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A Brief Review on Solvent Extraction
of Uranium from Acidic Solutions

JYOTHI RAJESH KUMAR, JOON-SOO KIM, JIN-YOUNG LEE,
and HO-SUNG YOON
Metal Recovery Department, Mineral Resources Research Division, Korea Institute of
Geoscience & Mineral Resources (KIGAM), Daejeon, Republic of Korea

Uranium solvent extraction (SX) from aqueous acidic solutions
is reviewed. First the uranium availability in earth as well
as resources, mining and production reports is presented and
Sfollowed by SX basic flowsheet and various important stages.
Extraction, scrubbing, stripping and finally solvent equilibrium
are presented in a flow-sheet form. The second half of the
review discusses the various extractants used for uranium extrac-
tion and separation from acidic solutions. The extractants are
divided in four types: 1) nitrogen-based extractants, 2) phos-
phorous-based extractants, 3) sulfur-based extractants, and 4)
other extractants. Nitrogen-based extractants cover predominantly
the amides and amines functional group containing extractants.
The phosphorous-based extractants: tri-butyl-phosphate (TBP),
di(2-ethylbexyl) phosphoric acid (D2EHPA), 2-ethylbexyl phospho-
nic acid mono-2-ethylbexyl (PCS88A), tri-n-octyl-phosphine oxide
(TOPO or Cyanex 923) and bis(2,4,4-trimethyl pentyl) phos-
phinic acid (Cyanex 272) are the most important members of this
category. Sulfur-based extractants mainly sulfoxides and other sul-
Sur-containing extractants are discussed. Heterocyclic compoundls
encompass isoxazolones, pyrazolones, crown ethers and other
available extractants. A compact summary of the literature on ura-
nium SX processes as well as extraction efficiencies is given in table
form.

KEYWORDS Uranium, solvent extraction, review

Received February 26, 2010; Accepted December 9, 2010

Address correspondence to Joon-Soo Kim, Metal Recovery Department, Mineral
Resources Research Division, Korea Institute of Geoscience & Mineral Resources (KIGAM),
92 Gwahang-no, Yuseong-gu, Daejeon 305-350, Republic of Korea. E-mail: jskim@kigam.re kr

77



Downloaded by [Rowan University] at 12:30 17 December 2011

78 J. R. Kumar et al.
INTRODUCTION

Uranium is a relatively rare metal element often found in association with
other elements in earth crust. Its natural formation is from supernova explo-
sions, along with elements having atomic weight higher than that of iron.
Nowadays, all over the world the greenhouse gas-free generation of elec-
trical power need is growing vigorously. Since nuclear power electricity
generation mainly depends on uranium, the importance of this metal is
also growing daily. Different processes are available for uranium extrac-
tion and separation from the associated elements in natural resources as
well as from nuclear wastes. Countries like Korea have some very low-
grade uranium deposits that require enriching metal values and separating
from other associated elements to be usable. For this reason the upcom-
ing researchers in developed/developing countries are establishing more
research and development on extraction and separation technologies for
uranium.

Resources of uranium for mining and production throughout the globe
are presented in Figure 1. The worldwide production of uranium in 2006
amounted to about 40,000 metric tons, of which 25% were mined in Canada.
Other important uranium mining countries are Australia (19%), Kazakhstan
(13%), Niger (9%), Russia (8%) and Namibia (8%). Uranium ore is mined
in several ways: by open pit, underground, in-situ leaching, and borehole
mining. At the end of 2006, world uranium production provided ~60% of
world reactor requirements. World annual uranium requirement amounted
to 66,500 tons containing U in 2006 and is estimated to have increased
to 68,700 metric tons in 2010 with 3800 tons for South Korea alone com-
pared to 19500 tons, 10200 tons and 8000 tons for USA, France and Japan,
respectively (1a).

The general flow sheet for uranium recovery from ore or natural
resources is presented in Figure 2(1b). Two processes are well established
for the uranium production namely the Amex and the Dopex processes.
Both of them generate a final product containing 75% U3Og using 0.1
mol.dm™ amine diluted in kerosene or kerosene-alcohol diluent in the
Amex process, where as in the Dopex process, 4% of D2EHPA (di-2-
ethylhexyl-phosphoric acid) with an equivalent amount of TBP were added
as a modifier for uranium extraction. Recovery of uranium from the loaded
organic phase is carried out by using 0.75 to 1.0 mol.dm = Na,CO3 within a
1 to 4 stages as a stripping reagent in both cases (1b).

To achieve the present day demands of uranium recovering the title
metal from low grade ores as well as other sources by less expensive
techniques is required. Solvent extraction (SX) processes also known as
liquid-liquid extraction (LLE), applied to recover and separate the metal ions
from their sources is popular since very long time. When compared with
other separation and extraction techniques like ion-exchange, adsorption,
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FIGURE 1 Uranium identified resources, mining (origin of the ~70,000 metric tons of
uranium in 2007) and production (in 2006: 39,600 tons) all over the world (adapted from
reference 1).
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FIGURE 2 Generalized flow sheet for uranium recovery from ore or natural resources by
Amex and Dapex process (1). 0.1 mol.dm™ amine used for Amex process, whereas 4%
phosphoric acid with same amount of TBP added as modifier used for Dopex process.
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FIGURE 3 The general flow sheet of solvent extraction (SX) process (3).

or precipitation, SX process is very easy to handle and less expensive set up
is required besides the possibility of zero waste generation.

In SX process extractant occupies the key role. It should be more sol-
uble in the organic solvent volume, noted Vi, with a very low solubility
in the aqueous phase volume, V,,;. The solvent should be industrially appli-
cable, non-volatile, non-flammable and non-toxic as well as economical for
pilot plant operations to produce the metal. The parameter used in SX pro-
cess is the distribution ratio, D,, defined as the ratio of [metal in organic
phase] over [metal in aqueous phase]. Based on D,, the extraction percent-
age, %E, indicates how much metal was extracted in the organic phase. %E
is calculated by following formula:

%E = Do x 100/(De + Vag/ Vorg) D

Next the stripping percentage, %S, corresponds to the recovery in aqueous
phase of the purified metal located in the organic phase. %S is simply cal-
culated as Dy x 100 /(Ds + Vag/Vorg), where Ds represents the distribution
ratio of the metal loaded organic phase over its concentration in the aqueous
phase. The distribution laws were established and elaborated by thermody-
namic studies long time ago (4, 5). When several extractants are mixed for a
given metal extraction, the improvement in extraction efficiency is measured
by the synergistic coefficient factor, SC (6). A positive SC value corresponds
to a positive synergistic effect. A negative SC value indicates that the mixture
of extractants is not able to extract more metal that a single extractant used
alone. When several metals are present, the separation factor, 8, is defined
as the ratio of Metal 1 distribution ratio, D;, over Metal 2 distribution ratio,
Dg, ie ,3 = D]/DQ.
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Many classes of extractants are commercially available. The phos-
phorous based extractants include di-2-ethyl phosphoric acid (D2EHPA),
2-ethyl hexyl phosphonic acid monoethyl hexyl ester (PC 88A), bis(2,4,4-
trimethylpentyl) phosphinic acid (Cyanex 272) and trioctylphosphine oxide
(Cyanex 923). The thio-organophosphorous extractants include bis(2,4,4-
trimethylpentyl) monothiophosphinic acid (Cyanex 302) and bis(2,4,4-
trimethylpentyD dithiophosphinic acid (Cyanex 301). There are also oximes
(LIX reagents) and amine based extractants (Alamine series). On the other
hand synthetic reagents especially heterocyclic compounds (the hetero atom
must be electron donor, like oxygen, nitrogen, or sulfur) (isoxazolones, pyra-
zolones) are applied for base and precious/rare metal recovery from their
available sources.

This review tries to highlight the current and future status of research
and development activities on extraction and recovery of uranium from low-
grade ores in acidic media, solvents as well as extractants based on nitrogen,
phosphorus, oxygen and other donor atoms.

SOLVENT EXTRACTION MECHANISMS
Solvation Mechanism

Specific solvation mechanisms are involved in the case of oxygen bonded
carbon type extractants such as ethers (C-O-C), esters (-COOR), alco-
hols (C-OH) and ketones (C=0) and those containing oxygen bonded to
phosphorus such as alkyl-phosphate esters (P=0).

The metal distribution from aqueous to organic phase by solvation
mechanism is a function of the metal ion concentration [M™7], the medium
acidity (proton concentration) [H], and the anion concentration [A], where A
can be [CI7] or [SO4*7] or [NO3~] or any other anion found in acidic media.
The ligand concentration is noted [E] (7).

K@X

xM™F 4 ij;q) + ZA 4+ nEorg = (HyMeAD™ V77 nE(org) 2)

where Kp, is the equilibrium constant for the extraction process.

Chelating Mechanism

The extractants forming strong complexes with d-block elements [M] such as
Ni, Co, or Cu are very selective. Back extraction, i.e., stripping, of the metal
is preferably obtained with strong acids.

M** 4+ 2RH = R,M + 2H" 3

where RH is the oxime-based extractant.
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Ion Exchange Mechanism

The acidity, i.e., the hydrogen ion concentration, plays a key role in the
ion exchange mechanism. H' is a competitor for metal ions and extrac-
tion efficiency increases with increasing pH, which also influences organic
extraction capacity.

K ex

MGty + mHA o = M (HA - + nH,, @

(aq)

where HA refers to the extractant (6).

Neutral Mechanism

The target metal in an oxide form can be extracted as a neutral complex. At
a high acidity, un-associated acids can be removed and back extraction of
the metals can be possible by water.

MO3* (g + (n—2)A(, o T HT + nHR(org) = (HR):MO2(A)—2(HR) (o) (5)

where HR is the extractant and AH is the acid.

AQUEOUS CHEMISTRY, HYDROLYSIS AND SPECIATION OF
URANIUM

Uranium aqueous chemistry deals with the metal speciation and hydrolysis
behavior in acidic solutions. Until now the reported literature demonstrates
that most uranium extraction processes are developed in the following acidic
or pH media: carbonate (8), hydrochloric acid (9, 21, 22, 40, 53, 59, 100,
108), sulfuric acid (12, 18, 29, 81, 111, 112, 115), nitric acid (11, 27, 33-306,
40, 47, 50, 51, 54, 56, 60-02, 68, 73, 74, 80, 83, 90, 91, 96, 100-103, 110, 114),
perchloric acid (10, 31, 55, 71), phosphate (23, 25, 46, 72), hydrobromic acid
(84), salicylate (43) and other low pH media (14, 28, 30, 38, 48, 67, 75, 109).

Aqueous Chemistry

The optimum stability range of uranium (V) in aqueous solutions is between
pH 2 and 4. Some observations are made on the oxidation of U(V) by
oxygen and other oxidizing agents and its dismutation into UIV) and U(VD)
has been studied. Near pH 2, the species UIV): U*t UOH3*, UO** and
U(VD) as UO,%T can exist in equilibrium with each other (116, 117).

The ionic strength for perchlorate and chloride solutions obtained by
using polarographic, spectrophtometric and potentiometric methods have
confirmed the behavior of uranium in aqueous solutions (118). The studies
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were made for establishing the behavior of uranium in trivalent state at
various acidic solutions such as chloride, sulfate, perchloric solutions. The
percentage of reduction is 99% in a 0.5 mol.dm ™~ hydrochloric acid solution.
Uranium was fairly stable at low concentration level in absence of atmo-
spheric oxygen (119), but with increased acid concentration it will become
unstable. The absorption spectra of trivalent uranium in the three mineral
acids noted here were studied. A possibility of the formation of a chloro
complex was observed due to a large change in absorption spectra at high
concentrations of chloride ions (120). Aqueous solution chemistry of ura-
nium in the binary UO,?*-SO4*~ and the ternary UO,**-SO4*~-OH~ system
was investigated by using EXAFS and O-NMR spectroscopy (121).

Carbonate media. The effect of concentration in the system Arquad 2C
(R4NCD and 8-quinolinol (HOy) dissolved in methyl isobutyl ketone (MIBK)
from carbonate-bicarbonate solutions for uranium(VD) extraction phenomena
can be explained quantitatively by the following equilibrium (8):

UOZ(CO)§7(3<{) + R4NC1(0rg) + 3HOX(<>rg) = R4NUOZ(OX)3(<>rg) + 3HCO; +CI” (6)

Hydrochloric acid media. The extraction of U(VD from hydrochloric
acid solutions by dihexyl sulfoxide (DHSO or R,SO) is governed by a solvat-
ing reaction. Similar mechanism is also shown by the following extractants:
tri-butyl phosphate (TBP), tri-n-octyl phosphine oxide (TOPO) (100) and
benzyloctadecyldimethyl ammonium chloride (R4NCD) (108).

U035 (ag + 2Cl ) + nR2SO(org) = UO2CL.nR2SO(org) @)

Sulfate media. Sulfuric acid media were widely used by amine based
extractants for uranium extraction. Almost all systems have shown ion
exchange type extraction mechanism (12, 18, 29, 115), whereas extraction
of uranium(VD) from sulfuric acid solutions with tri-n-octyl phosphine oxide
(TOPO) diluted in hexane showed the solvating type of mechanism (81).
These results suggest that the complex of uranium(VD), H" and TOPO at a
mole ratio of 1:2:3 is extracted into the organic phase (122). The extraction
process of the preceding system can be expressed as:

VO () + 2807 gy + 2H{, ) + 3TOPO (g = (TOPOH),UO,(SO),(TOPO) oy (8)

Nitric acid media with N- or P-based extractants. Extraction studies of
uranium(VI) from nitric acid solutions were established by using various V-
and P-based types of extractants. Nitrogen-based extractants such as amine
and amide reagents predominantly appeared in the reported literature (51,
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60, 62, 66-69, 73, 77, 83, 91, 101, 114). The following reaction mechanism
represents the wide variety of extractants:

UO§+(aq) + 2NO3 (aq) + 2A(0rg) = UO2(NO3)2.2A(01g) )

A = amide molecule = dioctyloctanamide dioctyl ethyl hexanamide (60, 62)

UO§+(aq) + ZNO;(aq) + I])((org) = UO§+(NOS)2-H(X)(org) (10)

where X is an extractant such as N N-Di-ethyl-octadecanamide (DEODA)
(73) or di(2-ethyl hexyl) isobutyramide (DEHBA) (77) or N,N-di-butyl-
decanamide (DBDEA) (80) or N-octanoyl-pyrrolidine (OPOD) (83) or
N,N!-dioctanoyl-piperazine (DOPEZ) (91) and/or N,N!'-dimethyl- N,N!-
dioctylsuccinylamide (DMDOSA) (10D).

Several phosphorus-based extractants are also reported for uranium
extraction from nitric acid solutions (11, 27, 33-36, 40, 47, 66, 74, 90,
99, 103, 113). Under the established experimental conditions, the aqueous
equilibrium for the uptake uranium is expressed by:

UO§+(aq) + SNO;(aq) +3 CMPO(HNOg)m(mg) = U(NO};)z.(CMPO)z(H NO3)m + 3n— 771)HNO3
an

Sulfoxides and thio-substituted organophosphorus extractants were utilized
for uranium extraction in nitric acid solutions. The extraction phenomena
can be explained by the coexistence of the following equilibrium (56):

M) + nNO3 () + X DEHSO = M(NO3),,.x. DEHSOorg) (12)

where, M is mostly U(VD and DEHSO is the di-(2-ethylhexyD) sulfoxide.

The partial distribution of Cyanex 301 (HA) between organic phase and
the interface (HA,4s) was reported in nitric acid solutions (96). The extraction
reaction for uranium(VI) with N,N'-dibutyl carbonyl methyl phenyl sulfoxide
(L) (110, 123) can be expressed as:

Slow

—_—

UO5 " (ag) + NOJ tagp + 2Liory = [UO2(NO3)52Llorg) (13)

In order to study the UO,?" extraction mechanism, the dependence of ura-
nium distribution on crown ether [CE] concentration was examined at a 4
mol.dm™3 nitric acid concentration (54):

UO3 T (aq) + 2NO3 (aq) + NCE(org) = UO2(NO3)5.0CE(6rg) (14)
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Perchlorate media. The extraction of uranium(VI) with di-2-ethyl hexyl
dithiophosphoric acid (DEHDTPA) occurs via ion-exchange mechanism and
complex formation in perchlorate media (31).

Phosphate media. The extraction process of U(VD) by Alamine 310
from H3zPO4 media was established (124) recently. Orthophosphoric acid
is considered as a weak acid and therefore the complex species formed in
aqueous solutions are dependent on H3PO,4 concentration and uncharged
species (124). At higher H3PO; concentration, more complex species
UO,(H,PO,),2™™ exist. The following extraction mechanism is proposed
with Alamine 310 as an anion-exchanger:

UOZ(HZPO4)2(ﬂq) + HZPOZ(aq) + R3NH+(01'g) = R5NH~UOZ~(H2PO4)3(org) (15)

The influence of SCN™ ion in U(VD) extraction by Alamine 310 is as follows:

UOL(HPOsag + SCN™ + RsNH{, ) = RsNH.UO,. (PO, SCNorgy  (16)

Chelate extraction data were used in investigation of the complex formation
in aqueous phase by 1-phenyl-3-methyl-4-benzoyl-5-pyrazolone (PMBP)
mixed with TOPO for uranium(VI) extraction. The various phosphoric acid
species were elucidated according to the reported literature and all pos-
sible reactions were tested. The most significant U(VD) complex formed
with phosphoric acid and 2.9 to 6.33 mol.dm™3 U(VI) concentrations was
(U(H5P208)4_n (HPO4,"~, where n was between 1 and 4. The predominant

species was the neutral complex: U(HsP,Og)4 (29).
Other acidic media. The distribution of uranyl ion between aque-

ous acetate buffer (pH 5.5 to 6.5) and 7-dodecynyl-8-quinolinol (DDQ)
diluted in chloroform occurred as a simple 2:1 (DDQ : UO,%") chelate. The
adverse effect of acetate ion on the uranium extraction can be explained
by the formation of a series of uranyl acetate complexes from UO,(OAc)™
to UO2(OAc);~. The extraction data are consistent with the following
reaction (30):

U035 (aq) + OAC™ + 2HL(org) = UO2(OAOL Hlorg) + Hy,y (17)
where HL is DDQ and OAc is the acetate ion.
By using LIX 54, TBP, or 3-methyl-4-(p-nitrobenzyD-5-
orophenylpyrazole (HNP), the extraction of uranium(VD, at pH 1 to 5
follows ion-exchange (reaction 4) type mechanism (38, 75).

Speciation

The speciation of uranium(VD) in micromolar aqueous solutions at ambi-
ent temperature and open atmosphere was reported (125). The solubility,
mobility and bioavailability of contaminants in aquifers were controlled by
the molecular interactions with solid phases (125, 126). pH solutions higher
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than 8.5 are not favorable for risk of precipitation of solid uranyl hydroxides.
At mildly acidic pH values, the trimer (UO,)3(OH)>" is assumed to be the
dominating species U(VD) whereas a further increase of the pH leads to for-
mation of various complexes. Ultracentrifugation and acidity measurements
in chloride solutions of U(VD) species were developed for hydroxyl numbers
() up to 1.4 (128).

Hydrolysis

The hydrolysis of uranium(VID) has been investigated in various saline solu-
tions of 0.1 and 1.0 mol.dm™> Na,SOy4. The different uranyl hydrolysis
species established were: (UO,),(OH),*t, (UO,)3(OH)4*F, (UO,)4(OH);
and (UO,)s(OH)g*T. Additionally, UO,OH* and (UO,)3(OH)s* were found
in the lower 0.1 mol.dm™2 ionic strength only (129). The species UO,OHY,
(UO2)2(OH),*F, (UO2)3(OH)4*F, (UO2)3(OH)>™ and (UO»)4(OH)’t have
been also identified in nitrate media (130). The hydrolysis of UVD in
tetraethyl ammonium perchlorate (0.1 mol.dm™ at 25°C) was studied at
different temperatures from 10 to 85°C (131). Hydrolysis of U(VD) at high
temperatures and pressures via speciation analysis by time-resolved laser
induced fluorescence spectroscopy was also performed (132). It found
species such as UO,(OH)+, (UO,),(OH),*T, (UO,);(OH)*T.

These uranyl(VD ions indicate that the Arrhenius plot of luminescence
lifetime can be an effective method for determining in-situ speciation of
uranyl hydrolysis product at elevated temperatures and pressures (132).
Water samples collected from different mining areas were tested for ura-
nium speciation by laser spectroscopy. The obtained species distributions
were compared with modeling predictions and were in good agreement
(133).

Uranium(IV)-oxygen bonds are derived from the hydrolysis of UCly.
UCly dissolved in H,O (or D,0), yields a product believed to be primarily a
mixture of [UMH,0)sOHI;Clg and [UH>0)g(OH)<Cli_)»Clg. UAV) forms the
following four products: UCI3(OH)-3H,0O, UCI3(OH)-1-5H,0O, UCl,.5(0OH)1 5,
and UO1.15Clz.1 on a preparative scale, and these were examined by infrared
spectroscopy in the 4000—250 cm™! region (134).

LITERATURE REVIEW ON SOLVENT EXTRACTION (SX) OF
URANIUM

The different extractants used for uranium recovery can be divided as
1) nitrogen-based extractants, 2) phosphorous-based extractants, 3) sulfur-
based extractants and 4) other extractants. The different solvent extraction
methods for uranium from acidic solutions are listed in Table 1.
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Nitrogen-based Extractants

Amides/amines (having various carbon chains) are the main class of nitro-
gen based compounds. The reported literature reveals a large variety of
extractants based on amides (57, 60, 62-65, 68, 69, 73, 77, 80, 86, 95, 101,
106) and amines (9, 18, 28, 29, 51, 55, 59) used for uranium extraction from
various sources.

Uranium extraction from carbonate solutions using 8-quinolinol (HOy)
as chelating extractant was reported in hexane (8). A 0.1 mol.dm™3 HOy in
hexane extracted 0.01 mol.dm™3 of UO,(NO3), with a distribution ratio of
10.9. To examine the influence of Arquad 2 C (dialkyl-dimethyl-ammonium
chloride) concentration varying from 0.08 to 0.1 mol.dm™ on uranium
extraction process, it was observed that the increase in total carbonate
concentration decreased the distribution ratio. A higher pH value like 12.6
favored the transfer of UzOg,q to organic phase with 0.3 mol.dm™ extractant
concentration at 1.0 mol.dm™3 Na,CO3 (8). However the Na,HCO3 solutions
and a lower pH were found to be the most efficient extracting media for
uranium in a multi stage loading by countercurrent method (8).

Tris (iso-octyl) amine (TOA) was used as a promising reagent for extrac-
tion of uranium and plutonium from chloride solutions (9). An initial study
on time effect concluded that 1 to 2 min time was more than enough to
achieve equilibrium for the metal extraction. The high acidic range such
as 2-8 mol.dm™> was more favorable for extraction of metal. Equal phase
ratio of the aqueous and organic xylene or MIBK phase containing uranium
counts of 4 x 10* a count per min per ml of and 5% (v/v) TOA in xylene
(or MIBK), respectively was used for study. At acidity 4-6 mol.dm™> good
extraction (~99%) with excellent phase behavior was observed whereas at
acidity higher than 9 mol.dm™, a gel was formed in the extraction process
(9). Diluents such as carbon tetrachloride, xylene, Amsco 125-82 (a purified
kerosene) gave ~95 to 99% extraction yield but with the formation of some
yellow gel at the interface, whereas di-isobutyl-carbinol was able to extract
only 59% uranium but with clear phases (9).

Trioctylamine (TOA) dissolved in benzene was used for uraniumIV)
extraction from sulfate solutions (18). A mixture of U(IV) and U(VD) was
tested for extraction efficiency and selectivity. It indicated that U(VD) formed
more stable complex with TOA as compared to U(IV) (18). High purity TOA
dissolved in kerosene was used for uranium extraction from heap leach
solutions (28). A distribution ratio (Dy) as high as 1388 was obtained with
a 0.172 mol.dm™ amine solution in kerosene. The McCabe-Thiele diagram
confirmed that two stages were required for full uranium extraction with
5% v/v TOA, whereas 0.1 mol.dm™3 Na,COj3 stripped (back extraction) the
metal from the loaded kerosene phase in two stages (28).

The extraction of uranium from sulfuric acid-sodium sulfate solutions
by di-n-decylamine sulfate in benzene (12) was examined as a function of
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amine, acid and sulfate ion concentration. The stoichiometry of the principal
organic complex was determined to be uranium:sulfate:amine 1:4:6 (12). A
new extractant 2-n-butyl-2-ethyl octanohydroxamic acid (HX) was diluted
in chloroform, hexane and xylene for uranium extraction and equilibrium
constant values (K 1.3 x 1073, 2 x 1072 and 6.6 x 1073 were respectively
calculated for the three solvent systems (24).

A model was developed and reported for uranium extraction from sul-
fate solutions at pH 2.6-3.6, while maintaining the phase contact for 24
hours at 21£1°C and ionic strength of 1.00 for Na,SO4 and H,SO4 by using
tri-n-octylamine as an extractant in benzene (29). Uranium extraction from
acetic acid (OAc) with 7-dodecenyl-8-quinolinol (HL) formed mixed lig-
and complexes such as UO,(OAC)L.HL in the toluene phase. Preliminary
experimental data indicated the release of two moles of HT ions during the
extraction following the ion-exchange process (30).

In another study reported (45) with the main objective of recovering
the molybdenum, the conditions established for uranium separation and
quantitative extraction were as follows: 10% (v/v) LIX 622 diluted in benzene
and pH 5.9 (45). Amongst the various anions like ClI7, SCN™ and SO%~,
tested for uranium extraction, SCN~ was found to be the more favorable
producing a complete extraction of the 0.15 mol.dm™3 U(VI) at pH 4 (45).

The precipitation methodology was used for uranium and technetium
metal separation followed by extraction process (51). The extraction and
separation of uranium and molybdenum was carried out using Alamine 310,
TBP or DPSO as extractants. The efficiency followed the order: TBP > DPSO
> Alamine 310 (55). Based on the slope analysis data (1£0.3), it was con-
cluded that one mole of extractant was involved in the extraction process
with the three reagents (55).

An extractant N,N,N’ N'-tetraalkyl —2 alkyl propane —1,3 diamides
was used as an extractant for uranium extraction and separation of plu-
tonium (57). Two isomeric monoamides, dihexylbutyramide (DHBA) and
dihexylisobutyramide (DHIBA), and three N,N-dihexyl substituted amides,
di(2-ethyl hexyl) butyramide, di(2-ethyl hexyDisobutyramide and N,N-
dihexyloctanamide (DHOA) were proposed as promising extractants for
uranium and plutonium from nitric acid media (60, 62, 65, 77, 86).

The equilibrium data clearly demonstrate that separation of UIV) and
UVD as well as better extraction of U(VD) with TOA takes place with
very acidic 4 and 6 mol.dm™ HCl. Various diluents such as kerosene,
cyclohexane, xylene, toluene and mesitylene were tested for uranium
extraction from 4 mol.dm™ hydrochloric acid solutions containing 300
g.L7! of uranyl ions. Kerosene and cyclohexane as the diluents exhib-
ited the formation of a third phase. The aromatic diluents except benzene
formed a cloudy organic upper phase followed by precipitation (59). N,N’-
Dimethyl-N,N’-dibutylmalonamide (DMDBMA) was used for extraction of
lanthanide(ID) and uranyl(VI) ions from nitric acid solution. At 3 mol.dm—3
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nitrate concentration, the calculated slope for uranium extraction was 2.3
indicating that two moles of extractant molecules were associated to one
mole of uranium metalion. The reaction was reported to be exothermic in
nature with the value of enthalpy close to —20 kJ mol™! (63). Different
alkyl groups in N-alkyl carboxylic acid amides were tested for uranium and
thorium extraction with little influence (64).

At 20°C good extraction of UO,*" (5 x 1073 mol.dm™) at 5 to 7
mol.dm~3 nitric acid concentration with 0.5 mol.dm™> N,N,N N-tetrabutyl
succinylamide (TBSA) in toluene was reported with formation of 1:1
complex (68). Further, the variation of temperature concluded that the
TBSA-UO,** extraction process (68) was exothermic, based on a calcu-
lated enthalpy value of —18.63 kJ mol™!. The study finally suggested that
a 1:2:1 complex with UO,*", NO3~ and TBSA, respectively, was actually
formed (68).

Uranium extraction from nitric acid solutions (69) by N,N,N,N-tetrabutyl
dipicamide (TBAA) in toluene show that up to ~35 mol.dm™3 acid the U(VI)
extraction (5 x 1073 mol.dm™2) increased with increasing nitric acid con-
centration and thereafter decreased in hyper acid media. The lower acidic
conditions like 1 mol.dm™3 HNOj3 gave good separation possibility between
uranium and thorium with a separation factor close to 360 (69). The reaction
was exothermic as confirmed by temperature experiments and the calculated
enthalpy value (—14.18 kJ mol™"). A 0.01 mol.dm™> HNOj3 (pH 2) stripped
about 48% uranium from the loaded toluene phase (69). The study confirms
the complex structure 1:2:1 U(VD, NO3~ and TBAA, respectively (69).

Binary mixture of 5% (v/v) Aliquat 336 and PC88A diluted in chlo-
roform, kerosene, benzene or xylene was used for U(VD) extraction from
H3PO4 aqueous solutions (71). The experimental results found uranium
extraction ratios of 5.3% in CHCl3, 62.7% in xylene, 55.5% in kerosene, and
45% in benzene from the aqueous feed of ~1 mmol.dm™ uranium whereas
no metal was extracted with polar hexanol and octanol organic phase (71).
The synergistic effect for uranium extraction decreased from 1.89 to 0.06
with increasing the acid concentration from 0.4 to 1.4 mol.dm™3 (71).

Extraction of uranyl(VD) ion from nitric acid solutions by using
N,N-diethyloctadecanamide as an extractant was temperature dependant.
The calculated AH was found to be —34.25 k] mol™' (73). N,N-
dibutyldecanamide (DBDEA) in TBP was used for U(VD) extraction from
nitric acid media at a constant temperature of 25°C and varying the HNOj3
concentration from 2 to 7 mol.dm™3 (80). A positive influence on UO,**
(5x1072 mol.dm™3) extraction was found increasing the temperature with
0.2 mol.dm~3 DBDEA. The synergistic distribution ratio, Dpr, was reported
as 0.96-3.01 for DBDEA (0.3-0.6 mol.dm™) + TBP (0.02-0.4 mol.dm™).
The highest Dpr (0.96) was observed with 0.3 mol.dm™> DBDEA + 0.14
mol.dm ™2 TBP at 3.0 mol.dm=3 HNOj3 and 25°C temperature (80).
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Extraction of U(VD) from nitric acid solutions by N-octanoylpyrrolidine
(OPOD) diluted in toluene was investigated varying extractant and acid
concentrations, salting-out reagent and temperature. Homo-ion shifting of
the uranyl(VD) extraction equilibrium was influenced by lithium nitrate. The
enthalpy was calculated to be 27.73 k] mol™! (83).

N,N’-Dioctanoylpiperazine (DOPEZ) diluted in the highly toxic carbon
tetrachloride solvent was proposed as a novel extractant for U(VD) extraction
from nitric acid solutions (91). Based on the slope analysis data for extractant
as well as acid concentrations on metal extraction the 1:2:2 stoichiometry of
the extracted species with a possible formula: UO,(NO3),(DOPEZ), (91).
From high level nuclear waste, uranium extraction and recovery was car-
ried out by di(2-ethylhexyD pivalamide (D2EHPVA) and separation of U(VI)
associated with other elements like Pu, Np and Am was reported (95).

High distribution values were observed for uranium(VD) (D >
10) when 75 elements were also extracted with N,N N’ N’-tetraoctyl-3-
oxapentanediamide (TODGA) (97). Another amide used for extraction of
UVD from nitric acid solutions was N,N’-dioctylsuccinylamide diluted in
toluene (101). Three structural isomers of diamides of dipicolinic acid (N,N’-
diethyl-N,N’-ditolyl-dipicolinamide, EtTDPA) were also reported for U(VI)
extraction from nitric acid solutions (106).

Pyrrolidone derivatives such as N-cyclohexyl-2-pyrrolidone (NCP), N-
octyl-2-pyrrolidone (NOP) and N-dodecyl-2-pyrrolidone (NDP) were also
reported as possible extractants for U(VD) (10 mmol.dm™3) from nitric acid
solutions (107). The kinetics of extraction was fairly rapid with equilibrium
achieved in 5 min showing 91 + 2 % extraction (107). At more than 3
mol.dm™3 nitric acid concentration, NOP and NDP were effective U(VI)
extractants; good stripping was possible by diluted nitric acid (107).

Collect et al. (111) investigated the U(VI) extraction (5 g.L_l) from
sulfate solutions using 0.146 mol.dm~> Alamine 336 diluted in kerosene con-
taining 5% 1-tridecanol and applied computer simulation for optimizing the
flow sheets. A computer simulation was similarly applied for U(VD) extraction
(737 mg.L™Y) from sulfate media (5 mol.dm™) by tri-n-octylamine (TOA)
and di-n-octylamine (DOA) in toluene (112). The stripping of the uranium
was done at high pH using a 200 g.L™! sodium carbonate solution recover-
ing 7.95 g.L7! U(VD loaded in the toluene phase (112). N,N,N’,N'-tetraoctyl
diglycolamide (TODGA) was also used (114).

Recently, the study of solvent extraction of U(VD and its separation of
vanadium(V) from sulfate solutions was reported by our group (115). In
this study Alamine 336 in kerosene was used for the extraction from sul-
fate solutions, followed by an ion-exchange mechanism for stripping with
0.1-1 mol.dm™> acid solution. The highest separation factor (S.F = 45)
was observed at 0.1 mol.dm™> H,SOy4 concentration with 0.005 mol.dm™3
Alamine 336. Back extraction (~100%) of the metal from loaded kerosene
phase, a key step in the process, was achieved with 0.5 mol.dm™=3 of NH,CI
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in five stages. The recycling and reusing capacity of Alamine 336 was
possible for 10 cycles of extraction and stripping successively. This study
demonstrates the possible separation of uranium and vanadium from leach
solutions by processing of yellow cake (115).

Full evaluation of the results seems to show that, amongst all nitrogen
based extractants for uranium, TOA is the more promising. Its extraction
efficiency is found clearly better than all other N-based extractants.

Phosphorous-based Extractants

The phosphorous-based extractants namely tri-butyl-phosphate (TBP), di(2-
ethylhexyl) phosphoric acid (D2EHPA), 2-ethylhexyl phosphonic acid mono-
2-ethylhexyl (PC88A), Tri-n-octyl-phosphine oxide (TOPO or Cyanex 923)
and bis(2,4,4-trimethyl pentyl) phosphinic acid (Cyanex 272) were used for
uranium extraction from various acidic solutions. The reported literature
reveals that D2EHPA (10, 13, 17, 31-34, 37, 39, 46, 72, 79) was predominantly
used for uranium extraction when compared with other phosphorous extrac-
tants like TBP (27, 34, 47, 48, 00, 74, 89, 99, 103), PC88A (61, 71, 89, 105),
TOPO or Cyanex 923 (19, 34, 49, 72, 81, 87, 89, 98) and Cyanex 272 (90).

U(VD) extraction from aqueous HC104-NaC10Oy4 solutions (ionic strength
= 2 mol.dm™) by di-(2-ethylhexyl)-phosphoric acid (D2EHPA) diluted in
hexane was carried out (11) at 25°C (10). Tri-octyl-phosphine oxide (TOPO)
diluted in cyclohexane extracted uranium from nitric acid solutions at lower
acidity (0.5 mol.dm™3). TOPO diluted in kerosene was used for uranium
recovery from chloride solutions (19). Sato (13) reported U(VD) extraction
from sulfate solutions using D2EHPA dissolved in kerosene.

The extraction mechanism for U(VI) by tetrabutylpyrophosphate
(TBPP) dissolved in carbon tetrachloride followed a zero order reac-
tion (15). Mono-2,6,8-trimethylnonyl-4- and mono-7-butylphosphoric acids
were proposed for uranium extraction from sulfate media by vary-
ing the two different diluents such as benzene and carbon tetrachlo-
ride (16). D2EHPA formed complexes with uranium in perchloric solu-
tions such as U(D2EHPA),(H(D2EHPA),), at moderate concentrations and
U(CIO4(D2EHPA),.2HCIOy at strong concentrations; it also shows that an
ion-exchange process is replaced by a solvation process (17).

Octaethyltetraamidopyrophosphate  (OETAPP) diluted in chloroform
was proposed as a extractant for uranyl ions from nitrate and chloride solu-
tions (21). The time-effect study showed that a 30 min time was sufficient to
achieve equilibrium for chloride media whereas only 10 min were needed
for nitrate media. In both cases higher acidic conditions are much favorable
for extraction process and the distribution ratio increased from 1.0-4.0 x
1072 for chloride media and 2.0-9.3 x 1073 for nitrate media in the acid
range 0.1 to 10 mol.dm™3. In this study, a distribution potentials and surface
tension of the extraction system was measured. At 1 mol.dm™3 chloride
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concentration and UO,Cl,, the measured AY¥ potential was —0.080V. With
1 mol.dm™3 sodium hydroxide at pH 13 it was only A¥ = —0.020V (21).

Compounds based on bis-(di-n-butylphosphate) were prepared and
used as promising extractants for U(VI) from nitrate solutions (26). Then,
50 mg of naphthalene added in the toluene phase enhanced the uranium
extraction (4 mg.L™1) from 75% to 95% with 150 mg of tributylphosphine
oxide (TBPO) within 2 min shaking time at 2 mol.dm™? nitric acid concentra-
tion (27). Nitrate solutions were found more favorable for uranium extraction
when compared with chloride solutions is the entire acid region up to 4
mol.dm™3. The method was successfully applied for uranium separation
from metal ions such as magnesium, iron, lanthanum and aluminum (27).

U(VD was extracted from a diluted aqueous solutions (0.0005
mol.dm™?) at pH = 1.0 with 0.04 mol.dm™? di-2-ethylhexyl-dithiophosphoric
acid (HEhdtp) with the following diluents: cyclohexane (D = 0.08), chloro-
form (D = 0.04) and carbon tetrachloride (D = 0.02); the extraction process
followed the ion-exchange mechanism (31). Uranium extraction from var-
ious mineral acids such as nitrate, chloride, sulfate and phosphate with
HEhdtp in toluene was reported following the order: ClIO4~ ~ NO3~ > CI™
> SO4%~ > PO4~ (33). Organophosphorus esters such as acidic D2EHPA
and two neutral extractants, TBP and TOPO, were employed for uranium
extraction from phosphoric and nitric acid solutions (34). TBP was not
sufficiently effective.

Based on this, an extraction methodology was developed with H3PO4
(3.5 mol.dm™3) concentration while varying the nitric acid concentrations
from 0.1 to 3 mol.dm™>. The lower (< 1 mol.dm™>) and higher (> 1.5
mol.dm™>) nitric acid media were not favorable for uranium extraction
(34). OPAP (0.6%) in kerosene extracted more than 90% of UVI) (1073
mol.dm™) from 0.5 mol.dm™> nitric acid solutions, whereas good extrac-
tions of other metal ions such as ~80% Tbh(II), ~70% Gd{II), ~68% Ce(III)
and ~65% of Nd(III) were noticed under this experimental condition. These
metals were tested for their binary mixture separation at 1:1 and 1:10 ratios
from 2 mol.dm™> nitric acid concentration. The back extraction of the
uranium form loaded kerosene phase was achieved by 6 mol.dm™ HCI
(30). The extraction of U(VD) complex from the nitrate solutions by D2EHPA
was confirmed by NMR spectra (37). Kinetic extraction and stripping studies
were also made (39).

At pH 3.0 to 4.7 uranium was extracted quantitatively by 4% of tris-
2-ethyl-hexyl phosphate diluted in xylene from 0.025 mol.dm™ sodium
salicylate solution (43). For quantitative stripping from loaded organic
xylene, mineral acids and NaOH in the concentration range 0.1-3.0
mol.dm™ were effective (43). Uranium separation from its binary mixture
with other metals such as thorium, cerium, titanium, zirconium, hafnium,
copper, vanadium and chromium was tested using tris-2-ethyl hexyl
phosphate (43). Octyl(phenyD)-7, n-diisobutylcarbamoylmethylphosphine
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oxide (CMPO) diluted in dodecane was reported to be a promising
extractant (47) for U(VI) with other fission products such as promethium(IID),
plutonium(IV), americium(IID), zirconium(IV), ruthenium(IID, iron(II1) and
palladium(D from nitrate solutions.

Extraction of uranium (40 mg dm™3) process was investigated with
a mixed extractant consisting of 0.4 mol.dm™> D2EHPA + Cyanex 921
diluted in kerosene at 25+1 °C, 5 mol.dm™~3 phosphoric acid and 15 min-
utes’ shaking time (72). The U(VD species extracted with TOPO was found
to be (TOPOH),UO,(SO4)(TOPO) with the equilibrium constant value of
107013015 (81) U(VI) extraction from various mineral acids such as HNO3,
HCI and HCIO4 by Cyanex 272 (bis[2,4,4 trimethyl pentyl] phosphinic acid)
diluted in n-dodecane was reported and compared with other organophos-
phorus extractants such as PC88A, D2EHPA and TBP. At 0.01 mol.dm ™3 acid
concentration and a feed of 0.5 mg mL~! uranium, 0.005 mol.dm™> Cyanex
272 extracted metal with a distribution ratio, D, of 136 for HNO3, 158 for HCI
and 169 for HCIO4. At 2 mol.dm ™3 HNO3, the maximum extraction (78.65%)
of uranium by 2.0 mol.dm™3 Cyanex 272 was observed (90). Stripping from
loaded dodecane was easy using a 0.5 mol.dm™ Na,COj solution with two
contacts to recover 2.34 mg mL~! of uranium (90).

The influence of the TBP loaded diluent such as chloroform (D =
3.21), carbon tetrachloride (D = 7.22), dodecane (D = 12.89), n-hexane
(D = 11.93) on U(VD extraction (15 g dm™3) from nitrate solutions was
studied (103). Nitric acid in the range 0.1-3.0 mol.dm™3 showed positive
influence on uranium extraction with TBP diluted in dodecane; the high-
est extraction efficiency (D = 12.89) was observed at 3.0 mol.dm™3 acidity
(103). Synergistic extraction of uranium (0.1 mol.dm™2) from nitrate solutions
was also studied (113) using PC88A in the presence of neutral oxodonors
such as TOPO, TBP and DOSO (dioctyl sulfoxide) (113). Uranium extraction
from a 0.1 mol.dm™> aqueous feed was tested in various diluents such as
xylene, carbon tetrachloride, n-dodecane and methyl iso-butyl ketone; all
giving a 99% + extraction. The highest synergistic coefficient was 1.06 with
0.03 DOSO associated to the same concentration 0.03 mol.dm™> PC88A in
2 mol.dm™3 HNOj concentration and 0.002 mol.dm ™2 uranium feed (113).

A careful analysis of all reported literature for phosphorus-based extrac-
tants shows that TBP is clearly the best extractant with respect to extraction
efficiency as well as its cost and availability.

Sulfur-based Extractants

Sulfoxides and petroleum sulfoxides are one of the most important classes
of reagents for uranium extraction and recovery from various mineral acids
like chloride, sulfate, nitrate, etc. (20, 44, 52, 56, 70, 104).

Various sulfoxides such as di-n-pentyl sulfoxide (DPSO), di-n-octyl sul-
foxide (DOSO) and diphenyl sulfoxide (DPhSO) associated to tri-n-butyl
phosphate (TBP) and their mixtures in different diluents, over a wide range
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of conditions were investigated (19) for uranium extraction from hydrochlo-
ric acid solutions. Solvent extraction equilibrium analysis by slope analysis
was established (44) by studying various factors for the extraction of uranyl
nitrate from nitric acid by di-2-ethylhexylsulfoxide (DEHSO). The extracting
abilities of five sulfoxides for thorium, uranium and some fission products
were reported (56). DEHSO is not only completely miscible with kerosene,
but also superior to TBP in some aspects (506).

At lower acidity (1 mol.dm™3 HNO3) uranium extraction (0.2 mol.dm=2)
DEHSO at 1.0 mol.dm™3 is more favorable (Dy = 2.65) than TBP whereas at
higher acidity (4.0 mol.dm=2 HNO3) 2-ethyl hexyl-p-methyl-phenyl sulfoxide
(EHMPSO) also at 1.0 mol.dm™ is better (Dy = 4.41) (56). At this acidity (4
mol.dm™3 HNO3) the highest separation factor (SF= 60.2) between uranium
and thorium was observed with DEHSO whereas SF is only 19.3 with TBP
(50). The drawback of DEHSO is the stripping step from any organic phase
that is much more difficult than with TBP. The stripping difference between
DEHSO and TBP can be reduced working with higher acidity (56).

The rate of U(VD extraction by Cyanex 301 in kerosene from nitrate
medium of constant ionic strength (0.1 mol.dm™) was investigated using
a stirred Lewis cell. The different parameters affecting the U(VI) extraction
rate were optimized (96). U(VD) extraction from hydrochloric solutions fol-
lowed a solvation mechanism with DEHSO and other RSO similar to that of
TBP or TOPO, forming complexes such as UO,Cl,.nR,SO in organic phase
(100). Formation of 2:1 complexes (R,SO4:UO,) in organic phase was further
checked by IR studies (100).

Various mineral acids such as chlorhydric, nitric, sulfuric, perchloric and
acetic acids were tested for uranium extraction with Cyanex 302 in xylene
(102). The metal extraction was quantitative from 1x107> mol.dm™> HNO;
using 5x 1073 mol.dm™ Cyanex 302 in xylene and U(VI) was satisfactorily
stripped from xylene with 5 mol.dm™ HCI. The method was tested recov-
ering uranium from the solutions of uranmicrolite tailings. The methodology
was found to recover 51.4 £0.4 % UIV) and 99.6£0.4 % UVD (102).

Solvent extraction method has been developed for quantitative recov-
ery of uranium from 2 mol.dm ™ HNOj solution using di-n-butyl sulfoxide in
petroleum ether. A classical change in U(VD) partition reaction was observed
with the HNO3 concentration, the extractant nature and temperature (104).
U(VD and other metal extraction was reported by using carbamoyl methyl
sulfoxide from nitric acid solutions (110). Higher acid contents such as
5-10 mol.dm™3 nitric acid were more favorable for U(VI) extraction with
separation from Am(ID (110).

A full study of the selected works for uranium extraction with
sulfur based extractants showed that sulfoxides are not better than the
thiophosphinic extractants. From a commercial point of view, Cyanex 301
(2,2,4-trimethylpentyl) dithiophosphinic acid, and Cyanex 302, its monothio
equivalent, are recommended extractants for uranium bench extraction. At
a larger plant scale, no definitive reports were found.
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Other Extractants

Mesityl oxide (100%) was able to extract 900 pg of uranium(VD) quanti-
tatively from a nitric acid ammonium nitrate mixed solution (1 mol.dm~>
HNOj3; + 0.5 mol.dm™3 NH4NO3) (14). A kinetic study confirmed that 10
min time was enough to reach the extraction equilibrium. The developed
method showed separation possibilities for U(VD) as well as foreign ions
such as Ag™, P> Tit, Zn** Co**, Ni*t, Ba’t, Mot phosphate, citrate,
tartrate and EDTA while seriously interfering metal ions were Hg?T, Cu®T,
Fedt, At Zrt ) Thit and Ce't (14).

The extraction of uranium(VD from aqueous hydrochloric or nitric
acid and protactinium from hydrochloric acid by 1-(4-tolyD-2-methyl-3-
hydroxy-4-pyridone (HY) dissolved in chloroform has been studied (22).
At pH > 4, UVD is quantitatively extracted while at acidic pH < 1
practically all uranium remains in the aqueous phase (22). Quantitative
UVD (5-70 pg) extraction was also achieved at lower pH (<1.0-4.0) with
HY (0.005 mol.dm™>) diluted in chloroform. The back extraction from
chloroform was possible with diluted hydrochloric or nitric acid solution
(>0.1 mol.dm™3). The developed method was tested for separation of
uranium from protactinium (22).

Extraction of UIV) with neotridecanohydroxamic acid (HX-70) depends
primarily on the diluent used as well as on the hydrogen, phosphate and
hydroxamate ion concentrations. Of the diluents tested, the low-polarity
paraffinic solvent, Shellsol® T, (P. between 170 and 190°C) gave the best
results (23). The extraction coefficient (£°) was 2.2 x 107> mol.dm™>? with
0.14 mol.dm™3 HX-70 in butanol; the E° value was 200 times higher, 0.005
in Shellsol® T. The E° values were 0.0016 in MIBK, 0.0013 in dibutyl car-
bonate, 0.0011 in mesitylene or 1,3,5-trimethyl benzol, 0.0001 in diethylene
glycol butyl ether and almost nil in nitrobenzene (23).

The extraction of UIV) from phosphoric acid solutions with 1-phenyl-
3-methyl-4-benzoylpyrazolone-5 and TOPO mixtures has been studied (25).
The most probable U(IV) species in the aqueous phase (2.9-6.33 mol.dm >
H3PO,) is suggested to be the neutral complex U(HsP,Og)4 (25).

Comparative UO,%T extraction studies were reported (38) between
hydrochloric acid solutions containing different mixture of LIX 54 (HA) and
TBP diluted in benzene. The quantitative extraction of UVD (5 x 1073
mol.dm~2) with the mixture of 5% LIX 54 + 5% TBP was achieved at pH
4.2, whereas the 5 % LIX 54 alone showed a maximum extraction (30%) at
pH 5.3. At pH 4.0, the maximum synergistic behavior was observed with
10% and 20% of TBP mixed with 5% LIX 54. This system follows the ion
exchange mechanism: UO,(OH)™ + 2HA + TBP = [UO,(OH)(A)(HA)(TBP)]
+ H* (38).

The mechanism of U(VI) extraction from aqueous solutions into MIBK
containing 3-phenyl-4-acetyl-5-isoxazolone (HPAD) was investigated and the
extracted species have been identified. Solid 2:1 complexes found with HPAI
were also isolated and characterized by using elemental analysis, IR and
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NMR spectroscopy (41). Similarly extraction mechanism and 2:1 species
extracted U(VD with 3-phenyl-4-benzoyl-5-isoxazolone (HPBD) in chloro-
form have been identified (42). Distribution coefficients of U(VI) extraction
from nitric acid with N-octylcaprolactam and N-(2-ethyDhexylcaprolactam
were calculated as a function of aqueous NHO3 concentration, extractant
concentration and temperature (50).

U(VD was quantitatively extracted from 6 to 8 mol.dm™= hydrochlo-
ric acid with 0.02 mol.dm™3 di-cyclo-18-crown-6 (DC18C6) in chloroform
and was stripped from the organic phase with 0.5 mol.dm™ hydrochloric
acid (40). U(VD was similarly quantitatively extracted with 0.01 mol.dm™3
DB24C8 (di-benzo-24-crown-6)/0.01 mol.dm™ DCI18C6 in nitrobenzene
from 6-10 mol.dm™> hydrochloric acid (53-54). The quantitative extraction
of 5 ug mL~! U(VD with 0.01 mol.dm™ cryptand-222 diluted in chloroform
at pH 6.0 (0.005 mol.dm~3 Eosin used as a counter ion) was reported (67).

The extraction efficiencies in percentage of different diluents was as
follows: xylene (78%), benzene (82%), toluene (86%), 1,2-dichloroethane
(88%), chloroform (88.8%), 1,2-dichloromethane (97.1%) and nitrobenzene
(98%). Various mineral acids such as HCIl, H,SO4, HNO3; and HCIO4
used as stripping agents and 0.1 mol.dm™ HCIO, quantitatively stripped
the uranium from all loaded organic phases. Separation of multicompo-
nent tertiary and quaternary mixtures of Mn, Pb, TI, Cd, Ni each metal
5 uwg mL™! was successfully applied the developed method for uranium
extraction (67). Lower pH conditions 1.0-1.2 favorable for uranium(VI)
(1.0 x 10~> mol.dm~3) whereas pH 4.0-4.1 favorable for nickel(ID) (1.7
x 10~* mol.dm™%) with 0.025 mol.dm™ 3-methyl-4-(pnitrobenzoyl)-5-oxo-
phenylprazole (HNP) diluted in benzene was reported (75). The influence
of complexing reagents follows the extraction efficiency for uranium: tar-
trate > fluoride > citrate > ascorbate > oxalate > EDTA at pH 2.8 with
0.025 mol.dm™> HNP and 0.035 mol.dm™ TBP in benzene (75).

Various other crown ethers (CE’s) such as 15-crown-5 (15C5), benzo-
15-crown-5 (B15C5), 18-crown-6 (18C6), di-benzo-18-crown-6 (DB18C6), di-
cyclohexano-18-crown-6 (DC18C6), di-benzo-24-crown-8 (DB24C8) and di-
cyclohexano-24-crown-8 (DC24C8) were used for uranium extraction from
hydrobromic acid (84). Among the all CEs, DC18C6, DC24C6 and DB24C8
were the ones able to quantitatively extract all uranium (100 pg).

Stripping of the uranium from loaded 0.005 mol.dm™3 DB24C6 was
quantitatively back extracted by 0.1-1.0 mol.dm=3 HCI, 0.5-10 mol.dm™3
HNOj3, 2.0-10 mol.dm™> HCIO4 and 3.0-10 mol.dm™> H,SO, (84). Finally,
the method was successfully applied to separate the alkali, alkaline and
other transition metals (tolerance limits: 1.5-30 mg) (84).

Solvent extraction of U(VI) was investigated from nitrate solutions
using 3-methyl-4-(p-nitrobenzoyD-5-oxo-phenylprazole (HNP) dissolved in
benzene, 4-sebacoylbis(1-phenyl-3-methyl-5-pyrazolone) (H,SP) and 4-
dodecandioylbis(1-phenyl-3-methyl-5-pyrazolone) (H,DdP) in chloroform.
The extracted metal complexes were identified as UO,(HSP),, UO,(HDdP); .
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The equilibrium constants of the above species were deduced by non-linear
regression analysis (88). The factors affecting the distribution ratio of
uranium(VID) with N,N’-dioctanoylpiperazine (DOPEZ) diluted in carbon
tetrachloride including concentration of aqueous nitric acid, extractant and
salting-out agent were investigated (91).

Maximum extraction of uranium (VI) (D = ~10 for 5.0 x 107> mol.dm™?
metal) was reached at 6.0 mol.dm~3 HNOj3 using 0.5 mol.dm~3 DOPEZ in
CCly at 25+1°C, 40 min shaking time (91). The uranium extraction process
obeyed an exothermic reaction and was influenced by the lithium nitrate
concentration range 1-5 mol.dm ™2 as salting out reagent (91).

The extraction behavior of U(VD) from aqueous nitric acid medium
employing 3-phenyl-4-benzoyl-5-isoxazolone (HPBD) has been studied in the
presence of various amides, such as di-2-ethylhexylacetamide (D2EHAA),
di-2-ethylhexylpropanamide  (D2EHPrA),  di-2-ethylhexylisobutylamide
(D2EHIiBA) and di-2-ethylhexylpivylamide (D2EHPvA) in toluene.
Calculation of enthalpy and entropy variations indicated that the extrac-
tion was thermodynamically favored with maximum extraction exhibited
through the adduct formation: UO,(PBD),-D2EHAA (92).

The 1-Phenyl-3-methyl-4-(2-ethylhexanoyl)-5-pyrazolone (HPM2EHP)
was synthesized and utilized for the extraction of U(VD) from dilute nitric acid
solutions. The addition of an adduct-forming reagent such as trialkylphos-
phine oxide (Cyanex 923 or TOPO) to the metal chelate system significantly
enhanced the extraction efficiency of these metal ions (93). A method for
extraction, separation and recovery of uranium was developed using a new
reagent, N-phenylbenzo-18-crown-6-hydroxamic acid (PB18C6HA) in the
presence of cerium, thorium and lanthanides (109).

Observations on Uranium Extraction

As per the reported extraction methodologies on uranium, it is known that
nitric acid media is one of the most used systems. Many compounds with
different functional groups were utilized as extractants. Among these, nitro-
gen based extractants like amides/amines have been observed to be the
best class of functional group in these extractants. Various diluents such as
xylene, n-hexane, cyclohexane, benzene, methyl isobutyl ketone, carbon
tetrachloride, chloroform, toluene, nitrobenzene, and kerosene were used
in uranium extraction. The choice of the optimum diluent depends on the
nature of functional group of the extractant. For industrial applications and
to meet the environmental regulation, kerosene appears to be an excellent
diluent. It is a proven industrial diluent cost-wise and is less toxic when
compared with other diluents.

Based on the reported extractive technologies on uranium extraction
from various mineral acids, the summary of the extraction efficiencies with
the concerned extractants is presented in Table 2. It may be observed from
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the reported literature that nitrogen and phosphorus based extractants are
employed predominantly for uranium extraction and separation from other
associated metals.

e Among all nitrogen extractants amine-based reagents perform better and
tri-octyl amine (TOA) is proved to be one of the best extractants. 40% TOA
in kerosene will be able to extract 100 g.L~! uranium, whereas 100% TOA
in kerosene could extract 262 g.L~! from chloride media (59).

e Many phosphorus-based extractants are employed for uranium extraction;
TBP is proved as the best extractant for uranium. 20% of TBP were found
able to extract 78 g.L ™! uranium from nitric acid solutions (103).

e As regards the sulfur-based extractants, sulfoxides are mainly used for the
extraction of uranium from various acidic solutions. EHMPSO is proved to
be a good extracting reagent from nitric acid solutions when compared
with other sulfur-based reagents (56).

e N-octylcaprolactam (1 mol.dm™) in kerosene has extracted 95.7% ura-
nium from a 0.05 mol.dm™ uranium solution in nitric acid (50). It can
also be considered in some cases.

Any commercial process requires a cost-effective extractant. As per the
available data, TBP is cheaper than TOA and HCI is cheaper than HNOs.
Taking in account environmental problems, HCI may be more useful than
HNO3;, although, the two well established processes TBP-HNO3z and TOA-
HCI are equally in vogue for recovery of the uranium. With respect to cost
and extraction efficiency, TBP is the best extractant. When environmental
concerns are raised, TOA is the best extractant for uranium recovery from
various sources.

CONCLUSIONS

The reported extraction methodologies for uranium(VI) show that the nitric
acid media is one of the most studied system the recovery of uranium when
different class of extractants are considered. Among all possible extractants,
the nitrogen based extractants such as amides and amines are proved to be
the best class of functional group. As regards the overall extraction efficiency
and the cost TBP is proved the best extractant for uranium extraction. From
the environmental point of view, the TOA-HCI process appears to be the
best route to extract uranium. Various diluents such as xylene, n-hexane,
cyclohexane, benzene, MIBK, carbonate tetrachloride, chloroform, toluene,
nitrobenzene and kerosene can be used as solvents with similar efficiency
in uranium SX technology. A solubility consideration renders the choice
of the best diluent depending on the functional group of the extractant.
For industrial applications, cost, environmental and toxicity concerns make
kerosene as the best diluent.
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NOMENCLATURE

Aliquat 336 methyl-trialkyl (C6-C8) ammonium chloride
Arquad 2C dialkyl (C12-C14)-dimethyl ammonium chloride

B15C5 benzo-15-crown-5
CMPO octyl(phenyD-#, n-diisobutylcarbamoylmethylphosphine
oxide

cryptand-222  4,7,13,16,21,24-hexaoxa-1,10-diazabicyclo-8,8,8-hexacosane
Cyanex 272 bis(2,4,4-trimethyl pentyD) phosphinic acid

Cyanex 301  bis(2,4,4-trimethylpentyl) dithiophosphinic acid

Cyanex 302  bis(2,4,4-trimethylpentyl) monothiophosphinic acid
Cyanex 923  see TOPO, tri-n-octyl-phosphine oxide

D2EHAA di-2-ethylhexyl-acetamide
D2EHIBA di-2-ethylhexyl-isobutylamide
D2EHPA di-2-ethylhexyl-phosphoric acid

D2EHPrA di-2-ethylhexyl-propanamide
D2EHPVA di-2-ethylhexyl-pivalamide
D2EHPVA di-2-ethylhexyl-pivylamide

DB24C6 di-benzo-24-crown-6
DB24C8 di-benzo-24-crown-8
DBDEA N,N-di-butyl-decanamide
DC18C6 di-cyclohexano-18-crown-6
DC24C8 di-cyclohexano-24-crown-8
DDQ 7-dodecynyl-8-quinolinol
DEHBA di-2-ethyl hexyl isobutyramide
DEHSO di-2-ethyl hexyl sulfoxide
DEODA N,N-di-ethyl-octadecanamide
DHBA dihexyl butyramide

DHIBA dihexyl isobutyramide
DHOA N,N-dihexyloctanamide
DHSO dihexyl sulfoxide

DMDBMA N,N’-dimethyl-N,N’-dibutylmalonamide
DMDOSA N,N'-dimethyl- N,N!-dioctylsuccinylamide
DMSO dimethyl sufloxide
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DOPEZ
DOSO
DPhSO
DPSO
EDTA
EHMPSO
EtTDPA
H,DdP
H,SP
HEhdtp
HNP
HPAI
HPBI
HPM2EHP
HX-70
LIX 54
LIX 622
LLE
MIBK
NCP
NDP
NOP
OETAPP
OPOD
PB18C6HA
PC88A
PMBP
SX
TBAA
TBP
TBPO
TBPP
TBSA
TOA
TODGA
TOPO

J. R. Kumar et al.

N,N!-dioctanoyl-piperazine

dioctyl sulfoxide

diphenyl sulfoxide

di-n-pentyl sulfoxide

ethylene diamine tetracetic acid

2-ethyl hexyl-p-methyl-phenyl sulfoxide
N,N’-diethyl-N,N’-ditolyl-dipicolinamide
4-dodecandioylbis(1-phenyl-3-methyl-5-pyrazolone
4-sebacoylbis(1-phenyl-3-methyl-5-pyrazolone
di-2-ethylhexyl-dithiophosphoric acid
3-methyl-4-(p-nitrobenzyl)-5-orophenylpyrazole
3-phenyl-4-acetyl-5-isoxazolone

3-phenyl-4- benzoyl-5-isoxazolone
1-phenyl-3-methyl-4-(2-ethylhexanoyl)-5-pyrazolone
neotridecanohydroxamic acid
phenyl-alkyl-g-diketone

apolar substituted salicylaldoxime

liquid-liquid extraction

methyl isobutyl ketone
N-cyclohexyl-2-pyrrolidone
N-dodecyl-2-pyrrolidone

N-octyl-2-pyrrolidone
octaethyltetraamidopyrophosphate
N-octanoyl-pyrrolidine
N-phenylbenzo-18-crown-6-hydroxamic acid
2-ethylhexyl phosphonic acid mono-2-ethylhexyl
1-phenyl-3-methyl-4-benzoyl-5-pyrazolone
solvent extraction

N,N,N,N-tetrabutyl dipicamide
tri-butyl-phosphate

tributylphosphine oxide
tetrabutylpyrophosphate

N,N,N,N-tetrabutyl succinylamide

tris (iso-octyl) amine

N,N,N’ N’-tetraoctyl-3-oxapentanediamide
tri-n-octyl-phosphine oxide
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