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Abstract

The intercalation of lithium from solution into the six-membered p,-0xo rings on the basal planes of gibbsite is
well-constrained chemically. The product is a lithiated layered-double hydroxide solid that forms via in situ phase change.
The reaction has well established kinetics and is associated with a distinct swelling of the gibbsite as counter ions enter the
interlayer to balance the charge of lithiation. Lithium reacts to fill a fixed and well identifiable crystallographic site and
has no solvation waters. Our lithium-isotope data shows that °Li is favored during this intercalation and that the
solid-solution fractionation depends on temperature, electrolyte concentration and counter ion identity (whether Cl1~, NO3
or ClOy). We find that the amount of isotopic fractionation between solid and solution (ALisyg-solution) Varies with the
amount of lithium taken up into the gibbsite structure, which itself depends upon the extent of conversion and also varies
with electrolyte concentration and in the counter ion in the order: ClO; < NOjz < CI". Higher electrolyte concentrations
cause more rapid expansion of the gibbsite interlayer and some counter ions, such as Cl~, are more easily taken up than
others, probably because they ease diffusion. The relationship between lithium loading and ALig,j;g-solution Indicates two stages:
(1) uptake into the crystallographic sites that favors light lithium, in parallel with adsorption of solvated cations, and (2)
continued uptake of solvated cations after all available octahedral vacancies are filled; this second stage has no isotopic
preference. The two-step reaction progress is supported by solid-state NMR spectra that clearly resolve a second reservoir
of lithium in addition to the expected layered double-hydroxide phase.
© 2015 Elsevier Ltd. All rights reserved.

1. INTRODUCTION solution enriched in "Li [e.g. (Brenot et al., 2008; Chan
et al., 1992, 1993, 1994; Huh et al., 1998; Pistiner and

Lithium has two isotopes (6Li and 7Li) that have a Henderson, 2003; Rudnick et al., 2004; Kisakurek et al.,

~16% difference in mass and so fractionate readily in
low-temperature environments. While lithium isotopes are
not significantly fractionated during mineral dissolution
[e.g. (Pistiner and Henderson, 2003; Wimpenny et al.,
2010a; Verney-Carron et al., 2011)] they are highly sensitive
to the formation of secondary silicate minerals such as clays
that preferentially uptake °Li leaving the residual lithium in
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2005; Chan and Hein, 2007; Wimpenny et al., 2010a,b;
Pogge von Strandmann et al., 2012; Ryu et al., 2014)]. By
this mechanism, river waters contain dissolved lithium that
is highly isotopically fractionated [8"Li + 23%,, (Huh et al.,
1998)] relative to bulk silicate earth [3"Li+ 4%, (Chan
et al., 1992)] and the weathered upper continental crust
[87Li 0%, (Teng et al., 2004)]. This sensitivity of lithium iso-
topes to secondary mineral formation suggests use as a tra-
cer to infer past changes in continental weathering (Misra
and Froelich, 2012; Pogge von Strandmann et al., 2013).
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To exploit the isotope system as a weathering tracer, it is
important to understand the mechanisms by which its iso-
topes become fractionated in clays and to gauge the uncer-
tainties in assigning factors to particular reactions. If the
reaction is well constrained structurally, equilibrium frac-
tionation of stable isotopes can be predicted by comparing
calculated vibrational energies. The vibrational energy level
of a system will be lower for bonds involving heavier iso-
topes, so at equilibrium the heavier isotope preferentially
partitions into the material in which the element is bound
most strongly [e.g., (Bigeleisen and Mayer, 1947; Rustad
et al., 2010)]. Short bonds tend to be stiffer and stronger
than long bonds (Badger, 1934) and metal-oxygen bond
lengths decrease with coordination number so lower coordi-
nation environments tend to have heavier isotopic
signatures.

For example, recent work shows that changes in the
Ca(II) coordination number controls Ca-isotope systemat-
ics when the solvated ions are incorporated intact into solid
structures (Colla et al., 2013). This work remains highly rel-
evant to the Li-isotope system where the lithium aqua ion is
thought to exist in coordination geometries ranging from
trigonal planar to octahedral (Supplemental Fig. S1), as a
function of the activity of water (Richens, 1997). Such

Table 1

changes could directly influence the isotopic fractionation
measured between solution and a solid phase.

1.1. Studies of lithium-isotope fractionation

To date, lithium-isotope fractionation has been quanti-
fied through a combination of natural and experimental
studies using both inorganic solids such as clays and
organic exchangers such as crown ethers [e.g. (Heumann,
1985; Nishizawa et al., 1988; Kim et al., 1997), also see
Table 1]. The tendency of lithium isotopes to fractionate
at low temperature has long been known since early work
by Taylor and Urey (1938) showing preferential uptake of
6L1 into zeolites with an Osolid-solution (57Lisolid'67Lisolulion)
of 0.978. Similar fractionation factors were also estimated
from natural studies of lithium in seafloor basalt, Fe-Mn
crusts and Fe-oxyhydroxides (Chan et al., 1992; Chan
and Hein, 2007; Wimpenny et al., 2010b) and experimental
studies determining the fractionation of lithium during
uptake into gibbsite, kaolinite, vermiculite, illite and smec-
tite (Brenot et al., 2008; Zhang et al., 1998; Pistiner and
Henderson, 2003; Williams and Hervig, 2005). The frac-
tionation factor (0oig-solution) depends on both mineral type
and temperature (Brenot et al., 2008; Taylor and Urey,

Literature data for lithium-isotope fractionation during uptake into macrocyclic compounds and inorganic exchangers such as clay minerals.

Study Exchanger

Eluant/solution phase

Isotope in T (°C)
solid phase

Asolid-solution

Macrocyclic compounds

Ban et al. (2002)
Kim (2002)

Kim et al. (1991)
Kim et al. (1995)

Kim et al. (1997)

Kim et al. (1998)

Kim et al. (1998)

Kim et al. (1999)

Kim et al. (2000)
Nishizawa and Watanabe
(1986)

Nishizawa et al. (1984)
Nishizawa et al. (1984)
Nishizawa et al. (1988)
Ooi et al. (1999)
Otake et al. (2006)
Kim et al. (2003)

Oi et al. (1991)

Inorganic materials

Monobenzo-15-crown-5

Cyclic N;0; trimerrifield peptide resin 4 M NH4Cl

(18C6)
Monobenzo-15-crown-5

Dibenzo pyridino diamide azacrown

(DBPDA)
Cyclic triazatetramerrifield resin

Azacrown tetramerrifield peptide resin

NTOE

N4O, azacrown

Amino benzo-15-crown-5
Cryptand (2B,2,1)

Benzo-15-crown-5

Cryptand (2B,2,1)
Benzo-15-crown-5
Ti-phosphate exchanger
Phenol type benzo-15-crown-5
Aminobenzo-18-crown-6
Cation exchange resin

Pistiner and Henderson (2003) Gibbsite

Zhang (1998)

Vigier (2008)
Wimpenny (2010)
Chan and Hein (2007)
Taylor and Urey (1938)

Kaolinite and vermiculite
Smectite
Fe-oxyhydroxides
Fe-Mn crusts

Zeolite

0.55 M LiCl in methanol, 0.9873 °Li 35
12M HCI
1.028 "Li 20
5% H,O in acetonitrile ~ 0.947 °Li 23
Acetonitrile 0.966 °Li 20
1 M NH,CI 0.932 Li 20
0.5 M NH,CI 1.00127 Li 25
0.01 M HCl 1.0242 i 25
0.01 M NH,CI 1.038 Unclear 20
1 M NH,CI 1.026 Li 20
0.959 °Li Room temp.
0.965-0.998 °Li Room temp.
Methanol solution of LiX 0.953-0.965 oLi
0.960—1.000 Li 20
0.05 M (NH,),CO; 0.993 °Li 20
Methanol-HCI mix 0.967 Li 35
2 M NH,CI 1.0095 Li 20
1.00089-1.00171 "Li
0.985 °Li
0.972-0.979 Li 25
0.984 °Li 3
0.98 °Li
0.978-0.999 °Li
0.978 Li
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1938; Wunder et al., 2006, 2007). Other controls over
Olsolid-solution fOr lithium isotopes are not well constrained
by geochemists; the influence of ionic strength and solution
composition on o are less intuitive and have been less well
characterized. Vigier et al. (2008) investigated lithium con-
centration (3 M LiCl vs 0.3 M LiCl) at 90 °C and the effect
of solution seawater matrix on isotopic fractionation dur-
ing smectite growth but in all cases they observe no change
in Osolid-solution-

There exist several often overlooked studies regarding
lithium-isotope separation by macrocyclic oxo-ring com-
pounds that stemmed from the use of enriched "Li (as
LiOH) in nuclear-fission reactors [e.g. (Ban et al., 2002)]
and °Li in tritium production. Crown ethers and cryptand
resins (Supplemental Fig. S2) preferentially select either
®Li or "Li from solution, and studies show that the fraction-
ation factor (Oolid-solution) associated with this site-specific
uptake spans a large range from 0.932 to 1.028 (see
Table 1). Of these studies, three by Nishizawa and
co-workers are particularly relevant to the present study.
The first of these shows that isotopic fractionation of
lithium during uptake into cryptand resin varies with tem-
perature, with ojig-solution decreasing systematically from
0.953 to 0.965 as temperature increases from 0 to 40 °C
(Nishizawa et al., 1984a). The second study shows that dur-
ing uptake of lithium into benzo-15-crown-5 ether the frac-
tionation factor is sensitive to the identity of the counter ion
(LiX where X is the counter ion), with the amount of frac-
tionation increasing in the sequence ClI” <Br <I~
(Nishizawa et al., 1984b). Lastly, during reaction of dis-
solved LiCl with benzo-15-crown-5 ether, it was found that
the fractionation factor depends on solution concentration;
increasing from ~1 using 2 M LiCl to 0.960 using 10 M
LiCl (Nishizawa and Takano, 1988). These results contrast
to the results of Vigier et al. (2008), although the experi-
mental conditions used by Vigier and coworkers were very
different. The crown-ether work is particularly relevant
because these molecules trap Li(I) in an array of five- or
six-member rings of p,-oxo groups. Similarly, the ring on
the basal sheet of gibbsite (Supplemental Fig. S2) also traps
Li(I) into a six-membered ring of p,-oxo.

In addition to equilibrium fractionation, irreversible
kinetic processes and diffusive transport can also fraction-
ate stable isotopes. The diffusion of °Li is faster than "Li
and this difference can impart important fractionation
effects, even at relatively low temperatures. For example,
Richter et al. (2006) show that the ®Li diffuses more rapidly
than "Li (by ~3%) when diffusing between two fluid reser-
voirs at 25 °C. Conceivably the more rapid diffusion of
®Li in water as ions or ion pairs could result in secondary
phases such as clays being isotopically lighter than fluid
phases such as river water, or experimental solutions, at
least prior to the establishment of isotopic equilibrium.

1.2. Li intercalation in gibbsite

We here perform a detailed investigation of how lithium
isotopes behave during uptake into the common alteration
phase gibbsite, AI(OH)z;, where the reaction is particularly
well studied. Gibbsite (Al(OH);) is often viewed as a

structural building block for dioctahedral clays and consists
of double layers of p,-OH separating AI(IIT) that occupy
two-thirds of the interstitial sites within these layers
(Saalfeld and Wedde, 1974). Stacked layers are bound to
one another by a combination of van der Waals’ forces
and hydrogen bonds and the basal sheets can be viewed
as linked six-membered rings of metals or oxygens
(Supplemental Fig. S2). In order to maintain charge bal-
ance, there is a vacancy in the six-membered ring and it is
in this site that Li(I) reacts preferentially. The tendency
for gibbsite to take up Li(I) in the rings is well known
(Besserguenev et al., 1997; Isupov et al., 1998; Fogg and
O’Hare, 1999; Wang et al., 2007) and is exploited industri-
ally to form the layered-double-hydroxide solid
[LiAl,(OH)g]X.nH,0O as written in Eq. (1), where X can
be Cl, I, Br, or NOs:

LiX(aq) + 2AI(OH);(s) — [LiAl,(OH) X - nH,O(s) (1)

This reaction proceeds without dissolution and reprecipita-
tion of the mineral lattice. To maintain a charge balance,
gibbsite must also take up the accompanying counter ion
(e.g. CI") into the mineral lattice (Besserguenev et al.,
1997). Detailed work by O’Hare and coworkers (Fogg
and O’Hare, 1999; Williams and O’Hare, 2006) present
comprehensive kinetic data and show that the rate of
Li(I) intercalation into gibbsite depends on temperature,
ionic strength and the counter ion species. The
rate-limiting step of Li(I) intercalation appears to be expan-
sion of the interlayer [e.g. (Williams and O’Hare, 2006)].
Once Li(I) and its counter ion are accommodated within
the hydroxide layers it is then relatively easy for Li(I) to
move rapidly into the layer voids (i.e. the six membered ring
in the octahedral sheet). More detailed description of the
Li(I)-intercalation mechanism is given in Isupov et al.,
1998, and Williams and O’Hare, 2006.

While the structure of gibbsite is well known and inter-
calation of Li(I) has been well studied (Besserguenev et al.,
1997; Isupov et al., 1998; Fogg and O’Hare, 1999; Hou and
Kirkpatrick, 2001), measurements of isotopic fractionation
between solution and gibbsite is not. To date, only one pre-
vious study has investigated lithium-isotope fractionation
during uptake into gibbsite (Pistiner and Henderson,
2003) showing that gibbsite preferentially takes up °Li from
solution with a fractionation factor olojid-sotution Of 0.986.
However, investigating how ogjid-solution Might be influ-
enced by parameters such as ionic strength and counter
ion identity was not the goal of the study.

Because we employ high electrolyte concentrations in
this study, we must also examine the hypothesis that
lithium-isotope fractionation is affected by subtle changes
in the activity of water that accompany these changes in
solution composition. This hypothesis extends directly from
previous work where the intercalation of lithium was shown
to be sensitive to ionic strength, electrolyte concentration
and counter ion identity. To this end we will investigate
the intercalation of Li(I) into gibbsite by comparing compu-
tational and experimental results. The computational results
examine fractionation from reasonable estimates of the
structure of the aqueous Li* ion. The experimental methods
will involve reacting a pure gibbsite solid with solutions of
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LiCl, LiNOj3, and LiClO4 with concentrations that range
from 1 M to 12 M. We understand that these solution com-
positions are well beyond geochemical conditions but the
rate of lithium intercalation into gibbsite is strongly depen-
dent on the molarity of the fluid phase (e.g. Fogg and
O’Hare, 1999). To understand how lithium isotopes behave
during intercalation, and to investigate site specific isotopic
fractionation it is important to vary the extent of reaction.
Moreover, to promote intercalation of lithium on an exper-
imental timescale of days to months the kinetic data (Fogg
and O’Hare, 1999) showed that relatively concentrated solu-
tions were necessary. Hence, to satisfy these requirements
the experiments are performed using a range of relatively
concentrated solutions, with full knowledge that these con-
centrations are not representative of natural systems.
Elemental and isotopic analyses of the solid and solution
will be characterized by ICP-MS, and these data will be sup-
plemented by SEM images and XRD analyses of the reacted
solid. We will also apply solid-state nuclear-magnetic
resonance (NMR) techniques in order to characterize the
structural changes of gibbsite upon lithiation and
the coordination environments of lithium before and after
the lithium uptake process. NMR spectroscopy is a power-
ful tool to probe the local coordination environment of an
atom in the crystal structure and is widely used for structural
studies of solids by many mineralogists (Kirkpatrick, 1988;
Stebbins, 1988; Stebbins and Xue, 2014). Combined, these
data will provide us with a detailed understanding of the
processes that control lithium intercalation into a layered
clay mineral such as gibbsite, and how these processes influ-
ence lithium isotope systematics. Characterizing site specific
fractionation is crucial for understanding isotopic systemat-
ics during mineral-water interactions; hence it is highly
relevant to the interpretation of lithium isotope behavior
in natural systems such as rivers and seawater.

2. METHODS
2.1. Isotope conventions
The isotopic composition of lithium (8Li) is the
measured ratio of its isotopes in a sample normalized to

the ratio of its isotopes in a standard, in this case the
NIST lithium standard LSVEC:

Ty . (%)sample
O'Li= || — | — 1| x 1000 (2)
(ﬁT_l) LSVEC
The lithium-isotope fractionation factor

(A7/ “Lisolid-solution), 15 the 8’Li value of the solid minus the
8’Li value of the solution, given in Eq. (3):

7 . 7 . 7 .
A Llsolid-solution =90 Llsolid -9 Llso]ution (3)

The lithium-isotope fractionation factor (A7/ *Lisotid-solution)
is approximately equal to the alpha fractionation factor
(usolid-solulion) in Eq (4)

713 3
A Llsolid-solution ~ 10 In Olsolid-solution (4)

2.2. Experiments

We chose experimental conditions that matched the
studies of O’Hare (Fogg and O’Hare (1999) and Williams
and O’Hare (2006)). Experimental temperatures ranged
from ambient to 120 °C, and LiCl, LiNO3 and LiClO, solu-
tions varied over concentrations ranging from 1 M to 12 M
(Table 2). All stock solutions were made and stored in
sealed glass volumetric flasks for use in the experiments.
In all experiments 1 g of solid powdered gibbsite was added
to an ultra-clean beaker and mixed with 10 mL of one of
the stock solutions. The pH of all solution-mineral experi-
ments was ambient. The starting mineral reagent gibbsite
acquired from Alcoa company was equilibrated in 1 N
HCI for 14 days and then rinsed with >18 MQ H,O for
another 14 days and then oven dried at 100 °C before use
[see (Rosenqvist and Casey, 2004)].

Solids and solutions were sampled the first 2 days
then every other day for 2 weeks and the solid- and
solution-isotopic compositions measured via
MC-ICP-MS. Experiments were run at different concentra-
tions depending on the counter ion to Li(I) (Table 2). For
example, the LiCl solutions were: 1 M, 4 M, 8 M, and
12 M, and two different temperatures, 25 °C and 120 °C.
Solids were separated from solutions via a syringe filter,
where the solution-mineral slush was drawn into a 12 mL
syringe and then passed through a 0.45 um synthetic filter.
The solutions were slightly acidic (3.5 <pH <6) due to
LiOH™ formation and the pH depended upon the total
lithium electrolyte added. The values elevated and became
very stable pH values upon addition of the gibbsite
(4 <pH <5.7), again varying with the total electrolyte
concentration.

2.3. SEM and XRD analyses

2.3.1. X-ray Diffraction

Li(I)-intercalation yields a layered double-hydroxide
structure of [LiAly(OH)¢]Cl.nH,0. The successful charac-
terization of this compound was carried out on a Bruker
D8 Advance powder X-ray diffractometer (Bruker AXS
Inc.), equipped with a Cu-K, radiation source with a wave-
length of 1.54 A. The data was collected from 5° to 70° 20
at 0.02° 26 per step and a collection time of 0.5 s per step.
The solid powdered materials were smeared onto a
zero-background sample holder before being mounted onto
the diffractometer.

2.3.2. Electron microscopy

Samples were prepared for SEM analysis via syringe
filtration. To remove any excess water or salt solution,
acetone was passed through the syringe filter and the final
products were dried under vacuum for approximately
15 h. All solids were mounted on a pin mount with a small
piece of carbon tape. Electron beam power was at 5 kV on a
Hitachi High Technologies America, Inc. S-4100 field
emission scanning electron microscope.
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Table 2

137

Lithium isotope data for standards and samples from the gibbsite intercalation experiments. Lithium concentration data are also included for

solid phases from the experiments performed at 25 °C. All isotope samples were measured three times.

No. of days Molarity T (°C) 8"Li (solution) 20 8"Li (solid) 20 ALigjia-solution [Lisoria] Wt%
LiCl experiments
1 1 25 5.0 0.3 4.1 0.6 —0.9 0.16
2 1 25 5.3 0.1 49 0.0 —0.4 0.20
5 1 25 4.1 0.2 6.5 0.4 2.4 0.01
12 1 25 4.6 0.2 4.5 0.2 —0.1 0.08
25 1 25 3.8 0.2 49 0.3 1.1 0.10
1 4 25 4.6 0.2 5.6 0.3 1.0 0.83
4 4 25 5.0 0.4 5.1 0.4 0.1 0.75
7 4 25 5.5 0.7 0.9 0.5 —4.6 1.11
23 4 25 5.6 0.2 -2.8 0.2 -84 1.77
45 4 25 6.5 0.3 9.7 0.4 16.2 2.19
52 4 25 7.5 0.5 —8.8 0.0 —16.3 2.86
177 4 25 7.2 0.3 -2.7 0.3 -9.9 3.45
1 8 25 4.7 0.3 3.5 0.3 -1.2 1.80
4 8 25 5.8 0.2 -2.2 0.2 -8.0 2.46
7 8 25 6.8 0.2 -2.5 0.3 9.3
23 8 25 6.8 0.2 -2.5 0.4 —-9.4 3.49
45 8 25 6.1 0.2 =175 0.4 —13.5 3.50
52 8 25 6.5 0.2 -10.4 0.1 -16.9 3.49
177 8 25 6.3 0.5 —5.8 0.4 -9.9 4.11
1 12 25 5.1 0.4 1.9 0.5 -3.2 3.89
2 12 25 5.6 0.1 0.6 0.1 -5.0 4.09
5 12 25 5.6 0.1 24 0.2 —8.0 3.97
12 12 25 5.3 0.1 -19 0.0 -7.2 3.89
25 12 25 5.5 0.4 -1.0 0.4 —6.5 5.06
1 1 120 4.6 0.3 3.0 0.5 -1.5
2 1 120 4.8 0.1 4.6 0.1 —0.2
5 1 120 4.8 0.2 4.0 0.5 —0.8
12 1 120 4.6 0.3 4.8 0.3 0.2
1 12 120 44 0.2 5.1 0.5 0.7
2 12 120 4.9 0.0 Not measured
5 12 120 4.8 0.2 4.3 0.0 —0.5
12 12 120 4.9 0.3 4.8 0.2 —0.1
LiClO, experiment
1 5 25 2.2 0.7 2.4 0.8 0.2 0.16
2 5 25 22 0.3 22 0.6 0.0 0.51
7 5 25 1.8 0.0 1.8 0.3 0.0 0.10
17 5 25 1.9 0.1 2.3 0.2 0.4 0.05
29 5 25 1.9 0.3 1.8 0.2 —0.1 0.05
35 5 25 2.0 0.1 2.0 0.3 0.1 0.07
LiNOj; experiments
1 1 25 6.4 0.7 6.1 0.4 —0.3 0.21
2 1 25 6.6 0.4 5.8 0.2 —0.8 0.04
5 1 25 6.7 0.4 6.3 0.1 —0.4 0.09
26 1 25 6.4 0.1 6.3 0.3 —0.1 0.17
1 4 25 5.7 0.4 5.3 0.0 —0.5 0.08
2 4 25 5.9 0.2 6.3 0.1 0.3 0.12
5 4 25 6.0 0.2 6.1 0.4 0.2 0.40
26 4 25 6.2 0.2 2.1 0.4 —4.1 0.29
33 4 25 6.1 0.4 1.8 0.2 —43
Standards 3'Li 2sd n
Specpure Li 104.5 0.7 24
LSVEC (Col.) 0.1 0.6 13
LiCl 4.6 0.2 6
LiClO4 2.1 0.3 3
LiNO; 6.5 0.3 3
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2.3.3. Nuclear magnetic resonance (NMR) spectroscopy

All solid-state magic-angle-spinning (MAS) NMR spec-
tra were collected on a Bruker AVANCE 500 MHz spec-
trometer equipped with an 11.74 T magnet, using a
Bruker 4 mm MAS triple-resonance probe. All samples
were loaded into 4 mm zirconia rotors and spun at
12kHz. For 'Li NMR experiments a typical 30° pulse
and recycle delay time of 5s were used. The "Li chemical
shift was externally referenced to 1 M LiCl solution. For
27Al NMR experiments, the pulse length was 0.35 ps (corre-
sponding to 30 degree tip angle), and the recycle delay was
0.5s. The *’Al chemical shift was externally referenced to
1 M AICl; solution. 'Li was chosen as the target nucleus
because it is quadrupolar, has 92.41% natural abundance
and resonates at 194.36 MHz. All fits to the NMR spectra
were made using the program DMFIT (Massiot et al.,
2002).

2.4. Isotopic analyses

Gibbsite samples were dissolved using a 1:1 mixture of
concentrated HNO; and HCI, and heating at 120 °C for
24 h, after which no solid residue was present. This solution
was then evaporated to dryness and the residue redissolved
in 0.2 N HCI for processing through cation columns. Small
aliquots of solution samples were also dried down and
redissolved in 0.2 N HCI. All samples were separated from
potential matrix species using a column procedure adapted
from James & Palmer (2000). Savillex columns with dimen-
sions of 0.8 cm by 10 cm were filled with Biorad AG50-X8
resin to a height of 8.5 cm (measured in 0.2 N HCI). These
columns were previously calibrated to ensure a 100% yield
of lithium, and a good separation between lithium and
sodium. The sample matrix used in this study is quite unlike
typical rocks or water samples, being highly enriched in
lithium relative to other cations, with no sodium present,
so to ensure that the column chemistry was calibrated cor-
rectly we routinely processed the pure lithium LSVEC stan-
dard through the columns and measured its isotopic
composition relative to unprocessed LSVEC (see below
for more details). Samples were loaded, eluted and collected
in 0.2 N HCI. Collected samples were dried down and redis-
solved in concentrated HNO; in order to oxidize any
organics that were derived from the resin. Upon drying
again, these samples were diluted in 1 ml of 2% HNO;
ready for analysis by multi-collector ICP-MS.

All samples were analyzed using a Thermo-Scientific
Neptune Plus at UC Davis. The Neptune was set up with
a high sensitivity ‘x’ skimmer cone and a standard sampling
cone. Samples and standards were introduced to the plasma
via an Apex IR which partially desolvates the sample. As
there are no interferences to worry about for lithium, the
analyses were all performed at low resolution. In general
10 ppb of lithium gave a signal intensity of ~10 V "Li and
the 2% HNOj; running blank was less than 50 mV (i.e. a sig-
nal to blank ratio of 200) using 10! ohm resistors and a
Teflon nebulizer with an uptake rate of 50 pl/min. The
two isotopes of lithium were measured on the L4 and H4
Faraday collectors with a dummy mass on the center cup.
Measured ratios must be normalized to a standard in order

to correct for mass bias effects; following the convention in
lithium-isotope studies all samples were bracketed by the
LSVEC lithium carbonate standard. To assess the accuracy
of our analyses, and long term precision we measured sev-
eral LSVEC samples that had been processed through
chemistry. On average these standards gave a 8’Li value
of 0.1 £0.6%, (n=13). We also routinely measured an
in-house standard of pure lithium (Alfa Aesar Specpure
Li) during every analytical session, with a &'Li value of
104.5 +0.7%, (n=24). Though lithium is a dominant
cation in all of our samples we also tested our analytical
procedure in a sample with a more complicated matrix,
and in which lithium is a trace element. We analyzed
Bermuda seawater and obtained a 8’Li value of 30.5%,
(n = 3), which is within error of the literature value for sea-
water [319,, e.g. (Pogge Von Strandmann et al., 2013)].

2.5. Computational methods

Vibrational frequencies were calculated for a series of
lithium complexes in order to provide a framework for
the interpretation of measurements of isotopic fractiona-
tion between Li*(aq) and lithiated gibbsite. The aqua ion
Li*(aq) was represented in threefold, fourfold, and sixfold
coordination to solvation waters. The clay mineral environ-
ment is represented by a cluster cut from a layered
double-hydroxide. Calculations were also conducted (see
Supplemental Information) for ions with an association to
CI™ counter ions in order to assess how ion pairing may
influence the results.

Isotope-fractionation factors were estimated from har-
monic vibrational frequency calculations derived from
density-functional theory electronic-structure calculations
(DFT) on the representative molecules. Results are
expressed in terms of reduced partition function ratios
(RPFRs) for each lithium-coordination environment.
Vibrational frequencies are calculated for the ’Li- and
®Li-centered molecules. The two lists of frequencies are
used to calculate the RPFR using the methods in (Urey,
1947) (see the short code given in the Supporting
Information). Calculations were carried out with the PQS
4.0 quantum chemistry code (Baker et al., 2012) using the
6-311++G(2d,2p) basis set and the B3PW91 exchange—cor-
relation functional (Becke, 1993). Tight optimization/SCF
thresholds and fine DFT integration grids were requested
in all calculations. Aqua ions were modeled using methods
laid out in Rustad et al. (2010). A complex consisting of the
[Li(H,0),]" ion surrounded by an explicit second solvation
shell was fully optimized in the gas phase. The optimized
complex was then embedded in COSMO continuum solvent
(Klamt and Schiitirmann, 1993) where the lithium ion and
the first solvation shell were re-optimized while the second
solvation shell was held fixed. The complexes are shown
in Supplemental Fig. S3. The Hessian matrix of second
derivatives OZE/Goq@Bj was calculated numerically (displace-
ment step size 0.02 bohr) for the mobile inner core (lithium
ion plus first solvation shell). If a center of symmetry was
present, it was used in construction of the Hessian matrix.
Symmetry operations other than the symmetry center were
not used in the construction of the Hessian matrix. Because
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of the embedding, the number of degrees of freedom for the
aqua ions is the full 3N (30 for [Li(H,O)s]", 39 for
[Li(H,0)4]" and 57 for [Li(H,0)s]"). For reference, results
are also given for the gas-phase Li(H,O); (C; symmetry),
Li(H,0)4 (S4 symmetry), and Li(H,O)g (Sg symmetry) ions.
Because of the removal of translational degrees of freedom
for the embedded ions, the Teller-Redlich product is 3/2
In(Mpeayy/Myighe) = 0.230875709. Rotational degrees of free-
dom for the gas-phase complexes, offered for reference,
were not accounted for in the calculated fractionations.

The solid environment of the lithium was run using
embedding methods that have been previously described
(Rustad et al., 2008). A fragment of the gibbsite-like layer
of the layered double-hydroxide structure was cut out
around the central lithium ion (see Fig. 3d). Clipped bonds
were terminated with bonds to partially-charged nuclei
whose charges were chosen to conserve Pauling bond
strength at the terminal oxide ion (clipped Al-O bonds were
represented by +1/2 charges and clipped Li—O bonds were
represented by +1/6 charges). These terminating nuclei
were given hydrogen basis functions. Chloride ions were
placed above and below the central lithium ion. Chloride
ions on the vertical termination plane (light grey circles in
Supplemental Fig. S3) were omitted, giving the cluster an
overall +2 charge. Coordinates for all complexes are given
in the Supporting Information.

¢ Day 1
5} o Day25 ¢

0 s 8 12
Licl (M)

Fig. 1. A graph showing lithium loading as a function of the
concentration of LiCl after 1 day and ~25 days.
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3. RESULTS
3.1. Lithium intercalation

The amount of Li(I) intercalated into gibbsite varies
with both the total electrolyte concentration and the iden-
tity of the counter ion. In the LiCl experiments, there is a
clear positive relationship between Li(I) loading and total
electrolyte concentration (LiCl; Fig. 1). In the 4 M, 8§ M
and 12 M LIiCl experiments progressively more lithium
was taken into gibbsite with time (See Table 2) while the
amount of lithium incorporation into gibbsite from the
1 M LiCl experiment remained close to 0.1 wt% Li for the
duration of the experiment. Results show that when CI™
is the counter ion, far more lithium is taken up into gibbsite
than with either NO3 or ClOz. For example, using an
electrolyte concentration of between 4 M and 5 M, after
~1 month the lithium concentration in gibbsite with CI~,
ClO4 and NO3 as counter ions was >2 wt%, 0.1 wt% and
0.3 wt% respectively.

3.2. Isotopic analyses

The results of lithium-isotopic analyses are presented in
Tables 2 and 3, and plotted in Figs. 2-5. Results show that
at 25 °C both the total electrolyte concentration and iden-
tity of the counter ion influence the magnitude of isotopic
fractionation associated with Li(I) intercalation into
gibbsite. At higher temperatures (120 °C) there was no frac-
tionation of lithium isotopes in either 1 M or 12 M LiCl
solutions.

Starting with the LiCl experiments, we observe no iso-
topic fractionation during the reaction of gibbsite with
1 M LiCl but significant isotopic fractionations at higher
concentrations (Figs. 2 and 3). Where isotopic fractionation
occurs, SLi is always preferentially incorporated into the
solid phase while the solution becomes correspondingly
isotopically heavy. Due to the high concentrations of
dissolved lithium salts in these experiments, changes in
isotopic composition of the solution are negligible. After
25 days the magnitude of isotopic fractionation was
relatively similar in the 4 M, 8 M, and 12 M experiments;
with A7 Lisojid-solution values of —9.4% . —8.4%, and —6.4%,

Li isotope and concentration data from experiments reacting end-solids from the 4 M and 8 M LiCl experiments with solutions of 1 M LiCl.

No. of hours Molarity T (°C) 8"Li (solution) 20 8"Li (solid) 20 A"Ligojig-solution [Lisotia] Wt%

4 M gibbsite reacted in 1 M LiCl

Initial solid 1 25 4.5 0.3 -2.7 0.3 -7.2 3.45
1 1 25 4.9 0.4 -7.9 0.3 —12.7 2.73
5 1 25 5.0 0.3 -7.0 0.4 —11.9 241

24 1 25 4.8 0.1 6.6 0.2 —114 2.37

48 1 25 4.6 0.0 —6.8 0.4 —11.4 2.50

8 M gibbsite reacted in 1 M LiCl

Initial solid 1 25 4.5 0.3 -5.8 0.4 -10.3 4.11
1 1 25 5.0 0.6 —12.7 0.1 —17.7 2.66
5 1 25 4.9 0.2 —12.2 0.2 —17.1 2.64

24 1 25 4.7 0.6 —11.6 0.4 —16.3 2.44

48 1 25 4.6 0.6 —11.6 0.2 —16.2 2.49




J. Wimpenny et al./ Geochimica et Cosmochimica Acta 168 (2015) 133-150

140
(‘<1)8 1M Licl, 25°C (b)s 12M Licl, 25°C
6l ¢ 6l
ié _____________________________________________ ; _________ ¢ 3 ¢
’\E 4 i § LiCl = 4.5%o 4 LiCl = 4.5%o
[=)
=l 2 |
3 %
W ot o} ;
-2 | @ Gibbsite 21
e ;o0
-4 . . . . . -4 . . . . .
0 5 10 15 20 25 30 O 5 10 15 20 25 30

Number of days

Number of days

Fig. 2. Lithium-isotope data for solid and solution phases from 1 M and 12 M LiCl experiments. The starting LiCl solution has a 8’Li value

of +4.5%,,,
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and the experiments were run for 25 days. All uncertainties are the 20 external reproducibility (0.6%,), typical internal uncertainties
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Fig. 3. Lithium-isotope data for solid and solution phases from 4 M and 8 M LiCl experiments. The starting LiCl solution has a 8’Li value of
+4.5%,, and the experiments were run for 177 days. All uncertainties are the 2¢ external reproducibility (0.6%,), typical internal uncertainties

are 0.1-0.3%,.
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Fig. 4. Lithium-isotope data for solid and solution phases from experiments reacting end solids from the 4 M and 8 M LiCl experiments with
1 M LiCl. The LiCl solution has a 8’Li value of +4.5%,, and the experiments were run for 48 h. All uncertainties are the 2¢ external

reproducibility (0.6%,), typical internal uncertainties are 0.1-0.39,.

respectively. Sampling was continued for 177 days in the
4M and 8 M experiments. In both we observe large
changes in the amount of isotopic fractionation between
solid and solution. After 52 days the A"Ligoidosomution Values
decreased to —16.39, and —16.99, respectively before
increasing to —2.7%, and —9.99 respectively after 177 days
(Fig. 3).

To examine this reversal of composition with time, we
reacted gibbsite solid from the 4 M and 8 M LiCl experi-
ments with a 1 M LiCl solution (Fig. 4). In both cases this
reaction caused the solid to become relatively enriched in
®Li. Final A"Lisojid.somtion Values for the 4 M and 8 M solids
were —11.49%, and —16.29, respectively. The change in iso-
topic composition was accompanied by changes in solid
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Fig. 5. Lithium-isotope data for solid and solution phases from 1 M and 4 M LiNO; experiments. The starting LiINO5 solution has a §’Li
value of +6.59%,, and the experiments were run for 25 days and 33 days. All uncertainties are the 2¢ external reproducibility (0.6%,), typical

internal uncertainties are 0.1-0.39,.

Table 4
Reduced partition function ratios (calculated at 298.15K) for
complexes investigated in this paper.

Gas 2nd Shell + COSMO

[Li(H,0)s]" 1.075 1.071
[Li(H,0),T" 1.074 1.068
[Li(H,0)6]" 1.045 1.033
LDH 1.065
Table 5
Calculated fractionation factors (1000 In(ot,q/0 pr))-

[Li(H,0)5]" [Li(H,0)4]" [Li(H,0)]"
LDH +5.6 +2.8 -30.5

composition. When the gibbsite solid from the 4 M and
8 M LiCl experiments was reacted with a new solution of
I M LiCl, the lithium concentration of the gibbsite
decreased; the lithium concentration in this gibbsite from
the 4 M experiment decreased by ~1 wt% and the gibbsite
from the 8§ M experiment decreased by ~1.5wt% (see
Table 3).

The effect of total concentration on isotope fractiona-
tion was also observed by comparing the reaction of gibb-
site with 1 M and 4 M LiNO; solutions. Similar to the
results of the LiCl experiment there was no isotopic frac-
tionation of lithium isotopes in the 1 M LiNOj experiment.
In the 4 M LiNO; experiment the A’Lisjid-sotution Was
—4.3%, after 33 days (Fig. 5).

The effect of the counter ion on the isotopic fractionation
of lithium is best illustrated through comparison of
A"Ligolid-sotution vValues in experiments of similar total con-
centration and ionic strength. If experiments with 5M
LiCl, 5 M LiClO4 and 4 M LiNO; are compared we observe
maximum A’ Ligojig-sotution Values of —16.3%,, —0.1%, and
—4.39, respectively. Thus the amount of isotopic fractiona-
tion increases in the counter ion order ClO; < NO3 < CI™.

3.3. Calculations of isotope fractionation

The calculations indicate that only a small isotopic frac-
tionation could arise from changes in ion solvation. The

results of the calculations are given in Tables 4 and 5.
For the aqua ions, findings are similar to previous work
on the Lit(aq) (Yamaji et al., 2001; Kowalski and Jahn,
2011), with a large fractionation predicted between
[Li(H,0)4]" and [Li(H,0)]", and a small fractionation pre-
dicted between [Li(H,0);]" and [Li(H,0)4]". The fraction-
ation predicted between the aqua ions and the layered
double-hydroxide environment is similar to that calculated
between aqua ions in lithiated mica in Kowalski and Jahn
(2011).

3.4. XRD analyses

The experiments sampled for XRD were: 4 M and 8§ M
solids and experiments where 4 M and 8 M solids were
redispersed in solutions of 1 M LiCl. All experiments suc-
cessfully intercalated lithium ions into the gibbsite mineral
lattice, as expected from the previous work (XRD patterns
in Supplemental Fig. S5).

3.5. NMR spectroscopy

Progressive formation of the [LiAly(OH)g]Cl.nH>O is
evident in both the ?’Al- and "Li-MAS-NMR spectra and
this reaction correlates well with the isotopic fractionation.
The "Li-MAS-NMR data indicate at least two coordina-
tively distinct lithium sites in the reacted gibbsite lattice.
A relatively narrow signal with two singularities centered
at —0.2 ppm indicates the presence of a well-defined
octahedral site in the layered double-hydroxide mineral,
while the broad feature at about 0 ppm is consistent with
amorphous lithium-containing phases with disordered local
structure e.g. surface or various local structures. We
observe, however, little evidence for formation of the
[LiAl;(OH)6]CL.nH,O phase from gibbsite in the 1 M solu-
tions at room temperature (Fig. 6a and b). Similarly, the
ZTAI-MAS-NMR spectra of the samples after days of reac-
tion are unmodified and indicate two distinct 2’ Al sites with
second-order quadrupolar patterns, as is expected from
well-crystallized gibbsite (Ashbrook et al., 2000) (Fig. 6a).

Fig. 6b shows the 2’ Al-NMR spectra of the samples in
4M, 8 M and 12 M and one can see that a single peak is
evident in the samples. This peak corresponds to the
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Al MAS NMR Spectra
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Fig. 6. (a) ’Al MAS NMR spectra of gibbsite and a sample prepared with 1 M LiCl solution. The reaction product has the feature of
gibbsite, which is consistent with the XRD results for these samples. (b) *’Al MAS NMR spectra of samples prepared with higher
concentration of LiCl solutions. The 2’Al NMR spectra of the samples reacted in 8 M and 12 M solutions have one signal, which is
characteristic of the [LiAl,(OH)q]CL.nH,O layered double-hydroxide (Hou and Kirkpatrick, 2001)). Upon rinsing, however, the 2’ Al spectra
show evidence of the reaction reversing, and forming gibbsite from the [LiAl,(OH)4]Cl.nH,O layered double-hydroxide solid. The sample at
top was agitated in an ultrasonic bath for two five-minute rinses with distilled water. With this gentle treatment, the peak assignable to the
[LiAl(OH)6]CL.nH,O solid broadens and the two-site spectra that is characteristic of gibbsite becomes evident.

[LiAl,(OH)¢]Cl.nH,O phase and exhibits a single nar-
row signal at about 8.5ppm, corresponding to
[LiAl,(OH)6]CL.nH,O (Hou and Kirkpatrick, 2001)). The
Li MAS-NMR spectra also indicate a typical
second-order quadrupolar pattern, as expected for 'Li in
octahedral sites with nearly uni-axial symmetry. Using the
deconvolution software DMFIT (Massiot et al., 2002), we
calculated a quadruple coupling constant of 0.456 MHz,
= 0.104, isotropic chemical shift = —0.4 ppm for this site.

For most, but not all samples, however, the "Li-NMR
spectra also indicate the presence of two sites in varying
concentrations. A broad feature is evident in samples early
in a reaction set, or if the samples were wetted after extrac-
tion, such as in rinsing experiments. This broad feature is
consistent with "Li in an amorphous setting and is centered
near 0 ppm (Fig. 7), underlying the relatively well defined
feature that we assign to 'Li in the layered double-
hydroxide phase. However, no second lithium-containing
phase was evident in the X-ray diffraction patterns of the
lithiated solids (Supplemental Information), even in
samples where this broad feature was clearly evident in
the "Li-NMR spectra. This second broad peak could not
be crystalline LiCl formed during drying as it was not
detected in X-ray diffraction and because the 'Li NMR
peak is much too broad to be assignable to such a
well-crystallized material as LiCl.

We also noticed that the 'Li NMR spectra of layered
double-hydroxide samples made with 12 M LiCl solutions
evolved over time, consistent with distortions of the

Li(OH)¢ octahedral structures and strong displacements
of the lithium ions. One can also see in both the
27Al- and "Li-NMR spectra that the lithiation is partly
(and rapidly) reversible upon rinsing, as a shoulder immedi-
ately becomes evident upfield from the main and broad ?’Al
assigned to the [LiAl,(OH)]CL.nH,O solid and, upon rins-
ing, the peak broadens. The rapid reversing of the interca-
lation and return of the structure to a gibbsite-like phase is
even more evident in the "Li-MAS-NMR data, where rins-
ing with distilled water causes most of the "Li-NMR signal
to disappear and the layered double-hydroxide solid to col-
lapse. Thus the NMR data indicate two reservoirs for
lithium, only one of which has a well-defined structural
setting.

4. DISCUSSION

Experiments show that temperature, electrolyte concen-
tration, and counter ion identity all influence the isotopic
fractionation. In the following discussion we consider each
of these three parameters turn.

4.1. Temperature

The effect of temperature is unsurprising and clear. Our
data show no isotopic fractionation of lithium at 120 °C in
12 M LiCl, while the same experiment had a A”Lisojid-solution
value of —6.59, at 25 °C (see Table 2). This result is fully
consistent with previous work by Vigier et al. (2008) and
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’Li MAS NMR Spectra
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Fig. 7. "Li MAS-NMR spectra of samples prepared with LiCl solutions. All Li spectra exhibit two components. The first is a broad signal
that has a mixed Gaussian/Lorentzian line shape (G/L = 0.1) centered near 0.31 ppm with a width of 293 Hz. This signal is identified in the
lowermost figure as the bolder dashed line. Another signal is relatively narrow and has a pattern consistent with a second-order quadrupolar
environment. This signal is shown as the grey dashed line in the lowermost spectrum. In general, this narrow feature becomes more evident
with progressive double-hydroxide solid formation and is assignable to Li(I) in the well-defined octahedral site in the layered double-
hydroxide mineral. The fitted pattern is centered over 0.41 ppm, has a quadrupolar coupling constant of 0.5 MHz, line-broadening of 3.5 Hz

and an asymmetry parameter, 7 = 0.2.

Nishizawa et al. (1984a), and is expected from the funda-
mental thermodynamics of equilibrium-isotopic fractiona-
tion (Urey, 1947), i.e. that we observe more stable-isotope
fractionation at lower temperatures. Although we do not
observe the same temperature dependence in the 1 M LiCl
experiment the intercalation rate of Li into gibbsite is much
slower in lower molarity solutions (e.g. Fogg and O’Hare,
1999). Thus the Li isotope data from the two 12 M experi-
ments can be compared purely in terms of the effect of tem-
perature, while in the 1 M experiments we must also
consider the extent of reaction. The relationship between
electrolyte molarity and reaction extent is discussed in more
detail in Section 4.2.

It is important to reiterate that the temperature depen-
dence of lithium-isotope fractionation continues below
90-120 °C. Vigier et al. (2008) found no change in the iso-
topic fractionation factor below 90 °C during uptake of
lithium into smectite, however they hypothesize that this
was a misleading result caused by the reaction not reaching
equilibrium at lower temperatures. The data of Nishizawa

et al. (1984a) shows that temperature effects can occur dur-
ing uptake of lithium into cryptand resin at low tempera-
tures over a very limited range from 0 to 40 °C. Our data
shows that there is a considerable difference in
A"Ligolid-solution between experiments performed at 25 and
120 °C. Even so, it is difficult to make robust conclusions
about the relationship between the fractionation factor
and temperature from just two data points; clearly more
experiments would be necessary to fully quantify this
relationship.

4.2. Electrolyte concentration

Our data appear to be broadly consistent with that of
Nishizawa et al. (1988), i.e. that greater isotopic fractiona-
tion is observed at higher electrolyte concentrations
(Figs. 2-5). There are, however, two effects hidden in
this phenomenon because the activity of water scales with
the total concentration of lithium electrolyte. A reduced
activity of water is consistent with the hypothesis that the
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lithium coordination number would be lower at higher
electrolyte concentrations and would affect isotopic
fractionation during incorporation of lithium into the
six-membered ring of gibbsite; one expects the fractionation
to increase. However, the relationship between
A" Lisoidosotution and electrolyte concentration is actually
not straightforward; A’Lisjidsolution does not linearly
increase with lithium molarity. For example, if we just con-
sider the LiCl experiments then the A"Ligoid-soltion values
obtained in the 12 M LiCl experiment are lower than values
obtained using 4 M and 8 M after ~25 days (see Section 3.3.
and Table 2).

The DFT calculations are consistent with previous work
and show that changing lithium speciation from Li(H,0),]"
to [Li(H,0)s]" would have a negligible effect on isotopic
fractionation. Although it is reasonable to expect that vari-
ations in the activity of water reduce the solvation number
of Li*(aq) (between [Li(H»O),]" and [Li(H,O);]") these
changes would not result in much difference in the fraction-
ation against a constant reference compound like the
lithiated gibbsite. In other words both our calculations, as
well as those of Kowalski and Jahn, 2011, suggest that
the large range in isotopic fractionations observed in our
experimental study cannot simply be caused by different
electrolyte concentrations changing the coordination
number of Li*(aq) in solution. In addition, estimates of
the effects of ion pairing (e.g., [LiCI]°) indicate small effects
on the reduced partition function ratio (RPFR) of Li*(aq)
and indicate that progressive ion pair formation is unlikely
to be responsible for driving large fractionations (see
Supplemental Information). Our calculations, as well as
those of Kowalski and Jahn, show that [Li(H,O)s]" has a
dramatically lower RPFR than both [Li(H,0),]" and
[Li(H,0)5]", but this cannot account for the observed
fractionation because the six-coordinated lithium aqua
ion would be predicted to be isotopically lighter than
lithium in the LDH, which our experiments show is not
the case. We conclude that there must be another mecha-
nism that relates higher electrolyte concentrations with
larger A7Lisolid-solution values.

It is helpful to consider that, unlike the macrocyclic
compounds studied by Nishizawa and coworkers, gibbsite
has a layered structure and the amount of lithium taken
into the gibbsite (the lithium loading) varies within and
between different experiments. As shown by Fogg and
O’Hare (1999) and Williams and O’Hare (2006) the mecha-
nism of lithium intercalation into gibbsite is such that rates
are limited by the expansion of the interlayer. This means
that, upon loading, the Li(I) and counter ion first move into
the expanded interlayer before the Li(I) can fill the octahe-
dral vacancies; that is, the diffusion probably occurs by a
coupled ion-pair movement of the cation and anion
together. We don’t know the stoichiometry or structure of
the diffusing species, but the need to maintain a charge bal-
ance in the clay suggests that the movement of the cation
and anion must be correlated. Furthermore, the fact that
the most rapid rates correspond to the smallest monatomic
counter ion, Cl~, suggest that an inner-sphere complex like
LiCI° may be the most rapidly diffusing moiety as the solid
structure reorganizes.

As shown in Fig. §, there is a rough trend showing that
increased lithium loading corresponds to more negative
A"Ligotidosomtion Values. Because the unreacted gibbsite con-
tains negligible lithium, this relationship cannot be caused
by two-component mixing. Rather, the isotopic fractiona-
tion must arise kinetically from the intercalation process
itself, or as an equilibrium effect by chemical bonding of
lithium to the octahedral vacancies in gibbsite. SEM analy-
ses of the gibbsite reacted with 1 M, 4 M and 12 M LiCl
clearly show evidence for interlayer expansion (Fig. 9), with
more prominent expansion visible at the higher molarities
(4 M and 12 M), coincident with increased lithium loading
(Fig. 1). Thus, it is likely that the A”Lisjd-sotution value is
related to the amount of lithium that is taken up purely
through diffusion into the expanded interlayer. Some of this
lithium will be chemically bound to octahedral vacancies
with the counter ion placement causing expansion of the
structure. What is unclear is whether all of the intercalated
lithium will end up bound to the octahedral sheet or
whether some will remain in the interlayer and at edges.
This distinction will have consequences for the final §Li
value of the solid and is discussed in more detail in
Section 4.4.

It is interesting to note that where loading of lithium
into gibbsite is small (0.1-1 wt%) there is negligible frac-
tionation of lithium isotopes (Figs. 2 and 5). This result is
in direct contrast to observations of lithium isotope behav-
ior in natural systems and other experimental studies
involving weathering reactions (e.g. Chan et al., 1992;
Pistiner and Henderson, 2003; Wimpenny et al., 2010a,b)
where significant isotopic fractionation of lithium is
observed. These results can be explained if we consider
the kinetics of lithium intercalation into gibbsite (Fogg
and O’Hare, 1999; Williams and O’Hare, 2006). We
hypothesise that at lower total dissolved lithium concentra-
tions the intercalation of lithium is either much slower, or
that the expansion of the interlayer cannot occur, at least
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Fig. 8. A graph showing the fractionation of lithium isotopes
between solid and solution during uptake of lithium into gibbsite
(A"Ligolig-solution) as a function of lithium loading for all experi-
ments performed using LiCl solutions. There is a rough first-order
correlation between Li loading and A”Liggjig-somtion. HOWever in
more detail it appears that the maximum isotopic fractionation
coincides with lithium loading of between 2.5 and 3.5 wt%. Above
this concentration the A”Ligojiq.somtion Value decreases again.
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Fig. 9. Scanning electron micrographs of (a) unreacted gibbsite, (b) gibbsite reacted with a 1 M LiCl solution, (c) gibbsite reacted with a 4 M

LiCl solution, and (d) gibbsite reacted with a 12 M LiCl solution.

over the timescales of our experiments. Perhaps at lower
ionic strength it takes much longer for interlayer expansion
and incorporation to occur, and further diffusion of lithium
counter-ion ion pairs within the interlayer is also very slow.
Certainly the SEM images of gibbsite reacted with 1 M LiCl
show far less prominent layer expansion than at 4 M or
12 M (Fig. 9). These data imply that over a relatively short
timescale (on the order of weeks) and without interlayer
expansion, the uptake of lithium occurs with no isotopic
preference, i.e. the phase change facilitates lithium interca-
lation into gibbsite and induces the isotopic fractionation.
One expects such chemistry if a threshold concentration
of lithium was needed to induce the phase change.
Another interesting observation is that little or no iso-
topic fractionation was observed during the first 4 days of
reaction of gibbsite with 4 M LiCl despite solid-phase
lithium concentrations of ~0.8 wt%. In this case the lithium
loading was up to 8 times greater than lithium loading in
the 1 M LiCl experiments, implying that some interlayer
expansion and intercalation of lithium had occurred.
Despite this intercalation, there was no accompanying
isotopic fractionation of lithium. This suggests that the
intercalation of lithium into the gibbsite interlayer itself
does not cause isotopic fractionation. Instead, the fraction-
ation must be caused by either diffusion of lithium within
the interlayer, or by the final incorporation of lithium into
the octahedral vacancies. Based on our experimental data
we cannot exclude either hypothesis, and in fact both
processes (diffusion and site occupancy) may play a role.

4.3. Counter-ion identity

The lithium-isotopic fractionation associated with
lithiation of gibbsite increases in the counter-ion order
ClO; <NO3 <CI". Similar to our observations in
Section 4.2. This difference appears to be related to lithium

loading. Fogg and O’Hare (1999) show that the nature of
the anion affects the intercalation rate of lithium into gibb-
site, and that the rate of intercalation is roughly correlated
with radius of the anion, as one expects from a process of
diffusion. The ionic radii of the counter ions in the current
study are 0.241 nm, 0.177 nm, and 0.180 nm for ClOy,
NO3 and CI™ respectively (Marcus, 1988). While perchlo-
rate has the largest radius, which might explain why the
lithium loading was so low, the nitrate and chloride ions
are almost identical in size but lithium loading is far greater
with Cl™ as the counter ion.

Williams and O’Hare (2006) investigated several other
counter-ions and came to the conclusion that neither hydra-
tion enthalpy, charge distribution, activation energy nor
ionic radius can fully explain why the anion identity affects
the intercalation kinetics. The charge in the CI™ is, of
course, more localized than in the NO3, which may be
important if the diffusing moiety were an inner-sphere ion
pair, like LiCI°, as we mentioned above. These differences,
even if poorly explained, are also manifested in the isotope
fractionation.

Nishizawa et al. (1984b) showed the counter ion also
affected the fractionation factor for lithium uptake into
benzo-15-crown-5. In this case the least amount of fraction-
ation was associated with CI~ and the most with 17; i.e.,
most fractionation was associated with the anion with the
largest ionic radius. While this is the opposite trend to that
observed in the current study, Nishizawa and coworkers
used methanol as a solvent. Moreover, fundamental differ-
ences in structure between benzo-15-crown-5 and gibbsite
mean that factors influencing intercalation rate of lithium
into gibbsite, including counter-ion identity, would not nec-
essarily affect macrocyclic compounds in the same way. It
nevertheless is interesting that counterions remain impor-
tant even in situations where there is no large-scale struc-
tural transformation.
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4.4. Quantifying isotope fractionation

The results show that A”Lisid.somtion is influenced by
temperature, electrolyte concentration, and counter ion.
However, the relationships between these factors and
A"Ligoidosolution ar€ not straightforward as we must take
into account associated changes in the gibbsite structure
that in turn influence lithium loading. Ultimately, this
makes interpreting A"Ligopidosolution Values equivocal.

To address this question, it is first useful to consider the
lithium mass balance, i.e. to what extent have the octahe-
dral vacancies been filled in each experiment? In the case
of experiments with the NO3 and ClOj salts, lithium load-
ing was small so the maximum percentage of octahedral
sites filled is also small, usually <10%. However, much
more lithium loading occurred in the Cl™ experiments. In
this case the idealized formula of the solid is
[LiAl,(OH)6]CL.1.5H,0 and the maximum lithium concen-
tration should be 3.1 wt% [e.g. (Tarasov et al., 2004)]. As
shown in Fig. 8 the gibbsite samples had lithium concentra-
tions that ranged from 0.1 to 5.1 wt%, with several samples
from the 4 M, 8 M and 12 M LiCl experiments having
lithium concentrations greater than 3.1 wt%.

In other words, some experiments loaded lithium into
the gibbsite in amounts that exceed the concentration of
six-membered oxo rings that are essential for making the
layered double-hydroxide solid. If we look in more detail
Fig. 8 actually shows an intriguing relationship between
lithium loading and A”Lisjig-somtion. As lithium loading
increases from 0 to ~3.1 wt% the A'Lisjid-solution Values
become highly negative, however as lithium loading contin-
ues to increase from ~3.1 to 5 wt% the A”Ligofid-solution Val-
ues become less negative again. These observations can be
explained if lithium occupies at least two sites, or perhaps
better described as two reservoirs, and that these reservoirs
contain lithium with distinctly different 8"Li values. If the
isotopic composition of lithium in these two reservoirs dif-
fer, then the 8’Li value of the bulk solid will be controlled,
not only by the isotopic composition of lithium in these
sites, but also by the relative proportion of octahedral
lithium in the two reservoirs, which varies with loading
and reaction history.

Solid-state "Li and 2’Al NMR spectra (see Section 3.5)
show clear evidence for two reservoirs and one reservoir is
well understood — the octahedral sites that form the
layered double-hydroxide solid where the lithium is held by
inner-sphere coordination to structural oxygens. We assign
this reservoir to the narrow, second-order quadrupolar sig-
nal in ’Li-NMR spectra. The site becomes clear when
27AI-NMR spectra indicate that the gibbsite has converted
to the layered double-hydroxide (Fig 7). The second reser-
voir corresponds to a broad feature in the "Li-NMR spectra
that indicates a poorly organized structure, such as interlayer
Li(I) or adsorbed lithium. The lithium in this reservoir is suf-
ficiently disordered to give a wide range of chemical shifts.

We infer that isotopic fractionation into this second
reservoir of lithium sites is near zero, as would be found if
the adsorbates or interlayer ions were structurally similar
to lithium solutes. While the 3’Li value of lithium in the sec-
ond reservoir was not directly measured, the assertion that it

is taken up from solution with little or no isotopic fraction-
ation can explain several of our experimental observations
and is consistent with uptake of magnesium into the inter-
layer in smectite (Wimpenny et al., 2014). For example the
maximum A”Ligojd-sotution Values in the 12 M LiCl experi-
ment are much smaller than in the 4 M and 8 M experiments
(—89%, compared to —169,,) despite the gibbsite experiencing
more prominent interlayer expansion (Fig. 9d) and becom-
ing more rapidly loaded with lithium (3.9 wt% after just
1 day). These observations can be explained if the
octahedral vacancies were filled rapidly due to more rapid
intercalation of lithium in higher molarity solutions, as
demonstrated in Fogg and O’Hare, 1999. Once the available
octahedral sites were filled any further loading of lithium
could only occur as solvated adsorbates or solvated inter-
layer ions. If uptake of this solvated lithium does so with lit-
tle or no isotopic fractionation, then it would drive the bulk
gibbsite to isotopically heavier values. In the 12 M LiCl
experiment we hypothesize that this process occurred so
quickly that interlayer expansion and saturation of the octa-
hedral sheet occurred from the first sample (24 h).

This two-reservoir hypothesis explains the trend in
Fig. §; in solids with more than 2.5-3.5 wt% Li it is likely
that most of the available octahedral sites have already
been filled. In this case any additional lithium is driving
the solid to increasingly heavy &’Li values and hence
A"Ligoidosomtion Values become less negative. Further evi-
dence for the two-reservoir hypothesis is provided from
reacting the final solids from the 4 M and 8 M LiCl exper-
iments with a solution of 1 M LiCl (Fig. 4). In both cases
the gibbsite lost lithium and the 8’Li values of the solid
decreased by between 49, and 69,,. We strongly suspect that
the loss of lithium probably occurred as a result of contrac-
tion of the initially expanded interlayer. If this lithium has a
similar 8’Li value to lithium in the fluid phase (i.e.+4.5%, to
+79%,) then its loss must drive the solid phase to isotopically
lighter 8’Li values, consistent with observation (Fig. 4).
This explanation is also supported by simple
mass-balance calculations (see Table 6). The similarity
between the 8'Li value of the measured gibbsite and our
calculated values suggest that our hypothesis is robust.
The dependence of A"Ligoid-somtion 00 lithium loading,
and the presence of two lithium sites in gibbsite is summa-
rized in a simple schematic diagram (Fig. 10).

Our data suggest that the maximum A Lisolid-solution
value is approximately —16%,, but this value is likely to
underestimate the true fractionation factor (o) associated
with binding of lithium to octahedral vacancies in
inner-sphere coordination. The value is complicated by par-
allel uptake of adsorbates and solvated interlayer ions so
that one must calculate the relative proportion of lithium
in both reservoirs in order to calculate a meaningful frac-
tionation factor. As discussed, the idealized lithiated gibb-
site contains a maximum of 3.1 wt% Li if the metal is
only bound to the six-membered p,-0xo rings. However,
there is strong evidence from the *’L-NMR data that a
solid with 3.1 wt% Li has only a portion of this lithium in
the octahedral sheet. Also, because the intercalation of
lithium into gibbsite is controlled by expansion of the inter-
layer any sensitivity of o to either electrolyte concentration
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Table 6

Upon the reaction of end-solids from the 4 M and 8 M experiments with 1 M LiCl the gibbsite loses Li and its bulk 8’Li value becomes
fractionated. This mass balance calculation shows that the shift in 3’Li can be satisfactorily explained by straightforward loss of interlayer Li
that was initially taken up from solution with no isotopic fractionation (see comparison between calculated and measured initial gibbsite 8'Li

values in bold).

Gibbsite from 4 M LiCl exp.

Gibbsite from 8 M LiCl exp.

Initial gibbsite [Li] wt% 3.45
Final gibbsite [Li] wt% 2.5
Proportion of Li lost from the gibbsite 0.28
Assumed proportion of octahedral Li 0.72
Final gibbsite 8’Li (assumed octahedral 87Li) —-6.8
Fluid phase 8"Li (assumed interlayer 8'Li) 7.2
Calculated initial gibbsite 5’Li -2.9
Measured initial gibbsite 5’Li -2.7

4.11
2.49
0.39
0.61
—11.6
6.3
—6.6
-5.8
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Fig. 10. A simple schematic illustrating how the lithium-isotopic
fractionation (A”Lisond-sotution) associated with uptake of lithium
into gibbsite reflects lithium loading. Initially the gibbsite contains
little or no lithium and s0 A”Lisjid_solution Must be close to zero (1).
As the gibbsite interlayer swells, lithium diffuses into the interlayer,
with little or no isotopic preference, and from here can fill vacant
octahedral sites with a preference for °Li. As a consequence the
A"Lisolid-solution Value becomes more negative (2). This fractionation
reaches a maximum when all of the available octahedral spaces are
filled and the phase change is complete (3). Obviously diffusion-
controlled fractionation may also contribute. More expansion and
loading occurs with continued lithium uptake into the interlayer
but no more octahedral incorporation. Because its 8’Li value
reflects lithium in solution the interlayer Li is relatively isotopically
heavy and so the A”Ligojig_sotution value must decrease (4). The final
A"Ligoiidosolution Value reflects the mass balance between lithium in
the octahedral site and lithium in the interlayer. However because
some lithium remains bound in the octahedral site the final
A7Lisolid»solution must be <0 (5)

or counter ion identity is superseded by fluid chemistry that
either inhibits or promotes expansion of the interlayer.

5. IMPLICATIONS

The use of lithium isotopes to trace past changes in
weathering and climate relies on accurate knowledge of
how its isotopes behave during mineral reactions. Our results
highlight that even in seemingly simple layered clay minerals
such as gibbsite the behavior of lithium is not straightfor-
ward, so that the difference in 8’Li between the bulk solid

and accompanying fluid phase cannot be characterized by
a single fractionation factor. While previous experimental
studies (e.g. Pistiner and Henderson, 2003, Vigier et al.,
2008) provide valuable information about the sense and
magnitude of Li isotope fractionation during mineral-fluid
interaction it is clear that detailed knowledge of the propor-
tion and isotopic fractionation associated with uptake into
different host sites (e.g. octahedral sheet, interlayer etc.)
are needed to accurately quantify fractionation factors.

We show that for lithium intercalation into gibbsite the
factors that facilitate uptake of cations into the clay struc-
ture (such as electrolyte concentration and counter-ion
identity) also control the rate at which isotopic fractiona-
tion occurs, but it is unclear from our data whether these
factors influence the fractionation factor associated with
octahedral binding of lithium. Data showing lithium iso-
tope fractionation with lithium loading (Fig. 8) suggests
that the fractionation factor does not change significantly
with electrolyte concentration but further research will be
necessary to investigate these reactions in more detail.
The implications of these data for understanding stable iso-
tope fractionation during weathering are not straightfor-
ward due to the complexity of natural systems. However,
the behavior of Li isotopes during intercalation into gibb-
site is consistent with that of magnesium isotopes during
uptake into clay-rich soils (e.g. Opfergelt et al., 2012,
2014) and exchange into clay minerals such as smectite
and illite (Wimpenny et al., 2014). The uptake of Li into
exchangeable sites with no isotopic preference will result
in the 8"Li value of bulk clay minerals being driven to
increasingly positive values, assuming that river waters
and seawater contain isotopically heavier Li than silicate
minerals (e.g. Huh et al. 1998, Kisakurek et al., 2005,
Millot et al. 2010). To a first order, our results suggest that
bulk analyses of the 8’Li value of clay minerals and clay
rich sediments will result in underestimation of any isotopic
fractionation that occurs during weathering. Ultimately
however, the 8’Li value of a bulk sediment sample will
depend on many factors; these include the clay content,
the relative abundance and 8’Li value of Li present in
exchangeable and chemically bound sites, and the &’Li
value of the fluid phase. The findings from this study will
be important in understanding and quantifying the isotopic
fractionation associated with elemental uptake into
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secondary minerals and clay rich sediments, particularly
sediments rich in layered minerals such as smectite and illite
that have a large cation exchange capacity. Further work
will be necessary to characterize how different physico-
chemical parameters influence the fractionation factor of
Li during octahedral binding in clay minerals. In addition
to temperature, electrolyte molarity and counter ion iden-
tity, factors not considered here such as solution pH and
clay mineral structure may also be important.

6. CONCLUSIONS

Lithium isotopes become fractionated during conversion
of gibbsite into the layered-double-hydroxide mineral that
contains lithium in well-defined six-membered oxo rings.
Temperature, electrolyte concentration and the counter
ion all influence the extent of reaction and the
A"Liglid-solution value. The relationship between isotopic
fractionation and reaction progress, however, is not simple
and NMR spectra identify at least two reservoirs for
lithium that vary in importance with the amount of lithium
loading and that store lithium with very different isotopic
compositions. One reservoir is clearly the six-membered
oxo ring that takes up lithium in inner-sphere coordination.
This partitioning has a strong preference for °Li in the solid
phase and leaving the residual fluid isotopically heavy. The
second reservoir is a disordered ensemble of sites with a
range of "Li-NMR chemical shifts. There also appears be
little or no fractionation relative to the solutes, suggesting
that these sites are solvated adsorbates or interlayer ions.

Therefore an experiment commonly exhibits two stages
of A”Ligolig-sotution fractionation, depending upon the lithium
loading. In stage one, the expansion of the gibbsite structure
causes lithium to diffuse into the interlayer and fill octahe-
dral vacancies, making the A”Ligojiq-soltion Value increas-
ingly negative. The diffusion step may be important to the
isotopic fractionation; we cannot constrain this question
in our study. With increased loading, a second stage
becomes evident. In stage two, octahedral vacancies are all
filled and uptake of lithium from solution involves relatively
weak bonding at surface and into the interlayer. Hence con-
tinued loading causes the solid to become increasingly iso-
topically heavy, reducing the A Lisolid-solution Value.
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