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SYNOPSIS
In view of the increasing demand of electricity in developing countries like India, there is
a need for identifying potential sources of energy. However, there is also a growing
concern to save our planet from Carbon emissions and green house gases which are
inevitable till a viable alternative to fossil fuels is available. Green house gas emissions
are significantly lower for electricity produced by nuclear fuels vis-à-vis fossil fuels. Due
to limited resources of natural fissile isotope

235

U, future nuclear power plants are

expected to depend on the manmade fissile materials like

233

U and

239

Pu. The spent

nuclear fuel emanating from reactor is either directly disposed off in the deep geological
repositories (once through fuel cycle) or is reprocessed for the recovery of valuables like
239

Pu and

233

U (closed fuel cycle). High Level Waste (HLW) is proposed to be vitrified

and disposed in the repositories without/with actinide partitioning.
Closed fuel cycle is one of the viable strategies for enhancing the nuclear fuel
utilization. India has opted for the closed nuclear fuel cycle option to sustain its nuclear
power program. The challenging task of recovery and purification of 239Pu from irradiated
U and of

233

U from irradiated Th are accomplished presently by the well known PUREX

(Plutonium Uranium Reduction EXtraction) and THOREX (THORium uranium
EXtraction) processes, respectively [1]. These processes employ tri-n-butylphosphate
(TBP) dissolved in long chain aliphatic hydrocarbon viz. n-dodecane, as the solvent.
Though TBP has been the workhorse of nuclear fuel reprocessing industry for the last
five-six decades, yet a few drawbacks associated with the use of TBP have caused
concern to the separation scientists and technologists. The main problems of TBP are: (i)
its vulnerability to high radiation field and deleterious nature of its degradation products
(mainly monobutyl phosphoric acid, H2MBP and dibutyl phosphoric acid, HDBP)
I

adversely affecting the product recovery, (ii) poor fission product decontamination
particularly with respect to fission products like Zr and Ru, (iii) relatively lower
distribution coefficient of Pu(IV) as compared to that of U(VI), (iv) third-phase formation
tendency under loading condition of tetravalent actinides such as Th(IV) and Pu(IV), (v)
its solubility towards aqueous phase, and (vi) non-incinerable nature of the spent solvent
yielding large volumes of secondary radioactive waste. These shortcomings are of serious
concern particularly during the reprocessing of (i) short cooled mixed oxide (MOX)
thermal reactor spent fuels, (ii) fast reactor spent fuels containing larger Pu content and
significantly higher burn up, and (iii) thorium based reactor spent fuels. Sustained efforts
are desirable to overcome at least some of these problems.
Based on pioneering work of Siddall, N,N-dialkyl amides have been identified as
alternative extractants of TBP [2-9]. The amide family of compounds complies with the
CHON principle, and is therefore completely incinerable resulting in a restricted volume
of secondary waste generated. The physico-chemical properties of amides can be suitably
modified by the judicious choice of the alkyl groups. This class of extractants offers
better fission product decontamination as compared to that of TBP.
N,N-dihexyloctanamide (DHOA) has been identified as a promising alternate to
TBP in spent nuclear fuel reprocessing of Pressurized Heavy Water Reactor (PHWR).
However to our knowledge, DHOA has not been evaluated for the reprocessing of fast
reactor and Advanced Heavy Water Reactor (AHWR) spent fuels. Present work compares
the performance of DHOA vis-à-vis TBP as extractants for reprocessing of fast reactor
and AHWR spent fuel dissolver solutions under simulated conditions. Extraction data
have been generated by batch experiments as well as by mixer settler/centrifugal
contactors under the relevant conditions of fast reactors and AHWR fuels, respectively.

II

The effects of high radiation field of short cooled fast reactor and thorium based AHWR
fuels on the process performance of this extractant are also investigated.
The thesis has been divided in seven chapters. A brief description of each chapter
is given below:

Chapter 1: General Introduction
This chapter provides a general introduction to nuclear fuel cycle, Indian nuclear power
program, comparison of PUREX and THOREX processes, chemistry of actinides,
different methods for actinides separations, basic principles of solvent extraction,
classification of extractants, criteria for selecting extractants, and different extractants
used in nuclear hydrometallurgy. A brief discussion on the factors influencing the
distribution ratio of metal ions is also included. Salient features of N,N-dialkyl amides as
extractants along with several studies on their evaluation for spent fuel reprocessing are
summarized. Third-phase formation phenomenon during metal/acid extraction is
discussed. The basic principles underlying co-current, counter-current (mixer settler and
centrifugal contactor) runs for metal extractions are described. The importance of
radiolytic and thermal degradation studies of different extractants in nuclear fuel
reprocessing is highlighted. Finally, the scope of the thesis regarding the evaluation of
N,N-dialkyl amides for spent fuel reprocessing is presented.

Chapter 2: Experimental
Different experimental methods and instrumental techniques used in present study have
been discussed in this chapter. The preparation and purification methods of the
radiotracers such as Pu (239Pu as principal isotope),

237

Np,

233

Pa and

233

U in present

studies have been described. Batch distribution studies of different radionuclides have
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been carried out by equilibrating known volumes of organic and aqueous phases in
stopper glass tubes at constant temperature in a water bath. The assay of gamma-emitting
radiotracers was carried out by gamma spectrometry employing NaI(Tl) and HPGe
detectors. The estimation of alpha and beta-emitting isotopes was performed by liquid
scintillation counter. The basic principles and working of these detectors have been
mentioned in this Chapter. UV-visible absorption spectrophotometry has been used for
analysis of lower concentrations of Th and U. The complexometric titrations and
Davies-Gray carried out for the analysis of thorium and uranium, respectively, are also
mention in this chapter. A brief discussion about mixer-settler, centrifugal contactor and
Zetasizer-3000 DLS spectrometer (aggregate size measurements during third-phase
formation studies) also included.

Chapter 3: Evaluation of N,N-dihexyloctanamide for reprocessing of Pu rich fuels
This chapter presents the batch as well as mixer settler studies for uranium and plutonium
extraction and stripping to evaluate DHOA vis-à-vis TBP for the reprocessing of Pu rich
fuels. These studies show that uranium extraction using DHOA as extractant is
comparable to that of TBP; however, it displays better stripping behavior than TBP.
Plutonium extraction behavior is better in the case of DHOA as compared to that of TBP.
Even though Pu stripping is better in the case of DHOA, mixer settler runs indicate
towards the need of reducing agent in the stripping cycle for both the extractants.
Quantitative Pu stripping can be achieved employing 0.5 M NH2OH in 0.5 M HNO3 in
the case DHOA in single contact. By contrast, 3-4 contacts are required for complete
removal of plutonium from loaded TBP phase.
Counter-current centrifugal contactors runs have been performed for uranium
extraction studies from feed solutions of varying compositions employing TBP and
IV

DHOA as extractants. These runs have demonstrated that DHOA is a promising
alternative of TBP for various hydrometallurgical operations dealing with recovery of
uranium from solutions of various origins including spent fuel dissolver solutions.
In addition, Tc extraction behavior has been studied using DHOA and TBP
solutions in n-dodecane, under varying experimental conditions such as acidity, extractant
concentration and uranium loading (50 g/L, Pu rich spent fuel feed solutions). The effect
of acetohydroxamic acid concentration on U, Pu, Np, and Tc extraction behavior has also
been investigated. Pu(IV)- Acetohydroxamic acid (AHA) interaction and its influence on
extraction using TBP and DHOA extractants has been studied spectrophotometrically.
The experimental results suggest that 1.1 M DHOA is better than 1.1 M TBP with respect
to co-extraction of Tc and U, and U decontamination with respect to Np/Pu.

Chapter 4: Extraction studies of 237Np using N,N-dihexyloctanamide
Neptunium-237 is an important nuclide formed during the irradiation of uranium in
PHWR as well as in fast reactors from nuclear waste management point of view because
of its long half-life and high radiotoxicity. This chapter deals with Np extraction studies
as a function of nitric acid concentration (0.5-6 M), uranium loading (50 and 300 g/L
relevant to Pu rich and PHWR spent fuels) in the presence of either oxidizing (K2Cr2O7)
or reducing agents (Fe(II)) using DHOA and TBP as extractants. DHOA shows
comparable extraction behavior for Np to TBP at higher acidities (≥ 3 M HNO3) and
better stripping behavior at lower acidity. The stoichiometry of the extracted species of
Np(IV) and Np(VI) in the organic phases have been found as Np(NO3)4·3A and
NpO2(NO3)2·2A, where A = DHOA.
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The conditions for co-recovery of U, Pu, and Np have been optimized using 1.1M
TBP and 1.1M DHOA dissolved in n-dodecane as solvents under PHWR-HLW
conditions for simplifying the subsequent actinide partitioning steps.

Chapter 5: Evaluation of N,N-dihexyloctanamide for Advanced Heavy Water
Reactor spent fuel reprocessing
AHWR is being designed for the utilization of vast resources of Th in India. The spent
fuel of AHWR will also contain Th, in addition to U ,Pu , minor actinides and fission
products [10]. This chapter describes distribution studies of Th(IV), Pa(V), U(VI) and
Pu(IV) under simulated AHWR spent fuel feed conditions employing TBP and DHOA.
Batch experiments as well as counter-current mixer settler runs have been carried out on a
simulated AHWR feed [~2 g/L U + Pu tracer + 100 g/L Th + 0.03 M HF + 0.1 M
Al(NO3)3 at ~3.5 M HNO3] using 0.18 M TBP and 0.36 M DHOA/n-dodecane as
extractants. A reprocessing scheme has been proposed for the reprocessing of three
component (U, Pu and Th) AHWR spent fuels. Radiolytic degradation and hydrodynamic
parameters of 0.36 M DHOA are also evaluated vis-à-vis 0.18 M TBP in n-dodecane.
Dynamic Light Scattering (DLS) studies have been carried out to investigate the
aggregation behavior of 1.1 M solutions of TBP, DHOA and of N,N-dihexyl decanamide
(DHDA) in n-dodecane equilibrated with varying concentrations of nitric acid (0.1-6 M)
and of Th (10-200 g/L). There is a gradual increase in thorium extraction with increased
aqueous phase acidities. A significant enhancement in the aggregate sizes is observed
with increasing concentration of thorium in the organic phase. The effect of 1-octanol as
phase modifier has also been investigated on the aggregation behavior of extracted
species for TBP system.
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The effect of uranium extraction on third-phase formation behavior from aqueous
phases containing 1x10-2-0.1 M U(VI) + 0.86 M Th(IV) at 4 M HNO3 has been studied
using 1.1 M TBP and 1.1 M DHOA solutions in different diluents viz. n-dodecane, 10%
1-octanol + n-dodecane, and decahydronaphthalene (decalin). Third-phase formation has
been observed in both the extractants using n-dodecane as diluent. There is a gradual
decrease in Th(IV) concentration in the third-phase (Heavy Organic Phase, HOP) with
increased aqueous U(VI) concentration. An empirical correlation has been developed for
predicting the concentrations of uranium and thorium in HOP for both the extractants. No
third-phase has been observed during the extraction of uranium and thorium from the
aqueous phases employing 10% 1-octanol + n-dodecane, or decalin as diluents.

Chapter 6: Thermal degradation studies of N,N-dihexyloctanamide/n-dodecane
solvent
Thermal decomposition studies of DHOA/n-dodecane system are described in this
chapter. These studies have been carried out to understand the possible run-away reaction
and red-oil formation in nitric acid medium [11]. Single phase experiments have been
performed in an adiabatic calorimeter, ARSST (Advanced Reaction System Screening
Tool) using pure DHOA, 0.36 M and 1.1M DHOA/n-dodecane solutions (sample size:
30-50 mg) under different conditions. Pressurization of DHOA/n-dodecane-HNO3
mixtures has been found ~10-15 bars/g. Decomposition reaction initiation temperature is
~410-420 K. ARRST run have also been performed on aqueous acidic samples to find
total pressurization. Typically, total pressurization in case of aqueous sample containing
0.36M DHOA/n-dodecane is approximately 10 bars/g whereas in case of aqueous sample
containing 1.1 M DHOA/n-dodecane is ~12 bars/g.

VII

Chapter 7: Summary and conclusions
The present research work deals with evaluation of N,N-dialkylamides as alternative
extractants to TBP for spent nuclear fuel reprocessing and waste management. DHOA
shows better extraction ability for Pu and extraction of U is comparable to TBP. DHOA
shows better stripping behavior for U, Pu and Np as compared to TBP. DHOA was found
to be good extractant for the reprocessing of fast reactor spent fuels, thorium based fuels
reactor (AHWR), short cooled reactor as compared to TBP. A process flow sheet has
been developed for the reprocessing of AHWR spent fuels under simulated conditions.
DLS studies show a gradual increase in the aggregate sizes with increasing concentration
of thorium in the organic phase. Radiolytic and thermal degradation studies have shown
that DHOA is a promising alternative of TBP for spent fuel reprocessing.
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CHAPTER 1: GENERAL INTRODUCTION
The growing energy demand with world population and depleting fossil fuels like coal,
petroleum etc. has necessitated the exploration of alternative sources. Wind, solar, hydro
and nuclear energies have been identified as alternative sources and being harnessed for
power generation. Among these sources, nuclear energy appears quite attractive, as very
large amount of energy is released from a given amount of nuclear fuel and small amount
of waste is generated per unit production of the electrical energy. Enormous amount of
energy is released by neutron induced fission of fissile materials like

235

U,

239

Pu. The

nuclear reaction is utilized to obtain the controlled release of energy in the nuclear power
reactors. The future nuclear energy program is largely dependent on the availability of the
man-made fissile materials like
fissile materials like

233

U and

239

Pu due to limited natural resources of the

235

U. India has opted for closed fuel cycle to sustain nuclear power

program beyond the availability of naturally occurring

235

U. The closed fuel cycle

emphasizes on the recycling of the spent fuel. During reprocessing of the spent fuel, in
the closed fuel cycle, the valuables like plutonium and uranium are recovered by a
hydrometallurgical process, leaving behind highly radioactive liquid waste solution,
referred to as High-Level Waste (HLW).

1.1. Nuclear fuel cycle
Closed nuclear fuel cycle comprises of front-end and back-operations. The front-end
includes

various

stages

like mineral

exploration,

processing, purification of

uranium/thorium fuel fabrication and reactor operation; while spent fuel reprocessing,
radioactive waste management etc. are the back-end operations (Figure 1.1).
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Fig. 1.1. Nuclear fuel cycle
Fission and transmutation reactions take place during the irradiation of nuclear
fuel in the reactor.

235

U is the only naturally occurring fissile isotope.

238

U and 232Th, the

fertile isotopes, are converted to 239Pu and 233U, the fissile isotopes by the absorption of a
slow neutron, respectively, as follows:
β238

U+n

239

β239

U

239

Np

23.5 min
β232

Th + n

233

(1.1)

233

(1.2)

β233

Th

Pu

2.3 days

Pa

22 min

27 days
2

U
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239

Pu absorbs a neutron to form

240

Pu, which also undergoes fission. In nuclear

fission, mass loss occurs with the liberation of corresponding amount of energy (~200
MeV/fission/235U atom) [1]. 2-3 neutrons are emitted during fission of fissile element in
which one is utilized in bringing about the fission of another heavy atom. This can be
controlled to generate a self-sustaining controlled chain reaction in nuclear reactor for the
generation of energy or neutrons for research and isotope production. These nuclear
reactors can be categorized on the basis of their applications, energy of neutrons and
coolant / moderator system. Reactor used for energy generation are called “power
reactor”. Reactors which are used for the studies involving neutron beams for
understanding the physical and chemical nature of materials as well as for the production
of isotopes are commonly referred to as “research reactors”. In “thermal reactor” a
moderator is used to slow down the neutrons; However, there is no requirement of
moderator and sufficient quantity of fissile isotope concentration is required in the fuel to
sustain the fission chain reaction in “fast reactors”.

1.2. Indian nuclear power programme
Natural uranium reserves of India are (~172,000 tons of U3O8) while thorium are quite
adequate (~650,000 tons) [2, 3]. In view of this, India’s nuclear power programme is
based on a unique mix of uranium and thorium resources available in the country.
Keeping this in mind, future nuclear power programme of India is broadly divided in to
three interlinked stages:
1. In the first stage, the

235

fission but also causes

239

U component of natural uranium not only undergoes

Pu production from the fertile

238

U. Projected resources

of natural uranium can be used to install about 10,000 MWe of Pressurized Heavy
3
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Water Reactors (PHWRs). At present, 20 nuclear reactors are in operation and are
generating 4,780 MW energy [4] The PHWR discharged fuel contains on an
average about 0.35 % by weight of plutonium of which ~70 % is fissile. The
discharged fuel contains unutilized uranium i.e. ~0.2 %

235

U and the rest

238

U

called is “depleted uranium”.
2. The second stage of the power programme envisages a series of Fast Breeder
Reactors (FBRs). Plutonium and depleted uranium from the first stage would be
used in these reactors. These reactors are capable of generating more fuel than
being consumed, and thus technically capable of growing the nuclear capacity to
as much as ~3,50,000 MWe. After establishing significant FBRs from bred Pu,
thorium can be introduced at an appropriate time during the second stage of the
programme in the “blankets” of FBRs to produce 233U, which will be employed in
the third stage of the power programme.
3. The third stage of nuclear power programme will utilize thorium and
reactors. For effective utilization of thorium and bred

233

233

U in

U, the following

technologies should be essential to develop: (a) processing of thorium ore to get
nuclear grade material, (b) design of suitable reactor, (c) design and fabrication of
thorium based fuels, (d) reactor physics analysis of thorium based fuel, (e) post
irradiation examination to prove the related reactor physics and to gain irradiation
experience, (f) reprocessing of irradiated thorium, and (g) fabrication of
reprocessed fuel involving 233U.
1.3. Characteristics of thorium fuel
The third stage reactor will be based on the thorium fuel. Therefore, it is important to
know the characteristics of thorium fuel.
4

Chapter I

1.3.1. Physical Characteristics
The thermal conductivity of ThO2 is higher than that of UO2. As a result, fuel
temperatures for thorium fuel will be lower than that of uranium resulting in reduced
fission gas release. The thermal expansion coefficient of ThO2 is less as compared to UO2
inducing less strain in the fuel clad. Thus ThO2 retains dimensional stability at high burn
ups. It is very stable oxide and does not oxidize, resulting in less release of fission
products in the coolant, in the event of clad breach. The fission product release rates for
ThO2 are one order of magnitude lower than that of UO2. Fuel deterioration is slower
allowing the fuel to reside in the reactor for higher periods of operation. To summarize,
thorium as a fuel material has improved physical properties and has higher radiation
resistance than uranium.

1.3.2. Nuclear Characteristics
The nuclear characteristics of thorium have an immense bearing on the selection and
development of technologies associated with thorium fuel cycle. On irradiation in a
reactor, neutron capture by

232

Th leads to the formation of fissile isotope

233

U (Equation

1.2). Long- lived minor actinides resulting from the burn-up chain are in much less
quantity for thorium fuel cycle, if the reactor operates purely in the

233

U-Th cycle.

Actinides having masses beyond 237 are produced in negligible quantities. This is an
important advantage, as the burden of management of long-lived radioactive waste is
significantly reduced. Absorption cross section (σa) for thorium is considerably higher
than that for 238U [σa(Th) = 7.4b; σa(238U) = 2.73b where b = barns (10-24 cm2)]. It is clear
that

232

Th offers greater competition to capture of the neutrons and as such a lower

proportion of the neutrons will be lost to structural and parasitic materials. This improves
5
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the conversion of 232Th to 233U as compared to that of 238U to 239Pu. This also means that,
to ensure criticality for a given reactor the fissile content of Th based fuel should be at
least 2 times as high as that needed for U based fuel [5].
Importance of a fissile isotope can be obtained from the parameter ‘number of
fission neutrons produced per neutron absorbed in a fissile isotope’ commonly referred to
as “eta” (η) value. As can be seen from Table 1.1, the highest eta value of 2.28 for 233U in
thermal neutron flux allows an equal amount of

233

U to be produced to that which is

destroyed [6]. A “conversion ratio” (ratio of fissile isotopes produced to the fissile
isotopes consumed) of unity can therefore be achieved in thermal reactors. Production of
the fissile isotopes depends on the conversion ratio as well as the burn up of the fuel.
Reactors in which the conversion ratio exceeds unity are called “breeder reactors”.

Table 1.1: Nuclear data of fissile isotopes for thermal and fast reactors
233

Nuclear data

235

U

239

U

Pu

Thermal

Fast

Thermal

Fast

Thermal

Fast

σF

527

2.8

579

2.0

741

1.9

σC

54

0.3

100

0.5

267

0.7

n/fission (ν)

2.5

2.5

2.4

2.5

2.9

2.9



2.28

2.5

2.06

2.2

1.94

2.6

On irradiation of thorium, in situ

233

U concentration increases. The multiplication

factor, K∞, of a thorium fuel increases with irradiation but never rises beyond 0.95 [7].
Even though thorium begins to generate fissile

233

U, it is essential to invest some fissile

materials like Pu, 235U or 233U along with it for sustained conversion of thorium to 233U.
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1.4. Thorium based nuclear reactors
In view of the high eta value of 2.28 for 233U in thermal neutron flux, only thermal reactor
system is being considered for the thorium fuel cycle. The different thermal reactors in
which Th - 233U fuels have been considered are the following [8]:
(a) Light Water Reactor (LWR): This reactor comprises the Seed and Blanket system
(S&B), the Spectral Shift Controlled (SSC) and the normal LWR. The first depends on
changing leakage for long-term reactivity control, the second depends on changing
neutron spectrum, and the third on neutron poisons. As a result, the first two systems
manage to save all the neutrons that are wasted in poisons in LWR, and make use of them
in the conversion of fertile material to fissile [9].
(b) High Temperature Gas Cooled Reactor (HTGCR): Owing to the comparatively
higher average energy of thermal neutrons in a HTGCR, the “eta value” of both 235U and
239

Pu would be lower than in other types of thermal reactors. In view of its high eta value

and insensitivity to neutron energy,

233

U based thermal reactors would be a suitable

choice. High thermal efficiency, the ability to produce process heat at high temperatures
(1500 oF) and relatively efficient use of natural uranium resources when fed with thorium
as fertile material highlight HTGCR as a possible candidate for future commercial use.
The reactor core consists of hexagonal blocks of graphite. Power generation in this type
of reactor would be from ThC2 + UC2 where uranium enrichment should be ~ 93%.
Graphite is used as cladding material and moderator. ‘He’ gas works as the coolant [10].
(c) Molten Salt Breeder Reactor (MSBR): This is based on circulating fluid fuel. The
fuel is molten fluoride of uranium and thorium which flows through tubes passing
through graphite blocks. On-line reprocessing removes fission products, and thereby
losses of neutrons are minimized [11]. Since the circulating fuel spends quite a long time
7
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outside neutron flux, the probability of

233

Pa decaying to

233

U rather than getting

converted to 234Pa through neutron absorption is increased. On both counts, breeding ratio
increases resulting in a thermal breeder, even though the breeding ratio may not be very
high.
(d) Aqueous Suspension Reactor (ASR): The advantages of MSBR come from
circulating fuel. Its disadvantages come from the highly chemically reactive molten
fluoride used as fuel material. A successful attempt has been reported to replace the
molten fluoride with slurry of thorium oxide in water [12].
(e) Pressurized Heavy Water Reactor (PHWR): The PHWR is the work horse of the
Indian nuclear power programme. The cycles studied for this reactor include the self
sustaining cycle, the high burn up cycle, and the once through thorium cycle. Besides this,
thorium has been already used for initial power flattening [13]. Studies have also been
carried out on combined loading of (U,Pu) mixed oxide (MOX) with natural thorium in
PHWR [14].
(f) Advanced Heavy Water Reactor (AHWR): The Indian Advanced Heavy Water
Reactor (AHWR) is designed and developed to achieve large-scale use of thorium for the
generation of commercial nuclear power [15, 16]. This reactor will produce most of its
power from thorium, with no external input of 233U in the equilibrium cycle. The AHWR
is a 300 MWe, vertical, pressure tube type, boiling light water cooled, and heavy water
moderated reactor. The reactor incorporates a number of passive safety features and is
associated with a closed fuel cycle having reduced environmental impact. AHWR
contains 30 (Th,233U) MOX pins and 24 (Th,Pu) MOX pins. The composite cluster
consists of a circular array of 54 fuel pins. The fuel assembly has a central structural tube
made of Zircaloy-2. The inner and middle ring of 12 and 18 pins contain (Th,233U) MOX
8
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and the outer ring of 24 pins contain (Th, Pu) MOX. The inner ring of 12 pins has a

233

U

content of 3.0% by weight and the middle ring of 18 pins has 3.75% 233U. The outer ring
of (Th,Pu) MOX pins have average of 3.25% by weight of total plutonium. The lower
half of the active fuel will have 4.0 % Pu and the upper part will have 2.5 % Pu. In closed
nuclear fuel cycle, Th, inbread 233U, and Pu will be recovered spent fuel.

Fig. 1.2. AHWR fuel composition: 54 pins fuel cluster
The fuel will be reprocesses followed by pin-segregation as (Th-233U)O2 and (ThPu)O2 pins, and chopping. ThO2 and, the dissolution of the fuel will also be a major
challenge. At present, due to inert nature of ThO2, this fuel is dissolved in concentrated
nitric acid in the presence of fluoride. Al(NO3)3 is added to suppress the corrosive nature
of fluoride and to prevent precipitation of thorium tetrafluoride. (Th-233U)O2 fuel-pins
will require two way Th-233U separation, whereas, the (Th-Pu)O2 fuel-pins will require
the three-way separation of Th-233U-Pu. THOREX (THORium uranium EXtraction)
cycle separates uranium from thorium, whereas PUREX (Plutonium Uranium Reduction
EXtraction) cycle separates plutonium and uranium from spent fuels [3, 17]. In AHWR
spent fuel reprocessing, these two processes will be combined together and three-way
separation of Th-233U-Pu apparently will be assumed. The inbread
9
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equilibrium the two inner rings of the assembly will be replaced by (Th-233U)O2 fuel-pins
(30 pins) [18].
(g) A Thorium Breeder Reactor (ATBR): This is a new reactor concept which proposes
the induction of thorium in an enriched uranium reactor [19]. Each fuel assembly consists
of an enriched uranium seed zone and a thoria blanket zone. This is a heavy water
moderated reactor, where boiling light water is used as the coolant. The

235

U enrichment

is about 5%.

1.5. Thorium Fuel Reprocessing: THOREX Process
Recovery of

233

U from irradiated thorium and fission products is necessary for power

generation in thorium fuel cycle. Investigations show that solvent extractions have
feasibility for this purpose. In thorium fuel cycle, the probability of the formation of
transuranium elements is much less during the irradiation of thorium. The reprocessing of
spent thorium based fuels has been proposed to be done by THOREX process, using
tributyl phosphate (TBP) as the extractant. THOREX process has not matured to the same
extent as the PUREX largely due to lack of its immediate use in the technologically
developed countries [20]. Due to highly stable nature of thorium oxide, the dissolution
step is more complicated in thorium fuel reprocessing. Some of the aspects of the
THOREX process which call for special attention are:
I.
II.

Difficulty in dissolution of irradiated thorium.
233

Pa, formed by neutron capture of

232

Th, decays to

233

U with a half life of 27.4

days. This necessitates a longer cooling period for the complete recovery of
in one step.
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III.

The radioactive contamination from
228

232

U in the separated

233

U product and from

Th in the separated thorium product will have to be taken into consideration,

while handling these products.
The major steps in the reprocessing of thorium fuel by THOREX process are as follows:

1.5.1. Head end processes
(A) Decladding: NaOH and NaNO3 are used for aluminum clad thorium fuel for
chemical decladding. The soluble sodium aluminate formed can be disposed as medium
active waste and the off gas is mainly ammonia. For the zircaloy-clad fuel, mechanical
chop-leach process is employed.
(B) Dissolution of irradiated thorium fuel: For the dissolution of thorium in nitric acid
small amount of fluoride has to be added [21]. Appropriate amounts of aluminum (in the
form of Al(NO3)3) has to be added to complex the excess fluoride thus limiting the
concentration of free fluoride ion, to overcome the corrosion of stainless steel [22]. Once
the dissolution is initiated, thorium present in macro amounts can also form strong
complex with fluoride and will help in the reduction of free fluoride ion concentration.
Thorium metal dissolves without much difficulty in 10-15 M HNO3 containing HF (~0.03
M). During the dissolution of zircaloy-clad thorium fuel, dissolution of the zirconium clad
takes place to a small extent along with the thorium fuel and this has to be taken into
account during subsequent solvent extraction steps [23].

1.5.2. Extraction process
5% TBP has been used as extractant for the selective extraction of 233U in BARC (Bhabha
Atomic Research Centre). 30-45 % TBP has been employed for co-extraction of Th and
11
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233

U. However, co-extraction of thorium and

233

U leads to “third-phase formation” [24].

This refers to a phenomenon in solvent extraction, in which the organic (extractant) phase
splits into two phases. One of the phases is diluent rich, whereas the other is rich in
extractant and also contains the metal solvate. The latter is commonly referred to as the
“third phase” [25]. It depends on a number of factors like the initial thorium content, salt
content and acidity of the aqueous and organic phases, temperature during the extraction,
and the concentration of the \extractant and the nature of the diluents used. The solvent
loading of TBP phase with thorium is restricted in THOREX process to avoid third phase
formation.

1.5.3. Tail end purification
After one cycle of extraction, scrubbing and stripping, the aqueous

233

U stream contains

significant amount of thorium, minor quantities of other actinides and fission products.
Further purification is achieved by additional extraction cycles employing low
percentages of TBP or by ion exchange. At BARC, the tail end purification of the product
233

U from thorium, carried out by an anion exchange process during the reprocessing of

CIRUS reactor’s thoria fuel assemblies, has certain disadvantages such as (a) change
from nitrate to chloride medium, (b) corrosion of the equipment, (c) gassing of the
column due to the high concentration of hydrochloric acid, and (d) poor decontamination
factor from the corrosion product, Fe. To alleviate these problems, three alternative
methods have been tested for the purification of product 233U.
I.

Anion exchange in hydrochloric acid / acetic acid medium for selective sorption
of uranium as its anionic acetate complex [26, 27].
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II.

Cation exchange in nitric acid for preferential sorption and removal of tetravalent
thorium [28].

III.

Precipitation and separation of thorium from 233U as oxalate [29, 30].

The cation exchange method was found suitable for application as a continuous process in
a plant scale operation.

1.6. PUREX process
PUREX is an aqueous reprocessing process which is used for the recovery of uranium
and plutonium from spent nuclear fuels. This method is universally followed in nuclear
reprocessing plant all over the world. This process was developed by Anderson and
Asprey at the Metallurgical Laboratory at the University of Chicago, as part of the
Manhattan Project [31]. In PUREX process, the irradiated fuel is dissolved in nitric acid
solution (dissolver solution). This dissolver solution treated with organic solvent TBP
dissolved in an inert diluent (n-dodecane or kerosene). The PUREX process can be
divided into seven major steps [32]:
1. De-jacketing of fuel sub-assembly, dissolution of spent fuel in Nitric acid and feed
preparation.
2. Recovery of uranium and plutonium from fission products.
3. Partitioning of uranium and plutonium.
4. Plutonium purification cycle.
5. Uranium purification cycle.
6. Solvent recovery.
7. Waste disposal and nitric acid recovery.
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The PUREX process employs 30 % ( v / v ) TBP in an inert hydrocarbon diluents
for extraction of uranium and plutonium over other actinides and fission
products from the moderately concentrated (~3 M) nitric acid solutions [17]. During
extraction, mass transfer takes place and, U(VI) and Pu(IV) are transferred to organic
phase. These extracted metals are stripped back to aqueous phase by changing process
parameters like acidity, and oxidation state. The fission products remain in the aqueous
phase during the extraction step due to their poorer extraction.
The chemical reaction for U(VI) extraction from nitric acid medium is:
UO22++ 2NO3- + 2TBP ↔ UO2(NO3)2.2TBP

(1.3)

The Equation for the Pu in the +4 oxidation state is
Pu+4 + 4NO3- + 2TBP ↔ Pu(NO3)4. 2TBP

(1.4)

By contrast, Pu(III) and other actinides and lanthanides in the +3 or lower
oxidation states are not extracted in the PUREX Process. Partitioning of U and Pu is done
by their oxidation state adjustment. Np(VI) present in the spent fuel can be co-extracted
with the U and Pu. The highly selective extraction of the +4 and +6 oxidation states
results in the effective utilization of the PUREX process for separation of uranium and
plutonium from nearly all of the other metals present in the used nuclear fuel.

1.7. Comparison of PUREX and THOREX processes
The important factors in the THOREX process are (a) the extractability of Th(IV), Pa(V),
U(VI) and the fission products from nitric acid medium, (b) poor Limiting Organic
Concentration (LOC) of Th, and (c) the preparation of suitable feed solution from the
irradiated thoria. Similar to the PUREX process, the fission products of significant
extractability are Zr, Ru and Tc
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Table 1.2: Salient features of PUREX and THOREX process
Feature

PUREX Process

THOREX Process

Feed composition

~300g/L U + ~1g/L Pu +

~200g/L Th + ~200mg/L U

M.A.+ F. Ps. in 3M HNO3

+
F. Ps. in 4M HNO3

Extractant

30% TBP in n-dodecane

5% TBP in n-dodecane

Principal radionuclide

Pu (239Pu)

U (233U)

Precursor of principal

239

233

Np (T1/2 = 2.3d)

Pa (T1/2 = 27d)

radionuclides
Separation schemes

 Co-extraction of Pu(IV)

 Preferential extraction of

and U(VI) preferentially

U(VI) over Th(IV) and

over M.A. and F.Ps.

F.Ps.

 Scrub cycle to improve
D. F. from F.Ps.
 Partition Pu(III) from

 Scrub cycle to improve
D.F. from Th as well as
F.Ps.

U(VI) / U(IV)
LOC and stoichiometry of

 > 120 g/L U

extracted species of the bulk  UO2(NO3)2. 2TBP

 30 g/L Th*
 Th(NO3)4.3TBP

elements
Radiologically important

241

Pu - 241Am

radionuclide

(14.9y) (433y)

232

U - 228Th

(72y)

(2y)

M.A.: Minor Actinides, F.Ps.: Fission Products, D. F.: Decontamination Factor, *: 1.1
M TBP in n-dodecane
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Table 1.2 compares some of the salient features of PUREX and THOREX
processes. Pu(III) is poorly extracted by 30% TBP so separation of U and Pu in PUREX
process is based on the conversion of Pu(IV) to Pu(III). Selective extraction of U over Th
is carried out using 5% TBP solution in n-dodecane in THOREX process. Decay products
of

232

U–

228

Th (especially

212

Bi and

208

Tl) are hard gamma emitters which necessitates

additional shielding arrangements during reprocessing as compared to that needed in the
PUREX process in view of the softer gammas (60 keV) emitted by 241Am.

1.8. Challenges in the fast reactor fuel reprocessing
In India, successful implementation of three stages nuclear programme calls for
development of fast reactor fuel reprocessing technology for the recovery of plutonium
which will be utilized for mix oxide (MOX) fuel fabrication for second and third stage
nuclear reactors. Fast reactor fuel reprocessing has posed several challenges in
implementation to plant scale both from process as well as equipment point of view. This
is essentially due to high Pu inventory and its high specific activity. On the other hand,
spent fuel from thermal reactors has low burn up, Pu content less than 1 %, and low
fission product activity [33]. Because of this, issues related to equipment size and
criticalities are to a lesser extent, than in fast reactor spent fuels. Due to high Pu content
(~15 %) in fast reactor fuels equipment with low hold-up are required. Further solvent
degradation (TBP) is more because of high specific activity of dissolver solution. In this
context, centrifugal contactors (CE’s) are being proposed due to their low contact time
and low hold-up volume. Fabrication and remote maintenance of CE’s and other
equipment of fast reactor fuel reprocessing is another challenge as all process activities
are carried in hot cells [34].
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Short cooling in case of fast reactor fuels affects chemical stability of process
solvents. TBP/n-dodecane, which is used as solvent in PUREX process, degrades easily
in the case of fast reactor fuel reprocessing, compared to thermal reactor. This also poses
a great challenge as high waste volume is generated which has to be managed later. To
achieve higher decontamination factor, several cycles of extraction and stripping has to be
used, which in turn increases process complexity and man-rem expenditure. In Indian
context, the irradiated fuels discharged from Fast Breeder Test Reactor (FBTR) and
future Prototype Fast Breeder Reactor (PFBR) have to be reprocessed with least delay to
keep reactors running. Carbide fuel of FBTR is pyrophoric in nature which is another
challenge during dissolution and requires organic destruction as organic acids produced
during dissolution step otherwise they can create problems in extraction and stripping
steps [35, 36].

1.9. Chemist’s role in nuclear fuel cycle
Actinide complexes play a pivotal role at different stages of nuclear fuel cycle, viz. (a)
recovery and purification from ores, (b) chemical quality control of nuclear fuels, (c)
reprocessing of the spent fuel, (d) waste management, and (e) speciation and migration of
actinides in the environment. Understanding the basic chemical, thermodynamic and
kinetic behavior of actinides in solution in help us solving the problems, which are being
encountered at the various stages of nuclear fuel cycle.
The objective of the present thesis is to investigate the distribution behavior of Th,
U, Pu, Np and fission products using N,N-dialkyl amides as alternative extractant for their
possible process applications. In this context, a brief description of the chemistry of
actinides is desirable and hence is being given in the next section.
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1.10. Chemistry of actinides
The actinide series are also known as the “5f transition series” due to successive addition
of electrons to the empty 5f orbitals of the precursor element, contain fourteen elements
from actinium (Ac, Z = 89) to lawrencium (Lr, Z = 103) in the Periodic Table. In these
elements uranium (238U, 235U) and thorium (232Th) have half lives (~4.5x109, 7.0x108 and
1.4x1010 years) exceeding the estimated half life of the earth and hence occur in nature in
appreciable amounts. Formation and decay of

227

Ac and

231

Pa depends on decay of their

parent atom 235U, a long-lived isotope. Other elements beyond U are man-made elements,
though some evidence exists for trace occurrence of Np and Pu by nuclear reactions
involving

238

U in nature. Among actinides, Pu and to a lesser extent Np, Cm, Am are

produced in nuclear reactors and elements beyond Cm are produced in particle
accelerators by bombardment of heavy transplutonium elements.

1.10.1. Electronic configuration
In actinides, 5f and 6d shells are of similar energy and the 5f electrons are so not well
shielded as the 4f electrons. Table 1.3 represents the actual or predicted electronic
configurations of actinide elements. The 6d shell is still preferred before the 5f shell at the
beginning of the actinide series. These configurations are determined from an analysis of
spectroscopic data obtained from the emission lines of neutral and charged gaseous atoms
[37].
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Table 1.3: Electronic configuration of actinide atoms and ions
Symbol

Gaseous atom

M+(g)

M2+(g)

M3+(g)

M4+(g)

Ac

6d17s2

7s2

7s1

[Rn]

Th

6d27s2

6d17s2

5f16d1

5f1

Pa

5f26d17s2

5f27s2

5f26d1

5f2

5f1

U

5f36d17s2

5f37s2

5f36d1

5f3

5f2

Np

5f46d17s2

5f57s1

5f5 (?)

5f4

5f3

Pu

5f67s2

5f57s1

5f6

5f5

5f4

Am

5f77s2

5f77s1

5f7

5f6

5f5

Cm

5f76d17s2

5f77s2

5f8

5f7

5f6

Bk

5f97s2

5f97s1

5f9

5f8

5f7

Cf

5f107s2

5f107s1

5f10

5f9

5f8

Es

5f117s2

5f117s1

5f11

5f10

5f9

Fm

5f127s2

(5f127s1)

(5f12)

(5f11)

(5f10)

Md

5f137s2

(5f137s1)

(5f13)

(5f12)

(5f11)

No

5f147s2

(5f147s1)

(5f14)

(5f13)

(5f12)

Lr

5f146d17s2

(5f147s2)

(5f147s1)

(5f14)

(5f13)

1.10.2. Actinide contraction
This is a consequence of the poor shielding of the 5f electrons, as there is a steady
increase in effective nuclear charge and contraction in size of the electron cloud with
increasing atomic number. Actinides have less ionization potential due to poor screening
19

Chapter I

as compared to lanthanide homologs, because of less electrostatic force. This behavior
has played an important role in the complexation properties of actinides and their
similarity with 4f and 5d elements. Table 1.4 exhibits the metallic and ionic radii of
different actinides [38].

Table 1.4: Metallic and ionic radii (Å) of the actinides (M) and the interatomic distances
in the actinyl (V) and actinyl (VI) ions; Co-ordination Number : 12 (metallic radii) and 6
(ionic radii)
Element

M

M3+

Ac

1.88

1.076

Th

1.80

0.984

Pa

1.63

0.944

0.90

U

1.56

1.005

0.929

0.88

0.83

Np

1.55

0.986

0.913

0.87

0.82

1.98

Pu

1.60

0.974

0.896

0.87

0.81

1.94

Am

1.74

0.962

0.888

0.86

0.80

1.92

Cm

1.75

0.946

0.886

0.935

0.870

Bk

M4+

M5+

M6+

M(V) - O

M(VI) - O

1.71

1.10.3. Solution chemistry of actinides
As the processes of separation and purification of actinides on large scale are
essentially based on hydrometallurgical techniques, the study of solution chemistry of
actinides has received considerable attention. The actinide elements exist in multiple
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oxidation states and most of their separation processes are based on the effective
exploitation of these properties. It is, therefore, desirable to understand the various
oxidation states of actinides in solution.
1.10.3.1. Oxidation states
Actinides show multiple oxidation states due to lesser attraction from the nuclear charge
than the corresponding 4f electrons of lanthanides, which exhibit mainly trivalent
oxidation state. In the earlier members of actinide series, tetravalent state is more
stable due to the smaller values of fourth ionization potential for 5f electrons as
compared to 4f electrons of lanthanides, an effect which has been observed
experimentally in the case of Th and Ce [39]. +3 oxidation states become dominant
only for transplutonium elements. Different oxidation states of actinides are shown in
Table 1.5 [40]. All the oxidation states are well known except +7 states for Np and Pu,
which exist in alkaline solution [41]. Penta and hexavalent actinide ions exist in acid
solution as oxygenated cations, viz. MO2+ and MO22+.
Figure 1.3 shows the standard potentials of various couples in HClO4 medium. In
early actinides the standard potentials are so close that appreciable concentration of
several oxidation states can coexist in the same solution. It has been found that the
M3+/M4+ and MO2+/MO22+ couples are reversible and fast as they involve the transfer
of only single electron. On the other hand, the other couples are irreversible and
achieve equilibrium slowly as they involve the formation or rupture of metal oxygen bonds.
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Table 1.5: Oxidation states of actinides in aqueous solutions
89

90

91

92

93

94

95

96

97

98

99

100

101

102

103

Ac

Th

Pa

U

Np

Pu

Am

Cm

Bk

Cf

Es

Fm

Md

No

Lr

(2)

(2)

3

3

(2)
3

(2)

3

3

3

3

3

3

3

3

4

4

4

4

4

4

4

4

5

5

5

5

5

6

6

6

6

7

7

3

3

3

3

(Numbers with underline refer to the most stable oxidation states; Numbers in
parantheses refer to the oxidation states which are not known in solution).

Fig. 1.3. Redox potential of actinide ions (volts); Medium: HClO4
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1.10.3.2. Disproportionation
This reaction is referred to as self oxidation reduction reactions which depend on the
closeness of the electrode potentials of redox couples involved. In case of Pu, four
oxidation states, viz. III, IV, V and VI are in equilibrium with each other. In general,
disproportionation reactions of MO 2+ (M = U, Pu or Np) ions can be represented as
follows:
2MO2+ + 4H+ ↔ M4+ + MO22+ + H2O

(1.5)

It is clearly demonstrated from the equilibrium reaction (1.5) that the
presence of hydrogen ion and complexing ions like F- and SO42-, which complex strongly
with M4+ and MO22+ ions, have pronounced effect on disproportionation reactions. Table
1.6 shows equilibrium constants for the disproportionation reactions of U, Np, Pu and
Am [40].
Table 1.6: Disproportionation reactions of actinides in aqueous solutions
logK# (25oC)

Element

Oxidation state

Reaction

U

V = IV + VI

2UO2+ + 4H+

Np

V = IV + VI

2NpO2+ + 4H+

Pu

V = IV + VI

2PuO2+ + 4H+

Pu4+ + PuO22+ + 2H2O

4.29

V = III + VI

3PuO2+ + 4H+

Pu3+ + 2PuO22+ + 2H2O

5.40

Pu3+ + PuO22+

1.11

IV + V = III + VI

Am

Pu+4 +PuO2+

U4+ + UO22+ + 2H2O
Np4+ + NpO22+ + 2H2O

9.30
-6.72

IV = III + VI

3Pu4+ + 2H2O

2Pu3+ + PuO22+ +4H+

-2.08

IV + V = III + VI

Am4+ +AmO2+

Am3+ + AmO22+

12.5

IV = III + VI

Am4+ + AmO2+

Am3+ + AmO22+

32.5

IV = III + V

2Am4+ + 2H2O

Am3+ + AmO2+ +4H+

19.5

#: Equilibrium constant.
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1.10.3.3. Hydrolysis and polymerization
In view of their large ionic potential, the actinide ions in various oxidation states exist
strongly as hydrated ions in the absence of complexing ions. The actinide ions in
divalent to tetravalent oxidation states are present as M2+, M3+ and M4+, respectively. The
penta- hexavalent oxidation states are prone to more hydrolysis as compared to lower
oxidation states. These oxidation states exist as partially hydrolyzed actinyl ions, viz.
MO2+ and MO22+ and can get further hydrolyzed under high pH conditions. The oxygen
atoms of these ions are not basic in nature and thus do not coordinate with protons. The
degree of hydrolysis for actinide ions decreases in the order: M4+ > MO22+ > M3+ > MO2+
which is similar to their complex formation properties [42]. In general, the hydrolysis of
the actinide ions can be represented as follows:
Mn+ + xH2O ↔ M(H2O)xn ↔ M(OH)x(n-x)+ +xH+

(1.6)

Although all of the polynuclear species of the actinide ions are of scientific
interest, the polymers of Pu(IV) have attracted attention in particular because of practical
considerations. As the Pu(IV) polymers are very stable with high molecular weight from
few thousand to (1010) and depolymerisation is quite difficult, and the erratic behavior of
Pu(IV) solutions can pose major problem in nuclear fuel processing [43]. The rate of
polymerization differ with temperature, acidity, Pu(IV) concentration, the nature of anion
present etc. Depolymerisation is best accomplished by heating the Pu solution in 6-10 M
HNO3. The addition of fluoride, sulphate or other strong complexing ions markedly
increases the rate of depolymerisation [44].
1.10.3.4. Complexation
The actinide ions show complex formation tendency in aqueous solutions. This property
of actinides is helpful for their separation and purification. Strength of the complex is
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dependent on the ionic potential (or charge density) of the metal ions, which is the ratio of
ionic charge to ionic radius. Higher the ionic potential, stronger is the complex
formation due to greater the electrostatic attraction between cations and anions. The
complexing strength of actinide ions in different oxidation states follows the order: M4+ >
MO22+ > M3+ > MO2+. Similarly, for the given metal ions of same oxidation state, the
complexing ability increases with the atomic number due to increase in the ionic
potential as a result of actinide contraction [40]. However, the above generalized
statement may be valid when complexation is primarily ionic in nature. There are large
number factor affecting complex formation tendency viz. where hybridization involving
5f orbitals, steric effects, and hydration of metal ions.
Stability of complexes between metal ions and ligands is based on the concept
of hard and soft acids and bases (HSAB) [45]. Those metal ions are called ‘hard’ which
have a small radius and high charge and do not possess valence shell electrons that are
easily distorted. The soft metal ions have the opposite characteristics. When similar
classification is applied to the ligands, it is observed that the hard metal ions form
stronger complexes with hard ligands and soft metal ions have a preference for the soft
ligands. Actinide ions are categorized as ‘hard acids’ and these ions interact with hard
bases such as ‘O’ or ‘F’ rather than soft ligands like ‘N’, ‘S’ or ‘P’ donors. However,
actinides show the preference soft donor ligand as compared to lanthanides because of
f-orbital participation exhibit covalent character in the ions. The complex formation
reactions are endothermic because of breaking of strong bonds between metal ions and
water molecules in the primary hydration sphere which require large energy while reverse
is true for the soft ions. Removal of water molecules is driven by large increase in
entropy [40]. “Inner-sphere complex” is formed when the primary hydration shell is
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broken while “outer sphere complexes” do not require breaking of the primary hydration
shell. The actinide ions interact with soft bases in organic solvents of low solvating
power but not in aqueous solutions where the soft bases would have to replace inner
sphere water molecule which is a hard base. Thus, depending upon the nature of ligand
and medium actinide cations form inner or outer sphere complexes.
For monovalent ligands the complexing tendency decreases in the order: F- >
CH3COO- > SCN- > NO3- > Cl- > Br- > I- > ClO4-. For divalent ligands, the complexing
ability decrease in the order: CO 32- > SO32- > C2O42- > SO42-, however these ligands
form stronger complexes than the monovalent anions. The complexing ability of some
of the organic ligands with Th(IV) varies as: EDTA > Citrate > Oxalate > HIBA > Lactate
> Acetate. The stabilities of the complexes are also governed by the coordinating groups
[46].
Nitrate complexes of the early actinides (Th, Pa, U, Np and Pu) have great
relevance with respect to the separation methods employed in the nuclear industry.
Uranyl nitrate compounds are widely used in the extraction and purification of uranium.
Uranyl nitrate exists in the form of several hydrates viz. UO2(NO3)2.2H2O,
UO2(NO3)2.3H2O and UO2(NO3)2.6H2O. Extraction processes employing a neutral donor
‘S’ (TBP, hexone or diethyl ether) are based on formation of solvated species of the type
UO2(NO3)2.2S. Series of the nitrato complexes of the type Pu(NO3)x(4-x) (where x = 1 to
6) have been reported [47]. Dominating species are Pu(NO3)4 (2-4 M HNO3), HPu(NO3)5
(4-11 M HNO3), H2Pu(NO3)6 (>11 M HNO3) and the tetranitrato species form a ternary
adduct with TBP which finds wide application in the PUREX process (employed widely
for nuclear fuel reprocessing). Macrocyclic ligands possess excellent size selective
complexing ability for alkali as well as alkaline earth metal ions due to their pre26
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organized conformation, size selective nature and hydrophilic interior /hydrophobic
exterior [48-50]. Crown ethers have been employed as polydentate neutral donors in
synergistic extraction of actinides from weak acidic solutions and as ion-pair extractants
from strong acid solutions [51].

1.10.4. Co-ordination numbers of actinides
Actinides show higher coordination numbers as compared to other elements like the dblock element due to; (a) large cation size for accommodating more ligands, and (b)
lower electron density on metal ion due to higher oxidation state. Actinides displayed
coordination number from 6 to 12 (Table 1.7). Trivalent ions show mostly 8 or 9
coordination number. Oxygenated hexavalent species like UO22+ show coordination
numbers between 6-8 more common [38, 52].

Table 1.7: Coordination number of various oxidation states of actinides
Oxidation state

Co-ordination number

III

6,8,9,12

IV

6 to 12

V

6 to 9

VI

6 to 8

VII

6
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1.10.5. Absorption spectra
Actinides displayed different colors in their aqueous solution which arise mainly from
three types of transitions viz.
(a) f-f transitions: These transitions may occur 5f-5f levels of different angular
momentum between the orbitals of the same sub-shell. These transitions are Laporte
forbidden transitions and therefore their absorption band intensity is low. These
transitions occur in inner shells and are not affected by environment, and their bands are
sharp. The energy differences between the various energy levels are of such an order of
magnitude that the bands due to 5f-5f transitions appear in UV, visible and near IR
regions. The molar absorption coefficient is in the range of 10-50 M-1cm-1.
(b) f-d transitions: These transitions take place between f and d orbitals (different
azimuthal quantum number). These transitions are Laporte allowed therefore, relatively
more intense. They are influenced from the surroundings so their absorption bands are
broad. The energy differences are generally larger so that the bands appear mostly in
ultraviolet region and their molar absorption coefficient is of the order ~ 1000 cm-1M.
(c) Ligand to metal (L→M) charge transfer: These transitions occur between the 5f
shells of actinide ions and the ligand’s orbital. Therefore, nature of ligand plays an
important role. These transitions are significantly affected by the environment; therefore,
the charge transfer bands are broad. The deep and vivid color characteristics of many
actinide complexes are due to charge transfer bands. These bands are less intense than 5f6d transitions and appear in the UV region.
The absorption spectra of actinide ions in different oxidation states differ
widely, which have been successfully exploited for the quantitative analysis of their
mixtures present in different oxidation states. The absorption bands of actinide ions have
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also been used for studying the redox reactions. The structure and bonding of actinide
complexes can be inferred from the number, appearance, energy and intensity of the
absorption bands. This also helps in seeking information about the electronic
configuration of the actinide atoms, coordination number, the stereochemistry of the
complexes formed, and the nature of the bonds involved. Therefore, change in absorption
spectra due to the presence of ligands have often been used to establish complex
formation, and in some cases, even for the calculation of their stability constants. The
complexes of some of the actinides formed with many organic and inorganic ligands
have very high absorption in visible region. This property has been fruitfully exploited to
develop sensitive analytical methods for the detection and estimation of actinide
ions.

1.11. Separation methods for actinides
Separation of any metal ion is governed by scientific principles viz. chemical reaction
equilibrium kinetics, fluid mechanics, and mass transfer from one phase to another. The
theory of separation utilizes these principles in different processes including solvent
extraction, extraction chromatography as well as in membrane processes. During the
development of any separation technique, the differences in the oxidation states and the
complexing ability of the metal ions is exploited. In these techniques “Solvent Extraction”
also called the liquid-liquid extraction, is extensively used for separation, preparation,
purification, enrichment and analysis on micro scale to large industrial processes.
The present work is an attempt to understand the separation chemistry of actinides
mainly thorium, uranium, plutonium and fission products employing solvent extraction
technique. Therefore, it is relevant to understand the salient features of this technique.
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1.11.1. Solvent extraction
Solvent extraction is based on the principle that a solute can distribute itself in a
certain ratio between the two immiscible solvents, one of which is usually water and the
other is an organic solvent. In certain cases, the solute can be more or less completely
transferred into the organic phase. This method has got several applications in extraction
of oils, natural products and in nuclear industry during the recovery of actinides from ores
and in post irradiation reprocessing operations. The liquid-liquid distribution systems
can be thermodynamically explained with the help of phase rule [53]. Gibb’s phase rule is
usually stated as:
P+F=C+2

(1.7)

Where P = number of phases, C = number of components, and F = degrees of freedom.
In a binary system, liquid-liquid distribution has two phases P = 2, assuming
number of components i.e. C = 1 (solute) and F = 1 (at constant temperature and
pressure). According to Nernst distribution law, the concentration of a particular species
(M) in the organic phase and in the aqueous phase at equilibrium can be expressed as
follows [53]:
Kd = [M](org.) / [M](aq.)

(1.8)

Where Kd is the “distribution coefficient” and is independent of the total solute
concentration. The term in subscripts ‘org.’ and ‘aq.’ denote the organic and aqueous
phases respectively. At the equilibrium, the chemical potentials of the species (M) in the
two phases are equal and therefore
μ(aq.) = μ(org.)

(1.9)

or, μo(aq.) + RT ln[M](aq.) + RT lnγ(aq.) = μo(org.) + RT ln[M](org.) + RT lnγ(org.)

30

(1.10)

Chapter I

where μo = standard chemical potential of solute, M in a hypothetical ideal 1 molar
solution,
[M] = Molar concentration and γ = Molar activity coefficient.
The distribution coefficient, Kd can be written as
Kd = γ(aq.)/γ(org.) . exp [ -(μo(org.) - μo(aq.))]/RT

(1.11)

At a given temperature, [-(μo(org.) - μo(aq.))]/RT is a constant and therefore Kd will be
constant provided γ(aq.)/γ(org.) is constant. “Thermodynamic distribution constant” (KdT)
can be expressed using activity instead of concentration of the solute.
KdT = {M}(org.) / {M}(aq.)

(1.12)

KdT is a constant at a given temperature
KdT = γ(org.) [M](org.) / γ(aq.) [M](aq.)

(1.13)

or, KdT = γ(org.) / γ(aq.) . Kd

(1.14)

After ignoring the activity coefficient of the species of the solute in the organic
and in the aqueous phases, both Kd and KdT become identical for a particular extractable
species. Extraction process for metal ion “Distribution ratio” (D) which is defined as “the
ratio of the analytical concentration of the metal ion in the organic phase [M(org.)] total to
that in the aqueous phase [M(aq.)] total ” is more commonly use.
For practical purpose instead of using D, percentage extraction (%E) is preferred which is
defined as follows:
%E = [Vo [M](org.) / {Vo [M](org.) + Va [M](aq.) }] x 100

(1.15)

%E = [D / (D + Va / Vo) ] x 100

(1.16)

where Va = volume of the aqueous phase, and Vo = volume of organic phase.

31

Chapter I

1.11.2. Extraction isotherm
To establish any solvent extraction process, the determination of extraction isotherm is an
important step. In this, varying amounts of metal salts in aqueous solutions are contacted
with varying volumes of the solvent and thoroughly mixed for a predetermined time.
Metal contents are determined in the two phases after separation. The extraction of metal
ion depends on the distribution coefficient, solvent volume and initial metal
concentration. The extraction isotherm is obtained by plotting the metal concentration in
the aqueous phase along the x-axis and that in the organic phase along the y-axis.

1.11.3. Multiple extractions
For quantitative extraction of metal, the aqueous solution of metal ions is repeatedly
brought in contact with the organic phase. There are two different ways for multiple
extraction of metal

1.11.3.1. Co-current extraction
In this process, after each extraction step, fresh solvent is added for treatment of raffinate
(Figure 1.4). This process is repeated as many times as required. Distribution ratio (D)
can be expressed as follows:
D = [(W-W1)/Vo] / (W1/Va)

(1.17)

Where Vo = volume of the organic phase, Va = Volume of the aqueous phase, W = Initial
weight of the metal in the aqueous solution, and W1 = Weight of the metal in the aqueous
solution after first extraction. It can be shown that after first extraction:
W1 = [1/ (1+D. Vo/Va)] x W

(1.18)
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and after the nth contact of the raffinate with Vo volume of fresh solvent, Wn = weight of
the metal left in the aqueous solution
Wn = [1/ (1+D. Vo/Va)]n x W

(1.19)

Wn should be as low as possible to extract metal ion quantitatively, using higher values
‘Vo/Va’ and ‘n’. Practically Vo is to keep small and increase of the number of contacts.

Fig. 1.4. Co-current extraction in four stages

where S = solvent, F = feed, P = raffinate and Q = loaded organic phase.
Co-current extraction having some limitations such as:
(a) Large solvent inventory.
(b) Dilute organic extract.
(c) Inefficient use of the solvent.

1.11.3.2. Counter-current extraction
In this system, the fresh solvent is brought in contact with aqueous solution containing
the least amount of the metal (1st stage) and the aqueous solution having the highest
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concentration (nth stage) is contacted with the solvent which is reaching its maximum
loading capacity (Figure 1.5).

Fresh Organic Phase
(Yo , Vo)

1

2

Loaded OrganicPhase
(Yn, Vo)

3

4

……….

n-2

n-1

n

……….

Raffinate
(Xr , Va)

Feed
(Xn , Va)
Fig. 1.5. Counter-current extraction scheme

Where n = no. of stages i.e. 1, 2, 3,....., X = metal content in the aqueous phase, Y = metal
content in the organic phase, Vo = volume of the organic phase and Va = volume of the
aqueous phase. Metal ions are distributed between the solvent and the aqueous phases due
mass balance.
[Metal content in the fresh solvent + metal content in the fresh aqueous solution] =
[Metal content in the loaded solvent + metal content in the aqueous raffinate]
Therefore,
Yn Vo + Xr Va = Yo Vo + Xn Va

(1.20)

or, Yn = (Va / Vo) Xn + (Yo - Xr Va / Vo)

(1.21)

Here Xn = concentration in the feed organic phase, and Yo = concentration in the fresh
organic phase. Metal concentration in the raffinate to be negligible, i.e. Xr ~ 0 and Yo ~ 0
for fresh solvent, so we can write as:
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Yn = (Va / Vo) Xn

(1.22)

If metal concentrations in the solvent and aqueous phases are plotted along y- and x-axis
respectively, this is an equation of straight line. The slope of this line is Va /Vo. This line
is known as “operating line” and expresses the material balance of the extraction system.
This plot gives the information about concentration of metal ion in the organic phase at
any stage. “McCabe-Thiele” diagram gives the information about number of stages
required any counter current extraction operation which contain extraction isotherm and
the operating line on the same graph. Number of stages required for extraction or
scrubbing stages during counter current continuous operations are determined by
“Kremser equation” [54] given as:

(a) For extraction
[Xr - (Yo / D)] / [Xn - (Yo / D)] = [ε - 1] / [εn+1 - 1] for ε ≠ 1.0
= [1 / n+1] for ε = 1.0

(1.23)

Where Xr = Metal concentration in raffinate, Xn = Metal concentration in feed, Yo =
Metal concentration in the lean organic phase ≈ 0, D = Metal distribution ratio, ε = Metal
extraction factor = D (Vo / Va), and n = Number of stages. Further simplification of the
equation leads to
[Xr] / [Xn ] = [ε - 1] / [εn+1 - 1]

(1.24)

Where [Xr ] / [Xn ] = unextracted fraction of the metal ion and ε is assumed to be constant
during the process.
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(b) For scrubbing
[Yr - Xs . D] / [Yo - Xs . D] = [(1/ε) - 1] / [(1/εn+1) - 1]

(1.25)

Where Yo = Metal concentration in the organic phase before scrubbing, Yr = Metal
concentration in the organic phase after scrubbing, and Xs = Metal concentration in the
aqueous phase before scrubbing ≈ 0. On simplification,
[Yr / [Yo ] = [(1/ε) - 1] / [(1/ε)n+1 - 1]

(1.26)

There are general assumptions which are used for these calculations are:
1. Two phases the organic and aqueous are completely immiscible.
2. During extraction and scrubbing the volume of the both phases does not changed.
3. No back mixing occurs.

1.11.4. Factors influencing the distribution of solutes
There are several factors which affect the distribution of metal ions. Some of the
prominent are: nature and concentration of solute (metal ions), extractant, diluent,
complexing agent present in the aqueous phase, acidity of the aqueous phase, salting
agent presence in the aqueous phase, and temperature [55]. These factors are important to
achieve the desired separation.

1.11.5. Classification of extractants
Extraction of metal ions follows certain mechanisms such as:
(i) Solvation: The extraction of metal ions by neutral ligands is followed by solvation
mechanism. The extraction process proceeds via replacement of water molecules
from the co-ordination sphere of metal ions by basic donor atoms such as ‘O’ or ‘N’
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of the ligand molecules. The well known example is the extraction of U(VI) by TBP
from nitric acid medium [56].
(ii)

Chelation: The extraction of metal ions proceeds via the formation of metal
chelates with chelating ligands. The example of this type is the extraction of Pu(IV)
by thenoyltrifluoroacetone (HTTA) in benzene [57].

(iii)

Ion pair extraction: In this extraction, formation of neutral ion-pair species
between the metal ions and ionic organic ligands. Acidic ligands provide anions
by liberating protons which then complexed with the metal cation to form ion-pair
such as sulphonic acids, carboxylic acids and organophosphoric acids. Basic ligands
provide cations which complex with aqueous anion metal complex to form ion-pair
viz. quaternary ammonium salts.

(iv)

Synergistic extraction: In this mechanism, extraction of metal ions take place in
the presence of two or more extractants and give more distribution than that
expected from the sum of extraction employing individual extractants. Extraction of
Pu(IV) from nitric acid medium by a mixture of HTTA and tri-n-octyl phosphine
oxide (TOPO) in benzene is well known example of synergistic extraction [58].

1.11.6. Criteria for the selection of extractants
A number of factors are taken into account while choosing a particular extractant for
industrial applications [59]. These are as follows:
1. Ease of synthesis / availability at a reasonable cost.
2. High solubility in the non-polar solvent (diluents).
3. Low aqueous solubility.
4. Non-volatility, non-toxicity and non-inflammability.
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5. Better complexation ability with metal ion of interest.
6. High solubility of the metal complex in the organic phase.
7. Easy stripping of the metal ion from the organic phase.
8. Ease of regeneration of the extractant for recycling.
9. High selectivity for the metal ion of interest over other metal ions present in the
aqueous solution.
10. Low viscosity for ease of flow and high Inter Facial Tension (IFT) to enable a
faster rate of phase disengagement.
11. High resistance to radiolytic and chemical degradation during operation
(particularly relevant in back-end operation of nuclear industry).
There are large numbers of extractant employed in different laboratories in which
only a few solvents have found for commercial uses. Table 1.8 shows different
extractants used in nuclear industries.
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Table 1.8: Extractants employed in nuclear hydrometallurgy
Class

Extractant

Application

Acidic

HDEHP (Di-2-(ethylhexyl) phosphoric

Uranium extraction from ores,

acid)

Actinides and rare earths
separation

Basic

Neutral

PC88A (dialkyl phosphinic acid)

Rare earths separation

Versatic acid

Rare earths separation

Alamine 336 (N,N-dioctyloctan-1-

Uranium extraction from ores,

amine)

Zr / Hf separation

Aliquat 336

Rare earths separation

Trilauryl amine

Pu purification

TBP

U and Th purification
Zr / Hf separation
Nb / Ta separation
Fuel reprocessing
U recovery from phosphoricacid

TOPO

Fuel reprocessing

Mono amides

Recovery of minor actinides

CMP, CMPO and diglycomides

from high level waste

(TODGA, TEHDGA)
CMP: Carbamoyl methyl phosphonate; CMPO: Carbamoyl methyl phosphine oxide;
TODGA: N,N,N,N-tetraoctyl diglycolamide; TEHDGA: N,N,N,N-tetra-2-ethylhexyl
diglycolamide; Aliquat 336: N-methyl-N,N-dioctyloctan-1-ammonium chloride; Trilauryl
amine: N,N-didodecyldodecan-1-amine.
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1.12. Limitations of TBP
TBP has been used in nuclear industry as extractant for last six decades. In PUREX and
THOREX processes, it has been utilized for 233U and 239Pu separation from spent nuclear
fuel from reactor. However, based on experiences gained over year, separation scientists
have identified certain limitation of TBP; these are [60-64]:
a) High aqueous solubility.
b) Lower distribution ratio (D) of Pu(IV) compared to U(VI), which can lead to Pu
losses to raffinate.
c) Poor decontamination factor (DF) values of Pu/U with respect to fission products,
d) Third-phase formation tendency during the extraction of tetravalent metal ions
such as Th(IV) (relevant for Th fuel cycle) and Pu(IV) (relevant for fast reactor
reprocessing).
e) Poor radiation stability.
f) Deleterious nature of degradation products (mono- and dibutyl phosphoric acids)
leading to decreased decontamination of U and Pu from fission products, loss of U
and Pu to organic phase during stripping.
g) Generation of a large volume of secondary radioactive waste.
These shortcomings are of serious concern particularly during the spent fuel
reprocessing of (i) short cooled (MOX) thermal reactor, (ii) fast reactors containing larger
Pu content and significantly higher burn up, and (iii) thorium based reactors. Therefore,
efforts are being made to overcome at least. In this context N,N-dialkyl amides have been
found potential alternative extractants to TBP.
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1.13. N,N-dialkyl aliphatic amides: Extractants for nuclear fuel reprocessing
T.H. Siddall first identified the potential of amide group of extractants for actinide
separations. He found that N,N-dialkyl amide can be promising alternative of TBP in
spent fuel reprocessing. He suggested that their use can allow us in getting rid of some
problems arising out of radiolytic degradation of organophosphorous extractants like
TBP, in nuclear industry [65-67] . The results reported by Siddall have been confirmed
almost during the same period by the researchers of Oak Ridge National Laboratory
(ORNL) [68,69]. French and Japanese researchers have also performed extensive studies
on the evaluation of amide extractants for actinide separations [70,71]. N,N-dialkyl
aliphatic amides have some advantages as extractants of actinides over TBP, which can
be summarized as follows:
a) Amides offer comparable extraction behavior of metal ions as TBP.
b) Their degradation products are mainly carboxylic acids and secondary amines
which are innocuous in nature.
c) These show good decontamination factors over fission products.
d) The reduced volume of the secondary waste due to completely incinerability
[72,73].
e) These extractants are easy to synthesis on a large scale.
f) Possibility of tailoring the ligands according to the intended applications
Metal extraction in the amides takes place by the co-ordination of carbonyl oxygen.
Siddall has suggested that alkylation of the Cα atom adjacent to the carbonyl group
suppresses the extraction of quadrivalent actinides and fission products as compared to
the hexavalent metal ions. So these ligands offer better separation of hexavelant metal
ions over tetravalent [74]. The branching in the alkyl group adjacent to the carbonyl
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group of amides decreases Th(IV) extraction due to steric hindrance [75]. Due to lack of
U in India the future of nuclear energy is depends on our large thorium resources. In this
context Fast reactor, AHWR has been proposed for Th utilization. Reprocessing of
AHWR spent fuel will be three ways separation of
233

233

U, Pu, Th where the fissile isotope

U, produced on the irradiation of 232Th, needs to be separated efficiently from the bulk

of thorium and large number of fission products.
As a part of this thesis, R&D work on this challenging area has been carried out using
of N,N- dialkyl aliphatic amides synthesized in our laboratory as extractants [76]. The
straight chain diamide DHOA (N,N-dihexyl octanamide) has been found to be a
promising candidate for the separation of 233U and Pu from irradiated thorium which was
investigated extensively. In addition, DHOA studied under PUREX cycle (PHWR and
fast reactor) appeared distinctly better than TBP with respect to Am(III), fission products
and structural materials decontamination of U/Pu [77]. Distribution study of U, Pu, Th
and fission products using different amides which are synthesized in our laboratory found
that amides are better than TBP [78-81].

1.14. Third-phase formation
This refers to a situation where organic phase splits into two new phases (a) the diluents
rich light phase, (b) heavy third phase containing the metal solvate (Figure 1.6). This
heavy organic phase (HOP) appears at the interface of the two phases light phase and
aqueous phase. Third-phase formation occurs during the extraction of large concentrations
of metal ions and acids using different solvents. Third-phase appears due to
incompatibility of the polar metal solvate or acid in non polar diluents. Third-phase
formation is expressed in terms of LOC of the metal ion under desired experimental
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conditions. It is not desirable during plant scale operations for the recovery of metal ions
[25]. Third-phase formation is generally attributed to the aggregation of the extracted
species (reverse micelle) in the organic phase [82]. These reverse micelles are subjected to
two contrasting physical forces. The thermal energy kBT keeps the micelles dispersed in
the solvent. On the other hand, the energy of intermicellar attraction makes the micelles
stick together. As long as these two energies are comparable, the organic phase is stable.
When the energy of attraction becomes substantially larger than the thermal energy, thirdphase formation takes place.

Fig. 1.6. Pictorial representation of third phase
Third-phase formation during the extraction of metal ions employing extractants
like TBP dissolved in aliphatic diluents was mostly studied to find out the composition of
the organic phase species before and after phase splitting. To understand the structure and
morphology of the organic phase species, different techniques have used such as
spectrophotometry, small-angle neutron scattering (SANS), small-angle X-ray scattering
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(SAXS), vapor pressure osmometry (VPO), tensiometry and conductivity etc [83-88].
SANS data and the Baxter model is giving the explanation of third phase. Organic phase
obtained during Th extraction studies from nitric acid medium have shown the existence
of a trisolvate Th(NO3)4·(TBP)3 species. The third-phase also contains HNO3 (though
small amount) through hydrogen-bonding to the trisolvated complex. These studies have
shown that the formation of the heavy phase is a result of the attractive interactions of
small reverse micelle-like aggregates of 3 to 4 TBP molecules per metal nitrate complex.
This behavior has been particularly noted during TBP extraction from nitric acid solutions
containing Zr(IV), Th(IV), U(VI), and Pu(IV). The formation of large ellipsoidal
aggregates has been found to be responsible for the appearance of third-phase during
extraction studies. Unlike the TBP system, third-phases appeared in N,N-dialkyl
derivatives under high uranium loading conditions [89].
To avoid the third phase formation, the knowledge of LOC values is needed for a
particular extractant. LOC is influenced by several parameters such as: organic phase
composition, aqueous phase composition, temperature etc. Organic phase composition is
alter by the diluents, polar and branched diluents increase LOC value. LOC values
increase with carbon chain length and decreasing with branching at carbonyl group in
case of N,N-dialkyl amide [90]. The presence of inextractable ions or salts, other metal
ions, medium and acidity of aqueous phase affect third phase. Third phase formation also
takes place by TBP during acid uptake in the following order: HClO4 > H2SO4 > HCl >
H3PO4 > HNO3 [91]. LOC is with temperature and extractant concentration. There are
hydrogen bond between extractant and acid in the organic phase. These bonds are weaker
and easily broken with temperature therefore, decrease in the aquophilicity of the
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extractant-acid complex. This will eventually lead to an increase in the transfer of this
complex to the diluent-rich phase thus reducing third-phase formation [92].

1.15. Solvent degradation
This is an important issue and requires thorough understanding during the development of
different solvents in the nuclear fuel reprocessing. The solvents used in reprocessing of
spent nuclear fuels undergo degradation mainly by three routes:

1.15.1. Hydrolytic degradation
TBP in paraffin diluents is used in PUREX and other processes for separating uranium,
thorium, and plutonium from spent fuel by contacting with aqueous nitric acid. Nitric acid
has appreciable solubility in tributyl phosphate and gets transferred to organic phase
during solvent extraction operation. Nitric acid, which is present to the tune of several
moles per liter in aqueous phase leads to degradation of extractant and renders it
unusable. Degradation products include dibutyl phosphoric acid, monobutyl phosphoric
acid, orthophosphoric acid, polymeric substances, unsaturated hydrocarbons, and
unidentified nitrogen-containing organic compounds [93]. These degradation products
cause loss of uranium, plutonium and thorium. Decontamination of these valuable metals
from fission products are severely affected. These degradation products has to be
removed before further extraction experiments by contacting the solvent with aqueous
sodium carbonate and/or sodium or potassium hydroxide solution to remove the acid
degradation products [94]. The concentrations of these products must be reduced by a
factor of 10 or more for recycling the solvent [95]. Excess concentration of DBP and
MBP may also produce interfacial precipitates (crud) or emulsions (due to the sparingly
45

Chapter I

soluble compounds formed with zirconium) which will disturb phase separation and
equipment operation.

1.15.2. Radiolytic degradation
In nuclear fuel reprocessing and partitioning, extractants are used influenced by radiation
exposure, and contact with nitric acid solution at different stages. These extractants are
degraded by hydrolysis and radiolysis. Different extractants such as TBP, amides,
digyclomides, TODGA, TEHDGA used in different processes after degradation change
extraction phenomena. 30% TBP in n-dodecane in nitric acid media after irradiation form
degradation products like DBP, MBP, phosphoric acid, higher molecular-weight products
are created by radical-addition reactions, acidic phosphates, hydroxylated, and ketones,
carboxylic acids are produced from the diluent. The acidic phosphates from TBP and
nitro paraffinic molecules created by diluent are complexes with different actinide and
fission-product such Zr, Ru and reduce decontamination factor. Degradation products
decreased performance of extractant with regard to phase separation and solvent viscosity
[96, 97].
The degradation products of T2EHDGA were identified as: bis-(2-ethylhexyl)
amine, N,N-bis-(2-ethylhexyl) formamide, N,N-bis- (2-ethylhexyl) acetamide, N,N-bis-(2ethylhexyl) glycolamide, N,N-bis-(2-ethylhexyl)-N,N-dipropyl diglycolamide [98]. Mo
retention has been found on prolonged use in case of degraded T2EHDGA and TODGA.
Hydrodynamic parameters such as viscosity and interfacial tension are not affected
significantly by the irradiation of these solvent [99, 100]. The radiolytic products of N,Ndiakylamides such as DHOA are caprylic acid, dihexyl amine, dihexylketones while
D2EHIBA irradiated products are bis(2-ethylhexyl)amine and isobutyric acids. These
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products increase the density and viscosity of irradiate solvent. These product are
completely incinerable and easily washed out so does not increase secondary radioactive
waste. These have less retention U, Pu and fission products as compared to TBP [101].

1.15.3. Thermal degradation
HLW generated after reprocessing of spent nuclear fuel in PUREX and THOREX
processes goes for evaporation in the evaporator tank. At elevated temperatures, TBP
reacts with nitric acid and can undergo exothermic reactions to form complex mixtures
known as “Red Oil” (called mainly because of color of the mixture) [102]. This reaction
can be thermal “runaway” if reactants are heated to temperatures where heat of reaction
exceeds heat loss from the system [103, 104]. TBP in n- dodecane has been used as
extractant in PUREX and THOREX process. On thermal degradation of TBP gaseous
products includes N2, CO, CO2, NO, N2O, hydrocarbons etc are generated. Liquid products
include Di-butyl phosphoric acid, Mono-butyl phosphoric acid, butyl nitrate, butanol,
unreacted TBP and water. Studies of thermal degradation of tri iso-amyl phosphate in ndodecane and reversed TALSPEAK solvent [0.3M HDEPHA in 0.2M TBP in n-dodecane]
have been shows approximately similar results with pressure, acidity, and temperature
[105, 106].
Thermal degradation of N,N-dialkylamides substitutes for the TBP such as N,N-di(2-ethylhexyl)-3,3-dimethylbutyramide (DEHDMBA) is not sufficiently degraded by
operating in a nitrogen atmosphere, even at 250°C. Effect of the oxygen level was much
stronger for DEHDMBA degradation than temperature. Major degraded products are
carbonyl compounds such as amides, substituted amides, ketones, acids and aldehydes,
and some intermediate imides with high molecular weights. Many compounds were
47

Chapter I

secondary degradation products, such as imides, and oxidative products, like acids [107].
Gaseous products are the reason for the violent explosion. Runaway reactions of nitric acid
-industrial solvent extraction solvents mixtures are potentially damaging in nature as
evident from the explosion occurred in B-204 facility (now Sellafield) of BNFL (British
Nuclear Fuels Ltd) in 1973. The exothermic reactions produced gases which escaped from
the process cell and spread through the upper floors of building B-204. Subsequently, the
plant was closed and the sealing the fate of BUTEX process (diBUTyl carbitol EXtraction)
for nuclear fuel reprocessing [108].

1.16. Literature studies
The present thesis work deals with the evaluation of N,N-dialkyl amide as extractants for
the reprocessing of spent nuclear fuel from AHWR and fast reactor. In this context, N,Ndihexyl octanamide (DHOA) has been identified as a promising alternate to TBP. DHOA
has been studied well for PHWR spent nuclear fuel reprocessing. Table given below
represent the previous studies on DHOA.
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Table 1.9: Previous studies on DHOA:
Solvents

Studies

Results

References

DHOA

1. Extraction of nitric acid

Acid uptake constant KH = 0.188

[109]

2. U and Pu extraction studies:

Both DU and DPu value increase with aqueous phase acidity upto 5-

(a) Using different acidities

6 M HNO3. DU value decreases beyond 6 M HNO3 due to less
availability of ligand while DPu value are invariant due to ion pair
formation

(b) Under U loading

DU value decreases due less availability of free ligand

(c) Stoichiometry

Disolvated species are formed with U and Pu as UO2(NO3)2.2TBP

(d) Effect of temperature

and Pu(NO3)4.2TBP respectively at 3.5 M HNO3.
DU and DPu values decrease with temperature suggesting

(e) Extraction of Fission product

exothermic nature of extraction.
Poor extraction of fission products leading to high S.F. values as
compared to TBP
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DHOA

U(VI), Pu(IV), Am(III), and Zr(IV) Pu(IV) is more efficiently extracted than U(VI), extraction of [110]
distribution studies:

Am(III) and Zr(IV) is insignificant in the acidity range 1-6 M

(a) As a function of nitric acid

HNO3 suggesting reasonably high separation factors for U and Pu
over these ions.

(b) Mixer settler studies of extraction Uranium extraction by DHOA is comparable to TBP, while
and stripping of U under PHWR stripping is better than TBP.
feed conditions
DHOA

Studies

on Simulated PHWR feed Co-processing of PHWR spent fuel can be achieved in lesser [77]

and TBP

conditions:

number of stages using DHOA (extraction: 2; stripping: 4) as

(a) Extraction and Stripping

compared to that of TBP (extraction: 3; stripping: 6).

(b) Stoichiometry of Pu

Disolvated species is formed at lower acidity while more than two
DHOA molecules are involved in the extracted species of Pu(IV) at
higher acidity (≥ 4 M HNO3).

(c) Separation Factor DU/DPu

Pu/U ratio can be increased in the case of DHOA during the
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stripping step at 0.5M HNO3
(d) Fission product

It offers better decontamination from Am (III), fission products,
and structural materials as compared to TBP.

DHOA

Separation factor of U/Pu over Th

and TBP

Negligible variation in DTh (0.033±0.003) values in the entire [78]
range of acidity (1-6 M HNO3).
TBP is more favorable for preferential extraction of U over Th,
while DHOA is better for preferential extraction of Pu over Th.

DHOA

Extraction behavior of U, Pu, and The degradation of DHOA (without pre-equilibration) was [101]

and TBP

fission product under PHWR feed significantly low (absorbed dose of 100 M Rad), which suggested
conditions using irradiated solvents

the stability of DHOA against radiation.
D value decrease with irradiated DHOA as compared to
unirradiated DHOA. By contrast, the reverse trend was observed
with TBP due to the formation of its radiolytic degradation product.
There was significant retention of Pu, U, and fission products in the
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irradiated TBP as compared to that of DHOA even after three
contacts with the stripping solutions

1.17. Scope of the thesis
Present work deals with evaluation of DHOA for the reprocessing of fast reactor and AHWR spent fuels. The content of the Thesis can be
summarized as follows:
1. Evaluation of DHOA for reprocessing of Pu rich fuels.
2. Extraction studies of 237Np using DHOA.
3. Evaluation of DHOA for Advanced Heavy Water Reactor spent fuel reprocessing.
4. Thermal degradation studies of DHOA/n-dodecane solvent.
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CHAPTER 2: EXPERIMENTAL
In the present work, the extraction behavior of various metal ions such as U(VI),
Pu(IV), Np(IV), Np(VI), Tc(VII), and Th(IV) have been investigated under different
experimental conditions using N,N-diakyl amides and TBP as the extractants, both batch as
well as counter current extraction studies (using mixer settlers and centrifugal contactors)
have been performed using different feed solutions. The basic technique used for the
separation studies of metal ions was solvent extraction. The details of various
apparatus, materials, experimental equipment and analytical techniques used in the
present work are discussed in this chapter.

2.1. Radiotracers
The separation studies on metal ions presented in the thesis were carried out with
radiotracers. Procurement, preparation as well as purification of various radiotracers is
given below:

2.1.1. Uranium-233 (233U)
233

U tracer (t1/2 = 1.59x105 years) was produced by irradiation of 232Th in reactor followed

by purification from the daughter / decay products of

232

U in 6M HCl medium using

anion exchange procedure [26, 111]. Uranium in 6M HCl solution forms anionic complex
which is held on the anion exchange column, whereas 228Th and its daughter products are
not retained on the column. The column was washed with excess of 6M HCl to remove
any adsorbed impurity. Finally, the loaded uranium was eluted with 0.01 M HNO3and
used as stock solution (at 0.5M HNO3). The purity of
spectrometry.
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2.1.2. Neptunium-237 (237Np)
237

Np (t1/2 = 2.16x106y) is produced during the irradiation of uranium in thermal reactors

(a) by successive neutron capture of
alpha decay product of
therefore purification of

241

237

235

U followed by beta decay of

237

U, and (b) as an

Am (t1/2 = 432.7 y).237Np decays to233Pa by α-decay and

Np from the latter was carried out using di-iso-butyl carbinol

(DIBC), as an extractant. Hardy et al. reported the presence of hydrolyzed cationic,
neutral and anionic species [Pa(OH)2(NO3)4]- of Pa in equilibrium in nitric acid media,
and the interchange between them is a function of the aqueous phase acidity [112]. 237Np
solution at 6-7 M HNO3 was equilibrated 2-3 times with pure DIBC after that the
dissolved organic was removed by multiple xylene wash. The purity of

237

Np was

ascertained by alpha and gamma ray spectrometry (for the presence / absence of 233Pa).

2.1.3. Plutonium-239 (239Pu)
239

Pu was purified by a reported procedure and its radiochemical purity was ascertained

by gamma spectrometry for the absence of 241Am [113]. The valency of Pu was adjusted
to Pu(IV) with sodium nitrite and subsequently extracted by 0.5M HTTA (2thenoyltrifluoro acetone) in xylene at 1M HNO3 followed by stripping with 8MHNO3. The
resulting plutonium solution was used as stock for Pu(IV). Further, plutonium valency in
the aqueous phase was adjusted and maintained in tetravalent state by the addition of
0.05M NaNO2 + 0.005M NH4VO3 (holding oxidants). On the other hand, Pu(IV) was
reduced to Pu(III) by addition of a mixture of 0.2M hydroxyl ammonium nitrate
(HAN) and 0.2M hydrazinium nitrate (HN). A mixture of 0.2M HAN and 0.2M HN was
optimized as an efficient reductant for Pu [79].
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2.1.4. Other Tracers
Tracers of fission products viz.

99

Tc,

95

Zr,

141

Ce,

152 -154

137

Eu,

Cs and the structural

material i.e.59Fe, were procured from BRIT, Mumbai. These tracers were used after
suitable dilution. Radiochemical purity of the radiotracers was ascertained by gamma
spectrometry. Nuclear data for different radionuclides used in the present studies are
included in Table 2.1.

Table 2.1: Nuclear data for different radionuclides used in the present study

Element
99

Decay mode

Counting

(KeV)

mode

Half life

-, 

100

2.1x105y

300

β

Zr

-, 

100

64 d

724, 756



Fe

-, 

100

44.5 d

1099





100

2.14X106 y

4.78,4.77





100

24360 y

5.15,5.14



Tc

95

59

Decay %

Energy

237

Np

239

Pu

2.2. Materials used in these studies
2.2.1. Thorium
Thorium (nitrate form) obtained from Indian Rare Earths Limited, Mumbai was used as
received.

2.2.2. Uranium-238 (238U)
238

U (as U3O8) procured from Uranium Extraction Division (UED) BARC, Mumbai.
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2.2.3. N,N-dialkylamides
N,N- dialkylamides extractant were used in present studies was synthesized in our
laboratory as per the following procedure:
O
R1

NH +

R3

Cl

R2

O

o

0-5 C

R1

R3

N

(C2H5)3N in CHCl3

R2

N,N-dialkyl amide

Amides were purified by vacuum distillation. Overall yield of the synthesised product
was 80–90%. Characterisation of the ligands obtained after vacuum distillation was done
by elemental analysis, IR and NMR [114]. Analytical data of N,N-dihexyl octanamide
(DHOA) are given in Table 2.2.
Table 2.2: Analytical data of DHOA
Parameter(s)

Details

Molecular formula

C20H41NO

Carbon (%)

76.6 (77.1)*

Hydrogen (%)

12.9 (13.3)*

Nitrogen(%)

4.72 (4.49)*

Amides (%)#

99.3

Viscosity (cP)

13.30

Basicity (KH)

0.188

Density (gm/c.c)

0.81

Refractive index

1.45

Boiling point (oC)

183 - 185 (0.2 mm)

C=O (cm-1)

1645

* Expected value; # Determined potentiometrically.
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2.2.4. Other chemicals
The list of the various chemicals used in the present work is given in Table 2.3.
Analytical Grade (A.R) reagents were used throughout the present studies. Millipore
deionized water (18 M/cm) was used in all the experiments. Solutions were prepared by
the required diluents or mixture of diluents using standard procedures.

Table 2.3: The list of various chemicals and reagents used in the studies
Chemical reagents

Purity

Source

Tri butyl phosphate

> 99.9

Heavy Water Board, India

Di- hexyl octanamide

> 99.9

Synthesized in house

Xylene

AR Grade

Merck Germany

n-Dodecane

AR Grade

Lancaster, U.K.

Nitric acid

AR Grade

S.D. Fine Chemical

1-Decanol

AR Grade

Merck Germany

1-Octanol

AR Grade

Sisco Research Ltd.

Diisobutylcarbinol (DIBC)

AR Grade

Aldrich

2-theonyltrifluoroacetone (HTTA)

AR Grade

Merck, Germany

Hydroxyl amine nitrate (HAN)

AR Grade

Lancaster, U.K.

Acetohydroxamic acid (AHA)

AR Grade

Aldrich

Hydroxy urea (HU)

AR Grade

Aldrich

Decalin

AR Grade

Fluka

Acetaldoxime (AOX)

AR Grade

Lancaster, U.K.

DIBC

AR Grade

Aldrich
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2.2.5. Preparation of simulated AHWR feed solution
The proposed composition of AHWR feed solution is 2 g/L U + 2 g/L Pu + 100 g/L Th
+ 0.03 M HF + 0.1 M Al(NO3)3 at 3.5 M HNO3, respectively [115, 116]. Tracer
concentration of Pu (~10-5 M) was used in the simulated feed solution instead of proposed
2 g/L Pu due to marginal variation in the distribution behavior of Pu at trace or 2 g/L
concentrations. Appropriate quantities of uranium, plutonium and thorium from their
stock solutions were mixed to get the final concentrations. Calculated quantities of
Al(NO3)3, and of HF were also added to get their final concentrations as 0.1M and 0.03M,
respectively. The feed acidity was adjusted to 3.5 M HNO3.

2.2.6. Preparation of simulated fast breeder reactor (FBR) feed solution
Currently, the proposed feed composition for the reprocessing of a typical Pu rich
(relevant to fast reactor) spent fuel is 50 g/L U + 20 g/L Pu at ~ 4 M HNO3 [117]. This
feed is proposed to be prepared by external addition of uranium, which should be
sufficient for electrolytic reduction of Pu to Pu(III) during partitioning cycle. During
reprocessing, the proposed organic-to-aqueous phase ratio (O/A) in the extraction cycle is
~ 2.5, thereby diluting the uranium and plutonium concentrations in organic phase to 20
g/L and 7 g/L, respectively. In this context, the feasibility studies for reprocessing were
carried out using a diluted feed solution having 20 g/L U + 7 g/L Pu at ~ 4 M HNO3.In
addition, U and Pu distribution (extraction/stripping) studies were carried out to evaluate
TBP and DHOA in the presence of U (tracer, 20 & 50 g/L) by batch as well as mixer
settler and centrifugal contactor studies.
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2.2.7. Preparation of Simulated High Level Waste (SHLW)
The composition of PHWR-SHLW (burn up: 6500 MWD/THM (Megawatt day per ton of
heavy metals) and Cooling period: ~ 5 years) is given in the Table 2.4 [118]. The SHLW
solution was prepared by dissolving the metal ions salts in nitric acid. Care was taken to
dissolve each of the salt separately in hot concentrated nitric acid before their addition to
the mixture. The acidity of SHLW was adjusted as required with distilled water / HNO3.
The acidity of the SHLW was ascertained by acid-base titration in the presence of neutral
saturated potassium oxalate (K2C2O4which was used to complex with interfering metal
ions). The acidity of PHWR-SHLW was usually in the range of 3-4M HNO3solution. The
concentration of various metal ions in SHLW is ascertained by Inductively Coupled
Plasma -Auger Electron emission Spectroscopy (ICP-AES) or Energy Dispersive X-Ray
Fluorescence (EDXRF) analysis.

Table 2.4: Composition of SHLW used in the present studies; Acidity: 3.5 M HNO3
Element

Concentration (g/L)

Element

Concentration (g/L)

Na

5.50

Mo

0.14

K

0.22

Ba

0.06

Cr

0.12

Y

0.06

Mn

0.43

La

0.18

Fe

0.72

Ce

0.06

Sr

0.03

Pr

0.09

Cs

0.22

Nd

0.12

Zr

0.09

Sm

0.09
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2.2.8. Coating of glass wares
5 % solution of dimethyl dichlorosilane (DMDCS) in toluene was used for coating inner
surface of glass tubes used during

233

Pa extraction studies to minimize its loss due to

sorption on the walls. The solution was then drained out after 3 hours and the tubes dried
prior to their use for the solvent extraction studies [119].

2.3. Methods and equipments
Several techniques are known for the separation of metal ions, such as solvent
extraction, extraction chromatography, and supported liquid membranes. The aqueous
metal-ligand complexation, ligand-nitric acid complexation, thermodynamics of metal ion
extraction etc were studies using solvent extraction technique in the present studies. The
feasibility of the separation process on relatively large scale (3-4 L) was demonstrated in
counter-current extraction employing a mixer-settler, and centrifugal contactors
systems. The solvent degradation studies were carried out using ARSST (advanced
reactive system screening tool) system.

2.3.1 Solvent extraction
For distribution studies of metal ions, suitable volumes (0.5-2 mL) of aqueous phase at
the desired acidity containing the required metal ion tracer was equilibrated in glass
stoppered equilibration tube with equal volume of organic phase containing desired
concentrations of extractant(s) in the suitable diluents system. The organics phases were
pre-equilibrated with the respective acid solutions to eliminate the effect of acid uptake in
all studies. The agitation of the two phases was carried out by rotary motion in a thermo
stated water bath (Figure 2.1) maintained at 25(±0.1)°C. After equilibration, the two
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phases were centrifuged and assayed by suitable aliquots (25-500μL) from both the
phases using different analysis instruments.

Front view
Sealed equilibration tubes

Fig. 2.1.Thermostated water bath for maintaining constant temperature

The distribution ratio (D) of the metal ions was calculated as the concentration of
metal ions (in terms of counts per unit time per unit volume) in the organic phase to that
in the aqueous phase. The concentrations of hydrogen ion in the two phases were
obtained by titration with standard alkali (NaOH) solution using phenolphthalein as the
indicator during acid distribution studies. Aqueous ethanol medium neutralized to
phenolphthalein end point was used for organic phase titration. Distribution value was
obtained in duplicate or triplicate and the agreement between these values was within
±2%. A good material balance (≥95%) was usually obtained in all the experiments.

2.3.2. Measurement of dispersion numbers
The dispersion number (NDi) is used to characterize different solvents and for the design
and scale-up of extraction equipments with discrete stages for centrifugal extractors or
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mixer-settlers. Liquid-liquid dispersions created in mixing zone getting coalesced in a
settling zone. It directly measures how long it will take for a liquid-liquid dispersion to
coalesce completely and settling of different phases for a given system. Settling time (tB)
mainly depends upon the density difference, viscosity of the systems, interfacial tension,
and surface elasticity etc. Dispersion number was measured by using 250 mL standard
measuring cylinder. Volumes of aqueous and of organic phases taken for these
measurements were 100 mL. Total height of the solution inside the measuring cylinder
was 201mm [120-122]. Solutions inside the cylinder were shaken vigorously and allowed
to settle under gravity. The time taken for complete coalesces to settled of the two phases
was noted for the calculation of NDi (dimensionless) by using the following formula [123]:

N Di 
Where

1
tB

Z
g

NDi

=

Dispersion Number

tB

=

Settling time (s)

Z

=

Dispersion band height (m) (0.201m)

g

=

Acceleration due to gravity (m2/s)

2.3.3. Mixer settler studies
Two different types of mixer settler units of made of acrylic and perspex, respectively
were used for counter-current extraction/stripping studies. An eight-stage mixer and
settler unit with bed volumes of 30 mL (mixer), and 130 mL (settler) and a total hold up
volume of ~ 1300 mL was indigenously fabricated using acrylic material. On the other
hand, twelve-stage mixer-settler unit (made up of perspex polymer) was procured from
Sonal France (Batteries No. 36, Brevete S.G.D.G. (Figure 2.2). The unit had a total hold
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up volume of ~500 mL with a mixer volume of ~10 mL and settler volume of ~30 mL.
Mixer settler runs were carried out by employing turbine-type agitators made up of
stainless steel. Peristaltic pumps (PP 20) procured from M/s Miclins, Chennai, India, were
used for adjusting the flow rate of aqueous/organic solutions while flexible polypropylene
tubing were used for the transportation of the solutions. Only uranium extraction run was
carried out using eight-stage mixer settler unit while other runs were performed
employing twelve-stage unit. The flow rates of feed solutions to the mixer settler units
were maintained between (4-5 mL/min).
Org. IN 
1

2

3

Org. OUT 
4

5

6

7

 Aq. OUT

8

9

10

11

12

 Aq. IN

Fig. 2.2. 12 -Stages mixer settler unit for counter-current extraction run

The extraction, scrubbing and stripping runs were carried out independently at
room temperature (T: 298 K). Since the mixer-settler unit was having 12 integrated
stages, simultaneous extraction, scrubbing and stripping step were not possible in a single
run. After extraction run, the loaded organic phase was collected and scrubbing was
performed thereafter. Similarly, after the scrubbing operation, the scrubbed organic phase
was used for stripping runs. No hydrodynamic problems were encountered in any of the
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runs lasting for about four hours of each independent run. The attainment of the steadystate was checked by Liquid Scintillation Counting (LSC),by Davies-Gray method and
ethylene diaminetetraacetic acid (EDTA) titrations of Pu, U and Th respectively, at the
EXIT of the aqueous and organic phase streams. At the end of the experiment, the motors
and pumps were switched off and subsequently, the samples from aqueous and the
organic phases were collected from each of the settler units for the analysis of metal ions
(U, Pu, Th) and concentration.

2.3.4. Centrifugal contactor studies
Centrifugal contactors are being proposed for counter-current extraction runs for metal
ions from high burn up reactor spent fuels. The centrifugal contactors have salient
features such as (a) high liquid through-put, (b) more compact design, (c) low liquid
holdup volume, and (d) short residence time [124, 125]. Application of centrifugal
contactors to fast reactor fuel reprocessing have a great advantage in criticality control,
throughput and solvent degradation due to the short liquid residence time, while mixersettlers and pulsed columns suffer from the limitations of relatively extended durations of
phase separations. This process is essentially governed by gravity, and hence requires a
higher liquid holdup volume. The compact size and high performance of centrifugal
contactors are expected to be applicable to the solvent extraction process for advanced
aqueous reprocessing in the fast reactor mixed oxide (MOX) fuel cycle with Pu and
fission products (FPs) contents [77].

High extraction and separation in centrifugal contactor is due to forcible mixing
under rotor rotation and strong phase separation under centrifugal force. Here aqueous
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and organic phases are mixed in the annular zone between the spinning rotor and the
housing, and liquid-liquid dispersions are formed thereby coquette flow. This mixing
disperses one phase as small droplets in the other to maximize the mass transfer area
[126]. Centrifugal contactors have high single stage efficiency greater than 95% of
theoretical for chemical processes with rapid kinetics. This requires a minimum of
instrumentation for process operation [127].

Fig. 2.3. Centrifugal contactor units and their cross sectional view

Two stages centrifugal contactors (Figure 2.3) were used for U extraction from
feed solutions of varying compositions, simulated AHWR and fast reactor simulated feed
solutions. These contactors had a bowl volume of 200 mL, with a provision of
interchangeable weirs for accommodating liquids of varying specific gravity and
viscosity. The aqueous and organic phases were passed in counter-current mode using
metering pumps. Various parameters such as flow rate, motor rotation per minute (rpm)
etc. were optimized for extraction and stripping of metal ions in centrifugal contactors.
These runs were performed at room temperature (T: 298 K). The extraction and stripping
runs were carried out independently. All of the phases collected and the samples from
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aqueous and the organic phases were analyzed by Davies-Gray method, LSC and EDTA
titrations for U, Pu and Th estimation respectively. Acidity of the sample was analyzed by
acid-base titration method in saturated potassium oxalate medium.

2.3.5. Advanced reactive system screening tool (ARSST) studies
The thermal degradation studies due to runaway reaction between DHOA and HNO3were
conducted in ARSST unit. This is a calorimeter and is used to determine activation
energies and to size vent relief valves for runaway exothermic reactions [128]. It consists
of a spherical glass test cell (10 mL) surrounded by bottom heater jacket encapsulated in
aluminum foil and with glass wool insulation for minimizing the heat loss with the
surroundings (Figure 2.4). The bottom heater is belted to the test cell, provides a net
resistance of approximately 24 Ω. Sample temperature is monitored by K-type Haste
alloy thermocouple and pressure is sensed by 500psig pressure transducer. The insulated
glass cell is kept in a 350 mL high pressure, high temperature stainless steel (SS-316)
containment vessel which serves as both a pressure simulator and safety vessel. The
containment vessel is hydrostatically tested to 3000 psig and it contains a Hastelloy
rupture disk rated at about 900 psig to provide safety during the experiments. A magnetic
stirrer bar is placed inside the test cell for stirring the liquid reaction mixture and is driven
by an external magnetic stirrer. System is also provided with an external fill tube which
can be used to add sample to the open test cell either before or during a test.
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(a)

(b)

(c)

(d)

(e)

Fig. 2.4. A view of containment vessel of ARSST and different parts: (a) ARSST
containment vessel, (b) glass cell with glass wool, (c) 24 Ω electrical band heater, (d)
glass cell along with heater and insulation, and (e) rupture disks

The ARSST control box contains the temperature and pressure amplifiers/circuits
and the heater power supply which powers the bottom heater and provides power up to 17
W. Compressor line is connected to gas inlet line to provide compressed air for
purging/pressurizing the system. The important features of this setup are its low effective
heat capacity relative to that of the sample. This is expressed as φ-factor, which is
approximately 1.05 (i.e. nearly adiabatic). So, the heat released by reaction taking inside
the test cell goes to heat up the sample with negligible energy absorbed by the test cell
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itself. This allows the measured data to be directly applied to industrial process scale. The
maximum allowable working pressure (MWAP) is 3350 psi (227 bars) and maximum
allowable working temperature (MAWT) is 454 oC.
The ARSST is computer controlled using operating software. The software
records time, temperature, pressure and heater power during a test. The software
automatically calibrates the heater/sample system for both constant ramp and adiabatic
modes of operation which provides accuracy in maintaining a specified temperature ramp
and adiabatic conditions.
A weighed amount of sample was taken in glass cell and a 3-4 mm long piece of
SS-316 wire was also put inside the cell to simulate the metal surface of process vessels.
The test cell was put in the high-pressure pressure vessel, sealed and was pressurized to
approximately 5 bars (75 psi) to minimize evaporation during early heating. Electronic
pressure sensing module was calibrated at two points using digital pressure gauge
connected to the system. Temperature and pressure data were logged by ARSST system
software at an interval of 1 psi as well as 1 K. After sealing and the pressurization cell
was heated electrically at a rate of approximately 2 K/min in PID control mode with an
auto-thermal shutdown at 573 K. After reaching temperature of 573K, input power to
band heater was automatically cut-off and temperature started to fall and experiment was
complete when temperature reached room temperature. After reaching ambient
temperature, the vent was opened to release the gases formed by the reaction between
solvents and HNO3. The initiation temperature of the decomposition of nitrated solvents
was estimated from the plots of temperature vs time.
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2.3.6. Radiation stability studies
Radiolytic stability of the solvents was also investigated during the present studies. For
this purpose, the solvents were irradiated for a given time to get exposed to a given
amount of irradiation. A

60

Co gamma source of 1kGy/hour dose rate was used as the

irradiator. Different solvents comprising of 0.18 M TBP and 0.36 M DHOA solutions in
n-dodecane (proposed for AHWR spent fuel reprocessing) were kept in the gamma
chamber equipped with

60

Co source and samples were periodically withdrawn for the

estimation of extent of degradation by plutonium distribution studies.

2.3.6.1. Details of gamma source used for irradiation
The gamma chamber used for irradiation studies consists of 60Co source pencils loaded in
a cylindrical array in a source cage and stored at the centre of a lead flask (Figure 2.5).
The central drawer is a long cylinder consisting of two stainless steel clad lead shields
with a hollow sample chamber situated in between. The central drawer can be raised or
lowered by a wire rope passing over a system of pulleys and wound on a drum by a
geared motor. For irradiation, the drawer is lowered until the sample chamber is at the
centre of the source cage. The movement of the sample chamber is controlled by an
electrical control circuit panel. The dose rate was standardized by Fricke dosimetry.

2.3.6.2. Fricke dosimetry
Fricke dosimeter was originally developed as a dose measuring device and was used here
for the calibration of Gamma chamber-900. It is most useful method to directly measure
the numbers of reactive species in solution [129-131]. It relies on oxidation of ferrous
ions in to ferric ions in an irradiated ferrous sulphate solution. The amount of ferric ions
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produced in the solution is measured by absorption spectrometry with ultraviolet light at
304 nm, which is strongly absorbed by the ferric ions. Fricke dosimeter depends on an
accurate knowledge of the radiation chemical yield of the ferric ions, measured in moles
produced per 1J of energy absorbed in the solution. The chemical yield is related to a
parameter ‘G’ which is defined as the number of ferric molecules produced in the ferrous
sulphate solution by 100eV of absorbed energy. An accurate value of chemical yield is
difficult to ascertain because the chemical yield is attached to the energy of the radiation,
dose rate and temperature of the solution during irradiation and readout. The dose rate of
the 60Co irradiator was measured to be 1.0 kGy/hr.

Fig. 2.5. Gamma chamber at Radiochemistry Division BARC

2.4. Radiometric analysis
The different radio-analytical techniques were employed for the analysis of metal ions.
For alpha emitting radionuclides (Pu(IV), U(VI),

237

Np ) liquid scintillation counter was

used, whereas NaI(Tl) scintillation counter and HPGe detector were used for the
estimation of gamma emitting radionuclides such as
233

Pa etc.
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2.4.1. Liquid scintillation counter
Liquid scintillation counter is the most widely used detector for quantitative analysis of
alpha emitters. Detection efficiency of this detector is nearly 100 %, which is a great
advantage as a few Becquerel (Bq) of alpha activity can be assayed with good precision.
A scintillator is a material that luminescence in a suitable wavelength region when
ionizing radiation interacts with it. Interaction of charged particles (alpha particles) with
the scintillator results in emission of photons and the intensity of the emitted light is a
quantitative measure of the incident radiation. The light emitted from scintillator is then
collected at the photomultiplier tube (PMT) which produces signal representative of the
primary radiation. In the case, when scintillator emits photons in the UV region, a
wavelength shifter is added to the scintillator which has intermediate energy levels. In
such cases, the de-excitation takes place via these intermediate energy levels and hence
the wavelength of the emitted photons is shifted from UV to the visible region which is
subsequently recorded in the PMT (as photocathode of most PMTs are compatible with
visible light). The liquid scintillation counter is used to monitor gross alpha activity as it
cannot distinguish between alpha energies and thus cannot be used for alpha
spectrometry.
The liquid scintillation cocktail comprises of a solvent like dioxane or toluene, a
scintillator like PPO (2,5-diphenyl oxazole) and a wavelength shifter such as POPOP
[1,4-bis-2-(5-phenyl oxazolyl)-benzene]. The solvent is the main stopping medium for
radiation and must be chosen to give efficient energy transfer to the scintillating solute. In
case of toluene based scintillator, a suitable extractant such as di(2-ethylhexyl)
phosphoric acid (HDEHP) is also added which facilitates estimation of alpha activity in
the aqueous samples by transferring the radionuclides from the aqueous phase to the
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organic phase. Dioxane based liquid scintillator consist of 0.1 % (v/v) PPO, 0.025 %
(w/v) POPOP and 10 % (w/w) naphthalene. In addition to these, tri-octyl phosphine oxide
(TOPO) is added which acts as an anti-quenching agent so as to suppress the effect of
acid [132, 133]. Naphthalene is added to increase the shelf life of the cocktail mixture. On
the other hand, the toluene based liquid scintillator consists of 10 % (v/v) HDEHP, 0.7 %
(w/v) PPO and 0.03 % (w/v) POPOP. Suitable aliquots (25-100L) of solutions
containing alpha activity were taken in glass vials containing about 5 mL of the liquid
scintillator solution. Each sample was counted for sufficient time so as to get more than
10,000 counts to restrict the statistical counting error to within 1%.

2.4.2. NaI(Tl) Scintillation counter
Sodium iodide activated with 0.1 – 0.2 % of thallium, NaI(Tl), is widely used inorganic
scintillator for the assay of gamma emitting radionuclides. Salient features of the detector
are low cost, ease of operation, and ruggedness [134]. The band gap in NaI crystal is of
the order of 5-6 eV. When a gamma ray falls on the detector its energy is used up either
for excitation of the electrons from the valence band to conduction band or for the
ionization of atom. De-excitation of the electrons from conduction band to the valance
band leads to the emission of photons in the UV region as the band gap is large. To shift
the energy of the emitted photons to the visible region, which is required for the detection
by PMT, NaI crystal is doped with an activator impurity like thallium (Tl) which forms
the intermediate level conduction band. The resolution of NaI(Tl) detector is about 7% at
662 keV. In the present work, a 3” x 3” well type NaI(Tl) detector coupled with a multichannel analyzer (Figure 2.6) has been used for gamma counting. Nearly 100% detection
efficiency for moderate energy photons in a well type NaI(Tl) detector offers great
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advantages for counting of low activity samples. A suitable aliquot (usually 0.1 mL) of
the desired analyte solution was taken in glass counting tubes which was then placed in
the well of the detector. Each sample was counted for sufficient time so as to get more
than 10,000 counts to restrict the counting statistics error to <1 %.

Sample

Fig. 2.6. NaI(Tl) detector used for gamma spectrometry

2.4.3. High purity germanium detector
High purity germanium (HPGe) detector coupled with multichannel analyzer (Figure 2.7)
was employed for gamma ray spectroscopy to check the radiochemical purity and the
estimation of radionuclides like

241

Am,

152,154

Eu,

239

Np,

147

Nd, 59Fe,

99

Mo, 99Tc, etc. The

HPGe detector is made up of highly pure germanium in which the impurity level is
around 1010 atoms/cc and thus it approaches the theoretical pure semiconductor. HPGe is
the most widely used semiconductor detector for gamma spectrometry. The high energy
resolution (typically, 1.9 keV at 1332 keV) is the key feature of this detector due to low
energy band gap (0.7 eV). The major advantage of HPGe detector is that it can be stored
at room temperature [135].
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Top (open) view

Sample

Front view

(a)

Spectra display

(b)

(c)

Fig. 2.7. HPGe detector used for gamma ray spectrometry

However under operating condition, it has to be cooled to liquid nitrogen
temperature. The HPGe detectors are of two types, p-type and n-type. In case of p-type,
the outer surface of the germanium crystal is heavily doped with n-type impurity. As a
result, the detection efficiency falls drastically below 100 keV. On the other hand, n-type
detectors are sensitive to wider range of photon energy. The n-type detector has added
advantages in that it is more resistant to radiation damage in a neutron field as compared
to a p-type detector because the damage sites preferentially trap holes rather than
electrons. The n-type detector is therefore preferred as compared to the p-type detectors.
In the present study, an n-type HPGe detector has been employed.

2.4.4. Spectrophotometer
JascoV-530

UV-Spectrometer

(Figure

2.8)

was

employed

for

UV-Visible

spectrophotometric analysis. The double beam spectrometer is used in which the light
emerging from the monochromatic source is divided into two beams that take parallel but
separate paths through the components. One of the two beams passes through the blank,
which is called as the reference beam. The other passes through sample, which is called
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as the sample beam. Over a short period of time, the spectrometer automatically scans all
the components wavelengths in the manner described. The intensities of these lights beam
are then measured by electronic detector.

Fig. 2.8. UV Visible Spectrophotometer (Jasco, Model V-530)

The software program can then manipulate the intensity of light passing through
the sample (I) and compare it to the intensity of the reference beam (Io) simultaneously to
produce the spectrum of absorbance or transmittance, and is usually expressed as a
percentage (%T). For measurement samples were put in the quartz cell (according to
quantity it was 1-3 mL sample holding cell). Samples and respective blanks were put in
the sample and blank chamber and run the software program.

2.4.5. Dynamic Light Scattering (DLS) spectrometer
The Zetasizer-3000 DLS spectrometer, procured from Malvern Instrument Company, UK
(Figure 2.9) with a 4mW He-Ne laser beam at a wavelength of 632 nm, was used for
aggregate size measurements in organic phases. All the measurements were performed at
a scattering angle of 90° in a cell of 4mm path length with sample size 1.5-2mL at room
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temperature of 25±1°C. The instrument was calibrated using standard colloidal
suspension (polystyrene, Latex) before the size measurement of the actual samples. Each
measurement was repeated at least five times to check the reproducibility of data.

Fig. 2.9. Zetasizer-3000 DLS spectrometer

Fig. 2.10. Brownian motion of particle, interaction and correlation with incident light

The particles suspended in a liquid are under constant Brownian motion due to
random collisions with the molecules of the liquid that surrounds the particles. When a
monochromatic and coherent beam of light falls on such a suspension, the scattered light
photons carry information about the size of the particles. DLS technique measures the
fluctuations in the intensity of the scattered photons, which occur over short time intervals
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due to scattering of the particles undergoing Brownian motion in the solution (Figure
2.10). These fluctuations are described quantitatively by the intensity of the
autocorrelation function, C(τ) of scattered intensity as follows:




C ( )  A 1    P() exp( )d  


0



(1)

where, A is the baseline value, β is an instrumental constant and Г is the characteristic
line width of the distribution function P(Г) and is related to the diffusion coefficient (D)
of the species by the following expression:

  Dq 2

(2)

where, q is the scattering vector, which is constant for a given observation angle and
wavelength of the incident light. Assuming the scattering species as hard sphere, the
apparent hydrodynamic radius (rh) of the species can be calculated through StokesEinstein equation:
rh= kBT /(6πηD)

(3)

Where, kBis the Boltzmann constant, T is the absolute temperature and η is the viscosity
of the dispersion medium.

2.4.6. Viscometer and interfacial tensiometer
The viscosity and the density of liquid samples were measured by a viscometer procured
from Anton Paar, Austria (model number SVM 3000, (Figure 2.11). The interfacial
tension (IFT) values of different samples were measured by Sigma 703D KSV interfacial
tensiometer (Figure 2.12).
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Fig. 2.11. The Anton Paar Viscometer used for the viscosity measurements

Fig. 2.12. The Sigma 703D KSV interfacial tensiometer

2.4.7. Estimation of uranium
2.4.7.1. Spectrophotometry
Uranium could be determined by spectrophotometry using 2-(5-bromo-2-pyridylazo)-5(diethylamino) phenol (Br-PADAP) as a chromogenic reagent in the aqueous phase as
well as in the organic phase [136]. Uranyl ion forms stable intense violet colored complex
with Br-PADAP at pH 7-8 in the alcoholic medium buffered with triethanolamine
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(TEA) which shows absorption maxima at 578nm with molar extinction coefficient of
~70,000.A known volume of uranium solution in standard flask (10mL), 1mL of
complexing solution (1.25g CYDTA + 0.25g NaF + 3.25g sulphosalicylic acid dissolved
in 100mL water adjusted to pH 7.8 with concentrated NaOH), 1mL buffer solution (14g
TEA dissolved in 100mL water adjusted to pH 7.8 with perchloric acid) and 0.8mL BrPADAP solution (50mg Br-PADAP dissolved in 100mL ethanol) were added,
respectively. For organic samples the final volume (10mL) was made up with ethanol,
while for aqueous samples the final volume (10mL) was adjusted with distilled water
after addition of 4mL of ethanol. The final absorption measurements were performed
after 30minute of color development at 578 nm. This method was found to be very
sensitive and no interference of Pu, Th, Al and Fe was observed. The calibration curve
was plotted in the concentration range of 1x10-6M to 1x10-4M with standard uranium
solution. The concentrations of unknown samples were determined from the calibration
plot.
2.4.7.2. Davies Gray titration
Uranium in the concentration above 50μg/mL was estimated volumetrically by DaviesGray method employing potentiometric end point detection [137, 138]. The sample size
was varied between 0.1-0.3 mL. This method involves the reduction of U(VI) to U(IV) by
Fe(II) in the presence of concentrated phosphoric acid solution containing sulphamic acid.
Then the excess Fe(II) is selectively oxidized by nitric acid in the presence of Mo(VI)
which acts as a catalyst. The role of sulphamic acid is to destroy any trace of nitrous acid
present in the solution which may oxidize Fe(II) and U(IV). The resulting U(IV)
phosphate solution is then titrated with standard potassium dichromate solution to
potentiometric end point. A small amount of V(IV) sulphate is added in the solution
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which sharpens the end point. The concentration of uranium in the analyte solution is
calculated from the volume of standard potassium dichromate solution consumed.

2.4.8. Estimation of thorium
2.4.8.1. Spectrophotometry (thoron method)
Th in

microgram

quantities

in

aqueous

samples

could

be

determined by

spectrophotometric method [139, 140]. Thorium forms a red complex with thoron, 2-(2hydroxy-3,6-disulpho-1-napthylazo)benzene arsenic acid, at pH 1-2. The colored
complex has an absorption maximum at 545 nm (ε: ~15500 M-1cm-1). 0.2% solution of
thoron reagent was prepared in distilled water. For sample preparation (10 mL), suitable
Th aliquot, 0.2mL of concentrated HCl and 0.6mL of 0.2% thoron solution were taken in
a standard flask and volume was made up using distilled water. After color development
(~15 minutes after mixing), absorbance measurement of the sample was carried out at 545
nm against blank (0.2% thoron and HCl solution diluted to 10 mL without thorium).
Calibration plot was obtained by measuring the absorbance of various samples at 545 nm.
2.4.8.2. Complexometric titration
When the concentration of thorium was in milligram and higher quantities, the
conventional complexometric titration was followed. A suitable aliquot of Th solution
was titrated against standard EDTA (ethylenediaminetetraacetic acid) solution at pH 3
using xylenol orange as an indicator [140]. The end point of the reaction was the change
of color from deep purple to lemon yellow. The precision of these analyses was ±2%
(~5mg Th). Similarly, the organic phase was also titrated with a precision of ±5% and
each titration was done in duplicates.
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CHAPTER 3: EVALUATION OF N,N-DIHEXYLOCTANAMIDE FOR
REPROCESSING OF Pu RICH FUELS
3.1. Introduction
Reprocessing of spent nuclear fuel is vital for the long-term global nuclear power growth
and is the major motivation to develop novel schemes for the separation of uranium, and
plutonium from other elements with high decontamination factors (DFs). The PUREX
process has undergone several modifications to address to the issues of high burn up,
fewer solvent extraction cycles and reduced waste arising [60]. The evaluation of N,Ndialkyl amides as alternative extractants to tri-n-butyl phosphate (TBP) for reprocessing
of spent fuel have suggested that straight chain N,N-dihexyloctanamide (DHOA) is a
promising candidate for the reprocessing of irradiated uranium based PHWR fuels rather
than TBP [76, 77, 114]. It was found that though uranium extraction using DHOA as
extractant was comparable to that of TBP, DHOA displayed better stripping behavior.
Plutonium extraction behavior was better in the case of DHOA as compared to that of
TBP. During fuel reprocessing, solvent get exposed to high irradiation fields. As a
consequence, severe solvent degradation is expected to occur. The radiolytic degradation
of TBP is well studied with respect to the extraction and stripping behavior of U/Pu, and
hydrodynamic properties such as viscosity, density, and phase disengagement time and
found to be adversely affected as a consequence of the radiolytic degradation of TBP [6164]. These limitations are of particular concern during the reprocessing of short-cooled
thermal reactor fuels as well as fast reactor fuels. The radiolytic stability of DHOA was
investigated to evaluate its performance under varying experimental conditions vis-à-vis
TBP by gamma/alpha radiolysis [101, 141]. TBP showed significant retention of Pu, U,
and fission products in the irradiated TBP as compared to that of DHOA even after
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successive contacts with the stripping solutions. There was an increase in the density and
viscosity for the irradiated solvents (TBP/DHOA). Detailed measurements of interfacial
tension (IFT), viscosity, and phase separation time (PST) under uranium loading
conditions suggested that DHOA can be used for spent-fuel reprocessing with a suitable
adjustment of hydrodynamic parameters [142]. This chapter presents the evaluation of
DHOA vis-à-vis TBP as extractants in batch, mixer settlers as well as in centrifugal
contactor runs under the conditions relevant for reprocessing of Pu rich spent fuels.
99

Tc is an important beta emitting nuclide of concern (t1/2 = 2.11×105 y, Eβ-max. =

295.5 keV) with high fission yield of about 6.13% for thermal neutron induced fission of
235

U for long-term nuclear waste management. Apart from the contamination of U and Pu

products, technetium catalyzes the oxidation of hydrazine, which is used as a nitrite
scavenger in the reductive separation of plutonium from uranium [143]. Therefore,
systematic studies for Tc extraction have been carried out using these extractants under
different experimental conditions. The effect of acetohydroxamic acid (AHA)
concentration on U, Pu, Np, and Tc extraction behavior has been studies. Pu(IV)-AHA
interaction under various process conditions has also been investigated.

3.2. Results and discussion
Prior to different extractions studies, various physical parameters like the dispersion
numbers (NDi), phase disengagement time (PDT) of DHOA were calculated and
compared with different solvents proposed for back-end of fuel cycle operations.
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3.2.1. Measurement of dispersion numbers
The dispersion numbers were measured for (a) 1.1 M DHOA/n-dodecane at 4 M HNO3,
(b) 1.1 M TBP/n-dodecane at 4 M HNO3, and (c) 0.1 M TODGA /n-dodecane at
4 M HNO3 systems [112, 144]. The calculated values were compared with those of
different phosphonate extractants (which have been evaluated or proposed as alternatives
for TBP) for the reprocessing of fast reactor spent fuels (Table 3.1) [145].

Table 3.1: Settling times (tB) and dispersion numbers (NDi) for different extraction
systems; Diluent: n-dodecane; Aqueous phase: 4 M HNO3; T: 298 K
System

tB , s

 Z (m)

NDi

Reference

1.1 M TBP

86

0.201

1.68x10-3

p.w.

1.1 M DHOA

118

0.201

1.21x10-3

p.w.

1.1 M TiAP(a)

63.7

0.200

1.66x10-3

[122]

0.1 M TODGA

95

0.201

1.49x10-3

p.w.

1.1 M DBBP(b)

84

0.200

1.70x10-3

[145]

1.1 M DBHeP(c)

102

0.200

1.40x10-3

[145]

1.1 M DBOP(d)

110

0.200

1.30x10-3

[145]

(a) Triisoamyl phosphate; (b) Dibutyl butyl phosphonate; (c) Dibutyl hexyl
phosphonate; (d) Dibutyl octyl phosphonate; p.w. present work
Based on the phase settling behavior and the dispersion number, the solvent
acceptability criteria has been laid which says that solvents having NDi values between
6x10-4 to 1.4x10-3 will have good phase disengagement rates and those with higher values
will have excellent performance [122]. These measurements suggest that 1.1 M DHOA/
n-dodecane under the specified conditions will have good performance with respect to
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phase disengagement behavior. However, these values may change with experimental
conditions.

3.2.2. Batch distribution studies
Extraction studies were carried out to evaluate 1.1 M DHOA and 1.1 M TBP as
extractants for the reprocessing of U and Pu under varying concentrations of nitric acid
(0.5-6 M HNO3) and of uranium (tracer, 20 & 50 g/L). Figures 3.1-3.4 suggest that
DHOA appears to be a better choice for reprocessing of U and Pu. The plutonium fraction
can be enriched with respect to uranium in the product stream using DHOA as the
extractant [77]. The batch distribution data generated during these studies were used for
the calculation of number of theoretical stages required for quantitative extraction of U
and Pu from 4 M HNO3 solutions in a continuous co-current/counter-current solvent
extraction processes [54].
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Fig. 3.1. Variation of DU with aqueous phase U and HNO3 concentrations; Solvent: 1.1 M
TBP in n-dodecane; T: 298 K; O/A: 1
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Fig. 3.2. Variation of DPu with aqueous phase U and HNO3 concentrations; [Pu]: ~2
mg/L; Solvent: 1.1 M TBP in n-dodecane; T: 298 K; O/A: 1

20
233

U tracer
20 g/L U
50 g/L U

DU

15

10

5

0
0

1

2

3

4

5

[HNO3], M

Fig. 3.3. Variation of DU with aqueous phase U and HNO3 concentrations; Solvent: 1.1 M
DHOA in n-dodecane; T: 298 K; O/A: 1
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Fig. 3.4. Variation of DPu with aqueous phase U and HNO3 concentrations; [Pu]: ~2
mg/L; Solvent: 1.1 M DHOA in n-dodecane; T: 298 K; O/A: 1

Table 3.2: Calculation of number of stages for quantitative extraction (99.9 %) of
uranium and plutonium; [U]: 20 g/L; [Pu]: ~2 mg/L; [HNO3]: 4 M; O/A: 1; T: 298 K
No. of stages for 99.9 % in different modes
Extractant

1.1 M TBP

1.1 M DHOA

Metal ion

DM
Co-current

Counter-current

U(VI)

16

3

3

Pu(IV)

5.7

4

4

U(VI)

9.7

3

3

Pu(IV)

9.5

3

3

Table 3.2 compares the behavior of 1.1 M TBP and 1.1 M DHOA solutions with
respect to quantitative U and Pu extraction from 4 M HNO3 solutions maintaining
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organic-to-aqueous phase ratio (O/A) as 1. It is evident that the two extractants do not
show significant difference during the extraction of the metal ions except plutonium
extraction which is better in case of DHOA.

3.2.3. Mixer settler studies
3.2.3.1. Extraction cycle for U
Uranium extraction studies were performed employing 1.1 M DHOA and 1.1 M TBP
solutions in n-dodecane as solvents. The feed compositions were: 19.4 g/L U at 4.2 M
HNO3 (1.1 M TBP) and 25.4 g/L U (1.1 M DHOA) at 4.0 M HNO3, respectively. The
flow rates of the organic and aqueous phases were maintained as ~5 mL/minute. Overall
organic to aqueous phase ratio (O/A) was maintained as 1.1. Analysis of the EXIT
samples (organic and aqueous) suggested that equilibrium condition was reached after
passing both the phases equivalent to one bed volume (~1300 mL). During the runs using
1.1 M TBP/n-dodecane as the extractant, the organic phase uranium concentration
increased gradually from Stage 1 (5x10-3g/L) to Stage 8 (17 g/L) (Figure 3.5). Similar
increase was observed in nitric acid concentration in the organic phase [Stage 1 (0.6 M) to
Stage 8 (0.8 M)]. The loaded organic phase composition was 17.0 g/L U + 0.9 M HNO3
and that of raffinate was 8.5x10-4 g/L U + 3.11 M HNO3. Similar run employing 1.1 M
DHOA/n-dodecane as the extractant showed that organic phase uranium concentration
increased from Stage 1(3x10-3g/L) to Stage 8 (24.5 g/L) (Figure 3.6).
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Fig. 3.5. Stage analysis data for U extraction; Feed: 19.4 g/L U at 4.2 M HNO3; Solvent:
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Fig. 3.6. Stage analysis data for U extraction; Feed: 25.4 g/L U at 4.0 M HNO3; Solvent:
1.1 M DHOA in n-dodecane; T: 298 K; O/A: 1.08
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Nitric acid concentrations in loaded 1.1 M TBP and DHOA phases were 0.8 M
and 0.9 M, respectively. The loaded organic phase composition was 24.5 g/L U + ~1.0 M
HNO3 and that of raffinate was 2.0x10-4 g/L U + 2.8 M HNO3. These studies suggested
that uranium loss to raffinate and the acid uptake by the organic phase were comparable
in both the extractants.

3.2.3.2. Extraction cycle for Pu
Figures 3.7 and 3.8 show the stage wise extraction profiles of Pu(IV) (2 mg/L, ~10-4 M) at
4 M HNO3 using 1.1 M TBP and 1.1 M DHOA dissolved in n-dodecane as solvents. Flow
rates of the organic and aqueous phases were maintained as 9 and 10 mL/min,
respectively (O/A: 0.9). The equilibrium condition was achieved within 90 minutes in the
case of DHOA; while ~120 minutes were required for TBP system. Stage analysis data
showed that whereas 4 stages were sufficient for quantitative Pu extraction using 1.1 M
DHOA as extractant; > 6 stages were required for 1.1 M TBP.
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Fig. 3.7. Stage wise concentration profile of Pu(IV) during extraction cycle; Feed: 2 mg/L
Pu at 4.0 M HNO3; Solvent: 1.1 M TBP in n-dodecane; T: 298 K; O/A: 0.9
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Fig. 3.8. Stage wise concentration profile of Pu(IV) during extraction cycle; Feed: 2 mg/L
Pu at 4.0 M HNO3; Solvent: 1.1 M DHOA in n-dodecane; T: 298 K; O/A: 0.9
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3.2.3.3. Stripping Studies
The loaded organic phases from U and Pu extraction cycles were used as feed solutions
for stripping studies employing 12 stage mixer settler unit. The experimental details are
listed in Table 3.3. These studies clearly demonstrate DHOA is better with respect to U
and Pu stripping behavior. Whereas quantitative stripping of uranium could be achieved
employing DHOA as extractant while only 33 % Pu stripping was possible without
reducing agent. By contrast, ~88 % (U) and 28 % (Pu) stripping can be was achieved
employing TBP as extractant. This data indicated towards the need of reducing agent for
Pu stripping.
Batch stripping studies (in co-current mode using fresh 0.5 M HNO3 as strippant)
reported earlier showed that only six stripping stages were sufficient for quantitative
stripping of Pu from loaded DHOA phase. On the other hand, >10 stages were required
for quantitative Pu stripping from loaded TBP phase and it became further difficult with
the aging of the organic phase. By contrast, no such Pu retention was observed for aged
DHOA solution [76]. The decreased stripping % in the current study was attributed to the
acid build up in the aqueous phase during the counter-current mixer settler run. ~ 1M
HNO3 was present in the loaded organic phases during extraction cycles for both the
extractants.
Stripping behavior of plutonium from loaded organic phases was compared under
identical experimental conditions employing 0.5 M NH2OH + 0.5 M HNO3 as stripping
solution maintaining organic-to-aqueous phase ratio (O/A) as 1. Whereas two contacts
with the stripping solution was sufficient for quantitative removal of plutonium (>99.9%)
from DHOA solutions; 3-4 contacts were required in the case of TBP. Interestingly, aged
Pu loaded TBP phases showed very poor stripping of Pu essentially due to the formation
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of the troublesome degradation products viz. dibutyl phosphate (DBP) along with the
higher homologues of TBP, which are strong metal complexants [141].

Table 3.3: Comparison of performance of TBP and DHOA during 12 stage mixer settler
runs for uranium and plutonium stripping from separately loaded (either with U or Pu) 1.1
M TBP and 1.1 M DHOA solutions in n-dodecane at flow rate ~10 mL/minute
Parameters

1.1 M TBP
U

1.1 M DHOA
Pu

U

Pu

Loaded

17.0 g/L,

10500 cpm /50λ,

24.5 g/L,

8000 cpm /50λ,

organic phase

0.9 M HNO3

0.7 M HNO3

0.9 M HNO3

0.7 M HNO3

Strippants

0.01 M HNO3 0.1 M HNO3

0.01 M HNO3

0.1 M HNO3

O/A (stripping)

1

0.9

0.9

0.9

[M]org, stripped

2.1 g/L U

7600 cpm /50λ

0.1 g/L U

5400 cpm /50λ

[M]aq, stripped

15.2 g/L

2900 cpm /50λ

22.2 g/L

2600 cpm /50λ

[H+]aq, Stripped

0.6 M

0.7 M

0.3 M

0.6 M

Stripping %

87.6

~28

99.6

~33

3.2.4. Centrifugal contactor runs
3.2.4.1. Optimization of uranium extraction conditions
The operational parameters such as flow rate and rotor speed (rotations per minute, rpm)
were optimized for U(VI) extraction from nitric acid solutions using two centrifugal
contactors. Counter-current extraction studies were carried out using ~20 g/L U(VI) at 4
M HNO3 as the aqueous phase and 1.1 M TBP/n-dodecane as the solvent at different flow
rate & rotor speed (rpm) employing two stage centrifugal contactor (bowl volume: 200
92

Chapter III

mL) units. The extraction conditions used in this study were: (i) organic & aqueous phase
flow rate(s): 20, 50, 100, 200 mL/min, and (ii) motor speed: 1500 to 4500 rpm (Figure
3.9). There was a gradual decrease with increased flow rate and motors rpm suggesting
that time available for achieving equilibrium condition was not sufficient at higher flow
rates and rpm. Based on these studies, the optimum flow rates and rpm were chosen as
20mL/min, 1500 rpm, respectively.
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Fig. 3.9. Variation of U extraction (%) with flow rate and motor rotation using two stage
centrifugal contactor; Feed: 20 g/L U at 4.0 M HNO3; Solvent: 1.1 M TBP in ndodecane; T: 298 K

3.2.4.2. Effect of feed acidity on uranium extraction/stripping
Uranium extraction studies were carried out using ~20 g/L U at 1-4 M HNO3 as the
aqueous phases and 1.1 M TBP and 1.1 M DHOA solutions in n-dodecane as the
solvents. The extraction/stripping conditions used in this study were: (i) organic &
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aqueous phase flow rate: 20 mL/min, and (ii) motor rotation: 1500 rpm. Table 3.4
compares the extraction and stripping behavior of the two solvents under the conditions
of this study.

Table 3.4: Uranium extraction and stripping behavior as a function of feed acidity in two
stage counter-current runs using centrifugal contactors; [U(VI)] feed: 20 g/L; Strippant:
distilled water (D.W.); T: 298 K
[HNO3]feed,

Extraction cycle

M

%U

Stripping Cycle

[HNO3]org, M

% U Stripping

[HNO3]org, M

Extraction
1.1 M

1.1 M

1.1 M

1.1 M

1.1 M

1.1 M

1.1 M

1.1 M

TBP

DHOA

TBP

DHOA

TBP

DHOA

TBP

DHOA

1

80.4

66.1

0.2

0.1

77.4

94.1

0.05

0.03

2

86.8

79.9

0.4

0.37

50.6

86.6

0.06

0.07

3

88.9

88.8

0.6

0.47

47.8

84.5

0.12

0.10

4

97.6

96.0

0.7

0.62

41.2

83.3

0.22

0.11

As expected, uranium extraction increased with increased feed acidity for both the
extractants. Stripping studies of uranium from loaded organic phase were carried out
using distilled water. The stripping of uranium decreased with increased feed acidity
(employed during extraction cycle). This behavior was explained in terms of acid reflux
during the stripping cycle. These studies suggested that uranium extraction ability of
DHOA at 3-4 M HNO3 as feed acidity, is comparable to that of TBP. However, stripping
behavior is better than that of TBP.
94

Chapter III

In next step uranium extraction and stripping studies carried out employing two
stage centrifugal contactors using feed solutions containing ~ 20 and ~50 g/L U at 4 M
HNO3 (according to Pu rich spent fuel) and distilled water as feed and strip solutions,
respectively. Table 3.5 summarizes the performance of the two extractants in extraction
and stripping cycles.

Table 3.5: Comparison of uranium extraction and stripping behavior in two stage
counter-current runs using centrifugal contactors; Feed acidity: 4 M HNO3; Strippant:
Distilled water (D.W.); T: 298 K
[U]feed,
g/L

Extraction cycle
O/A

% U Extraction

Stripping Cycle

[HNO3]org, M

% U Stripping

[HNO3]org, M

1.1 M

1.1 M

1.1 M

1.1 M

1.1 M

1.1 M

1.1 M

1.1 M

TBP

DHOA

TBP

DHOA

TBP

DHOA

TBP

DHOA

20

1

97.6

96.0

0.70

0.62

41.2

83.3

0.22

0.11

54.5

1

95.4

91.1

0.76

0.79

45.3

70.0

0.24

0.12

54.5

2

99.0

92.5

0.88

0.70

48.3

72.0

0.20

0.11

It is evident that TBP appears marginally better than DHOA in the extraction
cycle. However, DHOA is distinctly better than TBP in the stripping cycle. Similar mixer
settler runs employing 1.1 M TiAP (tris(isoamyl)phosphate)/n-dodecane on a typical feed
solution (66.94 g/L U(VI) + 31.75 g/L Pu(IV) at 3.66 M HNO3) showed that 3-4 stages
were required for the extraction of U(VI) and Pu(IV) without any loss of heavy metals
into the raffinate stream. However, the stripping run (using 4 M and 0.01 M HNO3
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solutions) indicated that ~16 stages were required for quantitative stripping of U(VI) and
Pu(IV) from the loaded organic phase [117].

3.2.4.3. Studies on simulated fast reactor spent fuels feed solution
Centrifugal contactors runs were carried out for the reprocessing of fast reactor spent
fuels under simulated conditions (Feed: 50.5 g/L U + 1.5 mg/L Pu at ~ 4 M HNO3) using
1.1 M TBP and 1.1 M DHOA solutions in n-dodecane. Pu was taken in trace
concentrations under the conditions of this study due to experimental limitations. Flow
rate and rpm were maintained as 20 mL/minutes, 1500 rpm, respectively (Table 3.6).

Table 3.6: Simulated fast reactor spent fuels reprocessing by centrifugal contactor runs;
Feed: 50.5 g/L U + 1.5 mg/L Pu at ~ 4 M HNO3; Solvents: 1.1 M TBP and 1.1 M DHOA
solutions in n-dodecane; Flow rate ~10 mL/minute; RPM: 1500
Cycle

U

Pu

1.1 M TBP

1.1 M DHOA

1.1 M TBP

1.1 M DHOA

Extraction (%)

95.3

95.6

94.5

>99.9

Partitioning (%)

4.95

19.8

78.5

80.5

U stripping (%)

74.8

> 95.4

--

--

Based on these runs, the following observations were made: (a) U extraction
ability of DHOA was comparable to TBP (~95 %), (b) Pu extraction ability of DHOA
(>99.9 %) was better than TBP (94.5 %), (c) Pu stripping comparable was comparable
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(78-80 %) in both the solvents due to acid build up in the aqueous phase, (d) U loss
during partitioning cycle was more for DHOA (19.8 %) than for TBP (5.0 %), and (e) U
stripping was better for DHOA (95.4 %) than for TBP (74.8 %).

3.3. Tc extraction studies
As a part of the Advanced Fuel Cycle Initiative (AFCI), UREX+ (URanium Extraction)
process have been developed at Argonne National Laboratory, U.S.A., which consists of
five solvent extraction steps that separate dissolved spent fuel into seven fractions [146,
147]. The five solvent-extraction steps were: (i) UREX: quantitative extraction of uranium
and technetium; (ii) CCD-PEG (chlorinated cobalt dicarbollide - polyethylene glycol):
recovery of Cs and Sr; (iii) NPEX: recovery of plutonium and neptunium; (iv) TRUEX:
recovery of Am, Cm, REE (Rare Earth Elements) and fission products; and (v) Cyanex
301(bis(2,4,4-trimethylpentyl) dithiophosphinic acid): separation of Am and Cm from
REE.
The UREX process focuses on the co-extraction of uranium and technetium at 1 M
HNO3. Upon dissolution of spent nuclear fuel in nitric acid, technetium passes into
solution as pertechnetate ions. The solvent for the UREX process is the typical PUREX
solvent, viz.; TBP dissolved in n-dodecane (30% v/v). In this process, a reductant /
complexant is added to the scrub cycle to limit the extractability of plutonium and
neptunium. The feed and the scrub are adjusted to 1 M HNO3 to enhance the
complexation of Pu and Np and increase the extractability of pertechnetate ion. The
solvent, now loaded with uranium and technetium, is stripped of technetium in the TcStrip section using a high concentration of nitric acid. The Tc product stream is scrubbed
of uranium in the Uranium Re-extraction Section. The combined solvent is then scrubbed
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of excess nitric acid before entering the U-Strip section, where dilute nitric acid removes
uranium from the solvent.
Hydroxamic acids (RCONHOH) are organic ligands which can act as strong
chelating agents of metal ions by the formation of five-membered chelate rings (Figure
3.10). As O,O donor ligands, they have a strong affinity for ‘hard' metal ions such as Pu4+
[148]. Simple hydroxamates such as formohydroxamic acid (FHA, R = H) and
acetohydroxamic acid (AHA, R = CH3) are hydrophilic ligands which are not extracted in
to organic phase to any appreciable degree. Aqueous soluble FHA and AHA were found
to be very effective for the separation of U from Np and Pu as they reduce neptunium and
plutonium rapidly. Both FHA and AHA have been reported to form a red complex with
Pu(IV) ions, which transform into the blue Pu(III) complex after standing for several
hours. Hydroxamic acids undergo hydrolysis and form hydroxylamine and the pertinent
carboxylic acid [149].
RCONHOH + H2O + H+ ↔ RCOOH + NH3OH+

(3.1)

Fig. 3.10. Structure of hydroxamic acid
The hydroxamic acids are used at <3 M HNO3, where the acid hydrolysis is
suppressed [150]. The hydroxamic acid instability in nitric acid did not affected
operations of centrifugal contactors, where the processing time is expected to be short
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compared to the measured destruction half-life in nitric acid [151]. The strength of
interaction of hydroxamic acids with actinides is quantified by stability constant data
[152, 153].

3.3.1. Effect of acidity
Extraction studies of Tc(VII) were carried out at varying acidities (0.5 – 6 M HNO3) as
pure tracer (99Tc) as well as in the presence of 50 g/L U in the aqueous phase using 1.1 M
TBP and 1.1 M/1.5 M DHOA solutions in n-dodecane (Figure 3.11). Higher
concentration of DHOA was chosen in view of the relatively lower extraction of U by 1.1
M DHOA as compared to that of 1.1 M TBP [77]. When DHOA was used as extractant,
the distribution ratio of Tc (DTc) initially increased with acidity from 0.5 M HNO3, passed
through a maximum at ~ 2-3 M HNO3, and decreased thereafter.
The initial increase in DTc was explained in terms of the formation and extraction
of pertechnetic acid, HTcO4, as the extractable species with increased nitric acid
concentration. On the other hand, the decrease in DTc values at higher acidity was
attributed to the competition from the extracted nitric acid. HTcO4 formation will be
favored at higher acidities, the extraction of nitric acid in the organic phase effectively
reduces the free extractant concentration thereby suppressing the extraction of
technetium. El-Kot and Pruett reported similar observation in the case of 1.1 M TBP as
the extractant, however, the extraction maximum was observed at 0.5-0.6 M HNO3 [154,
155].

99

Chapter III

2.8
1.1
1.1
1.5
1.1
1.1
1.5

2.4
2.0

M
M
M
M
M
M

TBP
DHOA
DHOA
TBP @ 50 g/L U
DHOA @ 50 g/L U
DHOA @ 50 g/L U

DTc

1.6
1.2
0.8
0.4
0.0
0

1

2

3

4

5

6

7

[HNO3], M

Fig. 3.11. Variation of DTc with aqueous phase acidity; T: 298 K

It was of interest to investigate the effect of uranium loading (50 g/L U) on Tc
extraction. Remarkable enhancement in the extraction of technetium in the presence of
uranium was noted at lower nitric acid concentrations (< 0.1 M). There was a minor
decrease in DTc value from 0.48 (no U) to 0.3 (50 g/L U at 1 M HNO3) in case of 1.1 M
TBP [156]. While DHOA data indicate towards the salting out effect of uranium which
facilitates the formation of HTcO4 leading to its enhanced extraction. U extraction was
higher in the case of TBP as extractant as compared to that of DHOA [77]. This suggests
that presence of higher concentration of uranium in the case of latter, which reduces the
water activity and favors the formation of HTcO4 and followed by its extraction in the
organic phase. It appears that mixed uranium-technetium complexes are responsible for
higher extraction at > 2 M HNO3 as shown by the following equilibrium:
UO2(NO3)2(L)2 + TcO4- ↔ UO2(NO3)(TcO4)(L)2 + NO3Where L = TBP or DHOA
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These studies suggest that DHOA appears better for Tc recovery as compared to
TBP under UREX process conditions. Similar observations were made during the coextraction behavior of Tc(VII) and U(VI) by n-octyl(phenyl)-N,N-diisobutylcarbamoylmethylphosphine oxide (CMPO) from nitric acid solution [157].

3.3.2. Stoichiometry of the extracted species
To find out the nature of extracted species, Tc extraction studies were carried out as a
function of DHOA concentration at different acidities (0.5, 1 and

4 M HNO3). Figure

3.12 shows a gradual decrease in slope values with increased aqueous phase acidity

DTc

(3.93±0.04 (0.5 M HNO3) to 2.48±0.01 (4.0 M HNO3)).
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Fig. 3.12. Variation of DTc with DHOA concentration at different acidities; T: 25oC

This suggests increasing competition of nitric acid with pertechnetic acid (HTcO4)
for extractant molecules. Similar observations have been reported during technetium
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extraction using TBP as the extractant [109]. In TBP system where only three extractant
molecules were present in the extracted species at 1 M HNO3, more than three DHOA
molecules (slope: 3.58±0.04) were found to be associated with the extracted species. This
makes the extracted species involving DHOA more organophilic as compared to that of
TBP resulting in higher extraction of Tc. A step-wise reduction in the coordination of
HTcO4 with DHOA for increasing HNO3 concentration of the aqueous phase can be
expressed by the following equilibrium reactions:
H+aq + TcO4-aq + 4 DHOA = HTcO4•4 DHOAorg

(3.3)

HTcO4•4 DHOAong + H+aq + NO3-aq = HTcO4•3 DHOAorg + HNO3• DHOAorg

(3.4)

HTcO4•3 DHOAong + H+aq + NO3-aq = HTcO4•2 DHOAong + HNO3• DHOAorg

(3.5)

It appears that at 0.5 M HNO3 equation (3.3) dominates while at 4 M HNO3
equations (3.4) and (3.5) are dominating. Generally amides extract nitric acid by forming
1:1 amide-HNO3 adducts as the predominant species [109]. The free extractant
concentration was calculated by subtracting the organic phase nitric acid concentration.
The later was measured by titration of the organic phase.

3.3.3. Effect of acetohydroxamic acid
Extraction of Pu and Np need to be suppressed to ensure selective extraction of U and Tc
from spent fuel dissolver solution. In this context, an attempt was made to compare the
extraction data of Tc, U, Pu, and Np for 1.1 M DHOA and 1.1 M TBP for the aqueous
phases containing 50 g/L U and 0.5/1.0 M AHA solutions at 1 M HNO3. Table 3.7 lists
the distribution data of U, Pu, Np and Tc in the presence of 50 g/L U at 1 M HNO 3
containing 0.5 M and 1.0 M AHA.
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Table 3.7: Extraction data of different metal ions in the presence of 50 g/L U at 1 M
HNO3; extractants: 1.1 M TBP & 1.1 M DHOA in n-dodecane; T: 298 K
Metal

DM at 50 g/L U in 1 M HNO3

ions

0.5 M AHA

1.0 M AHA

1.1 M

1.1 M

1.5 M

1.1 M

1.1 M

1.5 M

TBP

DHOA

DHOA

TBP

DHOA

DHOA

Tc(VII)

0.3

1.1

1.9

0.3

1.1

1.9

U(VI)

3.9

2.0

3.7

3.8

2.0

3.7

Pu(V)

2.2x10-2

~10-4

7.4x10-3

8.8x10-3

~10-4

4.7x10-3

Np(IV)

1.9x10-2

4x10-3

6.0x10-3

1.2x10-3

1.0x10-3

6.0x10-3

Distribution ratio values of uranium and technetium were invariant in the
absence/presence of AHA in the aqueous phase. It is also evident that DHOA offers better
Tc recovery as compared to that of TBP. Typically, >50 % extraction of Tc can be
achieved using 1.1 M DHOA maintaining organic-to-aqueous phase ratio as 1; while only
~23 % Tc can be extracted under identical conditions using 1.1 M TBP as the extractant.
This data indicates that number of stages required for quantitative extraction of Tc will be
lower in the case of 1.1 M DHOA and 1.5 M DHOA as compared to that of 1.1 M TBP.
In addition, DHOA offers better decontamination for Tc over Pu and Np than that of
TBP.
Figure 3.13 compares the separation factor (SF) values of U over Pu/Np for 1.1 M
TBP, 1.1 M DHOA and 1.5 M DHOA solutions as extractants in the presence of 50 g/L U
at 1 M HNO3. The data suggest that 1.1 M DHOA is better than 1.1 M TBP as extractant
for selective extraction of U over Pu/Np under the conditions of the experiment. The SF
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values for U over Pu (DU/DPu) are significantly higher for 1.1 M DHOA (~20,000) than
those for 1.1 M TBP (180) and 1.5 M DHOA (500) using 0.5 M AHA in the aqueous
phase. Use of 1.0 M AHA marginally improved the SF values U over Pu/Np for all the
extractants.
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1.0
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M
M
M
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AHA
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AHA

1.5 M DHOA

Extractant

Fig. 3.13. Separation factors with DHOA and TBP in n-dodecane; aqueous phase: 50 g/L
U at 1 M HNO3 containing AHA; T: 298 K; M: Pu or Np

3.3.4. Stability of acetohydroxamic acid
AHA proposed in UREX+ process to reduce Np and Pu and the resultant hydrophilic
complexes were need to be separated from U by extraction with TBP. Few reports
suggest that pertechnetate ion can be reduced to Tc by AHA over long periods, which can
alter its fate in the fuel cycle [158]. Therefore, the effect of time of equilibration on DTc
and DPu values from 1.0 M HNO3 containing 0.5 M AHA (proposed scrub composition
for UREX process) using 1.1 M TBP and 1.5 M DHOA as the solvents (Figure 3.14) has
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also investigated. There was marginal variation in the extraction data of Tc and Pu under
the conditions of present work. On the other side, minor decrease in DTc values for both
TBP and DHOA were observed. The kinetics was too slow to affect its extraction profile
under the process conditions as it takes 1-3 hours to complete the process.
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Fig. 3.14. Variation of DM (M=Tc, Pu) with time of equilibration; Organic phase: 1.5 M
DHOA & 1.1M TBP in n-dodecane; aqueous phase: 0.5 M AHA at 1 M HNO3; T: 298 K

3.3.5. Spectrophotometric investigation on Pu-AHA interaction
The speciation of Pu(IV) in the presence of varying concentrations AHA (2x10-4 – 0.5 M)
in 1 M HNO3 undergoes significant changes. Earlier studies have demonstrated that three
Pu-acetohydroxamate species are formed [159]. Under conditions of low AHA
concentrations (0.1M AHA), mainly the mono-acetohydroxamate species of Pu are
formed. However, under UREX process conditions (≥ 0.1M AHA), the diacetohydroxamate species of plutonium becomes predominant and also concentration of
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Pu-tri-acetohydroxamate species grows up. Figure 3.15 shows Pu(IV) absorption spectra
is unaffected upto 2x10-3 M AHA concentration beyond which a significant enhancement
in the absorbance values was observed due to Pu-AHA complexation. The color of the
solution changed to dark brown/red Pu(IV)-hydroxamate complexes depending on AHA
concentration.

0.6

1.8
No AHA
-4
[AHA] = 2x10 M
-3
[AHA] = 2x10 M
-2
[AHA] = 2x10 M
[AHA] = 0.2 M
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0.5
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1.5
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Fig. 3.15. Effect of AHA concentration on Pu(IV) absorption spectra; [Pu(IV)]:
2×10-3 M at 1 M HNO3
The hydrolytic instability of hydroxamic acids should be taken in to consideration
during the development of a process flow sheet. The effect of aqueous phase acidity and
time on the absorption spectra of Pu-AHA complexes were presented in Figures 3.16 and
3.17. AHA complexation decreases with increased acidity from 1 to 4 M HNO3.
Similarly, decrease in absorbance of Pu(IV)-AHA complex with time were noted. Only
marginal decrease in the absorbance takes place within 60 minutes duration which
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indicates towards an induction period for the hydrolysis and reduction of Pu(IV) to
Pu(III).
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Fig. 3.16. Absorption spectra of Pu(IV)-AHA complex at different acidities; [Pu]:
2×10-3 M; [AHA]: 0.5 M
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Fig. 3.17. Absorption spectra of Pu(IV)-AHA complex; Sample: 2×10-3 M Pu(IV) + 0.5
M AHA at 4 M HNO3
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Fig. 3.18. Absorption spectra of Pu(IV)-AHA complex; [Pu]: 2×10-3 M; [AHA]: 0.5 M
AHA at 1-4 M HNO3; Duration: 1270 minutes; Pu(IV) spectrum is given for comparison
purpose
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Fig. 3.19. Absorption spectra of Pu(IV) in organic extracts at 1 M HNO3; diluent: ndodecane
Figure 3.18 shows signatures of the formation of Pu(III) in the presence of 0.5 M
AHA at 1, 2 and 4 M HNO3 after 1270 minutes. Hydroxyl amine formed as a result of
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hydrolysis of AHA is responsible for reduction of Pu(IV). Figure 3.19 shows a red shift in
the characteristic wavelength of aqueous Pu(IV) absorption (476 nm) in the organic
extracts, viz. 1.1 M TBP (489 nm) and 1.1 M DHOA (499 nm). This is in conformity with
the relatively high affinity of DHOA for Pu over TBP [77].
The absorption spectra of the organic phase/extract of Pu(IV)-AHA at 1 M HNO3
were also recorded for 1.1 M TBP and 1.1 M DHOA solutions in n-dodecane. Results are
presented in Figure 3.20. It clearly demonstrates that Pu extraction observed in the case of
TBP indicate the ternary complex extraction. This was also evident from visual
observation of the TBP extract which became light brown color after extraction. By
contrast, no extraction was observed in the case of DHOA as extractant. This explains
why DHOA offers better separation factor for U and Tc over Pu as compared to that of
TBP under UREX process conditions.
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Fig. 3.20. Absorption spectra of extracted Pu(IV)-AHA complex; aqueous phase: 2×10-3
M Pu(IV) + 0.5 M AHA at 1M HNO3
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CHAPTER 4: EXTRACTION STUDIES OF 237Np USING
N,N-DIHEXYLOCTANAMIDE
4.1. Introduction
237

Np is one of the important nuclides for nuclear waste management, because of its long

half-life and high radio toxicity. It is generated in significant quantities in Pressurized
Water Reactors (PWRs) as well as in fast reactors. The spent fuel dissolver solution
mainly contains uranium, plutonium, minor actinides (mainly Np, Am & Cm),
fission/activation products, structure elements and process chemicals. Therefore, it is
important to understand its process chemistry particularly while developing new
extractants for spent fuel reprocessing. Neptunium in nitric acid solution can exist
simultaneously in three oxidation states, viz. Np(IV) (Np4+), Np(V) (NpO2+) and Np(VI)
(NpO22+) which are produced by the following disproportionation reaction depending on
the nitric acid concentration [160]:
2NpO2+ + 4H+ ↔ NpO22+ + Np4+ + 2H2O

(4.1)

These oxidation states of Np exhibit different extraction behavior towards tri-butyl
phosphate (TBP) in nitric acid medium. Whereas, Np(VI) is easily extracted, Np(IV) is
relatively poorly extractable, and Np(V) is nearly inextractable [161]. The presence of
nitrous acid affects the oxidation state of neptunium in nitric acid medium.
Thermodynamically, HNO2 is capable of reducing Np(VI) to Np(V), since the formal
potential values for NO3-/HNO2 and Np(VI)/Np(V) redox pairs are close to each other,
0.94 and 1.138 V/NHE (normal hydrogen electrode), respectively. At the same time,
HNO2 is also known to catalyze Np(V) oxidation with HNO3. When nitrous acid is more
than ca. 10-4 M, it acts as a reductant and reduces Np(VI) to Np(V). Thus, the extent of
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Np(V) oxidation in HNO3 medium is extremely sensitive to HNO2 concentration [162,
163]:
2NpO2++ 3H+ + NO3- ↔ 2NpO22+ + HNO2 + H2O

(4.2)

These oxidation states are easily interconvertible, depending on the nitric acid and
nitrous acid concentrations. The interconversion of NpO2+ to Np4+ requires an extensive
rearrangement of the primary coordination sphere of NpO2+ (i.e., a change in the linear
dioxo-structure) before electron transfer. This results in a relatively high activation barrier
and therefore the rate of the disproportionation is slow.
In commercial PUREX reprocessing plants, Np is separated from uranium during
the Uranium Purification (UP) cycle. Np(VI) is converted to Np(V) and is rejected to the
aqueous raffinate [164]. The strategy of Partitioning of long-lived radionuclides followed
by Transmutation (P&T) envisages the complete removal of minor actinides from
radioactive waste solutions and their subsequent burning in the reactors/accelerators
[165]. There is no universal process known so far for minor actinide partitioning from
HLW.
Various diglycolamide derivatives, N,N,N′,N′-tetraoctyl diglycolamide (TODGA),
and N,N,N′,N′-tetra(2-ethylhexyl) diglycolamide (TEHDGA) have been identified for
partitioning of HLW due to their favorable physicochemical properties [166, 167]. These
extractants suffer from a serious limitation of third-phase formation during the metal ions
extraction under HLW conditions. It becomes essential to use phase modifiers along with
these extractants during actinide partitioning studies. In this context, the presence of
uranium in HLW solution adds to the loading for the proposed extractants and may
aggravate the third-phase formation problem. The PHWR-HLW is expected to contain
~30mg/L
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Np, ~100 mg/L of Am (241Am +
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lanthanides in addition to unrecovered U/Pu and large number of fission products,
activation products, and process chemicals [33]. It was thought of interest to optimize
conditions for co-recovery of U, Pu and Np from the HLW. This step may simplify the
subsequent actinide partitioning step. Several important studies have been reported on the
process chemistry of Np which deals with its redox behavior, extraction and process
control using TBP as extractant [167-176].
This chapter presents the extraction studies of Np using DHOA and TBP as
extractants relevant to Pu rich fast reactor and Pressurized Heavy Water Reactor (PHWR)
spent fuels. Also, conditions for co-recovery of U, Pu, and Np have been optimized using
1.1M TBP and 1.1M DHOA dissolved in n-dodecane as solvents under PHWR-HLW
conditions for simplifying the subsequent actinide partitioning steps.

4.2. Results and discussion
4.2.1. Tracer studies
Figures 4.1 & 4.2 compare U(VI), Pu(IV), Np(IV) and Np(VI) extraction data of 1.1 M
TBP and 1.1 M DHOA solutions in n-dodecane as solvents, as a function of nitric acid
concentration in the aqueous phase. It is evident that TBP is a better extractant for U(VI)
and Np(VI) ions than DHOA and DU(VI) > DNp(VI) for both the extractants. However,
Np(IV) extraction is comparable to TBP at higher acidities (≥ 3 M HNO3). DHOA
displays distinctly better stripping behavior for Np(IV) at lower acidities even without the
use of any reducing agent. Table 4.1 shows the distribution behavior of Np(IV) and
Np(VI) with 1.1 M TBP and 1.1 M DHOA in n-dodecane.
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Fig. 4.1. Extraction of metal ions as a function of acidity; Solvent: 1.1 M TBP/ndodecane; T: 298 K
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Fig. 4.2. Extraction of metal ions as a function of acidity; Solvent: 1.1 M DHOA/ndodecane; T: 298 K
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Table 4.1: Comparison of Np distribution behavior using TBP & DHOA as extractants;
Diluent: n-dodecane; T: 298 K
[HNO3], M

1.1 M TBP

1.1 M DHOA

DNp(IV)

DNp(VI)

DNp(IV)

DNp(VI)

1

1.8(±0.2)

5.1(±0.1)

0.18(±0.02)

1.61(±0.01)

2

2.8(±0.1)

11.4(±0.8)

0.53(±0.01)

4.4(±0.3)

3

3.5(±0.1)

13.1(±0.8)

2.7(±0.2)

7.8(±0.8)

4

7.6(±0.4)

14.7(±0.6)

4.6(±0.1)

8.3(±0.2)

5

8.2(±0.2)

16.5(±0.1)

6.0(±0.1)

11.8(±1.2)

6

5.8(±0.4)

14.3(±0.7)

7.7(±0.1)

14.4(±0.30)

4.2.2. Evaluation of extraction constants of Np(IV) and Np(VI) using DHOA as
extractant
The extraction of Np(IV) and Np(VI) by DHOA (A) can be given by the equations (4.3)
and (4.4):
4+

Np

aq

+

4NO3-aq

Kex, Np(IV)
+ mAorg ↔ Np(NO3)4·mA org

Kex, Np(VI)
NpO22+aq + 2NO3-aq + nAorg ↔ NpO2(NO3)2·nAorg

(4.3)

(4.4)

Where, Kex,Np(IV) and Kex,Np(VI) are the equilibrium constants for the biphasic extraction
reactions (4.3 and 4.4), and their values can be expressed as:
Kex,Np(IV) = aNp(NO3)4·nAorg /(aNp4+aq · a4NO3-aq · amAorg)
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Kex,Np(VI) = aNpO2(NO3)2·nAorg /(aNpO22+aq·a2NO3-aq · anAorg)

(4.6)

The terms involved in equilibrium expressions (4.5) and (4.6) refer to the
activities of species. The subscripts aq. and org. represent the aqueous and the organic
phases, respectively. In view of the tracer concentrations of Np(IV) and Np(VI), the
equilibrium constants (Kex) for the extraction of Np(IV) and of Np(VI) were calculated
using the following approximations: (a) the activity coefficients of the metal ion in the
aqueous phase as well as of the metal solvate in the organic phase are assumed to be
unity. Since, the concentration of the metal ions is in the trace level, and (b) [A]free is
assumed to be equal to the activity of free amide (aA). The activity of nitrate ion (a NO )
3

was used for the calculation of equilibrium constants [177]. Therefore, the activity terms
involving metal ions species can be expressed in terms of their respective concentrations.
Kex,Np(IV) = [Np(NO3)4·mA]org /([Np4+]aq · aNO3-4aq · [A]morg)

(4.7)

Kex,Np(VI) = [NpO2(NO3)2·nA]org /([NpO22+]aq · aNO3-2aq · [A]norg)

(4.8)

Various species of Np(IV) in the aqueous phase may be present such as Np4+,
Np(NO3)3+, Np(NO3)22+, Np(NO3)3+, and Np(NO3)4……etc. Similarly, various species of
Np(VI) in nitric acid medium can be represented as NpO22+, NpO2(NO3)+, NpO2(NO3)2
………etc. During these experiments, it was ensured that Np was present as Np(IV) and
Np(VI) oxidation states, respectively by using Fe(II) and K2Cr2O7 as reductant and
oxidant, respectively. Taking into account the nitrate complexation of Np(IV) and
Np(VI), equations (4.7) and (4.8) can be rearranged as follows:
Kex,Np(IV) = [Np(NO3)4·mA] org·(1 + x,Np(IV) axNO3-) / (CNp(IV)aq · a4NO3-aq · [A] orgm)

(4.9)

Kex,Np(VI) = [NpO2(NO3)2·nA] org·(1 + y,Np(VI) ayNO3-) / (CNp(VI)aq · a2NO3-aq · [A]orgn) (4.10)
Where, CNp(IV)aq and CNp(VI)aq refer to total concentrations of Np(IV) and Np(VI) in
the aqueous phases and x or y

are their respective stability constants for nitrate
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complexation. One can substitute DNp(IV) as [Np(NO3)4·mA]org/CNp(IV)aq and DNp(VI) as
[NpO2(NO3)2·nA] org/CNp(VI)aq in equations (4.9) and (4.10), respectively:
Kex,Np(IV) = DNp(IV) · (1 + x,Np(IV) axNO3-) / (a4NO3-aq · [A] orgm)

(4.11)

Kex,Np(VI) = DNp(VI) ·(1 + y,Np(VI) ayNO3-) / (a2NO3-aq · [A]orgn)

(4.12)

Both Kex,Np(IV) and Kex,Np(VI) represent ‘conditional extraction constants’ in view of the
above mentioned approximations. However, these values may provide a guideline for the
relative preferences of the metal ions for the extractant molecules [178, 179].

4.2.3 Nitrate complexation for Np(IV) and Np(VI)
The values of nitrate complexation constants (1 + x,Np(IV) axNO3-) for Np(IV) and
(1 + y,Np(VI) ayNO3-) for Np(VI) cations at 4 M HNO3 , respectively, were determined by
cation exchange method [178, 179]. If Do and D are the distribution ratios of metal ions
(i.e. Np(IV) or Np(VI)) employing cation exchange resin (Dowex 50 x 8, 200 - 400 mesh
size, H form, 50 mg) at 4 M HClO4 and 4 M HNO3, respectively. For a particular metal
cation, it can be shown that
Do,Np(IV)/DNp(IV) = 1 + x,Np(IV) axNO3-

(4.13)

and
Do,Np(VI)/DNp(VI) = 1 + y,Np(VI) ayNO3-

(4.14)

The aqueous nitrate ion complexation factors for Np(IV) and Np(VI) were
independently determined at room temperature. Np oxidation states were adjusted to
Np(IV) and Np(VI) using 0.1 M Fe(II) and 0.01 M K2Cr2O7 solutions, respectively. The
nitrate complexation constants for Np(IV) and Np(VI) cations were 33.5(0.5) and
5.1(0.1), respectively [178, 179]. The chloride ion complexation (Fe(II) used as
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reductant) with Np(IV) was ignored in view of its lower concentration as compared to
that of nitrate ion

(~ 4 M).

4.2.4. Stoichiometry of extracted species
The number of DHOA molecules attached to each of Np(IV) or Np(VI) ion extracted in
the organic phase were determined at 4 M HNO3 as the aqueous medium and varying
concentrations of DHOA (0.2-1.5 M, pre-equilibrated) as the organic phases. Figure 4.3
demonstrates the formation of trisolvated species for Np(IV) (Slope: 2.71(±0.08); R:
0.997) and of disolvated species for Np(VI) (Slope: 1.74(±0.05); R: 0.991) metal ions.
Generally, one gets the non-integral slope values in such studies, and the solvation
number assigned refers to the predominant extracted species of the metal ion under the
conditions of experiment. Therefore, the stoichiometry of the extracted species of Np(IV)
and Np(VI) in the organic phase were Np(NO3)4·3A and NpO2(NO3)2·2A, where A =
DHOA. The conditional extraction constant (log Kex) for Np(IV) and Np(VI) values were
calculated as 1.83(0.48) and 1.64(0.32), respectively. Similar observations on
stoichiometries and log Kex values for Np(IV) and Np(VI) have been reported elsewhere
during the extraction of Np(IV) and Np(VI) using dibutyl decanamide (DBDA) and
dihexyl decanamide (DHDA) from 3 M HNO3 [180].

117

Chapter IV

10

2

Np(VI); Slope: 1.74+0.05; R: 0.991
Np(IV); Slope: 2.71+0.08; R: 0.997
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[DHOA], M

Fig. 4.3. Variation of DNp(VI) and DNp(IV) with DHOA concentraction at 4 M HNO3;
Diluent: n-dodecane; Oxidant: 0.01 M K2Cr2O7; Reductant: 0.1 M Fe(II); T: 298 K

4.2.5. Effect of uranium loading
Figures 4.4 & 4.5 clearly showed a decrease in neptunium extraction in the presence of 50
and 300 g/L U, [which are relevant to Pu rich (fast reactor) and Pressurized Heavy Water
Reactor (PHWR) spent fuels, respectively] in the aqueous phase in the entire range of
acidity [114].
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Fig. 4.4. Effect of uranium loading on Np extraction; Solvents: 1.1 M TBP/1.1 M DHOA
solution in n-dodecane; Oxidant: 0. 1 M K2Cr2O7; Reductant: 0.1 M Fe(II); [U]aq: 50g/L;
T: 298 K
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Fig. 4.5. Effect of uranium loading on Np extraction; Solvents: 1.1 M TBP/1.1 M DHOA
solution in n-dodecane; Oxidant: 0. 1 M K2Cr2O7; Reductant: 0.1 M Fe(II); [U]aq: 300g/L;
T: 298 K
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It is interesting to note that DNp(IV) values are significantly lower (~ one order of
magnitude) for 1.1 M DHOA at lower acidity than those for 1.1 M TBP both for tracer
(Figures 4.1 & 4.2) as well as in the presence of macro concentrations of uranium (50,
300 g/L) in the aqueous phase. This observation suggests that DHOA could be useful for
coprocessing (extraction and stripping) of U(VI), Pu(IV) and Np(IV) from Pu rich spent
fuel dissolver solutions [77].

4.3. Co-recovery of U, Pu, and Np from HLW
4.3.1. Extraction studies
Extraction behavior of U, Np and Pu, experiments were carried out in the presence of 6
g/L U (expected to be present in PHWR-HLW) at 4 M HNO3 employing 1.1 M solutions
of TBP and DHOA in n-dodecane. As expected, the distribution ratio values follow the
order: U(VI) > Pu(IV) > Np(IV) under different experimental conditions (Table 4.2).
H2O2 and NaNO2 were used for valency adjustment of Np, Pu, and significant
enhancement in Np extraction was found in the presence of 0.2 M H2O2 due to the
formation of more extractable Np(IV) species (Equation 4.15) [181-183].
NpO2+ + ½ H2O2 + 3H+ ↔ Np4+ + ½ O2 + 2H2O

(4.15)

The addition of NaNO2 in the aqueous phase, suppressed Np extraction for both
the extractants which may be due to the generation of HNO2 [163]. Nitrous acid is also
formed during the dissolution of spent fuel and by the radiolysis of nitric acid. It is
relatively well extracted by neutral extractants like TBP, and therefore gets distributed
into different stages of the separation system. No significant improvement in the
extraction of Pu was observed for both the extractants after the addition of NaNO2 in the
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aqueous phases. Therefore, 0.2 M H2O2 was used alone for the valency adjustment of Np
to Np(IV) and Pu to Pu(IV).
HLW is generally maintained at an acidity of 3-4 M HNO3, and therefore it was
desirable to generate extraction data of U, Np and Pu at this acidities using 0.2 M H2O2.
1.1 M TBP/n-dodecane appeared better solvent as compared to 1.1 M DHOA/n-dodecane
at 3 M HNO3. On the other hand DHOA was more effective extractant, particularly with
respect to Np and Pu extraction at 4 M HNO3 acidity of HLW solution. This observation
is consistent with better extraction ability of DHOA for Pu(IV) and Np(IV) at higher
acidities [77, 114].

Table 4.2: Extraction behavior of U, Np and Pu in the presence of 6 g/L U; T: 298K
Extractant

Aqueous phase

DU

DNp

DPu

1.1 M TBP

4 M HNO3

13.7(±0.2)

0.9(±0.01)

6.5(±0.4)

4 M HNO3 + 0.2 M H2O2

14.6(±0.2)

2.5(±0.1)

7.0(±0.2)

4 M HNO3 + 0.2 M H2O2 +

14.3(±0.7)

1.7(±0.1)

8.2(±0.1)

4 M HNO3

9.6(±0.5)

1.0(±0.03)

12.2(±0.5)

4 M HNO3 + 0.2 M H2O2

8.6(±0.5)

3.2(±0.2)

11.0(±0.2)

4 M HNO3 + 0.2 M H2O2 +

9.0(±0.4)

2.0(±0.1)

11.3(±0.6)

0.05 M NaNO2
1.1 M DHOA

0.05 M NaNO2
1.1 M TBP

3 M HNO3 + 0.2 M H2O2

13.0(±1.0)

2.1(±0.4)

6.0(±0.9)

1.1 M DHOA

3 M HNO3 + 0.2 M H2O2

7.2(±0.2)

1.3(±0.03)

6.6(±0.3)
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4.3.2. Stripping studies
Various reductants viz. ferrous-sulphamate, ferrous-hydrazine and uranous-hydrazine
have been employed earlier for the partitioning of Pu, their use leads to generation of
large amounts of salts in radioactive effluents. Hydrazine may also form an explosive
mixture with acid. Thus, there is a need to identify such reductants, the use of which (i)
do not lead to generation of salt in secondary waste, (ii) safe in handling, and (iii) display
fast kinetics of reduction of Pu(IV) under optimized process conditions. In the present
work, two non-salt forming reductants acetohydroxamic acid (AHA) and hydroxy urea
(HU) (Figures 4.6(a) & (b) ) were evaluated for selective stripping of co-extracted Np
(~10-6 M) and Pu (~10-6 M) along with U (~6 g/L) from the loaded organic phases of 1.1
M TBP and 1.1 M DHOA solutions in n-dodecane.

O

O
HO

OH
N
H

H2N

Acetohydroxamic acid
(AHA) (a)

N
H

Hydroxyurea (HU)
(b)

Fig. 4.6 (a) & (b). Structure of acetohydroxamic acid and hydroxyurea

4.3.2.1. Evaluation of AHA
A systematic study was carried out to evaluate the effect of aqueous phase acidity (1-4 M
HNO3) on the stripping behavior of Pu and Np from the loaded organic phases (viz. 1.1 M
TBP/1.1 M DHOA solutions) employing 0.1-1.0 M AHA as the complexant/reductant. As
shown in Figures 4.7-4.10, the stripping efficiency of AHA decreased with increased
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aqueous phase acidity. This behavior was explained in terms of the instability of AHA at
higher acidities. AHA undergoes hydrolytic degradation at higher acidities as follows
[159, 170]:
RCONHOH + H2O + H+ ↔ RCOOH + H3NOH+

(4.16)

From Figures 4.7 to 4.10, it was found that, at higher concentrations, AHA
yielded better stripping of Pu and Np from the loaded organic phases (viz. 1.1 M TBP/1.1
M DHOA solutions). DHOA displayed distinctly better stripping of Pu and Np as
compared to that of TBP under identical experimental conditions.

10

1.0 M HNO3
1.5 M HNO3
2.0 M HNO3
3.0 M HNO3
4.0 M HNO3

0

DPu

10

1

10
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-2

0.0

0.2

0.4

0.6

0.8

1.0

1.2

[AHA], M

Fig. 4.7. Variation of DPu with AHA concentration at different phase acidities; Organic
phase: 1.1 M TBP/n-dodecane loaded with Pu (~10-6) and U (~6g/L); T: 298 K
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Fig. 4.8. Variation of DPu with AHA concentration at different phase acidities; Organic
phase: 1.1 M DHOA/n-dodecane loaded with Pu (~10-6) and U (~6g/L); T: 298 K
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Fig. 4.9. Variation of DNp with AHA concentration at different phase acidities; Organic
phase: 1.1 M TBP/n-dodecane loaded with Np (~10-6) and U (~6g/L); T: 298 K
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Fig. 4.10. Variation of DNp with AHA concentration at different phase acidities; Organic
phase: 1.1 M DHOA/n-dodecane loaded with Np (~10-6) and U (~6g/L); T: 298 K

4.3.2.2. Evaluation of HU
HU has been identified as a very promising reductant for U/Pu and U/Np separation under
the PUREX process conditions. It does not need holding reductants such as hydrazine,
and can scavenge HNO2 rapidly [184]. The presence of HU in the aqueous medium has
negligible influence on the distribution behavior of U(VI). Solvent extraction studies
using TBP as extractant showed that, HU can strip Np(VI) efficiently from the organic
phase into the aqueous phase by reduction to inextractable Np(V).
The effectiveness of Np stripping decreased with aqueous phase acidity which
inhibited the reduction of Np(VI) to Np(V) by HU. It was also observed that HU can
further reduce Np(V) to Np(IV) even though the reduction kinetics was very slow [185].
Therefore, stripping studies were also performed on loaded 1.1 M TBP/1.1 M DHOA
phases employing 0.1-1 M HU solutions at 1-4 M HNO3. Figures 4.11-4.14 shows the
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stripping of Pu and Np from the loaded organic phases: (a) decreased with increased
aqueous phase acidity at a fixed HU concentration, (b) increased with HU concentration
at a fixed acidity, and (c) Pu stripping was better than Np for both the extractants.
Spectrophotometric investigations on the redox behavior of Np(IV) present in the organic
phase (TBP/DHOA) showed the signatures of Np(V) in the aqueous phase when
contacted with nitric acid solution. The observations of stripping studies are in conformity
with the spectrophotometric and with the kinetic studies [185]. It was worth noting that
HU was particularly ineffective for the stripping of Np from the loaded organic phases
(TBP or DHOA) at ≥ 2 M HNO3. These studies suggested that DHOA displayed better
stripping of Pu and Np as compared to that of TBP under identical experimental
conditions.
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Fig. 4.11. Variation of DPu with HU concentration at different phase acidities; Organic
phase: 1.1 M TBP/n-dodecane loaded with Pu (~10-6) and U (~6g/L); T: 298 K
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Fig. 4.12. Variation of DPu with HU concentration at different phase acidities; Organic
phase: 1.1 M DHOA/n-dodecane loaded with Pu (~10-6) and U (~6g/L); T: 298 K
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Fig. 4.13. Variation of DNp with HU concentration at different phase acidities; Organic
phase: 1.1 M TBP/n-dodecane loaded with Np (~10-6) and U (~6g/L); T: 298 K
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Fig. 4.14. Variation of DNp with HU concentration at different phase acidities; Organic
phase: 1.1 M DHOA/n-dodecane loaded with Np (~10-6) and U (~6g/L); T: 298 K

4.3.2.3. Optimization of stripping conditions
It was essential to optimize conditions such as acidity, reductant/strippant concentration
which could offer selective and efficient stripping of Np and Pu and provide maximum
retention of uranium in the loaded organic phases. One can easily strip uranium from the
loaded organic phases by contacting with dilute acid solutions (0.01 M HNO3) after
selective removal of Np and Pu. These studies pointed that higher acidity makes
strippants like AHA and HU relatively ineffective for Pu and Np stripping from the
loaded organic phases. Uranium can be better retained at higher acidities and is
insensitive to the presence of either AHA or HU in the aqueous phases. These
observations led us to evaluate 0.5 M solutions of AHA and HU at 1.5 M and 2 M HNO3
as stripping solutions under the conditions of present work for both TBP/DHOA based
loaded organic phases. Tables 4.3 & 4.4 summarize the stripping data of U, Np, and Pu
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employing 0.5 M solutions of AHA and HU at 1.5 M and 2 M HNO3 as stripping
solutions.

Table 4.3: Stripping behavior of U (~5g/L), Np (~10-6 M) and Pu (~10-6 M) from the
loaded organic phases at 3 M HNO3; [HNO3]org: 0.6 M; O/A: 1; T: 298 K
Extractant

1.1 M TBP

1.1 M DHOA

1.1 M TBP

1.1 M DHOA

Strippant

Stage #

0.5 M AHA at 1.5 M HNO3

0.5 M AHA at 1.5 M HNO3

0.5 M HU at 1.5 M HNO3

0.5 M HU at 1.5 M HNO3
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% Stripping
U

Np

Pu

I

5.8

86.1

89.6

II

11.5

96.5

99.1

III

17.5

98.5

99.8

I

14.7

98.2

98.1

II

27.2

99.9

99.9

III

39.8

--

--

I

5.4

61.0

97.5

II

15.3

85.8

99.1

III

24.1

94.8

99.9

I

24.5

85.5

99.5

II

43.4

97.7

99.9

III

57.1

99.9

--
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Table 4.4: Stripping behavior of U (~5g/L), Np (~10-6 M) and Pu (~10-6 M) from the
loaded organic phases at 4 M HNO3; [HNO3]org: 0.7 M; O/A: 1; T: 298 K
Extractant

1.1 M TBP

1.1 M DHOA

1.1 M TBP

1.1 M DHOA

Strippant

Stage

0.5 M AHA at 2 M HNO3

0.5 M AHA at 2 M HNO3

0.5 M HU at 2 M HNO3

0.5 M HU at 2 M HNO3

% Stripping

#

U

Np

Pu

I

3.5

84.1

87.4

II

9.0

97.6

98.4

III

15.0

99.4

99.8

I

9.0

95.7

96.5

II

19.9

99.9

99.9

III

33.7

--

--

I

4.3

43.9

96.1

II

13.0

68.9

99.6

III

20.5

81.6

99.9

I

20.7

68.9

97.6

II

31.2

92.5

99.9

III

48.0

97.8

--

The following observations can be made from Tables 4.3 and 4.4:
(a) Two stages were sufficient for quantitative stripping of Np and Pu from loaded
DHOA employing 0.5 M AHA at 1.5 - 2.0 M HNO3 as the strippant; while more
than three stages were required in the case of TBP as extractant. However, 0.5 M
AHA at 2.0 M HNO3 would be preferable in view of lower U loss to the aqueous
phase.
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(b) 0.5 M HU at 1.5 - 2 M HNO3 appears less effective for selective Np and Pu
stripping for both the extractants.
(c) Uranium loss to the aqueous phase is more in the case of DHOA as compared to
that of TBP.
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CHAPTER 5: EVALUATION OF N,N-DIHEXYLOCTANAMIDE FOR
ADVANCED HEAVY WATER REACTOR SPENT FUEL REPROCESSING
5.1. Introduction
Advanced Heavy Water Reactor (AHWR) will serve as a predecessor to the third-stage
reactors of Indian nuclear power programme. This reactor will be based on Th-233U fuel
cycle and will provide the much needed vital information to initiate this fuel cycle. At
equilibrium, the core of AHWR will consist of composite fuel assemblies each having 24
nos. of (Th, 239Pu) MOX pins and 30 nos. of (Th, 233U) MOX pins [16]. AHWR spent fuel
adds new dimensions to reprocessing by the presence of Pu in the spent fuel. This
requires additional provisions in the reprocessing plants and invokes the integration of
PUREX and THOREX processes. However, due to limitation of TBP identified over the
years, there is a need to look for alternative extractants for spent fuel reprocessing [6064]. In this context, DHOA was evaluated as an alternative extractant to TBP for the
reprocessing of three component AHWR spent fuels [78]. In this work, efforts have been
made to optimize the conditions for the selective extraction of

233

U and Pu over Pa, Th

using DHOA as extractant from simulated dissolved AHWR spent fuel solution in batch,
mixer settlers as well as centrifugal contactor studies.
A series of non-salt forming reductants have been evaluated for the partitioning
of plutonium. The fission products extraction behavior has also been examined under the
simulated AHWR spent fuel feed conditions. Based on these observations, a solvent
extraction scheme has been proposed for the reprocessing of three component U, Pu and
Th system arising out of the irradiated AHWR (Th,Pu)O2 pins. Hydrodynamic parameters
such as density (ρ, gcm-3), viscosity (η, mPa·s) and IFT (mN·m-1) values have been
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measured and extraction studies were performed to compare the radiolytic degradation
behavior of the proposed solvents under AHWR simulated feed conditions.
TBP dissolved in n-dodecane has a tendency to form third-phase during the
extraction of tetravalent metal ions such as Th((IV) (relevant for Th fuel cycle) and
Pu(IV) (relevant for fast reactor reprocessing) [64]. Several studies have been performed
on the third-phase formation behavior of different extractants towards the extraction of
metal ions and different acid solutions [83, 86, 186-188]. However, there is a need to get
an insight in to the mechanism and conditions for third-phase formation. The extractants
such as TBP would encounter an aqueous feed containing U(VI) and Th(IV) in different
proportions in the back-end of nuclear fuel cycle. Therefore, it is essential to understand
the third-phase formation behavior of different proposed process solvents using aqueous
solutions containing at least two metal ions viz. U(VI) and Th(IV) in nitric acid derived
species.
In this chapter, Dynamic Light Scattering (DLS) studies have been carried out to
understand the third-phase formation/aggregation behavior of two straight chain amides
DHOA, DHDA (N,N-dihexyl decanamide) (Figure 5.1) vis-à-vis TBP dissolved in ndodecane during the extraction of Th(IV) from nitric acid medium.

N
O

Fig. 5.1. N,N-dihexyl decanamide (DHDA).
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5.2. Results and discussion
5.2.1. Batch extraction studies
Distribution studies of U, Pu, Th, minor actinides (Np, Pa, Am, Cm etc.) and fission
products were done employing 0.36 M DHOA and 0.18 M TBP in n-dodecane. Scrubbing
and partitioning studies of Th and Pu were also done from loaded organic phases.

5.2.1.1 Extraction behavior of Th, U and Pu
Table 5.1 compares the distribution ratio values of U, Pu and Th under earlier proposed
THOREX feed conditions (200 g/L Th + 0.03 M F-+ 0.1 M Al3+ at 4 M HNO3) for
0.18 M (5 %) and 0.36 M concentrations of TBP and DHOA.

Table 5.1: DM as a function of DHOA concentration under THOREX/AHWR feed
condition; Diluent: n-dodecane; THOREX feed: 200 g/L Th + ~0.2 g/L U + 0.03 M F-+
0.1 M Al+3 at 4 M HNO3; AHWR feed: 100 g/L Th + 2 g/L U + 2 g/L Pu + 0.03 M F-+
0.1 M Al+3 at 4 M HNO3; T: 298 K
[Ligand], M

#

TBP

DHOA

DTh

DU

DPu

DTh

DU

DPu

0.18

0.04

2.3

1.6

0.01

1.1

1.3

0.18#

0.05

2.1

1.1

0.01

1.8

0.8

0.36##

0.043

2.4

2.0

0.05

4.0

5.7

0.36#

--

--

--

0.06

3.1

3.3

Values in italics and bold refer to simulated AHWR feed solution; ##O/A=2.
Interestingly, DHOA has DPu similar to that of 0.18 M TBP. However, the lower

DTh values result in improved separation factor (SF) values with DHOA. Therefore, 0.18
134

Chapter V

M DHOA offers better SF values for both U and Pu over Th, yet the low D values for U
and Pu (DU: 1.1 and DPu: 1.3) are a limitation. On the other hand, 0.36 M DHOA appears
to be a good compromise between SF and distribution ratio values.
In view of the average enrichment of 3.5 % Pu in proposed AHWR fuels, the
concentration of thorium in the spent fuel feed solution was proposed to be kept ~100
g/L to limit the fissile content to < 7 g/L to maintain a safe concentration from the
criticality viewpoint. Further studies were, therefore, carried out on a new composition of
simulated AHWR feed solution. However, it should be noted that organic-to-aqueous
phase ratio (O/A) was increased in the case of DHOA beyond ligand concentration
0.18 M to avoid third-phase formation under THOREX feed conditions [60]. While such
problem was not encountered in the presence of 100 g/L Th in the proposed AHWR feed
solution using DHOA as the extractant (Table 5.2).

Table 5.2: No. of stages required for 99.9 % U & Pu extraction from simulated AHWR
feed solution; Extractants: TBP and DHOA; Diluent: n-dodecane; T: 298 K
[Ligand], M

U

Pu

% Th extraction

0.18 M TBP

6(7)

10(9)

38.6

0.18 M DHOA

9

12

13.3

0.36 M DHOA

5

5

25

Values in bracket are taken from ref. no. [115].
The data suggested that 6 and 10 contacts were required for quantitative
extraction of U and Pu under co-current mode, employing 0.18 M TBP/n-dodecane as
extractant. While 5 contacts of 0.36 M DHOA/n-dodecane were sufficient for achieving
quantitative extraction. Studies carried out at FRD, BARC have shown that 7 and 9
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contacts were required for quantitative extraction of U and Pu, respectively, employing
0.18 M TBP/n-dodecane as extractant [115]. Th extraction was expected to be 38.6 %
(10 contacts) and 25.3 % (5 contacts), for 0.18 M TBP and 0.36 M DHOA solutions,
respectively.

5.2.1.2. Scrubbing studies
During the extraction step, co-extracted thorium is required to be scrubbed using
appropriate concentration of nitric acid. Table 5.3 lists the distribution data of U and Pu at
1-4 M HNO3 for both the loaded organic phases.

Table 5.3: Scrubbing of U and Pu from loaded 0.18 M TBP and 0.36 M DHOA phases;
Diluent: n-dodecane; O/A: 1; T: 298 K
Extractant

[HNO3], M

DU

DPu

0.18 M TBP

1.0

0.6

0.2

2.0

1.8

0.5

3.0

2.7

0.8

4.0

2.8

1.2

1.0

0.3

0.1

2.0

1.0

0.5

3.0

1.7

1.2

4.0

2.3

2.4

0.36 M DHOA

The aim was to minimize the loss of U and Pu to the scrub solution. Th could not
be detected in the loaded organic phase under all scrubbing conditions (DTh: <10-2). Based
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on observations, 4 M HNO3 solution was found to be suitable for scrubbing of Th with
minimum loss of U and Pu in the scrub solution. Whereas 0.18 M TBP appears better
with respect to U loss, 0.36 M DHOA is promising with respect to Pu loss in the
scrubbing cycle.

5.2.1.3. Partitioning studies
Large quantities of natural uranous salt (~10 times the stoichiometric amount of Pu4+) are
required for partitioning of Pu. As a result, there will be isotopic dilution of

233

U during

AHWR fuel reprocessing. Therefore, there is a need of the (a) evaluation of new non-salt
forming reductants, and (b) development of equipment for in-situ reduction of Pu4+ to
Pu3+, for partitioning of Pu from U present in the loaded organic phases [189]. Pu
partitioning studies were, therefore, carried out using 0.5 M solutions of different non salt
forming strippant/reductant (such as hydroxyl amine nitrate (HAN), diethyl hydroxyl
amine nitrate (DEHAN), hydroxy urea (HU), acetohydroxamic acid (AHA), acetoxamic
acid (AOX)) solutions prepared in 2 M HNO3 to minimize the loss of uranium in the strip
solution.
Table 5.4 lists the distribution data of U and Pu along with their retention % in the
organic phases. Most of the strippants appear very effective for the partitioning of Pu
from loaded organic phases. U retention was observed to be ~65 % for 0.18 M TBP and
~41 % for 0.36 M DHOA as the extractant during the partitioning cycle. U lost in the
partitioning cycle needs to be re-extracted after adjusting the feed acidity (~7 M HNO3).
The data suggested that at least three stages were required for quantitative stripping of Pu
from the loaded TBP phase. By contrast, only two stages were sufficient for Pu stripping
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from loaded DHOA phase. Loaded uranium can be stripped by dilute acid (0.01 M
HNO3) solution.

Table 5.4: Partitioning of U and Pu from scrubbed 0.18 M TBP and 0.36 M DHOA
phases; Aqueous phase: 0.5 M solution of different reductants at 2 M HNO3; O/A: 1; T:
298 K
Extractant

Reductant

DM

Retention, %

U

Pu

U

Pu

HAN

2.0

0.02

66.7

1.6

DEHAN

2.2

0.01

70.0

1.1

HU

1.3

0.002

57.3

0.2

AHA

1.9

0.01

66.0

1.0

AOX

2.3

0.004

69.5

0.4

0.36 M DHOA HAN

0.7

0.009

41.2

0.9

DEHAN

0.7

0.002

41.2

0.2

HU

0.6

0.001

36.3

0.06

AHA

0.8

0.004

43.8

0.4

AOX

0.8

0.002

43.5

0.2

0.18 M TBP

These studies suggested that 0.5 M HAN/AHA/HU/AOX solutions at 2 M HNO3
solutions can be used as strippants for the partitioning of Pu during the reprocessing of
AHWR spent fuels.
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5.2.1.4. Protactinium extraction studies
Initially, the AHWR spent fuels are expected to reach a burn-up of 15000 MWd/Te which
will be further raised to 24,000 MWd/Te under equilibrium conditions. Pu in AHWR
burns faster due to large absorption cross-section that leads to loss in reactivity. It
provides an option to reconstitute the fuel cluster after an average discharge burn-up of
24,000 MWd/Te. During this process, only (Th,Pu)O2 pins will be replaced by fresh fuel
pins. Thus, it is possible to obtain an additional burn-up of ~20,000 MWd/Te from the
reconstituted cluster. The cluster reconstitution improves

233

U production and reduces the

reprocessing load due to increased average cluster burn-up. Therefore, the reprocessing
some of the fuel bundles after short-cooling to achieve a burn-up of ~ 40,000 MWd/Te
and to get a pure

233

U product from the short cooled spent fuel appears attractive [16,

189]. In this context, Pa extraction profile becomes important.
Figure 5.2 shows the variation of DPa values with aqueous phase acidity for 0.18
M TBP, 0.36 M DHOA in n-dodecane as extractants. DPa value gradually increases with
aqueous phase acidity and 0.36 M DHOA shows better extraction than 0.18 M TBP. This
behavior can be explained by following equilibrium between the hydrolyzed cationic,
neutral and anionic species of Pa in nitric acid medium. The interchange between these
species is fast [112]:
[Pa(OH)2(NO3)]2+↔[Pa(OH)2(NO3)2]+↔[Pa(OH)2(NO3)3] ↔ [Pa(OH)2(NO3)4]- ↔ .......
(extractable species)

(5.1)

However, DPa decreased under simulated AHWR/THOREX feed conditions for
both the extractants. For 0.18 M TBP, the DPa values decreased from 0.1 (no Th) to 0.07
(AHWR feed) and 0.05 (THOREX feed). The corresponding values for 0.36 M DHOA
were 0.6, 0.35, and 0.03, respectively. This behavior was attributed to (a) thorium loading
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in the organic phase, and (b) the formation of inextractable anionic nitrate species due to
the presence of ~ 6-7 M NO3- ions. Similar observations were made using D2EHIBA as
extractant during the studies on extraction of protactinium in the presence of macro
concentrations of thorium [190].

1

10

0.18 M TBP/n-dodecane
0.36 M DHOA/n-dodecane

0

DPa

10

-1

10

-2

10

0

1

2

3

4

5

6

7

8

[HNO3], M

Fig. 5.2. Variation of DPa with aqueous phase acidity; T: 298 K

Figure 5.3 suggests that DHOA appears promising extractant for the preferential
extraction of U and Pu from dissolver solution of AHWR spent fuel arising out of
(Th,Pu)O2 pins in view of improved separation factor (SF) of U and Pu over Th.
However, SF values for U and Pu over Pa are relatively lower compared to those of
0.18 M TBP. Figure 5.4 shows that trisolvated species are formed with DHOA for both
Pu and Th while disolvated and trisolvated species are reported to be formed in the case
of TBP [191]. Therefore, DPu value is significantly enhanced with increased DHOA
concentration as compared to that of TBP.
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60
DU/DTh
DPu/DTh
DU/DPa
DPu/DPa

50

SF

40
30
20
10
0

0.18M TBP

0.36 M DHOA

Fig. 5.3. Comparison of TBP, DHOA for U/Pu separation from Th and Pa under AHWR
feed condition; T: 298 K
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Pu; Slope: 2.52+0.05
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Fig. 5.4. DPu and DTh as function of DHOA concentration; [Pu]: ~10-4 M; [Th]: ~10-4 M;
[HNO3]: 4 M; T: 298 K
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5.2.1.5. Extraction behavior of minor actinides
The concentration of minor actinides produced in the discharged fuel of AHWR (viz.
231

Pa,

237

Np,

241

Am,

243

Am,

242

Cm,

243

Cm, and

244

Cm) for different fuel cycles (PWR,

PHWR, AHWR) were compared using computer code ORIGEN-2 [33]. This study
suggested that the production of minor actinides per unit energy was less in AHWR fuel
cycle than those of PWR fuel (~ 29 %), but it was comparable to that of PHWR fuel. The
minor actinides in the Th-U fuel per unit energy (TWh or GWy) are significantly less
compared to uranium fuel. This is because, except for
are having mass numbers much higher than

232

231

Pa, most of the minor actinides

Th, so at least 5 to 6 capture and decay

reactions are required to generate those minor actinides. By contrast, the minor actinides
per unit energy (TWh or GWy) for the plutonium pins are relatively higher because of
Am and Cm isotopes. The concentrations (g/Te) of different minor actinides in AHWR
spent fuel with average burn-up of 24,000 MWD/Te (~21000 MWD/Te for Th-Pu &
27000 MWD/Te for Th-U), and 10 years of cooling are:
(512), 243Am (25.7),

231

Pa (2.2),

237

Np (5.7),

241

Am

242

Cm (4.2x10-3), 243Cm (0.21), and 244Cm (1.87) [33].

The reprocessing of AHWR spent fuel gets further complicated due to the
formation of minor actinides such as

231

Pa, Np, Am and Cm isotopes. The extraction

behavior of 237Np (no valency adjustment) and

241

Am, were investigated under proposed

AHWR spent fuel feed conditions employing 0.18 M TBP and 0.36 M DHOA as
extractants. Both extractants showed appreciable extraction of Np (DNp: 0.96 (0.18 M
TBP) and 2.0 (0.36 M DHOA)) while negligible extraction of Am was observed (DAm:
<10-3). From this study, it can be concluded that a separate actinide partitioning step is
required after the reprocessing of the three components AHWR spent fuel.
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5.2.1.6. Fission/activation products extraction studies
Batch extraction experiments were also performed on simulated AHWR feed solution
spiked with a diluted aliquot of High Level Waste (HLW) sample from the PUREX
process stream (from PREFRE plant, Tarapur) as the aqueous phase and 0.18 M TBP and
0.36 M DHOA solutions in n-dodecane as extractants. Addition of HLW helped to get
composite fission product activity in the simulated AHWR feed solution. The distribution
ratio values of fission/activation products (viz.

137

Cs,

144

Ce,

106

Ru, 60Co etc.) were of the

order of ~10-4-10-3 suggesting better decontamination of U and Pu for both the solvents
(viz. 0.18 M TBP and 0.36 M DHOA solutions in n-dodecane).

5.2.2. Mixer settler studies
Detailed batch studies revealed that under co-current mode and maintaining O/A as 1,
only 6 and 10 contacts were required for quantitative extraction of U and Pu from
simulated AHWR feed solution (Typical composition: [Th] = 102 g/L, [U] = 2 g/L, [Pu] =
~0.65 mg/L (i.e. 22,000 cpm/25 µL), [HNO3] = 3.6 M, [HF] = ~0.01 M and [Al(NO3)3] =
~0.1 M) employing 0.18 M TBP/n-dodecane as solvent. By contrast, only 5 contacts of
were sufficient for achieving quantitative extraction of U and Pu employing 0.36 M
DHOA/n-dodecane. Based on these observations, it was of interest to evaluate 0.36 M
DHOA/n-dodecane vis-à-vis 0.18 M TBP/n-dodecane as solvents under counter-current
mode of operation. It is important to mention that in view of relatively more number of
stages required for quantitative extraction of U and Pu, O/A was proposed to be
maintained as 2 employing 0.18 M TBP/n-dodecane as the solvent in the extraction cycle
[115, 116]. Batch studies also suggested that 4 M HNO3 and 0.5 M HAN in 2 M HNO3
can be used for the scrubbing of co-extracted Th and for Pu partitioning, respectively.
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Loaded U was proposed to be efficiently stripped from organic phase using 0.01 M
HNO3.

5.2.2.1. Extraction cycle
Twelve stage mixer settler runs were carried out employing both the solvents i.e. 0.36 M
DHOA and 0.18 M TBP dissolved in n-dodecane, under simulated AHWR feed
conditions. No pre-equilibration of the organic phases was carried out during these runs.
Flow rate of the organic and aqueous phases was maintained as 4-5 mL/minute.
5.2.2.1.1. DHOA as extractant
Negligible change in the concentration of nitric acid, thorium and uranium of various
EXIT samples collected at different intervals suggested that equilibrium condition was
attained within one hour after passing one bed volume (~1L) and maintaining O/A as
~1.15. The aqueous EXIT samples contained ~2 mg/L U suggesting >99 % extraction of
uranium from the feed solution. Thorium and nitric acid concentrations in the aqueous
EXIT samples were 97.4(±0.2) g/L and 3.14(±0.1) M, respectively. There was no
significant change in thorium and nitric acid concentration in both the phases. Final
composition of the loaded organic phase was: [U] = 1.7(±0.1) g/L; [Pu] = 0.65(±0.05)
mg/L; [Th] = 4.8(±0.1) g/L and [HNO3] = 0.36(±0.1) M [Decontamination Factor (DF),
(Pu/Th): 21.3; (U/Th): 19.1].
Figures 5.5 and 5.6 show the stage wise concentration profiles of U and Pu in the
organic and aqueous phases. There were negligible changes in the organic phase
concentrations of nitric acid (0.36(±0.1) M) as well as of Th (4.8(±0.1) g/L) essentially
due to the fact that DTh and DNitric Acid values are low. On the other hand, U concentration
in the organic phase was found to increase gradually from Stage 1 (3 mg/L) to Stage 12
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(1.7 g/L). Similarly, there was a gradual decrease in Pu concentration in the feed solution
from stages 12 to stage 8 and beyond which the remaining Pu activity was negligible in
the aqueous phase. These runs demonstrated that ~5 stages are sufficient for quantitative
extraction of uranium and plutonium under the simulated AHWR feed conditions
employing 0.36 M DHOA/n-dodecane as the solvent.
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Fig. 5.5. U extraction profile under simulated AHWR feed condition; Solvent: 0.36 M
DHOA/n-dodecane; O/A: 1.15
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Fig. 5.6. Pu extraction profile under simulated AHWR feed condition; Solvent: 0.36 M
DHOA/n-dodecane; O/A: 1.15

5.2.2.1.2. TBP as extractant
Under identical feed conditions, twelve stage mixer settler runs were carried out using
0.18 M TBP in n-dodecane as the solvent maintaining O/A ratio was as ~1. Equilibrium
condition with respect to nitric acid as well as with respect to thorium was achieved
within ~ 2 hours after passing one and half bed volume (~1.5 L). The aqueous raffinate
contained ~0.7 mg/L U suggesting quantitative extraction (>99.9 %) of uranium. There
was no significant change in thorium and nitric acid concentration in both the phases.
Thorium and nitric acid concentrations in the aqueous EXIT samples were 95.4(0.2) g/L
and 3.30(±0.05) M, respectively. Final composition of the loaded organic phase was: [U]
= 2.07(±0.04) g/L;

[Pu] = 0.65(±0.03) mg/L; [Th] = 4.6(±0.2) g/L and [HNO3] =

0.23(±0.02) M [DF, (Pu/Th): 20.3; (U/Th): 21.2].
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Figures 5.7 and 5.8 present the stage wise concentration profile of U, and Pu in
organic and aqueous phases. Uranium concentration in the organic phase was found to
increase gradually at each stage [0.7 mg/L (stage 1) to 2.07 g/L (stage 12)]. Similarly, 12
stages were required for near quantitative extraction of Pu from simulated AHWR feed
solution employing 0.18 M TBP/n-dodecane as the solvent. This behavior was attributed
to lower distribution ratio values for Pu for TBP as compared to that of DHOA under
identical experimental conditions. In view of these observations, O/A = 2 has been
proposed for the reprocessing of three component AHWR spent fuel feed solution
employing 0.18 M TBP/n-dodecane as the solvent [116]. However, extraction cycle data
using these solvents suggest that DHOA offers advantages with respect to number of
stages required for quantitative recovery of U and Pu (Table 5.5). These studies also
indicate that even though the ligand inventory for both the extractants is same; the organic
waste volume in the case of DHOA is generation is half of that of TBP.

Table 5.5: No. of stages required for 99.9 % U & Pu extraction from simulated AHWR
feed solution in mixer settler runs; Extractants: TBP and DHOA; Diluent: n-dodecane;
T: 25oC
Extractants

U

Pu

% Th extraction

O/A:1

O/A:2

O/A: 1

O/A: 2

0.18 M TBP#

7

(5)

48

(9)

5

0.36 M DHOA

6

4

6

5

6

Values in bracket are taken from ref. no. [115].
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Fig. 5.7. U extraction profile under simulated AHWR feed condition; Solvent: 0.18 M
TBP/n-dodecane; O/A: 1
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Fig. 5.8. Pu extraction profile under simulated AHWR feed condition; Solvent: 0.18 M
TBP/n-dodecane; O/A: 1
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5.2.2.2. Scrubbing cycle
Based on batch studies, 4 M HNO3 was chosen for the scrubbing of Th from the loaded
organic phases. These conditions were arrived at keeping in mind the minimization of the
loss of U and Pu in the scrub solution. The mixer settler runs maintaining O/A~ 1
suggested that ~2 scrubbing stages were sufficient for complete removal of Th from the
organic phases for both the solvents. However, 0.36 M DHOA appeared better with
respect to U/Pu retention in the organic phase during the scrubbing cycle under the
conditions of present studies. DU and DPu values at 4 M HNO3 were reported to be 2.8 and
1.2 (for 0.18 M TBP), and 2.3 and 2.4 (for 0.36 M DHOA).
The organic phase compositions obtained after scrubbing cycles were [U] =
1.3(±0.04) g/L; [Pu] = 0.42(±0.03) mg/L; [HNO3] = 0.36(±0.1) M. for 0.36 M DHOA/ndodecane and [U] = 1.3(±0.06) g/L; [Pu] = 0.33(±0.03) mg/L; [HNO3] = 0.23(±0.02) M.
for 0.18 M TBP/n-dodecane, respectively. The scrub solution containing lost U and Pu is
proposed to be mixed with the feed solution. Based on these studies, it is proposed to
maintain O/A = 0.33 for the scrubbing of thorium from the loaded organic phases. This
will lead to small dilution of the feed solution with respect to U, Pu and Th
concentrations. However, these solutions were effective for the removal of Th from the
organic phases in 3-4 scrubbing stages. The extracted Th is completely removed in scrub
cycle.

5.2.2.3. Stripping cycle
5.2.2.3.1. Pu partitioning
The scrubbed organic phases were used as the feed solutions for Pu partitioning
experiments employing 0.5 M NH2OH at 2 M HNO3. These runs were performed
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maintaining O/A ~1 and the organic and aqueous phase flow rates were maintained ~4-5
mL/minute. 3 stages are sufficient for quantitative stripping of Pu from 0.36 M DHOA/ndodecane, whereas 4-5 stages are required in the case of 0.18 M TBP/n-dodecane as the
organic phase (Figures 5.9 & 5.10). Studies suggested that Pu in the product stream can
be concentrated by suitably increasing the O/A ratio without affecting significantly the
stripping performance. This led us to Pu stripping studies maintaining O/A = 2 and
similar results were obtained.
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Fig. 5.9. Stage wise stripping profile from scrubbed organic phase; Solvent: 0.36 M
DHOA /n-dodecane; strippant; 0.5 M NH2OH at 2 M HNO3; O/A: ~1
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Fig. 5.10. Stage wise stripping profile from scrubbed organic phase; Solvent: 0.18 M
DHOA /n-dodecane; strippant; 0.5 M NH2OH at 2 M HNO3; O/A: ~1
Based on these studies, it is proposed that Pu stripping can be performed
employing 0.5 M NH2OH at 2 M HNO3 as strippant and maintaining O/A as 2. U loss
(~55 % for 0.36 M DHOA/n-dodecane, [U]org: 0.55 g/L and ~52 % for 0.18 M TBP/ndodecane, [U]org: 0.67 g/L) was also observed during 12 stages of Pu partitioning cycle.
Therefore, it was essential to re-extract uranium after suitable aqueous phase acidity
adjustment up to 3.5 M HNO3 using ~7-8 M HNO3. Under these conditions, 3-4 contacts
were sufficient for the recovery of U from Pu product stream for both the solvents.
5.2.2.3.2. U stripping
The organic phases obtained after Pu stripping and after washing of Pu strip solution
(containing U) were mixed together and were subjected for uranium stripping using 12
stage mixer settlers and 0.01 M HNO3 as the aqueous phase and O/A ~ 1.
Spectrophotometric analysis of the organic/aqueous phases showed that whereas 3-4
stages were sufficient for quantitative stripping of U from loaded 0.36 M DHOA/n151
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dodecane while 5-6 stages were required in the case of 0.18 M TBP/n-dodecane as the
solvent. Further experiments showed that uranium can be quantitatively stripped in 3-4
stages from loaded 0.36 M DHOA/n-dodecane even maintaining O/A = 2. These studies
indicate that uranium stripping behavior is better in the case of 0.36 M DHOA/ndodecane as the solvent. Interestingly, 4 stages have been proposed for quantitative
stripping of U from 0.18 M TBP/n-dodecane as the solvent maintaining O/A =3 [115].
This behavior may be attributed to the use of 3 M HNO3 as the scrub solution suggesting
thereby less acid reflux from the organic phase during stripping cycle.

5.2.2.4. Proposed flow sheet
Based on batch and mixer settler studies, the following flow sheet (Figure 5.11) has been
proposed for the reprocessing of three component AHWR spent fuel employing 0.36 M
DHOA/n-dodecane as the solvent. Scrubbing and stripping solutions were 4 M HNO3
and 0.5 M HAN at 2 M HNO3, respectively. Even though Th is major composition, it is
extracted in the extraction cycle and then selectively removed from the loaded organic
phases in the scrubbing cycle. After Pu partitioning step, the stripped aqueous phase can
be given a wash with fresh 0.36 M DHOA solution to recover uranium, which can be
finally be stripped with 0.01 M HNO3 solution. It is evident that 0.36 M DHOA/ndodecane appears attractive with respect to (i) no. of stages required for quantitative
extraction of
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U and Pu, (ii) solvent requirement, (iii) no. of stages required for Th

scrubbing from the loaded organic phase, (iv) ease of Pu partitioning from the loaded
organic phase, (v) ease of U stripping from the loaded organic phase, and (vi) organic
waste generation.
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Fig. 5.11. Proposed flow sheet for AHWR spent fuel reprocessing using 0.36 M
DHOA/n-dodecane as the solvent

5.2.3. Centrifugal contactor studies
Centrifugal contactor runs were performed using simulated AHWR feed [2 g/L U + 100
g/L Th + 0.03 M HF + 0.1 M Al(NO3)3 at 3.5 M HNO3] using 0.18 M TBP and 0.36 M
DHOA solutions in n-dodecane as solvents. Both the solvents displayed comparable
extraction of U (~81%). However, Th extraction was higher in the case of 0.18 M TBP (6
%) as compared to 0.36 M DHOA (2 %). On the other hand, HNO3 extraction was lower
in the case of 0.18 M TBP (0.14 M) as compared to 0.36 M DHOA (0.28 M). Figures
5.12 (a) & 5.12 (b) show the stage wise concentration profiles of U, Th and HNO3 for the
0.18 M TBP and 0.36 M DHOA solutions in n-dodecane during the extraction runs from
simulated AHWR feed solution.
During scrubbing cycle, 86 % and 93 % of extracted Th were removed from the
loaded 0.18 M TBP and 0.36 M DHOA solutions, respectively. The corresponding losses
of U were 28 % and 33 % during scrubbing cycle. Uranium stripping runs from the
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scrubbed organic phases showed only 86 % recovery in the case of 0.18 M TBP while
quantitative stripping was achieved in the case of 0.36 M DHOA as the extractant.
Table 5.6 shows extraction, scrubbing and stripping behavior of U, Th and HNO3 under
simulated AHWR feed conditions for both extractants. It is evident that DHOA appears
superior as compared to TBP in the Th scrubbing and U stripping behavior.

Figs. 5.12 (a) & 5.12 (b). Stage wise concentration profile during centrifugal contactor
runs in extraction cycle with simulated AHWR feed using (a) 0.18 M TBP and (b) 0.36 M
DHOA solutions in n-dodecane as solvents
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Table 5.6: Extraction, scrubbing and stripping behavior of U, Th and HNO3 under
simulated AHWR feed# conditions [2 g/L U + 100 g/L Th + 0.03 M HF + 0.1 M
Al(NO3)3 at 3.5 M HNO3; O/A: 1; T: 298 K
Cycles

0.18 M TBP

0.36 M DHOA

U

Th

[HNO3], M

U

Th

[HNO3], M

Extraction (%)

81.3 %

5.9 %

0.14 M

80.6 %

2.2 %

0.28 M

Scrubbing (%)

27.8 %

86.1 %

3.94 M

32.7 %

96.7 %

4.05 M

Stripping (%)

85.9 %

76.0 %

0.16 M

99.8 %

96.6 %

0.47 M

Organic phase

0.22 g/L U, 0.13 g/L Th,

0.003 g/L U, 0.0 g/L Th,

after stripping

0.021M HNO3

0.013M HNO3

1.34 g/L U, 0.68 g/L Th,

1.46 g/L U, 0.11 g/L Th,

0.16 M HNO3

0.27 M HNO3

Aqueous
phase after
stripping

5.2.4. Measurement of hydrodynamic parameters
Generally, the organic solvent is discarded after a certain number of hydrometallurgical
(extraction/scrubbing/stripping) cycles because of the presence of the interfacially active
solvent-degradation products, which may adversely affect the extraction performance and
lead to a reduced the interfacial tension (IFT), leading to a slow phase-disengagement
rate. In this context, these parameters were evaluated such as density (ρ, gcm-3), viscosity
(η, mPa·s) and IFT (mN·m-1) values with respect to the aqueous phase.
The viscosity is mainly associated with the self-association of the molecule due to
inter-molecular bonding properties because of dipole-dipole interaction. On the other
hand, IFT values are vital for the design, fabrication and operation of liquid-liquid
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contactors. Too high IFT value may not allow proper mixing of one phase in the other
affecting size of the organic phase droplets and, hence, mass transfer rates of the metal
ions from the aqueous phases. The IFT between two immiscible phases, therefore, should
be optimum for rapid phase disengagement. Typically, the IFT values for 1.1 M TBP in
n-dodecane are in the range 12 to15 mN·m-1 under the PUREX process conditions [192].
The corresponding values for N,N-dialkyl amides are in the range 20 to 25 mN·m-1 [142,
193].
An attempt has been made to calculate the activation energy for viscous flow of
the solvents from the viscosity data recorded at various temperatures. Measurements of
IFT values have been carried out to arrive at the optimum composition of organic phase
for smooth hydrometallurgical operations.

5.2.4.1. Density and viscosity measurements
The densities and viscosities of 0.18 M TBP and 0.36 M DHOA dissolved in n-dodecane
were measured without or after equilibration with 3.5 M HNO3/AHWR simulated feed
solutions in the temperature range of 288 - 318 K. Both density and viscosity values were
marginally higher in the case of 0.36 M DHOA/n-dodecane as compared to those of 0.18
M TBP/n-dodecane at a given temperature (Table 5.7). This behavior can be attributed to
the higher concentration of DHOA in the proposed solvent. However, these values
decreased with increased temperature for both the solvents. However both the solvents
possess suitable density and viscosity values for counter-current operations even after
equilibration with simulated AHWR feed solution in the temperature range 298 - 318 K.
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Table 5.7: Density and viscosity data of the proposed solvents under different
experimental conditions; Diluent: n-dodecane
T (K)

ρ (gcm-3)

η (mPa∙s)

288

0.7629(±0.0000)

1.6725(±0.0010)

298

0.7555(±0.0000)

1.3924(±0.0002)

308

0.7483(±0.0002)

1.1792(±0.0001)

318

0.7408(±0.0001)

1.0143(±0.0010)

288

0.7669(±0.0000)

2.0529(±0.0016)

298

0.7597(±0.0001)

1.6776(±0.0001)

308

0.7526(±0.0001)

1.3997(±0.0003)

318

0.7452(±0.0001)

1.1864(±0.0003)

0.18 M TBP equilibrated

288

0.7668(±0.0000)

1.6857(±0.0001)

with 3.5 M HNO3

298

0.7594(±0.0001)

1.4041(±0.0028)

308

0.7522(±0.0001)

1.1872(±0.0008)

318

0.7448(±0.0001)

1.0148(±0.0003)

0.36 M DHOA equilibrated

288

0.7744(±0.0000)

2.1694(±0.0007)

with 3.5 M HNO3

298

0.7671(±0.0001)

1.7578(±0.0002)

308

0.7597(±0.0001)

1.4589(±0.0002)

318

0.7525(±0.0001)

1.2157(±0.0004)

0.18 M TBP equilibrated

288

0.7750(±0.0000)

1.7506(±0.0019)

with simulated AHWR

298

0.7675(±0.0001)

1.4512(±0.0001)

feed solution

308

0.7612(±0.0001)

1.2513(±0.0000)

318

0.7602(±0.0001)

1.0701(±0.0001)

0.36 M DHOA equilibrated

288

0.7836(±0.0000)

2.3606(±0.0015)

with simulated AHWR

298

0.7763(±0.0001)

1.8944(±0.0003)

feed solution

308

0.7689(±0.0001)

1.5525(±0.0004)

318

0.7615(±0.0001)

1.2993(±0.0002)

Solvent
0.18 M TBP

0.36 M DHOA
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An attempt was made to correlate the variation of viscosity with temperature using
Andrade equation as given below [194]:
η = A•exp (E/RT)

(5.2)

where η is the viscosity (mPa·s), A, a system specific constant, E, the activation energy
(kJ·mol-1) for viscous flow, R, the gas constant (J·mol-1·K-1), and T, the absolute
temperature (K). On simplification, equation (5.2) may be written as:
ln η = ln A + E / RT

(5.3)

The values of E for the solvents under different conditions were determined from
the slope analysis using Equation 5.3 after plotting ln η vs 1/T. There were marginal
changes in the activation energy of the solvents as shown in Table 5.8 suggesting that, the
extraction of acid or the metal ions from the simulated AHWR feed solution does not
alter significantly the intermolecular interactions of the solvent molecules.

Table 5.8: Activation energy data of solvents from viscosity measurements at different
temperature; Diluent: n-dodecane
Solvent

E(kJ·mol-1)

0.18 M TBP

12.88(±0.01)

0.36 M DHOA

13.70(±0.01)

0.18 M TBP equilibrated with 3.5M HNO3

12.88(±0.01)

0.36 M DHOA equilibrated with 3.5M HNO3

14.47(±0.01)

0.18 M TBP equilibrated with simulated AHWR feed solution

11.70(±0.01)

0.36 M DHOA equilibrated with simulated AHWR feed solution

15.18(±0.01)
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5.2.4.2. Interfacial tension measurements
Table 5.9 lists the IFT values of the solvents proposed for AHWR spent fuel reprocessing
against different aqueous phases. It is observed that IFT values are between (15 - 20
mN.m-1) suggesting the increased adsorption of surface-active extractant molecules at the
interface with increase in their mole fractions in the organic phase [195]. From the
present IFT data, it appears that both the solvents possess favorable interfacial tension to
enable proper mixing and separation of the two phases.

Table 5.9: IFT data of the solvents proposed for AHWR spent fuel reprocessing; Diluent:
n-dodecane
Solvent

IFT (mN·m-1)

0.18 M TBP versus 3.5M HNO3

15.59(±0.02)

0.36 M DHOA versus 3.5M HNO3

19.47(±0.02)

0.18 M TBP versus simulated AHWR feed solution

16.42(±0.07)

0.36 M DHOA versus simulated AHWR feed solution

18.88(±0.04)

5.2.5. Radiolytic degradation studies
To evaluate the applicability of DHOA as a process solvent for the reprocessing of
AHWR spent fuel, it was essential to investigate its radiolytic degradation behavior under
process conditions. Degradation studies were, therefore, carried out employing 0.18 M
TBP and 0.36 M DHOA solutions in n-dodecane and in contact with simulated AHWR
feed solution. Figures 5.13 & 5.14 show DU values decreased continuously from 3.2
(without dose) to 2.3 (649 kGy dose) for 0.36 M DHOA/n-dodecane; the corresponding
values for 0.18 M TBP/n-dodecane were 3.0 and 2.1, respectively. Similarly, the DPu
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values decreased continuously from 3.3 (without dose) to 2.0 (530 kGy dose) for 0.36 M
DHOA/n-dodecane; there was marginal decrease from 1.3 (without dose) to 1.0 (530 kGy
dose) for 0.18 M TBP/n-dodecane.
Under identical experimental conditions, DTh values decreased from 0.06 (no
dose) to 0.025 (530 kGy) for 0.36 M DHOA/n-dodecane and the corresponding values for
0.18 M TBP/n-dodecane were 0.05 to 0.029. These studies suggested that there was a
decrease in the distribution ratio values for U, Pu and Th in both the extractants due to
radiolytic degradation. However, 0.36 M DHOA appears superior with respect to
selective extraction of U, Pu (higher D values) over Th vis-à-vis 0.18 M TBP from
AHWR feed solutions.

3.4
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0.18 M DHOA

3.2
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Fig. 5.13. Variation of DU as a function of absorbed dose; Aqueous phase: Simulated
AHWR feed solution; Diluent: n-dodecane
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Fig. 5.14. Variation of DPu as a function of absorbed dose; Aqueous phase: Simulated
AHWR feed solution; Diluent: n-dodecane

5.3. Third-phase formation Studies
The reprocessing is mainly focused on the recovery of
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U and Pu from the spent fuels

leaving bulk of Th (~100 g/L) in the High Level Waste (HLW) solutions. No systematic
attempts have been made so far to identify suitable solvents for the recovery of thorium
from AHWR-HLW solutions. It is a difficult problem in view of the third-phase
formation tendency of different extractants during the extraction of large concentrations
of Th(IV) from nitric acid solutions. Third phase formation appears to be a continuous
phenomenon. The process of phase splitting is attributed to the formation of exceedingly
large aggregates leading to a different and thermodynamically more stable phase devoid
of the diluent molecules. Evaluation of two straight chain dialkyl amides such as DHOA,
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and DHDA vis-à-vis TBP for the recovery of the thorium from AHWR-HLW solutions
has been discussed in this chapter. These dialkyl amides were choosen based on their
third-phase formation behavior during the extraction of Th(IV) from nitric acid medium
[90, 196]. Limiting organic concentraction (LOC (g/L)) values of Th(IV) for 1.1 M
solutions of DHOA, DHDA, and TBP in n-dodecane as the solvents were 33, 50, and
~35, respectively at 4 M HNO3. To understand the third-phase formation / aggregation
behavior during the Th(IV) extraction DLS studies were done. Measurements of
aggregate sizes formed under different experimental conditions were done to explain the
third-phase formation behavior of these extractants.
In addition, extraction behavior of 1x10-2-0.1 M U(VI) from aqueous phases
containing 0.86 M (200 g/L) Th(IV) at 4 M HNO3 in 1.1 M TBP and 1.1 M DHOA
solutions in different diluents: n-dodecane, 10% 1-octanol + n-dodecane, and
decahydronaphthalene (decalin) was studied. An empirical correlation was developed for
the prediction of metal ion concentrations in the heavy organic phases (HOPs).
Spectrophotometric investigations have been carried out to understand the spectral
changes during third-phase formation using loaded organic phases under the conditions of
work.

5.3.1. Aggregation studies using 1.1 M TBP/n-dodecane as solvent
Variation in the size of aggregates with increased Th(IV) loading as a function of nitric
acid concentration in the aqueous phase are shown in Figures 5.15 and 5.16. Gradual
increase in thorium extraction with increased aqueous phase acidities was observed.
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Fig. 5.15. Aggregation behavior of 1.1 M TBP/n-dodecane equilibrated with nitric acid
solutions without/with Th; T: 298 K
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Fig. 5.16. Aggregation behavior of 1.1 M TBP/n-dodecane equilibrated with nitric acid
solutions containing 100 g/L Th; T: 298 K
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Only marginal variation in the aggregate size (1.64(±0.19) nm) was observed in
the case of 1.1 M TBP/n-dodecane system in the absence of Th in the entire range of
acidity (1-6 M HNO3). By contrast, a significant enhancement in the aggregate sizes was
observed with increasing concentration of thorium in the organic phase. The third-phase
appeared in 1.1 M TBP/n-dodecane system for 100 g/L Th at ≥ 2 M HNO3. The size of
Light Organic Phase (LOP) decreased with increased acidity from 6.11(±0.29) nm (2 M
HNO3) to 2.81(±0.16) nm (6 M HNO3); correspondingly a decrease in thorium
concentration from 20 g/L to 7.7 g/L was observed. The average aggregate size and
thorium concentration in the Heavy Organic Phase (HOP) were 12.83(±1.84) nm, and
105.9(±6.7) g/L, respectively.
These observations can be explained in terms of the swelling of the aggregates
due to inter-particle attraction with increased loading of the organic phase with thorium
prior to the appearance of the third-phase. Increase in the short range attractive forces
between the polar cores of the reverse micelles due to dipole - dipole interactions
probably expels the diluent molecules from the vicinity of the extracted species under
third-phase conditions [82-88]. The diluent rich organic phase (LOP) showed no such
strong interactions due to the presence of lower concentrations of thorium and the
extractant.
The addition of 5 % (v/v) 1-octanol as modifier in 1.1 M TBP/n-dodecane system
a remarkable difference in the aggregation behavior as compared to that of the pure
solvent showed. There was no third-phase formation during the extraction of Th(IV) even
from the aqueous phases containing 100 g/L Th(IV) at 1-5 M HNO3. Figure 5.17 clearly
shows the influence of 5% 1-octanol on the aggregation behavior of extracted species of
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Th(IV) in the organic phase. It is worth mentioning that thorium uptake without/with
phase modifier varied marginally (±4%) in the entire range of acidity studied.
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Fig. 5.17. Effect of 1-octanol (5 % v/v) as phase modifier on the aggregation behavior of
1.1 M TBP/n-dodecane during the extraction of Th from nitric acid medium; [Th]aq,initial:
50 g/L; T: 298 K
The polar nature of 1-octanol weakens the intermicellar interaction and thereby
reduces the size of aggregates formed in the organic phase. The absence of third-phase in
the presence of 5% 1-octanol suggests effective solubilization of the extracted species.
Two opposing physical forces viz. the thermal energy (kBT) and the intermicellar
attraction energy are responsible for solubilization of the extracted species (micelles) in
the diluents phase [92]. The thermal energy helps in dispersing the micelles in the
medium while the attractive forces are responsible for sticking them together. It appears
that the addition of 5% 1-octanol in the organic phase prevents the swollen reverse
micelles from reaching the level of intermicellar attraction energy required for third-phase
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formation. The loaded organic phase will be stable when the two opposing forces are
equal otherwise third-phase formation will take place when the attractive forces become
stronger.

5.3.2. Aggregation studies using 1.1 M DHOA/n-dodecane as solvent
Thorium extraction studies were also performed using 1.1 M DHOA/n-dodecane system
under identical experimental conditions. The aggregate size increases gradually with
aqueous phase acidity and thorium loading in the organic phase. In this case, third-phase
formation was appeared for [Th]aq,initial: ≥ 100 g/L and at ≥ 5 M HNO3 (Figure 5.18).
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Fig. 5.18. Aggregation behavior of 1.1 M DHOA/n-dodecane equilibrated with nitric acid
solutions without/with Th; T: 298 K; Points in circle refer to HOP
The diluent molecules dispersed in different portions of the aggregates are
expelled from HOP after phase splitting resulting in a decrease in the aggregate size. The
volume of the third-phase formed in the case of 1.1 M DHOA/n-dodecane was relatively
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~2.2 times higher than that of 1.1 M TBP/n-dodecane system. This indicates that the
swelling tendency is relatively higher in the case of DHOA as compared to that of TBP
which may be attributed to its long chain alkyl substituent. These may be hindering the
close approach of the micelles and lead to bulky aggregates.

5.3.3. Aggregation studies using 1.1 M DHDA/n-dodecane as solvent
Thorium extraction studies were also performed using 1.1 M DHDA/n-dodecane system
under identical experimental conditions. It was of interest to compare its aggregation
behavior with those of TBP and DHOA as extractants. Figure 5.19 shows the variation of
aggregate sizes with thorium loading at different acidities. The aggregate size increased
gradually with aqueous phase nitric acid concentration and increased thorium loading in
the organic phase (Figure 5.20).
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Fig. 5.19. Aggregation behavior of 1.1 M DHDA/n-dodecane equilibrated with nitric acid
solutions without/with Th; T: 298 K; Points in circle refer to HOP
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Fig. 5.20. Variation of Th(IV) concentration in the organic phase as a function of nitric
acid concentration; Organic phase: 1.1 M DHDA/n-dodecane; T: 298 K; Points in circle
refer to HOP
No third-phase formation was observed up to 100 g/L Th concentration in the
aqueous phase in the entire range of acidity under this study. Third-phase appeared for
200 g/L Th concentration beyond 5 M HNO3 resulting in a decrease in the aggregate size.
These studies, show that long-chain alkyl substituent of DHDA help in solublizing the
extracted species as compared to those of DHOA and TBP. Interestingly, both DHOA
and TBP have comparable LOC values [90]. The presence of longer chain in DHDA
alters the aggregation trend between the two extractants viz. DHOA and DHDA.
It was worth comparing the aggregation behavior of these extractants under
identical experimental conditions. Therefore, the aggregate sizes were followed as a
function of nitric acid concentration (1-6 M HNO3) and maintaining [Th]aq.,

initial

as 50

g/L. It is clear from Figure 5.21 that the three solvents used in this study display almost
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identical aggregation behavior up to 3 M HNO3 beyond which a marked increase in their
sizes is observed for both TBP and DHOA extractants.
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Fig. 5.21. Comparison of aggregation sizes for different extractants equilibrated with
nitric acid solutions containing 50 g/L Th; Diluent: n-dodecane; T: 298 K
DHDA shows relatively smaller increase in the size of the aggregate with
increased loading in the organic phase. These studies also confirm to the previous
observations that increased chain length of alkyl substituents suppresses the third-phase
formation tendency by forming relatively smaller size aggregates [197]. Similar
observations are also reported during SANS studies on Th(IV)/TBP/HNO3 system [83].
However, a significant increase in the size of the aggregates with increased Th(IV)
loading in the organic phase up to LOC values beyond which third-phase formation takes
place. The aggregate sizes in the LOP resulting from phase splitting, were smaller than
those observed in the HOP samples.
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5.3.4. U and Th extraction studies using n-dodecane as diluent
Table 5.10 shows that the organic phase uranium concentration increases with its initial
aqueous phase concentration for both the extractants. However, uranium extraction was
marginally lower in the case of DHOA as compared to that of TBP.
Table 5.10: Uranium extraction behavior using 1.1 M TBP and 1.1 M DHOA solutions
in n-dodecane as extractants; Aqueous phase: 0.01-0.1 M U(VI) at 4 M HNO3; T: 298 K
[U(VI)]aq,in,

1.1 M TBP/ n-dodecane

1.1 M DHOA/ n-dodecane

M

[U(VI)]org, M

[U(VI)]aq, M

[U(VI)]org, M

[U(VI)]aq, M

1 x10-2

9.5x10-3

7.8x10-4

8.7x10-3

1.1x10-3

2 x10-2

1.9x10-2

1.5x10-3

1.7x10-2

1.8x10-3

4 x10-2

3.9x10-2

2.7x10-3

3.0x10-2

4.3x10-3

6 x10-2

5.4x10-2

3.1x10-3

5.0x10-2

8.8x10-3

8 x10-2

7.6x10-2

6.2x10-3

6.9x10-2

9.4x10-3

10 x10-2

9.1x10-2

7.8x10-3

9.0x10-2

1.1x10-3

Table 5.11 shows a gradual decrease in Th(IV) concentration in the third-phase
(Heavy Organic Phase, HOP) with increased aqueous U concentration [0.71 M (no
U(VI)) to 0.61 M (0.1 M U(VI)) for TBP; 0.28 M (no U(VI)) to 0.22 M (0.1 M U(VI)) for
DHOA]. The decrease in thorium concentration in HOP with increased uranium
concentration suggested that Th(IV) was being replaced by U(VI). This behavior was
attributed to the preference for uranium by forming disolvated species, while thorium is
relatively poorly extracted due to the formation of sterically hindered trisolvated species
[114]. Figure 5.22 clearly shows a decrease in Th(IV) concentration in the third-phase
with increased uranium concentration.
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Table 5.11: Comparison of thorium concentration during third-phase formation using 1.1
M TBP and 1.1 M DHOA solutions in n-dodecane as extractants; aqueous phase(s):
(0-0.1 M) U(VI) + 0.86 M Th(IV) + at 4 M HNO3; T: 298 K
1.1 M TBP/ n-dodecane
Sample [U(VI)]aq,in, M

[Th(IV)]aq,eq, M [Th(IV)], M: DRP# [Th(IV)], M: HOP##

No.
1

0.00

0.50

2.7x10-2

0.71

2

1x10-2

0.52

2.9x10-2

0.70

3

2x10-2

0.53

2.9x10-2

0.69

4

4x10-2

0.54

2.8x10-2

0.68

5

6x10-2

0.54

2.8x10-2

0.65

6

8x10-2

0.55

2.9x10-2

0.63

7

10x10-2

0.56

2.9x10-2

0.61

1.1 M DHOA/ n-dodecane
1

0.00

0.61

9.0x10-3

0.28

2

1x10-2

0.62

9.0x10-3

0.27

3

2x10-2

0.62

1.3x10-2

0.26

4

4x10-2

0.63

1.1x10-2

0.25

5

6x10-2

0.64

1.1x10-2

0.24

6

8x10-2

0.64

1.3x10-2

0.23

7

10x10-2

0.64

1.1x10-2

0.22

DRP#: Diluent rich – upper phase; HOP## : Heavy organic phase
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Fig. 5.22. Variation of uranium and thorium concentration in heavy organic phase;
aqueous phase: 1×10-2 – 0.1 M U(VI) + 200 g/L Th(IV) at 4 M HNO3; O/A: 1
U concentration in HOP also increased with its initial concentration in the aqueous
phase (Table 5.12) [from 1.8x10-2 M (1x10-2 M U(VI)) to 0.162 M (0.1 M U(VI)) for
TBP and from 1.4x10-2 M (1x10-2 M U(VI)) to 0.14 M (0.1 M U(VI)) for DHOA]. Nave
et al. studied the structural aspects of third-phase formation behavior by the
supramolecular organization of TBP/n-dodecane using different techniques [82]. It was
observed that organic phases of TBP in equilibrium with acid solutions were organized as
interacting aggregates, which were responsible for the formation of the third-phase.
An empirical correlation (Equation 5.4) was developed using the concentrations of
uranium and thorium in the third-phase (HOP) for both the extractants using 1x10-2-0.1 M
U(VI) + 0.86 M Th(IV) in 4 M HNO3 as the aqueous phase. The empirical correlation
was as follows:
y = a + b1x + b2x2 + b3x3

(5.4)

where x and y refer to uranium and thorium concentrations in the third-phase (HOP).
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Table 5.12: Comparison of U concentrations during third-phase formation process using
1.1 M TBP and 1.1 M DHOA solutions in n-dodecane as extractants; Aqueous phase(s):
(0-0.1 M) U(VI) + 0.86 M Th(IV) at 4 M HNO3; T: 298 K
1.1 M TBP/ n-dodecane
[U(VI)]aq,in, M

[U(VI)]aq,eq, M

[U(VI)], M: DRP#

[U(VI)], M: HOP##

1

1x10-2

1.8x10-3

4.8x10-3

1.8x10-2

2

2x10-2

4.1x10-3

9.3x10-3

3.7x10-2

3

4x10-2

6.4x10-3

1.7x10-2

7.2x10-2

4

6x10-2

8.2x10-3

2.5x10-2

0.10

5

8x10-2

1.5x10-2

3.4x10-2

0.14

6

10x10-2

1.7x10-2

5.0x10-2

0.16

Sample
No.

1.1 M DHOA/ n-dodecane
1

1x10-2

1.4x10-3

1.0x10-3

1.4x10-2

2

2x10-2

3.8x10-3

3.0x10-3

2.8x10-2

3

4x10-2

4.6x10-3

6.4x10-3

5.2x10-2

4

6x10-2

6.5x10-3

1.0x10-2

8.0x10-2

5

8x10-2

1.1x10-2

1.1x10-2

0.12

6

10x10-2

1.8x10-2

5.0x10-2

0.14

DRP#: Diluent rich – upper phase; HOP##: Heavy organic phase
Table 5.13 lists the correlation coefficients for 1.1 M TBP and 1.1 M DHOA
solutions in n-dodecane. Equation (5.4) can be used for predicting concentrations of one
of the metal ions (Th(IV) or U(VI) in HOP).
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Table 5.13: Correlation coefficients obtained by polynomial fit of the experimental data
for two extractants
Extractant

a

b1

b2

b3

R2

1.1 M TBP/ n-dodecane

0.6970

0.1445

-0.8965

28.9264

0.988

1.1 M DHOA/ n-dodecane

0.2719

-0.1831

-4.8036

25.8925

0.992

5.3.5. U and Th extraction studies using 10% 1-octanol + n-dodecane and decalin as
diluents
Table 5.14 and Table 5.15 show U and Th extraction using 1.1 M TBP and 1.1 M DHOA
solutions dissolved in 10% 1-octanol (v/v) + n-dodecan and decalin, respectively. No
third-phase formation was observed during the extraction of U and Th from the aqueous
phases employing these diluents and the values refer to maximum achievable
thorium/uranium loading under the conditions of present study.
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Table 5.14: Comparison of thorium and uranium extraction behavior using 1.1 M TBP
and 1.1 M DHOA solutions in 10% Octanol + n-dodecane as extractants; Aqueous
phase(s): (1x10-2-0.1 M) U(VI) + 0.86 M Th(IV) at 4 M HNO3; T: 298 K
1.1 M TBP/ 10% Octanol + n-dodecane
Sample

[U(VI)]aq,in,

[U(VI)]org,eq,

[U(VI)]aq,eq,

[Th(IV)]**org,eq, [Th(IV)]aq,eq,

No.

M

M

M

M

M

1

1x10-2

8.9x10-3

1.5x10-3

0.22

0.61

2

2x10-2

1.7x10-2

3.7x10-3

0.22

0.62

3

4x10-2

3.7x10-2

5.5x10-3

0.20

0.62

4

6x10-2

5.0x10-2

8.1x10-3

0.20

0.64

5

8x10-2

6.8x10-2

1.2x10-2

0.19

0.64

6

10x10-2

8.4x10-2

1.4x10-2

0.18

0.64

1.1 M DHOA/ 10% Octanol + n-dodecane
1

1x10-2

8.4x10-3

1.1x10-3

0.13

0.67

2

2x10-2

1.7x10-2

2.4x10-3

0.12

0.67

3

4x10-2

3.5x10-2

4.8x10-3

0.10

0.67

4

6x10-2

4.9x10-2

7.4x10-3

0.13

0.68

5

8x10-2

6.5x10-2

1.1x10-3

0.12

0.71

6

10x10-2

8.1x10-2

1.2x10-2

0.11

0.71

**

: Maximum achievable concentration in the organic phase
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Table 5.15: Comparison of thorium and uranium extraction behavior using 1.1 M TBP
and 1.1 M DHOA solutions in decalin as extractants; Aqueous phase(s): (1x10-2-0.1 M)
U(VI) + 0.86 M Th(IV) at 4 M HNO3; T: 298 K
1.1 M TBP/ decalin
Sample

[U(VI)]aq,in,

[U(VI)]org,eq,

[U(VI)]aq,eq,

[Th(IV)]**org,eq, [Th(IV)]aq,eq,

No.

M

M

M

M

M

1

1x10-2

9.5x10-3

7.8x10-4

0.26

0.59

2

2x10-2

1.9x10-2

1.5x10-3

0.25

0.60

3

4x10-2

3.9x10-2

2.7x10-3

0.24

0.61

4

6x10-2

5.4x10-2

3.1x10-3

0.22

0.61

5

8x10-2

7.6x10-2

6.2x10-3

0.21

0.63

6

10x10-2

9.1x10-2

7.8x10-3

0.21

0.64

1.1 M DHOA/decalin
1

1x10-2

8.7x10-3

1.1x10-3

0.17

0.64

2

2x10-2

1.8x10-2

1.8x10-3

0.16

0.66

3

4x10-2

3.4x10-2

4.3x10-3

0.15

0.70

4

6x10-2

5.1x10-2

8.7x10-3

0.15

0.65

5

8x10-2

6.9x10-2

9.4x10-3

0.14

0.70

6

10x10-2

9.0x10-2

1.1x10-2

0.14

0.70

From the data it can be inferred that higher Th(IV) concentration in the organic
phase can be attributed to the relatively polar nature of these diluents. The dielectric
constant values (ε) for 10% 1-octanol + n-dodecane and decalin were, 2.83 and 2.77,
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respectively. U(VI) extraction was better for both the extractants using decalin as diluent
as compared to that of 10% 1-octanol + n-dodecane. These studies suggested that either
10% 1-octanol + n-dodecane, or decalin were better choices as diluents for alleviating the
third-phase formation during the reprocessing of spent thorium based fuels and can be
particularly useful for the recovery of thorium from high-level waste (HLW) solutions.

5.3.6. Spectrophotometric studies
Spectral changes during third phase formation studies for both TBP and DHOA as
extractants dissolved in different diluents were also investigated. Figure 5.23 compares
the absorption spectra of uranium loaded in 1.1 M solutions of TBP/DHOA in n-dodecane
from an aqueous phase containing 0.1 M U(VI) at 4 M HNO3.
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Fig. 5.23. Absorption spectra of uranium loaded in different organic phases; Aqueous
phase: 0.1 M U(VI) at 4 M HNO3
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It can be seen from Figure 5.23, that absorption spectra of extracted disolvated
uranyl nitrate species for the two extractants are fairly similar except one shoulder
observed in the case of DHOA at ~400 nm [90, 157]. Both the extractants show
bathochromic shifts (~10 nm) in the absorption spectra of extracted U(VI) complex (from
~415 nm (aq) to ~425 nm (extracted). It was observed that absorption spectra of U(VI)
ion in the third-phase formed at ~3 M HNO3 also had close resemblance to that of U(VI)TBP extract [89]. It was observed that from Figures 5.24 and 5.25 the presence of Th(IV)
in the third-phase (HOP) does not influence significantly the U(VI) absorption spectra for
both the extractants. High and low absorbance values in heavy organic phases (HOPs)
and diluent rich phases (DRPs) were attributed to U(VI) concentration in the respective
phases (Tables 5.8-5.10).

2.4
2.0

1

(a) Heavy organic phase
1
(b) Light organic phase
2
(c) Organic phase (no third-phase)
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(a)
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0.0
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425

450

475
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Fig. 5.24. Absorption spectra of uranium loaded in different organic phases; [extractant]:
1.1 M TBP/n-dodecane; 1Aqueous phase: 0.1 M U(VI) + 0.86 M Th (IV) at 4 M HNO3;
2

Aqueous phase: 0.1 M U(VI) at 4 M HNO3
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Fig. 5.25. Absorption spectra of uranium loaded in different organic phases; [extractant]:
1.1 M DHOA/n-dodecane; 1Aqueous phase: 0.1 M U(VI) + 0.86 M Th (IV) at 4 M
HNO3; 2Aqueous phase: 0.1 M U(VI) at 4 M HNO3
Third-phase formation phenomenon in different extractants has been attributed to
interaction of hard-sphere particles (reverse micelles) formed during the extraction of
metal ions. It appears that the presence of diluents like 10% octanol + n-dodecane and
decalin do not allow the interaction of the reverse micelles of the extracted metal ions
avoiding the third-phase formation. Figures 5.26 and 5.27 show that the absorption
spectra of U(VI) extracted in organic phases using 10 % 1-octanol + n-dodecane for both
the extractants were similar to those obtained in n-dodecane as diluent.
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Fig. 5.26. Absorption spectra of uranium loaded in 1.1 M TBP solution in 10% octanol +
n-dodecane; aqueous phase: 1×10-2 – 0.1 M U(VI) + 0.86 M Th (IV) at 4 M HNO3
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Fig. 5.27. Absorption spectra of uranium loaded in 1.1 M DHOA solution in 10% octanol
+ n-dodecane; aqueous phase: 1×10-2 – 0.1 M U(VI) + 0.86 M Th (IV) at 4 M HNO3
U(VI) absorption spectra for extracted species of U(VI) cations for both the
extractants in decalin medium were completely different from those obtained in n180
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dodecane or in 10% octanol + n-dodecane, and only shoulders at 425 nm for different
concentrations of U(VI) in the aqueous phase could be used to demonstrate its extraction
(Figures 5.28 & 5.29).
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Fig. 5.28. Absorption spectra of uranium loaded in 1.1 M TBP solution in decalin;
aqueous phase: 1×10-2 – 0.1 M U(VI) + 0.86 M Th (IV) at 4 M HNO3
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Fig. 5.29. Absorption spectra of uranium loaded in 1.1 M DHOA solution in decalin;
aqueous phase: 1×10-2 – 0.1 M U(VI) + 0.86 M Th (IV) at 4 M HNO3
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CHAPTER 6: THERMAL DEGRADATION STUDIES OF N,NDIHEXYLOCTANAMIDE / n-DODECANE SOLVENT
6.1. Introduction
Solvent extraction operations in nuclear industry are carried out at ambient conditions
without applying any heat treatment and TBP has performed safely for decades. However,
‘runaway reactions’ of nitric acid and industrial solvent mixtures (like TBP/n-dodecane)
are potentially damaging in nature. TBP reacts with nitric acid at elevated temperatures
and forms a complex mixture known as “Red Oil” [198]. Thermal ‘runaway’ reaction
occurs if reactants are heated to temperatures where the heat of reaction exceeds the heat
loss from the system. There have been several instances of explosion with TBP/HNO3
system in industrial processes [199]. One of the major occurrences was at TOMSK-7
facility in Russia at which runaway reaction of a solution of up to 500 liters of TBP
saturated with strong nitric acid resulted in explosion and failure of the storage vessel and
subsequently blowing out a wall of the reprocessing plant building. The damage to the
building was possibility due to result of the deflagration of flammable gases like butene
and CO released from the initiation reaction before the explosion [200].

6.2. Red oil formation: process equipments
Red oil formation takes place when nitric acid is heated in the presence of TBP. Source of
heat can be external or it may be due to self heating as in TOMSK-7 event where heat
was generated by reaction due to addition of highly concentrated nitric acid (14.2 M) to a
solution of uranyl nitrate containing degraded organic products. Nitration of diluents and
formation of butyl nitrate and several other exothermic reactions increased temperature of
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the vessel. Inadequate venting of vessel contributed to pressure buildup and finally vessel
exploded after a few hours of acid inlet [201].
Broadly, there are three types of process equipment in a reprocessing plant where
conditions for red oil formation prevail. These are evaporators, acid concentrators, and
denitrators [202].

6.2.1. Evaporators
These are used for concentration of high level aqueous product from solvent extraction
processes and for the recovery of nitric acid.

6.2.2. Acid recovery units
Nitric acid evaporated from the evaporator is very dilute and contain radioactivity from
uranium and plutonium purification steps followed in solvent extraction systems.
Decontaminated nitric acid is separated in the acid concentrator which works according to
the principles of distillation. The basic criteria for red oil production are met if
inadvertent amounts of TBP are present in nitric acid.

6.2.3. Denitrators
Denitrators are devices that are used for heating concentrated solutions of uranium nitrate
to the point of decomposition for the production of uranium oxide (UO3). Since
temperature of calcinations is greater than 300oC, if traces of TBP are present in the
solution, red oil may be formed. This event has been attributed to cause a red oil event at
Savannah River Plant [203].
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6.3. Conditions for red oil formation
The necessary conditions for the occurrences of runaway red oil reaction are:
1. Presence of TBP in organic phase.
2. Temperature of solution to be greater than 130 °C.
3. Insufficient venting area.
4. Presence of diluents.
5. Presence of metal ions in the aqueous phase.
6. Nitric acid concentration greater than 10 M.

6.4. Controls for the red oil phenomenon
Red oil formation, in general can be controlled by temperature, pressure, mass and
concentration [204]. These controls should be used together for enhanced safety and
prevention of a red oil explosion.

6.4.1. Control of temperature
Maintaining a temperature of less than 130oC is generally accepted as a control for
preventing red oil explosions. Red oil runaway reaction has not been reported at a
temperature less than 130°C [205]. Good quality temperature sensors along with
secondary cooling method should be adopted for temperature control. Sufficient venting
provides a passive method for cooling by evaporative heat transfer and also prevents the
red oil reaction from becoming autocatalytic.
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6.4.2. Control of pressure
Sufficient venting also prevents pressure build-up and destruction of the process vessel.
It also provides the means for evaporative cooling and red oil from reaching the initiation
temperature. Pressure control only prevents explosion, it does not prevent the detonation
of released gases. Other controls should also be employed along with pressure control to
prevent the red oil reaction.

6.4.3. Control of mass
Mass control factors like diluents wash remove organic extractant capable of producing
red oil. TBP is slightly soluble in water and nitric acid and its presence leads to red oil
formation at elevated temperatures. Presence of TBP in aqueous phase by a certain
amount is one of the reasons for red oil reaction. Degradation products of TBP also have
greater aqueous phase solubility and their presence also can also lead to red oil formation
[206]. So limiting the total amount of TBP and its degradation products in process vessels
prevents red oil formation.

6.4.4. Control of concentration
Concentration control is utilized to keep the concentration of nitric acid below 10M.
Keeping nitric acid concentration below 10 Mwill prevent a red oil runaway reaction.
Table 6.1 lists some of the published information on red-oil events in industrial nuclear
plants.
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Table 6.1: Red-oil events in industrial nuclear plants
Date

Plant

Part of plant affected

12 Jan 1953

Defense Nuclear Facilities

Evaporator destroyed.

Complex, Hanford, USA
12 Feb 1975

Savannah River Plant, USA

Denitrator was destroyed in red
oil event and building damaged

11 March 1985

Savannah River Plant, USA

Fire

in

solvent

incinerator,

extensive damage to building.
06 April 1993

17 Nov 2002

TOMSK-7 Reprocessing plant,

Explosion

without

Russia

heating in the tank

NFC, Hyderabad, India

Evaporator

external

N,N-dialkyl amides have been evaluated extensively as alternative extractants to
TBP in our laboratory and elsewhere [207, 114]. N,N-dihexyloctanamide (DHOA) has
been particularly found to be a promising candidate among a number of extractants
studied. To qualify DHOA as an extractant as better or comparable to TBP, pressurization
studies were carried out in the presence of nitric acid under adiabatic conditions and
closed vent conditions. In this chapter, experimental observations on these studies are
presented and discussed.

6.5. Results and discussion
The experiments conducted with Advanced Reactive System Screening Tool (ARSST)
mainly aimed at estimation of total pressure generated by decomposition of nitric acid
containing DHOA solutions. To study of the role of concentration of nitric acid on
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decomposition of DHOA, organic parts of equilibrated samples were tested for their
pressurization effects.
Figures 6.1 (a) & (b) show that DHOA, generates ~200 psi/g pressure at 523 K
within 110 minutes in 350 mL reaction vessel of ARSST. This is approximately double of
TBP [106], which generates ~100 psi/g pressure under identical conditions. Temperature
of the system was increased at 2 oC per minute. Fig. 6.1 (b) also shows the total time
required by the system to attain maximum pressure from the start of experiment.
Pressurization is on the higher side which suggests that DHOA being an amide based
extractant, is more prone to thermal degradation as compared to TBP and generates
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Fig. 6.1 (a) & (b). Pressurization of DHOA with temperature and time; Reactor vessel
capacity: 350 mL
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Figures 6.2 (a) & (b), and 6.3 (a) & (b) show the pressurization profiles of 0.36 M
DHOA and 1.1 M DHOA solutions in n-dodecane as function of temperature and time.
Dodecane is a long chain hydrocarbon and its thermal degradation produces several
alkanes & alkenes ranging from C5 to C10 which are volatile in nature [208-210]. The
degradation products may react with oxygen present in air to form volatile oxidation
products. Therefore, 0.36 M and 1.1 M DHOA solutions in n-dodecane exhibit more
pressurization in similar conditions with respect to pure DHOA as shown in Table 6.2.
0.36 M DHOA in n-dodecane generates ~230 psi/g and 1.1M DHOA in n-dodecane
generated ~210 psi/g in 350 mL ARSST reactor. Higher pressurization for 0.36 M DHOA
in n-dodecane may be due to higher dodecane fraction present in the solution.

Table 6.2: Pressurization/g for DHOA and DHOA/n-dodecane samples at 523 K in
ARSST
Sample

Pressure/g (psi/g)

DHOA

195(±10)

1.1 M DHOA in n-dodecane

210(±10)

0.36 M DHOA in n-dodecane

230(±10)
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Fig. 6.2 (a) & (b). Pressurization of 0.36 M DHOA/n-dodecane with temperature and
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Fig. 6.3 (a) & (b). Pressurization of 1.1 M DHOA/n-dodecane with temperature and time;
Reactor vessel capacity: 350 mL
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To understand the effect of nitric acid solution on thermal degradation (red oil
formation behavior) 0.36 M and 1.1 M DHOA solutions in n- dodecane were equilibrated
with nitric acid solutions (0.01-6 M HNO3). The pressurization behavior was followed as
a function of temperature and time for both organic and aqueous phases. Figures 6.4 (a) to
6.12 (b) show the pressure building profile for different samples at varying acidity. As
dodecane is practically insoluble in nitric acid or water, it is expected that DHOA gets
marginally transferred to aqueous phase. Generally, pressurization to a tune of ~200 psi/g
was observed at 523 K in case of all the aqueous samples. This indicates that dissolved
DHOA has practically very little influence on pressurization and observed pressurization
is due to thermal decomposition of nitric acid solution only (Tables 6.3). As sample taken
was in very less quantity (~50-100 mg), the nitric acid (NO2) component was very less, it
had very little effect on overall pressurization. The total pressurization observed for all
samples were basically due to evaporation of water only.

Table 6.3: Pressurization of aqueous part of 0.36 M and 1.1 M DHOA solution in ndodecane equilibrated with different concentrations of nitric acid at 523 K in ARSST
Acidity

Pressure/g (psi/g)
0.36 M DHOA

1.1 M DHOA

0.01M HNO3

140(±10)

160(±10)

0.5M HNO3

170(±10)

160(±10)

3M HNO3

-

170(±10)

4M HNO3

170(±10)

170(±10)

6M HNO3

170(±10)

170(±10)
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Fig. 6.4 (a) & (b). Variation of pressurization with temperature and time for aqueous part
of 0.36 M DHOA/n-dodecane equilibrated with 0.01 M HNO3; Reactor vessel capacity:
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Fig. 6.5 (a) & (b). Variation of pressurization with temperature and time for aqueous part
of 0.36 M DHOA/n-dodecane equilibrated with 0.5 M HNO3; Reactor vessel capacity:
350 mL
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Fig. 6.6 (a) & (b). Variation of pressurization with temperature and time for aqueous part
of 0.36 M DHOA/n-dodecane equilibrated with 4 M HNO3; Reactor vessel capacity:
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Fig. 6.7 (a) & (b). Variation of pressurization with temperature and time for aqueous part
of 0.36 M DHOA/n-dodecane equilibrated with 6 M HNO3; Reactor vessel capacity:
350 mL
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Fig. 6.8 (a) & (b).Variation of pressurization with temperature and time for aqueous part
of 1.1 M DHOA/n-dodecane equilibrated with 0.01 M HNO3; Reactor vessel capacity:
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Fig. 6.9 (a) & (b). Variation of pressurization with temperature and time for aqueous part
of 1.1 M DHOA/n-dodecane equilibrated with 0.5 M HNO3; Reactor vessel capacity:
350 mL
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Fig. 6.10 (a) & (b). Variation of pressurization with temperature and time for aqueous
part of 1.1 M DHOA/n-dodecane equilibrated with 3 M HNO3; Reactor vessel capacity:
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Fig. 6.11 (a) & (b). Variation of pressurization with temperature and time for aqueous
part of 1.1 M DHOA/n-dodecane equilibrated with 4 M HNO3; Reactor vessel capacity:
350 mL
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Fig. 6.12 (a) & (b). Variation of pressurization with temperature and time for aqueous
part of 1.1 M DHOA/n-dodecane equilibrated with 6 M HNO3; Reactor vessel capacity:
350 mL

Similarly, Figures 6.13 (a) to 6.22 (b) show pressure curve for solutions
containing dissolved nitric acid in 0.36 M and 1.1 M DHOA with respect to temperature
and time. At 523 K, the pressure valves were observed to be 202(±18) psi/g for 0.36 M
DHOA and 212(±20) for 1.1 M DHOA solution in n-dodecane (Table 6.4) which were
close to the corresponding values of the fresh solvents. This observation suggests that
chemical reaction, if any, taking place between aqueous and organic components at
higher temperature results insignificant change in pressure.
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Table 6.4: Pressurization behavior of organic phases obtained after contacting with nitric
acid solution at 523 K in ARSST
Pressure/g (psi/g)
0.36 M DHOA

1.1 M DHOA

0.01 M HNO3

200(±10)

190(±10)

0.5 M HNO3

200(±10)

200(±10)

3 M HNO3

220(±10)

210(±10)

4M HNO3

190(±10)

220(±10)

6 M HNO3

180(±10)

220(±10)
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Fig. 6.13 (a) & (b). Variation of pressurization with temperature and time for organic part
of 0.36 M DHOA/n-dodecane equilibrated with 0.01 M HNO3; Reactor vessel capacity:
350 mL
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Fig. 6.14 (a) & (b). Variation of pressurization with temperature and time for organic part
of 0.36 M DHOA/n-dodecane equilibrated with 0.5 M HNO3; Reactor vessel capacity:
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Fig. 6.15 (a) & (b). Variation of pressurization with temperature and time for organic part
of 0.36 M DHOA/n-dodecane equilibrated with 3 M HNO3; Reactor vessel capacity:
350 mL
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Fig. 6.16 (a) & (b). Variation of pressurization with temperature and time for organic part
of 0.36 M DHOA/n-dodecane equilibrated with 4 M HNO3; Reactor vessel capacity: 350
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Fig. 6.17 (a) & (b). Variation of pressurization with temperature and time for organic part
of 0.36 M DHOA/n-dodecane equilibrated with 6 M HNO3; Reactor vessel capacity: 350
mL
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Fig. 6.18 (a) & (b). Variation of pressurization with temperature and time for organic part
of 1.1 M DHOA/n-dodecane equilibrated with 0.01 M HNO3; Reactor vessel capacity:
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Fig. 6.19 (a) & (b). Variation of pressurization with temperature and time for organic part
of 1.1 M DHOA/n-dodecane equilibrated with 0.5 M HNO3; Reactor vessel capacity: 350
mL
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Fig. 6.20 (a) & (b). Variation of pressurization with temperature and time for organic part
of 1.1 M DHOA/n-dodecane equilibrated with 3 M HNO3; Reactor vessel capacity:
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Fig. 6.21 (a) & (b). Variation of pressurization with temperature and time for organic part
of 1.1 M DHOA/n-dodecane equilibrated with 4 M HNO3; Reactor vessel capacity:
350 mL
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Fig. 6.22 (a) & (b). Variation of pressurization with temperature and time for organic part
of 1.1 M DHOA/n-dodecane equilibrated with 6 M HNO3; Reactor vessel capacity:
350 mL

It was of interest to compare the pressurization trend of DHOA/n-dodecane and its
nitric acid equilibrated solutions with the reported reverse TALSPEAK (RT) [0.3 M di(2-ethyl hexyl) phosphoric acid or D2EPHA in 0.2 M TBP in normal paraffinic diluents
solvent [106]. Pressurization of RT solvent increases with increase in acidity, while it
remains more or less constant with the change in acidity for DHOA system. However,
pressurization in the case of fresh RT solvent is almost half of pure DHOA and fresh
DHOA/n-dodecane solutions. This indicates that the decomposition products of DHOA
are of fairly lower molecular weight because of which it has more vapor pressure which
in turns leads to higher pressurization. RT solvent which consists of D2EPHA and TBP
yields products having lower vapor pressure.
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Chapter 7
Summary and conclusions
Evaluation of N,N-dialkyl amides as alternative extractants of tributyl phosphate (TBP)
for spent nuclear fuel reprocessing has been the main objective of the present work. These
compounds are completely incinerable resulting in a restricted volume of secondary waste
generated. Their physico-chemical properties can be modified by the judicious choice of
the alkyl groups. This class of extractants offers better fission product decontamination as
compared to that of TBP. In this context N,N-dihexyloctanamide (DHOA) has been
identified as a promising alternative extractant for spent nuclear fuel reprocessing of
Pressurized Heavy Water Reactor (PHWR). In the present work, DHOA has been
evaluated for the reprocessing of Fast Reactor and Advanced Heavy Water Reactor
(AHWR) spent fuels and the performance of DHOA was compared with TBP. The results
are summarized as:
i.

Dispersion number of DHOA was calculated and found to be 1.21x10-3, which is
in the range of Dispersion number for solvents such as TBP, hence showing good
phase disengagement tendency.

ii.

Various conditions such as flow rates and rotation per minute (rpm) has been
optimize of uranium extraction using centrifugal contactor runs. Based on these
studies, the optimum flow rates and rpm were chosen as 20mL/min, 1500 rpm,
respectively.

iii.

Batch extraction data of uranium and plutonium were used to make an estimate
the number of extraction stages required during the mixer settler operations for Pu
rich spent fuels reprocessing.

202

Chapter VII

iv.

The mixer settler and centrifugal contactor runs suggested that uranium extraction
ability of DHOA is comparable to that of TBP. However, plutonium extraction
appears to be better in DHOA as compared to TBP. DHOA extractes Pu more
efficiently and have better stripping behavior of U and Pu as compared to TBP.
Quantitative Pu stripping could be achieved employing 0.5 M NH2OH in 0.5 M
HNO3 in the case DHOA in single contact. By contrast, 3-4 contacts were
required for complete removal of plutonium from loaded TBP phase.

v.

DHOA was also evaluated vis-à-vis TBP for selective extraction of U and Tc over
Pu, and Np. It displayed better extraction of Tc over TBP under the experimental
conditions of the present work. The proposed conditions for U and Tc extraction
were: 1.1 M DHOA, 1 M HNO3 and 0.5 M AHA as the as extractant, aqueous
phase acidity, and the complexing/reducing agent, respectively. 1.1 M DHOA
offered better decontamination of U and Tc as compared to that of 1.1 M TBP. Tc
extraction studies as a function of DHOA concentration showed a gradual
decrease in the slope values with increased aqueous phase acidity (3.93±0.04 (0.5
M HNO3), 3.58±0.04 (1.0 M HNO3), and 2.48±0.01 (4.0 M HNO3)) suggesting
the formation of higher solvates as compared to that of TBP as extractant.
Extraction data of Tc, Pu, at 0.5 M AHA in 1 M HNO3, as a function of time
revealed marginal effect AHA hydrolysis/degradation on the extraction profiles of
Tc, Pu under process conditions.

vi.

Spectrophotometric studies clearly demonstrated that Pu(IV) speciation was
affected by the concentration of AHA, nitric acid and time. AHA undergoes
hydrolysis forming hydroxyl amine which was responsible for Pu reduction. AHA
is quite stable and forms deep brown colored complex with Pu(IV) ion at 1 M
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HNO3. Unlike TBP, DHOA displayed negligible extraction of Pu-AHA-NO3
complex which was responsible for better separation factor of Tc over Pu.
vii.

Extraction behavior of neptunium has been compared employing TBP and DHOA
as extractants as a function of nitric acid concentration (0.5-6 M HNO3), uranium
loading (50 and 300 g/L), and in the presence of oxidizing and reducing agents. It
was found that TBP is a better extractant for U(VI) and Np(VI) ions than DHOA
and DU(VI) > DNp(VI) for both the extractants. Np(IV) extraction is comparable to
TBP at higher acidities (3M HNO3). DHOA shows better stripping behavior for
Np(IV) at lower acidities even without the use of any reducing agent. In DHOA
system stoichiometry of the extracted species of Np(IV) and Np(VI) in the organic
phase were Np(NO3)4·3A and NpO2(NO3)2·2A. Neptunium extraction decreases
in the presence of 50 g/L U (relevant to Pu rich reactor) and 300 g/L U PHWR) in
the aqueous phase, in the entire range of acidity.

viii.

The conditions for selective removal of U from PHWR-HLW solutions were
optimized. In this context, the extraction and stripping behavior of uranium,
plutonium, and neptunium was investigated employing 1.1 M solutions of TBP
and DHOA dissolved in n-dodecane as extractants in the presence of 6 g/L U
relevant to typical PHWR - HLW conditions. These studies suggested that (a)
TBP displayed better extraction for U over Np and Pu, (b) DHOA showed a
preference for Pu(IV) and Np(IV) over TBP. Stripping experiments suggested that
two stages were sufficient for quantitative stripping of Np and Pu from loaded
DHOA employing

0.5 M AHA at 1.5-2.0 M HNO3 as the strippant. On the other

hand, more than three stages were required for Np and Pu stripping from loaded
TBP as extractant. Uranium loss to the aqueous phase is more in the case of
204

Chapter VII

DHOA as compared to that of TBP. 0.5 M AHA at 2 M HNO3 appears reducing
agent for selective Np, Pu stripping for both the extractants in view of lower U
loss to the aqueous phase.
ix.

Batch extraction, mixer settler and centrifugal contactor studies were carried out
to compare the extraction behavior of 0.18 M TBP and 0.36 M DHOA in ndodecane and a reprocessing scheme has been propose for the three-component
system (U, Pu, Th) under simulated AHWR feed solution arising from irradiated
(Th,Pu)O2 fuel. These studies showed that DHOA appears particularly promising
for the preferential extraction of U and Pu from dissolver solution of AHWR spent
fuel arising out of (Th,Pu)O2 pins. 4 M HNO3 was used for scrubbing of coextracted thorium. Various reductants like 0.5 M HAN/AHA/HU/AOX at 2 M
HNO3, respectively were evaluated for the partitioning of plutonium from
uranium. Appreciable extraction of Np was observed for both extractants (~50 %
(0.18 M TBP); ~ 66 % (0.36 M DHOA) at O/A; 1) under simulated AHWR feed
conditions. There was negligible extraction of Am and fission/activation products
suggesting better decontamination of U and Pu. In addition, the organic waste
volume generation in the case of 0.36 M DHOA/n-dodecane was approximate half
of that generated using the flow sheet based on 0.18 M TBP/n-dodecane.

x.

Dynamic Light Scattering (DLS) studies of two dialkyl amides viz. DHOA,
DHDA vis-à-vis TBP were done to understand the third-phase formation behavior
during the extraction of Th(IV) from nitric acid medium. There was an increase in
the aggregate size with increased acidity and Th(IV) loading in the organic
phases. The third-phase appeared in 1.1 M TBP/n-dodecane system for 100 g/L
Th at ≥ 2 M HNO3. The size of Light Organic Phase (LOP) decreased with
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increased acidity from 6.11(±0.29) nm (2 M HNO3) to 2.81(±0.16) nm (6 M
HNO3); correspondingly a decrease in thorium concentration from 20 g/L to 7.7
g/L was observed. The average aggregate size and thorium concentration in the
heavy organic phase (HOP) were 12.83(±1.84) nm, and 105.9(±6.7) g/L,
respectively. The addition of 5% (v/v) 1-octanol as phase modifier in 1.1 M
TBP/n-dodecane suppressed the aggregation tendency without affecting the
Th(IV) extraction as compared to that of n-dodecane system.
xi.

1.1 M DHOA/n-dodecane system also displayed similar behavior under identical
experimental conditions. The aggregate size decreased beyond 5 M HNO3 for
[Th]aq: 100 g/L which was attributed to third-phase formation.

xii.

For 1.1 M DHDA at 100 g/L Th, the aggregate size increased from 3.17 nm (0.1
M HNO3) to 20.78 nm (6 M HNO3). However, at 200 g/L Th, the aggregate size
increased from 6.19 nm (0.1 M HNO3) to 19.78 nm (4 M HNO3) beyond which
the organic phase split into two phases. The average aggregate size and thorium
concentration in the HOP were 36.62(±0.5) nm, and 41.35(±2) g/L at 5 M HNO3
and 24.20(±0.58) nm, and 52.34(±1.5) g/L, at 6 M HNO3, respectively. Th
concentration also decreased in the LOP from 6.68 g/L (5 M HNO3) to 3.08 g/L (6
M HNO3). These studies demonstrate that alkyl substituents and phase modifiers
influence the aggregation tendency of metal solvates in the organic phase.

xiii.

Uranium extraction studies were done using 1x10-2-0.1 M U(VI) + 0.86 M Th(IV)
at 4 M HNO3 as the aqueous phase for 1.1M TBP and 1.1 M DHOA dissolved in
different diluents viz. n-dodecane, 10% 1-octanol + n-dodecane, and decalin.
Third-phase formation was observed for both extractants systems dissolved in ndodecane. There was a gradual decrease in Th(IV) concentration in the third-phase
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with increased aqueous U(VI) concentration, which suggested the replacement of
Th(IV) by extracted U(VI). Uranium concentration in third-phase increased
continuously with its initial concentration in the aqueous phase for both the
extractants. An empirical correlation was developed for predicting the
concentrations of uranium and thorium in the third-phase for both the extractants
using n-dodecane as diluent.
xiv.

There was no significant change in the absorption spectra of U(VI) in the thirdphase (in the presence of Th(IV)) as compared to that without third-phase. No
third-phase formation was observed in the case of either 10% 1-octanol + ndodecane or decalin as diluents under the conditions of present studies. These
studies suggested that these diluents were promising alternatives of n-dodecane
for alleviating the third-phase formation during the reprocessing of spent thorium
based fuels.

xv.

Thermal degradation studies were also performed for DHOA vis-à-vis TBP under
identified experimental condition such as extractant concentration, aqueous phase
acidity, pressure, temperature, and time using ARSST system. These studies
indicated the formation of volatile / gaseous degradation products of DHOA were
responsible for high pressurization as compared to that of TBP. However, the
identification of products needs to be investigated.
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FUTURE PERSPECTIVE
 These studies have shown that DHOA appears as a promising alternative of TBP
for spent fuel reprocessing particularly for Pu rich and AHWR spent fuels.
 These studies need to be performed at relatively larger scale in suitable facility
using the simulated / actual feed solution.
 Several interesting observation have been made with regard to preferential
extraction of tetravalent metal ions such as Pu(IV) and Np(IV) over U(VI). This
observation is in sharp contrast to the behavior of TBP where U(VI) is extracted
better than Pu(IV) and Np(IV). This need to be understood by suitable techniques
such as SANS and by theoretical calculation.
 The identification of the species formed during thermal degradation also needs to
be identified.
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