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ARTICLE INFO ABSTRACT

Editor name: M Freire The fractionation of lithium isotopes is of great importance to the nuclear industry. Solvent extraction (SX)

methods using benzo-15-crown-5 ether (B15C5) are one of the more mature and easily scalable technologies to

Keywords: achieve this. However, the isotopic enrichment () possible for SX has not been significantly improved for >40
Fu;]“m years. Here, we present an investigation into a novel three-phase (liquid-liquid-solid) system, combining B15C5,
Lithium

dissolved in an imidazolium ionic liquid, with two organosilicas with ethyl/butyl phosphonic acid (EBPsil) and
sulfonic acid (SULFsil) functional groups. The aqueous Li mass transfer was investigated, initially in two-phase
systems, which suggested that Li was favourably extracted as complexes involving two of the extracting ligands.
The B15C5 organic phase produced the highest distribution coefficient (Kp), followed by SULFsil. In three-phase
experiments, it was found that increasing the effective ligand concentration in either the liquid or solid phase
increased Li transfer into that phase, but not at the expense of transfer into the other non-aqueous phase. Li
extraction could not be well controlled by initial aqueous pH, due to buffering by contact with the ionic liquid in
the organic phase. The addition of Mg2+ as a competing ion was strongly suppressive for solid-phase adsorption,
but not SX. A maximum « of 1.035 + 0.004 was achieved for ®Li enrichment in the organic phase, at a Li/B15C5
ether molar ratio of ~2.5. Surprisingly, increasing the organosilica mass in the system appeared to enhance the
value for the organic phase, which is contrary to almost every other study involving Li isotope fractionation via
cation-exchange. This result was believed to be due to the hydrophilicity of the silica-based matrix and suggests
that a pathway is possible to significant improvement in isotope fractionation efficiency, using a three-phase
methodology.

Isotopic enrichment
Solvent extraction
Ion-exchange
Crown ether
Organosilica

1. Introduction

Elemental lithium naturally occurs as two stable isotopes: lithium-6
(°Li) at a natural abundance of 7.5% and lithium-7 (’Li) at an abundance
of 92.5%. There is substantial interest across the nuclear industry in
separation and enrichment of lithium isotopes. In fission plants, ’Li, at
99.95% enrichment, finds a use in pressurised water reactors (PWRs) as
a coolant pH modifier (at ~2 mg L’l), preventing corrosion [1]. It is also
projected to be important in next-generation molten salt reactors
(MSRs), as certain designs utilise LiF as the principal salt component [2].
In both cases, the attractive feature of "Li is its low neutron absorption
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cross-section.

On the other hand, °Li is of seminal importance to developing fusion
technology. While having no direct role in the fusion reaction, 5Li is used
to establish tritium breeder blankets, by reaction with slow neutrons, in
the reaction: °Li + 'ngow — “He + 3T (+ 4.8 MeV). Technical estimates
on the actual °Li enrichment necessary for this purpose vary between 30
and 90%. However, all sources agree that a process for procuring °Li, at
tonne scale, is urgently required within the next 15 years [3]. Currently,
there is no large-scale provision for this need in Europe.

Elsewhere in the world, lithium isotopic separation is achieved by
the COLEX (COLumn EXchange) process, used at the Oak Ridge Y-12
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National Security Complex in the US on an industrial scale in the 1950s
and 1960s [4]. COLEX is based on contacting an aqueous LiOH phase
with liquid Hg amalgam, and because of historical environmental re-
leases and extreme toxicity of Hg to health and environment, the
methodology is not considered feasible to implement in many countries
[5].

An economically viable chemical lithium isotope splitting process
requires relatively high values for both the distribution coefficient (Kp,
Eq. 1) and more importantly, the isotopic enrichment factor (o, Eq. 2):

Kp = [Li(solv)]
[Limq) ]

. [GLi{sozv) 1/ [7Lf<sozv>] o)
[6Ll(aq) ]/ [7Ll(aq) }

[Licsony] is the Li concentration in the non-aqueous phase at equi-
librium (mg L’l, or M) after the forward-extraction and [Lirg] the
equilibrium Li concentration in the residual aqueous phase (mg L™}, or
M) after the forward-extraction. [6Li(mh,)] refers specifically to the 6L
concentration in the non-aqueous phase and so on for the similar terms
in Eq. 2. The equations are equally applicable to liquid-liquid and liquid-
solid separation processes. The a parameter for the COLEX process has
been quoted as ~1.020-1.050 across literature sources [6]. More
recently, new approaches have been developed, to attempt comparable
separation in a more safe and sustainable manner. These have included
electrochemical insertion [7], electromigration [8], direct centrifuga-
tion of aqueous solutions [9] and selective bioaccumulation of oLi by
algae [10]. Nonetheless, for confidence in scalability, the chemical
separation processes of adsorption and solvent-extraction are popular
choices, as they have both been widely demonstrated industrially for
hydrometallurgical applications and specifically for the reprocessing of
spent fission fuel rods [11] (albeit not yet for the purpose of Li isotope
separation).

For conventional (non-isotopic) Li hydrometallurgy, the most com-
mon extracting ligands are p-diketones and phosphines [12]. However,
they are not isotopically selective. The only extractants to exhibit such
selectivity so far have been crown ethers and cryptands. The selectivity
of 12-crown-4 (12C4), 15-crown-5 (15C5), 18-crown-6 (18C6) and
cryptand 2B, 2, 1 systems for °Li was first studied in the 1980s by
Nishizawa and co-workers [13-16]. However, only the crown ethers
have merited sustained investigations, likely because of more facile
synthesis and greater availability. The highest a value ever reported for
such systems was by Nishizawa in 1988 for solvent-extraction via 12C4
in chloroform (1.057). Nonetheless, this achievement is of questionable
real-world value, as it was recorded at 0 °C, accompanied by an
extremely low Kp, value of 2 x 10> and used a partially water-soluble
crown ether. In later years, benzo-15-crown-5 ether (B15C5) has
become preferred, offering slightly poorer a, but superior Kp and the
addition of the aromatic moiety improves organic phase solubility
[5,17].

The addition of imidazolium-based ionic liquids (ILs) to the organic
phase has also been widely investigated more recently, especially those
of the general formula [Cymim][NTf2] (n = 4-12), with n indicating the
number of carbons on the imidazolium sidechain. ILs boost the overall Li
extraction by ionising the organic phase, while maintaining hydropho-
bicity. It has been shown that the extraction mechanism is cation-
exchange between Li" and Imidazolium™. This results in a neutral
organic phase complex of, Li*, the crown ether ring and the IL anion,
which is a more favourable ion-pairing in the organic phase than Li™,
crown ether and the anion from the aqueous phase Li salt [18]. Despite
this, IL-based organic phases often (though not always) decrease the
crown ether selectivity for SLi versus the classical halogenated solvents
first used (examples in Supplementary Information (SI), Table S1
[5,16-20].

Authors have also shown that the choice of counter-anion in the
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Separation and Purification Technology 389 (2026) 136835

aqueous Li salt is also a meaningful parameter, with larger, more hy-
drophobic cations, such as iodide and bis(trifluoromethane)sulfon-
amide, producing more favourable mass transfer of the Li/crown ether™
cations to the organic phase than harder bases, such as nitrate and
chloride [13,19]. Since OLi is a more hydrophobic cation than 7Li, the
effect is more pronounced and can produce increased isotopic selectivity
in the organic phase [21]. Zhang and co-workers showed that matching
the anion of the Li salt to that of the organic-phase ionic liquid (NTf5)
produced more favourable extraction than other anions and may also
serve to simplify downstream processes (recovery of the ionic liquid)
[21]. Again, see Table S1.

It is also a known strategy to immobilise crown ethers onto a solid-
phase, creating a ®Li-selective adsorption system. This has been ach-
ieved with a solid matrix of silica, with o values of 1.013-1.046 [22,23].
Organic polymeric supports have also been trialled with crown ethers
grafted onto polysulfone (@ = 1.031) [24] and biopolymers such as
chitosan (o = 1.036) [25]. Nonetheless, liquid-solid systems perform
optimally at rather low flow-rates [6], which currently restricts their
real-world applicability. Clearly overall, neither liquid-liquid, nor
liquid-solid crown ether systems currently offer the step-change in
process efficiency necessary for universal acceptance over COLEX type
methods.

A potential strategy is to combine three different phases (liquid-
liquid-solid) in a single contact stage, with one non-aqueous phase being
SLi-selective and the other being ’Li-selective, the objective being
enhancing the a value above what is currently feasible for two-phase
models. This would offer a potentially huge reduction of the carbon
footprint of the isotopic enrichment plant, as fewer contact stages would
be required to reach the desired °Li enrichment ratio. Furthermore, the
engineering options to allow implementation at scales beyond labora-
tory are already available, in the form of centrifugal tricanters, which
can simultaneously separate two liquid and one solid phase. Nonethe-
less, this strategy is a difficult undertaking, as there are very few
chemical species known to be selective for “Li isotopes. A rare exception
is a ruthenium based 12-metallocrown-3 complex, which was shown by
Severin and co-workers to preferentially coordinate the more massive
7Li ion by sterically hindered access to the binding site [26]. Before such
a process can be designed, it is necessary to fundamentally investigate
the particulars of Li mass-transfer in a liquid-liquid-solid system.

This paper therefore presents what is believed to be the first attempt
at studying lithium partitioning behaviour in a three-phase system. We
chose a popular solvent phase of B15C5 ether and a commercially
available  ionic  liquid  1-butyl-3-methylimidazolium  bis(tri-
fluoromethylsulfonyl)imide ([BMIm][NTf,]), also using anisole as a
diluent to reduce viscosity and facilitate pumping [20,27]. For the solid
phase, organosilicas were an attractive choice, as they feature a small,
yet consistent particle size, which is important for efficient column
packing (though no hydrodynamic experiments would be attempted at
this stage) and to minimise the mass-transfer resistance reported in Li
isotope separation by column systems [28]. They are also commercially
available, with a consistent functional group concentration, improving
the repeatability of data. The results reported herein, we believe, are of
significant relevance to the field of Li isotopic separation.

2. Materials and methods
2.1. Chemical reagents

All reagents used were commercially available from UK vendors and
were employed without further purification. Anisole (>99%) and hy-
drochloric acid (J.T. Baker grade, 99.99%) were purchased from Fisher
Scientific. B15C5 (97%) and [BMIm][NTf;] (>98%), were purchased
from Selleck Biotechnology. LiCl and MgCl, (>99%) were purchased
from Flurochem.

Two different organosilicas, in dry, granular form, were supplied by
PhosphonicS Ltd. These were ethyl/butyl phosphonic acid silica (EBPsil)
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and ethyl sulfonic acid silica (SULFsil). The former has been noted by the
manufacturer to exhibit high selectivity for Li* ions in mixed-metal
solutions for hydrometallurgical applications, while the latter is a
more general-purpose functionality for a wide range of ion-exchange
applications. The different components of the extraction systems are
shown in Fig. 1.

Unlike most adsorption studies, we did not use an equivalent mass of
adsorbent across compared experiments. Rather, the masses of each
silica were chosen so that the effective functional group concentration
was equivalent. This allowed a direct assessment of the relative affinities
of the phosphonic acid and sulfonic acid groups for aqueous Li. The
manufacturer-quoted functional group concentrations for the EBPsil and
SULFsil, as received, were 1.14 and 0.95 mmol g~! respectively.

2.2. Li partitioning experiments

An initial aqueous phase was made up by dissolving LiCl in the
required volume of deionised water. Adjustments to initial pH, as
required, were achieved by addition of HCI or NaOH (0.0001-0.1 M),
but pH was not controlled during the phase contact. Likewise, the
organic phase was made up by dissolution of a certain mass of B15C5 in
a co-solvent of [BMIm][NTf5] and anisole (1:9 v/v ratio). In most cases
(unless varying the [B15C5] or quantity of solid-phase functional groups
was the subject of the experiment), the [B15C5] was chosen so that the
number of mmol B15C5 in the system matched the number of mmol of
phosphonic acid or sulfonic acid ligand in the solid phase. The initial Li
and B15C5 concentrations were chosen to allow accurate quantification
of the mass of Li transferred between phases and it is accepted that these
would not be representative of an isotopic enrichment plant.

All experiments were performed in duplicate. The two liquid phases
were added to 50 mL polypropylene tubes, containing a pre-weighed
mass of the organosilica. The three-phase system was equilibrated for
60 min, at 850 rpm, using an Eppendorf SE ThermoMixer® C with
Smartblock™ Thermoblock accessory, set at 25 °C unless otherwise
stated. Li partitioning in crown ether systems is generally acknowledged
to be very rapid to reach equilibrium (seconds, rather than minutes)
[13] Therefore the kinetics of Li adsorption via the organosilicas was the
limiting factor in the experimental timeframe. From studies on ion-
adsorption by similar materials [29] these systems are known to reach
>95% equilibrium within 60 min.

The two liquid phases were allowed to disengage (~20 min), after
which the upper (aqueous) phase was removed by pipette and an aliquot
of the organic phase was back-extracted, to transfer the organic Li back
into an aqueous phase for analysis, achieved by contact of 1.00 mL Li-
loaded organic phase with 20.0 mL 0.5 M HCIl and otherwise followed
the same technique as the forward extraction. It was ascertained by a
repeat of the process that all organic Li was back-extracted successfully
in this way.

The barren aqueous phase and back-extracted organic phase could
then be analysed for overall Li concentration. The back-extracted
organic phase after certain experiments was also analysed for the Li6/
7 isotopic ratio to determine the extent of °Li enrichment that occurred.
The overall partitioning of Li between the phases in three-phase
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experiments was worked out by mass-balancing:
Liad.s = Liaq,initiul_Liaq.equilib_Liorg (3)

where Liqqs is the equilibrium Li mass in the solid phase, Liqg, inirial is the
initial mass in the aqueous phase, Lisg equiiip the mass in the aqueous
phase after equilibration and Liyrg the equilibrium mass in the organic
phase. Kp and a were calculated as per Egs. 1 and 2. Uncertainty values
were calculated from an approximation of the 95% confidence interval
(2 x standard deviation) and propagated as necessary.

2.3. Quantification of total li mass transfer and Li6/7 isotopic ratio

Quantification of the total Li concentration in aqueous samples was
performed using flame atomic absorption spectroscopy (AAS). Li iso-
topic ratio of aqueous samples was achieved using inductively coupled
plasma mass spectrometry, using a certified reference material and a
specific mode of analysis, to mitigate mass bias effects. Full methods and
ICP-MS method development are found in the SI, p2).

It must be noted that data treatment for three-phase experiments
used a modified version of Eq. 2 (Eq. 4):

_ Loy |/ [7Lisot)] @

* [6Liges) |/ [7Li(res) |
where [6Li(res)] and [/ Ligres)] refer to the respective residual (non-solvent
phase) isotopic concentrations (mg L’l), which are cumulative values,
taking into account both the aqueous and solid phases (i.e. the actual
individual isotopic ratios of the aqueous and solid phases are not
determined from this equation).

2.4. Modelling of Li adsorption data

The focus of this work was investigations of the three-phase system.
However, Li uptake has not been reported previously for these two
specific organosilicas. Therefore, it was of interest to produce funda-
mental isotherm data for two-phase liquid-solid systems. These data
were fitted to isotherm models introduced and described in the SI, p5.
[30-33] Non-linear least squares fitting was used, employing the
Microsoft SOLVER data analysis tool. Uncertainty values were calcu-
lated using the Microsoft Solvstat add-in [34].

3. Results and discussion
3.1. Two-phase experiments

Two-phase (liquid-liquid and liquid-solid) systems were assessed,
with varying initial concentrations of Li and an equal number of mmol
ligand/functional group (Fig. 2). All three systems showed a gradual and
approximately linear increase in Li removal from the aqueous phase,
corresponding to increasing initial Li concentration, with the crown
ether-based liquid-liquid system showing greater affinity for Li than the
two silicas (Fig. 2a) and adsorption for SULFsil seemingly approaching
monolayer saturation (Fig. 2b-d). The seeming greater affinity of the

Fig. 1. The molecules and functionalised adsorbents used to conduct the reported Li separation experiments. (a) Benzo-15-crown-5 ether (the extracting ligand in the
organic phase). (b) 1-Butyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide ionic liquid (the organic phase modifier to increase bulk Li extraction). (c)
Anisole (the organic phase diluent). (d) Ethyl sulfonic acid-functionalised silica. (e) Ethyl/butyl phosphonic acid-functionalised silica.
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Fig. 2. Mass transfer of Li in two-phase systems. (a) Variation of Li distribution coefficient with initial [Li] for all systems. (b) Variation of Li distribution between
aqueous and organic phases with increasing initial Li (20 mL aqueous phase, 7.5 mL organic phase [B15C5] = 13.3 mmol LY. (o) Li loading isotherm and model-
fitting for EBPsil (20 mL aqueous phase, silica mass = 88 + 1 mg). (d) Li loading isotherm and model-fitting for SULFsil (20 mL aqueous phase, silica mass = 105 + 1

mg). In (b-d), datapoints where the initial Li/ligand molar ratio was 0.5 are circled in blue.

crown ether for Li can be ascribed mainly to the ionic liquid in the
organic phase, which has been shown to increase the Kp value of the
extraction by orders of magnitude (Table S1). An interesting feature of
the data for all systems is a significant spike in the Kp value at the point
where the initial aqueous Li concentration is approximately half that of
the ligand concentration, indicating a favourable binding interaction
(most obvious in Fig. 2a). It is well-known that Li* ions form stable
“sandwich complexes”, where the ion coordinates simultaneously to two
crown ether rings [35]. The favourability of sandwich complex forma-
tion is somewhat complex and influenced by choice of solvent and Li salt
anion [36]. However, Xiao et al. [27] found evidence that such com-
plexes are preferentially formed in a B15C5/IL system, even when the
ligand concentration remains below that of Li [27]. We were not able to
find any literature examples of instances where Li extraction is specif-
ically boosted at a crown ether: Li ratio of 2:1. This is because the ma-
jority of other researchers have not presented data over a full range of
crown ether:Li ratios, but rather choose to keep either the crown ether or
Li concentration much higher than the other component across the

experimental range [18,37,38].

It appears that in liquid-solid systems, the most stable complexes
formed are also between Li" ions and two adjacent functional groups.
This behaviour frequently occurs in ion-exchange media [29,39],
though is not always observable from isotherm data.

Because of the suspected 2:1 ligand:Li" binding behaviour, none of
the six isotherm models employed provided an excellent description of
the solid-phase uptake data (Fig. 2c&d, Table S4). For both silicas, the
Brunauer-Emmett-Teller (BET) model provided the best R? value
(EBPsil = 0.985, SULFsil = 0.961). However, this is likely a result of the
anomalous datapoints previously mentioned where the Li/ligand molar
ratio is ~0.5. This gives the isotherms, particularly for EBPsil (Fig. 2c),
the superficial appearance of adsorption proceeding in discrete mono-
layers. If we discount these anomalous datapoints, It can be seen that the

adsorption of Li by EBPsil produces an almost linear isotherm, implying
weak physisorption, whereas SULFsil produces a parabolic isotherm
more suggestive of chemisorption. This is shown by the Freundlich R?
values (EBPsil = 0.981, SULFsil = 0.857) and the Dubinin-Radushkevich
(D-R) desorption energies (EBPsil = 7.25 kJ mol_l, SULFsil = 10.9 kJ
mol™Y). In fact, the affinity of SULFsil for Li is rather better than might be



T.J. Robshaw et al.

predicted, as there are literature reports of Li uptake by sulfonic acid
strong acid cation ion-exchange resins, where the affinity is very low and
a Freundlich type isotherm is produced [40]. However, in this example,
the resin was in its Na* form (sullfonic acid resins having higher affinity
for Na' than Li") [41], whereas the silicas were supplied in free-base
form, which would make for more favourable adsorption. The sulfonic
acid group in general is a strong acid cation and this belies its use in non-
selective water deionisation applications. Phosphonic acid is a weak
acid, chelating functionality and is likely better suited to multivalent
cations that can coordinate via two oxygen atoms. This may explain the
isotherms observed in this case. However, an aminomethylphosphonic
acid polymeric resin was seen to uptake Li strongly, following a Lang-
muir isotherm [42]. Previous work has suggested that the chemistry of
the adsorbent matrix is strongly influential to the performance of a
specific functional group [43] and this will be discussed with respect to
isotopic enrichment data.

3.2. Three-phase experiments

Several parameters were selected for investigation in three-phase
experiments, to probe their effects on the overall Li partitioning. A full
dataset is shown in the SI, p8-12. The clearest changes to Li partitioning
behaviour were effected by either changing crown ether concentration,
or silica mass, akin to changing the sulfonic acid or phosphonic acid
concentration (Fig. 3). An interesting feature of the data is that

EBPsil

Li distribution (%)

(b)

(a)
96
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76
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~
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increasing the effective ligand concentration in either the solid or
organic phase produced a higher equilibrium Li concentration in this
phase (as would be expected). However, it did not significantly reduce
the Li concentration in the other non-aqueous phase, i.e. the two
different Li extraction processes are non-competitive. In the case of
changing [B15C5] (Figs. 3a&b), the likely explanation is simply that the
overall extraction into organic phase remains quite low, reaching only
14.7% (Table S5). The effect on the concentration gradient is probably
just too subtle to be seen in the solid-phase adsorption data. This is likely
because the silica isotherm data clearly show that the adsorption is
relatively weak and not irreversible. For example, the calculated Lang-
muir Ry, values (Table S4a) are all >0.7.

Previous literature has illustrated that the kinetics of Li mass-transfer
into a B15C5-containing organic phase are very rapid, reaching equi-
librium in <10 s [13], whereas ion-exchange of metal ions by these
organosilicas takes >1 h [29] This may explain why the extraction into
the organic phase remains constant, even with large masses of silicas
(Figs. 3c&d).

This has implications for design of a potential Li isotope fractionation
plant: ligands with low overall Li affinity, but high isotopic selectivity
(such as 12-crown-4 ether [16]) could become more favoured, if one can
increase their concentration significantly, without greatly affecting Li
mass-transfer into the other non-aqueous phase.

Increasing the mass of SULFsil in the system had a far greater effect
than for EBPsil (Figs. 3c&d). This can essentially be attributed to the

96
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0.0067 0.0266 0.0655 0.133 0.266
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Fig. 3. Li partitioning behaviour in three-phase systems, expressed as overall distribution percentages between the phases. (a) Effect of [B15C5] variation with EBPsil
solid phase. (b) Effect of [B15C5] variation with SULFsil solid phase (Initial [Li] = 1000 mg LY. (¢) Effect of silica mass variation with EBPsil solid phase. (d) Effect

of silica mass variation with SULFsil solid phase (Initial [Li] = 50 mg Lh.
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same characteristics as given in the discussion on two-phase liquid-solid
experiments).

Other three-phase system parameters investigated included the
organic phase volume, pH, temperature and the addition of a secondary
ion (Mg2+), which has a similar hydrated ionic radius to Li* and is a
potential competitor for binding sites in extraction processes [44].

Increasing organic phase volume (Fig. S1), unlike increasing
[B15C5], did adversely affect Li mass-transfer onto the solid phase. This
is explainable because aqueous Li* ions are strongly solvated and the
desolvation energy required for adsorption is considerable [45].
Therefore, the degree of hydrophobicity of the adsorbent particle film
layer will be influential. Merely increasing the [B15C5] in the organic
phase will not greatly affect the composition of the film layer, but
increasing the organic phase volume would likely impact the des-
olvation energy, because a greater proportion of organic phase is in
contact with the adsorbent particle surface, under rapid mixing. A
related phenomenon has been observed in two-phase systems where
increasing the hydrophobicity of the aqueous phase by DMSO addition
improves mass transfer [16].

Variation of initial pH of the aqueous Li solution surprisingly had no
clear effect on Li partitioning either to the solid or the organic phase
(Fig. S2). Upon checking the equilibrium pH of the aqueous phases post-
contact, this was likely because the pH was consistently buffered to
~2-2.5, regardless of initial pH (Table S6). We investigated this by
checking post-contact pH in two-phase experiments and it was found
that contact with the silicas altered pH by only a small amount (changed
from 6.1 to ~5.8), whereas contact with the anisole/IL/B15C5 organic
phase produced similar acidification to that seen in the three-phase data.
It was also noted that acidification occurred when only deionised water
was used, as well as LiCl solution. The IL type used here is known to
exhibit some weak acidity, as the imide anion is capable of accepting a
Lewis base: the closely related 1-ethyl-3-methylimidazolium bis(tri-
fluoromethylsulfonyl) imide was investigated for acidity by analysis of a
1% aqueous solution, which was found to reach a pH of only 6.5,
although other similar ionic liquids were more acidic [46]. The data are
of interest because the favourability of Li mass-transfer is sensitive to
pH. Protons can compete for ion-exchange sites on almost all acidic
functional groups, especially against low-affinity monovalent ions such
as Li* [41], while the standard methodology for solvent back-extraction
essentially involves contact with an acidified aqueous phase [20,35]. In
light of these results, it seems that most crown ether/ionic liquid Li
extraction systems reported in the literature may be operating sub-
optimally, as there is seldom any attempt to control pH [17,38].
Notably, the SULFsil samples reached a lower pH than EBPsil samples
(Table S6). This is likely because contact with the organic phase would
have acidified the silica functional groups and these protons would then
be exchanged for Li" ions, releasing protons into the aqueous phase.
SULFsil exchanges more Li* ions in total (Figs. 2&3), so this effect would
be greater.

The results also show that Na™ ions also had no significant effect on
the Li partitioning between the three phases. This is unsurprising
because (a) in the case of the organic phase, 15C5-type ethers are se-
lective for Li ions over Na [47] (b) Even in the case of the organosilicas,
where the functional group would not be expected to have such selec-
tivity, the concentration of aqueous Na ions at pH 10 would be ~0.1
mmol L1, whereas the initial Li concentration would be ~144 mmol
L™L. Therefore any interference from Na ions would be insignificant. The
pH could not be increased further in our experiments, as this would
hydrolyse the silicas.

The effect of Mg?" addition to the system was also interesting, as it
significantly decreased Li mass-transfer to the solid phase, but not
transfer to the organic phase (Fig. $3). Mg?* would be expected to
compete strongly with monovalent ions with common strong acid cation
functionalities, simply because of greater charge density [41], while the
phosphonic acid group has generally good affinity for alkali earth metals
[29]. In contrast, the B15C5 ligand retains selectivity for Li", despite the
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very similar radii of the two ions (Li* = 0.68 A, Mg®" = 0.66 A). This
was not expected, as both computational and experimental data suggest
that Mg?* affinity for the family of 15C5 type ethers is greater than Li*
[48]. It is probable that the seemingly high affinity of the silicas for
Mg?* reduces Mg competition with Li* ions for B15C5 binding. But
this cannot be the full explanation, as the Li partitioning to the organic
phase was unaffected even at an Mg concentration of 3500 mg L™ (1.44
mmol per sample), whereas only 0.1 mmol of silica ligand was present
per sample. Interestingly, it has been proposed that increasing the pos-
itive interfacial charge of a hydrophobic phase enhances Li* mass-
transfer over Mg2+ [49], because the more charge-dense ions are more
strongly repelled electrostatically. Therefore, the acidic organic phase in
this instance may be causing a similar effect. This suggests an alternate
use for a three-phase system for applications where the goal is selective
separation of Li only from mixed brines, rather than Li isotopic
fractionation.

Finally, increasing the temperature of the system produced an easily-
observable trend of decreasing the Li extraction to the organic phase,
while no clear trend was observed between temperature change and
solid-phase adsorption affinity (Fig. S4). The complexing reaction of Li
by crown ethers has negative enthalpy and entropy [16] and therefore
the free energy would be expected to decrease in magnitude with
increasing temperature. Indeed, we produced Arrhenius plots to calcu-
late the thermodynamic variables (Figs. S5&S6). For the system
involving EBPsil, AH was —10.9 & 2 kJ mol™! and AS was —73.2 + 7 J
mol L. For SULFsil, AH was —10.5 + 0.3 kJ mol ! and AS was —70.9 +
1 J mol™l. These data suggest that, contrary to the appearance of
Figs. 2c&d, the presence of the different silicas do influence the
favourability of Li organic phase partitioning (albeit this is not certain,
because of the large uncertainties for the EBPsil values). As a general
rule for solid-phase adsorption, increasing temperature increases the
kinetics of ion-exchange, but decreases equilibrium uptake capacity
[50]. In previous work involving EBPsil, we have observed rapid uptake
kinetics, with adsorption essentially complete in <1 h [29,51]. There-
fore, kinetics should not be a relevant factor for these data. As such, the
substantially better performance of both silicas at 70 °C is unexpected
and merits further investigation.

3.3. Li6/7 isotopic fractionation

Isotopic analysis was conducted firstly, to confirm that the °Li
selectivity of the B15C5 organic phase was in line with previous litera-
ture reports on this widely-studied system. Secondly, to investigate
whether the addition of the solid phase, and accompanying functional-
ities, affected isotopic fractionation. As a point of comparison, we also
collected fractionation data for experiments in which the [B15C5] was
varied, as this parameter is well-known to influence the a value.
Figs. 4a&b show that the « values attained in these experiments are in
good agreement with those previously reported for crown ether/ionic
liquid based methods, which are generally ~1.025-1.035 (Table S1).
Our maximum value achieved was 1.035 + 0.004 and the full range of
values is shown in Table S7. It is seen that the optimal molar ratio of Li/
B15C5 for high a is ~2-5. A ratio below 2 favours the formation of the
less °Li-selective sandwich complexes [35]. However, a large molar
excess of Li, over B15C5 is evidently also detrimental to a, particularly
with the SULFsil system. A similar trend was observed by Demin et al.
[52] (although using much higher Li and B15C5 concentrations, the
molar ratios are not dissimilar) and was essentially put down to non-
selective (independent of crown ether complexation) partitioning of Li
into the organic phase, due to an increasingly favourable concentration
gradient. We conducted an experiment (Fig. S7) using some solvents
frequently seen in Li SX investigations, without crown ether addition,
which indeed confirmed some Li transferred to the organic phase, with
the co-solvent of [BMIm][NTf;] and anisole. The a values for Figs. 4c&d
are rather lower and reflect the lower initial [Li] (50 vs 1000 mg L’l),
meaning the Li/B15C5 molar ratio was <2.
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Fig. 4. Liisotopic fractionation data. (a) Effect of changing [B15C5] on both total Li organic phase extraction (diamonds) and enrichment of °Li in the organic phase
(crosses), with EBPsil solid phase. (b) Equivalent data with SULFsil solid phase. (c) Effect of changing solid phase mass on both total Li organic phase extraction
(diamonds) and enrichment of °Li in the organic phase (crosses), with EBPsil solid phase. (d) Equivalent data with SULFsil solid phase. All experimental conditions as

per Fig. 3.

A notable feature of these data is that, contrary to expectation, the
presence of the two functionalised silicas does in fact impact the a values
attained. This can be seen in Figs. 4a&b, where the presence of SULFsil
appears to enhance the relationship between increasing Li/B15C5 molar
ratio and decreasing a, rather more so than EBPsil (range = 0.0062 vs
0.0047). This distinction is likely due to differing hydrophobicities of the
functional groups. The Li isotopic fractionation effect in ion-exchange
processes (whether liquid-solid or liquid-liquid) is dependent on dif-
ferences in solvation energy [45]. Therefore, it follows that the addition
of a third phase in constant contact with the two liquid phases could
exaggerate or lessen those differences.

Even more remarkably, by increasing the mass of solid phase added,
for both silicas, we increased the attained a value by <0.003; i.e. the
silicas exhibited a preference for “Li uptake and therefore enhanced the
isotopic separation observed by analysing the back-extracted organic-
phase. This observation is tentative, because of the magnitude of un-
certainties in the measured « values. Nonetheless, for EBPsil in partic-
ular (Fig. 4c), the trend appears clear.

A thorough review of literature suggests it is very unusual for a solid-
phase ion-exchange medium, beyond the 12-metallocrown-3 species
previously mentioned [26] to exhibit selectivity for ’Li, whereas studies
involving strong acid cation-exchange resins have contrarily found that
the materials are °Li selective [45,53,54]. However, interestingly, a
study by Ooi and co-workers [55] investigated °Li enrichment in a solid-
phase, using a titanium phosphate as the active group. When this
functionality was embedded in an organic matrix (PVC), the isotopic
selectivity for ®Li was significant, but when embedded in an inorganic
matrix, the fractionation was not measurable [55]. Furthermore, it was
observed that in styrene-based resins, increasing the degree of cross-
linking (hydrophobicity) increased the preference of the resin for SLi

[53]. SLi has the greater hydrated ionic radius. Therefore, its charge
density is slightly lower and it is, by nature, more hydrophobic. In the
two-phase systems reported in the literature, the organic matrix of the
ion-exchange resin solid-phase would, of course, be the more hydro-
phobic phase and more attractive to 6Li ions. However, in our experi-
mental systems, the ionic lattice of the silica, particularly with the
presence of acidic functional groups, not to mention surface silanol
groups, would not be more hydrophobic than the anisole/[BMIm][NTf,]
organic liquid phase and may in fact be sufficiently hydrophilic to prefer
7Li ions. The effect is slightly greater for SULFsil because, as previously
mentioned, the strong acid functional group would be fully ionised,
rather than partially ionised during phase-contact [41], rendering it
more hydrophilic. As such, it is proposed this is the mechanism by which
5Li enrichment in the organic solvent phase is enhanced. We have pre-
viously observed how silica-based extractants exhibit very different ion
uptake behaviour, compared with analogous ion-exchange resins [51].

Future experiments will be run to explore this hypothesis further.
These will include testing for any isotopic fractionation in two-phase
only systems (aqueous and silica) and modification of the organic
phase to increase or decrease the hydrophobicity, which could be ach-
ieved by changing the [BMIm][NTf»] percentage in the solvent. It is also
important for future work to progress towards industrially realistic dy-
namic experiments. These must be executed in such a way as to ensure
adequate mixing and residence time for contact of all three-phases, plus
a means of separating the phases after contact. Notwithstanding the use
of the centrifugal tricanter previously mentioned, a potential setup is
shown in Fig. S8, incorporating a simpler agitated tubular reactor (ATR)
design. This would immobilise the solid phase within the reactor tube,
through which the two liquid phases are pumped. Mixing would be
achieved by rapid lateral agitation of the reactor.
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Although our conclusions regarding the lithium isotopic separation
potential of a three-phase system are made cautiously, the evidence does
suggest that a silica-based ion-exchanger is an inherently appropriate
adsorbent matrix for design of a three-phase system for Li isotopic
separation and this has implications for the future research direction for
such systems.

4. Conclusions

We have investigated for the first time a ternary system, with a view
to potential fractionation of lithium isotopes, for supply to the nuclear
industry. An organic phase, containing B15C5 ether and [BMIm][NTf5]
ionic liquid was assessed alongside two solid-phase organosilicas with
phosphonic acid and sulfonic acid functionalities (EBPsil and SULFsil).
In comparative two-phase experiments (liquid-liquid and liquid-solid),
the organic phase was found to have higher overall affinity for Li,
with a maximum distribution coefficient (Kp) of ~0.6. All extractants
showed improved Li affinity at a molar ratio of 2 (ligand/Li), attributed
to the formation of 2:1 complexes with Li" ions coordinated between
two crown ethers or functional groups. In modelling of solid-phase
adsorption data, both silicas displayed gently sloping isotherms, with
SULFsil displaying greater capacity and stronger adsorption behaviour.
In three-phase experiments, increasing the effective ligand concentra-
tion in the system (for either the solid or organic phase) increased the Li
extraction into that phase, though not at the expense of extraction into
the other competing phase. The initial solution pH had little effect on the
Li partitioning, which was found to be due to buffering towards a mildly
acidic pH by the organic phase. In contrast, addition of Mg?* ions was
detrimental to solid-phase adsorption, but not on the solvent extraction.
Furthermore, it was found that addition of the silica solid phase slightly
increased the °Li isotopic enrichment (@) in the organic phase, to a
maximum of 1.035, indicating that the solid phase was 7Li selective. This
is extremely rare for a Li ion-exchange process and was believed to be
because of the hydrophilic adsorbent matrix, increasing the selective
transfer of the more hydrophobic °Li isotope into the organic phase. As
such, we conclude that a silica-based material is an appropriate basis for
further investigations into Li isotopic fractionation in three-phase
systems.
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