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ABSTRACT: Isotope separation is essential for cutting-edge developments Dissolution/precipitation 2103
. . e . . for isotope exchange o £ .
in sustainability, health, and fundamental sciences. Chemical exchange-based . o 58 . .
isotope separation (CEIS) is a scalable approach that stems from the A P gg1020 ¢« 2
isotope-dependent free energy of chemicals, which has already been o 8% .
commercialized for H/D and %7Li separation. However, existing CEIS ¢ & 4101 “

o 25 A Small+Still
processes often involve toxic materials such as H,S and Li,Hg amalgam. » S « Small+Stir
Environmentally benign and low-cost materials and techniques are urgently 5 10— " fZaIHS:SEM:OOO

needed to develop scalable isotope separations. CEIS processes are often
between liquids and gases. Solids are attractive due to their high
concentration of the nuclide of interest and the wide tunability of free energy at low temperatures. However, isotope diffusion is
sluggish in most solids, making the time for isotope exchange impractical. Here we report a new exchange strategy based on
accelerated dissolution/precipitation of solids in liquids where the exchange is not limited by solid diffusion. An attractive isotope
separation factor of 1.021—1.026 is achieved within 10 min between solid LiCl and LiCl solution in acetone at 2 °C, which aligns
with the prediction from the first-principle simulation. These results open new possibilities for scalable isotope separation between

@Cl @ Li "@ Solvent Time (min)

solids and liquids.
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1. INTRODUCTION

Isotope separation and enrichment is essential for providing
nuclides for cutting-edge developments in sustainability, health
and fundamental sciences,’ such as deuterium and °Li for
nuclear fusion reactors,” ’Cl and 7Li for nuclear fission
reactors,” %0, %Zn, ** Mo, 7°Yb as medical radioisotope
precursors for medical imaging and cancer treatments,* **Ca
for creating superheavy elements,”® and 2*Si for quantum
computing.l’7

While various methods have been developed for isotope
enrichment, such as gas centrifugation and electromagnetic
(EM) separation,®™"” they often face challenges of high cost,
low productivity, and high toxicity." For example, gas
centrifugation often uses highly toxic precursors (e.g., UFg
for *U/**U), and EM separation has an extremely low
production rate of grams per year. Chemical exchange is an
attractive alternative because it can operate at near-ambient
conditions and is easy to scale up. Chemical exchange is based
on the isotope mass-dependent atomic vibration and thus
Gibbs free energy (G), leading to the enrichment of an isotope
in one phase when two phases are in contact. The
corresponding separation capability is often evaluated by the
separation factor (@), which is defined as the ratio of isotope
ratios in two phases ([A*]/[A]),/([A*]/[A]),. One and 2
refer to two phases, and [A] and [A*] mean the concentration
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of isotopes A and A*, respectively. According to chemical
equilibrium, we have

([A]/ )1 = exp _(GA*,I - GA,I _ GA'*,Z - GA,Z)
-~ (I&1/1A]), RT RT
[ AG, - AGZ}
=exp|l———————
RT (1)

where R is the ideal gas constant, and T is the temperature.
Chemical exchange-based isotope separation (CEIS) is
mainly used for light isotopes since @ « (m* — m)/m/m*,
where m is the mass of an isotope.'* CEIS is often performed
in the form of gas/gas, gas/liquid, and liquid/liquid due to
their fast exchange kmetlcs, such as H,S/H,0 for H/D
separation (Girdler process)'” and Li,Hg (liquid)/LiOH (aq)
for ®7Li separation (COLEX process) ” Crown ether-based
liquid/liquid exchange has also been explored for Li, Ca, and
other isotopes.'”** Although reasonable a can be achieved,
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Figure 1. (a) Schematics of two isotope exchange mechanisms between a solid and a liquid. Left: solid diffusion/interfacial exchange (SDIE).
Right: dissolution/precipitation (DP). (b) The exchange time vs particle radius by the two mechanisms above: (1) solid diffusion and interfacial
exchange (black lines). (2) dissolution/precipitation (red lines). The exchange time (ty5) is defined as the time taken to reach 95% of equilibrium

isotopic ratios (tys).

such as 1.32 for H,S/H,0, 1.05 for Li,Hg (liquid)/LiOH (aq),
1.02—1.06 for crown ethers (%’Li), and 1.010 for
(*7%8Ca),""*'7** they often include toxic materials (e.g,
H,S, Hg), or have low distribution factors and high costs
(e.g, crown ethers)."”

CEIS also exists between a solid and a liquid, which has the
following potential advantages: (1) the concentration of an
element in solids can easily reach >10 M, which makes the
exchange system compact and reduces the cost. (2) The
operating temperature can be low, which favors a large a since
a scales with 1/T.>***° (3) Solids are diversified in terms of
bonding, providing a versatile pool for maximizing a.

CEIS in solid/liquid systems has been widely observed in
geochemical processes with noticeable @, such as Li minerals vs
Li* ions in water for *7Li,>*™>® and Mg calcite vs Mg*" ions in
water for 22 Mg,*”*° and «a typically ranges from ~1.001 to
1.03 in these natural processes. However, solid/liquid
exchange is rarely explored for intentional isotope separation.
One main reason is the time scale to reach isotope equilibrium
in geographical processes (e.g., days and years””*"**), which is
not acceptable for scalable isotope production since tens or
hundreds of steps in a cascade are needed for enrichment to
the target abundance.*> Moreover, even for solids with fast
isotope exchange, the interconversion between solid and liquid
is also not easy to realize, which is needed to complete the loop
of enrichment.”*

In this paper, we propose a new dissolution/precipitation
process to overcome such kinetic barriers and enable fast
isotope exchange between solids and liquids. Isotope exchange
is achieved by solid dissolution and precipitation from a
saturated liquid solution, and thus, the exchange is no longer
limited by the sluggish diffusion in solids. Moreover, we find
that moderate stirring and sonication can accelerate the
exchange rate by 1-2 orders of magnitude. With this
combined strategy, the time to complete the exchange is
reduced to minutes. Specifically, we have achieved a of 1.021—
1.026 for ®’Li by sonicating LiCl solid in a solution of LiCl in
acetone at 2 °C within 10 min, and a of 1.015—1.017 by
cooling saturated LiBr in water from 22 to 2 °C within 10 min.
These results are consistent with first-principle simulations.
Further materials optimization could enhance a and lead to
practical systems for scalable isotope separation.

2. DESIGN PRINCIPLES

As shown in Figure la, there are two main mechanisms to
realize isotope exchange between a solid and a liquid: (1) solid
diffusion and interfacial exchange (SDIE), where atoms in a
solid diffuse to the solid/liquid interface, followed by an
interfacial exchange with a liquid. The isotope exchange time is
limited by solid diffusion for large particles and interfacial
exchange for small particles. (2) Dissolution and precipitation
(DP), where a solid is dissolved in a liquid and reprecipitated.
The isotope exchange time is limited by the dissolution/
precipitation rate.

Figure 1b shows the time to complete 95% of isotope
exchange (tys) in both SDIE and DP mechanisms. In SDIE, we
assume a moderate interfacial isotope exchange rate of 107*
mol/m?/s (see Supporting Information Section 1.2). Under a
diffusivity (D) of 10™® cm?/s, which represents good solid
ionic conductors,® tys is 0.6 min for particle radius r = 1 ym,
and 8 min for r = 10 ym. This is fast enough, but good solid
ionic conductors are very limited.”® When D is 1072 cm?/s,
which represents common ionic conductors (e.g., Li,C,
LiINi,Mn,Co;_,_,0,), tys increases to 25 min for r = 1 um,
and 700 min for r = 10 ym, which are long for scalable isotope
separation. Figure 1b also shows that SDIE is impractical for
plenty of chemicals where ions are nearly immobile inside (e.g.,
most salts and oxides, for which D < 107!¢ cm?/s). When D is
1076 cm?/s, to is 38 h for r = 100 nm and 3 h for r = 10 nm.

On the other side, the isotope exchange time for the DP
mechanism (tpp) is determined by the dissolution rate of a
solid (d) and the precipitation rate from the liquid (p). They
both have the unit of m/s, which means the thickness of solid
dissolved and precipitated per second, respectively. Therefore,

typ = r(% + i) While both d and p depend on solute

concentration in the liquid phase, experiments show that
common readily soluble salts have d and p on the order of
~0.001—0.1 pm/s without stirring, ~0.1—1 ym/s with stirring,
and ~1—10 um/s using sonication, at least semiquantitatively
(Figure S2). Therefore, with sonication, the time scale to
realize complete isotope exchange could be ~1 min even for
large particles with » = 10—100 um (Figure 1b), which is much
faster than SDIE. Such a time scale is attractive for large-scale
isotope separation.
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Figure 2. (a) AG (=Gg; — Gyy;) of solid LiCl, solid LiBr, and saturated solutions of LiCl and LiBr in acetone and water. The values of solids are
calculated by DFT, and the values of liquids are calculated by PIMD (see Section 2 in Supporting Information). (b) The computed separation
factor a based on the result in (a). (¢) The dependence of AG, on different solute-to-solvent ratios. The number of solvent molecules in each

simulation is fixed at 500.

To demonstrate that the proposed dissolution/precipitation
mechanism can accelerate isotope exchange between a solid
and a liquid, we have selected *’Li as a model system since
low-mass isotopes favor high a, and both isotopes are critical
to nuclear fusion and fission reactors.”” To facilitate scalable
production, we particularly focus on low-cost and environ-
mentally benign materials. Moreover, the solid phase should
have a reasonable solubility in the liquid phase (e.g., >0.1 mol/
L) to reduce the total amount of liquid. Therefore, we have
selected LiCl and LiBr as two candidates for the solid phase
and their saturated solutions in acetone and H,O as candidates
for the liquid phase. These selections are just to demonstrate
the viability of solid/liquid exchange; the concept can be
expanded to many other solids and liquids in the future.

3. MATERIALS AND METHODS

3.1. Materials. Anhydrous lithium chloride (free-flowing, Redi-
Dri, ReagentPlus, >99%) and anhydrous lithium bromide (free-
flowing, Redi-Dri, ReagentPlus, >99%), along with acetone (ACS
reagent, >99.5%), were all purchased from Sigma-Aldrich. Deionized
water is produced by a water purifier (Direct-Q SUV Remote Water
Purification System).

3.2. Chemical Exchange Experiments. In the exchange
between LiCl solid and LiCl in acetone, 84 mg LiCl was added
into 3.95 g of acetone in a polypropylene container in an ice/water
bath, which forms a mixture of solid LiCl and saturated LiCl solution
in acetone. The molar ratio of Li in solid and liquid is 1:1. In the
exchange between LiBr solid and LiBr in acetone, 690 mg LiBr was
added into 2 g of acetone in a polypropylene container, which forms a
mixture of solid LiBr and saturated LiBr solution in acetone. The ratio
of Li in solid and liquid is 1:1. In the exchange between LiBr solid and
LiBr in water by cooling, 6.08 g of LiBr were dissolved in 3.5 g of
water at room temperature in a polypropylene container, followed by
cooling down in an ice/water bath.

In all experiments above, the mixture is either kept still, or under
stirring, or under sonication for the target period. The sonication was
performed by a BRANSON 1800 sonicator. Upon completion of
chemical exchange, the mixtures were transferred to SO mL centrifuge
tubes and centrifuged at 9000 rpm for S min to separate solid particles
and liquid (Thermo Scientific, SORVALL LEGEND X1 Centrifuge).
The separated liquid and solid were then used for isotope analysis.

3.3. Material Characterization. A scanning electron microscopy
(SEM; ZEISS SIGMA VP) was employed to analyze particle sizes for
both LiCl and LiBr before and after ball milling. The recrystallized
monohydrate of LiBr was characterized using an X-ray Diffraction
(XRD; Synergy-S SCXRD) to assess crystal structure and purity.

A Nu Sapphire Multicollector Inductively Coupled Plasma Mass
Spectrometry (MC-ICP—MS; SP00S) was used for Li isotopic
measurements. All solids were first dissolved in 10 wt % nitric acid,

and then roughly diluted to solutions containing ~200 ppb Li using
2% nitric acid. Once the concentration measurements of samples had
been made by comparing the "Li beam intensities of the solutions to
the reference, the concentrations of all isotope samples were diluted
and brought within 10% of the standard solution concentration (S0
ppb). The H9 and L6 Faraday cups were used to collect “Li and °Li
signals simultaneously. Isotopic measurements were then made three
to six times for each sample, and each measurement consisted of 50
cycles of 3 s integrations. Every isotope sample and Li standard
solution were measured alternately, so that mass bias and signal drift
with time could be accounted for.

3.4. MD and DFT-Based Simulation of Isotope Separation.
Molecular dynamics (MD) simulations were performed to help
validate results and discover trends between varying characteristics.
Simulations focused on three solvents: LiF, LiCl, and LiBr. These
solvents are mixed with acetone and either isotope °Li or ’Li.
Generalized Amber Force Field (GAFF) parameters were assigned to
each atom using the Maginn Force Field Archive (MAFFA).*
MAFFA calculates and applies atomic charges using the restrained
electrostatic potential (RESP) method.*” Path integral molecular
dynamics (PIMD)** was implemented to increase the accuracy of
interactions by incorporating quantum mechanics into the MD
process using large-scale atomic/molecular massively parallel
simulator (LAMMPS). The free energy perturbation (FEP) of the
solvents was calculated during each simulation, which was then used
to calculate the finite-difference thermodynamic integration
(EDTTI).* Equilibration was done first with NPT, then NVT, and
NVE for stability (see Supporting Information Section 2).

To calculate the FEP of the lithium isotope, a small perturbation
and coupling factor to control the bonding interactions in the system
was set up. The system transitions from a noninteracting system to a
fully interacting one. The difference in energy between interaction
states calculates FEP, which is needed to determine FDTL

The ab initio calculations were performed using the Quantum
ESPRESSO™ package within the local-density approximations
(LDA)* corrected by Perdew—Burke—Ernzerhof exchange—correla-
tion functional* to calculate the atomic forces and extract harmonic
interatomic force constants. A cutoff of the wave functions, and the
convergence threshold for force and energy were set to maximize
stability and select K-points in the first Brillouin zone (see Supporting
Information 2). The phonon vibrational computations used the linear
response technique based on perturbation density functional theory
(DFPT).*?

4. RESULTS

4.1. Molecular Simulations. After selecting the solid/
liquid systems to investigate, we first use first-principles
calculations to study if they can achieve attractive a. All
simulations were made for 275 K, which is the temperature in
the experiments. It is already established that first-principle
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Figure 3. (a,b) The experimental separation factor & versus time in LiCl solid particles vs LiCl saturated in acetone. (a) Results of large particles
without disturbance (black), large particles with sonication (blue), and small particles with sonication (red). (b) Results of small LiCl particles
without disturbance (black), with stirring (blue), and with sonication (red). (c,d) Separation factor a of LiBr vs saturated LiBr in water. (c) Results
of small particles without disturbance (black), with stirring (blue), and with sonication (red). (d) Results of cooling without disturbance (black),
cooling with stirring (blue), and cooling with sonication (red). The temperature was cooled from 22 to 2 °C. In (a—c) the exchange temperature

was maintained at 2 °C.

simulations can provide reasonable consistency with exper-
imental observations.** For example, path-integral molecular
dynamics (PIMD) simulations can resolve small deviations in
a-for instance, a deviation of ~0.003 for Mg calcite vs
Mg**(aq),” and an error of 0.01 in Li minerals vs Li*(aq).*

In the solid/liquid exchange of ®’Li, eq 1 can be rewritten as

(L), (Gm,s — Gopis
0= ———=¢exp|—-| ——
(°Li]/["Li]), RT

_ Geuig — G || _ exo| - 2G: — AG)
RT P RT

2)

where the subscripts s and 1 correspond to solid and liquid,
respectively. In solids and liquids, as different isotopes do not
affect electronic interactions among atoms, the main isotope-
induced difference in G is the vibrational free energy, which is
mass-dependent. Based on the phonon theory, G of a
crystalline solid with a pure isotope can be expressed as
follows.

N ho 3N
G, = _kBTln(Z) = Z TI + kBTZ In(1 — e_hw’/kBT)
i=1

i=1

(©)

where Z is the partition function, and ; is a vibrational mode

of the solid, which can be obtained by DFT-based phonon

calculations. Here, we omit the contribution of the PV term in

G since it is very small for solids at the ambient pressure (~1
J/mol), not to mention the difference caused by isotopes.

DEFT results show that AG, = 589 J/mol for LiCl and 580 J/

mol for LiBr (Figure 2a). The positive value arises from the

fact that the phonon vibrational frequencies of a chemical with

SLi are always higher than the same chemical with "Li, leading
to a larger G of that with SLi. Similarly, the slightly more
positive value of AG, in LiCl than in LiBr stems from the
stronger isotope dependence due to higher vibrational
frequencies in LiCl. But overall, the difference is not substantial
since 9 J/mol only corresponds to a change of 3.9 X 107 in
at 275 K

On the other hand, PIMD was used to calculate AG; since
nonharmonic vibration needs to be considered. As shown in
Figure 2a, AGjare 710 & 1, 647 & 2, 667 & 3 and 645 + 3 J/
mol for saturated LiCl in acetone (0.2 M, 500:7), saturated
LiBr in acetone (1.5 M, 500:50), saturated LiCl in water (16.1
M, 500:130), and saturated LiBr in water (16.5 M, 500:120),
respectively. The ratios in parentheses correspond to the
number of solvent molecules to salt molecules in the
simulation. Therefore, the corresponding « values are 1.054,
1.039, 1.034, and 1.029 for LiCl in acetone vs LiCl solid, LiBr
in acetone vs LiBr solid, LiCl in water vs LiCl solid, and LiBr in
water vs LiBr, respectively (Figure 2b).

Such results show that a of LiCl in acetone vs LiCl solid is
substantially higher than other combinations. To understand
the underlying mechanism, we studied how AG, depends on
the salt concentration. As shown in Figure 2¢, AG at a low
concentration (solvent/solute = 500:3) has similar values for
all solutions (580—610 J/mol). However, LiCl in acetone
shows a steep decrease in AG; compared to other situations
when the salt concentration increases, even compared to LiBr
in acetone, where only the anion changes. Such different
concentration-dependent behavior leads to the distinct AG; of
LiCl in acetone at saturation.

To better understand this phenomenon, we further
compared AG; of LiCl, LiBr, and an artificial LiCl (Br) salt
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at the solubility of LiCl in acetone (solvent/solute = 500:7).
LiCl (Br) means that the Cl~ anion has the mass of Br~, but
the same interaction potential as CI~, which can help separate
effects of mass and interaction potential. As shown in Figure
2¢, AG; of LiCl (Br) is 602 + 1 J/mol, which is very close to
the value of LiBr (589 + 2 J/mol), but far from that of LiCl
(710 £ 1 J/mol). Such results suggest that the substantially
higher AG of LiCl in acetone arises from the mass effect rather
than the different interaction potential between Br~ and CI™
ions. The mass of anions may affect the vibrational spectrum in
a liquid and thus AG,, which requires further investigation to
understand the underlying governing mechanisms.

4.2. Isotope Exchange in LiCl/LiBr Solids vs Saturated
Solution in Acetone. The molecular simulation above shows
that LiCl solid vs LiCl in acetone has the largest a. We further
experimentally studied this system. In a typical experiment,
LiCl particles are added to a saturated LiCl/acetone solution
(0.2 M) at 2 °C, and the molar ratio of Li in the two phases is
1:1. After a period of time, the solid and the liquid phases are
separated. Then, the °Li/’Li ratio inside was measured by a
high-resolution multicollector inductively coupled plasma mass
spectrometer (MC-ICPMS) (Nu Instruments Sapphire
equipped with a collision cell). The uncertainty in @ is
below 0.001.

We only observed a of 1.010—1.015 after mixing (black dots
in Figure 3a), which are far away from the predicted value of
1.054 above. Sonication to speed up LiCl dissolution and
precipitation made little difference. The measured o remained
at ~1.010—1.01S after 100—1000 min of exchange (blue dots
in Figure 3a).

This difference may arise from the large size of LiCl particles
(100—-500 pum, Figure S6a). Calculation shows that the
diffusion time of Li* in LiCl is significantly longer than the
exchange time (see Section 3 in the Supporting Information
for details). As Li* ions diffuse slowly in LiCl and the
dissolution rate of LiCl is low in acetone, LiCl in the inner part
of solid particles may not exchange with the liquid phase,
which reduces a. Therefore, ball milling was deployed to
reduce the size of the LiCl particles to ~5 ym (Figure S6b).
With such small LiCl particles and sonication, a rises
substantially to ~1.020—1.023 even after just 20 s of sonication
and increases slightly further to 1.021—1.026 after 10—30 min
of sonication. Therefore, not only « is higher than with large
LiCl particles, but also this higher « is achieved much more
quickly than with large LiCl particles. Therefore, reducing
particle size is critical for enhancing the kinetics of isotope
exchange between a solid and a liquid, which is important for
scalable isotope enrichment.

We further studied the effects of mixing methods on the
isotope exchange with small LiCl particles (Figure 3b).
Without any disturbance, a is only 1.011, 1.012, and 1.011
after 10, 100, and 480 min, respectively, which indicates that
dissolution of small LiCl particles is still inefficient without
disturbance. With stirring, o reaches 1.012, 1.018, and 1.026 at
2, 100, and 480 min, respectively, which are much higher,
indicating the effectiveness of stirring to enhance dissolution/
precipitation kinetics. However, stirring is less efficient than
sonication since & of ~1.020 is achieved even with just 20 s of
sonication. We think that this arises from the fact that
sonication provides higher energy to break particles and expose
new solid surfaces to speed up isotope exchange.

After understanding the effects of particle size and
disturbance methods in LiCl solid vs saturated LiCl in

acetone, we further tested ball-milled LiBr solid vs saturated
LiBr in acetone (Figure S7). After sonicating for 5, 20, 100,
and 300 min, the values of @ are only 1.004, 1.004, 1.007, and
1.007, respectively. Such results indicate that LiBr solid vs
saturated LiBr in acetone is not ideal for enriching lithium
isotopes.

The best experimental a in above systems are both ~0.03
lower than simulation results (1.026 vs 1.054 for LiCl/acetone
vs LiCl, and 1.007 vs 1.038 for LiBr/acetone vs LiBr). This
may be because of the following: (1) the solid and the liquid
phases are simulated by DFT and PIMD, respectively, so there
may be a systematic shift of energy between the two methods.
(2) The isotope exchange between the solid and the liquid is
not completed. (3) In sonication, the local temperature is
higher than the environmental temperature (2 °C). Never-
theless, the simulation correctly predicted that a for LiCl/
acetone vs LiCl is ~0.02 larger than that for LiBr/acetone vs
LiBr. Therefore, simulations can provide guidance to screen
and predict isotope separation in solid/liquid chemical
exchange. The method can be further extended to other
isotopes of other elements (e.g., Ca, K).

4.3. Cooling-Induced Fast Isotope Exchange in LiCl/
LiBr vs Saturated Solution in H,0. Given the evidence of
the effects of particle size and disturbance, we further explored
LiBr vs LiBr in water. Although simulations show that this
system has only a moderate a of 1.029, the high concentrations
of Li* in LiBr solid (39.8 M) and saturated LiBr aqueous
solution (19.2 M) make it potentially attractive for scaling up.

The first experiment mixed 6.08 g LiBr with 3.5 mL H,O so
that the molar ratio of Li* ions in solid to those in liquid is
unity. Under sonication, @ reached 1.010, 1.013, and 1.015 at
10, 60, and SO0 min, respectively (Figure 3c). Surprisingly,
such values are not significantly higher than o without any
disturbance, which are 1.006,1.006, and 1.010 at 5, 20, and 100
min, respectively. With stirring, o gave 1.005, 1.00S, and 1.013
at 5, 20, and 100 min, respectively (Figure 3c).

We attribute such weaker dependence of @ on disturbance to
the fact that LiBr is highly hygroscopic, so the ball-milled
particles (Figure S6d) merge together quickly in air or after
being immersed in water (Figure S8). Therefore, even
sonication is ineffective in speeding up the dissolution of
LiBr particles. This issue may also present itself in various salts
with high solubility in target solvents, which is favored for
scaling up.

To overcome this, we propose a strategy of cooling-induced
precipitation to maximize isotope exchange between the liquid
and the solid phase. In short, when the temperature decreases,
LiBr becomes less soluble and precipitates out. As the growth
of a solid precipitate is a layer-by-layer process starting from a
nanoscale nucleus with a large surface area, the isotope
exchange rate should be greatly enhanced.

To test this strategy, a saturated LiBr aqueous solution was
cooled from 22 to 2 °C by placing it in an ice bath. As the
solubilities of LiBr in water are 19.2 and 16.7 mol/L at 22 and
2 °C, respectively, 20% of dissolved LiBr will precipitate out
during cooling. When the solution was cooled with stirring, o
reached 1.014 and 1.017 quickly at 2 and 10 min, respectively,
and then slowly increased to 1.017 and 1.018 at 100 and 500
min, respectively (Figure 3d). When sonication was applied
during cooling, o reached 1.013, 1.013 quickly at 2 and 10 min,
respectively, and kept increasing to 1.015 and 1.016 at 30 and
100 min, respectively. These values at short periods (e.g,, 2 and
10 min) are substantially larger than corresponding values
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without cooling-induced precipitation in Figure 3c. Therefore,
cooling-induced precipitation is a practical strategy to further
enhance isotope separation, particularly for hygroscopic salts,
which tend to form large crystals in solvents.

The best experimental @ of LiBr/water vs LiBr (1.019) is
0.010 lower than the simulation result (1.029). Besides the
reasons discussed in the acetone systems in Section 4.2, it
should be pointed out that the real solid phase involved in the
exchange experiments is a mixture of LiBr-2H,O and LiBr-
3H,0 instead of LiBr (Figure S9), which aligns with the phase
diagram.47 Unfortunately, it is computationally expensive to
simulate the phonon spectrum of LiBr-2H,O and LiBr-3H,0
as they have lower symmetries and contain 8 and 11 atoms in a
primitive cell, respectively. We tentatively use lattice dynamics
with the Matlantis universal machine learning potential®™® to
compute AG; of LiBr-2H,0, which leads to an « of 1.018 for
exchanging with saturated LiBr aqueous solution, aligning well
with the experimental value of ~1.020 (see Section S in
Supporting Information for more detailed discussion). In the
future, we will perform more studies on simulating AG, of
hydrates to get more accurate results. The results above
indicate that the introduction of hydrates may not significantly
change «, but the consistency between experiments and
simulation requires further examination. This issue also exists
for LiCl, where the solid phase is LiCl-2H,O instead of LiCl

4.4. Multistage Demonstration and Cost Analysis.
After validating ®Li isotope separation in a single stage, we
further extend it to three stages to explore scalability. LiCl solid
vs LiCl in acetone is used as an example. We started with 85
mg of ball-milled small solid LiCl in S mL in acetone, which is
the same as that in a single-stage experiment in Figure 3b. After
30 min sonication, the & values of /SLi, which is defined as the
isotope ratio relative to a reference sample [(["Li]/ [6Li:|)sample/
([Li)/[°Li]D)seference — 1] X 1000%o0, are —84.7 + 0.5%o and
—64.4 + 0.3%o in the liquid and the solid phase, respectively,
corresponding to an @ of 1.022 + 0.001. Then, the liquid phase
enriched in “Li is extracted for the second separation. Half of
the liquid was completely dried to yield solid LiCl powder,
followed by mixing such solid powders with the second half of
the liquid phase extracted. Therefore, in the second exchange,
the initial isotope abundances and the total amount of lithium
in both phases are the same. Such a process is further repeated
for the third separation.

We found that « for stages 2 and 3 are 1.012 + 0.001 and
1.016 + 0.001, respectively (Figure 4). The lower values
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Figure 4. Isotope abundance in the solid and the liquid phases in
three-stage separation. The abundance & is defined as the relative
value to the reference sample [(["Li]/ [6Li])sample/ (["Li)/[®Li]) seference
— 1] x 1000%o.

compared to stage 1 are likely due to the fact that LiCl solids
used in stages 2 and 3 were derived from evaporation, which
formed much larger crystals than ball milling. Therefore, o
values are closer to those for sonicating large particles (1.01—
1.015, blue dots in Figure 3a). We think that this issue can be
addressed by two categories of methods: (1) using sonication
or surfactant to reduce particle size during drying, and (2)
designing a cascade to avoid recrystallization of solids between
different stages, which is more scalable for large-scale
production. The details of the cascade design are shown in
Figure S3. Methods to better break solid particles should be
investigated in further studies.

The reported dissolution/precipitation method also has
lower materials cost and better environmental friendliness than
conventional COLEX and crown ether-based solvent extrac-
tion methods. As shown in Section 7 in the Supporting
Information, a single-stage COLEX process with an a of 1.05
has a material cost of $245.7 K with 1 kg Li present in each
phase. Similarly, a single-stage crown ether-based separation (a
= 1.05) has a material cost of $30.6 K with 1 kg Li present in
each phase. In contrast, as LiCl solid vs LiCl in acetone has an
a of 1.025, three stages are required to achieve the same
separation capability as COLEX or crown ether-based
processes above. The corresponding cost including materials
and electricity is $2.3 K for three stages, which is much less
than the COLEX and crown ether processes. Moreover,
regarding environmental friendliness, the quantity of organic
solvents in the reported process is also much less than in the
crown ether-based process, and no Hg is involved.

5. CONCLUSIONS

Chemical exchange is an efficient and scalable approach to
separate isotopes, particularly those with low masses. Isotope
separation between solid and liquid has been widely observed
in natural geochemical systems, but its poor kinetics makes it
largely neglected for practical large-scale isotope enrichment.
In this study, we developed a dissolution/precipitation
strategy, which greatly accelerates isotope separation in
solid/liquid exchange down to seconds to minutes. In
particular, we found that sonication and stirring are effective
in reducing isotope exchange time. We achieved a separation
factor o of 1.021—1.026 in LiCl solid vs saturated LiCl in
acetone within 10 min under sonication and o of 1.015—1.017
within 10 min in LiBr vs saturated LiBr in water. The results
also align with molecular simulations. These findings pave the
way for a rational approach to search for systems with high
isotope separation factors and efficient separation for scalable
production.
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