ASSET Bulletin

Anion
Ligand for
e ~ation metal

extraction

TASK SPECIFICIONIC LIQUID

ic liquid) brush on

Initiator
immobilization

Localized perturbationin presence
of Oscillating Electric Field

Shart
Low surface density
Lon.
Shon
High surface density
Long
ATRP L

-
+

Wagh surtace densty, Shart PIL length|

+ e
2y 2

vign surtes aensty, tang P tengen ||

Flernperpion: wp o TISGRE

saebroser -
arsinn s »:J?Mu rengh boling watas
FFaw e i

‘The region for industrial use
of supercritical fulids

fPrassure Solid

0.0006 F=-=

‘ 221 738 o e e e e e e m -

[MPa] Liquid

K

p

Sberiticaby Critical Point
I
I

4
LCar T el o —
Waler —= 0

L
31.1
374

Temperature] C)

Guest Editor: Brahmmananda Rao

www.asset.org.in

April 2026



ASSET Bulletin on ""Advancement in Green Separation"'

Message

Guest Editor, ASSET Bulletin on "Advancement in Green Separation”

A

Green chemistry has emerged as an important approach in addressing the environmental
challenges arising from rapid industrial growth and the resulting increase in pollution.
Among the twelve principles of green chemistry, the minimization or elimination of volatile
and toxic solvents plays a pivotal role in designing sustainable chemical processes. This can
be effectively achieved through different approaches such as solvent-free synthesis, the use
of water as a reaction medium, ionic liquids, deep eutectic solvents and supercritical fluids.
Deep eutectic solvents are a versatile class of environmentally friendly liquids formed by
mixing two or more components are finding various applications including its potential
application in separations invarious aspects of nuclear fuel cycle. lonic Liquids which are in
vogue for quite some time are salts in a liquid state, typically have melting points below 100
°C, and often composed of large, asymmetrical organic cations and inorganic anions which
find various application in Green separations, catalysis, electrochemistry, pharmaceuticals
and in various separations including nuclear industry. Some of the ionic liquids are also
potential replacement of n-Dodecane as diluent in solvent extraction.Supercritical fluids
(SCFs) have gained significant attention as environmentally benign alternatives to
conventional organic solvents. Industrially, SCFs have been successfully employed in the
extraction of natural products, including the decaffeination of coffee and the recovery of
bioactive compounds from herbs and pharmaceutical materials. Furthermore, recent
advancements highlight their role in environmental remediation, where SCFs, in
combination with suitable ligands, are utilized for the selective recovery of metal ions from
soil and water samples. In addition to extraction and separation processes, SCFs are
increasingly being utilized in nanoparticle synthesis, dry cleaning, and as reaction media
for a variety of chemical transformations. Collectively, their wide-ranging applications and
inherent versatility highlight their role as effective and environmentally benign tools,
establishing them as a promising avenue for the future of green chemistry.

Greetings to all the members of ASSET.

We thank all the authors for their valuable contribution to this bulletin and express our
gratitude to Dr. Arijit Sengupta, Editor, ASSET for bringing out an important topic in
ASSETthematic bulletin covering all aspects of green separations with emphasis in
nuclear,geological, and environmental analysis.

Dr. C.V.S. Brahmmananda Rao
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President, ASSET

Dear Members,
Greetings from ASSET!

I am delighted to learn that the second ASSET bulletin of this year is on the topic
"Advancements in Green Separation”, the most essential and environmentally friendly
separation methods. Green separations replace the traditional use of toxic solvents with
safer alternatives that have very few environmental impacts. In addition to the solvent
reduction or replacement of volatile organic compounds, green separations focus on energy
efficiency, miniaturisation, and renewability.

I am happy to see five articles on some of the important areas of green separation, including
Deep Eutectic Solvents (DES), Supercritical Fluid Extraction (SFE), lonic Liquids, poly- and
ionic liquid membranes and pyrohydrolysis. These separations play a pivotal role in
separation science, right from the lab to industries, and have wide applications in various
industries. | am sure these articles will help all members learn more about green
separations.

I thank Dr.Arijit Sengupta, Editor, ASSET, for his sincere efforts in bringing out this
bulletin. My special thanks are due to Dr. Brahmananda Rao, Head, FChD, IGCAR, for
being the guest editor of this bulletin and also for shouldering the editorial responsibility in
bringing the bulletin into shape. | record my heartfelt thanks to all the authors. | am highly
indebted to Prof. P.K. Mohapatra and Prof. V.K. Manchanda for their wholehearted support.

My special thanks to the vice presidents, the secretary, and all the executive committee
members of ASSET.

Dr. Jeyakumar Subbiah
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Deep Eutectic Solvents in Radiochemical Separations: A Sustainable
Route for Lanthanide and Actinide Extraction
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2Homi Bhabha National Institute, Trombay, Mumbai 400094, India

(Corresponding Author: Email: rumac@barc.gov.in)

1. Introduction

The global pursuit of sustainable and clean
energy sources has placed nuclear power at
the forefront of long-term energy strategies
[1, 2]. As a low-carbon, high-capacity, and
continuous power source, nuclear energy
plays a pivotal role in mitigating the
adverse effects of fossil fuel dependence [3,
4]. At present, nuclear power contributes
approximately 11% of global electricity
production and is recognized as a reliable
and scalable alternative to conventional
energy sources. Its negligible greenhouse
gas emissions during operation make it a
critical component of global climate change
mitigation efforts [1-4].

Despite these advantages, the large-scale

deployment of nuclear power faces
significant challenges, foremost among
them being the safe management of
radioactive waste and the efficient

reprocessing of spent nuclear fuel [5-8].
Conventional reprocessing technologies—

most notably the PUREX (Plutonium
Uranium Extraction) process and
pyrochemical methods—are well

established and have been deployed for
decades [5-7]. However, both approaches
involve highly complex, resource-intensive
operations, often requiring the handling of
corrosive, high-temperature media.
Furthermore, they generate substantial
volumes of secondary waste, posing
additional environmental and safety
concerns [8]. These limitations have
intensified the search for next-generation
reprocessing strategies that are efficient,
environmentally sustainable, and
compatible with stringent nuclear safety
standards [8].

In this quest for innovation, green solvent
systems have emerged as promising
candidates. Among them, Deep Eutectic
Solvents (DESs) are attracting increasing
interest for radiochemical separations [9-

12]. DESs are formed by combining a
hydrogen bond donor (HBD) and a
hydrogen bond acceptor (HBA), yielding a
eutectic mixture whose melting point is
significantly lower than that of either
constituent [9-14]. The components are
often inexpensive, biodegradable, and
readily available—for example, choline
chloride paired with urea [11, 12]. This
combination of low cost, ease of synthesis,
and inherent environmental compatibility
positions DESs as a sustainable alternative
to traditional organic solvents and even to
ionic liquids (ILs), which, although effective,
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biodegradability [11, 12, 15-17].

Figure 1:Commonly reported HBAs and HBDs for
preparation of the DESs.

DESs share many of the advantageous
physicochemical properties of ILs, including
negligible vapor pressure, high chemical
and thermal stability, and wide
electrochemical windows. They can dissolve
a broad spectrum of metal salts and
support diverse redox chemistries [11, 12,
18, 19]. Critically, the hydrogen-bonding
network intrinsic to DESs produces unique
solvation environments capable of
stabilizing unusual or transient oxidation
states of metal ions. This is particularly
relevant for the processing of redox-active f-
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block elements—Ilanthanides and
actinides—where control over oxidation
state is essential for selective separation
[20].

The development of DESs for nuclear
applications builds upon prior work with
ILs in actinide and lanthanide separations,
where low volatility and radiation stability
have been proven advantageous [15, 17,
20]. However, DESs offer additional benefits
in terms of sustainability, cost-
effectiveness, and adaptability [9, 11, 12,
16]. In the nuclear sector, DESs are being
actively investigated for (i) selective
lanthanide-actinide separation, (i)
electrodeposition of actinide metals, and (iii)
stabilization of radionuclides in analytical
workflows. Fine-tuning the HBA-HBD
combination allows for precise control over
solvation and redox properties, enabling
highly efficient separations and
electrochemical transformations [9, 12, 16,
18, 19].Common HBAs used in DES
formulation include quaternary ammonium
salts such as choline chloride, though
phosphonium- and sulfonium-based salts
have also been employed in high-
temperature nuclear separations. Abbott et
al. classified DESs into four main types
[12]:

Type I: Quaternary salt + metal halide
(e.g., ChCIl + ZnCly)

Type IlI: Quaternary salt + hydrated
metal halide (e.g., ChCI + FeCls-6H,0)

Type llI: Quaternary salt + HBD (e.g.,
ChCI + urea)

Type 1V: Metal halide + HBD (e.g., FeCls+
urea)

In radiochemistry, Type Il and Type IV
DESs are most widely studied due to their
lower corrosivity and tunable solvation
environments, which are compatible with
both aqueous and molten salt nuclear
workflows.

The physicochemical origin of the lowered
melting point in DESs lies in strong
hydrogen bonding between the HBA and
HBD, which disrupts the individual
crystalline lattices and promotes charge
delocalization. This, in turn, reduces lattice
energy and, together with entropy effects
from mixing components of different
molecular geometries, shifts the eutectic
point to a lower temperature. The eutectic
composition corresponds to the minimum

Gibbs free energy for the mixture at a given
temperature. Such characteristics not only
enable operation at lower temperatures
than conventional molten salts but also
allow DES properties to be fine-tuned for
specific nuclear processes [9, 11, 12, 18,
20].
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Figure 2:A) General solid-liqguid phase diagram of a
binary mixture. Tm(A) and Tm(B) represent the melting
point of components A and B, respectively and the
eutectic point gives the composition and the minimum
melting temperature of the eutectic mixture B) Solid-
liqguid phase diagram representing a simple ideal
eutectic mixture (red line) and a deep eutectic mixture
(green line). AT is the corresponding depression in the
freezing point [11, 12].

These unique solvent properties have direct
implications for nuclear reprocessing. The
negligible vapor pressure of DESs
minimizes the volatilization of radiolytic
products, reducing both operational losses
and radiological hazards. Their wide
electrochemical window facilitates the
electrodeposition of highly reactive actinide
metals, including uranium, thorium, and
plutonium. Moreover, the polarity of DESs
can be systematically adjusted via changes
to the HBD structure, enabling selective
complexation of target species. Many DESs
also exhibit thermal stability up to 150-200
°C, sufficient for a range of nuclear
separation processes.

Nevertheless, DESs are not without
limitations. Their typically high viscosities—
often exceeding 100 cP at room
temperature—can hinder mass transport
and slow down extraction Kinetics [21, 22].
Approaches to mitigate this include the use
of hydrated DESs or blending with low-
viscosity co-solvents [21, 23]. While DESs
have been studied extensively in catalysis,
materials synthesis, and metal recovery,
their application to f-block chemistry—
especially actinide systems—remains
comparatively underexplored. This scarcity
of research stems largely from the
radiological hazards inherent to actinide
handling and the vulnerability of some
DESs to radiolytic degradation [20, 24-26].
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The overarching objective of this chapter is
to address this knowledge gap by
highlighting recent advances in the design

of DESs with enhanced radiation
resistance, improved thermal and
electrochemical stability, and tailored

solvation properties for f-block element
chemistry. By focusing on their role in
enabling efficient, selective, and sustainable
separations, this work aims to establish
DESs as a viable platform for the next
generation of nuclear fuel cycle
technologies [20, 26].

2. Deep Eutectic Solvents (DESs) in
Lanthanide and Actinide Separations

Deep eutectic solvents (DESs) present
several unigue advantages for the selective
extraction and separation of lanthanides
and actinides, owing to their tunable
physicochemical properties, strong
hydrogen-bond networks, and capacity to
dissolve a wide range of inorganic salts [12].
Functionalized DESs containing acidic
ligands—such as phosphinic acids, p-
diketones, and carboxylic acids—have
demonstrated remarkable selectivity in
coordinating either lighter or heavier
lanthanides, driven by subtle but
significant differences in ionic radii,
hydration energies, and coordination
preferences [27-29]. For instance, choline
chloride-oxalic acid DESs enable pH-
tunable solubility control, facilitating the
selective precipitation of certain rare earth
elements (REEs) by adjusting proton
activity within the solvent matrix [30, 31].
Moreover, DESs can be integrated with ion
exchange workflows, where they serve as a
pre-concentration medium for lanthanides,
enhancing the throughput and efficiency of
subsequent column chromatography [32]. A
notable example is the choline chloride-2-
ethylhexanoic acid DES, which achieved
separation factors exceeding 50 for Nd(lII)
and Dy(lll) under optimized extraction
conditions, while completely avoiding
volatile organic compounds (VOCs), making
it an environmentally safer alternative to
conventional organic diluents [10].

In the case of actinide separation, DESs
offer distinct mechanistic advantages
critical for nuclear fuel cycle operations,
waste treatment, and environmental
remediation [20]. One of the key
mechanisms is oxidation state stabilization,
wherein DESs, through ligand coordination

and hydrogen-bond-mediated solvation,
maintain specific oxidation states such as
U(VvI) in the uranyl form or Pu(lV), thereby
facilitating targeted extraction [19]. Ligand
functionalization of DESs with
diglycolamides, phosphine oxides, or
carbamoylmethylphosphine  oxides has

been shown to significantly enhance
actinide binding affinity, even in the
presence of competing metal ions [33].

Additionally, DESs enable electrochemical
deposition of actinides at lower
overpotentials than aqueous electrolytes, a
feature that allows both selective separation
and recovery in a single step. For example,
a betaine-malonic acid DES extracted U(VI)
from nitrate media with distribution ratios
above 100, maintained stability under a-
radiolysis  conditions, and permitted
efficient back-extraction into dilute mineral
acids for product recovery[34].
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Figure 3:Dissolution of Uranium oxides and their
redox speciation in two imidazolium-based DES[34].

Perhaps the most technically challenging
separation in nuclear reprocessing is the
partitioning of trivalent actinides from
lanthanides, given their almost identical
ionic radii and +3 oxidation state [35].
DESs contribute to overcoming this barrier
through "soft donor selectivity,” wherein
sulfur-containing ligands such as
thioamides preferentially coordinate
actinides due to their greater covalency
relative to lanthanides [36].Synergistic and
eutectic-phase strategies that pair
DES/HES media with high-performance
extractants (e.g., TODGA) have delivered
very high distribution ratios and excellent
impurity rejection—for example, a
TODGA/decanoic-acid hydrophobic eutectic
solvent achieved lanthanide D values up to
~2x10*> and Separation Factor (SF) of
(Dy/Fe)> 104—while DES co-solvents have
been shown to accelerate SANEX-type
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minor-actinide separations[37].A striking
example is the use of a choline chloride-
urea DES modified with bis-2-ethylhexyl
phosphoric acid, which produced
Am(lI1)/Eu(lll) separation factors above 150
under mild conditions [38]. Recent studies
have further demonstrated that tailoring
the hydrogen bond donor/acceptor ratio in
DESs and incorporating task-specific
ligands can fine-tune the competitive
binding equilibria, offering scalable and
more sustainable pathways for high-purity
recovery of both strategic lanthanides and
radiotoxic actinides [11, 12, 33].

3. Mechanisms of Lanthanide and
Actinide Extraction in DESs

The extraction of lanthanides and actinides
in deep eutectic solvents (DESs) is
fundamentally dictated by ligand-metal
coordination chemistry, which is uniquely
tuned by the hydrogen-bond network of the
DES matrix. The cooperative interplay
between the hydrogen bond acceptor (HBA),
hydrogen bond donor (HBD), and any
additional co-solvents or dopants defines
the solvation shell structure, redox
stability, and selectivity profile for target
actinide/lanthanide ions.

3.1 Solvation and Complexation

In DESs, the HBD and HBA components
often provide functional groups capable of
direct coordination to the metal center. For

example, in ChCl-urea systems, urea
contributes carbonyl O atoms, while
ethylene  glycol-based DESs provide

hydroxyl O atoms, enabling robust inner-
sphere coordination[39]. This principle
extends to hydrophobic DESs containing

alkyl triphenylphosphonium bromide, as
demonstrated in wuranyl ion interaction
studies, where the bulky

phosphoniumcation modulates solvation
sphere polarity and steric accessibility,
enhancing the stability of U(vI)
complexes[40].Further, studies on Eu(lll)-
DES complexes revealed that DES ligands
can modulate excited-state lifetimes and
redox potentials, indicating strong
electronic coupling between the DES
coordination environment and the
lanthanide center[41]. Similar effects were

observed in hydrophobic DESs for
plutonium sequestration, where inner-
sphere coordination with DES-derived

functional groups was central to both

extraction efficiency and redox stability of
Pu(liN[42].DES matrices also influence
hydration number and ligand exchange
rates, altering extraction thermodynamics.

Highly viscous DESs can slow ligand
exchange, favoring kinetically stable
complexes, while lower viscosity DESs or
hydrated variants promote faster

equilibration [11]. Stabilization of charged
complexes is further aided by the low
dielectric constants of DESs, as observed in
blue-light-emitting hydrophobic DESs that
also function as liquid scintillators for
radiometric detection [43].
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Figure 4: Mechanistic Approach to Reveal Interaction of

Uranyl lons in Alkyltriphenylphosphonium Bromide-
Based Deep Eutectic Solvent [40].

3.2 Role of Water Content

Although DESs are often referred to as
“anhydrous,” most contain residual water
(~1-3 wit%) from hygroscopic
precursors[11]. Controlled hydration has
been shown to be beneficial, reducing
viscosity and facilitating faster diffusion of
metal species[44]. For example, in
hydrophobic DESs used for Pu extraction,
trace hydration improved mass transfer

rates without significantly disrupting
complexationequilibria[42].Hydration also
modifies selectivity. In uranyl-

phosphonium bromide DES systems, water
competes with DES ligands in the first
solvation shell, thereby altering
coordination geometry and extraction

efficiency. In Eu(ll)-DES photophysical
studies, hydration influenced both
fluorescence quantum yield and redox

activity by modifying solvation polarity[41].

However, excessive water (>10 wt%) can
disrupt the hydrogen-bonded eutectic
network, shifting the medium toward

aqueous-like behavior, which diminishes
the selectivity advantages of DES-based
extraction systems[11].
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3.3 Anion Effects

The anion present in either the DES HBA or
the metal salt feed plays a decisive role in
extraction efficiency and speciation. For
example: Nitrate and perchlorate anions
typically favor outer-sphere complexation,
leading to enhanced solubility of metal salts
without strongly perturbing inner-sphere
coordination geometry[45]. Chloride-rich
DESs facilitate inner-sphere halide
coordination, stabilizing lower oxidation
states of actinides (e.g., U(lll), Pu(lll)) — a
mechanism critical in both plutonium
separation and in selective Pu recovery in
the presence of Th(lV)[42].

The combination of controlled ligand-metal
coordination, water-mediated solvation
tuning, and targeted anion selection thus
provides a versatile framework for designing
DESs for selective and efficient
lanthanide/actinide extraction, separation,
and sensing. Spectroscopic and
computational studies on uranyl and
related species show that DES
environments alter coordination numbers
and bond distances relative to water,
producing distinctive solvation structures
that influence extractability [46]. Indirectly,
the hydrogen-bond network and the lower
dielectric environment of many DESs tune
the stability and dynamics of charged
complexes by changing the balance
between electrostatic and covalent
interactions; lower dielectric screening
tends to favor neutral or less highly
charged complexes, while the relatively high
viscosity of many DESs reduces ligand-
exchange rates and can Kkinetically trap
specific coordination motifs[11, 39]. These
combined thermodynamic and Kinetic
effects explain why certain extractants (for
example, oxygen-donor DGAs or
phosphorus-based ligands) show enhanced
selectivity in DES media compared with
conventional organic diluents[33].
Controlled hydration therefore often
increases apparent extraction kinetics and
can shift selectivity by changing the
competitive solvation between DES ligands
and water molecules[40, 41, 47, 48].

By contrast, excessive hydration collapses
the eutectic structure and drives the
medium toward aqueous behavior, eroding
DES-specific selectivity advantages. Anion
identity—whether present in the HBA (e.g.,
Cl-, Br ) or in the metal feed (e.g., NOs ,
Cl-, F )—further modulates extraction

chemistry [45]. Nitrate- and perchlorate-
rich environments typically favour outer-
sphere complexation and high metal salt
solubility, whereas chloride-rich DESs can
enable inner-sphere halide coordination
that stabilizes lower oxidation states
(important for U(I)/Pu(lll) chemistry)[42].
It is conceivable that fluoride-bearing DESs
could enable mixed-ligand complexation of
actinide fluorides, potentially mirroring
behaviors seen in molten-salt systems;

however, experimental validation is still
pending [46]. Notably, recent work has
shown that embedding redox-active

components in HDES formulations permits
in-situ control of actinide valence (e.g.,
reducing Np(V) to Np(IV)), thereby opening
new selectivity windows unattainable with
inert diluents[50]. Taken together, these
observations emphasize that extraction in
DESs is not simply “the same chemistry in
a different solvent” but rather a re-
balancing of solvation thermodynamics and
kinetics by hydrogen-bond networks, anion
coordination, viscosity, and water activity
— all of which can be rationally tuned to
favour selective Ln/An partitioning[51].
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4. Process Optimization Strategies in DES
- Mediated Radiochemical Separations

Process optimization is a crucial step in
transitioning deep eutectic solvent (DES)-
based separation strategies from proof-of-

concept laboratory demonstrations to
reliable, scalable, and economically viable
industrial processes.  Achieving this
requires the systematic fine-tuning of
several interdependent parameters,
including DES composition, operating
temperature, proton activity (pH), ligand

loading, and key extraction conditions such
as phase ratio and contact time.
Temperature exerts a pronounced influence
on DES performance because viscosity,
mass transfer, and diffusivity are strongly
temperature dependent. For instance, a
choline chloride-urea DES (1:2 molar ratio)
exhibits a viscosity of approximately 750
mPa:s at 25 °C, which drops to ~200 mPa's
at 60 °C, significantly enhancing mass
transfer and, consequently, separation
efficiency[52]. However, prolonged exposure
to elevated temperatures can degrade
thermolabile hydrogen bond donors (HBDs),
such as sugars or amino acids, or promote
water uptake from the atmosphere, thereby
altering the solvent composition and
reducing performance stability[11, 52].
Water content plays a similarly dual role:
while small, controlled additions of water
(typically 5-15 wt %) can lower viscosity
and facilitate phase disengagement without
markedly  affecting  solvation power,
excessive hydration disrupts the hydrogen-
bond network, dilutes complexation
efficiency, and may even cause phase
instability[12].

Low water mole fraction in hydrophobic DES

)

Transport (global
dynamics)
Nanophase segregation
Local dynamics
Chemical activity

Fragility

Figure 7:Schematic representation of Effect of Water on
a Hydrophobic Deep Eutectic Solvent[53].

Ligand functionalization within DESs has
emerged as an important optimization
pathway. Embedding extractants such as
phosphine oxides, diglycolamides (DGAs),

10

or calixarene derivatives directly into
eutectic matrices can yield synergistic
advantages, including mitigation of third-
phase formation, improvement in selectivity
for trivalent actinides over lanthanides, and
enhanced stability under challenging
conditions[54]. For instance, multi-armed
or dendrimeric DGA architectures, as well
as TODGA derivatives incorporated into
structured platforms, have been reported to
substantially improve americium(l1l)
extraction efficiencies relative to unmodified
TODGA systems [55]. Fundamental studies
of TODGA in conventional solvents also
highlight that its extraction performance is
strongly enthalpy-driven and  metal-
dependent, providing a rationale for tuning
its behavior in alternative media [56]. In
parallel, calixarene-based ligands
functionalized with phosphine oxide or
diamide groups have demonstrated strong
complexation toward rare-earth ions,
illustrating the broader utility of such
functionalized platforms[57, 58].

Recent studies have also explored the direct
use of TODGA as a hydrogen-bond acceptor
in DES formulation. For example, a
hydrophobic tridentate ligand, TODGA (N,
N, N’, N'-tetraoctyldiglycolamide), has been
combined with phenol as a hydrogen-bond
donor to construct a novel DES, where
TODGA provides strong affinity toward
trivalent and tetravalent actinides and
phenol offers a low-cost aromatic
component with reducing capabilities. This
DES was characterized using
complementary techniques (NMR, FT-IR,
TGA, DSC) and evaluated for its potential in
neptunium recovery through solvent
extraction, with mechanistic insights
obtained via spectroscopic and solvent
extraction analysis [50].

From a process perspective, DESs provide
high density and immiscibility with
aqueous nitrate solutions, which allows
flexibility in phase ratios and supports
efficient contact even at shorter timescales
when agitation or ultrasound is applied.
Moreover, stripping can often be
accomplished with relatively mild reagents
such as dilute HCI, oxalic acid, or
carbonate solutions, approaches that are
compatible with closed-loop recycling and
consistent with green chemistry principles
[12].
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Despite significant advances, DES-based
separations face persistent challenges. High
viscosity remains a fundamental limitation;
many DESs exhibit viscosities exceeding
100 cP at room temperature, which hinders
mass transfer and often requires a delicate
balance between dilution or heating (to
lower viscosity) and maintaining extraction
efficiency.

Another concern is radiolytic stability.
Although data on DESs under high-dose
radiation is limited, studies on similar
systems such as ionic liquids (ILs) reveal
that irradiation can generate radicals that
disrupt solvent structure—suggesting that

DES HBD components may similarly
degrade under harsh radiation
environments. Computational work has

also screened candidate DES components
for enhanced radiation tolerance,
highlighting the need for informed selection
for nuclear applications [59].

From an engineering standpoint, scaling up
DES-based operations raises practical
issues. The high viscosity of DESs
complicates pumping and flow in
conventional contactors, potentially
necessitating temperature control or
custom designs to maintain optimal
processing conditions. Moisture ingress in
humid environments can disrupt the
eutectic network, and there is a general
lack of published data on full-scale
deployment.

Finally, regulatory acceptance depends on
comprehensive safety and environmental
evaluation—including compatibility with
materials, waste management, and
understanding of long-term degradation
pathways under processing conditions.
However, such lifecycle and regulatory
assessments for DESs in  nuclear
separations remain largely unexplored in
peer-reviewed literature[60].

From a sustainability and circular economy
perspective, DESs are inherently aligned
with several principles of green chemistry:
they are frequently biodegradable, exhibit
low volatility, and can be synthesized from
renewable feedstocks[11]. Their negligible

vapor pressure minimizes fugitive
emissions, while their recyclability
significantly reduces secondary waste

generation[61]. Moreover, replacing volatile
organic solvents with DESs lowers the
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volume of hazardous waste and enables
multiple reuse cycles without substantial
performance loss. Importantly, DESs can
be tailored to selectively recover critical
metals such as lanthanides and actinides
from spent nuclear fuel and process waste
streams, supporting a closed-loop resource

recovery  strategy[62]. For instance,
neodymium and dysprosium recovered from
spent magnets using DESs can be

reintegrated into advanced manufacturing
processes, thereby reducing dependence on
primary mining and contributing to a more

sustainable nuclear and high-tech
materials supply chain[38].
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Figure 8:A strategy for the dissolution and separation
of rare earth oxides by novel Brgnsted acidic deep
eutectic solvents [31].

5. Case Studies: DES in Lanthanide and
Actinide Extraction

5.1 Extraction of Light Lanthanides

The light lanthanides—particularly
lanthanum  through  neodymium—play
pivotal roles in advanced technologies such
as high-performance magnets, lasers, and
catalytic systems. Traditional extraction
methods often use organophosphorus
reagents dissolved in hydrocarbon diluents,
which can suffer from limited selectivity
and create environmentally hazardous
organic waste[63]. Deep eutectic solvents
(DESSs), by contrast, enable greener, more
selective separations. In a representative
study by Abbott et al., a choline chloride-
urea DES functionalized with a
diglycolamide  (DGA) ligand achieved
distribution ratios of approximately 150 for
both La(lll) and Nd(lll) under mild acidic
conditions, with stripping efficiencies
exceeding 95%. Mechanistic insights
attribute this performance to the strong
hydrogen-bonding interactions of urea,
which not only assist solvation of the
metal-DGA complex but also promote faster
mass transport within the viscous DES
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medium — a combination that enhances
both extraction efficiency and process
speed[64].
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/\/\j\ e
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~
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neodymium (Nd) and dysprosiam
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Figure9:Selective separation of neodymium(lll) using
dual function DEHPA-menthol deep eutectic
solvent[64].

1% stripping:
Nd in aqueous
solution and
Dy in DES for
advanced
separation or
purification

Extraction

5.2 Extraction of Heavy Lanthanides

Separating heavy lanthanides (terbium
through lutetium) remains particularly
challenging because of their almost

identical ionic radii and chemistry. HDEHP
is a well-established extractant for
lanthanide separations. Advanced spectral
studies have characterized its coordination
with lanthanide ions in organic phases,
informing its selectivity mechanisms [65].

Additionally, HDEHP-based extraction
chromatography materials have been
successfully used to separate heavy

lanthanides such as Tb and Gd from HCI
solutions [66]. These studies support the
potential of optimized DES systems
enriched with acidic extractants to achieve
enhanced separation factors in heavy
lanthanide pairs[66].

5.3 Synergistic DES-Ligand Systems

An emerging strategy in lanthanide
extraction is to exploit synergism between
the DES matrix and embedded ligands.
Crown ethers are known for their f-block
selectivity in conventional solvents. For
instance, a review of crown ether
applications highlights their high extraction
efficiency of lanthanides. Structural studies
further show that crown ethers form stable
complexes with Eu(lll) owing to
configurational fit and donor-atom
arrangement. Though direct evidence of a
DES-crown ether system enhancing Eu(lll)
uptake remains to be published, these
findings suggest that embedding crown
ethers into a DES matrix could potentially
yield synergistic improvements in uptake
efficiency[67].
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Figure 10: Two-dimensional structures of some
extractants used in synergistic solvent extraction [68].

5.4Uranium(VI) Extraction
Efficient extraction of uranium(VI) (uranyl)

remains paramount in nuclear
reprocessing. In  traditional PUREX
systems, TBP in nitrate media forms
neutral uranyl complexes (e.g.,

UO,(TBP),(NQOs),), allowing for solvation-type
extraction and subsequent back-extraction
via nitrate concentration changes or acid
stripping. Inspired by ionic-liquid
extraction platforms, DGAs have been used
to extract uranyl ions into ionic media with
notable efficiency

Although analogous implementations
within DES formulations—especially those
mimicking ionic-liquid behavior with high
nitrate solubility—have yet to appear in
peer-reviewed literature, these cases
strongly support the conceptual viability of
DESs for selective U(VI) extraction with
milder back-extraction strategies[69].

£ 5 M HNO, Am**

Figurell :Extraction and partitioning ofactinides and
lanthanides using a hydrophobic DES having low
density and viscosity based on Thenoyltrifluroacetone
(HTTA) and Trioctyl phosphine oxide (TOPO) and
dissolution of uranium oxide wusing this DES
medium[70].

5.5 Plutonium and Minor Actinides

CMPO has demonstrated significant
resistance to gamma-ray-induced
degradation—distribution ratios of Am(lIl)
remain stable up to ~100 kGy, and can
even increase at higher doses due to
formation of extractively active degradation
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products. While similar data for DES-based
systems (e.g., betaine-ethylene glycol
functionalized with CMPO) is yet
unavailable in the literature, these results
suggest potential for high radiolytic
resilience in such formulations[71].

5.6. Partitioning from Lanthanides
Separation of Am(lIl) from Eu(lll) remains
challenging due to near-identical chemistry.
However, when DESs are used as co-
solvents—such as in systems employing
choline-based DES with CyMes-BTBP—
Separation Factors (SF) of up to 25 have
been demonstrated, highlighting the
potential of DES environments to enhance
Am/Eu selectivity. This improved
performance  coincides  with  studies
showing that extractant efficiency (e.g.,
TODGA) can vary considerably with solvent
medium, including eutectic systems which
modulate solvation landscapes[33].

6. Future Outlook and Challenges
Laboratory-scale investigations have
unequivocally demonstrated the promise of
deep eutectic solvents (DESs) for selective
actinide and lanthanide separations.
However, their successful transition to
industrial-scale nuclear operations
necessitates addressing several critical
challenges.

A primary concern is radiolytic stability, as
DES components are likely to encounter
sustained exposure to intense a, 3, and y
radiation in real nuclear waste streams.
Such exposure can induce bond scission in
hydrogen bond donors (HBDs) and
acceptors (HBAs), generating radicals and
degradation products that could alter
solvent properties, disrupt
complexationequilibria, or impair extraction
efficiency. Future efforts must focus on
designing radiation-hard DES formulations,

possibly incorporating aromatic HBAs,
sterically hindered HBDs, or stabilizing
radical scavengers to mitigate

decomposition.

The inherently high viscosity of many DESs
poses another bottleneck, as it slows mass
transfer and can limit phase disengagement
rates. Mitigation strategies—such as
dilution with low-viscosity co-solvents (e.g.,
short-chain alcohols or water) or operation
at elevated temperatures—can enhance
diffusivity, but they risk altering solvation
structures  and reducing extraction
selectivity. This trade-off highlights the
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need for rational viscosity control without
compromising molecular recognition.

Metal recovery and solvent recyclability are
equally important from both sustainability
and cost-effectiveness perspectives. While
recent studies have demonstrated that
DESs can be regenerated and reused for
over ten operational cycles with negligible
extraction loss, the gradual build-up of
radiolysis products, hydrolysis residues, or
trace fission products may affect long-term
performance. Comprehensive investigations
into purification protocols—such as in-line
adsorption or distillation—are essential to
enable closed-loop recycling under nuclear
plant conditions.

An emerging frontier lies in integrating
DESs with electrochemical technologies.
The intrinsic ionic conductivity of DESs
makes them attractive electrolytes for
processes that directly couple liquid-liquid
extraction with electrodeposition,
potentially bypassing intermediate stripping
stages and enabling direct recovery of high-
purity metallic actinides or lanthanides.
Such hybrid electrochemical-solvent
extraction systems could revolutionize
resource recovery from complex nuclear
matrices.

Finally, regulatory acceptance remains a
decisive factor for deployment in nuclear
facilities. Large-scale adoption will require
comprehensive safety assessments,
demonstration of long-term chemical
stability under operational conditions, and
compatibility  with existing process
equipment. Furthermore, compliance with
IAEA guidelines on waste minimization and
secondary waste generation must be
rigorously demonstrated to ensure
environmental and operational viability.

In summary, DESs combine molecular
tunability, environmentally benign
composition, and functional versatility—
making them prime candidates for the next
generation of radiochemical separation
media. Addressing the challenges of
radiolytic robustness, viscosity control,
solvent recycling, electrochemical
integration, and regulatory compliance will
be pivotal to translating their laboratory
success into industrial reality.

7. Conclusions

Deep eutectic solvents (DESs) represent a
transformative advancement in the design
of  alternative media  for nuclear
separations, offering a unique convergence
of molecular tunability, green chemistry
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principles, and process adaptability. By
judicious selection and structural
modification of hydrogen bond acceptors
(HBAs) and hydrogen bond donors (HBDs),
DESs can be tailored to achieve exceptional

selectivity for target actinides and
lanthanides while simultaneously imparting
radiolytic stability and chemical

compatibility with aqueous, organic, and
molten salt matrices. Their intrinsic low
volatility, low toxicity, and potential for bio-
derived components position them as safer

and more sustainable alternatives to
traditional organic extractants.
Recent developments underscore the

feasibility of DESs not merely as extraction
media but as multifunctional platforms—
capable of integrating solvent extraction,
ion exchange, and electrochemical recovery
within a single operational framework. This
multifunctionality is particularly attractive
for next-generation nuclear fuel cycle
strategies, where process intensification
and minimization of secondary waste are
critical objectives. Furthermore, the ability
to incorporate luminescent or redox-active
components into the DES matrix opens
avenues for in-situ process monitoring and
real-time solvent health diagnostics,
bridging separation chemistry with smart
process control.

Nevertheless, significant engineering and
scientific challenges remain. High
viscosities can impede mass transfer,
particularly in large-scale counter-current
contactors, necessitating innovations in
formulation chemistry and equipment
design. Radiolytic degradation, though
mitigated by recent advances in radiation-
resistant DES formulations, requires
systematic evaluation under realistic
operational doses and dose rates. Thermal
and oxidative stability must also be
ensured for applications in  high-
temperature or molten salt environments.
Moreover, large-scale implementation
demands robust solvent regeneration and
recycling protocols, ensuring both economic
viability and environmental stewardship.

Looking forward, synergistic integration of
DES-based separations with advanced
reprocessing flowsheets—such as those
incorporating pyrochemical processing,
hybrid agueous-molten salt operations, or

electrorefining—could redefine the
technological landscape of  actinide
partitioning. Key priorities for future

research include: (i) the rational design of
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DESs with intrinsic radiolysis resistance;
(i) development of low-viscosity, task-
specific formulations; (iii) establishment of
closed-loop solvent management systems;
and (iv) comprehensive techno-economic
and lifecycle analyses to guide industrial
adoption.In conclusion, DESs have
matured from laboratory -curiosities into
strategically relevant, next-generation
separation media with the capacity to
address long-standing challenges in
nuclear fuel reprocessing. If ongoing
innovations in chemistry, engineering, and
process integration continue to converge,
DES-based systems could evolve from
promising alternatives to core enabling
technologies in the sustainable nuclear fuel
cycle of the future.
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Introduction

Albeit separation of component of interest
from varied matrices has been carried out
since the inception of human civilization,

development of innovative and
environmentally benign schemes for
separation and purification is
endeavored.Over past few decades,

enhanced global demand for safety and
quality in edible and medicinal products

have led to quest for alternative
methods.Separation of metal ions of
interest from various matrices is of

profound importance in chemical analysis,
industrial chemistry and is practically
indispensable in the various stages of
nuclear fuel cycle. Though
conventional separation techniques
like solvent extraction, ion exchange,
distillation and precipitation are
extensively employed; there is strong
impetus to search for alternative
techniques. Supercritical fluid
extraction (SFE) is an area of active

research being pursued fervently
owing to its simplicity, ease of
operation and most importantly
minimization of the generation of
secondary waste. CO: is a popular

choice for the Supercritical Fluid
(SCF) due to its attractive properties
[1, 2].

The objective of green chemistry is to

reduce the wusage and production of
hazardous substances for chemical
processes, while reducing energy

consumption and moving toward renewable
sources [3]. Also, green chemistry applies
across the life cycle of a chemical product,
including its design, manufacture, use, and
ultimate disposal. Green chemistry aims to
reduce pollution at its source by minimizing
or eliminating the hazards of chemical
feedstocks, reagents, solvents, and
products. The principles of Green
Chemistry are given in Fig.1. The present
article describes the fundamentals aspects

of SC CO, extraction, its inherent
advantages and enumeratesfew  key
applications of this green separation

technique for organic compounds as well as
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metal ions, with special emphasis to the
nuclear industry. Between 2000 and 2024,
there have been over 7800 research studies
related to  “supercritical CO; fluid
extraction” in the SCOPUS database (2024).
Therefore, the details of this promising
technology should be well understood and
further developed.

Historical Perspective

Supercritical fluid behaviour of a substance
was first observed in 1822 by Baron
Cagniard de la Tour. He noted that when
the temperature of certain sum was
increased by heating each of them in a
closed glass container, then the gas-liquid

boundary disappeared. Hannay and
Hogarth in 1879 found that solid
compounds could be dissolved in

supercritical fluid when the fluid possessed
densities close to liquid densities. In 1898
Villard carried out the reaction of
supercritical ethane with iodine to form 1,
2-iodoethane. The first work on metal ion
extraction was first reported by Laintz et
al.only in 1990 when SFE of Cu2+ ion was
carried out using fluorinated complexing
agent.

The 12 Principles of Green Chemistry
Provides a framework for leamning about green
chemistry and designing or improving materials,
products, processes and systems.

3. Less Hazardous Synthesis
4. Design Benign Chemicals
5. Benign Solvents & Auxiliaries
6. Design for Energy Efficiency
7. Use of Renewable Feedstocks
8. Reduce Derivatives
9. Catalysis (vs. Stoichiometric)
10. Design for Degradation
11. Real-Time Analysis for Pollution
Prevention

12. Inherently Benign Chemistry
for Accident Prevention

1. Prevent waste
2. Atom Economy

Fig.1. Principles of Green Chemistry
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Basic Aspects

As shown in the pressure-temperature
phase diagramof a pure component (Fig.2),
for a substance to exist in a particular
phase there are well defined values of
temperature and pressure that must be
attained. Along the Iliquid-gas phase
boundary, there exists a critical point
represented by its critical temperature (T¢)
and critical pressure (Pc). Keeping the
pressure constant, at temperatures just
below the critical point a substance will
exist in its liquid state and similarly
keeping the temperature constant, at
pressures just below the critical point a
substance will exist in its gaseous state.
Upon attaining temperatures and pressures
beyond critical point, the distinction
between liquid and gaseous phases
disappears and it forms a homogenous fluid
known as supercritical fluid (SCF).

The region for industrial use
of supercritical fulids

[ 221 738

R
Supercritical

\Critical Point

Prossurs
[MPa]

0.0006

L
LCm on dicxide —e
Water —w 0

Temperature[ C]

311
ara

Fig.2. P-T Phase diagram for CO2

Fig.3. Visualization of transition from liquid-vapour
equilibria to supercritical state for CO2

At critical point distinction between the
liguid and vapour phases disappears, as
can be seen in Fig.3. The properties of
supercritical fluid compare with that gas
and liquid substance as can be seen from
the Table 1. Supercritical fluids have
unique physical properties intermediate
between those of liquids and gases. They

have viscosities and diffusivities similar to
those of gases, making it easier for the fluid
to permeate into the given matrix, while
also having their densities similar to those
of liquids, making it possible to extract the
desired compound from the matrix. The
order of magnitude of physical properties of
solvents in different states of matter is
given in Table 1.

The density can be changed by tuning
pressure and temperature near the critical
point. A small increase in pressure causes
a large increase in the density of the

the supercritical phase. Many other
physical properties also show large
gradients with pressure near the critical
point, e.g. viscosity, relative permittivity
and solvent strength, which are all closely
related to the density.

Tablel. Order of magnitude of physical
properties of solvents in different states
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Propert State
perty Gas SCF Liguid
Density 3
@/ cm?d) 10 0.3 1
Diffusivity " 3 3
(cm/ s) 10 10 5x10
Viscosity 104 10- 102
(g/ cm.s)
Lo
N S 3
w [ LY
Z ]

(*4) Anpgnjos

b
“e Noair critical reglom

< T <T,

FRESSURE

Fig.4. Density and solid solubility in fluid phase as a
function of pressure

Carbon dioxide as Supercritical Fluid

The choice of a supercritical fluid depends
mainly on the temperature and pressure
conditions required to get the fluid into its
supercritical state. A list of various fluids
with their supercritical temperatures and
pressures is given in Table 2.

Among all the possible fluids, over the
years carbon dioxide (CO.) has gained
particular interest to be used as a
supercritical fluid for SFE. This is mainly
due to its low critical temperature (304 K)
and low critical pressure (73 bar/ 72.8
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atm). It has several other advantages such
as being non-toxic, non-flammable,
environmentally compatible solvent that
can be recovered post-processing and is
miscible with many organic solvents. The
TLV (threshold limit value for airborne
concentration at 298 K for which nearly all
workers may be daily exposed without any
adverse effect) is quite high, 5000 ppm,
rendering it less toxic than most of the
organic solvents like acetone (TLV 750
ppm) and chloroform (TLV= 10 ppm). It is
benign and cross contamination of other
phase or residual CO: in the material
processed is not a matter of concern. CO2
being non-polar, cannot dissolve polar and
high molecular weight compounds. To
extract such compounds, 0-20 mol. % of
polar or non-polar co-solvents known as
modifiers are incorporated with CO; to
increase their solubility in the SCF.

Table 2. Various Supercritical Solvents with their
critical parameters26

Critical Critical
Pressure
Solvent Temperature X
K) In MPa; (In
atm)
Carbon dioxide (CO2) 304.1 7.38 (72.8)
Water (H20) 647.096 (22127'_076545)
Methanol (CH3OH) 512.6 8.09 (79.8)
Ethanol (C2HsOH) 513.9 6.14 (60.6)
Acetone (CsHesO) 508.1 4.70 (46.4)
Methane (CHa) 190.4 4.60 (45.4)
Ethane (C2He) 305.3 4.87 (48.1)
Ethylene (C2Ha4) 282.4 5.04 (49.7)
Propane (CsHs) 369.8 4.25 (41.9)
Propylene (CsHs) 364.9 4.60 (45.4)
Nitrous oxide (N20) 306.57 7.35 (72.5)

The behavior of density of SCF as a
function of temperature and pressure can
be understood using Peng-Robinson
Equation of State (PREOS) [1] that is
derived from the Van der Waals equation
for one component fluid which can be
considered as an improvement and/or
modification of the ideal gas equation.

The ideal gas equation is given as:

P=(RT)/Vm (1)

And the Van der Waals equation is given
as:

P=[RT/(Vm-b)]-[a/Vm3] (2)
Where P is the pressure, R is the universal
gas constant, T is the absolute
temperature, Vn, is the molar volume, and

constants a and b are known as Van der
Walls parameters.
Where P is the pressure, R is the universal
gas constant, T is the absolute
temperature, Vn, is the molar volume, and
constants a and b are known as Van der
Walls parameters.
Herein the ideal values of volume are
obtained by correcting the measured values
of volume by introducing the term (Vn-b)
which accounts for ‘effective’ molar volume
in consideration of a finite volume occupied
by a particle as opposed to ideal gas
considerations of it being negligible.
Similarly, the second term [a/Vm2] accounts
for corrections applied to measured values
of pressure since unlike ideal gas
considerations of molecules showing no
interactions with each other, they display
van der Walls forces in close proximity to
each other.
To obtain the Peng-Robinson Equation, the
second term of the above equation is
modified as follows:
P=RT/(Vm-b)-a(T)/(Vm2+2Vmb-b2) (3)
Further from the PREOS the values of
molar volume (V) and compressibility
factor (Z¢) can be calculated as follows:
Vc=3.9514b (4)
Z:=P:V./RT.=0.3074 (5)
For example, the densities of pure CO:
calculated wusing the Peng-Robinson
Equation of State in the temperature and
pressure range relevant to the current
study is shown in Table.3 given below: 18
From the data it is clearly evident that at a
constant temperature, increasing the
pressure of CO; increases its density and
similarly, at a constant pressure, increasing
the temperature of the system decreases
the density of CO,. Thus, by fluctuating the
temperature and pressure parameters can
drastically vary the density, thus the
solvating power of the fluid under
supercritical conditions.

Table3. Densities (g/cms3) of pure CO: calculated using
PREOS

[Parameters] Pressure (bar)

(To‘z:r)“perat”re 150 | 200 | 240 | 260
50 0.655 | 0.762 | 0.818 | 0.840
60 0.559 | 0.692 | 0.758 | 0.785
70 0.473 | 0.623 | 0.700 | 0.730
80 0.408 | 0.560 | 0.643 | 0.676
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Quantitative estimation of solubility of a
given solute in a supercritical fluid can be
understood by Chrastil [4] empirical
correlation that can be given as follows:
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logS=klogp+C (6)
Where S is the solubility of an organic
compound (in g/L), and p is the density of
supercritical fluid, k is the number of CO;
molecules that solvate the given solute and
C is a constant that involves various
thermal properties such as heat of
vaporization, heat of solvation and/or
volatility of the solute. This equation that
was originally proposed for organic
compounds, was found to be effective for
metal ion complexes as well.

Thermostat

CO,
Cylinder

Collection
tube

Co-Solvent Mixing Vessel '
Back-pressure

Extraction Vessel Regulator

Fig.5. Schematic of laboratory experimental
set-up
While organic compounds can be extracted
by SC CO. directly or by using modifiers
like methanol, to carry out supercritical
fluid extraction of metal ions using apolar
solvents like CO2, suitable complexation
agents are employed to first allow the
complexation of metal ions, followed by
which the soluble metal ion complex is
extracted by SC COs..
Complexation can be carried out in SFE in
two ways:

i. Online complexation-Complexing agent
is is solubilised in SC CO, stream and then
subjected for matrix containing target metal
ion.

ii. In Situ Complexation- Complexing
agent can be directly added to matrix of
interest.

After complexation, the extraction can be
carried out essentially in two modes:

i. Static Mode of Extraction - In this
mode of extraction, the system is allowed to
attain and remain at particular
temperature and pressure for certain period
of time followed by collection.

ii.Dynamic mode of Extraction In this
mode of extraction, at particular
temperature and pressure the collection of
complexes is carried out.

Parameters controlling SFE
Solubility & stability of complexing
agents
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Complexing ability

Solubility of metal complex

Water & pH

Temperature & pressure

Chemical form of metal species

Matrix
The instrumental set-up (Fig.5) consists of
CO, cylinder, CO: delivery pump, co-
solvent pump, thermostat, back-pressure
regulator and collection vessel. Operation
and functioning of each of the components
is described elsewhere [5].

Comparison of Conventional solvent
extraction with SC CO: extraction: Green
quotient

In liquid waste generation takes place. In
extraction process desired material must be
accumulated in the organic phase during
loading; the ratio of the aqueous phase to
organic phase the volume should not more
than ~10. This leads to the use of large
volumes of solvent, particularly when the
feed is lean. This adverse effect can possibly
be eliminated by the usage of non-toxic SC
CO- for SFE.

Due to low viscosity and high diffusivities of
SC CO2, the mass transfer characteristics
of SCFs are excellent as compared to that of
liguid solvents. In solvent extraction of
metals, the chemical reactions occurring at
the interface may be faster as compared to
mass transfer processes, making the mass
transfer step the kinetically rate
determining step.

SC CO: helps to eliminate the residual
contamination which takes place inliquid-
liquid extraction.

Lower surface tension of SC CO2 over
traditional organic solvents, resulting to
increased dispersed phase surface area,
which may reduce the required equipment
size for a particular solvent-to-feed ratio.
The tunability of the density of SC COz by
varying temperature and pressure
conditions leads to the accessibility towards
a spectrum of solvent properties for a single
SCF facilitating processing of multiple
products in a single plant.

SFE is generally thought to be energy
intensive. However, the energy neededto
attain the SCF state for CO is compensated
by the negligible energy required for solvent
recovery from the extract by simple
depressurization aswell as low cost of COa,
higher concentration of a desirable
component in extracts and no effluent
pollution related cost.
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Solid matrices loaded with  metal
compounds may be directly subjected to
SFE due to the high penetration ability of
SCFs leading to extraction of the
component of interest. Thus, SFE may lead
to minimization in the usage of acid
required for pre-treatment of matrices
before conventional solvent extraction.
Minimization of acid usage and organic
volume is a very important advantage with
respect to the nuclear industry where
management of secondary nuclear waste
poses a great problem.

In certain nuclear applications like the
reprocessing of irradiated fuel, the
problems  associated with radiolytic
degradation of organic solvent are a matter
of concern. CO; is radio chemically stable
and leads to no third phase formation
Therefore, SC CO, provides faster, cleaner
and efficient extractions, as they generally
become gas after the extraction and escape
leaving the dissolved solute.

Application of SC CO:
for Organic compounds[1]
The technologies like supercritical fluid
extraction over traditional high temperature
and solvent intensive methods like Soxhlet
extraction etc. has gained popularity for
rapid, contamination-free extraction for
many food and pharmaceutical products
The SFE method has been reported do
display some noteworthy advantages over
traditional techniques, such as shorter
extraction times, low environmental impact,
and yields clean, non-thermally-degraded
final product of interest.

Large scale plants have been in commercial
operation since the Ilate 1970s for
decaffeination of coffee and tea, refining of
cooking oils, recovering flavors from spices
and other plant materials (Fig.6). A
commercial plant was built in the 1980s for
the separation of ethanol from water in
combination with distillation. The
processing of heavy hydrocarbons
employing SCF has been commercialized
already. Other applications of SFE include
chemical separations and purification,
polymer  processing, regeneration  of
activated carbon and other adsorbents,
deposition of materials in micro porous

Extraction

substrates etc. In addition to
environmentally driven replacement of
organic  solvents, SCF have direct
environmental application in the
remediation of soil, water and waste
matrices. The oxidation of organic
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contaminants in supercritical water has
been studied extensively as an alternative
to incineration. SCF has been investigated
as solvent medium for several important
chemical reactions.

N

y

- W B vk

Cilremoval from chips xip_of fragrance from
flower

Decaffeination of coffee

SFE of organic compounds
CO2

Fig.6. SC extraction of

compounds

organic

Application of SC CO2 Extraction
for Metal lon Separation

There are extensive reports based on
supercritical fluid extraction of metalions
using various complexing agents, some of
their structures are given in Fig.7 [6, 7].The
first report of supercritical fluid CO»
extraction of metal ion viz. Cu2?* by
fluorinated complexing agent was by Lin et
al.In the recent past,supercritical fluid
CO, extraction has been explored
extensively for toxic metal removal from
various waste streamsand recovery of
valuable metal ions from secondary sources
viz. electronic waste, fly ash, spent catalyst
etc. [8-12]. Fig. 8 provides a pictorial
overview of our recent work on direct, acid-
free Mo recovery form solid matrices.

| |l

[UC_C_C —C—CF;

S
Theonyltrifluroacetone (TTA)

o o

[l m
HyC—C—C —C—CF,
Trifluroacetylacetone

TFA

H3C—CH, ﬁ ﬁ
N—C—SH b
oCHg” | DCiHe0
C4HsO
Tributylphosphate
TBP

HsC—CH,
Diethyldithicarbamate
DDC

o}
Ll s

3 - I
| N—C—S8H

Pyrolidinedithiocarbamate
PDTC

CAHQ/ \CAHQ

CyHo

Tributylphosphineoxide
TBPO

Fig.7. Some complexing agents used for Sc
CO: extraction
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Direct, Acidfree,
Singl Step.
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I
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Fig.8. Pictorial overview of Mo recovery study
from solid matrices [11]
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Application of SC CO2 Extraction
for Nuclear Industry

There exists literature on the solvent
extraction of actinides (viz. U, Th, Pu, Np)
from nitric acid medium with
organophosphorus extractants viz. TBP,
TOPO, DEHPA, as the complexing agents as
these systems are very commonly
encountered in various stages of nuclear
fuel cycle.However, SC COgextraction of
lanthanides and actinides from solids with
B-diketone was first reportedby C.M. Wai et
al. [13]. Several studies have been carried
out on SFE of uranium, thorium and
plutonium from nitric acid medium
employing different sets of ligands
(organophosphorus, diketones, amides) [14-
16]. In order to get an insight into the SFE
process vis-a-vis solvent extraction, we
have carried out thorough parametric study
for the U-TBP-HNO; system. Density of

supercritical fluid plays a vital role as
solvent strength is directly related to
density and density is markedly affected

by pressure and temperature conditions.
Also, under extraction conditions, the
supercritical phase is continuously renewed
by flowing SCF. The SFE process is,
therefore, considered to be combined effect
of equilibrium process and extraction
kinetics [17]. Fig. 9 depicts a scheme for SC
CO- extraction of U with TBP.

: ': :Z: :Z: SUPERCMTICALC%PHASE Z:Z Z:Z Z: Z: :Z: :Z

:.: TBP .:. H(NOC‘)TBP UOZ(N()})Z'ZTBP :. CO; .:

Fig.9. Scheme for SC CO: extraction of U from nitric
acid medium with TBP as complexing agent

Also, attractive is the possibility of direct
dissolution and extraction of actinides
employing complexing agent-acid adducts
(like TBP.HNO3 adduct) from solid matrices.
The adduct can be considered as a reverse
micelle, where the actinide dissolution
takes place in the aqueous core and the
corresponding  metal-complex  becomes
soluble and is extracted in the SC CO;
medium (Fig.10).
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Fig.10. Reverse micelle structure of complexing agent
adducts

The various applications of SFE for the
nuclear industry for different stages of
nuclear fuel cycle viz. ores, spent nuclear
fuels and radioactive wastes are depicted in
Fig.11.

Radioactive Decontamination
Recovery from
ores o=
m:,é ;.é:;l.‘.
Il a
I
Reprocessing An partitioning

Fig.11. Application of SC CO: extraction for
nuclear industry

SC CO:2 extraction of uranium from
various ores, yellow cake matrices and
secondary sources (fly ash, scraps) have
been extensively reported [18-21].

Uranium SFE from crude matrices viz.
SDU, MDU, HTUP, rock phosphate ores
have been studied by our group using alkyl
phosphate adducts and incinerable amide
adducts [22-24]. Single medium of
TRP/amide—HNO3adduct was used for

dissolutionas well as complexation and

usage of free acid was avoided. The
UOZ(NO3)ZcompIex with amide/

TRP was highly soluble
CO:..

resultant

in supercritical

matrices
investigated for SC CO2 extraction of uranium

cake

Fig.12.0re and yellow
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The hydrometallurgical routes of spent
nuclear fuel reprocessing viz. PUREX
process, with modifications according to
nature of fuel and burn-up has been the
workhorse for nuclear industry since
decades. This process, based on TBP as
extractant suffers from several limitations.
Hence, non-aqueous routes are being
explored fervently. Towards that direction,
Russia developed The RELICT process
(REprocessing by Llquid Carbon dioxide
Treatment) based on the dissolution of
spent nuclear fuel oxidesemploying TBP-
nitric acid adductin liquid CO, at ambient
temperature and pressure condition of 25
oC and 6-7 MPa [25, 26]. This process was
demonstrated using actual RBMK and
VVER spent fuels. experiments. Japan put
forth the Supercritical fluid Direct
eXtraction (SUPERDIREX) process
wherespent nuclear fuel dissolution, feed
clarification and U, Pu extraction were
combined in a single step with TBP-HNO3

adduct in terms of ‘direct extraction
column’ [27].
S.\Tf__d:i;or@
U0(NO1), PulNOn)s,
fizsion products
Supe'r.:ntlcal.ﬂ.u:d Fission products |
extraction
S— Recyele of IBP
) solution in $C-CO,
[TO.0y):, Du(\O::.-.
Reductive
lepme {PulI)]
l.mrmm o0
backwashing Ll
—
Fig.13. SUPER-DIREX process for nuclear fuel

reprocessing

TBHNO, ricycled

i +
i, Chelatingeducing Ko
Ih igentin [

Surbnt a ramove
velatile fisian prodcts

0,
TEP{HNO;, fH O Used Fuel
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—_—y

o,
Out

Linthides  Puend lip

Fission Products Cs,$r) bt
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Fig.14. Actinide partitioning scheme using SC CO2
extraction
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Partitioning of actinides from fission
products was also explored in spent
nuclear fuel [28], as described

schematically in Fig.14. The process was
based on three extractor systems, where
lanthanides, Pu-Np and U were segregated
in subsequent stages and the adduct was
regenerated. AREVA NP and University of
Idaho co-developed and patented process
for recovery of enriched uranium from
Incinerator Ash of LEU fabrication plant by
using TBP—HNO3 adduct [29]. The process

scheme is depicted in Fig.15.

Recyele se-COy TRP-HN O, U0,
Nitric i
wid o PhOIn
8e.CO, 4
TBRHNO b oH; 0 g L
in
i |
Incineratorash in g% o (VO™ omt
iU %

Fig. 15.SC CO: dissolution of U and Gd oxides in
incinerator ash followed by selective stripping

Decontamination of polymeric wastes from
Pu and Am was demonstrated [30].
Recovery of U and Pu from pyrochemical
salt matrix using SFE was also reported
[31].Surface decontamination of radioactive
metal wastes was demonstrated using acid-
in SC CO; emulsions [32]. Few studies of
SC CO: extraction in conjunction with
eutectic solvents have been reported for
uranium matrix dissolution-extraction and
decontamination applications [33, 34].

Conclusions

SC CO: extraction finds widespread
application for residue-free, ambient
temperature separation of natural products
and organic compounds and has been a
popular industrial technology.The aspect of
waste minimization, chemical inventory
reductionand process simplification also
assumes considerable significance for metal
ion separations relevant to various
industrial applications, which may override
the energy intensive SCF production step.
Also, the techno economic studies on
supercritical fluid extraction of actinides
have indicated a more efficient and
environmentally sustainable technology
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with respect to reduction in process steps
and radioactive waste reduction.
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Introduction

lonic liquids refer to a class of materials
comprising of cations and anions in liquid
form, however, the term is now more
commonly used to specify “Room
Temperature lonic Liquids”, i.e., ionic
compounds with melting points well below
100 °C. The contradictory properties of
being an ionic compoundbut also having
lower melting point is due topresence of at
least one of the ions having bulky
asymmetrical organic structure, thereby
sterically hindering the formation of long
range ordered latticefound in ionic salts.
lonic liquids as such can be formed from
millions of combinations of cations and
anions and therefore the ideal ionic liquid
for an application can be designed
specifically to perform the desired ‘task’,
and in context of hydrometallurgy being
selective metal extraction. Some common
cations and anions found in the ionic
liquids are given below in Figure 1[1].

Figure 1. Some common cations and anions
combined to form ionic liquids

The tunability of the properties of ionic
liquid especially about its application in
selective metal extraction needs further
deliberation. The first parameter to be
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optimized is the hardness-softness of the
desired ion pair taken for metal
extraction. Strength of the metal-ligand
interactions could be evaluated using the
qualitative Pearson’s Hard-Soft Acid-Base
(HSAB) theory which establishes, akin to
“like dissolves like”, the preference for
hard acid to pair with hard base and that
of soft acid to pair with soft base[2]. HSAB
principle is used to categorize Lewis’s
acid/base as hard, soft, or borderline
based on their charge density,
polarizability, and oxidation state.
Accordingly, cations of high charge (e.g.,
lanthanides) act as hard acids whilst
many oxygen bearing functional groups
(e.g., phosphates, carbonates, nitrates, or
carboxylates) act as hard bases.

Anion
Liganed for
e ation ametal

CHTCRCLioN

TASK SPECIFIC IONIC LIQUID

Figure 2. Selective metal extraction with task
specific ionic liquids (TSILs)

When it comes to precious metals like
cations of gold and silver, they act as soft
acids, hence prefers interactions with soft
bases like sulphur or nitrogen-based
ligands. Transition metals like Cu and Ni
come in borderline category that shows
preference for ternary amines and amidic
groups. In this way, choosing the right IL
depends primarily on the nature of the
metal to be extracted, to
thermodynamically favour the desired
equilibrium governed by the HSAB
principle.

Apart from the thermodynamic factor, the
kinetics of extraction is also an important
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parameter to be optimized, which is
influenced by density and viscosity of the
ionic liquid medium[3]. Viscosity also
depends upon the chemical structure of
ILs and can also be affected by hydrogen
bonding and van der Waals interactions
therein, hence affected also by the acidity
of the aqueous phase in contact with
respect to the degree of
protonation[4].Longer alkyl chain leads to
less density and high viscosity, but also
significantly enhances the hydrophobicity
[5].Fluorinated anions like
(hexafluorophosphate [PFe] or
bis(trifluoro- methyl)sulfonyl imide [NTf>])
also improves hydrophobicity, whereas
ionic liquids with smaller anions like
halides and nitrates tend to have some
degree of aqueous solubility especially
upon metal uptake.The lyotropic series
anions with an ascending order of
hydrophobicity is as given; [SO4]?- < ClI- <
Br- < [NOg]- < I < [ClO4]- < [SCN]- < [NTfo]
[6].

When it comes to hydrometallurgical
applications, it can be broadly classified
in three categories; first as leachant to
substitute mineral acids for selective
dissolution of metals from solid feed,
secondly as metal selective extractant/ion
exchanger instead of molecular solvent for
selective solvent extraction of metal of
interest from impure leach liquor into the
organic phase, and third as a medium for
electrodeposition from purified metal
bearing solution instead of aqueous
medium and direct recovery of metal
value. The possibility of using ionic
liguids to be able to selectively leach
targeted metals from the solid waste, and
later selectively electrodeposit them onto a
desired substrate holds potential for
almost eliminating “water” from
hydrometallurgy and in fact transform the
field into iono-metallurgy or solvo-
metallurgy [7]. This property is especially
useful when the feed material is complex
and contains not just metals but also
plastics and fibres, the most suitable
candidate being the electronic waste. E-
waste production has been growing at an
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exponential rate owning to growth in
population,economy, and burgeoning
demand for newer electronic equipments
[8]. Since high temperature process is
inherently unsuitable for e-waste due to
generation of toxic volatile fumes, the
most suitable route is hydrometallurgy.
However, since the feed is multi-metal
and complex, there is dire need for
designer solvents to address the major
bottleneck, that is to obtain high
selectivity and consequently higher purity
from e-waste streams to make the process
economical and profitable.

In e-waste processing, ionic liquids, are at
certain junctures, have started to replace
and sometimes even outperform classical
organic solvents as green solvents or
extractants for the recovery of metals [9].
The added economic impetus of selectively
recovering metals of high value like gold
and rare earths acts as a driving force for
tapping into the vast resource of
electronic wastes, which are now aptly
termed as urban mines.Herein, some of
the recent progresseshave been

summarised and highlighted the potential
for application of ionic liquids for recovery
of precious metal gold and rare earth
elements from electronic waste.

applications

UON
o:‘. ‘/Q“

0

Selective solvent extraction in
using task specific ionic liquids

Selective leaching followed
by direct electrodeposition

* Nd, Dy, Pr & Sm from RE

permanent magnets e-waste capacitors
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metals from *  Pd from monolithic ceramic

Figure 3.Application of ionic liquids in rare earth
and precious metal recovery from e-waste

lonic liquids for recovery of precious
metal gold from e-waste

lonic liquids have been seen as a boon to
the gold extraction industry as it is seen
as the potential replacement of toxic and
environmentally harsh cyanide-based
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process. In case of recovery of gold from e-
waste which is found in RAM and IC
finger chips, hydrochloric acid and nitric
acid combinations are typically used for
leaching, wherein gold primarily forms
anionic halide complexes. To promote
soft-soft interactions, pyrrolidinium based
ILs have been evaluated with different N-
substituents directly for solvent free
extraction of Au. It has been found that
the ester group (-COOR) proved beneficial
tothe extraction process and provided
enhanced hydrophobicity. [Pyr-EA][NTf;]
was also found to be selective for Au over
other common metals found in
CPU[10].Another common approach is the
use of phosphonium based cationic
species, known for being softer than
ammonium analogues. Nguyen et al.
[11]utilizedan Cyphos IL 109 as the
extractant with xylene as diluent to

extract gold as AuCls. The anion
exchange extraction mechanism was
confirmed the occurrence of

[P66614][AuCls] as the extracted complex.
Using the same ionic liquid, anionic
exchange of gold was also observed when
the ionic liquid was immobilized onto a
biopolymer substrate [12]. In a novel
approach, Aliquat 336 was combined with
tri-iodide anions to formulate an ionic
liguid that showed selective leaching of
Au from e-waste over Cu owing to
enhanced soft-soft interactions between
the Au and iodide. Stripping was carried
out using ethylene diamine solution, and
the used ionic liquid was also regenerated
via reaction with iodine[13].In the e-waste
PCB matrix, gold is commonly associated
with the most abundant metal in e-waste,
that is copper. An interesting approach of
recovering both the metals
simultaneously using an imidazolium
based ionic liquid grafted with carboxylic
acid group as cation and bromide as
anion. In this case, anion exchange of
gold, co-ordinate complexation of Cu by N
lone pair donors of imidazole, and
leaching of Cu selectively by acidic
carboxyl group, all three mechanisms
were identified and elucidated. [14]
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lonic liquids in recovery of rare earth
metals from e-waste

Among the valuable metals, rare earth
elements are primarily found in three
sources among e-waste, i.e. in NdFeB
magnets, Sm-Comagnets and fluorescent
lamp phosphor powder.

NdFeBand SmCo magnets

Aliquat 336 have been extensively used as
the cationic component of ionic liquid due
to low cost, availability and chemical
stability. Tricaprylmethylammonium

nitrate ([A336] [NOs]) has been tested as
synergistic diluent along with TBP as an
extractant for the recovery of Pr in which
the addition of sodium nitrate (NaNOg)
significantly enhanced REs extraction
[15].In  another study, phosphonium
based ionic liqguid was used to separate
Co, Nd and Dy from iron free leachate at
pH 2 wherein Co was extracted as it is
and Nd-Dy extraction was carried out
using IL with ethylene diamine tetraacetic
acid (EDTA) as a selective complexing
agent [P66614] [16].Comparative studies
have also been conducted for the recovery
of Nd and Pr from NdFeB magnets using
different  bifunctional ILs [17],e.9.
trioctylmethylammonium bis-(2,4,4-
trimethylpentyl) phosphate (R4NCy) and
trioctylmethylammoniumdi-(2-ethylhexyl)
phosphate (R4ND), which were found to
perform better than conventional solvents
like Aliguat 336, Cyanex 272 and
D2EHPA, under similar experimental
conditions. Combinations of amine and
organophosphorus solvents, like that of
Primene 81R and Cyanex 572, have also
been tested for Nd, Tb and Dy recovery
from ND-Fe-B magnets in HCI medium.
[18] When REs were extracted, there was
no change in pH due to absence of
exchangeable proton. Another important
magnet other than NdFeB is the SmCo
magnet, wherein both Sm and Co are
targeted for recovery. The common
extractants include Cyanex 272 and
Aliquat 336, wherein the former is used to
target Sm and latter to recover other base
metals like Co, Fe and Cu [19]. There
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have also been studies on variation of
counter ions to Aliquat 336 in undiluted
form, for example chloride, nitrate or
thiocyanate wherein co-extraction of Sm
is also reported [20]. One of most
successful attempts to recycle end-of-life
magnets has been application of
multifunctional amide ionic liquids (MAIL)
which has gone form laboratory to 10
tonnes per annum scale, with final
commercialisation reaching to 400 tone
per annum. [21]
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Figure 4.Multifunctional amide ionic liquid (MAIL)
Waste phosphor lamp powder

REs bearing phosphor are widely used in
CFLs and LFLs along with its use in
phosphors of picture tubes and other
equipment involving contrast agents. REs
present in phosphor is different from that
of magnet chemically, wherein Y, Eu, Gd,
Ce and Tb have been found in different
color fractions. Although there are many
reported work with recovery of REs from
phosphor, most have not included the
presence of toxic heavy metal impurity,
mercury, which is always going to be
present in the real-world phosphor
fractions. Leaching of phosphor is carried
generally in HCI medium and for Tb,
alkali fusion has also been tested. One of
the most common ionic liquid
combinations used for RE recovery from
phosphors is imidazolium based ionic
liguid with hydrophobic anions like
[Tf2N].One example is the use of [Csmim]

[NTf2] as diluent and N,N-
dioctyldiglycolamic acid (DODGAA) as
extractant, which is known for high

solubility and selectivity for rare earths in
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the ionic liquid medium [22].Another
approach is the use of bifunctional ionic
liquid with amine cation and
organophosphorus anion like [A336]
[P204]& [A336] [P507] as synergistic
combination for REs recovery from
phosphor leachate generated in nitric acid
medium [23].Yet, another combination of
an amine with higher basicity, Primene,
along with and D2EHPA, or combination
of Primene and Cyanex 572 were also
reported specifically for Y-Eu recovery
from red phosphor[24].In one study, an IL
mixture of [P66614][NOs;] and DEHEHP
was used for the selective separation of
REEs (Ce, Y, Eu, and Tb) from waste
fluorescent lamp phosphor leachate[25]. It
was found that within four stages, all the
REs could be completely extracted into
the IL phase, leaving aside non-REs in the
aqueous phase. The combination of
Cyphos IL 104 along with TOPO has also
been reported for Y and Eu recovery from
phosphor powder leachate of HCI wherein
recovery was carried out by solvent
extraction followed by chemical reduction
of Eu from +3 to +2 state using Zn
followed by precipitation in sulphuric acid
medium as Eu(ll) Sulfate [26].
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Figure 5. Malonamide functionalized task specific
ionic liquid for rare earth recovery from e-waste

It is to be considered that most
experiments using ionic liquids have been
carried out in synthetic feeds or in small
fractions without considering the aspects
of further scale up, or serving the
curiosity of the research community, but
hardly gone to solve real world problems
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at industrial scale. An exception to this
trend is seen in the case of Malonamide
functionalized ionic liquids which was
designed to show very high selectivity for
REMs over transition and base metals
due to di-amidic donor site, as given in
figure 3 [27]. Quantitative stripping in
acidic media and good recyclability
reported as one of promising candidate for
implementation at industrial scale.

Conclusions

lonic liquids, although well studied for
more than two decades now, are still yet
to be fully exploited at industrial scale for
e-waste recycling owing to high cost and
other technological challenges. However,
there is an increasing interest and some
breakthroughs wherein their application
especially in REE recycling and Au direct
dissolution and electrodeposition are
being proven at pilot scale level. Instead of
fixating to available combinations, design
of ionic liquids with task specific side
chains for metal uptake seems to be the
way ahead for exploiting them at
industrial level for recovery of rare earths
and precious metals from e-waste.
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Introduction

Poly(ionic liquid)s (PILs) refer to polymers
that have ionic liquid (IL) units integrated
into their polymer backbone. They exhibit
the properties of both ionic liquids and
polymers. Essentially, PILs are polymers in
which every repeating unit has an ionic
liguid architecture [1-2]. They can be
created by polymerizing ionic liquid
monomers or by functionalizing already
existing polymers with IL side groups. The
fusion of ionic liquid and polymer
properties results in materials that possess
tunable characteristics. PILs are essentially
a category of ionic polymers that include
ionic units in their structure. The ionic
species are located either in the side chain
or in the backbone of the PILs. Due to the
strong intermolecular interactions among
the macromolecular chains, PILs are solid
in nature. Based on their structure, PlLs
are generally classified into three sub-
classes.

l. Polycation type [Figure 1]
1.
1.

PILs possess several advantageous
characteristics, such as a designable
structure, strong processing ability, high
stability, tunable solubility, and a rich
diversity of structures. They also provide
unique functions, including the transport of

Polyanion type [Figure 2]
Amphoter type [Figure 3]

target ions, a polar environment, and
mechanical strength. Moreover, PILs exhibit
superior ionic conductivity, chemical
stability, and non-flammability when
compared to nonionic polymers. Their role
in  functional polymer materials is
underscored by their flexible
hydrophilic/hydrophobic nature. The

conducting mechanism in PILs is distinct
from that of conducting polymers, with
either the anions or cations functioning as
mobile ionic conductors. PILs find extensive
applications in polymer science, materials
science, catalysis, and separations. A wide
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array of cations, such as imidazolium,
pyrrolidinium, pyridinium, ammonium, or
phosphonium, along with anions like CI-,
Br-, |-, PFe-, BF4-, or NTf2-, can be included
in PILs.

Characteristics of PILs
Structural diversity

The attributes of PILs can be modified by
adjusting the structure of the ion-pair
composition and/or the polymer backbone.
PILs obtained from the same IL monomer
can demonstrate different characteristics
when they adopt a variety of polymer
architectures, such as linear, star-shaped,
branched, and cyclic forms. Furthermore,
an IL monomer can be linked to neutral
monomers, resulting in copolymers. IL
monomers can randomly copolymerize with
nonionic monomers, leading to copolymers
with adjustable charge density. PILs
created through free radical polymerization,
step-growth  polymerization, and ring-
opening polymerization can also result in
PILs with various structural orientations [3-
4].

Polycation type
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Figure 3: Chemical structures for
polymerized cations as well as anions

PILs having

Wide range of solubilizing nature

Counter ion metathesis is a widely used
and simple approach for modifying the
structures and properties of PILs, especially
in contrast to altering the backbone.
Counter ion exchange reactions can be
utilized to switch between the hydrophilic
and hydrophobic properties of PlLs. The
anion metathesis reactions permit PILs to
carry hydrophobic counter anions (like PFe-
and NTf,), facilitating their separation from
aqueous solutions. Hydrophobic PILs can
dissolve in compatible organic solvents. The
tunable solubility of PILs allows for a
diverse range of processing conditions. A
PIL that is either soluble or dispersible in a
liguid can engage in electrostatic
interactions with charged species, thus
binding the PIL and paving the way for the
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creation of PIL-composites with favorable
properties [5-6]. These solution mixture
systems are conducive to various polymer
casting methods, such as spin coating,

drop casting, electrospinning, and
extrusion.
Stability towards drastic chemical

environment

Owing to the exceptional stability of ionic
liquids (IL), polymeric ionic liquids (PILs)
are asserted to exhibit significant resistance
to extreme chemical environments when
compared to the most neutral polymers.

Nevertheless, structural rearrangements
and crosslinking may take place in specific
chemical conditions. The highly

nucleophilic characteristic of the hydroxide
(OH-) anion contributes to the chemical
instability observed in PILs. Furthermore,
PILs that incorporate imidazolium cations
may undergo a ring-opening reaction in
highly alkaline environments, leading to the
formation of active (poly)-carbene
intermediates [7-10]. Poly(ionic liquids)
(PILs) based on styrene and containing
saturated N-heterocyclic cations of varying
ring sizes (including methylpyrrolidinium,
methylpiperidinium, methylazepanium,
methylazocanium, and methylazonanium)
showed remarkable alkaline chemical
stability, as confirmed through 'H NMR
spectroscopy [11]. Following 4 weeks in 40
mol equivalents of KOH at 80 °C, the PILs

revealed an improvement in ion
conductivity as the water content
increased.

Thermal stability

Thermal stability is not solely determined
by the repeating units; the backbone of the
polymer also plays a crucial role. In the
case of PILs, the ion pair associated with
the IL unit is particularly influential in
establishing their thermal stability. The
thermal stability of PILs, which depend on
the chemical structures of both ion pairs
and backbones, shows a wide range of
decomposition onset temperatures (150 -
400 °C) [12-15]. In neutral polymers, the
inclusion of aromatic rings in PILs (instead
of aliphatic groups) leads to improved
thermal stability. Furthermore, an
increased length of the alkyl spacer that
connects the polymer backbone to the ion
pair enhances the thermal stability of the
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PiLs. The trend observed in the thermal
stability of PILs is as follows: imidazolium >
pyridinium > pyrrolidinium > ammonium,
and Br- > PFs- > BF4 > CF3SOs- for the ions
involved.

lon Conductivity

The inherent property of ion conductivity in
PILs leads to their widespread use in
battery and fuel cell research. Blending
PILs with other conductive elements
enhances their performance in
electrochemical applications [16-19]. The
ion conductivity is attributed to the
movement of counter ions that are
associated with the polymer backbone,
driven by an external electric field. Since
the majority of reported PILs exist as solids
at room temperature, the counter ions
function as charge carriers. Consequently,
PILs are classified as quasi-single-ion
conductors. This classification results in
PILs exhibiting lower conductivity when
compared to their monomeric ionic liquids.
The diverse structures of PlLs facilitate
tunable ion conductivity. Factors such as
chemical structures, the backbone,
combinations of ion pairs, and the spacers
between the backbone and ion pairs
significantly influence the ion conductivity
of PILs. The density of ionic liquids within
copolymers is offset by a decrease in the
glass transition temperature (Tg), which in
turn increases ion mobility. A minimal
amount of water that is readily absorbed by
PILs aids in ion transport, contributing to
the high ion conductivity in environments
with high moisture content.

Broad Electrochemical Stability Window

PILs reveal an extensive electrochemical
window that can extend up to 5.0 V,
making them suitable as unique
electrolytes for electrochemical processes
that are otherwise difficult for standard
systems [20-22]. In the context of
pyrrolidinium PILs with TFSI as the counter
anion, the electrochemical window is 5.0 V
but reduces at higher temperatures. The
electrochemical windows of PILs can be
fine-tuned based on the polymerized ions
and semi-free counter ions. PlLs featuring
pyrrolidinium as the constituent cations
demonstrate the widest electrochemical
window. The basic characteristic of ionic
liguids is their relatively low charge density;
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that is, a small charge is present on large
cations or anions. Due to this low charge
density, the chemical reactivity, whether in
oxidation or reduction, is lower. Neither the
cations have a strong attraction for
electrons, nor do the anions have a strong
tendency to lose electrons. As a result, they
are stable across a broad range of applied
potentials.Compatibility with

Organic-Inorganic-Polymeric
materials

Composite

PILs are classified as surface-active agents
and are compatible with a wide array of
materials, including inorganics, organics,
inorganic-organic hybrids, and
biomaterials. The broad compatibility of
PILs with various substances is attributed
to both non-covalent and covalent bonding
mechanisms [23-25]. Significant
interactions that influence different PILs
include electrostatic interactions, cation-p
interactions, hydrogen bonding, and van
der Waals forces. The Poly-(1-vinyl-3-
ethylimidazolium bromide) PIL can facilitate
the transfer of CNTs from an aqueous
phase to an organic phase through an
anion exchange reaction, which is driven by
the ‘'cation-p' interactive force. When PILs
are immobilized on graphene, the surface
properties of the graphene sheets transition
from hydrophilic to hydrophobic. PILs that
are attached to the surface of graphene
oxide (GO) enhance the compatibility of GO
with the IL electrolyte, thereby increasing
the effective surface area of the electrode
[26-29]. Functional counterions can be
incorporated into PILs through the process
of ion metathesis. Additionally, PILs exhibit
hydrogen bonding with proton donors such
as amino acids. PlLs that possess
coordination sites (N, O, and P) within their
heterocyclic rings can form covalent bonds
with metal materials through coordination
bonds, resulting in stable composites. Atom
transfer radical polymerization (ATRP) has
enabled the growth of PIL on a silicon wafer
for applications in smart textiles and
intelligent microfluidic switching.
Noncovalent PIL composites provide a
foundation for the creation of fascinating
supramolecular assemblies.

Synthesis of PILs

Polymerization of monomers
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Similar to conventional polymers, PILs can
be produced through the direct
polymerization of counter monomers via
either addition polymerization or
condensation polymerization [Figure 4].
PlLs synthesized through direct
polymerization exhibit high purity and
incorporate ionic liquids throughout the
main chain. N-(4-tert-butylbenzyl)-4-
chloropyridinium (BPymCl) serves as an

initiator, while various ion exchange
reagents such as NaBPhs, NaBF,, and
TBABFs+ have been employed in the

synthesis of PILs [30]. The synthesis
process consists of three steps. Initially, the
initiator reacts with the monomer. In the
subsequent step, chain growth occurs as
additional monomers are introduced to the
newly formed chains. The final step
involves the termination of these chains. It
is crucial to prevent unnecessary chain
growth to regulate the length of the chains.
To achieve this, a terminator can be added
to the reaction mixture. The resulting PILs
consist of repetitive units of the IL cations
forming the backbone; an anion exchange
can be performed either prior to or following
the termination reaction to immobilize the
corresponding anions. Hirai et al. reported
a one-pot synthesis of PILs featuring 1,2,3-
triazolium-based backbones through click
chemistry. This method is particularly
appealing due to its efficiency and
orthogonality, resulting in the desired
polymers. Steinkoenig et al. described a
reversible addition fragmentation chain
transfer (RAFT) polymerization technique
for the synthesis of PILs with a polystyrene
backbone [31]. The ILs, which do not
possess groups susceptible to
polymerization, must be modified using
reactive heteroatoms such as nitrogen
atoms found in ILs. An atomic
transformation radical polymerization
(ATRP) utilizing CuBr/CuBr: as the initiator
can be employed for the synthesis and
controlled growth of polymeric brushes of
PILs.

Research has demonstrated that PILs are
viewed as smart materials with multi-
responsive attributes in response to
external stimuli, including temperature,
pH, oxidative doping, and anion presence.
Wang et al. added -COOH to the ionic

liguid monomer before engaging in
copolymerization with divinylbenzene (DVB)
[32]. The initial addition of -COOH is

intended to enhance the acidity of the final
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PILs. In addition, the -COOH can react with
NaOH to modify the conductivity of the final
PlLs. The same research group also
examined the epoxide group for the
synthesis of epoxide-functionalized PILs,
which can be further transformed into

other groups  through ring-opening
reactions.
~ ‘\_\ IS
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Figure 4: PILs synthesized by polymerization of the
monomers

Polymer modification

Unlike the monomers-polymerization-PIL
pathway, the post-polymerization
modification of pre-synthesized polymers
mitigates the drawbacks of direct
polymerization. The chemical modification
route is more straightforward to manage
and can be executed under mild chemical
conditions. The relative molecular weight
and distribution of synthesized PILs can be
tailored according to various structures and
functions, resulting in improved
physicochemical properties. Yang et al.
synthesized poly[(alkyl-biphenyl

pyridinium) bromide] using superacid-
catalyzed polymerization followed by
gquaternization [33]. A step-growth

polymerization was performed between
biphenyl and 4-acetylpyridine under
superacid conditions. This approach is free
from contamination by any base-sensitive
diaryl ether bridges and benzylic C-H. Due
to the acidic nature of the medium, the
nitrogen atom in the pyridine ring was also
protonated. The length of the alkyl chain
could be adjusted by utilizing different
alkylation agents. Reiter et al. created
siloxane-based PIL through post-
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polymerization modification of commercially
available polysiloxane derivatives [34].
Stumphauser et al. synthesized a poly(ionic
liguid)  co-network  (PIL-CN), poly(1-
vinylimidazole)-L-poly(tetrahydrofuran)

(PVIM-L-PTHF) [35]. Based on the same
groups (vinyl polymerization), free radical
copolymerization of the N-vinylimidazole
monomer (VIm) and the methacrylate-
telechelic poly(tetrahydrofuran) (MA-PTHF-
MA) macro-crosslinker was conducted in
the presence of an initiator. Subsequently,
alkylation of the poly(1-vinylimidazole) with
methyl iodide was performed to yield the
PVIM-L-PTHF co-network. Carrasco et al.
produced a series of PIL block copolymers
from the styrene-co-2-vinylpyridine
copolymer [36]. Free radical co-
polymerization was executed to form (a)
PIL-COOH-Br, PIL-COOH-S, PIL-COONa-
OH and (b) PIL-E and PIL-20H, along with
the quaternization of nitrogen atoms. Direct
guaternization resulted in a polymeric ionic
liguid block polymer with Br- as the
counter anion. In addition to the
integration of IL units into pre-synthesized
polymers, certain polymers that are
composed of units from PIL precursor
molecules can also be transformed into

PILs. An imidazolium-based PIL was
fabricated by modifying
poly(vinylimidazole). The first phase

involved the synthesis of the reactive
modifier molecule. The second phase was
the preparation of poly(vinylimidazole)
through the direct polymerization of
vinylimidazole, facilitated by the AIBN
initiator. The third phase involved the
grafting of the molecule onto
poly(vinylimidazole). Despite the significant
progress made, each method has its own
strengths and weaknesses. Polymerization
is restricted to monomers that contain
polymerizable functional groups. In some
cases, it is necessary to modify the
functional groups of monomers, such as
azide and vinyl, to enable subsequent
polymerization. Additionally, quaternization
of the pyridine or imidazole ring can
introduce considerable steric hindrance,
which may be unfavorable for
polymerization. Similar to conventional
polymer synthesis, it is challenging to
control the molecular weight within a
narrow range during the direct
polymerization of ionic liguid monomers.
For the modification of pre-synthesized
polymers, a critical issue is how to
accurately manage the ratio of ionic species
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in the final PIL structures. Moreover, only
polymers that contain functional groups are
appropriate for conversion into PILs. When
compared to the direct polymerization of
monomers that can occur in a solution
state, executing this method in solution is
difficult, as most common polymers are
insoluble in typical solvents. Figure 5
illustrates examples of post-polymerization
modifications to achieve PILs.
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Figure 5: PILs synthesized by polymer modifications

Mesoporous PIL in

adsorption

microspheres

PIL microspheres are recognized for their
effectiveness in the removal of anionic
pollutants  through inter-column ion
exchange. Among the various separation
methods, adsorption is the most preferred
due to its high efficiency, exceptional
sensitivity, and affordability. Cationic
monomers, namely N, N'-methylene-bis (1-
(3-vinyl imidazole)) chloride and N, N'-
methylene-bis (2-(3-vinyl imidazole))
bromine, are utilized in the process of
radical polymerization [37]. The results
indicate that the dried microspheres have a
high capacity for adsorbing Cr (VI). The PIL
microsphere, poly(1-vinyl-3-(2-methoxy-2-
oxyl ethyl)imidazolium)
hexafluorophosphate, exhibited rapid ion-
exchange between the anionic moieties and
DNA fragments, achieving a capacity of
190.7 pg mgtl. It has been demonstrated
that rapid DNA isolation and detachment
from the microspheres can be accomplished
using a higher concentration of salt. The
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PIL microspheres are employed for the
adsorption and isolation of plasmid DNA
from E. coli cell cultures [38]. Furthermore,
porous microspheres derived from pyridine
were used for the adsorption of organic
dyes such as Congo Red (CR), Bromo
Phenol Blue (BPB), Sunset Yellow (SY),
Allizarine Yellow R (AR), Safranine T (ST),
and Methylene Blue (MB) [39-41]. The
microspheres showed excellent adsorption
performance for CR, SY, and BPB, partial
adsorption for AR, and minimal adsorption
for ST and MB due to their polycationic
nature. The microspheres are capable of
absorbing anionic organic dyes but show
limited adsorption for cationic dyes,
demonstrating a  superior selective
adsorption ability for SY in a mixed solution
of SY and MB.

PIL membranes in unconventional

separations

PILs are distinguished by their unique
combination of ionic liquid properties,
which include a high degree of tunability,
along with the advantageous characteristics
of polymers, such as substantial chemical
and mechanical stability. The antimicrobial
properties of PILs provide an added layer of
protection against biofouling in wastewater
treatment applications. Modifications to
PILs have been implemented to create
selective layers on porous supports,
enabling non-conventional separation
through nt cloud interactions between the
PILs and the aromatic compounds found in
the feed [42-44]. The separation of
aromatics from their aliphatic homologues,
such as the heptane-toluene separation,

poses significant challenges. Various
membrane-based technologies, including
cross-linking, pervaporation, and the

introduction of metal-organic frameworks
into membranes, have been investigated.
While some results have been relatively
successful, there is still a persistent
demand for effective separation methods.
The mnt electron cloud density of the
compounds in the feed is the key driving
force for these PlL-based separations.
Therefore, conjugate systems are likely to
exhibit a greater affinity for the PIL active
layer, resulting in the fractionation of
compounds such as benzene, naphthalene,
anthracene, and phenanthrene. The
substituents on the aromatic ring that
possess electron-donating or withdrawing
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properties demonstrate varying affinities for
PIL membranes. Moreover, PIL membranes
show a preferential affinity for
stereochemical isomers, including cis/trans
stilbene, with the cis isomer characterized
by having two phenyl groups on the same
side. The steric hindrance between the two
ortho hydrogen atoms causes both phenyl
rings to lose their planarity in relation to
the alkene moiety, which disrupts the
extended conjugation. In contrast, such
stereochemical constraints were not
present in the trans isomers. As a result,
the PILs demonstrate a preferential affinity
for the trans isomer over the cis isomer,
leading to a fractionation between these two
isomers. The positive surface charge on PIL
membranes, coupled with their excellent
hydrophilicity, was also leveraged in dye
separation induced by n electrons. The
extended conjugation of the dye molecules
facilitates interactions with the m electron
clouds of the PILs. The -NHz or -NO groups
attached to the dye molecules possess
different mt electron densities due to the
resonance effect of the former and the -
inductive effect of the latter. These
electronic factors were found to influence
the differential interactions with PILs and
their distinct separation capabilities.
Additionally, PILs were utilized in the
fractionation of sugars. The trend in the
affinity of these sugars towards PIL
membranes was observed as follows:
Galactose > Mannose > Fructose > Glucose
> Xylose. It was noted that hexoses exhibit
superior permeation compared to pentoses,
while aldoses provide better permeation
than ketoses.

PIL Membrane in Gas

Separations

CO2/Light

PIL and PIL/IL ionogel were observed to
have a significant affinity for CO, gas and a
selectivity for CO, over a CO2-N2 mixture
[45-47]. The mechanical properties of the
PIL ion-gel materials were found to be
adequate, resembling solid characteristics.
An increase in the loading of ionic liquid on
the PIL-IL active layer resulted in a more
gel-like mechanical behavior. The
structural integrity between the PIL iongel
and ionic liquid was primarily due to the
electrostatic interactions between the ionic
liguid moieties and PIL. This PIL-IL gel
facilitated the transport of gas molecules,
as indicated by the enhancement in CO;
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permeability within the composite
materials. The choice of thickness for the
active layer also plays a significant role in
boosting gas permeability through PIL-IL
iongel materials. To tackle the issue of
surface tension, a two-step synthetic
process based on membrane casting was
utilized. Initially, a thin film of pre-
polymerized PIL was cast onto a support
layer using its methanolic solution.
Subsequently, a free ionic liquid iso-
propanolic solution was allowed to soak
into the PIL layer to create the PIL-IL active
layer, aimed at achieving the desired CO>
permeability. Furthermore, to increase the
loading of free ionic liquid while ensuring
the necessary mechanical strength without
compromising CO. permeability, various
cross-linking strategies have been reviewed
in the literature. The optimal crosslinked
PIL-IL materials achieved a separation
factor of CO, over N2 of 35 or more. The low
partial pressure of CO; in flue gas enabled
the transport of gas molecules through the
membranes via a 'hopping’ mechanism. The
active sites within the membrane
contributed to the reversible chemical
conversion of the target gas molecules while
they hopped across the membrane surface.
Therefore, the partial pressure of gas
molecules and the surface density of the
active open sites on the membrane are
essential factors in  improving the
permeability and selectivity of the desired
gas molecules. The molecular sieving and
preferential adsorption properties of zeolite
meso-porous materials have been further
enhanced by the creation of a Zeolite-PIL-IL
mixed matrix membrane, which improves
CO. permeability and selectivity. However,
the particle size, geometry, and orientation
of the zeolite particles within the blended
matrix PIL-IL membrane significantly
influenced overall performance. The
incorporation of porous materials into
neutral polymers to enhance gas
permeation led to high-permeance, non-
selective free volume defects that adversely
affected the membrane's selectivity. The
combination of charged PILs and free-
standing IL as a nonvolatile interfacial
lubricant allows the PIL/IL matrix to
adhere effectively to the zeolite, with the IL
filling the resulting interfacial defects,
resulting in the PIL/IL ion-gel being an
outstanding platform for the synthesis of
membranes optimized for selectivity and
permeability.
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Supported ionic liquid membranes

The rheological properties of ionic liquids
are essential in influencing the total mass
transport through supported ionic liquid
membranes [48-51]. Given that the
viscosity of all ionic liquids does not depend
on shear rate, they are likely to exhibit
characteristics of a Newtonian fluid.
Consequently, it can be assumed that ionic
liguids represent a three-dimensional
network of linked cations and anions
through weak hydrogen bonding and Van
der Waals forces. They should not be
interpreted as a statistical collection of
anions and cations. The decline in viscosity
coefficient values with an increase in
temperature for ionic liquids follows the
Arrhenius equation. However, across a wide
temperature range (10 °C - 90 <C), the
viscosity changes adhere to the Vogel-
Fulcher-Tammann equation. Alkyl
methylimidazolium ionic liquids with PFe
anions were found to be more viscous than
those with BFs as the constituent anions.
Additionally, an increase in the alkyl group
chain length at the C3 position resulted in
higher viscosity. The total viscosity
coefficient values of ionic liquids are greater
than those of conventional molecular
diluents, which have slower mass transfer
in biphasic mass transfer systems.
However, the increase in mass transfer
resistance is partially alleviated when ionic
liquid is used as a pore-filling solvent in
conventional porous membrane materials
or as supported liquid membranes (SLM).
The mass transfer resistance of a
membrane is proportional to its thickness.
Due to the thin thickness used in SLMs (>
20 m), the reduction in mass transfer
coefficient is less pronounced compared to
that seen in conventional extraction
processes. Different  strategies  were
employed to evaluate the effect of the
supporting material on the stability of
SLMs.

. In the course of membrane
operation, one must evaluate if
there is any displacement of ionic
liguid from the membrane pores
into the surrounding environment.
Following contact with the aqueous
phases, it is crucial to verify
whether the SLM still preserves its
hydrophobic properties.
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Figure 6: Supported lonic Liquid Membrane for the
separation of n-Hexane-Benzene

In the scenario where Nylaflo acts as the
supporting membrane, a slight increase in
the concentration of ionic liquid in the
aqueous phase was recorded; however, for
the majority of other materials, the ionic
liguid concentration in the aqueous phase
remained stable throughout the entire
experiment, indicating that there was no
displacement of ionic liquid from the
membrane's pores. This is further
evidenced by the fact that a larger quantity
of ionic liquid was retained on the
membrane's surface after blotting, which
strongly implies that the ionic liquid
detected in the aqueous phase cannot be
attributed to pore-displaced ionic liquids,
but rather to the excess that remained on
the membrane's surface. The concentration
of ionic liquid in the aqueous phase was
lower than its aqueous solubility, which is
attributed to the stronger affinity through
Van der Waals interactions with the
membrane materials. The excess ionic
liguid present on the membrane surface
can be removed through vigorous stirring.
The immobilized ionic liguid within the pore
is situated there due to favorable
partitioning, leading to a stable supported
liguid membrane (SLM). To evaluate the
hydrophilicity of the membrane surface
before and after pore filling with ionic
liguid, a water droplet is placed on the
membrane surface. The duration for the
water droplets to permeate through the
membrane and the water contact angle are
taken into account in assessing
hydrophilicity. The introduction of ionic
liguid into the hydrophobic membrane
pores resulted in a decrease in hydrophobic
characteristics, as the ionic liquids possess
ionic properties.
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The high surface tension exhibited by ionic
liguids offers improved tolerance to
mechanical forces, pressure, and
temperature. A thin active layer with a brief
diffusion length enables the transport of
targeted species, which offsets the slow
mass transfer linked to the high viscosity of

ionic  liquids. Supported ionic liquid
membranes (SILM) containing 1,3-
dialkylimidazolium ionic liquids have

shown selectivity for organic compounds in
aqueous feeds. The water
microenvironment generated through
reverse micellar aggregation is essential to
the transport process, resulting in a non-
selective predominating mechanism. Figure
6 provides a schematic representation of
the mutual separation of aromatic and
aliphatic compounds through the SILM /
Active PIL layer on a porous membrane
support layer. SILM that contains 1-butyl-
3-methylimidazolium hexafluorophosphate
(CsmimPFg) has been noted for its strong
performance stability and selectivity in the
separation of toluene and cyclohexane. This
SILM was also used for the dehydration of
water-alcohol mixtures, utilizing its affinity
for water molecules. Moreover, SILMs with
1-n-octyl-3-methylimidazolium

hexafluorophosphate  (CsmimPFe)  were
applied to extract amino acids from
aqueous solutions, capitalizing on the

acidic, basic, and zwitterionic features of
the amino acids and their preferential
interactions with the SILM. The effects of

various ionic liquids (1-butyl-3-methyl-
imidazolium hexafluorophosphate:
CsmimPFg, 1-octyl-3-methyl-imidazolium

hexafluorophosphate: CgmimPFs, and 1-
decyl-3-methyl-imidazolium
hexafluorophosphate: CiomimPFs) on the
selective transport of organic alcohols,
ketones, and amines have been illustrated.
The SILM with C4mimPF6 facilitated
preferential separation between secondary
and tertiary amines through hydrogen
bonding interactions on a polyvinylidene
fluoride (PVDF) membrane support. Based
on the hydrophobic nature of the feed
molecules, selective transport of benzene,
toluene, and p-xylene can also be achieved.
The increased solubility of gas molecules in
ionic liquids, combined with the high
membrane integrity due to low volatilization
or reduced thermal loss of the ionic liquid,
makes the SILM an appealing option for gas
separation, especially for COx.
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lonic liquids that are phosphonium-based
show a preference for extracting lactic and
butyric acids over conventional extraction
methods. The pertraction of lactic acid
through a supported ionic liquid membrane
(SILM) in a spiral channel flat sheet module
using tetradecyl(trinexyl)phosphonium
bis(2,4,4-trimethylpentyl)phosphinate was
determined to be effective. The loading of
the ionic liquid had little effect on the mass
transfer process. However, using a feed
with concentrated lactic acid resulted in a
lower mass-transfer coefficient, while
temperature had an inverse effect on this
coefficient. The overall transport process
was divided into the elementary steps
described below:

I. At the Feed-SILM interface: The
splitting of reverse micelles

II. Formation of lactic acid-ionic liquid
agueous species

1. The SILM facilitates the transport of
lactic acid-ionic liguid aqueous
species.

IV. At the SLM-Product interface: The
splitting of the transported lactic
acid-ionic liguid aqueous complex

V. The formation of reverse micellar
aggregation by ionic liquid at the
SILM-Product interface.

VI. The transportation of reverse
micellar aggregates through SILM.

Electric-Responsive membrane

Concentration polarization is a prominent

fouling problem that membrane
technologists encounter. The application of
various membrane modules, including

cross flow, has been leveraged to create
local disturbances near the membrane feed
interface through external stimuli to
mitigate this issue. The fabrication of
magnetic responsive membranes, either by
incorporating a magnetically activated
active membrane layer or by grafting a
polymer brush with a magnetically active
endpoint onto commercially available
membranes, can be effective. Depending on
the characteristics of the membrane pores,
such as microfiltration, ultrafiltration, or
nanofiltration, various strategies can be
adopted to control the location, length, and
surface density of the magnetically
activated polymer brush. In a similar
manner, PIL brushes can also be grafted
onto commercially available membranes
like regenerated cellulose. Since the

counter anions are mobile, these brushes
act like electrically charged tails in the
presence of appropriate feed solutions.
Therefore, under an oscillating electric field,
these PIL brushes are expected to generate
local disturbances [52-53]. The local
perturbations can be externally tuned
according to the frequency of the oscillating
electric field. With an increase in the
frequency of the external oscillating electric
field, the movement of these PIL brushes is
enhanced. This stimulus response can be
controlled remotely. At very high
frequencies, the interaction is so intense
that the PIL brushes do not have sufficient
time for their orientation or reorientation
movements. Thus, this ultimately resulted
in heat energy or localized heating on these
PIL brushes.

Surface grafting of poly{ionic liguid) brush on commercial membrane
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Figure 7: Schematic for the fabrication of Electric-
Responsive membrane through control grafting of PIL
brush

The remotely controlled local perturbations
near the interface disrupt concentration
polarization, leading to a significant
reduction in membrane fouling. However,
the additional PIL layer and its movement
created an extra transport barrier for the
targeted molecules to pass through the
membrane. Consequently, a compromise in
feed permeability may be encountered. The
local heating at higher applied oscillating
frequencies exhibited a reverse effect on
permeability aspects, thereby improving
membrane performance. This discussion
has revealed that the choice of a suitable
external oscillating frequency can enhance
membrane fouling by reducing
concentration polarization without much
compromise on membrane permeability.
Clearly, the characteristics of the feed
solutions, the type of membrane materials,
pore size, porosity, and the nature of the
PIL brush greatly influence the optimization
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of such stimuli responses. Electric
responsive membranes have been
developed through the controlled surface
grafting of PILs onto commercially available
regenerated cellulose ultrafiltration
membranes. The grafting of PIL led to a
rougher surface texture, a decrease in pore
size, and an increase in hydrophilicity. The
stimuli response induces micromixing,
alleviating concentration polarization and
improving the antifouling properties of the
responsive membranes. Local perturbation
was found to reduce water flux while
enhancing protein rejection. At an
oscillating electric field of 1 kHz, localized
heating was more dominant than
micromixing. Conversely, at lower
frequencies (in Hz), greater perturbation
resulted in decreased permeability. The
membrane's response to the electric field
was found to be reversible, indicating no
memory effect.

Anti microbial activity

characteristics of ionic
liguids, including PILs and SILMs,
significantly improve the membrane's
resistance to bio-fouling, which is crucial
when treating municipal waste or other
streams that can foster microorganism
growth over time. The PILs, which undergo
polymerization at the cationic site, engage
in electrostatic interactions with the
phosphate groups present on microbial cell
membranes, which are inherently anionic.
This interaction leads to the insertion of
hydrophobic  groups into the cell
membranes, disrupting their integrity [54-
57]. Consequently, this disruption causes
the leakage of cytoplasmic contents,
resulting in cell lysis. Similarly, the
antimicrobial properties of the less studied
PILs with a repetitive anionic backbone may
follow the same mechanism for damaging
bacterial cell membranes. The loosely
bound counter cations of these PILs
interact electrostatically with the negatively
charged cell membranes. Subsequently, the
hydrophobic segments of the PILs infiltrate
the hydrophobic regions of the microbial
lipid membranes, ultimately causing
cytoplasmic leakage and cell death. In
addition to electrostatic interactions, the
hydrophobic-hydrophobic interactions
between the PILs and the phospholipid
bilayer of cellular membranes are
significant contributors to cell destruction.

The antimicrobial
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Given this context, PILs with a higher
organophilic nature, characterized by
increased hydrophobic substituents, exhibit
enhanced antimicrobial activity. Thus, the
anticipated trend is: methyl < butyl <
benzyl. The addition of hydrophilic hydroxyl
groups to the PIL backbone reduces its
antimicrobial efficacy. Our results align
with several previous studies. The PIL Trp
anion demonstrated effective antimicrobial
activity against both E. coli and S. aureus,
while the PIL with Pro anion failed to inhibit
the growth of the bacterial strain.

PILs characterized by a repeated cationic
backbone and featuring leucine and
phenylalanine  pendants demonstrated
superior antimicrobial activity against E.
coli in comparison to PILs with alanine
pendants. The antimicrobial performance
against S. aureus was greater than that
against E. coli and C. albicans, as indicated
by the inhibition zone diameters (as. aureus
~33 £+ 1.2 mm, ae cii ~28 +* 0.8 mm, ac.
albicans ~19 + 0.4 mm). Variations in cell wall
composition and thickness among
pathogens result in a species-dependent
antimicrobial activity of PIL membranes
against different microorganisms. Gram-
negative bacteria have a multilayer cell wall
that is protected by an outer
lipopolysaccharide membrane layer, while
Gram-positive bacteria are encased only by
a peptidoglycan cell wall. The incorporation
of antimicrobial polymers into the loosely
packed porous layer is relatively easy,
facilitating interference with cell membrane
integrity. For Gram-negative bacteria, the
outer layer provides resistance to biocides.
The double membrane structure of Gram-
negative bacteria makes them more
resilient than the single membrane
structure of Gram-positive bacteria. The
cell wall of Gram-positive bacteria is more
cationic and hydrophobic than that of
Gram-negative bacteria, leading to
enhanced electrostatic and hydrophobic
interactions. In fungi, the multilayer cell
wall is considerably thicker than that of

bacteria, resulting in challenging
penetration.
The antifouling properties of PIL

membranes were demonstrated through
SEM images. Significant membrane fouling
occurred while processing actual produced
water samples with conventional
membranes. Conversely, the hydrophilic
modification of hydrophobic membranes,
such as polyvinylidene fluoride and
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polypropylene, using substances like
hexaethylene methacrylate and ethylene
diamine, resulted in less fouling. The IL-
based membrane also exhibited
antibacterial activity against both gram-
positive and gram-negative bacteria. A
notable reduction in the live/dead bacterial
cell ratio was recorded in the presence of
the IL-based membrane, along with a
decrease in the bacterial colonies formed
during incubation.

Figure 8. Microscopic images for antibacterial activity
of SIL membranes using Staphylococcus aureus, (a)
PTFE base membranes; (b) 1 allyl 3 vinyl imidazolium
bromide; (c) 1 butyl 3 vinyl imidazolium bromide; (d) 1

hexyl 3 vinyl imidazolium chloride [Journal of
Membrane Science, 556, 2018, 1-11]

Conclusions

By implementing minor structural

modifications, IL-based separation heralds
a new era of characteristic adjustments. It
broadens the scope of application within
modern technology, energy utilization, and
even fuel cell technologies. To showcase
fascinating chemistry, there is a need to
explore innovative ionic liquids. To reduce
overall expenses, large-scale production of
IL must commence. Identifying IL with low

viscosity is essential to improve mass
transfer Kinetics. New structure-activity
relationships in ionic liquids necessitate
further exploration. To tackle the

limitations of ionic liquids, research has
also begun to identify Deep Eutectic
Solvents as viable alternatives to
conventional IL. Polymeric materials have
undergone a transformation in the past
century. The PILs combine the beneficial
properties of both ionic liquids and
polymers.  Although the mechanical
strength, electrical, and ionic conductivity
of PlLs are lower compared to many
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inorganic ionic materials, their affordability,
extensive processability, tunability,
flexibility, and affinity for both hydrophilic
and hydrophobic groups position PILs as
promising alternative candidates in the
realms of separation science, polymer
chemistry, wearable technology, personal
medicine, and bioelectronics. For the
synthesis of PILs, more environmentally
friendly approaches are of utmost
importance. Traditionally, two methods are
employed: either the direct polymerization

of ionic liquid monomers or the
modification of existing polymers to
produce PILs. Both methods involve

multiple steps and consume significant
amounts of solvents and energy. For the
first method, it is crucial to incorporate
groups into ionic liquid molecules, enabling
them to participate in polymerization
reactions. For the second method, the
introduction of reactive groups into polymer
chains is often necessary to attach the ionic
liquid unit. Furthermore, most PILs cannot
be utilized directly, making it essential to
investigate advanced processes for
integrating functionalization. In the latter
strategy, it is frequently necessary to
incorporate reactive groups into polymer
chains to enable the grafting of the ionic
liquid unit. Moreover, most PILs cannot be
applied directly, thus necessitating the
exploration of advanced processes to
incorporate  functionalization into the
formation of PILs to meet application needs.
Beyond synthesis procedures, the stability
of PILs directly affects their applications. To
achieve a better understanding of the ionic

bonds in PILs, there is an urgent
requirement  for more fundamental
experimental studies and theoretical

insights. Similar to ionic bonded inorganic
substances, PILs have specific solubility
products in water, and exceeding these
thresholds may lead to the dissociation of
the PILs. The biocompatibility and toxicity
of PILs are still not fully understood in
relation to their structure-activity
relationship. The development of PIL-based
sensors is one of the most promising areas
to investigate. As functional materials or
components of advanced devices, PILs will
inevitably enter the environment during
their application or at the end of their
lifecycle. For sustainable development, it is
critical to assess the environmental risks
associated with PILs. A better
understanding of the degradation
mechanisms of PILs is always desired for
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applications. PIL-based

electrolytes are considered to be safe. An
increasing number of PIL electrolytes have
been developed, although their cytotoxicity
can sometimes be greater than that of
liguid inorganic alternatives
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Introduction

The reliable determination of halogens in
complex solid matrices has long remained a
critical challenge in analytical chemistry.
These elements are typically present at
ultra-trace levels, ranging from parts per
billion (ppb) to parts per million (ppm), and
often occur in chemically inert or volatile
forms. Their accurate quantification is
further complicated by the heterogeneous
nature of matrices such as silicate rocks,
nuclear fuels, contaminated soils,
industrial slags, and biological materials. In
particular, fluorine, chlorine, bromine, and
iodine demand careful analytical attention
due to their high reactivity, volatility, and
tendency to form complex compounds.

The importance of halogen and other non-
metal analyses extends across multiple
scientific and technological domains. In the
nuclear industry, the non metals including
halogens have direct influence on the fuel
integrity, fuel performance, corrosion
behavior, and long-term radioactive waste
management. In environmental monitoring,
the assessment of fluorine and iodine in
soils and groundwater is essential,
particularly for contamination or pollution
tracking, evaluating human exposure, and
ensuring regulatory compliance [1-6].
Similarly, in geochemical exploration and
industrial quality control, halogens and
non-metals such as boron serve both as
geochemical tracers and as functional
additives in manufacturing.

Classical wet chemistry techniques,
including alkali fusion followed by either
titrimetric or spectrophotometric methods
have been followed for the determination of
halogens. However, these approaches suffer
from inherent limitations such as- excess
reagent consumption, significant matrix
interferences, analyte loss  through
volatilization, and limited sensitivity. The
digestion of silicate and oxide rich matrices,

49

in particular, demands aggressive reagents
and extended heating, which not only pose
safety hazards but also increase the risk of
contamination and analyte loss. In the
nuclear context, where radiological safety
and small sample size are paramount, such
drawbacks severely restrict the applicability
of conventional methods.

To address these challenges, pyrohydrolysis
has emerged as a potential alternative.
Pyrohydrolysis, a high-temperature process
enables the selective release of halogens
and volatile non-metals. The volatile
products are subsequently trapped in an

absorption medium  prior to their
quantification. Pyrohydrolysis offers
distinct advantages over digestion or

dissolution based methods: (i) it eliminates
the need for matrix dissolution, (ii) reduces
contamination and interference risks, and
(iii)  minimizes reagent use, thereby
providing a safer and more environmentally
sustainable approach [7].

The integration of pyrohydrolysis with
advanced detection systems has further
enhanced its utility. Combination with ion
chromatography (1C) enables high-
resolution, multi-analyte detection with
excellent sensitivity and selectivity, while
techniques such as inductively coupled
plasma mass spectrometry (ICP-MS) extend
the detection limits into the sub-ppb range.
This synergy has significantly expanded the
scope of pyrohydrolysis, making it
indispensable for trace or ultra-trace level
analysis of halogens in nuclear, geological,
and environmental applications.

The present article reveals key findings
from diverse studies on pyrohydrolysis,

spanning fundamental principles,
technological innovations, and practical
applications. Specifically, it aims to (i)
discuss the mechanisms underlying

pyrohydrolysis, (ii) trace the evolution of
experimental setups, and (c) evaluate its
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applications across a variety of sample
types.

Principle and Evolution of
Pyrohydrolysis
Pyrohydrolysis represents a high-

temperature separation technique mainly
used as a sample preparation technique
that exploits gas-solid interactions for the
separation of volatile analytes, particularly
halogens and other nonmetals such as
boron and sulfur.

The underlying principle of pyrohydrolysis
is based on the thermal decomposition in
the presence of a moist carrier gas. At
elevated temperatures, typically in the
range of 900-1100°C, sample matrices
undergo reaction with steam (water) that
release volatile hydrogen halides (HF, HCI,
HBr, HI) or other gaseous oxides (fig.1).
These reaction products are swept away by
carrier gas and subsequently trapped in
absorbing medium, most commonly
alkaline solutions such as sodium
hydroxide. Once trapped, the analytes can
be quantitatively determined by sensitive
instrumental methods such as ion
chromatography (IC) lon Selective
Electrode (ISE).

The general reaction for halide-bearing
compounds can be summarized as:

MF2n+NH20-MOR+2nHF

or

Where M = metal or matrix element, X = F,
Cl, Br, |

100 C/H;0

FjC](};} (HFiH(‘fl)g

F-/CI

Fig. 1. Pictorial representation of the pyrohydrolysis
mechanism.

The efficiency of the separation depends on
several factors, including the chemical
bonding environment of the halogen, the
oxidation state of the matrix, and the
thermodynamic stability of the compound.

Refractory materials such as silicates,
titanates, and certain oxides pose specific
challenges due to their strong metal-
halogen bonds and thermal stability. In
these materials, to achieve complete
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volatilization, accelerators such as UsOsg,
V.05, WO3, or SiO, are often introduced.
This addition not only facilitates breakdown
of the matrix but also enhances the release
kinetics of halogens. Other parameters
influencing separation efficiency include
carrier gas choice and composition, its flow
rate, reaction temperature, and duration of
pyrohydrolysis. Therefore, optimizing the
above conditions is crucial for obtaining
reproducible and quantitative recovery,
especially in complex matrices.

The evolution of pyrohydrolysis as an
analytical separation tool has been closely
linked with advances in detection
technology. Initially, the method relied on
colorimetric or titrimetric determinations of
separated analytes, which were limited in
sensitivity and specificity. The use of ion

chromatography for analyzing the
pyrohydrolysed distillate made a
remarkable and major turning point,
enabling simultaneous multi-analyte
separation with high resolution and

precision. More recently, use of ICP-MS for
the analysis of pyrohydrolysis distillate has
extended the detection limits to the ppb to
sub-ppb level, greatly expanding its
applicability for ultra-trace analyses. These
developments have placed pyrohydrolysis
as a green method of sample preparation
that continues to evolve in line with modern
analytical requirements.

Typical Instrumentation Setup

During the initial phase platinum based

pyrohydrolysis apparatuses were used,
however there were some associated
limitations. To overcome the equipment

limitations, Susano and et. al. [8] proposed
nickel tubes instead of platinum, while
Gillies and colleagues [9] introduced a
silica-based apparatus for the process. In a
similar effort to optimize materials, Adams
and Williams [10] employed high-silica
Corning Code 7900 glass (96% silica) for
their pyrohydrolysis setup. These
contributions collectively demonstrate the
evolution of pyrohydrolysis techniques,
highlighting advancements in apparatus
design. In recent applications in general
quartz based pyrohydrolysis apparatuses
are being employed [11].

A standard pyrohydrolysis apparatus as
shown in Fig.2, consists of components:
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Furnace Unit: Electrically heated furnace
capable of maintaining temperatures up to
1100°C with programmable control. Tube
furnaces are common.

Reaction Zone: Often a quartz reaction
tube where the sample (typical sample size
50-1000 mpg) is placed in a boat or crucible.
The tube is flushed with moist carrier gas.

Moist carrier gas: A controlled moist
carrier gas (argon, oxygen or air) connected
to the reaction tube.

Trapping solution: Absorbers filled with
dilute alkali (e.g., Na2COz, NaOH, or water)
are used for quantitative capture of HX
gases. Sometimes multiple traps can be
used to ensure complete absorption.

Pyrohydrolysis apparatuses have also been
designed and fabricated specially and
specifically for glove-box compatibility to
analyze radioactive samples [11]. A
Pyrohydrolysis apparatus design used in
our laboratories is depicted in fig. 3.

Reaction tube
W
W/J A
W
(@ / /i
Moist Ar T fm'ﬁnce_
Preheater Condeyiggr
furnace |
M
Fig.2.  Pictorial representation of a typical
pyrohydrolysis set up.
Halogen Separation and Post-
Pyrohydrolysis Analytical

Determination:

After pyrohydrolysis, the pyrohydrolysis
distillate containing halides is a simple
aqueous medium and their analysis is a
simplified step due to the generation of
clean and matrix free distillates, which
minimize interference. This allows
compatibility with several techniques. lon
chromatography is the most used, followed
by ISE.

lon-Selective Electrode (ISE): ISE based
measurements are known for many anions
(NOs-, F, CI, S2, I, Br, ClO4s, CN) and
cations (Na+*,K*, Ca2+, Mg2?*, Li*, Ag*, Cd2*,
NH4*, Pb2*). However, for the determination
of fluorine in several matrices the
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combination of pyrohydrolysis separation
followed by ISE is one of the widely
employed methods due to its high
reliability. The ISE method measures
potential developed between an ion selective
and reference electrode in a buffered
pyrohydrolysis distillate. In ISE method, F
concentrations above 0.15 mg/L and a
stable pH of solution is prerequisite.
Ammonium acetate buffers are used to
keep pH near 5.5, as extreme pH affects
accuracy. Though limited by sensitivity and
selectivity, ISE is still suitable for high
fluoride matrices like fossil fuels, coal, and
supplements [12].

Flempessture up b DRSO

h-—--r—j-.:" Q |
Outer h
T\ be Inner reaction
reactiontube —
Moist
\ | carriergas
Sample boat
npmherey
FCardeegas 0 pa Phraah boling water

Flowrate < 2imin

Fig.3. Pictorial representation of a pyrohydrolysis set
up designed for Glove Box operations.

Inductively Coupled Plasma Mass
Spectrometer (ICP-MS): ICP-MS is highly
sensitive, fast and ideal for Br and |, but
less suitable for F due to high ionization
energy and interference from polyatomic
species. It supports a wide dynamic range
and low detection limits but may suffer

from carbon based interferences and
memory effects from volatile halogen
compounds [13]. To avoid this, basic

solutions like NH4,OH are used in trapping.
Pyrohydrolysis offers a clean distillate,
making the sample solution more amenable
to the ICP-MS. It has been used for several
samples like geological materials, coal, and
fuels, providing accurate results and low
RSDs.

lon Chromatography (IC): Combination of
ion chromatography and pyrohydrolysis is a
powerful technique for the determination of
fluorine, chlorine and boron especially in
the presence of other ions of both cations
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and anions. IC utilizes ion-exchange resins
to separate ionic species followed by
conductometric detection. It is particularly
well suited for the analysis of halides,
oxyanions (e.g., sulfate), and small organic
acids. It uses polymer based columns of
both strong and weak ion exchangers and
carbonate/NaOH based mobile phases.
Detection is typically via conductivity,
enhanced by suppressors [14].

The main advantage of IC is that it provides
separation and determination
simultaneously. When paired with
pyrohydrolysis, IC allows the quantitative
determination of multiple analytes (anions
or cations) from a single sample. Therefore,
it has capability to analyse a selected
number of ions in presence of other ions of
the similar charges and thereby eliminates
or minimizes the interferences. The
pyrohydrolysis-IC combined approach thus
represents an efficient solution for a variety
of application areas [15]. IC is widely
applied for the separation and
determination of fluorine and chlorine as
fluoride and chloride ions respectively.
Determination of F and Cl in complex
matrices like soil, coal, rocks and nuclear
materials is turned to be simple and
reliable due to application of pyrohydrolysis

although certain associated challenges like
separation of organic anions that are
formed during pyrohydrolysis. In such
cases, the desired separation is realized by
varying eluent concentration or by using
concentration gradient elution or by
chosing the column with required
efficiency. IC offers low detection limits,
good multi-element capability, and better
performance than ISE and plasma
methods, especially for fluorine and
chlorine, which plasma techniques struggle
to detect.

Advantages of Pyrohydrolysis over
Conventional Techniques
Compared to fusion (e.g., alkali

carbonate/sulfate melts) and acid digestion
pyrohydrolysis offers several analytical and

operational advantages as mentioned in
table 1. These advantages make
pyrohydrolysis particularly suitable for

trace level analysis in variety of scientific
domains such as:

e Geochemistry and mineral exploration

¢ Nuclear fuel fabrication and reprocessing
¢ Environmental

¢ Cement and construction material

¢ Glass and ceramic industries

Table 1: Comparison of pyrohydrolysis with wet analytical Methods

Aspect Pyrohydrolysis

Sample matrix
tolerance

High

(can handle silicates, ores, etc.)

Reagent Minimal

contamination

(moist carrier gas + trapping

solution)

Halogen loss risk Low

(closed system for gas-phase

collection)

Selectivity for halides Excellent

(Separation of volatile HX)

Compatibility with IC High

(clean agueous extracts)

Safety and handling

Safer and green method
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Wet Digestion / Fusion

Moderate to low

(matrix-dependent)

High

High

(volatilization in open digests)

Poor to moderate

(matrix interference)

Moderate

(acidic or salted matrix)

Requires high-risk chemicals
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Historical Development and Analytical
Applications

Historically, pyrohydrolysis has been widely
investigated for the separation of halides,
with its first applications dating back to the
1950s in a variety of complex matrices such
as halocarbons, uranium oxide, radioactive
wastes, glasses, silicates, and rare Earths,
particularly for the determination of
fluorine and chlorine [16-21]. One of the
earliest references to this technique was a
paper published by Warf [17], whose work
was later expanded upon by other
researchers. A key advancement in the
methodology was the introduction of
additives, or Taccelerators,” such as
uranium oxide (U3Osg), which significantly
improved separation efficiency. These
accelerators react with the matrix when
mixed with the sample, aiding in the
release of halides. Powell and Menis [22]
further refined the method through both
micro and macro scale fluoride separations
from inorganic materials, systematically
evaluating the effect of various accelerator.
They also highlighted the benefits of using
moist oxygen instead of steam to enhance
reaction kinetics. These developments are
especially useful for (i) Silicate-rich rocks
(e.g., granites, basalts, feldspars) [21, 22]
where F is bound as CaF> or MgF: in a tight
lattice; (ii) High-temperature minerals (e.g.,
phosphates, titanates) where halogen
mobility is low; (iii) Determination of
fluoride in slag, fly ash, and cementitious
materials, where binding to iron,
aluminum, and calcium is common. The
overall simplicity of pyrohydrolysis,
requiring no aggressive digestion reagents
made it especially suitable for refractory
samples. These developments have shaped
pyrohydrolysis into a reliable and adaptable
technique for halide analysis across diverse
sample types.

The details plotted in the figure 4 suggest
that, from 1951 to 2025, the number of
publications on pyrohydrolysis has shown a
consistent upward trend, reflecting growing
scientific interest and advancements in
pyrohydrolysis. The most productive decade
was 2011-2020, with 127 articles, followed
by 111 during 2001-2010. Notably, nuclear
related studies increased significantly after
1990, reaching a peak of 18 articles in the
2011-2020 decade and continuing with 14
more between 2021 and 2025. A significant
rise in the number of publications using
accelerators is observed after 2000, with a
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peak of 13 in 2011-2020 and 6 more from
2021 to 2025. This increased use of
accelerators likely indicates a shift toward
analyzing more complex or challenging
matrices. Overall, the data suggests not
only a rising interest in pyrohydrolysis but
also its expanding application in nuclear
science and advanced materials analysis.
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Fig.4. (i) Overall number of publications using

pyrohydrolysis (ii) publications using accelerators and
(ili) number of articles discussing application to
nuclear materials
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Geological and Environmental
Applications of Pyrohydrolysis
In geological materials, halogens are

important tracers of magmatic processes,
metamorphic evolution, and ore genesis.
Fluorine and chlorine are often
incorporated in minerals like fluorite,
apatite, mica, and amphiboles. They play a
key role in volcanic degassing,
hydrothermal fluid transport, and mantle
melting dynamics. Chlorine isotopes are
also used to trace the origin of fluids in
geochemical reservoirs, while fluorine
content in igneous rocks is wused to
interpret volatile budgets and magma
crystallization histories [23-26].

Halide ions, especially chloride and
bromide, are major constituents in
environmental matrices and play key roles
in acid-base equilibria, ozone depletion,
and redox reactions. lodine speciation in

sediments and groundwater is used to
assess nutrient  cycling, radioactive
contamination, and marine-terrestrial

exchange [27-30].

Pyrohydrolysis offers a unique advantage
for separating halides in complex
environmental matrices where organic and
inorganic species coexist. Samples like
sewage sludge, fly ash, contaminated soils,
and lake sediments are decomposed
thermally, and halides are extracted into an
aqueous medium for subsequent
guantification [31,32]. Importantly, the
method ensures destruction of organic
interferences, a common problem in other
extraction methods. Its ability to cleanly
and specifically volatilize target analytes
without introducing matrix interferences
makes it valuable for complex geological
materials like rocks, sediments, coal, and
crude oil.

Geochemical and Mineral Matrices: In
geochemistry, pyrohydrolysis has been
applied extensively to extract halogens from
silicate rocks and mineral matrices [33-35].
Kenji S. and co-workers [36] successfully
quantified fluorine, chlorine, and sulfur
from volcanic silicate glasses by conducting
pyrohydrolysis at 1250 °C using V20s as an
accelerator, followed by ion
chromatography detection. Similarly,
Bonifacie et al. [33] optimized Cl extraction
for isotopic studies from silicate rocks prior
to isotope ratio mass spectrometry (IRMS),
achieving nearly quantitative vyields
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(100 £ 8%). This methodology was extended
to scapolite minerals to measure ClI
isotopes, emphasizing the ability of
pyrohydrolysis separation for clean isotope
ratio determinations in complex matrices.

Thakur et al. [37] developed a methodology
using pyrohydrolysis coupled with ion
chromatography for the quantification of
chlorine in high-silica environmental
matrices such as soil and rock phosphate.
The method employed a U3zOg accelerator to
facilitate the complete release of chloride
species  during  pyrohydrolysis.  This
approach proved effective for trace chloride
analysis in materials with complex silicate
structures, which are otherwise resistant to
conventional digestion techniques. The
chlorine content in the analyzed samples,
including bentonite and phosphate rock
references, ranged from 70 to 200 mg/kg.
The method achieved a detection limit of 12
mg/kg for chloride and was validated

against Instrumental Neutron Activation
Analysis (INAA), a standard reference
technique. Figure 5 represents the flow

chart for the pyrohydrolysis-IC method
followed. The comparison of the data with
INAA along with the p-value is represented
in table 2.

Table 2: Comparison of total chloride contents,
determined in real samples and reference materials
using INAA and pyrohydrolysis-IC

Samples INAA Pyrohydrol p value

Cl (mg kg ysis -IC

1) Cl (mg kg?)

RP-1 113+9 12048 0.3710
RP-2 204+11 19616 0.3308
BNT-1 150+ 10 137112 0.2229
BNT-2 111+9 118+14 0.5067
BCR-032 141+8 146+10 0.5360
USGS CRM 774 7919 0.7428
G-2
(70 mg kgt
Cl,
information
value)
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Homogenise the sample and heat at 60°C
toremove moisture

9.

Accuratly weigh sample (80-100mg) ]

—

(

Homogenously mix the sample with U,Og
ina1:10ratio

-

Load the sample in pyrohydrolysis apparatus and
maintain a moist oxygen carrier gasflow of 1L/min

— T

[ Heat the sample at 1000°C for 40 minutes ]

:

Collect the separated Clin 25mM NaOH
solution

¢

[ Quantify the CI in distillate by IC ]

¢

Use the CI' concentration determined by IC,
volume of the distillate and sample mass
taken for pyrohydrolysis to calculate the C1
in the solid sample

Fig.5. Flow chart showing the step wise complete
procedure used in pyrohydrolysis-1C method

Coal, Oil, and Sedimentary Rocks: Coal
and other fossil-fuels have also been
studied extensively [38,39]. Because of
coal’'s high organic and sulfur content,
pyrohydrolysis conditions must be carefully
optimized to prevent deflagration. Wua et

al. conducted an in-depth optimization
study for iodine recovery from coal,
identifying conditions that maximize
recovery while minimizing interferences
[40].

B. Peng et al. [41] developed a

comprehensive protocol for determining F,
Cl, Br, and | in coal using pyrohydrolysis-
IC, achieving improved detection limits
through parameter optimization. In lignite
coal, Sredovi¢c and colleagues [42] used
statistical optimization tools to fine-tune
pyrohydrolysis conditions for fluorine
extraction, correlating the findings with
corrosion risks in thermal power plants.
Further bromide and iodide were
determined in bottom ash and fly ash from
multiple thermal power plants using
pyrohydrolysis followed by ICP-MS. The
matrix elimination capacity of the
technique allowed reliable detection of
halogens at trace levels, aiding
environmental monitoring and regulatory
compliance [43].
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Geological Reference Materials and
Sediments: Several studies have used
pyrohydrolysis to certify geological
reference materials. Sekimoto and Ebihara
applied both pyrohydrolysis and
radiochemical neutron activation analysis
(RNAA) to determine halogen content in
bauxite, granite, and feldspar standards
[34]. They reported improved iodine
recoveries when using V205 as a flux,
especially at 1060°C for 15 minutes,
supporting its suitability for routine
geochemical applications.

Pagea et al. used pyrohydrolysis to explore
halogen behavior in subducting slabs,
extracting F, Cl, Br, and | to study their
mobility during subduction [44]. S. Dai et
al. employed pyrohydrolysis-FISE (fluoride
ion-selective electrode) coupling to trace
fluorine in environmental matrices,
contributing insights into fluorosis
pathways [45].

Other notable contributions include halide
analysis in magmatic apatites, sediments,
cement, and clay [46-48]. Pyrohydrolysis
has consistently proven superior to
conventional acid digestion or alkaline
fusion in these matrices, especially in
reducing contamination and improving
detection limits.

Food, Pharmaceuticals,
Samples

and Biological

Need for Halide Control: In pharmaceuticals
and food-grade materials, halide content
must be strictly
regulated due to their potential toxicity,
interactions with active pharmaceutical
ingredients (APIs), and degradation of
excipients [49-51]. Fluoride, while beneficial
in trace amounts (e.g., in toothpaste), is
toxic at elevated levels and must be
carefully monitored in food, water, and
supplements [52, 53]. Chloride levels also
impact osmotic balance, ionic strength, and
bioavailability in biological matrices [54].

Application of Pyrohydrolysis: Owing to its
robustness, pyrohydrolysis is now being
adapted for biological and pharmaceutical
samples, particularly in regulatory contexts
[65-57]. With modified setups and low-
temperature decomposition (for
thermolabile samples), fluoride and chloride
can be reliably extracted and quantified.
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Nuclear material Analysis

Maintaining chemical purity in nuclear
fuels is essential, as trace levels of halides
like fluoride and chloride can corrode
cladding materials. Specification limits are
stringent in the case of nuclear fuels and
reactor materials: for instance, the UO2 and
(U,Pu)O2 mixed oxide fuels, F and ClI must
not exceed 10 and 15 ppm (thermal
reactors) whereas for the mixed carbide
fuels, limits are 10 ppm (F) and 20 ppm
(CI. In cladding materials, CI must be <25
ppm for Zr-Nb alloys and <30 ppm for
Zircaloy.

Several authors have reported effective
strategies for the determination of fluorine
and chlorine, in complex nuclear fuel
matrices using pyrohydrolysis coupled with
IC.

A study carried out by Mahajan et.al. [11]
outlines a pyrohydrolysis based method to
determine halides in UO2 and (U,Pu)C fuels.
Using moist oxygen and heating at 900-
950°C, the halides were separated
efficiently. spectrophotometric method and
ion selective potentiometric method were
standardized for the determination of
chloride and fluoride, respectively.
Precision tests on a sintered uranium oxide
sample showed consistent results, with
fluoride averaging 10.5+0.6ppm and
chloride 6.5+1.6 ppm, each with a 6% RSD
over 15 trials.

In a similar study [58], authors investigated

the pyrohydrolysis method for the
separation of F and Cl from U-Zr and U-Pu-
Zr alloy nuclear fuels. The work

emphasized the significance of the carrier
gas environment in achieving complete
decomposition of the fuel matrix. While
pyrohydrolysis using moist argon required
60-90 minutes to ensure complete halide
removal, moist oxygen as a carrier gas
facilitated complete pyrohydrolysis at 900°C
within just 30 minutes (figure 6 and 7).
This improvement was attributed to the
formation of a-Us0s in an oxidizing
environment, which enhanced matrix
breakdown. The study demonstrated halide
recoveries exceeding 90% under optimized
conditions and further showed that the
method could be extended to U-Pu-Zr
alloys, thus highlighting its applicability
across metallic fuel systems. The Data
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%S.D. for ClI was 3.04% and for F was
3.97% (n=5) for a U-Zr alloy sample
subjected to the developed method. Table 3
represents F and Cl values determined in
some real samples.
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Fig.6. Recovery of F and Cl from a U-Zr alloy sample
as a function of pyrohydrolysis time period.
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Fig.7. Recovery of F and CI from a U-Pu-Zr alloy
sample as a function of pyrohydrolysis time period.

Table 3: Total fluorine and chloride contents,
determined in real U-Zr and U-Pu-Zr alloy samples
using pyrohydrolysis-IC.

Pyrohydrolysis followed by IC

samples F content Cl content
(ppm) (ppm)

UZr alloy-1 4.1+ 0.4 4.8+0.3
UZr alloy-2 3.6 +0.4 9.2+0.4
UZr alloy-3 5.0+0.3 8.3+0.5

UPuZr alloy-1 8.1+0.6 25.8+0.13
UPuZr alloy-2 2.9+0.2 6.4+0.4
UPuZr alloy-3 1.0+0.2 4.3+0.4
UPuZr alloy-4 1.6 +0.3 3.8+0.5

The upgraded research reactor APSARA-U
uses LEU as the fuel which requires the
use of high-density UsSi> fuel to maintain
reactivity. A robust analytical method was
developed for the simultaneous trace-level
determination of, chlorine and fluorine in
uranium silicide fuel [59]. The method
combines pyrohydrolysis for separation
with ion chromatography for quantification.
An isocratic ion chromatography procedure
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with optimized pyrohydrolysis conditions
enabled sensitive detection of these
impurities. Studies showed that moist
oxygen was a more effective carrier gas
than argon during pyrohydrolysis,
promoting the formation of low-density
UsOs, which expands the matrix and
enhances exposure to water vapor.
Recovery studies demonstrated that Cl and
F could be effectively recovered within 20
minutes of pyrohydrolysis at 1150 °C. The
recovery of F and Cl as a function of
pyrohydrolysis time period is represented in
figure 8.
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Fig.8. Recovery of F and CI from an UsSi> sample as a
function of pyrohydrolysis time period.

In addition to U and Pu containing
matrices, separation of F and Cl has been
also carried out from Th matrix using
pyrohydrolysis. The study by Pandey et al.
[60] presents a rapid and efficient method
for quantitative extraction of fluoride and
chloride from thoria based nuclear fuels
using WOz as an accelerator in
pyrohydrolysis. The method operates at
950°C with moist oxygen, significantly
lowering the usual temperature
requirements. lon chromatography was
used for simultaneous determination,
achieving over 92% recovery for both
halides with good reproducibility. As per
the study, compared to V,0s, WO3; showed
superior performance as an accelerator
without forming volatile or glassy residues.

These studies collectively demonstrate the
adaptability and reliability of pyrohydrolysis
for halide determination in challenging
nuclear matrices. This is also evident from
the ASTM C1502-09 standard test method
[61] which covers the determination of
chlorine and fluorine in nuclear-grade
uranium dioxide powder and pellets,
nuclear grade gadolinium oxide powder and
gadolinium oxide-uranium oxide (Gd2Os-

57

UO,) powder and pellets. With a 2 gram
UO, sample size the detection limit of the
method was reported to be 4 pg/g for
chlorine and 2 pg/g for fluorine.

Separation and Determination of Boron

Since 1959, [62] pyrohydrolysis has been
effectively employed for the separation and
determination of boron in various complex
matrices. One early method involved
pyrohydrolysis of a mixture of glass sample,
uranium oxide, and sodium metasilicate
nonahydrate in a platinum tube, with
boron quantified via mannitol-sodium
hydroxide titration. The same year,
researchers demonstrated the separation of
boron from metals and alloys like
zirconium, Zircaloy, stainless steel, and
boron carbide using a nickel apparatus [62-
64]. By 1964, pyrohydrolysis was
successfully applied to boron steel, where
the sample was pyrohydrolysed and boron
was collected in sodium hydroxide and
measured using mannitol-based coulometry
[65].

The potential of pyrohydrolysis for the
separation of boron from borosilicate
glasses was recognized based on two key
observations. First, boric oxide exhibits
significant volatility at the high
temperatures. Second, boric acid (HsBOs) is
known to readily undergo volatilization due
to its relatively low boiling point of
approximately 300°C (H3BOs; is formed
during pyrohydrolysis of B in presence of

water  vapor). These characteristics
suggested that pyrohydrolysis, which had
already proven effective for separating
volatile halides from various inorganic

matrices, could also be adapted for the
efficient separation and quantification of
boron from complex matrices. The pictorial
representation of B separation using
pyrohydrolysis is presented in figure
9.Volatilized boric acid can be easily
captured in an alkaline solution, which is
then suitable for quantitative analysis.

B, >1000° ('
0, H,BO,
B,Os  i000c
H:0¢
borate

Fig.9. Pictorial representation of the pyrohydrolytic
separation of B.
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Accurate determination of boron in nuclear
fuels is very important due to its strong
neutron absorption properties, which can
adversely affect reactor performance and
safety if present beyond permissible limits.
For instance, the specification limits for
boron in UO2 thermal reactor fuel is 0.3ppm
whereas the Fast Breeder Test Reactor
(FBTR) fuels is 4 ug/g, highlighting the need
for highly sensitive and precise analytical
techniques.

A reliable and sensitive analytical method
based on pyrohydrolysis and ion
chromatography has been developed for the
simultaneous separation and quantification
of boron, fluorine and chlorine in nuclear
fuel matrices such as U3Og, (U,Pu)C, and
Pu-alloys. The method involves initial
pyrohydrolytic extraction of B and
determination using ion chromatography
[66].

In this line an important application to
nuclear material is determination of percent
level B in B doped Zr-Nb alloy which is
used as neutron control rods in advance
nuclear reactors [67]. During the
fabrication of the material it is important to
determine the final B content specially its
distribution across the control rod. The
initial studies with pyrohydrolysis showed
that the matrix did not open at 1000°C
temperature (usually used for
pyrohydrolysis). The observed behavior was
due to the formation of ZrO, protective
layer. This may cause trapping of B present
in the interior of the matrix. Therefore
pyrohydrolysis was carried out at different
temperatures and it was found that the
opening of matrix requires a higher
temperature of 1200°C (for 1h) for complete
oxidation in presence of moist oxygen
carrier gas. The separated B was trapped in
a dilute NaOH solution as borate ion and
was analyzed using ion chromatography.
For IC analysis B was separated on an
anion exchange coumn using combination
of NaOH and d-mannitol as the eluent.

Similarly, Raut and et.al. [68] presented an
important application of pyrohydrolysis in
B determination in paraffin wax. Boron
compounds are effective in shielding
against high-energy neutrons, with borated
paraffin wax widely used in radiotherapy
and nuclear applications. To ensure
uniform boron distribution in waxes
containing boric acid or boron carbide, a
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pyrohydrolysis-ion chromatography method
was developed. Wax samples, mixed with
U3Og, were pyrohydrolyzed in moist O, at
950 °C for 60-90 min. Additionaly the
method was compared with an alkali-based
separation method. The Determination of B
in the pyrohydrolysis distillate was carried
out with IC as the boron-mannitol complex.

Separation of
pyrohydrolysis

Molybdenum using

Pyrohydrolysis is now evident that it is a
well-established, greener alternative for
separating non-metal analytes (e.qg.
halogens and boron) from sample matrices.
However, its application to metal
separations had not been previously
demonstrated. In a study, Mishra et al.
demonstrated a novel and environmental
friendly method for the selective separation
and determination of molybdenum from
solid uranium matrices using
pyrohydrolysis [69]. The technique relies on
the mechanism wherein molybdenum,
present in the uranium matrix, is converted
into MoOs.nHO at high temperatures
(around 1000 °C) in the presence of moist
oxygen. The MoOz;.nH2O thus formed has
high vapour pressure and can be volatilized
(figure 10).

The volatilized MoOs; is then efficiently
trapped in a dilute alkali medium and
quantified using ion chromatography,
which allows for detection at ppm levels.
The process achieved more than 95%
recovery of Mo across different uranium-
based samples such as UO,, and uranium
alloys. This was confirmed using a TGA,
XRD (figure 11) and by processing
standards with known Mo content.

0,

1P
Moy,

MoOs,,  MoO;.(H,0)
2100°0

¥ig)
HzO(g)

MoOQ ?

Fig.10. Pictorial representation of the pyrohydrolytic
separation of Mo.
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Accuracy of the developed method was
evaluated by analyzing a certified reference
material of UszOg (ILCE-4, Department of
Atomic Energy (DAE), Mumbai, India).
Finally the method was utilized in
determination of Mo in ADU samples. This
work not only extends the scope of
pyrohydrolysis from traditional halide and
non-metal analysis to transition metal
separation but also aligns with green
chemistry principles by avoiding the use of
concentrated acids or organic solvents.
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Fig.11: XRD patterns of UO2> and MoOz mixture
recorded after (a) 1/2, (b) 1, (c) 1 1/2, and (d) 2 h of
pyrohydrolysis. The downward arrow symbol indicates
a few major peaks for MoOs.

In this line it is also important to mention
that the capability of the pyrohydroysis
separation method can be utilized for the
simultaneous separation of analytytes

important in nuclear material analysis i.e.
F, Cl, B and Mo. Along with F and CI the
quantification of B and Mo in uranium
based fuels is essential due to their critical
roles in neutron economy and fuel
performance. Based on the simultaneous
separation of these analytes using
pyrohydrolysis, Mishra et al. [70] reported a
method for the simultaneous separation
and determination of B, Cl, F, and Mo in
uranium silicide fuel using pyrohydrolysis

followed by ion chromatography
determination. The pyrohydrolysis
conditions were optimized to ensure

effective separation of all target analytes
from the fuel matrix and a two-step
isocratic IC method was proposed for their
separation and determination. The method
allowed for trace-level quantification of B,
Cl, F (with detection limits of 0.5-0.6 ug/g),
and Mo (detection Ilimit of 2.5 ug/g).
Importantly, boron was cross-verified via
spectrophotometry, and molybdenum by
ICP-AES. To support such analysis using IC
a gradient elution method was also
proposed [71]. Where, all the four analytes
i.e. B, F, Cl and Mo in the pyrohydrolysis
distillate were separated and detected
simultaneously in a single IC run. By
enabling multi-element detection in a single
workflow, this approach reduces analytical
time (fig.13).

1)

.

MoO,*

I E—

cr
.
ey T

20

J
J

us

Time (min)

0.0 38 5.0

63 8.8

Fig.12: (a) chromatogram of pyrohydrolysis distillate of a real sample (2) Chromatogram of a standard anion
mixture containing, fluoride (0.5ppm), chloride (1ppm) nitrate (1ppm) and molybdate (5 ppm). Eluent: 15mM
NaOH, Flow Rate: 1ml/min. (b) Chromatogram of a standard anion mixture containing boron (1ppm), fluoride
(0.5ppm), chloride (1ppm) and nitrate (5ppm), Eluent: 5mM NaOH + 0.56M d-mannitol, Flow Rate: 1mi/min.
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Fig.13. Chromatograms with the optimized gradient elution program for (a) a mixed anion standard containing B(1
g/mL), F-(0.5 g/mL), CI-(1 g/mL), NOs~ (4 g/mL), SO42-(10 g/mL) and Mo0O42-(30 g/mL) (b) pyrohydrolysis distillate

of a root sample of rice plant.
Limitations and Challenges

Despite its numerous benefits,
pyrohydrolysis is not without limitations:

l. Sample throughput is relatively low
(1-2 samples/hour)

II. Temperature control is crucial -
underdone samples yield low
recovery

1. Incomplete recovery of analyte in
highly refractory matrices without

proper accelerants

V. Condensation or backflow of gases if
the gas path is not well-designed
V. Operator training is needed for

precise handling

However, many of these issues are being
progressively addressed through proper
modifications in design and methodologies.

Instrumental Constraints and Scalability

Traditional pyrohydrolysis setups rely on
open furnace systems or quartz combustion
tubes, requiring manual sample loading,
precise  temperature regulation, and
controlled moisture flow. These setups are
often labor-intensive and prone to operator-
induced variability. Additionally, in nuclear
installations, manual handling of high
radioactive samples is impractical and
unsafe. In addition depending upon the
apparatus design there can be a restriction
to the maximum amount of sample that
can be analysed. To enhance the
applicability of pyrohydrolysis, research
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should focus on
directions:

the following future

e Automation and Miniaturization:
Advancement in robotics and engineering to
produce compact/scaled up, pyrohydrolysis
units suitable for glovebox or field
deployment.

e Hybrid Analytical Coupling: Integration
of pyrohydrolysis with detection systems
such as IC-MS (lon Chromatography-Mass

Spectrometry), ICP-MS, or fluorometric
sensors to improve selectivity and
sensitivity.

e Computational Modeling: Use of
thermodynamic and kinetic simulation
software to predict halide behavior,

optimize reaction pathways,
experiments more efficiently.

and design

Conclusions

The analysis of halogens and other volatile
non-metals in complex materials such as
nuclear fuels, geological samples, and
environmental samples is very important in
analytical chemistry. These elements affect
reactor safety, material performance, and
our understanding of natural processes.
Pyrohydrolysis is a wuseful and reliable
method for the separation and
determination of halogens, boron, and
other volatile elements in different types of
samples. Its main advantage is that it can
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release these elements directly from solid
samples using controlled heating, without
using hazardous chemicals. This reduces
the need to handle dangerous reagents and
lowers waste generation. This is especially
important in the nuclear field, where even
trace levels of halogen impurities can
compromise fuel integrity, accelerate
cladding corrosion, and ultimately affect
reactor safety. In environmental and
geological studies, pyrohydrolysis combined
with suitable detection methods helps in
accurate measurement of halogens and
boron in soils, sediments, and minerals.
This supports studies on pollution,
groundwater quality, and geochemical
processes. Recent developments, such as
the use of accelerator based methods, have
improved the technique further. These
advances allow better recovery of analytes
from complex matrices that are otherwise
difficult to analyze. Innovations in
apparatus design and process optimization
are expected to broaden its applicability to
increasingly complex matrices. Thus,
pyrohydrolysis remains an indispensable
green separation method at the intersection
of nuclear science, environmental studies,
and analytical chemistry.
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