.25+0.25%, Cl: 10.51 +£0.42%. However, the ele-
mental analysis of (CP),CO; was as follows: theoretical
% for C43H,(N,O5: C: 77.19%, H: 11.47%, N: 4.18%, O:
7.17%. Found: C: 77.35+0.51%, H: 10.82+0.45%, N,
4.28+0.25%, O: 7.27+0.28%. Hence, molecular weights
of CPCI and (CP),CO; are 339.99 and 668.99 g/mol,
respectively.

The spectra of CPCl, (CP),CO;, U-loaded (CP),COj3, and
V-loaded (CP),COj; indicated the characteristic absorption of
band positions and intensities observed in FTIR spectra with
wavenumber and intensities (Fig. 3). From the obtained data,
the sharp peaks appearing at 2958-2857 cm™! belonged to
C-H of the CH, and CH; groups (James et al. 2009; Xiao-
teng et al. 2019). FTIR of CPCl and (CP),CO; showed
characteristic bands at 1022 and 1019 cm™! that indicated
the presence of C-N group, 1635 and 1623 cm™ indicated
the presence C=N group, respectively, but 1704 cm™" des-
ignated the attendance of stretching of C=0 group, and
1172 cm™! designated the attendance of C—O—C group in
(CP),CO; (Cheira et al. 2017). The results of FTIR studies
showed solute—solute—solvent interaction via coordination
bond formation through the quaternary amine group.

In the FTIR of U-loaded (CP),CO; complexes in Fig. 3c,
there appeared new peaks which were not found in the spec-
trum of (CP),COj3; these peaks were detected at 928 cm™!
and 480 cm™! due to the formation of U-O and U-O-N
groups, respectively (Hussein et al. 2017; Cheira et al.
2017); however, in the spectrum of V-loaded (CP),CO;
complexes in Fig. 3d, the new bands appeared at 1571, 878
and 587 cm ™! because of the establishment V=0, V-0, and
V-O-N bands, respectively (Anumula et al. 2013; Guerra
et al. 2010). Some peaks of (CP),CO; were shifted toward
redshift with 10-15 cm™' after the adsorption of uranium
carbonate and vanadate anions. From the previous data,
(CP),CO; was indeed proved to have good affinity toward
the U(VI) and V(V) ions in carbonate leach liquor.
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Fig.3 FTIR spectra of a cetylpyridinium chloride, b cetylpyridinium carbonate, ¢ U-loaded (CP),CO; and d V-loaded (CP),CO;

Extraction pH

The effect of pH on the extraction of uranium (413 mg/L) and
vanadium (336 mg/L) from the alkaline leach solution using
the studied cetylpyridinium carbonate ((CP),CO;) was stud-
ied. Various experiments were achieved at pH values rang-
ing from 8.6 to 11.6, and other parameters were constant at
0.012 M/L (CP),CO; and 5% (w/v) of tridecyl alcohol (TDA)
in kerosene and 3:1 aqueous to organic phase ratio for 10 min
contact time at room temperature. From the attained results in
Fig. 4a, it was evident that the uranium and vanadium extrac-
tion increased from 10.77 and 77.65 to 97.7 and 79.85% with
the increase in pH from 8.6 to 10.2. By increasing the pH until
11.2, the uranium extraction was slightly increased to 99.25%,
but the vanadium extraction was decreased for vanadium to
35.06%, after that by increasing pH, the uranium extraction
was reduced because the uranium ions started to precipitate as
sodium diuranate and vanadium extraction was also reduced.
Nevertheless, vanadium extraction was increased from 77.65
to 92.66% with the increase in pH from 8.6 to 9.2, and by
increasing the pH to 11.6, the vanadium extraction is decreased
to 21.24%. The U(VI) extraction with cetylpyridinium carbon-
ate ((CP),CO3) is as follows:

2(R4N),COs o) + Uoz(co3);‘—(aq)

= (RyN),UO,(CO3)3 0y, + 2co§—(aq)

(12

The increase in pH led to a rise in carbonate concentra-
tion by dissociation of HCO;™ to form CO3. The forma-
tion of uranium—organic complexes was proportional to the

@ Springer

concentration of UO,(CO;);™. Therefore, the increase of pH
led to an increase in U(VI) extraction. At pH 10-11.2, car-
bonate ions were predominant, and its concentration almost
approached maximum. Thus, a further increase in pH would
not lead to an alteration in the carbonate concentration and it
resulted in the relatively permanent uranium extraction over
pH 11 (Fig. 4a). But the pH was reduced by acid addition; car-
bonate concentration was decreased by altering the carbonate
to bicarbonate; hence, it performed the decrease of uranium
extraction (Senol 2014).

The V(V) in the tested pH range should be in the form
of VO;~ and/or VO,(OH)*~ which could convert each other
and the V(V) extraction with cetylpyridinium carbonate
((CP),CO3) follows the reactions:

2VO; +20H™ = 2VO,;(OH)*". (13)

- . o
(RyN),COs + 2VO; = 2R,N)VOs ) + COT

(14)
By decreasing the pH to 9, VO,(OH)*~ shifted to form
more VO;™ resulting in an increase in vanadium extrac-
tion as (RyN)(VO;). With an increase in pH>9, vanadium
extraction was decreased due to the VO;~ ions that would
reduce via the formation of VO3(OH)2_. Hence, the maxi-
mum extraction of V(V) operated at pH 9, and maximum
uranium extraction was done at pH 11. Finally, uranium was
easily separated from vanadium at pH 11.
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Effect of (CP),CO; concentration

The impact of (CP),COj; concentration in kerosene on the
413 mg/L U(VI) and 336 mg/L V(V) extraction was stud-
ied in the concentration range from 0.001 to 0.030 M/L
(CP),CO; at 5% (w/v) of TDA, pH 11, for 10 min shaking
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sene, 3:1 A:O phase, 10 min contact time), d contact time (413 mg/L
U(VI) [pH 11] and 336 mg/L V(V) [pH 9]), 0.012 M/L (CP),CO;
and 5% (w/v) TDA in kerosene, 3:1 A:O phase), e TDA concentra-
tion as a modifier (413 mg/L U(VI) [pH 11] and 336 mg/L V(V) [pH
9], 0.012 M/L (CP),CO; in kerosene, 3:1 A:O phase, 10 min contact
time), and f A:O phase ratio (413 mg/L U(VI) [pH 11] and 336 mg/L
V(V) [pH 9], 0.012 M/L (CP),CO; and 5% TDA as modifier in kero-
sene, 10 min contact time)

time and (3:1) A:O phase ratio (Fig. 4b). The data exposed
that the U(VI) and V(V) extraction was progressively
increased from 48.44 and 41.61 to 99.41 and 92.99%,
respectively, with increasing the concentration of cetylpyri-
dinium carbonate from 0.001 to 0.012 M/L. Further, with an
increase in the extractant concentration up to 0.030 M/L, the
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extraction efficiencies had not added any perceptible effect
and displayed a plateau due to the excess of the free extract-
ant. Hence, the 0.012 M/L (CP),CO; was the optimum con-
centration for the subsequent experiments.

To confirm that the compositions of the extracted complexes
were dependent on the (CP),CO; to U(VI) and V(V) concentra-
tion ratios, the extraction of U(VI) and V(V) at pH 11 and pH
9, respectively, depended on their concentrations which were
studied in the carbonate solution. log;, D is the logarithm of
the distribution ratio of U(VI) and V(V) extraction. Plotting
the log,, D which is the logarithm of distribution ratio of V(V)
or U(VI) extraction versus the logarithm of (CP),CO; concen-
tration at equilibrium condition was applied. The linear plot
could explain the reaction mechanism between (CP),CO; and
uranium or vanadium ions in the carbonate medium (Fig. 4¢), it
was shown R? linear correlation (0.92 and 0.93) with a slope of
1.73 and 1.02 of U(VI) and V(V) that indicated the requirement
of two moles and one mole of (CP),CO; for each one mole of
uranyl and vanadium complexes.

Contact time

The effect of contact time was evaluated by varying the
time from 2 to 20 min during the extraction of uranium
(413 mg/L, pH 11) and vanadium (336 mg/L, pH 9) from
the alkaline leach solution using the studied cetylpyridinium
carbonate ((CP),COs;), and other parameters were constant
at 0.012 M/L (CP),CO; and 5% (w/v) of TDA in kerosene
and 3:1 aqueous to organic phase ratio at room temperature.
An increase in agitation time results in more contact inside
the two phases; the mass transfer would be increased. The
obtained results in Fig. 4d revealed that the U(VI) at pH 11
and V(V) at pH 9 extraction increased with increasing agita-
tion time until 10 min, and subsequently extraction efficien-
cies were fixed. Hence, 10 min contact time was enough to
achieve the maximum extractions. Therefore, the next opera-
tions were offered by shaking the two phases for 10 min.

Effect of modifier

The effect of tridecanol (TDA) concentration as modifier to
prevent the third phase formation on the U(VI) and V(V)
extractions (413 mg/L U(VI) at pH 11 and 336 mg/L V(V)
at pH 9) was achieved in the concentration range from 1
to 10% (w/v) TDA at 0.012 M/L of (CP),COj; in kerosene,
and (3:1) A:O phase ratio for 10 min shaking time at room
temperature (Fig. 4e). The data exposed that the U(VI) and
V(V) extractions were progressively increased from 43.24
and 9.55 to 99.25 and 35.65% at pH 11 with increasing the
concentration of TDA from 1 to 5%, respectively. Further,
with an increase in the modifier concentrations up to 10%,
the extraction efficiencies had not recorded any perceptible
effect and gave a plateau at pH 11. However, the U(VI) and
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V(V) extractions were gradually increased from 5.13 and
35.11 to 22.26 and 92.99% at pH 9 with increasing the con-
centration of TDA from 1 to 5%, respectively. Further, with
an increase in the modifier concentrations up to 10%, the
extraction efficiencies had not added any noticeable effect
and exhibited a plateau at pH 9. Hence, the 5% TDA as
modifier was the optimum concentration on the subsequent
tests for U(VI) and V(V) extraction.

Effect of aqueous:organic phase ratio

Phase ratio (A:O) is an essential strategy that influences
the extraction efficiency. The impact of A:O rate on U(VI)
extraction at pH 11 and V(V) extraction at pH 9 was inves-
tigated in the range 7:1-1:4 using 0.012 M/L (CP),CO; and
5% (w/v) of TDA in kerosene for 10 min contact time at
room temperature. The aqueous solutions assaying 413 mg/L
U(V1) at pH 11 and so 336 mg/L V(V) at pH 9 were mixed
with the organic phase and then it was followed by the sepa-
ration of the two phases in which the uranium and vanadium
concentrations were determined in the aqueous solution, and
the obtained results are shown in Fig. 4f. From the estab-
lished data, it was fairly directed that the maximum extrac-
tion efficiencies relatively remained constant at 3:1 until 1:4
A:O ratio. Therefore, the 3:1 A:O rate was the optimum
phase ratio for the two metal ions.

Extraction isotherm

At equilibrium, only metallic complexes anions were par-
tially transferred from aqueous to the cationic organic phase.
Consequently, several stages of contact should be used to
recover the maximum values of metallic species. In this study,
McCabe-Thiele constructions were performed to determine the
number of theoretical stages required for achieving the separa-
tion of U(VI) at pH 11 and V(V) at pH 9. The equilibrium
curves were generally gotten by shaking of different ratios of
aqueous leach liquor and the suitable organic solvent. In this
work, the corresponding McCabe-Thiele diagrams were then
constructed using a 3:1 A:O volume ratio for U(VI) at pH 11
and/or V(V) at pH 9. The numbers of stages were revealed
in Fig. 5a, b. From the attained data, it was evident that three
stages were quite adequate to practically saturate the organic
phase, and to run down the mother leach liquor of U(VI) at
pH 11, while five stages were somewhat passable to soak the
organic phase virtually and to run down the leach liquor of
V(V) at pH 9 on (CP),COj; extractant with 3:1 A:O ratio.

Influence of temperature
The influence of temperature on U(VI) extraction at pH

11 and V(V) extraction at pH 9 was studied in the range
25-55 °C using the above optimum conditions. From the
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obtained results plotted in Fig. 5c, it was found that the
U(VI) and V(V) extractions were decreased with increas-
ing temperature from 25 to 55 °C. Thus, the maximum ura-
nium and vanadium extraction efficiencies on the prepared
(CP),CO; in kerosene were 99.21 and 93.17%, respectively,
which are equivalent to 0.012 M/L (8.028 g (CP),CO5/1 L
organic solvent). In other words, the investigational ura-
nium extraction capacity on (CP),CO; extractant was
153.3 mg(U)/g (extractant) at pH 11 while the practical
vanadium extraction capacity on (CP),COj; extractant was
116.96 mg (V)/g (extractant) at pH 9. However, the extrac-
tion capacities of (CP),CO; were equivalent to 153.3 g ura-
nium ions per 1 kg of (CP),COj; extractant and 116.96 g
vanadium ions per 1 kg of (CP),COj; extractant. Accord-
ingly, the room temperature is the most reliable extraction
temperature.
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tions using (CP),COj; extractant at pH 11 and pH 9 (413 mg/L U(VI)
and 336 mg/L V(V), 0.012 M/L (CP),CO; and 5% TDA in kerosene,
3:1 A:O phase, 10 min contact time), and d plot of logD contrasted
with 1/T of U(VI) and V(V) extractions using (CP),CO5 at pH 11 and
pH 9 (413 mg/L U(VI) and 336 mg/L V(V), 0.012 M/L (CP),CO;
and 5% TDA in kerosene, 3:1 A:O phase, 10 min contact time)

Thermodynamic studies

Several experiments were applied to manage the analogous
thermodynamic parameters of the examined methods. The
solvent extraction behaviors were set by the reaction tem-
perature, either endothermic or exothermic, and it may slow
down or accelerate the reaction. The metal ion extraction
with the organic solvent requires significant variations in
enthalpy and entropy, managing to significant temperature
influences (Mortimer 2008; Cheira et al. 2018).

The U(VI) at pH 11 and V(V) at pH 9 extractions on
(CP),CO; were employed by varying the temperature from
298 to 328 K, while the other influences were constant at the
above conditions. The deviations of solvent extraction data
with temperature for uranium and vanadium extractions were
utilized to appraise the thermodynamic parameters that com-
prise of standard free energy (AG®, kJ/mol), enthalpy (AH®,
kJ/mol), and entropy (AS°, J/(mol - K)). These parameters
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were measured using Van’t Hoff equations (Mortimer 2008)
as follows:

AS° AHP
log D = - :
°8¥ = 2303R ~ 2303RT (13
AG® = —2.303RT log D, (16)
AG® = AH® — TAS®, 17)

where D is the distribution coefficient, R is the universal
gas constant (8.314 J/(mol - K)). The corresponding data of
logD against 1/T for uranium and vanadium extractions were
straight lines that have correlation coefficients of 0.99 and
0.96, respectively (Fig. 5d). Consequently, the quantities
of both the AH® and the AS° were spontaneously assessed
from the —AH°/2.303R and AS°/2.303R of the design,
respectively. The obtained values of AG°, AH®, and AS° for
the U(VI) and V(V) extractions are listed in Table 2. The
obtained data indicated that the negative value of the AG®
validated the spontaneous and the feasibility nature, and the
negative value of AH® exhibited the exothermic of extrac-
tion processes while the negative value of AS° implied an
improvement in randomness through the U(VI) and V(V)
extraction, and it also supported the stability of the extracted
complexes by chelation operation.

Scrubbing vanadium from the uranium-loaded (CP),CO,4

The organic solvent consisting of 0.012 M/L (CP),CO;
and 5% (w/v) tridecanol (TDA) was loaded with uranium
(413 mg/L) and vanadium (336 mg/L) from their leach
liquor using an A:O ratio of 3:1 at pH 11, 10 min contact
time and room temperature. The loaded (CP),CO; con-
tained 1.23 g/L U and 0.359 g/L V. So, attempts to scrub
vanadium from uranium to vanadium-loaded (CP),CO;
by different concentrations of scrubbing agents that were
NaOH (0.1-1.2 M/L), Na,CO; (0.1-1.2 M/L), and mix-
ture of Na,CO; (0.1-1.2 M/L) and 0.1 M/L NaOH, besides
mixture of NaOH (0.1-1.2 M) and 0.1 M/L Na,CO; were
only partially successful at 1:4 A:O ratio, 10 min shak-
ing time and 25 °C (Table 3). The best results were 1 M/L
Na,CO;+0.1 M/L NaOH, which removed 95.3% of the
vanadium (and 1.73% of the uranium) in a single contact at
an aqueous to the organic ratio of 1:4. However, the residual
vanadium contamination of the extract was 1.32% vanadium
ions based on uranium ions in the loaded organic solvent
after scrubbing processes.

To study the effect of the A:O phase ratios on V(V)
scrubbing from the uranium-loaded (CP),CO; in kerosene
(0.359 mg/L V), various experiments of scrubbing were
checked at A:O ratios varying from 1:20 to 5:1 a mixture
of 1 M/L Na,CO;+0.1 M/L NaOH as scrubbing agent for

Table 2 Thermodynamic parameters of extraction U(VI), and V(V) by (CP),CO; extractant

AH° (kJ/mol) AS° (KJ/(mol-K)  AG® (kJ/mol)
298 K 308 K 318K 323K 328 K

UV  —4038+0.19% —123.38+0.22% —3.726+0.07% —2.496+0.05% —1266+0.04* —0.651+0.02% —0.036+0.01%

V(V)  —10.06+0.12% —255+0.11%  —930+0.11*  —927+0.09%  —925+0.08%  —923+0.09%  —9.22+0.07*

*Standard deviation, n=3

Table 3 Effect of some scrubbing agents on vanadium scrubbing efficiency and uranium losses for the uranium-loaded organic solvent

Conc., M/L NaOH Na,CO;

Na,CO;+0.1 M/L NaOH NaOH +0.1 M/L Na,CO;

V(V)scrub, % U(VID) loss, % V(V) scrub, %

U(VI) loss, %

V(V)scrub, % U(VI)loss, % V(V)scrub, % U(VI) loss, %

0.1 11.3 0.35 17.11 0.25
0.2 15.23 6.87 25.87 1.77
0.3 22.42 11.65 31.09 2.23
0.4 29.34 15.34 41.17 2.95
0.5 31.45 19.59 48.45 4.45
0.6 35.12 22.63 55.76 6.12
0.7 37.65 25.54 64.11 7.89
0.8 40.99 28.17 71.23 9.12
0.9 45.44 31.93 75.33 11.43
1 48.67 34.33 75.33 13.51
1.1 48.67 34.33 75.33 14.72
1.2 48.67 34.33 75.33 16.11

29.15 0.15 15.17 0.29
35.25 0.47 20.29 3.99
41.34 0.75 27.33 5.76
51.62 0.95 35.45 10.11
58.58 1.04 38.97 15.22
63.76 1.22 42.12 17.75
67.63 1.35 45.66 20.94
77.22 1.49 48.78 23.55
82.23 1.57 50.11 26.13
95.3 1.73 58.55 30.76
95.31 291 58.55 3222
95.3 3.77 58.55 33.87
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10 min contact at 25 °C. From the data in Fig. 6a, it was
assumed that the maximum scrubbing of vanadium was
achieved at a 1:4 A:O ratio and remained constant after that.
Hence, vanadium was completely scrubbed from the loaded
(CP),CO; in kerosene (95.3%) with no significant loss of
uranium. The McCabe—Thiele diagram of vanadium scrub-
bing was constructed (Fig. 6b). The 99% vanadium ions
were scrubbed using A:O ratio of 1:4, and only 1.73% U(VI)
were lost into the loaded scrubbing liquor. It was indicated
that using an A:O ratio of 1:4, the co-extracted 0.359 g/L. V
in the loaded (CP),CO; was wholly removed by two stages
of scrubbing.

Uranium stripping exploration
Stripping agent concentration

The organic solvent after scrubbing was loaded with
1.209 g/L of uranium ions that existed in the extract as ura-
nium—carbonate quaternary complexes along with excess
quaternary carbonate and/or bicarbonate. Uranium (VI) was
stripped very effectively from the solvent with HNO; and
HCI solutions, and a mixture of sodium carbonate + sodium
hydroxide solution. Sulfuric acid, sodium carbonate, and
sodium hydroxide solutions were considerably less effi-
cient stripping agents. To investigate the concentrations of
stripping agents, the HNO;, HCI, H,SO,, sodium hydrox-
ide, sodium carbonate, and mixture of sodium carbon-
ate + sodium hydroxide with different concentrations were
examined from 0.1 to 1.5 M/L while the other stripping
conditions were fixed at 1:4 A:O ratio for 10 min contact
time. From the data provided in Table 4, for the treatment
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of uranium-loaded solvent with HNO;, or HCl, the uranium
and carbonate ions were displaced with nitrate or chloride:

(RyN),UO,(CO3)30r) +4CL,

g — 4RNCli) + [UO,(CO,)514~

(aq)’

(18)
(RyN),COy(orgy + 2CI7 = 2RyNCl(yp) + CO3-

(aq)
19)
The stripping efficiencies of uranium (VI) from

0.012 M/L (CP),CO; were 99.51% for 1 M/L HNO; and
98.25% for 1 M/L HC1 (Table 4). In contrast, the stripping
efficiency of uranium (VI) for 1.2 M/L H,SO, was only
76.23%. Although the stripping efficiency of U(VI) was very
effective with nitric and hydrochloric acids solutions, but the
processes use of these reagents seemed unfortunate because
of the formation of quaternary nitrate or chloride (cetylpyri-
dinium nitrate or chloride) that required to be regenerated
and converted to the carbonate forms before recycling to
avoid serious interferences from nitrate or chloride in the
extraction steps of uranium, whereas the removal of the
nitrate and chloride from their cetylpyridinium complexes by
carbonate was difficult. Hence, the stripping methods were
more useful with alkaline solutions.

With 1 M/L Na,CO;, the stripping efficiency of uranium,
65.37%, was obtained from 0.012 M/L cetylpyridinium car-
bonate +5% TDA in kerosene at 1:4 A:O ratio for 10 min
contact time. With NaOH, uranium ions were stripped from
cetylpyridinium carbonate and simultaneously precipi-
tated as sodium diuranate by contact with caustic solutions
(Table 4). At 1 M/L NaOH, U(V]) stripping efficiency (78.
98%) was not complete even after several successive con-
tacts with fresh strip solution, and most of the uranium did
not precipitate but remained in solution. The precipitate
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Fig. 6 a Effect of A:O phase ratio on V(V) scrubbing efficiency from the loaded extractant, and b McCabe-Thiele diagram for V(V) Scrubbing
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Table 4 Effect of some

o . Conc., M/L.  Stripping efficiency of uranium ions, %

stripping agents concentrations

on U(V) stripping from HNO; HCI H,SO, NaOH Na,CO; Na,CO;+05M/L 0.5M/L

the loaded extractant after NaOH Na,CO;+NaOH

scrubbing of V(V)
0.1 57.7 56.52  30.12 35.22 23.77 45.35 55.74
0.2 62.8 60.16  34.57 39.49 28.63 51.62 61.53
0.3 72.5 70.86  38.98 44.65 33.34 58.96 70.99
04 79.5 7734  43.16 48.47 39.74 62.77 78.54
0.5 85.5 83.44 4778 52.66  41.79 69.57 84.31
0.6 89.5 87.55 5045 56.89  45.12 74.88 88.95
0.7 92.62 9143 53.88 60.66  48.56 80.69 92.12
0.8 94.66 9376  58.82 65.76 54.38 85.32 94.23
0.9 96.43  94.67 64.94 70.24 59.95 90.76 95.76
1 99.51 98.25  70.15 78.98 6537 94.12 99.25
1.2 99.51 98.45 76.23 79.33 65.43 94.44 99.25
1.5 99.51 99.11  76.11 78.12 65.41 95.22 99.35

showed little tendency to collect at the organic—aqueous
interface or to cause emulsions but settled fairly rapidly in
the aqueous solution.

With sodium carbonate + sodium hydroxide solutions,
uranium ions (94%) was stripped by a 10 min contact of
uranium-loaded cetylpyridinium carbonate with 1 M/L
Na,CO;+0.5 M/L NaOH at an aqueous:organic phase ratio
of 1:4 while uranium ions (99%) was stripped (as sodium
diuranate precipitate) with 0.5 M/L Na,CO;+ 1 M/L NaOH
(Table 4). In the mixture solutions containing 0.5 M/L
Na,CO;+1.0—1.5 M/L NaOH, the precipitation of stripped
uranium ions was >99% complete. In all tests, the phases
separated in 10 min, with the precipitate settling fairly fast
in the aqueous solution. The stripping and precipitation reac-
tions can be expressed as the following:

2(R4N),UO,(CO3)5org) + 6NaOH,

— 4(RyN),CO5 ) + NayU,0; | +2Na,CO; + 3H,0. (20)

Hence, the 0.5 M/L Na,CO;+ 1 M/L NaOH mixture gave
the maximum uranium stripping and precipitated of about
99.25% from the loaded cetylpyridinium carbonate.

Stripping contact time

The effect of contact time on U(VI) stripping efficiency from
the loaded cetylpyridinium carbonate in kerosene was stud-
ied in the range from 1 to 20 min at the fixed conditions of
0.5 M/L Na,CO5;+ 1 M/L NaOH and 1:4 A:O ratio at room
temperature. From the data in Fig. 7a, it was pointed out
that the stripping efficiency of uranium ions increased from
65.17 to 99.31%, with increasing the contact time from 1
to 10 min. After that, a contact time beyond 10 min did not
perceptibly affect the U(V]) stripping and precipitation from
the loaded extractant. Thus, a 10 min shaking time could be

@ Springer

reflected adequately for accessible stripping and precipita-
tion of uranium (as sodium diuranate).

Effect of aqueous to organic ratio

To study the influence of the A:O phase ratios on U(VI)
stripping from U-loaded 0.012 M/L cetylpyridinium carbon-
ate mixed with 5% TDA in kerosene, several experiments of
stripping were checked at A:O ratios varying from 1:20 to
3:1 at 0.5 M/L Na,CO5;+ 1 M/L NaOH as stripping mixture
for 10 min contact time. From the data in Fig. 7b, it was
clear that the maximum stripping was realized at 1:4 A:O
ratio and remained constant thereafter.

Stripping isotherm of uranium

The number of theoretical stripping stages required for strip-
ping and precipitating of U(VI) from the loaded 0.012 M/L
cetylpyridinium carbonate was checked by mixing with 5%
TDA in kerosene; a series of stripping experiments were
applied at the above optimum conditions. The obtained data
were used to construct the corresponding McCabe—-Thiele
stripping diagram plotted to obtain the equilibrium isotherm
and proper operating line (Fig. 7c). From the gained data, it
would seem that the probability for the number of precipi-
tated uranium ions could be attainable via two countercur-
rent stages and 1:4 A:O ratio with 0.5 M/L Na,CO;+1 M/L
NaOH solution.

Vanadium stripping examination
Effect of stripping concentration

The organic solvent after extraction at pH 9, 0.012 M/L
cetylpyridinium carbonate + 5% (w/v) TDA in kerosene
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Fig.7 a Effect of contact time on U(VI) stripping and precipitated
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A:O ratio, room temperature), b effect of A:O phase ratio on U(VI)
stripping from the loaded cetylpyridinium carbonate (0.5 M/L

was loaded with 0.938 g/L of vanadium and 0.2 mg/L ura-
nium. Vanadium ions existed in the loaded extract as a vana-
date—cetylpyridinium complex associated with overflowing
quaternary carbonate and uranium tricarbonate—cetylpyri-
dinium complexes. To check the effect of stripping agent
concentration on the V(V) stripping, according to the previ-
ous study of uranium stripping, it was truly demonstrated
that the mixture of sodium carbonate and sodium hydroxide
as a stripping agent was applied for V(V) stripping. For this
purpose, different concentrations of sodium carbonate from
0. 1 to 1.5 M/L mixed with 0.3 M/L NaOH were selected
and examined while the other stripping conditions were
constant at 1:4 A:O ratio for 10 min contact time. From the
obtained results given in Fig. 8a, it was clear that 1 M/L
Na,CO;+ 0.3 M/L NaOH solution provided the maximum
vanadium stripping efficiency of about 96.5% from the
loaded cetylpyridinium complexes.

Na,CO;+1 M/L NaOH, 10 min contact time, room temperature),
and ¢ McCabe-Thiele diagram for U(VI) stripping and precipitating
from the loaded extractant (0.5 M/L Na,CO;+ 1 M/L NaOH solution,
10 min contact time, room temperature)

Stripping contact time

The effect of stripping time on V(V) stripping efficiency
in the range from 1 to 20 min was studied by 1 M/L
Na,CO5;+ 0.3 M/L NaOH solution from the loaded
0.012 M/L cetylpyridinium carbonate mixed with 5% (w/v)
TDA in kerosene at the fixed conditions of 1:4 A:O ratio at
room temperature. From the data revealed in Fig. 8b, it was
indicated that the stripping efficiency of vanadium increased
from 74.22 to 98.5%, with increasing the contact time from
1 to 10 min. Afterward, a contact time beyond 10 min did
not perceptibly increase the V(V) stripping efficiency from
the loaded extractant beyond 98.5%. Thus, a 10 min shak-
ing time would be considered sufficient for quantitative

stripping.
Effect of aqueous to organic ratio
To evaluate the influence of the A:O phase ratios on V(V)

stripping efficiency from the loaded cetylpyridinium com-
plexes in kerosene, various experiments of stripping were
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tested at A:O ratios varying from 1:20 to 3:1 at 1 M/L
Na,CO;+ 0.3 M/L NaOH mixture as stripping agent for
10 min contact time. From the data in Fig. 8c, it was given
that the supreme stripping efficiency (96.5%) was reached at
1:4 A:O ratio, and afterward, it remained constant.

Stripping isotherm for vanadium

To set the number of theoretical stripping stages required for
V(V) stripping from the loaded cetylpyridinium complexes
in kerosene, a series of stripping trials were employed at the
preceding optimum settings. The gained data were utilized to
construct the identical McCabe—Thiele stripping diagram for
calculating the acquired equilibrium isotherm and to which
a suitable working line was built in Fig. 8d. From the lat-
ter, it might be supposed that the possibility of quantita-
tive stripping steps of V(V) could be possible through two
countercurrent theoretical steps and an A:O ratio 1:4 with
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loaded cetylpyridinium complexes (1 M/L Na,CO;+0.3 M/L NaOH,
10 min contact time, room temperature), and d McCabe-Thiele dia-
gram for V(V) stripping from the loaded cetylpyridinium complexes
(1 M/L Na,CO5;+0.3 M/L NaOH, 10 min contact time, room tem-
perature)

1 M/L Na,CO;+0.3 M/L NaOH solution mixture for 10 min
stripping time.

Extractant regeneration and reusability

For the regeneration and reusability of the studied cetylpyri-
dinium carbonate after extraction—stripping processes, the
used organic phase was contacted by the same volume of
1 M/L sodium carbonate solution for 25 min followed by
equal volume de-ionized water. The phases were separated,
and the pH of the aqueous solution was determined. The
obtained organic phase was also contacted with the repeated
number of contacts using fresh de-ionized water up to there
was no change in the pH of the separated water. The organic
phase (cetylpyridinium carbonate in kerosene) was then
reused for extraction.
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Uranium and vanadium ion recovery

Based on the results as mentioned earlier for uranium and
vanadium extraction and stripping, the applicability of the
prepared (CP),COj; organic extractant mixed with TDA in
kerosene for U(VI) and V(V) extraction was applied on
carbonate leach solution that was obtained from 5 kg fer-
ruginous siltstone sample using 15 L of 70 mg/L Na,CO;,
150 mg/L NaHCOs, and 1:3 S:L ratio, 5 h leaching time,
— 80 mesh size, and 150 rpm at 50 °C. The attained leach
liquor was found to assay 413 mg/L U(VI) and 336 mg/L
V(V), indicating leaching efficiencies of 92.92% and
94.82%, respectively. From the obtained data in Table 5, the
leach liquor contained diverse concentrations of associated
ions. Therefore, it was recommended that the leach liquor
required further purification or addition of some masking
agents to obtain a high grade of the studied metal ions.

The best optimum parameters of U(VI) and V(V) extrac-
tion and stripping were applied on carbonate leach liquor.
The extraction process was carried out on 15 L of the pre-
pared leach liquor which contained 413 M/L U(VI) (6.195 g
total content of uranium ions in the aqueous solution),
336 M/L V(V) (5.04 g entire content of vanadium ions in
the aqueous solution) and their associated ions using 5 L of
0.012 M/L (CP),COs in kerosene at the optimum conditions
of pH 9 for vanadium and/or pH 11 for uranium of aqueous
solutions for 10 min shaking time.

From the obtained data, the U(V) content on the
(CP),CO; mixed with 5% (v/v) TDA in kerosene was 6.15 g
uranium ions in 5 L organic phase (40.01 g of (CP),CO; in
5 L in kerosene) after three stages while the V(V) content

Table 5 Carbonate leach liquor

. ! Constituents Concen-
chemical analysis tration,
mg/L
Na* 15x10*
Si** 150
AP* 430
Ti** 120
Fe* 170
Mg>* 188
Mn** 241
K* 139
Ut 413
Vot 336
Mo®* 90
Cu*t 112
Ba* 123
Zn** 11
Zrt 120
CO,>~ 14x10*

on the (CP),CO; in kerosene was 4.7 g vanadium ions in 5 L
organic phase (40.01 g of (CP),CO; in 5 L in kerosene) after
five stages. The working uranium loaded organic solution
(5 L) was stripped and precipitated by agitation with 1.25 L
of 0.5 M/L Na,CO;+1 M/L NaOH solution for 10 min
contact time at room temperature by two stages. Sodium
diuranate (Na,U,0O,-xH,0) was gained and precipitated.
The uranium precipitate was dried at 110 °C to attain the
final product, which weighed 8.19 g. Otherwise, the working
vanadium-loaded organic solution (5 L) was stripped using
1.25 L of 1 M/L Na,CO5;+ 0.3 M/L NaOH for 10 min con-
tact time at room temperature by two stages. The vanadium
content was found to assay 4.7 g V ions in 1.25 L aqueous
phase. The vanadium precipitation process was carried out
by stirring of the 0.5 L (30%) ammonium chloride solution
for 2 h to precipitate vanadium as NH,VO;-xH,0 (11.25 g)
which was dried at 110 °C to obtain ammonium vanadate
(NH,VO;) that was weighed 9.55 g.

The obtained sodium diuranate and ammonium vana-
date cakes were also identified using the scanning electron
microscope (SEM), and their corresponding EDX spectrum
(Figs. 9 and 10). Furthermore, they were quantitatively
examined using the ICP-OES technique to determine their
chemical constituents of the sodium diuranate and ammo-
nium vanadate cakes (Table 6). According to the obtained
data, the uranium and vanadium contents were found to
assay 71.23 and 53.65%.

Conclusion

The existing examinations had recorded in the resigna-
tion of a useful technique for alkaline leaching, extrac-
tion, and separation of U(VI) and V(V) using the prepared
cetylpyridinium carbonate extractant for making more
powerful extraction capacities under several performing
conditions. The ferruginous siltstone was subjected to
a selective alkali leaching agent for uranium and vana-
dium. The optimum leaching parameters were 70 mg/L
Na,COj;, 150 mg/L NaHCO;, 1:3 S:L ratio, 5 h leaching
time, 150 rpm stirring rate, — 80 mesh size, 50 °C for dis-
solving about 92.92% of the uranium (VI), and 94.82% of
vanadium (V). Using these parameters, a stock leach liquor
assaying 413 mg U/L and 336 mg V/L was prepared for
U(VI) and V(V) extraction via the solvent extraction by
cetylpyridinium carbonate as an extractant in kerosene.
More than 99% of uranium extraction was obtained using
0.012 M/L (CP),CO; and 5% (w/v) TDA in kerosene
from a carbonate leach solution containing 413 mg/L U at
pH 11. Furthermore, the maximum vanadium extraction
(93.17%) was achieved using 0.012 M (CP),CO; and 5%
(w/v) TDA in kerosene from a carbonate leach solution
containing U 336 mg/L V at pH 9 and room temperature.
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Table 6 Chemical analysis of sodium diuranate and ammonium vana-

date products

Constituents Sodium diuranate % Ammonium
vanadate %

ust 71.23 0.45

v+ 0.01 53.65

7+t 0.15 0.81

p3* 0.52 0.33

Na* 7.02 0.09

Mg** 0.12 0.13

@ Springer

The extraction capacities of (CP),CO; were equivalent
to 153.3 g uranium ions per 1 kg (CP),COj; extractant at
pH 11 and 116.96 g vanadium ions per 1 kg of (CP),CO;
extractant at pH 9.

Moreover, the V(V) was scrubbed from working
U(VI)-loaded (CP),COj; using scrubbing mixture 1.0 M/L
Na,CO;+ 0.1 M/L NaOH, 10 min contact, 1:3 A:O phase
ratio, and 25 °C. After the scrubbing process, the U(VI)
was stripped from U(VI)-loaded (CP),CO; by precipi-
tation as sodium diuranate using a mixture of 0.5 M/L
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Na,CO5;+ 1 M/L NaOH, 1:4 A:O ratio, 10 min stirring
time, and room temperature. Additionally, the V(V) was
also stripped from V(V) loaded (CP),CO; using a mixture
1 M/L Na,CO;+ 0.3 M/L NaOH, 10 min contact time,
and 1:4 A:O ratio. Extraction, scrubbing, and stripping
stages were evaluated by adopting the McCabe—Thiele
diagram. Furthermore, the negative value of AG® vali-
dated the spontaneous and the feasibility nature while a
negative value of AH° exhibited the exothermic of extrac-
tion processes and also the negative value of AS° implied
the improvement in randomness through the extraction of
U(VI) and V(V) ions. The suggested technique for U(VI)
and V(V) extraction using (CP),COj; in kerosene is easy
to use, simple, and selective for the proper extraction and
separation of U(VI) and V(V) from carbonate leach liquor
with high efficiencies.
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