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ARTICLE INFO ABSTRACT

Editor: Raquel Aires Barros The separation of lithium and the fractionation of the isotopes by solvent extraction was studied, using benzo-15-
crown-5 as an extractant dissolved in a diluent of an ionic liquid and anisole. Particularly, the continuous
extractive fractionation of the lithium isotopes was investigated in small channels for the first time. Depending
on the composition of the diluent, 4-25 % of the lithium was extracted in stirred vessels with a fractionation
factor of 1.026 (+£0.002) over an hour. In comparison, in the small channel contactors with 0.5 mm diameter,
about 8-19 % extraction was reached in approximately 1 min with an apparent fractionation factor of 1.032
(£0.005). An increase in residence time in the channels increased the extraction percentage but reduced the
degree of lithium fractionation. When the ionic liquids were diluted with anisole, equilibrium was reached faster
while the extraction percentage was not affected in stirred vessels. Density Functional Theory (DFT) calculations
suggested that the fractionation of the Li isotopes is attributed to different vibrational frequencies of the Li-O
bonds with the extractant in the organic solution and with water. The results also revealed that the ionic
liquid facilitates the isotope fractionation, while dilution of the ionic liquid with anisole did not affect
fractionation.
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1. Introduction breeding blankets. For future fusion power plants to be self-sufficient in

tritium, large amounts of lithium enriched to at least 10 % lithium-6 will

In natural resources, lithium isotopes can be significantly fractioned
by secondary mineral formation and/or adsorption onto particles [1].
Lithium isotopes are important in many applications including nuclear
fusion reactions, fusion power plants, and for tracing continental
weathering processes [2-4]. Producing lithium with isotopic concen-
trations enriched beyond natural levels is essential in many technolog-
ical fields. For example, most contemporary fusion reactors use
deuterium and tritium as the fuel. Tritium is a radioactive gaseous
substance, and its small atomic size allows it to permeate through ma-
terials easily, making its containment and capture difficult. It must be
generated in situ inside the reactor using lithium-based materials in
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be required in most design scenarios [5]. In some other applications,
such as in pressurized water reactors (PWRs), lithium hydroxide is
added as a coolant to stabilize pH levels and reduce corrosion in the
primary water systems. The existence of lithium-6 could create an
environment where significant quantities of tritium is produced. Thus,
lithium in this case must be enriched to at least 99.995 % of lithium-7 to
be used in PWRs, as recommended by the Oak Ridge National Labora-
tory [6].

The enrichment of lithium isotopes to date has predominantly been
via the COLEX process which involves the fractionation of the Li isotopes
from an acidic solution into a mercury amalgam. This method separates
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lithium-6 and lithium-7 based on their different affinity to mercury, and
it is attractive due to the large and compelling single-stage separation
factor of a = 1.054 (& 0.002) [7] (also referred to as fractionation factor,
the molar ratio of the heavier to the lighter isotope between the two
phases). There are, however, significant environmental concerns with
the COLEX process because of the mercury vapour emissions [8]. There
is a growing need to develop sustainable, economic, and more envi-
ronmentally friendly lithium isotope separation methods. Alternative
techniques such as chromatography [9], electromigration [10], mem-
brane separation [11], and use of lasers [12] have been considered.
Extractive separations are one of the promising alternative methods
which involve fractionation during extraction from aqueous solutions to
organic diluents using suitable extractants [13,14]. Extractive separa-
tions can benefit from many advantages such as low energy consump-
tion and selectivity.

There are two general aspects to be considered for lithium extractive
separations: chemical systems and separation units. Considerable
research has been directed towards optimising the chemical systems for
the extraction, all in stirred vessels or batch reactors. For example, with
respect to the extractant, cryptands with suitable sized cavities to
accommodate the lithium ion (such as 2. 1. 1-cryptand) can be used for
lithium fractionation [15,16]. Crown ether extractants can be made
more hydrophobic by adding a lipophilic group to the carbon atoms,
thus reducing the amount of extractant lost to water through dissolution
[17,18]. The crown ether benzo-15-crown-5 (B15C5) has demonstrated
both high fractionation factors (around 1.040 + 0.003) and moderate
distribution factors (defined as the ratio of lithium in the organic phase
to the aqueous phase), and is also suitable for industrial applications due
to its low cost [19], indicating efficient fractionation and extraction for
lithium [20-26]. As a greener option compared to organic solvents, ionic
liquids (ILs) can be used as diluents for extractions [27]. For example,
imidazolium-based ionic liquids have been widely used as diluents in the
recycling and separation of metal ions, such as Li(I), Pb(II), Au(IIl), Pt
(IV), PA(ID), Sr(ID), U(VI), and other rare-earth elements in liquid-liquid
adsorption/extraction and membrane systems [23,24,28,29]. In recent
studies, a combination of crown ether, ionic liquids, and organic sol-
vents for dilution has been proposed as an effective and sustainable
approach for lithium extraction separations [18,30,31]. A few studies
also investigated the factors affecting lithium isotope extractions using
ionic liquids, including solvent composition, effect of solvent dilution,
extractant/lithium concentration, temperature, and pH [32,33].

In most cases, only equilibrium studies of the chemical systems dis-
cussed above have been carried out. Such studies take place in stirred
vessels and have typically long residence times of a few hours; as a result
they provide little information on the kinetics of the extraction, which
can be important in a system where overall separation and isotopic
fractionation are occurring at similar times. Small channel contactors
provide a more conducive platform for detailed kinetic studies
compared to stirred vessels. They have been shown to intensify liquid-
-liquid extractions because of large specific interfacial areas which
enhance mass transfer, controllable and reduced residence times, well-
defined flow patterns, and simplified modelling [34,35]. There are
many studies highlighting the promising aspects of using small channel
devices for process intensification. For example, Pheasey et al. found
that 80 % extraction efficiency of Nd was achieved in a 0.5 mm channel
in 37.5 s, while similar extraction percentage needed about 16 h in batch
separators [36]. Intensified extractions in short times of metal ions, such
as uranium|[37], lanthanum [38], europium [39], and selective separa-
tion of Co/Ni [40], have already been demonstrated. However, there are
no reports for the application of lithium fractionation in small channel
contactors.

Previous studies considered the development of suitable chemistries
for the sustainable fractionation of lithium with solvent extraction in
equilibrium conditions, which were, thus, carried out in batch vessels. In
this work, for the first time, we investigate small channel flow contactors
to intensify the continuous process of lithium isotope fractionation. In
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addition, we thoroughly investigate the mechanism of lithium extrac-
tion and isotope fractionation via Density Functional Theroy (DFT)
calculations to account for the alternative reaction pathways and to
better understand the effects of solvation environment. The composition
of the organic phase is particularly important in flow systems, where the
phase properties affect the flow patterns and influence the mass transfer.
The crown ether B15C5 is used as an extractant to separate lithium
isotopes originally existing in aqueous solutions. An ionic liquid (1-
butyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide) is cho-
sen as a diluent. The ionic liquid is, however, more expensive and
viscous compared to traditional solvents. Thus, the effect of diluting the
ionic liquid with methoxybenzene (anisole, CH30CgHs) is also studied.
The composition of the chemicals forming the two phases has been
based on previous research at equilibrium conditions to ensure optimal
lithium separation and applicability [23,29]. The lithium extraction and
isotope fractionation are studied both in stirred vessels and in small
channel contactors, and the results are compared in terms of residence
time, extraction percentage, and fractionation factor. The enhanced
lithium separation is explained in terms of vibrational frequencies of the
bonds of the possible complexes formed during extraction and of ther-
modynamic parameters via DFT calculations, while the role of ionic
liquid and of the added anisole are also discussed.

2. Materials, experimental procedure, and models
2.1. Materials

Lithium chloride (CAS number: 7447-41-8, purified >98 %) was
purchased from VWR Chemicals; ionic liquid (cation: 1-butyl-3-methyl-
imidazolium, abbreviated as [C4mim]" below; anion: bis(tri-
fluoromethylsulfonyl)imide, abbreviated as [NTf2]" below) (CAS
number:174899-83-3, >98 %), benzo-15-crown-5 (B15C5) (CAS num-
ber: 14098-44-3, >98 %), and anisole (CAS number: 100-66-3, >99 %)
were purchased from Sigma Aldrich; all chemicals were used as
received. The aqueous phase consists of lithium chloride dissolved in de-
ionized water. The organic phase is either pure ionic liquid (IL) or ionic
liquid diluted with anisole (volume ratio IL: anisole = 3:7) and the added
extractant B15C5. The two liquid phases were prepared at room tem-
perature. Each phase is contacted and pre-saturated with the other phase
before lithium salt is added to the aqueous phase. The physical prop-
erties of the fluids used in the experiments have been measured in the
lab and are listed in Table 1. Viscosity was measured with a Rheometer
DV-111 Ultra (Brookfield), with an error of 1 %, and surface and
interfacial tensions were measured with a DSA100E tensiometer (KRUSS
Scientific), with an error of +0.3 mN/m. The results for the physical
properties agree well with measurements done for similar chemical
mixtures [41,42].

2.2. Experimental methodology

The extraction experiments were carried out at atmospheric pressure
and room temperature (T = 293 K). Equilibrium experiments were
carried out first in stirred vessels. For these experiments, equal volumes
of the aqueous and the organic phase solutions (5 mL) were added in
stoppered vessels and then mixed with a magnetic stirrer at constant
rotational speed of 800 rpm for up to 1 h. A sample from the aqueous
phase was removed from the vessel every 10 mins for the concentration
measurements. The same amount of the organic phase was also removed
from the vessel to keep the volumes of the two phases equal at all times.
Prior studies on lithium separation have indicated that the composition
of the organic phase influences the extraction percentage [43]. Here we
have considered two solvent compositions in the organic phase, either
ionic liquid on its own or a mixture of ionic liquid and anisole at a 3:7 vol
ratio. The 3:7 vol ratio is chosen to achieve maximum in extraction
percentage as reported by Liu et al. [29]. The concentration of lithium
chloride in the aqueous phase is constant at 0.5 mol/L for all the cases
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Table 1
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Physical properties of the fluids used in experiments measured at room temperature (293 K) and ambient pressure.

Fluids Extractantconcentration /mol/L Density /kgem> Viscosity /cP Interfacial tension with aqueous solution /mNem™
LiCl aqueous solution n/a 1007+ 2 1.002+ 0.01 n/a
Pure ionic liquid [C4mim][NTf2] 0.2 1415+ 2 56.364+ 0.6 12.33+ 0.3
0.4 1395+ 2 62.071+ 0.6 12.25+ 0.3
0.5 1392+ 2 65.689+ 0.7 12.15+ 0.3
IL/Anisole (volume ratio: 3/7) 0.2 1101+ 2 3.012+ 0.03 54.11+ 0.3
0.4 1105+ 2 3.250+ 0.03 53.24+ 0.3
0.5 1113+ 2 3.435+ 0.03 53.40+ 0.3

studied, and the extractant concentrations are from 0.1 to 0.5 mol/L in
the organic phase. Six cases named from A to F are further considered,
and the composition of the organic phase for these cases is listed in
Table 2.

Fig. 1 shows the experimental set-up for the continuous small
channel extraction. The aqueous and organic phases were injected
separately by two high precision continuous syringe pumps (Kd Scien-
tific) via polytetrafluoroethylene (PTFE) tubes that had the same
diameter (d = 0.5 mm) and joined in a T-junction mixer made of fluo-
rinated ethylene propylene (FEP). The mixture of the two phases was
introduced to the small channel contactor made of PTFE. The organic
phase was the continuous one and entered in line with the main channel,
while the aqueous solution containing the lithium salt was fed from the
orthogonal direction. A high-speed camera (Phantom v1212) is utilised
to analyse the flow patterns of the two-phase flow. Illumination is pro-
vided by an LED panel located on the opposing side. To enhance the
imaging quality, a visualisation box containing a water-glycerol mixture
with a matched refractive index to that of the PTFE tubing is employed
to enclose the tubing. At the end of the extraction channel the mixture of
the two phases was collected in a narrow glass container and shortly
after samples from both phases were taken with a pipette for analysis.

The lithium concentrations in the aqueous solutions before and after
the extraction were measured using Agilent MP-AES in the Department
of Chemical Engineering at UCL. The uncertainty of the measurements
was 6.07 %. Lithium isotope ratios were measured on a Neptune multi-
collector ICP-MS using an APEX IR sample introduction system, and
50micl/min PFA nebuliser nickel X cones. ’Li/®Li ratios were normalised
to L-SVEC (NIST RM 8545) using standard-sample bracketing and re-
ported using standard delta notation:

& Liy, = KW) - 1}103 @

7Ll/ 6Li)smndard

Therefore, §”Li shows how much the composition of the sample de-
viates from that of the standard. Bracketing measurements are taken for
both the standard and the actual samples. The bracketing measurement
sequence is designed to minimize the influence of any drift in the in-
strument beam strength. Since the solutions contained pure Li, no ion-
chromatography separations were conducted to further purify them.
Solutions were diluted to ~0.5 ppb using 103 Q resistors on the pre-

Table 2
Composition of the organic phase.

Cases  B15C5 Extractant concentration (mol/ Organic phase composition
L)

A 0.2 IL/Anisole (volume ratio:

B 0.4 3:7)

C 0.5

D 0.2 Pure IL

E 0.4

F 0.5

amplifiers for both °Li and Li. The typical beam size for samples was
around 0.3 V on “Li and the background was typically <0.25 mV. Ac-
curacy and precision were monitored using °Li-N and “Li-N solutions
which gave values of —8.1 + 0.6 %o (2SD, n = 59) and 30.3 + 0.9 %o
(28D, n = 50) respectively during the course of the measurements
[44,45]. These values agree with previously published values for these
standards ("Li-N = 30.2 %o and °Li-N = —8.0 %o to —8.3 %o).

2.3. Lithium separation calculations

To characterise the overall amount of lithium (including both OLi and
7Li) extracted into the organic phase, the extraction efficiency (as a
percentage), E, and the distribution coefficient, D, were used which are
defined as follows:

_ norg _ Corngg _ Caq.O Vaq.O - Caq,eq Vaq.eq % 100(%) (2)
naq.O Caq,OVaq,O Caq,OVaq.O
and
D= Carg‘l) _ CanO - Caq.eq (3)
Caq.eq Caq.eq

where n, C, V denote the molar amount of lithium, concentration of
lithium ion in solution, and volume of the solution used in the experi-
ment, respectively. The subscripts aq and org denote the aqueous phase
and the organic phase, while eq and 0 represent equilibrium and initial
conditions, respectively. As for the fractionation of lithium isotopes
during extraction, mass balance was used to determine delta "Li in the
organic phase, with ¢’ Li measured in the aqueous phase:

8" Liggo — Nag*6” Ligq

& Ligre =
org Norg

(€]
where N stands for the molar fraction of lithium substance remaining in
each phase over the overall lithium initially present in the aqueous so-
lution. This can be used to determine the fractionation factor a defined
as follows:
("Li/ °Li)y

Ox1— = Tors/eTsN 5

x1—-x2 (7Ll/ 6Ll)x2 ( )
where (7Li/ ®Li)  represents the molar ratio of Li-7 to Li-6 in phase x. In
this work, x1 stands for the aqueous phase, and x2 denotes the organic
phase. For cases where the fractionation factor « is close to unity (which
is typical of many isotope separation techniques in one stage), the
following equation can be used as a close approximation to calculate the
fractionation factor a [46]:

8 Liag—org= 0" Liag—6" Liyrg 2 1000 (ttgg—org — 1) 2 1000In(ttegorg) ~ (6)
where the (aq —org) represents the two phases between which the

fractionation takes place. If 57Liaq is positive and therefore 57Li0,g is
negative, it indicates that there is an enrichment of lithium-6 in the
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Fig. 1. Experimental setup for the continuous flow experiments in small channel contactors.

organic phase and accordingly a depletion of lithium-6 in the aqueous
phase ((tag—org) > 1).

3. Results and discussion
3.1. Equilibrium studies in stirred vessels

In the equilibrium experiments in stirred vessels, concentrations
were measured every 10 min from the start of the experiment and for 1
h, and the results are shown in Fig. 2. Solid points denote anisole-diluted
IL as the diluent phase, and hollow points stand for pure IL diluent. First,
the effect of extractant concentration is studied. In Fig. 2 (a), the
extraction percentages monotonically increase with the extractant
concentration for both diluents. Slightly different extraction percentages
for the two compositions were found; more importantly, the error bars
for pure ionic liquids in Fig. 2 (a) are significantly larger than those of
the anisole mixture. Thus, the extraction percentages for six cases are
considered to investigate further the change of extraction percentage
over time, and the results are plotted in Fig. 2 (b). As it can be seen Fig. 2
(b), equilibrium was established at an early stage for all the anisole-
diluted cases and no significant changes of extraction percentage were
found over time. However, for the pure IL cases, the extraction per-
centage shows a delay before equilibrium is reached regardless of
extractant concentration. The final values of extraction percentage were
mainly influenced by the extractant concentration. Larger concentration
of extractant gives larger extraction percentage at equilibrium, which
confirms the key role of B15C5 in separating lithium from aqueous
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solutions. The addition of anisole in the ionic liquid diluent does not
affect the final extraction percentage apart from the case of 0.4 mol/L
extractant, where it decreases slightly. It seems that the addition of
anisole in the ionic liquid shortens the extraction time (by reducing the
time to equilibrium) without impacting the final extraction percentage
compared to pure ionic liquid. Diluting the IL is favourable in industrial
applications for both saving ionic liquid and relaxing the pump re-
quirements of the diluent.

Some studies have considered the role of organic diluent in lithium
transfer. For example, Zhang et al. added lithium salts into aqueous
solutions of B15C5 and found that only trace amounts of lithium were
captured by B15C5 in water [33]. Their findings suggested that B15C5 is
less able to combine with lithium ions in aqueous solvation environ-
ments. Their experiments could help explain why diluting ionic liquids
with anisole increases the rate at which equilibrium is reached. The
solvation power of a solvent can be expressed by polarity and can be
measured by permittivity (dielectric constant). The permittivity of
[C4mim][NTf2] and anisole is 12.7 and 4.3 (C>-(N-m?)~ 1) respectively,
while water has a high permittivity of 80.2 (Cz-(N~m2)’1) at 20 °C
[33,47]. When lithium chloride is dissolved in water, its corresponding
cation, lithium, does not exist on its own. Instead, a tetrahedral-shaped
complex with a lithium ion in the centre surrounded by four water
molecules is the optimised form in the aqueous environment. The
tetrahedral-shaped complex ([Li(H,0)4]™") has strong steric hindrances,
preventing the combination of lithium with B15C5 outside the complex.
With the addition of anisole, the permittivity of the organic mixture
decreases from 12.7 (pure ionic liquid) to around 6.8 (C2(N-m®» ™. Itis

(b)
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Fig. 2. (a) Extraction percentage in the equilibrium experiments varies over extractant concentration; (b) Extraction percentage at different extraction times for cases

A-F. In some cases, the size of the error bar is smaller than the size of the symbol.
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possible that when the [Li(H20)4]" complex approaches the water-
solvent interface, the IL-anisole mixture repels the H;O molecules of
the complex to the water side. This helps to reduce steric hindrances and
exposes the lithium ions to the extractant, facilitating its faster transfer
to the organic phase.

Some studies have suggested that the extraction is facilitated by
forming complexes of lithium-ions and crown ethers through the ion-
—dipole interactions. The positively charged [n (crown ether) — Li]™
complex is paired with bis(trifluoromethanesulfonate) ([NTfz]") anions
following the Hofmeister series [17]. Assuming a similar mechanism in
the extractions here, the reaction formulation for lithium extraction
when equilibrium is reached can be written as:

LiCl(aq) + {[C4mim][NTf,] }(org) + n[B15C5](org) e
& {ILi — n(B15C5) |[NTf,] } (org) + {[Csmim|Cl }(ag)

where the aq and org in brackets are used to indicate the phase where the
complexes are in. The box brackets are used for either ion pair under
ion-dipole interaction or ions with long formulas when necessary, and
the brace brackets are used for ion pairs under electrostatic interaction.
The equilibrium constant K, and the distribution coefficient D are
defined as

{[Li — n(B15C5) |[NTf,] }{[C4mim]CL}

K= it {[Comim|[NTF, | }[B15C5)" ®
and

_ {[Li — n(B15C5) |[NTf,] }
b= [Licy ©)
Arranging the equations for K and D gives
K=D x {[C4mim|Cl } 10)

{[Camim][NTF,] }[B15C5]"

The following equation can then be used to predict the number of
crown ethers n that are engaged in caging a lithium ion:

LogD = n x log[B15C5] + log{[C,smim|[NTf,] } + logK — log{[C4smim|Cl }
= n x log[B15C5] + constant
an

The logarithms of the distribution coefficient and the extractant
concentration are plotted in Fig. 3, where only equilibrium concentra-
tions after 30 min were used for the calculation of D. The number of
crown ethers is found to be 1.24 for the anisole-diluted cases (D7) and
slightly larger (1.29) for the pure IL cases (D2), indicating that there

-1 ,
¢ IL+anisole (D,) B
45l § Purelt©) /;/
log(D,) = 1.24 log(C) + -0.31 Ag
[m) -2' /////////
S o
ke -
257 //////
2" log(D,) = 1.29 log(C) +-0.29
3t /::’
e ‘ .
2.5 -2 -1.5 -1
logC(B15C5)

Fig. 3. Linear regression of logD with 1logC(B15C5). D; : diluted IL solution,
volume ratio = 7 anisole: 3 IL; D, : pure IL.
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might be a hybrid complex of [n (crown ether) — Li]T with bothn =1
and n = 2 at a certain proportion, while the one-to-one complex [(crown
ether) — Li]* dominates. Considering that the extraction percentage
never exceeds 25 % and ignoring the loss of extractants into water, there
could still be unoccupied extractants after 1 h of extraction for all cases.
With the results in Fig. 3, the addition of anisole into IL slightly increases
the utilisation of crown ethers by reducing the formation of [2 (crown
ether) — Li]™. This aligns with the conclusion that the addition of anisole
does not influence the equilibrium significantly. The effect of anisole on
equilibrium is also further investigated by the DFT calculations in sec-
tion 3.2.

To obtain the fractionation of lithium isotopes, samples from the
aqueous solutions before and after extraction were ionized and
measured. The relative amounts of the two lithium isotopes were given
in delta notation defined in Eq. (1). It was found that all the measured
87Li values are greater than those of the initial solution, indicating that
lithium-7 is enriched in the aqueous phase during the extraction while
lithium-6 is enriched in the organic phase. Combining Egs. (5) and (6)
and rearranging gives

& Liago — Nag*0"Liag _ 8"Liaqo — Nag*® Liag
Norg (1 - NwJ>

57Liorg.eq = (12)

8 Liggo — Ngg*6 Ligg

8 Liy, —
(1 - Nag)

=1000(a—1) a3)

Multiplying (1 — Nyq) with both sides of eq. (13) and rearranging gives:
8" Ligq = 1000(a — 1)*(1 — Neg) + 8" Liggo a4

commonly referred to as the batch equation.

The results for the equilibrium conditions (after 30 min in Fig. 2) are
plotted in Fig. 4. From linear regression the separation factor is found to
be 1.026 + 0.002, while the correlated intercept (12.163) also agrees
well with experimentally measured 57Liaq,0 (12.059).

Studies using similar chemical systems have been summarized in
Table 3. These results, including ours, confirm that the system of ionic
liquids, diluting solvents, and extractants (B15C5 and its derivatives) are
promising candidates for lithium extractive fractionation and will be
considered further in the continuous small channel separators.
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Residual Li fraction f=N/N0

Fig. 4. Li isotope separation factor determined in equilibrium experiments. The
residual fraction f is the ratio of remaining lithium in the aqueous solution in
molar concentration (N) to that of the overall lithium in the initial aqueous
solution (Np).
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Table 3
Summary of extraction results for Li isotope enrichment in experiments in stirred vessels.
Extractant  Solvents a Dilution Safety Reference
B15C5 Chloroform (CHCI53) 1.017 - / toxic Nishizawa, K., et al., Journal of Nuclear Science and
1.044+ Technology, [22]Shokurova, N.A., et al., Russian Journal of
0.003 Inorganic Chemistry, [48]Shi, C., et al., Journal of Molecular
Liquids, [49]
B15C5 1-(butyl, hexyl, octyl, decyl)-3-methyl-imidazolium-bis 1.029+ / nontoxic Xiao, J., et al., Journal of Molecular Liquids, [23]
(trifluoromethylsulfonyl)imide ([C4,6,8,10 0.001
mim] "[NTf2]")
B15C5 1-butyl-3-methylimidazolium hexafluorophosphate 1.038+ Chloroform toxic Xiao, J., et al., Journal of Molecular Liquids, [24]
([C4mim][PF6]) 0.002 (CHCl3)
DB15C5 1-Ethyl-3-methyl-imidazolium-bis 1.031 - Anisole nontoxic  Sun, H., et al., Fusion Engineering and Design, [32]Zhang Z.,
(trifluoromethysulfonyl)-imide ([EMIm][NTf2]) 1.034+ (CH30CgHs) et al., Journal of Molecular Liquids, [33]
0.001
DB15C5 1-hexyl-3-methylimidazolium bis 1.037+ Anisole nontoxic  Zhang, Z., et al., Fusion Engineering and Design, [50]
(trifluormethylsulfonyl)imide ([HMIM][NTf2]) 0.002 (CH30CgHs)
B15C5 1-Butyl-3-methylimida-zolium bis 1.030+ Anisole nontoxic  Liu, B., et al., Journal of Molecular Liquids, [29]
(trifluoromethylsulfonyl)imide ([C4mim][NTf2]) 0.002 (CH30CgHs)
B15C5 1-Butyl-3-methylimida-zolium bis 1.026+ Anisole nontoxic  Current work
(trifluoromethylsulfonyl)imide ([C4mim][NTf2]) 0.002 (CH30CgHs)

3.2. DFT calculations of fractionation mechanisms

In stirred vessels, equilibrium can be established over long residence
times, and the extraction is underpinned by the thermodynamic char-
acteristics. The results in the previous section show that the lithium
isotopes fractionate during extraction while there is a one-to-one ratio
between the extractant molecule and the lithium ion transferred. Yet the
mechanism for lithium extractive separation on a molecular level, as
well as the role of the organic phase composition remain unknown.
Density Functional Theory (DFT) calculations can provide further in-
sights at atomistic level and help interpret the fractionation results
found experimentally. The DFT calculations are used to study the
mechanism of lithium isotope fractionation with the extractant B15C5,
and to investigate the impact of the organic phase composition on the
isotope separation. The detailed models can be found in the Supple-
mentary Material.

As a first step, the configurations of lithium species in both phases are

(a)

Benzo-15-Crown-5

Negative center
captures Li*

I positive
B negative

optimised. In the aqueous phase, lithium ions have a hydrated structure
which has been verified by many studies [51,52]. The most stable
structure is lithium ion coordinated with four water molecules, as shown
in Fig. 5(a). In the organic phase, lithium ions are captured by the
extractant which has a negative cavity of similar size to the lithium ion,
as shown in Fig. 5(b) and (c). Detailed information on the optimisation
can be found in the Supplementary Material.

DFT calculations were then performed to analyse the fractionation
mechanism by solving for the vibrational frequency of the Li-O bonds in
the aqueous and the organic solutions. Hooke’s law (equation(15))
shows that the vibrational frequency (v) of the bond is proportional to
the force constant (k).

1 /k
R b 15
v 27 Vm s
where m stands for the reduced mass (defined as the ratio of the product
of atomic masses to the sum of atomic masses). According to the

[Li-Benzo-15-Crown-5]*

Fig. 5. Optimized structures for (a) Li(H, 0)4 ™ ; (b) [Li-B15C5]" ; (c) electrostatic iso-surfaces of p(r) = 0.001e/bohr® for B15C5 and [Li-B15C5]" . Purple, red,
white, and grey spheres denote lithium, oxygen, hydrogen, and carbon atoms, respectively.
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quantum mechanical solution for an harmonic oscillator (Eq.(16)), the
internuclear potential energy (E,) is proportional to vibrational fre-
quency (v) of the bond.

E, = (n + %) hy (16)

where n stands for the non-negative quantum number (0, 1, 2...) asso-
ciated with the energy level of the oscillator, and h represents Planck’s
constant. The vibrational frequencies of the Li-O bonds are calculated
and listed in Table 4. Comparing the vibrational frequencies v¢ and v
for the complex Li(H,0)3, it is found that v, exhibits a smaller value for
all the modes that have been considered. Therefore, 7Li-O in the aqueous
solution has relatively smaller zero-point energy at the ground state,
making the “Li-O bond more thermodynamically stable. This reduces the
likelihood for ’Li to enter the other phase from the aqueous solution
compared to OLi. Table 4 also shows that compared with Li(B5C15)", the
complex Li(H20)4 has higher Li-O vibrational frequencies, irrespective
of the isotope 7Li or °Li present in the complexes. Consistent with
Bigeleisen’s findings that the heavier isotope is more stable in a strong
bond phase with high vibrational frequency [53], the difference in
lithium vibrational frequencies between the two media also confirms
that “Li ions tend to remain in the aqueous phase where the bonds are
strong, while Li ions are preferentially captured by B15C15 in the
organic phase.

The influence of diluting the ionic liquid with anisole was also
studied with DFT calculations, by considering the change in permit-
tivity, or dielectric constants of the organic phase. The permittivity of a
solvent influences the harmonic structure of the molecules within it and
can change the thermodynamic characteristics in isotope exchange re-
actions. We have determined the structures of 1:1 stoichiometry Li-
(B5C15) as discussed above. Experimental studies have revealed the
existence of complex Li(B15C5)(H20)" in the organic side, which con-
sists of Li* coordinated with the five O atoms from B15C5 and one O
atom from H2O [54]. Meanwhile, a corresponding number of anions
must exist in the organic phase for electrical neutrality. It has been re-
ported that for a crown ether/LiX-H20 extraction system, lithium ions
can transfer together with their anions into the organic phase forming
ion pairs [Li-crown ether-H,0]"X (X for Cl, Br, or I)[55,56]. In the
presence of IL, both chloride and NTf2 (denoted as CF3SOaNSO2CF3)
anions should be considered as possible candidates to pair with the
lithium-extractant complex. The optimised structures in the two re-
actions are shown in the supplementary material [55,56]. The isotopic
exchange reactions are as follows:

Reaction (1):

6Li(H,0),Cl(aq) + "Li(B15C5)(H,0)Cl(org)
< "Li(H,0),Cl(aq) + °Li(B15C5)(H>0)Cl(org)

Reaction (2):

®Li(H,0),Cl(aq) + "Li(B15C5)(H,O0)NTf2(org)
< "Li(H,0),Cl(aq) + °Li(B15C5)(H,0)NTf2(org)

Table 4

Harmonic vibrational frequencies of Li-O bond at 0 k with isotopic shifts (Av)
between ° Li-O (vg) and 7 Li-O (v7) in complexes Li(H, 0)4 * and Li(B15C5)",
and average Li-O distance (d). The modes refer to specific patterns of atomic
motion within a molecule which can be found in supplementary material.
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DFT simulations were performed to determine the thermodynamic
parameters at a temperature of 293.15 K and 1 atm and identity the
spontaneity of the two isotopic exchange reactions. Table 5 shows the
Gibbs free energy change (AG), enthalpy change (AH), and entropy
change (AS) for each reaction with different anionic ligands in different
solutions. The negative Gibbs free energy change shows both isotopic
exchange reactions are spontaneous regardless of the composition of the
organic phase. This suggests that lithium-6 in the aqueous phase always
tends to exchange with lithium-7 in the organic phase, with or without
the participation of the ionic liquid anion. In addition, Reaction (2) has
significantly smaller Gibbs free energy, making it more favourable than
Reaction (1). It shows that the addition of ionic liquid facilitates the
isotope exchange by enabling a more thermodynamically favourable
pathway. Comparing the values of AG, AH, and AS for both reactions in
Table 5 for different solvation environments (pure ionic liquid and
anisole diluted ionic liquid), it is found that the dilution with anisole has
no significant impact on the performance of isotopic exchange from the
perspective of thermodynamic parameters. The negative values of
enthalpy change suggest that the lithium isotope exchange is exothermic
reaction, and the negative entropy change indicates that the reaction
favours low temperature. These thermodynamic parameters in Table 5
show that the existence of NTf2 anions can enhance the separation of
5Li/7Li isotopes, and IL dilution with anisole plays an insignificant role
from a thermodynamic perspective (i.e., at equilibrium state).

3.3. Continuous flow extraction in small channels

The patterns of the organic-aqueous mixtures obtained in the small
channel with a T-junction inlet, are annular, churn, drop, intermittent
and plug flow and are plotted in the map in Fig. 6. Plug flow occupies a
large area of the map for mixture velocities less than 0.01 m/s and is
characterised by well-defined dispersed phase plugs, with length larger
that the channel diameter, separated by continuous phase slugs. This
pattern is characterised by the thin film between the plug and the
channel wall, recirculation patterns within the phases as well as large
interfacial areas which improve mass transfer within and across the
phases [57,58]. For liquid-liquid extractions in a small channels under
different flow regimes, it has been found that the volumetric mass
transfer coefficient decreases as the flow regime changes from plug flow
to annular and plug-annular flow [59]. Also, the pressure drop of
annular and plug-annular flows is much larger than that of plug flow,
causing a significant increase in operating and pumping costs. There-
fore, plug flow has been used for the flow extraction studies reported
here.

To investigate the effects of residence time without influencing the
flow patterns, the mixture velocity was kept constant at 0.01 m/s while
the length of the test channels varied from 15 to 75 cm at intervals of 15
cm. The amount of lithium extracted is given in terms of extraction
percentage Ej, defined as by:

Caq.O - Caq

E, = £ % 100% a7)

aq,0

Table 5

DFT calculated the Gibbs free energy change (AG), enthalpy change (AH), and
entropy change (AS) for the isotopic exchange reactions at 293.15 K, with
thermal correction to enthalpy. Two different solvation environments are
considered by using COSMO, with different dielectric constants (C* /(N-m?)™):
11.6 for pure IL and 6.4 for anisole diluted IL.

Complex Modes ve(cm™1) v7(em™1) d (&)

Li(H;0)4 Bl 536 517 1.98
B2 529 506
E 526 503

Li(B15C5)* A 396 390 2.19
B 345 337

Environment Reaction AH(kJ/ AS(J/mol/ AGkJ/
mol) K) mol)

Pure IL Reactionl (Cl) —0.081 —0.230 —0.014

Reaction2 (NTf2) —-0.115 —0.280 —0.033

7 Anisole: 3IL  Reactionl (Cl) —0.086 —0.234 —0.017

Reaction2 (NTf2) —-0.119 —0.285 —0.036
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Fig. 6. Flow patterns in the small channel. Mixture velocity is defined as U =

(Qw+Qo)/

2
n(%) }, while volume fraction is defined as ¢ = Q,/(Qw +Q,)-

where Cyq denotes the lithium concentration in the aqueous phase, and
subscripts 0 and t represent the initial solution and the solution sampled
at residence time t, respectively. Extraction efficiency E. is used to
indicate the amount extracted at residence time t compared to the
equilibrium extracted at equilibrium, and is defined as

Caq.O - Ca

2t % 100%

E, =
Cago = Cageq

(18)

The results of E;, and E, are given in Fig. 7. As it can be seen in Fig. 7(a),
for extractant concentration of 0.5 mol/L the extraction percentage has
already reached 15 % at residence time of 15 s, regardless of the
composition of the organic phase. As a comparison, it takes 10 min to
reach ~12.5 % extraction percentage in the batch system (Fig. 2). In the
flow channel, the extraction percentage reaches around 19 % within 75
s. For the low extractant concentration (0.2 mol/1), the extraction per-
centage increases to 8 % at 45 s, while similar extraction percentage is
achieved in about 40 min in the batch vessel. From Fig. 7(b) at high
extractant concentrations (0.5 mol/L), the extraction efficiency E. ex-
ceeds 60 % within 15 s. As the residence time increases further, there is a

(a)

30
-©-C-IL/Anisole, CE=0.5M
325 -#-D-IL, CE=0.2M
S F-IL, CE=0.5M
S
@ 20 gy
- JPP<EEE bl 0---:=:%
3 Q--- P
@ 15 ~o-e
Q.
s
=10
3 ISR ¢----t- .
a5 T oo
°-
0 | | ! I | |
10 20 30 40 50 60 70 80

Residence time/s

Separation and Purification Technology 362 (2025) 131525

gradual increase towards 80 %. When the extractant concentration is
low (0.2 mol/L), the extraction efficiency undergoes a sharp increase at
the beginning, reaching about 75 % at 45 s, followed by a slight increase
afterwards. Comparing with stirred vessels, extractions in small chan-
nels can significantly reduce the residence times to achieve the required
extraction efficiencies, especially when pure ionic liquids are used (i.e.,
no anisole dilution). The addition of anisole diluent further reduces the
time to reach equilibrium in the reactor (Fig. 2). No significant influence
of diluting IL with anisole is observed in terms of extraction percentage
or extraction efficiency.

The fractionation factors of lithium isotopes during the flow
extraction in channels are plotted in Fig. 8. As it can be seen, the frac-
tionation factor is 1.032 (£0.005), while the intercept is equal to
11.744, which agrees well the experimentally measured
8" Ligq0(12.059). As Fig. 7 suggests, equilibrium has not been reached in
the small channels as the data points do not reach 100 % extraction
efficiency before 75 s. It seems that for these cases the ‘fractionation
factor’ is larger than the one obtained at equilibrium conditions (1.026

+ 0.002).

Here, a parameter called apparent fractionation factor « is intro-
duced to quantify the ratio of the instantaneous delta lithium-7 values in
the two phases, using the definition of Eq. (5). Results for o, plotted in
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Fig. 8. Li isotope separation factor determined in microfluidic channels.
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Fig. 7. (a) Extraction percentage of lithium ions in microfluidic channels at different residence times. (b) Extraction efficiency of lithium ions in microfluidic

channels at different residence times.
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Fig. 9. (a) Apparent fractionation factor « at different residence times t in
microfluidic reactors. (b) extraction efficiency over residence times in micro-
fluidic reactors. The dotted horizontal line represents the fractionation factor at
equilibrium state.

Fig. 9 against the residence time in the channel, show that in all cases
studied the apparent fractionation factor is higher than a at equilibrium
for residence times between 15 s and 30 s. As residence time increases,
the apparent fractionation factor gradually converges around the equi-
librium value. It seems that lithium-6 is transported more rapidly from
the aqueous to the organic phase especially at the beginning, yielding &
larger than the equilibrium value. These results strongly encourage the
consideration of kinetic characteristics for lithium fractionation in small
channel contactors. It has been found that the difference in the diffusion
coefficients of the isotopes in solids and water depends on the isotope
atomic masses and can empirically be described by the following
equation:

Dey; _ <ﬂ)/} (19)

D7Li Mey;

where f can be experimentally determined for different media. By
measuring the arrested diffusion of lithium, it was documented that
lithium-6 diffuses up to 3 % faster than lithium-7 in both silicate melt
and in water [60]. In small channels, diffusion is a primary mechanism
governing mass transport. This difference in diffusion rates could
explain the high apparent fractionation factor at short residence times.
By considering the results in both Figs. 7 and 9, a trade-off can be found
between the amount of lithium extracted and the degree of lithium
enrichment in the flow separators. Larger residence times result in larger
amount of lithium extracted into the organic phase, while the degree of
fractionation decreases.

4. Conclusions

The study explored the separation of lithium isotopes using liquid-
-liquid extraction, where the organic phase comprised either ionic
liquid (1-butyl-3-methylimidazolium bis (trifluoromethyl sulfonyl)
imide ([C4mim][NTf2])) alone or combined with anisole, with benzo-
15-crown-5 included as the extractant. Experiments were carried out
in stirred vessels and in small channels. Extractant concentrations of 0.1,
0.2, 0.3, 0.4, and 0.5 mol/L were used while the initial LiCl concentra-
tions in the aqueous phase was 0.5 mol/L. In the equilibrium experi-
ments in the stirred vessels, it was found that the extraction percentage
increased with extractant concentration, and a maximum of about 23 %
lithium in the organic phase was reached for extractant concentration of
0.5 mol/L. Diluting the ionic liquid with anisole did not change the
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extraction percentage at equilibrium, but it decreased the time required
to reach the equilibrium concentration. The fractionation factor was
found to be a = 1.026 (+£0.002), which agrees well with previous studies
for this system and other similar systems in stirred vessels.

Calculations with Density Functional Theory (DFT) suggested that
lithium isotopes are fractionated due to different vibrational frequencies
of the Li-O bond in crown ether (350 cm™ 1) and in water (520 cm™1).
Both the experimental results and the DFT calculations support the
mechanism that the extractant predominantly forms a one-to-one com-
plex with lithium ions in the organic phase during extraction. In addi-
tion, it was found that the ionic liquid helps the isotope fractionation by
enabling a preferred reaction pathway, while its dilution with anisole
does not significantly affect it. The dilution with anisole, however, re-
duces the viscosity of the diluent and can improve the usage of the ionic
liquid.

For the continuous extractions in small flow channels, velocities that
resulted in plug flow were chosen (0.01 m/s). The extraction efficiency
reached about 80 % within 1 min, which is significantly reduced from
the hours required in the stirred vessel experiments. An apparent frac-
tionation factor of 1.032 (4+0.005) was found which is higher than that
in stirred vessels, due to enhanced diffusion of the lithium-6 isotope.
With an increase in residence time in the small channels, the apparent
fractionation factors were found to decrease and converge around the
equilibrium values. This suggests that small channels could enhance
lithium-6 enrichment compared to stirred vessel separators by taking
advantage of differences in the diffusion rate of the isotopes.

The results show that the separation of lithium by solvent extraction
in small channels is significantly faster than in batch systems. In addi-
tion, the apparent fractionation of the lithium isotopes at very short
times in the small channels is larger than the equilibrium one, which is
advantageous for enrichment. Further studies can explore the trade-off
between the extraction percentage and the fractionation of the iso-
topes as well as the scale up of the small channel contactors. The con-
ditions for the extraction and fractionation, such as temperature, lithium
salt concentration, and pH value should be further explored in future
work.
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