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Dr. Ajit Kumar Mohanty Governiient of India Secretary, Department of Atomic Energy

MESSAGE

| am pleased to learn that the XI" DAE-BRNS Biennial Symposium on "Emerging Trends in
Separation Science and Technology" (SESTEC-2024) is being organized at HSNC University,
Mumbai, India during 10 -13July 2024.

Separation science and technology plays a pivotal role in various stages of the nuclear fuel
cycle, from recovering uranium and thorium from ores in the front end to efficiently retrieving
fissile materials from the spent fuels in the back end. Depending on the natural resource
availability, different countries opt for either open (without recycling) or closed (with recycling)
nuclear fuel cycles. The Indian nuclear power program is committed to the closed fuel cycle
approach and has developed schemes for the recovery of valuable radionuclides from the spent
fuel thereby maximizing the use of natural uranium and thorium resources.

Innovative, efficient, selective, cost-effective, environmentally benign, and commercially viable
separation schemes and related technologies are crucial for reprocessing spent nuclear fuels
and extracting fissile materials from natural resources. Separation science and technology also
plays a key role in producing highly pure radioisotopes for medical and other societal
applications. The scalability of laboratory-scale R&D to commercial implementation is heavily
influenced by chemical engineering considerations.

| understand that a good number of participants are from overseas countries will be presenting
their research work at the symposium. SESTEC-2024 will provide a vital platform for
researchers and engineers in the field of Separation Science and Technology to interact, share
their insights, and address real-world challenges related to separation processes.

I am confident that SESTEC-2024 will comprehensively cover robust and efficient separations in
the nuclear fuel cycle, as well as novel separations in diverse fields such as energy, bio refinery,
water purification, wastewater treatment, solvent synthesis, and purification.

| extend my best wishes to all participants of SESTEC-2024.
ﬁi? /“ K\w\r-\ e L,
(Ajit Kumar Mohanty)
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Director, Bhabha Atomic Research Centr

Vivek Bhasin Saverament ofihdin Member, Atomic Energy Commission

MESSAGE

| am glad to know that the Xith DAE-BRNS Biennial Symposium on "Emerging Trends in
Separation Science and Technology" (SESTEC-2024) will be held at HSNC University, Mumbai,
India, from July 10th to 13th, 2024.

Separation science plays a pivotal part in many areas of science and technology including nuclear
science. India's nuclear power program is based on a three-stage closed nuclear fuel cycle, where
reprocessing of the spent nuclear fuel poses significant challenges due to the complex nature of the
dissolver solution and the associated radio-toxicity. Presently, the PUREX process is the primary
process for separating Uranium and Plutonium from the dissolver solution. Management of the high
level waste is another challenging step in the back end of the nuclear fuel cycle. In recent years,
non-aqueous reprocessing involving dissolution of spent fuel in molten salt/ionic liquids followed by
preferential electrochemical separation has emerged as a novel and viable approach and poise to play
a significant role in ambitious Indian nuclear energy program. Solid adsorbent based treatment of
large-volume low-radioactivity waste solution is cost effective procedure. Environmental remediation
of contaminated sites requires robust understanding of environmental chemical behaviour of long
lived actinides and fission products. Research and development of efficient and selective adsorbents
for various radionuclides will thus be crucial for a safe nuclear energy program.

OQutside the nuclear industry, separation science and technology also plays an important role in
waste water treatment where membrane based separation methods are routinely employed. Other
sorbents like activated carbons, composite nanomaterials with specific functionalities are being
increasingly employed by researchers worldwide. Apart from these, ‘green’ separation methods
using deep eutectic solvents and other methods like electro coagulation find applications for the
separation of heavy metals from industrial effluents.

SESTEC-2024 technical program covers a wide range of presentations on various aspects of
separation science and technology. | am delighted to note the overwhelming participation from
various DAE units, CSIR labs, |ITs and universities. A good number of distinguished overseas
speakers, renowned pioneers in their fields, will deliver presentations. | am confident that the
deliberations at this symposium will inspire young researchers and will provide excellent
opportunities for networking, sharing ideas, and fostering innovation which can positively impact
India’s efforts in achieving Amritkaal goals.

| wish SESTEC-2024 a grand success.
\ "
\

01.07.2024 (Vivek Bhasin)
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From the President’s desk

Prof. P.K. Mohapatra

Director, Radiochemistry & Isotope Group

& Head, Radiochemistry Division

Bhabha Atomic Research Centre, Mumbai-400085, India
Senior Professor, HBNI

Tel:+91-22-2559 5498(0); Fax: +91-22-2550 5151

Dear ASSET Members,

Time has come for the most awaited event co-organized by the Association of Separation Scientists and
Technologists (ASSET), i.e., the SESTEC 2024 symposium. As you are aware, ASSET was conceived during
the closing ceremony of the first edition of SESTEC held at BARC in 2004. Subsequently, ASSET was
formed and registered in the year 2008 to provide a common platform to the separation scientists and
engineers to have joint meetings and discuss at various platforms including theme meetings, seminars,
and regular symposia like SESTEC. It has since made rapid progress as the separation scientist and
technologist community got bigger and stronger.

Though objective of ASSET was to target research areas related to the nuclear fuel cycle by DAE as well
as non-DAE researchers, it has been actively supporting other relevant areas such as waste water
remediation, bioseparations, sludge hygienization, radiopharmaceuticals, etc. In the last few months,
ASSET has been conducting several theme meetings on these interesting areas of research having
immense societal relevance.

Coming to the SESTEC series of symposia, the last two editions were conducted in the virtual mode due
COVID pandemic related restrictions. With the SESTEC 2024, we are limping back to normalcy and there
has been an overwhelming response by the participants. | welcome the overseas participants who are
joining after a gap of 6 years. ASSET continuously motivates the young researchers in the field of
separation science and technology by giving various awards, viz. Dr. P.N. Pathak Memorial Award,
THERMAX-ASSET Awards for the best Ph.D/M.Tech thesis in the field of separation science and
technology and best oral/poster paper awards during the SESTEC symposium.

ASSET has been publishing series of thematic bulletins covering various topics in the area of separation
science and technology and its applications in diverse fields. In this special issue being brought out on
the occasion of the eleventh edition of SESTEC at HSNC University, Mumbai, the topics covered include
Separation Science of critical elements, Back End Nuclear Fuel Cycle and Theoretical Studies.

e L

July 10, 2024 (P.K. Mohapatra)




Editor’s Note

Dear ASSET Members,

Separation science and technology has immense applications in various fields for the benefit of the
society viz. nuclear industries, pharmaceutical industries, water treatment, bio-remediation etc. One
of the important objectives of ASSET is to bring out bulletins on various topics related to separation
science and technology.

In the recent past, ASSET has brought out a number of bulletins covering the topics in separation
science and technology, like “Uranium Harvesting for Energy Applications”, “Waste water
Remediation Strategies: Current Status and Future Perspective”, “Separation Technology in
Radiopharmaceutical Science”, “Radiation Processing of Sewage Sludge” etc.

This bulletin is a special issue to be released on the occasion of SESTEC-2024. There are four
articles in this issue covering different aspects of separation science and technology in the field of
back end of the nuclear fuel cycle, computational modeling and simulation of the separation
processes, separation of chemically similar rare earth elements. All the topics covered in this bulletin
has crucial role in the program of the Department of Atomic Energy (DAE).

I wish to record my heartfelt thanks to all the contributing authors, Shri. K.T. Shenoy, Director,
Chemical Engineering Group, Dr. S. Manohar, Director, Nuclear Recycle Group, Dr. A. Sharma,
Director, Beam Technology Development Group, Dr. R. Tewari, Director, Materials Group, Dr.
D.K. Singh, Dr. Kartikey Kumar Yadav, Dr. (Smt.) M. Anitha, Dr. Alok Awasthi, MP&CED and
B.R.Mishra, General Manager(R&D,I), IREL, D. Singh, CMD, IREL for accepting our invitation
for and their efforts in submitting the articles in a short span of time.

I am thankful to Dr. P.K. Mohapatra, Presisent ASSET and Dr. S. Jeyakumar, Vice-President,
ASSET for their support in bringing out this bulletin.

Arunasis Bhattacharyya
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Interfacing the Atomistic and Continuum modelling for Process intensification in
Separation Science and Technology:
Initiatives in Chemical Engineering Group

K.T. Shenoy
Director, Chemical Engineering Group, BARC, Trombay, Mumbai-400085, India
Email: shenoykt@barc.gov.in

Abstract

Separation Science has played stellar role in nuclear material processing since inception. Even
though, the separation of nuclear materials in fuel cycle is well established, separation science
still plays dominant role in making the separation processgreener and more intensified. Also,
there is ever growingneed for separation of value material from dilute and/ or harsh chemical
streams. Chemical Engineering Group(ChEG) in Bhabha Atomic Research Centre continues its
pioneering role in application of separation science. While the expertise in atomistic modelling
enables in design of new and efficient extractants for separation, the specialisation in
Computational Fluid Dynamics enables efficient contactor design. This holistic approach has
enabled implementation of new ligands with better selectivity & stability; and better industrial
contactors with higher specific throughput in the nuclear fuel cycle. The article highlights the
significance of the modelling in separation science and also some glimpses of more challenging
separations being pursued in ChEG.

Introduction

Atomistic modelling comprising of Quantum Mechanics, Molecular Dynamics (MD) and Ab
initio Simulations, is a prospective tool for the calculation of various molecular properties &
events by capturing the complex molecular interactions.The strategy for computation of a
molecular system is commonly started based on its state i.e. whether gas, liquid, solid phase or
mixture of states. Accordingly, the computational techniques are chosen. Initially, a trial
molecular system is designed using a graphical user interface software to generate the atomic
coordinates as the input for next level of calculations depending on the molecular parameters to
be evaluated. Mostly, structure and energetic of isolated molecules and periodic solids are
evaluated using Quantum electronic structure calculations (QESC), where density functional
theory (DFT) is the work horse. Whereas for condensed phase and amorphous state, MD
simulations are extensively used for predicting the thermo-physical and dynamical properties of
the molecular system. In the case of QESC, Schrodinger Equation is solved, whereas for MD
simulation, Newton’s Equation of Motion is used. Atomistic modelling provides useful estimates
of the properties and behaviour of materialsneeded to do traditional chemical engineering
process development and design.

Solvent extraction is the pivotal separation process in the nuclear fuel cycle. Specific types of
equipment are essential for different solvent extraction processes practiced in the front-end and
the back-end of the nuclear fuel cycle. The intricacy of the underlying processes, which involve
turbulent flow, two-phase or multiphase flow dynamics, and the phenomena of droplet breakage
and coalescence, makes it impractical to design solvent extraction equipment solely from
fundamental principles. Consequently, the design process relies heavily on empirical correlations
found in literature, experimentation across different scales, and practical operational insights.
However, recent advancements such as Computational Fluid Dynamics (CFD) and



improvements in computational hardware are facilitating a deeper understanding of how solvent
extraction equipment operate. These tools are driving efforts towards achieving optimal designs,
efficient operation, and effective scale-up of solvent extraction systems.

First-principlesbased Understanding of Solvent Extraction

The preferential transfer of metal ion from aqueous to organic phase underlies the process of
solvent extraction.Continuing developments of this process are intended at optimizing the
efficiency and kinetics of the separation and recovery of rare earth, precious metals, as well as
the reprocessing of spent nuclear fuel. Although the interaction of metal ions with various
chemical species at theorganic-aqueous-interface is likely to determine the efficiency and
kinetics of extraction, little is known about the mechanism of metal ion transport across the
interface. A detailed first-principles investigation of solvent extraction on the atomic scalewhich
includes screening of extractants, solvents (diluents) and effect of physiochemical parameters on
the metal ion transfer to compliment the experimental solvent extraction mechanism is very
much needed.
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Figure 1: (Left) Calculated interface of water and dodecane bi-phasic system; (Right) MD
snap shot of uranyl ion (yellow) extraction in the organic phase.

In solvent extraction, the selection of solvent and molecular extractant is arrived by innumerable
trial experiments. Furthermore, thermophysical and dynamical properties of solute-solvent
systems are also experimentally determined for interpretation of the experimental results.
Overall, selection of solvent-ligand system for preferential complexation and selective extraction
for a specific metal ion by performing experiments is a tiresome and expensiveissue. Due to
inherent difficulty, the understanding of molecular details at liquid—liquid interface using only
experimental technique is inadequate to establish the interfacial behaviour. This is mostly due to
the fluidity of the interface and its concealed environment, which restricts the experimental facts.
First-principles atomistic modelling with the aid of supercomputational facility and machine
learning can capture the complex molecular phenomena in solvent extractionprocess at different
spatial and time scales. Therefore, atomistic modelling has been used extensively to expedite and
to reach a reasonable conclusion in minimum no of trials of experiments and thus reduce the cost
as well as time for conducting solvent extraction.

CFD Modeling of Fundamental Phenomena Relevant to Solvent Extraction
As previously discussed, computational fluid dynamics (CFD) modelling is increasingly utilized
for analysing solvent extraction equipment to provide detailed insights into the dynamics of



liquid-liquid two-phase flow and mass transfer phenomena. In CFD modelling at the equipment
level, solving the governing equations necessitates appropriate closure equations. These closure
equations, which estimate parameters like drag coefficient or mass transfer coefficient, are
primarily empirical in nature. Therefore, the accuracy of equipment-level CFD models hinges on
the precision of the accuracy of such empirical closures. To mitigate the empirical nature of
equipment-level CFD models, closure equations can be derived more fundamentally by
conducting CFD modelling at the droplet level, which involves simulations at the scale of
individual droplets. Such CFD studies are valuable because experimental investigations at the
droplet level are typically challenging to conduct.

CFD simulations have been conducted to understand the drag phenomenon in liquid-liquid
systems, focusing on internal circulation within droplets and turbulence effects in the continuous
phase on drag coefficients. A CFD-based drag model has been developed and integrated into
equipment-level CFD models. Similarly, CFD studies have been used to examine drop formation
at nozzles and holes in plates submerged in a quiescent continuous phase. However, further
research is needed to understand drop formation and droplet breakage under complex flow
conditions of the continuous phase. Detailed studies on mass transfer from individual droplets
have been conducted using CFD models that account for internal circulation effects on mass
transfer. A CFD-based correlation has been derived to estimate the Sherwood number for mass
transfer from spherical droplets under steady and pulsatile flows of the continuous phase. This
correlation has been successfully implemented in equipment-level mass transfer models. The
influence of droplet shape on mass transfer has also been investigated using CFD. However,
additional research is required to comprehend mass transfer in the presence of Marangoni
convection and from deformable droplets. Extensive efforts have been dedicated to
understanding liquid-liquid two-phase flow and mass transfer in microchannels, which are being
explored for enhancing solvent extraction processes. CFD simulations have been employed to
fundamentally understand the hydrodynamics of liquid-liquid two-phase flow and mass transfer
in various flow regimes (slug flow, droplet flow, core-annular flow) in microchannels. These
fundamental studies are gradually advancing towards the development of empirical-free CFD
models for solvent extraction equipment.

Modelling of Solvent Extraction Equipment

Extensive research employing Computational Fluid Dynamics (CFD) modelling has been
conducted to gain a fundamental understanding of the underlying transport phenomena in solvent
extraction equipment. This understanding is crucial for designing, optimizing, and scaling-up
such equipment. While the flow in solvent extraction systems typically involves two-phase or
multiphase dynamics, there are instances where single-phase CFD modelling proves beneficial.
A notable example is the design of pump-mix mixers, where single-phase CFD simulations have
been utilized to develop impellers and also for sizing high-capacity pump-mix mixers essential
for recovering valuable materials from low-concentration streams.

Two-phase CFD modelling of dispersed liquid-liquid flow, assuming mono-dispersed droplets,
represents a more advanced stage in the modelling of solvent extraction equipment. The Euler-
Euler method is widely utilized for such simulations, while the mixture k-¢ model is the
predominant turbulence model employed. Extensive CFD investigations with assumption of
mono-dispersed droplets have focused on simulating liquid-liquid two-phase flow within air
pulsed columns (pulsed sieve plate and pulsed disc and doughnut columns) which due to being
maintenance-free are integral to solvent extraction processes in the nuclear fuel cycle. These



studies have yielded fundamental insights into the hydrodynamics of liquid-liquid two-phase
flow, including spatial and temporal variations of dispersed phase hold-up and specific
interfacial area under varying operational parameters (such as continuous phase velocity,
dispersed phase velocity, pulsing frequency, pulsing amplitude) and geometric parameters (such
as plate spacing, fraction open area, column diameter).
Coupling two-phase CFD with population balance (PB) to create a CFD-PB model is necessary
to move away from the assumption of constant diameter mono-dispersed droplets. This approach
realistically captures the continuous processes of drop breakage and coalescence. The predictions
of flow patterns and droplet sizes in the CFD-PB model depend on the chosen models for
breakage rate, coalescence rate, and distribution of daughter droplets, as well as the values
assigned to constants in these models. Therefore, careful selection and validation of these models
against experimental data are crucial steps in developing an accurate CFD-PB model. CFD-PB
modelling has been applied to air pulsed columns. In columnar contactors like air pulsed
columns, axial mixing or back-mixing poses a significant challenge that can impair mass transfer
efficiency. This issue becomes more critical during scale-up, where an increase in column
diameter typically leads to greater axial dispersion. Hence, accurately predicting the axial
dispersion coefficient or Peclet number through CFD modelling is essential for effective scale-
up. Studies employing CFD modeling for predicting axial dispersion coefficients in air pulsed
columns have been extensively conducted and validated.

(a) (b)
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Figure 2: Variation of (a) dispersed phase holdup and (b) Sauter mean drop diameter in an inter-
disc space of a pulsed disc and doughnut column and (c) path lines followed by the liquid from
the inlet to the impeller eye in a pump-mix mixer.

Though the ultimate objective of using a solvent extraction equipment is to achieve mass
transfer, CFD modelling of mass transfer in solvent extraction equipment are scarce. This
scarcity is mainly due to the complexities involved in solving additional equations necessary for
modelling mass transfer, as well as the challenges in conducting mass transfer experiments for
validation, which typically require a once-through flow unlike closed-loop flow experiments.
Moreover, the considerable height of contactors restricts the feasibility of using CFD for
simulating mass transfer, given the extensive computational time required to simulate the entire
column height. To address these challenges, a novel approach has been developed that integrates
CFD-PB modelling with a classical axial dispersion model to predict mass transfer in columnar
contactors. In this approach, hydrodynamic parameters crucial for mass transfer, such as
dispersed phase hold-up, droplet diameter, axial dispersion coefficients of both dispersed and
continuous phases, are obtained from CFD-PB simulations. Subsequently, mass transfer is
estimated using a customized classical axial dispersion model (ADM)tailored for two-phase flow
with interphase mass transfer. Simulators based on this innovative approach have been
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developed and rigorously validated. A specific example of this is Pulsed Disc and Doughnut
Column (PDCC), development work on which included setting-up a 3” inch diameter column
testing facility, conducting uranium extraction and stripping experiment, development, and
validation of CFD-PB and AD models. This work on PDDC has led to setting up of a bench-
scale plant which will be used to demonstrate complete solvent extraction cycle (extraction,
scrubbing and stripping) and a pilot-scale facility to decipher the scale-up methodology.

The above-mentioned studies highlight the advancement and validation of robust computational
tools capable of simulating flow and mass transfer in solvent extraction equipment. This paves
the way for methodologies ensuring sound and optimal design practices, as well as confident
scale-up.
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Figure 3: Facility for testing 3 inch diameter PDDC for uranium extraction and stripping; and
comparison of experimentally obtained uranium concentration profiles in aqueous and organic
phases during uranium stripping in PDDC with the concentration profiles obtained by CFD-PB
and AD model.

Separation of metal ions and isotopes using column chromatography

Selective separation of metal ions and isotopes play a crucial role in the nuclear energy
programme. Removal of radioactive fission product, *°Sr from liquid nuclear waste is very
crucial as it has high radioactivity (p ray emission with t1/2 of 28.8 years) and heat generation
capacity (energy of B emission 0.55 MeV) with appreciable amount available in high level liquid
waste (HLLW). Despite its extreme toxicity, mercury is used in various industrial processes,
leading to contamination of wastewater and leaching from disposal sites. The tolerance limit for
mercury in drinking water is 0.001 mg/L, and the CPCB in India sets the discharge limit in
industrial wastewater at 0.01 mg/L. Therefore, wastewater containing mercury must be treated
before discharge to minimize its severe impacts. The isotopes of zinc (Zn) and gadolinium (Gd)
are crucial in various applications due to their unique properties. Zinc isotopes are essential in
biological and environmental studies as tracers and play a significant role in nuclear power
reactors by reducing the presence of Co-60. Gadolinium isotopes, especially Gd-155 and Gd-
157, are important as burnable poison in nuclear reactors to control reactivity. These isotopes are
indispensable for advancing nuclear technology.

Chromatographic methods for separation of metal ions and isotopes offer numerous advantages
over alternative techniques. These methods are highly scalable, suitable for both laboratory and
industrial-scale operations. Isotope separations using chromatography typically consume less
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energy compared to methods like centrifugation, electromagnetic, and laser-based isotope
separation, making them more cost-effective and environmentally friendly. Chromatography
provides flexibility by allowing modifications to the stationary and mobile phases to adapt to
different isotopes and elements.

0.03 m/s 0.046 m/s 0.069 m/s 0.092 m/s 0.107 m/s

Figure 4: CFD modeling of phenomenon of drop formation at a hole in a plate immersed in a
quiescent continuous phase for different velocities of the dispersed phase

Molecular modeling and experimental chromatographic studies were conducted to evaluate the
feasibility of Zn and Gd isotope separation using cation exchange and crown ether-grafted resins.
In addition, Amidoamine functionalized multi-walled carbon nanotubes (MWCNT-AA) have
been prepared and characterized. Separation of mercury (II) ions from aqueous solution by solid-
liquid extraction has been investigated using the synthesized material as an adsorbent (MWCNT-
AA). Dibenzo-18-cown-6 functionalized chloromethyl- polystyrene (CMPS-DB18C6) resin
which displays an excellent affinity toward Sr** ion adsorption from aqueous solution was used
for separation of Sr** ions using column chromatography. Batch equilibrium studies were carried
out for optimizing parameters such as concentration, pH, kinetics, and temperature.

Fractional Collector
g R -

Figure 5: Fixed bed column set up with fractional collector for the separation of Sr** ion with
CMPS-DB18C6 resin. (a) Prepared CMPS-DB18C6 resin; DFT optimized structure of (b)
CMPS-DB18C6 and (c) CMPS-DB18C6-Sr*" complex and (d) MD snapshot of Sr ion
encapsulated resin.

Column chromatographic separation of Li, Zn, and Gd isotopes was performed using
DOWEXS50X8, PMABI5CS5, CMPSDB18C6, and PMADBI8C6 resins. The isotope separation
factors for Zn and Gd were found to be one order lower with cation exchange resin compared to
crown ether-grafted resins. The heavier isotopes of Zn and Gd were enriched at the front of the
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adsorption band, while lighter isotopes were enriched at the rear. Crown ether grafted
PMABI5C5 and PMADBI18C6 resins were suitable for Zn and Gd isotopes, respectively. These
findings will aid in the design and development of future isotopic enrichment technologies using
chemical exchange methods.

Process development for separation & purification very high purity gases by De-Oxo
catalysis

In chemical/ nuclear process industries, many processes and applications require feed gases,
completely free from H,/O, impurities. Commonly purification methods are selected based on
the type of gas to be purified and the impurities to be removed, such as: inert, reactive,
flammable and so on. In applications where removal of oxygen, carbon monoxide, hydrogen, and
hydrocarbons is required, metal catalysts are typically used. Metal catalysts such as nickel,
copper, platinum and palladium etc. are commonly used based on the process conditions. These
catalysts are normally supported on high surface area supports such as Y-alumina, silica,
activated carbon, zeolite etc. to have better dispersion and activity of the catalyst material.

BARC has developed De-Oxo catalyst for removal of impurities, either oxygen or hydrogen by
recombination reaction. Advantage of such process is, they are operated at ambient condition
with very high activity. Such catalysts are used extensively at DAE for Helium cover gas
purification, nuclear reactor containment building, hydrogen mitigation and purification of
electrolytic hydrogen/ oxygen streamsetc. The novel De-oxo catalyst is developed in-house as

per the following reaction:
De—oxolatr

H,+10, ——— H,0 (D
In industries, hydrogen is also produced on large scale by naphtha-steam reforming and this may

contain hydrocarbon as impurity. To remove traces of hydrocarbons from hydrogen stream de-

oxo catalyst can also be employed, if the feed gas carry traces of oxygen:

1 De—pxoCat ¥
C.H,+-0, —— xC0, +-H,0 (2)

Figure 6: Palladium (0.5% & 1.0%) on Alumina Catalyst developed by BARC

The type of de-oxocatalyst to be employed depends on the feed conditions. A variety of de-oxo
catalysts such as mixture of Pt/Pd supported on Y-alumina and other support materials have been
developed and tested for process gas purification applications.

Separation of Noble gases from Air using adsorption-based processes
Separation of Noble gases from ambient air is extremely difficult and very important for the
safety of nuclear reactor operation. Major radioactive noble gases produced during nuclear



reactor operation are activation product Ar*!' and fission products like Kr®, K7, Ke®, Xe'*?,
Xe!® , Xe'® ete. During severe accident scenario like core meltdown in a nuclear reactor, there’s
a risk of air borne activity release through the Noble gas fission products, which cannot be
trapped with the typical filtration system. Activated Charcoal has been identified as one of the
promising adsorbents for the separation of krypton from ambient Air.

BARC is working on physical adsorption-based separation technique for separation of noble
gases from air, as it is the only industrially feasible technique for such separations. Challenges
are selective adsorption of noble gases, which are very lean in concentration from the other
constituents of air. The isotherm data available in the literature mostly consider single
component adsorption on the micro- or meso- porous adsorbent material, whereas the
equilibrium adsorption capacity of the gases, in presence of air is observed to be very low. For
designing a filtration system that can trap Noble gases from the air, adsorption studies have been
carried out with Activated Charcoal of different sizes and specifications, such as 4-8mesh,
1.2mm pellets, 3.2mm pellets etc. Breakthrough studies have been carried out at ambient
conditions with 1% Inert gases in air mixture and screening of the adsorbent materials has been
carried out, based on the adsorption capacities obtained. It was found that, 4-8mesh Activated
Charcoal has got the highest adsorption capacity among these. Analytical model also has been
developed and validated using the experimental data.

Figure7: Experimental setup for breakthrough studies with packing material
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Figure 8: Breakthrough curve of Krypton in Air on different Activated Charcoal adsorbents at
RT.

Development of absorption-based CO;separation from air for Blue H,

Among the greenhouse gases, CO,produced during fossil fuel burning, has the major
contribution for the global warming and removal of COfrom the atmosphere is mandatory for
meeting Gol’s net zero target by 2070 and Blue Hydrogen production.There are different
technologies reported for separation of CO, from air such as membrane, absorption, adsorption
and cryogenic distillation.However, membranes are less effective at low concentration range and
Cryogenic processes are energy intensive, so, Adsorption & Absorption based processes are only
economically viable.

Due to the relatively low specific energy consumption and associated low operating costs
compared with the other processes, BARC is working on the system development for adsorptive
separation of CO, from air.
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Figure 9: Novel chemical adsorbent for CO, adsorption (left). Dimensionless CO,
concentrationversus time at 30°C (right)



In adsorption, both physical and chemical adsorption is reported for the above application. In
physical adsorption, the adsorbents such as zeolites and activated carbons are generally used and
the separation is based on the pore size of the adsorbent. The adsorbents with large interfacial
area with pore diameter less than 0.7 nm is generally favoured for CO,adsorption. MSA 13X is
having the highest equilibrium capacity for CO, among zeolites. The physical adsorption and
desorption are generally carried out at relatively mild operating conditions. However, the
adsorption capacity of physical adsorbentis limited. The chemical adsorbents are generally, alkali
metal compounds, calcium oxides and magnesia. Due to the formation of chemical bonds, the
heat of adsorption and desorption are generally high. The chemical adsorbents also require high
operating temperatures (>200 deg. C) for desorption.The adsorption kinetics of anovel chemical
adsorbent with adsorption of CO, at ambient conditions and regeneration at a relatively lower
temperature (<100 deg. C) with reasonable adsorption capacity is studied. The material has been
tested in a recirculating packed bed batch reactor for estimating the adsorption kinetics. A typical
result on the reduction in CO; concentration with time at ambient conditions isshown in Figure 9.

Separation of impurities from Chlorosilane mixture using fractional distillation

Semiconductor silicon has become the most important and characteristic material of our silicon-
age, due to its application from Photovoltaic (PV) to consumer electronics till Quantum
computing. High purity mono-crystalline silicon is used for fabrication of semiconductors,
integrated circuits, high power device and radiation detectors. The silicon semiconductor
industry is closely guarded and material supply is also restricted in the open international market.
Hence, to achieve Atmanirbharta for high purity silicon technology, developmental work for
demonstration of technology has been carried out at BARC. Worldwide many processes have
been tried for production of high purity silicon. This includes both chemical as well as
metallurgical processes. Out of these Siemens process is the most popular and widely accepted
process for production of semiconductor or PV grade silicon. Quartzite sand is major source of
silica which is economical to be used as raw material for production of silicon. Metallurgical
grade silicon is produced by carbothermic reduction of high purity silica (SiO;). For obtaining
ultra-high purity silicon, metallurgical grade silicon is converted to a volatile precursor
Tricholorosilane (TCS) and purified to >10N purity using distillation cascade (Fig. 10).
Polysilicon is produced back by reducing high purity precursor on silicon slim rod in a chemical
vapor deposition (CVD) reactor.

Figure10: TCS Distillation facility at BARC
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For production of High Purity Trichlorosilane, BARC has developed fractional Distillation
cascade comprising series of distillation units to achieve the required purity. The total impurities
are divided into two groups major impurities (Fe, Ca, Al) and minor impurities (P, B, As). Out of
these the impurities only BCl; has low boiling point in comparison to TCS, rest all have higher
boiling point. Although the separation factor for individual impurity with TCS is sufficiently
large but in-order to achieve such extremely high purity level, large number of separation stages
are required. Distillation cascade has been optimized using Marginal Vapor Flow Rate in order
to optimize operating cost for the process. A typical simulation of distillation cascade is shown
below (Fig. 11):
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Figure 11: Schematic of TCS Distillation Cascade
Electrochemical separation of hydrogen and helium

Demand of helium is continuously increasing across the globedue to its important applications in
scientific, industrial and medical fields. Recovery of non-synthesizable helium gas is very crucial
due to limited reserve, limited production and constrained supply of helium gas. Major sources
of Helium are natural gas, synthesis gas or terrestrial gas. However, independent of the source,
all the other impurities can be separated from helium with relatively ease, except hydrogen due
to their very similar physical properties.Currently, several conventional technologies are
available for separation of hydrogen and helium from its gas mixture such as pressure swing
adsorption, cryogenic distillation, and membrane-based separation. All these separation methods
have different throughput, holdup time, efficiency, scalability and technical maturity. Preference
and choice of technology is dependent upon source, capacity of production, time of separation,
purity of product, life of equipment required, requirement of man-power, maintenance etc.
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Figure 12: Lab scale proton exchange membrane electrolyser setup

ChEG 1is working on novel electrochemical separation technique for hydrogen-helium gas
mixture. This method has several advantages over conventional methods such as high degree of
separation, low energy consumption, high efficiency, single step operation, small footprint and
less manpower for operation. Electrochemical cell contains Proton Exchange Membrane (PEM)
based diaphragm, which conducts proton (hydrogen ion). The working principle of
electrochemical separation of hydrogen is given elsewhere.The following are the anodic and
cathodic reactions

Anode : H, = 2H" + 2e”
Cathode . 2H¥ 4+ 2¢” = H,

In this process, hydrogen-helium gas mixture is fed at anode compartment of the electrochemical
cell. At anode, hydrogen is converted into proton and electron. Proton migrates through PEM
whereas electrons are transported through external electrical circuit. At cathode catalyst layer,
proton recombines with electron and produce pure hydrogen. Remaining Helium gas leaves the
anode compartment, which is quite pure. A typical electrochemical polarization (V-I
characteristic) curve from the present study is shown in Figure 13.
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Figure 13: Polarization curve for Hydrogen-Helium separation at 30 °C and 1 atm.
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Catalytic Exchange based Isotope Separation processes (LPCE and VPCE)

Liquid Phase Catalytic Exchange (LPCE) and Vapour Phase Catalytic Exchange (VPCE) are two
different types of catalytic hydrogen isotope exchange processed between water and hydrogen
streams having potential application in the front end of deuterium isotope enrichment cascade for
reactor grade heavy water production starting from light water of natural abundance. The heart of
both the processes is the deuterium isotope exchange reversible reaction between vapour form of
water and gaseous hydrogen.

In LPCE process, the water vapour required for reaction is generated in situ from the feed liquid
water inside the packed bed reactor assisted by subsequent step of catalytic exchange reaction
with hydrogen gas flowing in counter-current fashion. Whereas in VPCE process, the catalytic
exchange reactor is fed directly with water vapour that is generated externally and then made to
react with hydrogen gas flowing in concurrent fashion through the column. Platinum supported
on porous carbon is found to yield excellent catalytic activities at moderate operating conditions.
However, the presence of liquid water results in severe deactivation of the catalyst. Hence, in
VPCE process, platinum supported on activated carbon in suitable form could be used whereas
in LPCE process, where direct contact of liquid water is present, a suitable hydrophobic binder
like PTFE, SDBC, etc. shall be mixed which reduce active metal loading and thereby reduced
specific catalytic activity. The isotope exchange reaction taking place between semi heavy water
vapour and hydrogen gas is depicted as follows:
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ChEG is actively pursuing the research and development of novel design configurations of
multifunctional packed bed reactors and development of high activity hydrophobic catalysts for
LPCE and VPCE processes for technologies like in the production of heavy water or deuterium
depleted water, normalisation of O-18 enriched heavy water, etc. Novel designs of catalysts
based on platinum with different supports like activated carbon and carbon aerogel were
considered and extensively studied for coating as bulk catalysts in the form of raschig rings, film
coated catalysts on stainless steel Dixon rings and as film coated catalysts on specialized
modules of structured packing.
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Figure 16: Test facility for LPCE and VPCE experiments

Based on batch and flow reactor experiments, the catalytic activity of each catalyst was
evaluated and the reactor bed optimisation was carried out for various operating parameters, with
the objective of maximising the key performance indictor of these exchange processes and
overall volumetric mass transfer coefficient. A typical wvariation of individual mass
transfer/reaction steps involved in LPCE reactor for a dixon ring catalyst of specific composition
is shown in Figurel7.
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Figure 17: Contribution of resistances of various steps in LPCE Process for a specified catalyst

Metal membranes and membrane reactors for hydrogen production

In thermochemical process or cycle, water is dissociated into hydrogen and oxygen through a
series of chemical reactions at comparatively lower temperatures and all the reactants are
recycled within the process. lodine-sulphur (IS) thermochemical process is a promising route of
green hydrogen production amongst the various alternatives due to its high thermochemical
efficiency and its ability to couple it to high temperature nuclear reactor. Ammonia is primarily
used as a hydrogen carrier because it has a high hydrogen content by weight (approximately
17.6%). It can be used to store hydrogen and decomposed at point-of-use to generate hydrogen.
Membrane reactor (MR) is a device in which reaction and membrane-based separation takes
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place in the same unit. At the reactor level, the membrane can improve the efficiency of the
process by selectively transporting one or more of the components from the reaction mixture,
thereby enhancing the reaction conversion as well as removing any unwanted by products. Their
role is critical in achieving sustainable and economically viable hydrogen production for various
industrial and energy applications.

IS thermochemical process for hydrogen production

In the IS thermochemical cycle, HI decomposition is the hydrogen producing step. The
equilibrium conversion of HI decomposition reaction is only ~22% at 723 which reduces the
thermochemical efficiency. A packed bed single-tube MR assembly was fabricated with
integration of the in-house synthesized Ta membrane (Figure 18(b)). The membrane was
fabricated by depositing Ta on porous alumina support using DC magnetron sputtering setup
(Figure 18 (a)). An enhanced HI to hydrogen single-pass conversion of ~94 % was obtained
against the usual equilibrium conversion value of ~ 22 %, with hydrogen production of ~ 8 LPH.
Figure 18(d) shows the decomposition setup. Ta-based 4-tube MR (Figure 18(c)) was also
developed for HI decomposition studies. A single-pass conversion of ~82% has been obtained at
2 bar of trans membrane pressure. This is the first time a multi-tube MR has been reported for
HI, processing section of IS process.

Figure 18: (a) DC magnetron sputtering assembly, (b) Ta membranes, (c) multi-tube MR
assembly and (d) HI decomposition setup.

Ammonia cracking for hydrogen production

A ceramic-supported Pd-Ag alloy membrane was fabricated and used for decomposition of
ammonia in a membrane reactor. Ammonia decomposition was carried out in packed bed MR
(PBMR) at different operating parameters and the experimental results were used for validation
of CFD simulations. Experiments were also carried out for a packed bed reactor without
membrane. A conversion of ~93% was achieved in PBMR at a temperature of 773 K and 1 bar,
as against a conversion of ~80% in conventional reactor. The CFD model was further
extrapolated to simulate 3D geometry of multi-tube membrane reactor and effect of various
parameters on performance of multi-tube MR were studied.

Development of hollow fibre ultrafiltration membranes

Hollow fibre module configuration appears promising in ultrafiltration membrane applications
due to its relatively higher packing density, ease of backwashing, ease of cleaning and lower
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pressure-drop, since it can be operated at laminar flow regime with higher cross-flow velocity.
Efforts are therefore made to develop hollow fibre membranes suitable for wvarious
applications.Hollow fibre ultrafiltration membrane spinning machine (Figure 21) was designed,
installed and commissioned for pilot scale production of hollow fibre membrane (Figure 22) with
batch capacity of 10 km length. Polyethersulfone based hollow fibre ultrafiltration membrane
were developed with ID: 200pum - 700 pum & OD: 270 um - 1120 um. A prototype of hollow-
fibre membrane-based water purifying bottle (Figure 23) was designed and fabricated for on-site
purification of water. The full unit contains bottle housing, cap, cartridge potted with hollow
fibre membrane (id: 200 um, OD: 330 um), pressurizing bulb with one way air valve and
pressure regulator. The bottle is provided with provision to clean and replace membrane
cartridge. In-house developed hollow fibre membranes were potted to make the cartridges and fit
into the bottle of capacity 750 ml with pressurising arrangement (upto 1 kg/cm?). The bottle has
been tested to remove turbidity of seawater from > 100 NTU to less than 1 NTU. Microbial load
removal with respect to E. coli is 4 log reduction. The bottle can purify with water output of 200
ml in Sminutes. It’s being now commercialised through know-how transfer.
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Development of ZLD desalination system for recovery of valuables minerals

Currently, recovery of water from conventional desalination process is limited to 30-50%.
Remaining 70-50% of the feed water is lost as concentrate, also known as ‘brine’. Discharge of
brine impact the aquatic environment. Management of brine in a sustainable and environment
friendly way is a challenge, particularly in land locked areas. The solution lies in Zero Liquid
Discharge (ZLD) desalination.A pilot plant for ZLD desalination system consisting of 10 cu.m/d
brine purification unit (Figure 24)is setup followed with 5 cu.m/d brine concentrator unit (Figure
25). Flowsheet has been envisaged for an integrated ZLD desalination system, a multi-step
process, consisting of brine purification process to remove scale forming components to avoid
scaling threat, followed with concentration of brine to its saturation limit and finally
crystallization of saturated brine to recover high purity salt.
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4: 1 cﬁ/d Brine Figure 25: 5 cu.m/d Brine Concentrator Unit.

Fiure
Purification System.

In brine purification process (BPP), calcium and magnesium and sulphate ions are removed from
the brine through reactive precipitation process. In the next step, brine concentrator (BC) unit, an
indigenously developed falling film evaporator, is used to concentrate the brine up to 22% which
is closed to its saturation level thereby minimizes the brine volume and recovers low
conductivity distilled water (< 5 micro-Siemens/cm). Production of high purity sodium chloride
salts (purity > 99.9 %) from the concentrated and purified brine has been demonstrated in lab
scale and setting up a forced circulation crystallizer (FCC) unit for demonstration in pilot scale.

Conclusion

Chemical Engineering Group has the unique combination of expertise in separation science

which can give holistic solution from concept to commissioning. This is evident from the many

difficult separation problems briefly described in the article.
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Advances in Separation Science and Technology in the Back-end of Nuclear Fuel Cycle
Smitha Manohar
Nuclear Recycle Group
Bhabha Atomic Research Centre, Mumbai-400085, India

Abstract

Back end of the nuclear fuel cycle plays a significant role in ensuring sustainability of our
Nuclear Power Programme. In this regard, separation science and technology has and will
continue to be the mainstay, to achive the end objectives of the back end. With the induction of
varied reactor systems including thermal and fast spectrum, the back end stands poised to evolve
strategies that are commensurate with the fuel used. While the near term is dominated by
hydroprocessing, induction of pyroprocessing of fuel seems ineveitable as we look at Molten Salt
reactors and metal fuelled fast reactors. Conversion of process development activities into a
deployable technology for the back-end of the fuel cycle calls for multi-disciplinary set of
activities culminating in demonstration of the process using actual waste before it is adopted for
regular processing. This paper aims to highlight key developmental areas which have not only
transformed radioactive waste management today but also holds potentialfor addressing waste
management needs of the future.

Introduction

With more than 5 decades of operating experience, back end of the fuel cycle in the Indian
context has matured and well evolved to address the challenges of now and the future of nuclear

energy [1].

The application of separation science and technology in the back end started with the basic
PUREX process but has evolved over a period of time to address near total separation and higher
throughputs of our recycling facilities. India has three such facilities at Trombay, Tarapur and
Kalpakkam, respectively (Fig.1) The global challenge of management of high level waste has
been addressed in the past decade by the development of partitioning technology that has the
potential not only to reduce the waste volumes for disposal but also to yield radioisotopes for
societal applications. Demonstration of such technologies are changing the perception of waste
to that of wealth. As we deploy this technology on large scale and induct them in our
forthcoming back end facilities, we will have the opportunity to accrue the benefits of
partitioning strategy and minimize the waste for disposal to a very large extent. Development
and plant scale deployment of selective ion exchange resins and other separation modalities are
aiding processing of all types of non HLW waste streams ensuring that the overall discharges to
the environment has witnessed a steep downward trend over the last few decades. Such
indigenous,industrially matured technology is being now extended to set up an integrated nuclear
recycle project (INRP) and a Fast Reactor Fuel Recycle Facility (FRFCF) being set up at
Kalpakkam(Fig.2) While INRP, Tarapur with a nameplate capacity of 600 Te/year will
demonstate such large scale back end operations in an integrated way, the FRFCF will address
the back end needs of prototype fast breeder reactor of our country. This paper will highlight a
few key developmental areas which has largely impacted back end of the fuel cycle and are
being deployed in the back end facilities of the future.
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Fig. 2: Upcomming Integrated nuclear recycle project with a name plate capacity of 600 T/year
at Tarapur and Fast Reactor Fuel Recycle Facility (FRFCF) at Kalpakkam

Recycling of spent fuel

The well entrenched PUREX process forms the basis of all our recycle facilities. Adopting good
practices and incorporation of improved technologies have resulted in sustained higher through
puts, increased separation efficiencies and higher decontamination factors resulting in acceptable
product quality. The challenging activities with regard to spent fuel handling, head-end
operations,dissolution, solvent extraction cycles and final conversions are all carried out in
conformity with internationally laid out safety regulations. A few key developmental areas with
regard to separation science are listed below.

Although 30% TBP in n-dodecane has been the work horse for such applications, many of the
related issues posed problems in regular operation viz, limited extent of evaporation due to
presence of organics in aqueous phase and solvent management. Such issues have been
addressed appropriately by the use of diluent washes and the alkaline hydrolysis process for the
treatment of spent solvent. The diluent thus separated from the alkaline hydrolysis process is
recycled back into the facilities leading to resource utilization. In line with the requirement of
recycling of other types of fuels in the future, developmental efforts have also been carried out
with regard to U/Pu partitioning processes. The conventional U™ process has been upgraded and
HAN based processes have also been developed and kept ready for deployment as required in the
future.
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With superior neutronic and material properties along with advantage of lower production of
long-lived actinides, Th -U fuel has attracted the world towards its utilization for nuclear energy.
The Indian three-stage nuclear power programme envisages a largescale utilization of thorium
due to its abundant availability, while uranium resources in India are limited. For a
completeunderstanding of the Thorium cycle, laboratory studies were carried out to establish
processing of irradiated thorium to recover *>*U and ***Th and recycle these to the reactor. Thoria
rods irradiated in a research reactor were successfully processed at the Uranium Thorium
Separation Facility (UTSF). With know-how gained from the UTSF operating experience,
processing of Thoria bundles irradiated in power reactors (PHWRs) was successfully
demonstrated at Power Reactor Thoria Reprocessing Facility (PRTRF) (Fig.3). The challenges
like inertness of sintered Thoria for chemical dissolution, radiological hazards due to presence of
22 contamination in **°U, safe handling of highly dispersive gaseous decay product Radon-220
(Rn) during processing and increasing dose of ***Th containing raffinate during its interim
storage were successfully addressed at PRTRF.

e

Fig. 3: Power Reactor Thoria Reprocessing Facility, (PRTRF), Trombay

Generation of radioactive waste and their characteristics

During the initial stages of our programme, various wastes emanating from reprocessing
operations were classified based on their activities as low level, intermediate level and high level
waste. While a few separation techniques like co- precipitation andsorption were envisaged for
low level waste, by and large it was decided to immobilise intermediate level waste in cement
matrix and high level waste in glass matrix. Immobilisation of waste in cement matrices is
known to increase the waste volumes for disposal. In this regard developmental efforts were
focused to the identification of selective ion-exchange resins. As a culmination of such efforts,
resins like resorcinol formaldehyde and IDA were formulated and synthesised indigenously. The
various challenges with regard to industrial manufacturing of such resins on large scale were
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successfully addressed, resulting in deployment of such ion-exchange treatment processes for
Intermediate level waste. The present status of such plants are that they treat about 1000 m*/year
and are found very robust with regard to plant applications. The result of such a treatment
process is the multifold reduction in waste volumes for disposal in Near Surface Disposal
Facilities. With regard to low level treatment, it has been observed that a combination of
separation steps including Chemical Treatment, X and membrane based processes can lead to a
substantial reduction in discharges in line with ALARA. With the development and deployment
of partitioning strategy, we are close to realising our goals with regard to a substantial reduction
in waste volumes for final disposal.

Management of low-level liquid waste

The low-level liquid waste generated in nuclear facilities is relatively clean having a very low
concentration of radionuclides but their volumes are significantly large. The complexity of the
LLW stream is highlighted by the fact that it is received from multiple facilities. Even within a
facility, widely differing streams ranging from process condensates, decontamination effluents,
potentially active effluents, chemical wastes etc are generated. Hence, a process which is rugged

in nature needs to employed for this stream. The broad characteristics of the LLW are given in
Table 1.

Table 1: TypicalLLW Characteristics

Parameter Value

Generation rate 50 to 1500 m*/day
pH 8-10

Gross B 10° to 2 x 10”mCi/L
Total Solids Upto 1000 mg/lit

The gross beta activity contributors are predominantly due to *’Cs and *°Sr. In some cases,
particularly, the effluent generated from the treatment of ILW, has contamination of other
radionuclides such as 'Ru, '>Sb and *Tc. Therefore, treatment of the LLW demands highly
efficient processes for separation of the radionuclides to the extent of meeting stringent
regulatory limits for environmental discharge. Indeed, initial R&D activities had resulted in
selection of a robust treatment process viz., chemical co-precipitation for achieving initial aim of
meeting discharge limits. This process has been observed to be quite successful for LLW upto 15
Bg/mL. It has the advantage of customizing the process based on the feed composition and thus
can cater to varied feed composition. Recent R&D focused on near-zero discharges is quite
successful by invoking a combination separation technique such as ion exchange in conjunction
with chemical precipitation. Particularly, an ion exchange system comprised of 500 L columns
filled with synthetic zeolites 4A has been made operational at ETP, Trombay for the separation
of 1*’Cs and *Sr respectively (Fig.4).
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Fig.4: Zeolite based ion exchange system operational at Effluent Treatment Plant, Trombay

Adaptation of the polishing scheme helped to reduce discharges significantly. R&D is underway
to develop more efficient sorbents for separation of Cs and Sr. Membrane-based processes have
been tested on pilot-scale and found to be suitable for relatively “clean” waste streams i.e.
streams devoid of salts of Ca, Si and organics. Further R&D is required to be pursued to develop
“rugged” membranes to cater to LLW streams to achieve “Near-Zero Discahrges”

Management of intermediate-level liquid waste

The intermediate-level liquid waste (ILW) which is generated during volume reduction of HLW
by evaporation is mildly acidic and contains only a fraction of the radionuclides. Historically, it
was neutralized by addition of NaOH and Na,CO3 for economic storage in carbon steel tanks. In
recent times, the ILW as generated is stored in SS tank.

Separation of B7cs &Sy

Alkaline Intermediate waste (ILW) typically has an activity ranging from 5 — 20 mCi/L, mostly
contributed by "*’Cs and traces of *’Sr, '®Ru and **Tc and it contains as high as 200 g/L of
inactive salts. In comparison to HLW, the volumes of ILW are significantly higher and the
radioactivity contents are about 3 orders of magnitude lower. Towards efficient management of
the waste streams, it is desirable to separate the radionuclides into a small volume and the large
volumes of decontaminated effluent should be amenable for discharge to the environment.
Generally, for the treatment of ILW. selective separation of radionuclides by ion exchange-based
processes is found to be more suitable due to a combination of factors like high decontamination
performance, high (DF), generation of low volumes of secondary waste leading to appreciable
volume reduction factor (VRF), operational simplicity, and ruggedness.

In India, the selective separation of '*’Cs and *’Sr is accomplished by an ion exchange process
utilizing Resorcinol Formaldehyde, resin and commercially available Imminodiacetic acid resin,
respectively. The Resorcinol Formaldehyde (RF) resin developed indigenously is known to have
very high selectivity for Cs under these conditions. This distribution coefficient for Cs is as high
as 10, 000 mL/g in presence of 4 M Na ions, which indicates a large volumes of waste can be
treated with a small amount of the resin. Further, loaded Cs can easily be eluted in dilute HNO3
and the resin is amenable for use in loading—elution mode. The process was deployed at plant
scale initially at WIP, Tarapur and thereafter implemented at Trombay and Kalpakkam for the
management of ILW (Fig.5). The Imminodiacetic acid resin (IDAR) also possesses weakly
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acidic groups that ionise and participate in ion exchange reactions. The selectivity of the resin for
Sr is also quite high owing to the formation of a chelate complex. In this case, also, the Sr can
very easily be eluted using dilute acid. Owing to the similar loading-elution condition, the
separation of Sr is being carried out using a column in series along with Cs.

Declad waste solution generated from chemical dessolution of Aluminium cladded fuel also falls
under the category and is being successfully treated using the system. The noteworthy
observation is that the presence of substantial amount of aluminium in solution has no effect on
ion exchange performance, indicating the experience gain from here will be used for the
management of Aluminimum bearing waste streams arising from dissolution of futuristic
Aluminide fuels.

PRICTES S TIE CF IR THEATMENT Y 4 FXCTIANCE T R

Fig. 5: Process flowsheet and actual in cell view of Pump House lon Exchange (PHIX) system

Separation of #Te

%Tc is a rare element, produced only in nuclear fission reactions and it is present in the nuclear
waste as TcO4 ion. It is a low-energy beta emitter (290 KeV) but a long-term contributor to
environmental hazards owing to its very long half-life (2.13 x 10° years). It is the primary
activity contributor in the ILW effluent obtained after ion exchange separation of '*’Cs and *°Sr.
Extant processes for Tc sequestration include ion exchange, precipitation and solvent
extraction-based processes. However, the volume of sludge generation and secondary waste
management becomes challenging in such cases. Recently, a novel reduction and mineralization
process utilizing the corrosion products of mild steel (MS) wool has been developed and
patented [2]. In brief, MS wool is taken in a reactor and waste after adjustment to pH 2 fed to
the reactor. The system is kept under continuous air sparging conditions for about 8 hours and
then allowed to settle. During the process, Tc(VII) is reduced to Tc(IV) and incorporated into the
crystal lattice of iron oxides or oxy-hydroxides such as goethite or magnetite. The in-situ
mineralization of the radioelement helped complete the decontamination of the waste and
generated a very low volume of the sludge. As an added advantage, co-decontamination of 'Ru
and '*°Sb also occurrs during the process. A pilot-scale facility at NRB, Tarapur is set up and
made operational for the routine sequestration of the radioelement. Notwithstanding, separation
of '"Ru and '*Sb from low and intermediate-level waste remains a challenging task and is
attributed to the complex aqueous chemistry of these radioelements.
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Management of high-level waste

Conventionally, HLW is immobilized in a vitreous matrix, and stored in an air-cooled vault for
an interim period to remove the decay heat before its final disposal in a geological repository [3].
However, the Partitioning & Transmutation (P&T) strategy is perceived as a step in the direction
of reducing the waste for final disposal. In this regard, thepartitioning step is well recognized as
the first approach towards the goal of reduction in radio-toxicity. The first industrial experience
in setting up and operation of a completely indigenous Actinide Partitioning Demonstration
Facility (ASDF) at Tarapur in the year 2013 has paved the way for this strategy to be inducted
into our back-end plants[4-5]. The second such facility was set up and commissioned in 2015 at
Trombay, which has not only led to separation of radionuclides from the inactive content of
HLLW but has also made it possible for the use of few of the radionuclides for societal
applications. Important among them are '*’Cs, which is separated and converted to glass pencils
for its use as blood irradiatorsand *°Sr, which is purified further and milked for 20y, which is
being used for therapeutic application as *’Y-acetate. Very recently, '’°Ru separated from waste
has also been used forpreparation of eye plaques for treatment of eye-cancer with verypositive
feedback. The **' Am separated from the ASDFdemonstration trials, is presently being envisaged
to be used for thetransmutation experiments using fast neutron spectrum.The smooth and
uninterrupted operation of both thesefacilities have strengthened our knowledge base for
extending suchtechnologies to more of our plants including that at Kalpakkam inthe near future.

HLLW Partitioning program in India

A three-cycle, solvent extraction-based Actinides separation demonstration facility(ASDF) was
set up at SSSF, Tarapur [Fig.6a]. The plantdemonstrated bulk separation of actinides along with
rare earth followed by separation of trivalent actinides from the lanthanides. Table 2 gives the
details of solvents deployed for three different cycles of ASDF.

Table 2: Solvent systems deployed at ASDF, Tarapur

Solvent Extraction Objective Solvent deployed
Cycle 1 U separation 30% TBP in n-Dodecane
Cycle 2 Actinide + Rare Earth | 0.2 M TEHDGA in 30% IDA in n-dodecane/
bulk separation DTPA+ lactic acid as strippant
Cycle 3 Actinide — Lanthanide | 0.4 M D2EHPA in n-dodecane
separation

In the first cycle, residual Uranium and Plutonium are recovered from HLLW. The second cycle
is aimedat bulk separation of Actinide-Lanthanides. This has been accomplished by employing
N,N,N’,N'-tetra-2-ethylhexyl diglycolamide (TEHDGA) in isodecyl alcohol-n dodecane.
TEHDGA exhibits very high distribution values for Am(III) under HLW acidity conditions
(Dam: >100). The high extraction of Am(III) at 3-4 M acidity and gradual decrease in the D
values at lower acidity (between 2M HNOs; to pH 2) makes it very promising for the partitioning
of actinides from HLW solution. It may be noted that TEHDGA extracts lanthanides and
actinides together, owing to their similar valence and chemical properties and therefore it
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necessitates separation of minor actinides and lanthanides. Among the minor actinides, **' Amis
considered a prime candidate for partitioning and transmutation because it is present in relatively
large amounts and is a major contributor to radiotoxicity.

In the Third Cycle at ASDF, **'Am was separated by deploying a modified TALPEAK process.
This process involves using 0.2 M D2EHPA (Di-2-ethylhexyl-phosphoric acid) in n-dodecane to
selectively extract the lanthanides from an aqueous phase comprising of 0.05 M DTPA — 1 M
Lactic Acid adjusted to pH ~ 2.6 which retains the Am(III). Further by adopting an appropriate
polishing process followed by a reconversion step leading to obtaining AmQO, having an
acceptable level of B-Y contamination (of < 3 mCi/g of product) is obtained. The 1 Am
separated from the ASDF demonstration trials, is presently being envisaged to be used for the
transmutation experiments in a fast neutron spectrum and alternatively, as a heat source /RTGs.

In view of first time demonstration of partitioning technology, various features have been
provided right from design stage to overcome unexpected challenges. Design provisions were
made to address the uncertainties with regard to separation process. Recycle provisions were
inbuilt in the system to ensure product purity with high decontamination factors. An elaborate
solvent management provisions was worked out and incorporated leading to handling of multiple
organic systems in the same cell. Focused attention was also given to secondary stream
management including spent solvent streams.

Air lift-based mixer settler units were selected as extraction equipment (Fig.6b) for the
partitioning facilities as it imparts many benefits and better suits to desired applications. Air lift-
based mixer settler unit gives flexibility in terms of number of stages for extraction, large range
of organic to aqueous (O/A) ratios and flow rates, and also enable handling of varying densities
of streams etc. Besides this, mixer settler unit does not require hot-cells having higher head
room, as in case of air pulsed column, and helps in designing compact hot-cells. This further
strengthens the selection of air lift-based mixer settler unit for said applications of extraction
process. With the aim of eliminating all moving/maintainable parts of the mixer-settler, the
agitator of conventional mixer-settler unit is replaced by an innovatively designed static mixing
element CALMIX (Combined AirLifting and MIXing), which uses air to create high turbulence
effecting the intimate contact of the two phases i.e., aqueous and organic. The CALMIX has
three identical square cross-section flow channel. One of them is the organic downcomer, which
facilitates taking organic from top from previous settler irrespective of interface position. The
other two flow channels are two identical annular flow path airlift created by locating airline at
the center of flow channel. Both flow-channels get combined in the upper part of the mixing
element which is similar to a vent pot with two inputs. This part is called mixing zone, where
intense mixing takes place and the mixed phase along with air, are discharged through suitably
sized holes provided in this region. As the energy for dispersion is supplied in the form of air, the
liquid droplets do not experience shear and hence are easy to coalescence, resulting in a more
compact settler design. The required contact time and the physical characteristics of the two
phases form the design basis for the mixing element. The corresponding settlers are designed in a
conventional manner. These units are provided with end-settlers to take care of any entrained
phases in the terminal streams.
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Fig.6 : (a) Actinide separation demonstration facility, Tarapur (b) Air lift-based mixer settler
unit utilized for the partitioning of HLW

After the successful demonstration of partitioning facility at ASDF, Tarapur, another such
facility has been set up and operated successfully at Trombay. In Trombay also, a three-cycle
based solvent extraction processflowsheet has been implemented with the major thrust to address
separation of inactive components of waste from the radioactive elements, thereby precluding
unwanted loading of vitrified glass with inactive components of waste. In contrast to
Tarapurflowsheet, the ond cycle of Trombayflowsheet is aimed at a new solvent extraction-based
separation process for the recovery of '*’Cs. Table 3 gives the details of solvents deployed for
three different cycles of the solvent extraction system, Trombay.

Table 3: Solvent Systems Deployed at Solvent Extraction System, Trombay

Solvent Extraction Objective Solvent deployed
Cycle 1 Uranium separation 30% TBP in n-Dodecane
Cycle 2 Cesium separation 0.03 M Calyx Crown 6 (CC6) in 50% IDA in
n-dodecane
Cycle 3 Strontium, Actinide & 0.4 M TEHDGA in 15% IDA in n-dodecane
Lanthanide separation

Recovery and utilization of B3cs

In 2" cycle of Trombayflowsheet, an indigenously developed novel solvent, 1,3-
dioctyloxycalix[4]arene-18-crown-6, abbreviated as Calix Crown 6 has been employed for the
recovery of *’Cs. The solvent in n-dodecane modified with isodecyl alcohol exhibits an
exceptional selectivity for Cs over other alkali metal ions, thereby very effective in producing
purified "*’Cs from high-level waste. The effectiveness of the process is well demonstrated with
actual HLW of reprocessing origin having an acidity of 3.5 M nitric acid and 1.8 Ci/l of "*’Cs.
Almost 99.97 % of Cs were extracted and quantitatively stripped using 0.01 M nitric acid. More
than 5 lakh Ci of '*’Cs have been separated from the high-level waste.

In the third cycle, a combined separation of Strontium-Actinide-Lanthanide is accomplished by
employing 0.4 M TEHDGA in 15% IDA-dodacane solvent system. The separated Sr-An-Ln
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stream from HLW has paved the way for the recovery of Sr in pure form and is being used in
radiopharmaceutical applications as discussed below.

In summary, both the partitioning facilities have been operated successfully with actual HLLW
demonstrating the partitioning technology at an engineering scale. ASDF, Tarapur demonstrated
the partitioning of minor actinides from HLLW by treating few tens of m*> of HLLW for recovery
of minor actinides of desired purity. The solvent extraction-based pre-treatment system at WIP,
Trombay enabled effective treatment of more than 100 m® of HLLW with recovery of ~ 0.5
million Ci of Cs-137 and multifold reduction of vitrified waste volume to save precious
repository space (Fig.7 and 8) Success of partitioning technology paves the way for their
deployment as a pre-treatment step for facilities managing HLLW generated from the
reprocessing of power reactor spent nuclear fuel leading to a significant reduction of
radiotoxicity. Further focused efforts are also being directed towards secondary waste stream
management including solvent management. Alternate and improved solvent systems are also
being researched, especially for addressing the challenging task of An/Ln separation.
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In addition, it paved the way for utilization of the radionuclides in various societal applications.
For example, *'Cs is useful as an irradiation source in place of ®*Co in many applications. In
fact, the recovered 137Cs have been used for the fabrication of sources for blood irradiators after
incorporating it in non-leachable glass form. About 30 blood irradiators have been fabricated and
are being used in various hospitals. Similarly, *°Y, the daughter product of *°Sr, and '“Ru are
being used in medical applications as discussed below.

Recovery and utilization of Ny

The separation of *’Sr is another important milestone achieved recently. From the TEHDGA
strip product as discussed above, *’Sr was further separated in radiochemically pure form and
used for milking its daughter,”’Y, for use as a radiopharmaceutical in treating liver cancer and
neuroendocrine tumours. The most important challenge in this separation is to achieve desired
radiochemical purity as it is intended to be used in in-vitro therapeutic applications. The process
adopted for separating ultrapure °Sr envisages a multistep separation technique using solvent
extraction, extraction chromatography, radiochemical precipitation and membrane separation.’Y
is regularly milked from purified solution of *’Sr solution using two stage Supported Liquid
Membran (SLM). The separated clinical-grade carrier-free *°Y is being supplied to the Radiation
Medicine Centre (RMC), Parel, for cancer therapy.

Recovery and utilization of 105Ru

10%Ru (half-life of 368 days) present in the HLW is a beneficial fission product for brachytherapy
applications, particularly eye cancer treatment. The high energy beta radiation emitted from its
daughter '°°Rh is used for this purpose. In India, recovery of '"’Ru is carried out from raffinate
obtained after the three-cycle solvent extraction process, as discussed above. The process utilizes
the oxidation of Runitrosyl nitrate to RuOs by adding KIO, followed by its extraction in
chlorinated CCl4(Fig. 9).The extracted RuO4 then recovered back by reductive stripping using
Hydrazine solution. The separated '“Ru is then used to prepare the brachytherapy sources.
Technology for manufacturing of brachytherapy sources has been established and about 30
plaques have been supplied to various hospitals. These plaques have been used successfully to
treat more than 150 treatments.

Hydrazine
ccl, (C1y) sulphate (aq)
iRy waste O] | —— | —— 106Ry product
(Acidic) Ko, || N ripping solution
106Ru lean Lean CCl,
waste

Fig.9:Separtion of Purified '°Ru from acidic solution
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R&D activities at the laboratory
Process development for the separation of actinides from lanthanides

Though both partitioning facilities are being successfully operated and meet the design
objectives, sufficient scope exists to improvise processes and in particular, for the separation of
actinides from lanthanides. For example, the separation factor achieved for Am(III)-Ln(III)
separation by the TALSPEAK process is 10-15 and the process requires rigid pH control within
a narrow pH range. Also, the dissolution of DTPA and subsequent pH adjustment results in a
high salt-loaded aqueous stream, complicating secondary waste management.

Further R&D works are being directed to produce high-purity actinidesproducts. Towards this, a
novel solvent, Camphor-bistriazinyl pyridine has been developed. The laboratory-scale
evaluation of the solvent shows good promise for the separation of the chemically pure 1 Am.
The high efficacy of the solvent has been experimentally verified with the achieving of a
separation factor (**' Am/"*°Eu) of about 100. In addition, the feasibility of using the solvent in
chromatography column mode and direct separation of **' Am from HLW is being explored.

Recovery of Sr for utilization as heat source

Developmentof a novel solvent, 4,4',(5")-di-(t-butylcyclohexano)-18-crown-6, is being pursued
with the emphasis on bulk scale separation of *°Sr from HLW. The solvent has a significantly
higher Sr extraction ability which can be attributed to the combined effect of better size matching
and higher charge density to the crown oxygen due to the presence of cyclohexano moieties.
Further, stripping of Sr from the organic phase can easily be carried out using dilute HNOs.
Successful development of the process meets requirement of °°Sr for utilization as a heat source
for RHU and RTG and also for fabrication of beta battery.

Decontamination Reagents and specific extractants

Development of specific reagent/processes for the decontamination of metallic surfaces is
gaining remewed interests in view of the overgrowing applications of radioactive processes and
also for the management of ageing process equipments/plants. It can be noted that
decontamination of metallic surfaces which has been used over the years need strong reagents to
remove adsorb/absorb radionuclides from the surfaces. Most of the occations, the radionuclides
have been found to be migrated to few microns through grain boundaries and therefore calls for
removal of the surface layer to dislodge the radionuclides. Keeping these in mind, Ag"'/Ag" and
Ce*"/Ce’ redox based processes are being evaluated for the said applications. Both the redox
coupled system have very high oxidation potential and also have high capability for removal of
surface layers withhigh corrosion rates.

Recently, Cerium(IV) based metal decontamination process was demonstrated at engineering
scale using the GB-representative SS304L components.A reactor involving the in-situ
regeneration of Ce(IV) by ozone was employed for treating about 3 kg of SS304L components
using ~ 0.4 M Ce(IV) solution in 4 M HNOj for 3 hours. During the test, Ce(IV) concentration
profilewas kept constant by employing suitable ozone inputs to keep effectiveness of the system
unchanged. Despite of the irregular shape of the components, uniform the corrosion attack
corresponding to about 15 micron removal of the top surfaces was observed (Fig.10), indicating
high potential of the process for the decontamination of metallic surfaces.

31



Before After

Fig. 10 :Decontamination of metallic surfaces using Ce*"/Ce redox system
Conclusions

The initiation of Research & Development activities at the inception of the atomic energy
program helped India to be self-reliant. Successful development of back-end fuel cycle activities
both from separation science and technologies comeup simultaneously and contributed
immensely towards achieving sustainable development of nuclear energy program. Sufficient
scope exists to improvise processes and technologies with innovative approaches for significant
reduction of the radiotoxicity and hazard posed by radioactive substances to humans and the
environment. Indeed, ongoing R&D activities in laboratories will bring many innovations and
provide uninterrupted support towards fulfilling the ambitious nuclear energy program that has
been laid down to meet energy demand for new India.
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Abstract

The increasing demand for rare earth elements (REEs) in high-tech applications, particularly in
green technologies, necessitates advanced separation and purification methods. This paper
describes the development and optimization of scalable solvent extraction (SX) technologies for
the separation of high-purity individual rare earth oxides from both primary (monazite) and
secondary (e-waste) sources. The Materials Group at BARC, in collaboration with IREL (India)
Limited, has pioneered processes employing organophosphorus extractants like DEHPA and
EHEHPA to achieve the desired purity levels. Key innovations include development of dual cycle
SX process comprising multi stage counter current mixer settler assemblies for effective
separation and recovery of high purity rare earths such as yttrium, neodymium, gadolinium,
terbium and dysprosium from mineral /concentrates. Overall recovery of rare earths in each
case was always >97%. Additionally, a hydrometallurgical process for recovering REEs from
Nd-Fe-B magnet scrap is discussed, emphasizing its efficiency and environmental benefits. These
technological advancements not only ensure a sustainable supply of critical materials but also
address the environmental challenges posed by e-waste.

Introduction

Rare earth elements are increasingly in demand globally for critical and strategic uses in
most high-tech gadgets, from advanced military technology to mobile phones. Ever increasing
demand of rare earths utilization in green technologies such as electronic car batteries, solar
panels, wind turbines made the prospect of rare earths pivotal as there is no substitute. The
development of rare earths industry has special significance to India both for strategic and
commercial interest, because of availability of rich resource of monazite mineral which is
estimated to be about 13 million tons. IREL (India) Limited processes monazite (a source of rare
earths, thorium and uranium) to separate rare earths from thorium and uranium. The rare earths
are fractionated into three groups namely light rare earths (LRE), middle rare earths (MRE) and
heavy rare earths (HRE) by solvent extraction employing organophosphorous based extractants
DEHPA(di-2-ethyl hexyl phosphoric acid) or EHEHPA (2- ethyl hexyl phosphonic acid mono 2-
ethyl hexyl ester). The core program on rare earths of Materials Group, BARC in
hydrometallurgy is the development of process flow-sheet for the separation of high purity
individual rare earth oxides from primary and secondary sources. Innovative approach of solvent
extraction based process flow-sheets (technical know-how) for the production of high purity
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oxides of yttrium, dysprosium, gadolinium, terbium, neodymium and praseodymium from crude
LRE/MRE/HRE concentrates is described in section 1 of this paper.

This paper also throws light (section 2) on recent progress in the field of end of life e-
waste recycling, particularly rare earth elements. Recycling provides a sustainable alternative by
conserving these valuable elements, reducing reliance on primary mining operations. In addition,
electronic waste, including products containing rare earth elements, represents a significant
environmental challenge. Once oxides are produced, they are used either as such or converting
them to metals, alloys, permanent magnet depending upon the requirement in various sectors.

1. Methodology of REE separation and brief description:

Separation of rare earth elements with similar chemical properties and having low
separation factor is a challenging and a vexed problem. Further producing high purity (4N) of
heavy rare earths present in ppm level in Monazite requires careful optimization and
development of scalable technologies. Solvent extraction (SX) technology is work horse in
separation of rare earths. Basic approach is adopted to selectivity separate one rare earth after
another by SX using organophosphorus extractant (D2ZEHPA or EHEHPA) while producing by
product which forms feed stock for further separation. The approach to produce the individual
high purity rare earths employing in multi stage mixer settlers assemblies are identical, but
optimization of process variables differ considerably with feed source, product specification,
chemistry of leach solution, presence of anions in feed, its acidity, concentration of metal ion etc.
The sequence of extraction of rare earths with D2ZEHPA/EHEHPA is: La <Ce <Pr <Nd <Sm <Eu
<Gd < Tb < Dy < Ho <Y<Er <Tm <Yb <Lu. The general separation scheme to produce
individual high purity rare earth oxide which are developed at BARC and practiced at IREL is
shown in Fig.1. Yttrium oxide (99.99%) is separated from HRE concentrate in a two cycle SX
process. This generates a by-product of Dy concentrate (~70%), which is purified to ~99%
dysprosium oxide in another SX process flowsheet. Dy purification circuit generates a Tb rich
by-product and Tb purity is enhanced >99% in another SX circuit
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Solvent Extraction Process flow-sheets development for the production of high purity
critical heavy rare earths at IREL Plant

a) Dual cycle SX process for Yttrium purification:

HRE concentrate of monazite processing is feed for yttrium purification by SX
employing two cycles using EHEHPA and Aliquat336 (quaternary ammonium salt). Under
optimized conditions in first SX cycle EHEHPA extracts most of the heavy rare earth excluding
Dy. Loaded organic is back extracted and strip solution is fed to second cycle SX circuit with
Aliquat336 as extractant. Aliquat336 as extractant, when operated in thiocyante medium gives
preferential separation of other HRE over Yttrium. The purity of yttrium oxide obtained in
second cycle is >99.9%. The optimized conditions for both the cycles are shown in yttrium
purification flow-sheet (Fig.2) and product samples are shown in Fig.3. The careful optimization
of process variables allows the flexibility to operate the second cycle counter current SX process
with 60% to 80% Y feed solution to produce 99.99% pure Y,0O3; without any process related with
over all yield or recovery of yttrium to >98%. The second cycle operation rendered a by-product
rich HRE concentrate having ~40% erbium along with critical HRE such as Yb, Tm, Ho etc.
This 40% by product rich in Er forms feed for its purification and generation of Yb/Ho rich
fraction for further processing. The attractive feature of the developed process was to take care
variation of yttrium content in HRE fraction in the range of 60-80% and even was found to be
amenable for the mixture of monazite and xenotime fractions at certain proportion.

1M EHEHPA in petrofin

Extraction »  Scrubbing ™ stripping >
< 10 Stages |« I 8tages ‘_T 4 Stages )
Feed 25g/L TREO 1.5M HCI 3.5M HClI
Xenotime concentrate
Y,0;: 60%
Y- Concentrate
Y,0s: 82%
Er,0;: 8%
Raffinate Yb,03: 7%
LRE fraction l

20% Aliquat 336+ 1% isodecanol + 0.5M thiocyanate + kerosene

Extraction 7| Scrubbing | stripping Regeneration _J
< 24 Stages I 6 Stages '_T _| 6 5Stages ‘T 1 Stage

Feed 20g/L TREO(Y-conc) Acidic water

»  +1M NH,SCN+2M NaCl (pH:3)
0.5M NH,SCN R

v Raffinate

> Yttrium Product v

(>99.9%) HRE (Yb rich)

Fig. 2: Process flow sheet for yttrium purification
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Recevery of high pure Y as oxalate frem strip selution Heawy rare earth products from monazite mineral

Fig. 3: Second cycle SX set up for producing 99.99% Y,0s3 from monazite HRE fraction
along with Y product and Er rich HREE by-product

Yttrium Separation and Purification by
Hydrometallurgical process

Xenotime cake obtained from Xenotime cake dissolution Mixed rare earth oxalate/oxide
IREL

1% cycle mixer settler operations

2™ cycle mixer settler operations Yttrium product

Fig. 4: Xenotime feed source, 1% & 2™ cycle SX set up , mixed product obtained in 1% cycle,
high pure Y product from complex HRE mineral Xenotime : process demonstration to IREL
personnel

37



b) Separation of neodymium:

The counter current solvent extraction process for separation of neodymium is carried out
in mixer settler units comprising 18 stages of extraction, 60 stages of scrubbing, 6 stages of
stripping for Nd and 6-stages of stripping for samarium. The aqueous feed solution for this
process is the raffinate obtained after the recovery of samarium and heavier rare earths and
containing Nd, Pr, Ce and La. Saponified PC88A (EHEHPA) is used as extractant and the
solvent preferentially extract Nd and part of Pr leaving La and Ce in the raffinate. The loaded
solvent after 18 stages of extraction flows into a series of 60 stages of mixer settlers and
scrubbed with a dilute solution of neodymium chloride which is mildly acidic. The scrub
solution thus obtained is re-circulated to the extraction section by mixing with the aqueous feed
solution. Most of the Pr, Ce and La co-extracted are scrubbed out in this step thereby purifying
Nd. The scrubbed extract flows into another six stage mixer settler unit and Nd is recovered from
the extract by stripping with dilute HCIL. The extract after removal of Nd flows into another six
stage mixer settler unit and is stripped with strong HCI. The solvent PC88A regenerated in this
step is recycled back to the process. Nd is precipitated by the addition of oxalic acid as Nd-
oxalate, filtered and calcined to oxide at 1000°C. This process yielded Nd,O3; with >99%. 1T/Y
Pilot plants of capacity 1T/Y are setup by IREL based on BARC technology and Nd203 and
Pr6011 produced at RED, Alwaye, IREL are shown below.

UMOKALATEG9.9%
n, Wi203,
i

JTRED - 900 %
u

Fig. 5: Product images Nd,03 and Pr¢O;; produced from IREL plants

¢) Purification of gadolinium:

Gadolinium concentrate (~70%) obtained during samarium purification process was taken for
the separation purposes. The separation factor between Tb and Gd is 5.8. Taking advantage of
the higher separation factor, the feed elements are grouped into Gd and lighter rare earths and Tb
and heavier rare earths necessitating a two cycle separation scheme. In the first step, Gd, Sm, Nd
and Pr are separated out in the raffinate phase while Tb, Dy and Y are extractant into the organic
phase. A two cycle process yielded the required purity of gadolinium (99.9%) in the raffinate
with 97% recovery employing EHEHPA as an extractant in both cycles. Following precipitation
with oxalic acid and its conversion to oxide after ignition, gadolinium oxide was obtained. This
high purity gadolinium oxide is converted to nitrate form (Gd(NO3);.6H,O) under optimized
conditions (Fig. 6). The analysed impurity elements (ung/g) in gadolinium nitrate are: Na <1, Mg
<1,Cl<6.5,Cu<l,Y -4,Nd<I, Sm <1, Eu— 7, Dy <1, Tb <1. The product gadolinium nitrate
produced meet the specifications for PHWR applications. 150 Kg of gadolinium nitrate was
supplied to TAPS, Tarapur and 250 Kg to KAPP-3 for its application in PHWR (Fig.4). Based
on BARC developed technology, Pilot scale facility for Gd,O3; production at 1T/Y has been
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setup by IREL at Alwaye (Fig. 7) and also for conversion to nuclear grade gadolinium nitrate to
meet the demand of NPCIL for reactivity control, through moderator liquid poison system as
well as for reactor shut down system.

SIS SESESTRR RN

Fig.6: Nuclear grade gadolinium nitrate hexa hydrate supplied to NPCIL for its use in KAPP-3

Fig. 7: Pilot scale facility for Gd oxide production at IREL

d) Dysprosium purification process:

Dysprosium of ~95% purity finds application in nuclear reactor as control material. A
program was under taken for the separation and purification of dysprosium from HRE fraction (
Y,03 ~ 60-67%, Dy,03 ~ 20-25%, Gd,03 ~ 4%, TbsO7 ~ 4.0 %, H0,03 ~ 3%, Er,O3 ~ 3.0%,
Sm,0;3 ~ 1.06%). The challenging task of separating Dy,0s from host of other rare earths has
been successfully accomplished by adopting a dual cycle of solvent extraction using EHEHPA.
Yttrium including heavy rare earth fractions are separated in the product strip solution, while
dysprosium is concentrated in the raffinate solution in the first cycle and purified further in the
second cycle. Under optimized conditions of process parameters continuous operations of mixer
settler yielded kilogram quantity of Dy,0O3; with ~99% purity and recovery 98%. The overall
process also produces two concentrates namely yttrium (>93%, 1* cycle) and terbium (>54%, 2™
cycle) as source materials for further up-gradation of these elements. Performance evaluation test
of continuous counter-current set-up was also done. The running samples data were observed to
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be consistent in terms of recovery and purity for both the cycles. This indicated the excellent
performance of the mixer settler assemblies. Process details were shared with IREL for
commercial production and based on the technology developed IREL has set up a plant of 1T/Y
capacity for production of Dy,0s3 from monazite concentrates to meet strategic requirement of
the country (Fig.8).

Fig.8: Pilot plant at IREL for producing high purity Dy203

e) Purification of terbium:

During the processing of yttrium (60-93%), a dysprosium fraction analyzing 50% Dy,03
containing 14% Tb,0Os3 is obtained. Dysprosium is purified in another circuit to 97 % where by
terbium concentrate assaying TbsO7 - 70%, Dy,03 - 28%, Gd,Os3 - 1.3% and Y,0s3 - 0.3% is
obtained. A process has been developed to obtain high grade Tb4O7 by solvent extraction using
IM EHEHPA. The distribution ratio (D) of terbium as a function of acidity and metal
concentration has been evaluated. Effects of phase ratio (O/A), feed metal concentration,
acidities of feed and scrub solutions on D have been studied. It was found that when feed acidity
increased from 0.12 — 0.33 M HCI, the % extraction decreased from 45.2 — 31.5 % at 1:1 phase
ratio. When O/A was varied from 0.5 to 2 from a feed of 50 g/, the % extraction increased from
14.3 — 39 %. These results were verified with the calculated values using mathematical models
developed earlier. The experimental parameters have been optimized based on the simulated
data. A counter-current set-up comprising of 8 stages of extraction, 8 stages of scrubbing and 4
stages of stripping was operated. The recovery and purity of terbium oxide obtained was found to
be 97% and >99% respectively (Fig 9).
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Fig. 9: Counter current SX process for Tb purification and Tb4O; (>99) product

2. Process development for recovery of Rare Earths Elements from secondary source:

Nd-Fe-B Magnetic Scrap

Rare earth elements (REE) and compounds have become indispensable in recent
technological advancements, playing a crucial role in modern electronics and high-tech products.
One notable application of REE is in Nd-Fe-B permanent magnets, which are a staggering 2000
times stronger than ferrite magnets. Nd-Fe-B permanent magnets are integral components in
computer hard drives, electric car motors, wind turbines and smartphone technologies. Given the
essential role of these magnets in various critical technologies, abundance of discarded computer
hard disk drives presents a valuable resource of the vital neodymium metal. In an Nd-Fe-B
magnet, approximately 30% neodymium is present, along with smaller fractions of
praseodymium, terbium, and dysprosium. Consequently, developing technologies for the
efficient recovery of rare earth elements from magnetic scrap is imperative to alleviate the
scarcity in their supply. The need for developing new processes for recycling rare earth elements
is underscored by several critical factors that impact both environmental sustainability and
availability of these essential materials for technological applications. Developing efficient
recycling processes helps in managing and reducing the growing e-waste problems, turning it
into a valuable resource rather than a burden on the environment. In response to these challenges,
an energy-efficient, cost-effective, and environmentally friendly hydrometallurgy-based process
has been developed. This innovative approach aims to recover high-value critical rare earths
from end of life hard disk drive magnets.

A hydrometallurgical process has been developed to recover valuable REEs (Nd, Pr, Dy)
from the discarded computer hard disk drive magnets. The procedure entails the following
separate processes, each of which is explained in detail in terms of optimising the leaching
process's efficiency through optimisation studies. This involves determining the ideal
temperature, duration, and particle size, as well as the acid concentration.

Approximately 500 discarded hard disk drives, obtained from the Computer Division of
BARC, are manually dismantled (Fig. 10). The goal was to separate the Nd-Fe-B magnet along
with its casing. The Nd-Fe-B magnets were then subjected to thermal demagnetization. This
involves heating magnets to 350 °C for over 1 hour in a muffle furnace. This step ensures
removal of magnetic properties from the material and ease in subsequent physical and chemical
treatment of NdFeB alloy powder. The demagnetized Nd-Fe-B material was crushed using a jaw
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crusher to achieve a particle size of up to 0.5 mm.(Fig. 11). This increases the surface area of the
powder and enables complete leaching of the scrap in the mineral acid. The crushed and ball-
milled material was subsequently subjected to leaching in different mineral acids such as sulfuric
acid, hydrochloric acid, nitric acid. The leached scrap powder solution is subjected to selective
precipitation of RE by addition of stoichiometric amount of sodium sulfate resulting in
precipitation of RE double sulphates. This step is crucial for the removal of iron present in the
filtrate. Depending on the required product specifications, the double sulphate is further
converted to either rare earth hydroxide or rare earth oxalate (Fig. 12). This conversion process
ensures the production of high-purity rare earth as oxalate precipitate with rejected iron in filtrate
phase only. The recovery and purity of the rare earth products were also evaluated and results
indicated that the recovery exceeded 85%, and the purity greater than 98%. Detailed process
flow sheet is shown in Fig. 13.

Fig. 11 NdFeB magnet powder after jaw crushing magnet (100 pieces)
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Fig. 12: Rare earth oxide separated from NdFeB magnet scrap
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Fig. 13: Process flow sheet for NdFeB recycling

Novel separation methods like hollow fibre membrane or polymeric beads are employed
to further separate individual REEs (Nd and Dy) from the mixed rare earths obtained above. The
mixed rare earth concentrate was re-dissolved in acid to separate Dy from other rare earths by
using Hollow Fibre Membrane (HFM) in a non-dispersive mode and EHEHPA as an extractant.
Effect of various hydrodynamic parameters including aqueous phase acidity, extractant
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concentration, REE concentration in feed, phase ratio and flow rates of aqueous and extractant
were optimized to separate Dy from the mixed rare earth leach liquor Taking the advantage of
fast extraction kinetics of dysprosium, two cycle HFM-NDSX approach was adopted to
concentrate Dy from 20 to 83% in first cycle while raising its purity >97% in the second cycle
(Fig. 14). The overall process also yielded neodymium-praseodymium (>99% purity) rich by-
product.
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Fig. 14: Purification of Dy(Ill) from mixed rare earths feed; organic phase: 0.5 M EHEHPA;
aqueous phase: 1059, 226, 184 mg/L of Dy(III), Nd(III) and Pr(III) respectively in 0.1 M HNOs;

flow rate: 100 mL/min.

Conclusion

The development of advanced solvent extraction technologies at BARC and their successful
implementation by IREL (India) Limited represents a significant milestone in the field of rare
earth element separation and purification. The optimized processes for yttrium, neodymium,
gadolinium, dysprosium, and terbium ensure production of high purity rare earth oxide with
good yield. The innovative approach to recycling rare earths from e-waste further underscores
the commitment to sustainability and resource conservation. The developed hydrometallurgical
process to recycle end of life hard disk drive based NdFeb magnetic scrap is transferred to IREL
for pilot plant scale operation at its Rare Earth and Titanium Theme park at Bhopal. The
continuous improvement and scaling of these processes will play a crucial role in securing a
reliable supply of rare earth elements essential for future technological developments.
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Abstract

This chapter presents a brief account of the work on the development of processes in the field of
separation science and technology at Beam Technology Development Group, BARC. The
activities outlined in this chapter are (a) Studies for dissolution of lanthanides from metallic
substrates and (b) Separation of impurities like sodium and iron from lanthanides by solvent
extraction and ion extraction chromatography.

1. Introduction
With the alarming rate of rise of cancer cases in India, the demand for radionuclides are at an all-
time high for diagnosis and therapeutics. Lanthanides are finding widespread applications in
cancer treatment and medical imaging. Generally, gamma or positron emitting radionuclides are
used in imaging while particulate (o, B) emitting radionuclides find application in therapy. A
special class of radionuclide that emits particulates along with a low energy (~ 50-300keV)
gamma is most suited for the combined action of therapy and diagnostics. Lutetium-177 is one of
the widely used theragnostic radionuclide that fits the bill. It has B energies (497 keV and 379
keV) and y (208 keV and 112 keV) for targeted beta therapy applications. Elementally pure
targets of 6Ly are neutron activated in a research reactor (Dhruva, India) for production of the
required isotope; '/ 'Lu[1,2].Targets of '"°Lu are prepared by dissolution of Lu in mineral acid.
The present study discusses the dissolution kinetics of the target in nitric acid. The dissolution in
acid was further intensified by the application of ultrasound to achieve a doubling of the
dissolution rate, based on recent reports on the work carried out with heavy metal compounds
[3].
The impurity limits for metallic impurities iron, sodium, copper and zinc in the target should be
minimal to avoid competition during chelation and generation of unnecessary activation
products[4].To achieve this specification, the common impuritiesneedto be removed/ reduced in
the target. Solvent extraction and extraction chromatography-based separation processes are
some of the suitable methods for carrying out this separation [5]. These two methods have been
investigated for the above application. Extraction chromatography technique offers unique
advantages, (1) the high selectivity of the solvent in combination with (2) a separation
methodology in a single unit operation on a packed bed akin to other to conventional
chromatographic methods implemented with multiple wash and eluant cycles.

In the solvent extraction process, two solvents, CMPO and TEHDGA have been screened
for the separation [6].

49



Similarly, feasibility studies were carried out using ion extraction chromatography
method to purify and concentrate ytterbium with respect to the above impurities. DGA resin
commercially available from EICHROM and TRISKEM(TODGA, diglycolamide N, N,N’,N’-
tetraoctyldiglycolamideadsorbed on an inert resin) was used for the separation studies. The
distribution coefficient data experimentally observedin different concentrations of nitric acid /
hydrochloric acid into n-dodecane organic phase; formed the basis for selecting the wash and
elution conditions [7] [8].

1.1. Relevant Rare-earth Chemistry

The rare-earths of interest in the current study, Ytterbium(Yb) and Lutetium (Lu) are part
of the f-block elements (lanthanides) with the outer electrons added in the 4f level. The rare
earth elements are chemically similar, due to the similarity of their outer electronic configuration
and also because of lanthanide contraction. The contraction is significant and leads to a steady
decrease in the atomic and ionic size with increasing atomic number from Lanthanum (La) to
Lutetium (Lu). This is due to the inefficient shielding of outer ¢” by one another in the same ‘f’
sub-shell. From La to Lu, nuclear charge increases and the number of 4f electrons increase by
one at each step. However, the shielding of these 4f electrons from one another is inefficientdue
to orbital shape. This leads to an increase in the effectiveness of the nuclear charge causing a
decrease in size, causing lanthanide contraction, with La being the most tightly bound and Lu
the least tightly bound. The complete f'* configuration confers a tri-positive state to Lu (Lu®").
while Yb displays both a 2+ and 3+ state due to the tendency to achieve a f'* configuration [9].

The relevant physical properties of the above two elements viz., Yb, Lu is presented in
Table 1 [10].

TABLE 1: Important Physical properties of Yb, Lu

Property Yb Lu
Atomic number 70 71
Atomic Weight 173.04 174.97
Density (g/cc) at 25°C 6.972 9.84
Melting Point (°C) 816 1675

Vapour Pressure [9]
Log P/P, = A-(B/T)-C Log (T)

T in Kelvin

A 14.117 13.799
B 8111 22423
C 1.0849 0.6200
Heat Capacity at 0°C (Cp) (cal/g atom °0) 6.14 6.37
Ionization energy (eV) 6.3 54

Elemental lanthanides are highly electropositive and easily oxidized, primarily to the +3
state. Dilute aqueous mineral acids rapidly convert the metals to solutions of the tri-positive ions.
1.2 Chemical reactions of elemental lanthanides (Ln)

(1) 0With oxygen: Ln,Os is formed slowly at room temperature, ignites above 150 to 180
C[10].
(2) With oxygen in presence of moisture: Ln,O3.xH,O; rapid with lighter Ln at room
temperature heavier Ln gives Ln,Os.
(3) H™ (any mineral acid): gives Ln>* + H, The reaction is rapid at room temperature also.
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(4) HO: Lny,O3 or Ln,O3xH,O (+ H). Slow at room temperature, rapid at higher
temperatures.

(5) Yb*" ions are rapidly oxidized to the tri-positive species by the hydronium ion. This
reaction rate is further increased by presence of oxygen.

4Ln* -4H;0"+0, -, 4Ln’"+6H,0 (1)

2. Kinetics of Lu dissolution

2.1Choice of acid

Some of the mineral acids considered are HF, HCI, H,SO4, HNOs. The rare-earth fluoride salts
are insoluble and HF handling is difficult. Hence, it is not considered. The chloride salts are
soluble, but the chloride medium generally corrodes a lot of substrate metals. Lanthanides tend to
form double salts with sulphates some of which are not soluble. Lanthanide nitrates are highly
soluble and suitable for leaching. Hence, nitric acid is chosen as the acid for dissolution studies
with the lanthanides.

2.2. Kinetic studies of Lu dissolution

The dissolution of lutetium in nitric acid can be summarized by the following reaction.

2Lu + 6HNO; — 2Lu(NO;); + 3H, 7 (2)

The kinetic data of Lu dissolution was generated by dissolving a 30mg Lu metallic bead in
different concentrations of nitric acid. The aliquots were withdrawn for 60 minutes at different
time steps and the quantitative measurement of Lu concentration was done in ICPOES. Since Lu
is a pure solid, the rate of reaction will be proportional only to the concentration of nitric acid
used.

For first order reaction, -dC,/dt = kCx 3)

On integrating (3), -In(1-x) =kt 4)
Where, C, is the concentration of the reactant, x is the fractional conversion, k is the reaction
rate constant and t is the time.

Assuming first order dependence of Lu dissolution on the concentration of acid, a plot of -In (1-
x) as a function of time t, was made. It showed linear dependence thereby confirming the
assumption that the reaction is first order w.r.t. nitric acid.

However, dissolution in acid at room temperature without any intensification can lead to
pitting and stagnant film formation. Stirring was avoided to minimize contamination from the
stirrer. Ultrasound/ sonication is a non-contact type of intensification technique in which sound
waves are used to generate microstreaming and increased dissolution [3]. Therefore, sonication
was explored for Lu dissolution.

2.3. Kinetics of Lu dissolution with ultrasound

The most pertinent effects of ultrasound, in the order of 20 to 100kHz, on liquid-solid systems
are mechanical, and are attributed to symmetric and asymmetric cavitation. The bubbles act as
microscopic reactors causing sonolysis of the vapours trapped inside them just before collapse.
In addition, shock waves are produced which have the potential of creating microscopic
turbulence within interfacial films surrounding nearby solid particles, also referred to as
microstreaming [3]. Thisphenomenon increases the mass transfer across the film, thereby
increasing the intrinsic mass transfer coefficient, as well as possibly reducing the film thickness.
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A similar exercise was carried out in a 1.5 litre ultrasonic bath to evaluate the intensification in
dissolution brought about by ultrasound. The frequency of the bath used was 20 kHz and the
intensity of the sound was 10 W/ cm’ based on previous studies [3].

The variation of the Lu concentration with time was plotted in Figure 1. The study further
showed linear dependence of dissolution reaction on the acid concentration. It was found that
there is a doubling of the rate by using ultrasound, evident from the k values calculated. The
activation energy of the sonicated dissolution was 15.18kJ/mol.
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Figure 1: % Recovery of Lu with/without ultrasound at various acid concentration (1 h)

2.4 Conclusion of dissolution studies

The introduction of sonication for the dissolution of Lu resulted in the near doubling of the rate.
Further, if the same process is carried out for dissolution from a metallic substrate, it is important
to check for the possible erosion of the parent material from the substrate along with the Lu. In
the next section, the purification work is detailed.

3. Purification of Simulated Yb solution using Solvent extraction and Extraction
Chromatography

3.1Solvent extraction

Using a simulated solution of Yb, Na and Fe extraction in the CMPO - nitric acid and
TEHDGA-nitric acid system was tried. While CMPO was found to be ineffective, TEHDGA was
found to be more efficient in the impurity separation (Table 2).
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Table 2: Solvent extraction for purification of Yb in CMPO and TEHDGA

Solvent Feed Yb (ppm) Na (ppm) Fe (ppm)
2 M CMPO - 2M | Feed 103.6 106 10
nitric acid

Raffinate | 30 106 8
TEHDGA 2M | Feed 103.6 106 10
nitric acid

Raffinate | BDL 104 9.8
TEHDGA 4M | Feed 103.6 106 10
nitric acid

Raffinate | BDL 101.4 7.6

3.2 lon extraction chromatography

The simulated solution was used as feed in the ion extraction chromatography experiment. The
simulated solution prepared in 4 M nitric acid was loaded onto a 3 g DGA resin column [11].
The resin was then washed successively with 4M, 1.5 M, 0.1 M nitric acid and with one bed
volume of DM water [7]. The elution of Yb was done by using 0.05 M HCI. The distribution/
fractionation of the individual impurity metals and ytterbium in the wash/ eluent solution cuts
was quantified by ICPOES technique [12].

Figure 2 shows the experimental purification profile obtained in the recovery of the Yb
target solution free of other metal ion impurities. DGA resin is reported to have a high selectivity
for the lanthanides (Yb) with +3 oxidation state [7]. This is confirmed in the results, as YD is
seen to be loaded on the resin. The other impurities, viz., sodium, copper, zinc with an oxidation
state of +1 and +2 predictably have low affinity for the resin [7]. Iron which exists in +3
oxidation state in nitric acid medium, with a very low distribution coefficient in the resin under
the loading conditions (4 M nitric acid) also does not get significantly loaded on the resin. The
final elution of the purified Yb from the resin bed is carried out with low molarity HCI (0.05 M
HCI). As can be seen in Figure 2, except sodium, rest of the impurities have been separated from
Yb product by the extraction chromatography method on DGA resin. The sodium ingress in the
eluant stream is most likely from a cross-contamination in the experiment as Na with +1
oxidation state is not expected to get loaded on to the resin. This cross-contamination is planned
be tackled by a more rigorous experimental procedure.
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Figure 2: Ion extraction chromatography profile of Yb separation from metallic impurities

3.3 Conclusion

The two separation methods of solvent extraction (TEHDGA) and ion extraction
chromatography (DGA) have been found to be effective for the separation of common metallic
impurities from Yb. Detailed studies are required to optimize the process parameters.
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