
Available online at www.sciencedirect.com
www.elsevier.com/locate/gca

ScienceDirect

Geochimica et Cosmochimica Acta 284 (2020) 156–172
Experimental investigation of lithium isotope fractionation
during kaolinite adsorption: Implications for chemical weathering

Wenshuai Li, Xiao-Ming Liu

Department of Geological Sciences, University of North Carolina, Chapel Hill, NC 27599, USA

Received 23 January 2020; accepted in revised form 23 June 2020; available online 2 July 2020
Abstract

The feedback between CO2 sources and sinks through chemical weathering is one of the important reasons why Earth has
maintained a habitable climate for over four billion years. The lithium (Li) isotopic system is a promising tracer of silicate
weathering, but the mechanisms causing its isotope fractionation during weathering remain ambiguous. Here, we performed
batch experiments of Li adsorption to one of the common clay minerals -kaolinite in three sets, including the time-series, pH-
dependent, and concentration-control sets. Our results demonstrate that the liquid-solid Li isotope fractionation reaches up to
36‰, with up to 99% initial Li being adsorbed on kaolinite. The magnitudes of Li adsorption and isotope fractionation
increase with reaction time, and reach the steady-state after �1000 min. The magnitude of Li isotope fractionation increases
with the adsorption ratio of Li, in positive relationships with solute pH and ionic strength. At constant solute pH = 8.5 and
ionic strength of 0.001 M, the adsorption ratio and isotope fractionation of Li on kaolinite reach the maximum with the low-
est initial Li concentration of 2 lM. In experiments, Li is removed by kaolinite as the inner-sphere and/or outer-sphere com-
plexes, likely followed by structural occupation as supported by incomplete desorption. We model the Li isotope fractionation
in all three sets, which can be best described by Rayleigh distillation models. In summary, significant Li isotope fractionation
occurs following a kinetic law in closed-systems during adsorption on kaolinite. Adsorption-driven isotope fractionation con-
forms to a kinetic solid-liquid isotope fractionation factor a � 0.992, consistent with theoretical ion-desolvation between com-
plexed and dissolved ions (a = 0.9925, Hofmann et al., 2012). This study reveals a vital kinetic role of clay uptake in Li isotope
fractionation during chemical weathering, suggesting rapid forward adsorption reaction versus relatively slow backward reac-
tion. The dominance of the kinetic mechanism over the equilibrium mechanism further explains field observations from rivers
worldwide. Given above, the outcome of this study calls for additional attention on low-temperature kinetic Li isotope frac-
tionation at Earth’s surface and further refinement of quantitative models using geological Li records to trace weathering and
reconstruct climate.
� 2020 Elsevier Ltd. All rights reserved.
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1. INTRODUCTION

Chemical weathering, defined as the chemical dissolu-
tion of rocks and minerals on Earth’s surface, transfers
essential nutrients from the source region into the oceans,
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eventually modulating global climate over geological time
scales (e.g., Kump et al., 2000; Tabor et al., 2002; John
et al., 2003; Willenbring and Von Blanckenburg, 2010;
Heimsath et al., 2012). Lithium (Li) isotope fractionations
have been used to examine long-term chemical weathering,
which contributes to the transfer of terrestrial nutrients to
oceans, and is known to modulate the global carbon cycle
and climate change by carbonate mineral formation (e.g.,
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Dosseto et al., 2015; Tomascak et al., 2016; Penniston-
Dorland et al., 2017). As chemical weathering is typically
incongruent, soil formation serves as a critical Li sink and
is accompanied by significant Li isotope fractionations.
Because the Li isotopic system is less sensitive to carbonate
weathering and biological activities, it is a unique weather-
ing tracer whose behavior is dominantly regulated by the
changes in silicate weathering intensity (e.g., Huh et al.,
1998, 2001; Pistiner and Henderson, 2003; Hathorne and
James, 2006). Stable Li isotopic compositions (reported as
per-mil variations from the stable isotopic composition of
an international Li standard by the notation of d7Li [‰]
= {[(7Li/6Li)sample/(

7Li/6Li)standard] – 1} � 1000‰) pre-
served in sedimentary records such as carbonate sediments
thus provide insights into long-term feedbacks between cli-
mate and weathering (Penniston-Dorland et al., 2017;
Pogge von Strandmannet al., 2017a). Marine d7Li records
have been examined to interpret changes in weathering,
such as (i) Li budget balances between riverine and sub-
marine reverse weathering fluxes during the Cenozoic
(e.g., Misra and Froelich, 2012; Vigier and Goddéris,
2015), (ii) considerable changes in denudation regimes as
influenced by temperature (climate)-controlled oceanic
sinks during the Cenozoic (Li and West, 2014), (iii) varia-
tions in river and hydrothermal fluxes during the Jurassic
Oceanic Anoxic Events (e.g., Pogge von Strandmann
et al., 2013; Lechler et al., 2015), and (iv) dramatic changes
in Li inputs from continental weathering during the period
of the Hirnantian glaciation (Pogge von Strandmannet al.,
2017b).

Numerous studies have focused on Li isotope geochem-
istry within riverine systems to understand weathering pro-
cesses, and possible links between Li isotope fractionation
and chemical weathering has been vigorously debated.
Pioneering research (Huh et al., 1998) suggested the sub-
stantial correlation between river Li isotope fractionation
and weathering intensity. Following this notion, Li fluxes
have been positively correlated to weathering rates, whereas
riverine d7Li values have been shown to reflect ‘‘weathering
intensity” (Kisakürek et al., 2004), ‘‘weathering congru-
ency” (Pogge von Strandmann et al., 2008), and ‘‘weather-
ing efficiency” (Pogge von Strandmann and Henderson,
2015). A study on Icelandic rivers suggested that silicate
weathering mass fluxes and rates are difficult to infer based
on the d7Li values of riverine sediments derived from mul-
tiple sources (Vigier et al., 2009). In comparison, studies of
the Orinoco River (Huh et al., 2001), Mackenzie River
(Millot et al., 2010), and the Amazon River (Dellinger
et al., 2015, 2017) have shown close relationships between
river Li isotopic composition and physicochemical indexes
defined as ‘‘weathering regimes”, which depend on interre-
lated factors including weathering rates, temperature, and
climate (Pogge von Strandmann et al., 2010; Wang et al.,
2015; Weynell et al., 2017; Gou et al., 2019; Bohlin and
Bickle, 2019). Riverine Li isotopic ratios could be con-
trolled by the water–rock interaction time in both subsur-
face and river (e.g., Wanner et al., 2014; Liu et al., 2015).
Specifically, studies on the Lena River imply that riverine
d7Li depends on the balance between rock dissolution and
soil formation, rather than climatic and weathering regimes
(Murphy et al., 2019). No apparent correlation was found
between riverine d7Li values and traditional weathering
proxies such as Si content in streams draining mono-
lithology (Liu et al., 2015). It is expected since dissolved
Si is not conservative in the riverine system, while Li is lar-
gely conservative (Wilke and Dayal, 1982; Bencala et al.,
1990). Investigations on the Ganges-Brahmaputra River
and the high relief areas of the Yangtze River indicated that
Li isotopes reflect weathering congruency and intensity
(Pogge von Strandmannet al., 2017b; Ma et al., 2020).
However, there is no universal correlation between riverine
dissolved d7Li and weathering rates, and a second weather-
ing step resulting in high dissolved d7Li has been found
within floodplain sediments compared with mountainous
regions (e.g., Bagard et al., 2015; Pogge von
Strandmannet al., 2017b; Bohlin and Bickle, 2019; Ma
et al., 2020).

Using Li isotopes to trace chemical weathering and cli-
mate relies on our ability to link isotope fractionations to
soil formation. The processes may affect riverine Li isotopic
ratios and can be addressed by well-constrained laboratory
experiments: (i) how Li isotope fractionation between clays
and its surrounding solutions responds to climate, and cor-
responding tectonic controls, and (ii) which mechanism (ki-
netic vs. equilibrium) regulates Li isotope behavior during
clay uptake during chemical weathering. Commonly, the
equilibrium fractionation mechanism verified for metal iso-
topes (e.g., Zn, Guinoiseau et al., 2016; Ca, Brazier et al.,
2019) has been applied for Li isotopes in low-temperature
fluid-clay interactions. The Li isotope fractionation, along
with clay formation, is critical as 6Li is preferentially hosted
into octahedral sites in clay structures. All else being equal,
the Li incorporation into high coordination number envi-
ronments such as lattice octahedrons prefers the lighter iso-
tope, suggested by the equilibrium stable isotope
fractionation theory (Schauble, 2004). Supportively, it
agrees with the result from the theoretical prediction,
revealing that 7Li is preferentially left in the aquo-
complex (Yamaji et al., 2001; Bogatko et al., 2013).

Previous sorption experiments have indicated that Li
isotope fractionations vary due to differences in clay miner-
alogy, i.e., >10‰ for gibbsite, 1–3‰ for ferrihydrite and
chlorite, �7‰ for kaolinite, and close to 0‰ for smectite
and illite (Pistiner and Henderson, 2003; Millot and
Girard, 2007). At starting Li concentrations ([Li] of 1 to
12 M) far in excess of natural concentrations, the intercala-
tion of Li into gibbsite results in isotope fractionation
between dissolved (aqueous, ‘aq’) and adsorbed (‘ad’)
phases (D7Liaq-ad = d7Liaq – d7Liad) (Wimpenny et al.,
2015). The magnitude of isotope fractionation depends on
the availability of octahedral sites in gibbsite structure
and aqueous anion speciation. Synthesis of smectite at tem-
peratures ranging from 90 �C to 250 �C produces substan-
tial variations in Li isotope fractionations (Vigier et al.,
2008), which has been interpreted as the equilibrium isotope
fractionation dependent on bond stiffness, temperature, and
aqueous chemistry (e.g., pH and anionic composition).
Based on 7Li NMR, Hindshaw et al. (2019) synthesized
Mg-rich layer silicates and calculated site-specific d7Li of
�21.5 ± 1.1‰, �0.2 ± 1.9‰ and 15.0 ± 12.3‰ for clay
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octahedral, outer-sphere and pseudo-hexagonal sites,
respectively. To date, field studies and corresponding quan-
titative models assumed different equilibrium fractionation
factors in a wide range of 13 ‰ to 30‰ between clays
and water (e.g., Hathorne and James, 2006; Misra and
Froelich, 2012; Bouchez et al., 2013; Wanner et al., 2014;
Bohlin and Bickle, 2019; Gou et al., 2019). Notably, recent
batch basalt alternation experiments in ambient conditions
by Pogge von Strandmann et al. (2019) produced Li isotope
data that can be fitted by Rayleigh models, hinting a possi-
ble kinetic control. In addition, theoretical calculations
have recognized the kinetic controls on Li isotope fraction-
ations during cation mineral exchange (Hofmann et al.,
2012). Clay synthesis experiments indicated a potential
rate-dependent kinetic isotope effect superimposed on the
equilibrium Li isotope fractionation at high pH and ambi-
ent temperatures (Hindshaw et al., 2019). Here, we per-
formed closed-system batch experiments at room
temperature to assess the mechanisms and quantify the
magnitudes of Li isotope fractionations during adsorption
onto a common clay mineral kaolinite under constrained
laboratory conditions.

2. MATERIALS AND EXPERIMENT SETUP

2.1. Material preparation

We produced deionized water (18.2 MX) from a Milli-Q
(MQ) element system (Direct-Q 3UV) for experimental
preparations and used analytical-grade (>99.9% purity)
LiCl, FeCl3, NaCl, NaOH, and sodium hexametaphos-
phate (NaHMP) from Acros OrganicTM. Commercially
available hydrochloric acid (HCl) was purified in-house
by double distillation in a Teflon� sub-boiling still (Sav-
illexTM, NC, USA) and diluted to the required molarities.
Our study focuses on Li adsorption onto one common sec-
ondary clay kaolinite to reach the first-order analogy to
weathering environments. Here, we used the well-
characterized high-defect kaolinite (KGa-2) reference mate-
rial obtained from the Clay Mineral Society (www.clays.
org, VA, USA). After immediate water cooling at 30 ⁰C,
the solid product was recovered and separated by centrifu-
gation (30 min, 12,000 rpm), and dried in an oven at 60 ⁰C
for over two days. The N2-BET specific surface area of
kaolinite (KGa-2) (0.1–1 lm size) has been reported in a
previous study (Brazier et al., 2019), where the BET-N2

value of kaolinite is 21.1 m2/g. It is comparable to the cer-
tified value (the Clay Mineral Society, http://www.clays.
org/), where the BET-N2 value of KGa-2 is 23.5 m2/g.

Critically, samples were processed to extract clay-sized
fractions (0.1–1 mm), and removed surface impurity or
labile components to avoid possible errors in chemical anal-
ysis. Here, we employed the washing protocol modified
from Guinoiseau et al. (2016) and Brazier et al. (2019). Clay
samples were immersed overnight in a mixture of NaHMP
(dispersant, 10 mM) and MQ water, and the clay fractions
(0.1–1 lm size) were recovered based on Stokes’ law. In
brief, the NaHMP-extracted clay slurry was introduced into
acid-cleaned centrifuge tubes using a pipette, then cen-
trifuged at 10,000 rpm for 0.5 h, and the supernatant was
discarded. A 0.5 M NaCl solution was then added to the
slurry, centrifuged at 10,000 rpm for 0.5 h, and the super-
natant discarded. After that, MQ water was added, cen-
trifuged at 10,000 rpm for 0.5 h, and the supernatant
discarded. The water rinse process was repeated to remove
excess salts and NaHMP until the concentrations of Na and
P in eluent were below the detection limits of the ICP-MS
instrument at sub-ppb levels to ensure that the clay was
thoroughly clean to perform adsorption experiments.
Finally, recovered clays were dried in a vacuum oven at
60 �C, powdered in an agate mortar, and stored at 4 �C
for experiments. Before the experiments, we examined the
possible influence of Li released from the clay structure
using control groups to which no Li was added (Fig. S1).
We found the total Li release from the clay under the stud-
ied conditions to be negligible (less than 0.1 ng/mL), com-
paring to total Li loads of 14–7000 ng/mL used in these
experiments.

2.2. Experimental setup

To evaluate the influence of common environmental fac-
tors on the isotope fractionation between aqueous and
adsorbed Li, we designed three individual sets of kaolinite
adsorption experiments under ambient temperature condi-
tions: (i) the time-series experiments, in which we tracked
aqueous chemistry as a function of reaction time for up
to 15 days at pH of 7 with the constant starting Li concen-
tration of 10 and 75 mM; (ii) the pH-dependent experi-
ments, in which we varied the solute pH from 3 to 10
with the constant starting Li concentration of 75 mM; and
(iii) the concentration-control experiments, in which we
varied the starting Li concentration from 2 to 1000 mM at
a pH range of 3 to 10. We note that KGa-2 kaolinite dis-
plays negative surface charges over the studied pH range
of 3–10 (Fig. S2a), leading to the electrostatic attraction
to dissolved cations. Batch experiments were performed in
50 mL centrifuge tubes filled with the clay slurry (10 g/L)
and continuously stirred at 150 rpm in a temperature-
controlled water bath shaker (Thermo ScientificTM). LiCl
solutions were prepared with pre-set background electrolyte
(NaCl) to evaluate the effect of ionic strength (IS) on sur-
face complexation (i.e., chemisorption or inner-sphere com-
plexation versus physisorption or outer-sphere
complexation), and 10 g/L kaolinite suspensions were
added. Experiments were performed for the pH-
dependent and concentration-control sets with equilibra-
tion for 24 h, which is long enough to achieve the steady-
state as supported by the time-series sets. The applications
of solute IS = 0.001 M and 0.1 M are intended to represent
natural freshwater and brines, respectively. In the following
text, we defined pH � 7 as ‘‘high pH” and pH < 7 as ‘‘low
pH”, and IS = 0.001 M as ‘‘low IS” and IS = 0.1 M as
‘‘high IS”.

Desorption experiments were carried out in the same
clay-solution batch-systems to investigate Li complexation
modes on kaolinite. We performed two kaolinite adsorp-
tion experiments as the control sets, which were equili-
brated for 15 days at IS = 0.001 M, pH = 8.5 (Kaolin
(1)), and 4.3 (Kaolin (2)), and initial Li concentration of
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75 mM. Then, clay slurry after supernatant removal was
treated with three individual desorption steps for 15 days.
In Step (1), solute IS was increased from 0.001 M to
0.1 M NaCl. In Step (2), 0.0001 M Hexamminecobalt (III)
chloride ([Co(NH3)6]Cl3) was added into the clay-solution
system (Brazier et al., 2019). In Step (3), solute pH was
decreased from 8.5 to 4.3 through dropwise acidification
using 0.001 M HCl, and compared with the control group.
The same sampling procedure as that used for the adsorp-
tion experiments was applied. Both control and desorption
sets were performed in triplicates to ensure the repro-
ducibility and accuracy.

Over the course of experiments, we did not employ any
pH buffers in order to minimize undesired complexation
and particle aggregation. We maintained the solute pH at
± 0.2 by regular monitoring using a Thermo ScientificTM

Orion Star A221 portable pH meter; the pH was adjusted
by doping with trace amounts of HCl and NaOH as neces-
sary. All reagents were prepared from distilled acids and
MQ water to avoid contamination. Supernatants were fil-
tered through 0.22 mm cellulose acetate syringe filters
(Thermo ScientificTM) and transferred into acid-cleaned
centrifuge tubes. The suspensions were centrifuged at the
end of the experiments, and processed kaolinite was rinsed
with water, air-dried, crushed, and transferred into borosil-
icate vials. Samples were stored at 4 �C for chemical analy-
sis. Solute Li concentrations are reported as [Li] in the text.
The Li isotopic compositions of the dissolved and solid
phases (adsorbed Li) were analyzed and are reported rela-
tive to the international standard (see Analytical Methods)
in a d notation (d7Liaq, dissolved Li; d7Liad, adsorbed Li).
And, DLiaq-ad represents the isotope fractionation between
dissolved Li and adsorbed Li.

3. ANALYTICAL METHODS AND MODELS

3.1. Zeta potential analysis

To analyze the interfacial electrical fields of kaolinite,
aliquots of clay dispersions from each experimental set
were transferred into centrifuge tubes and re-suspended
with a 10-min ultrasonic treatment. The electrophoretic
mobility of the clays was measured based on their direc-
tion and velocity along with applied electric fields in a
MalverTM Zetasizer Nano ZS90 equipped with a red
(633 nm) laser and converted to zeta potentials based on
the Smoluchowski equations. At least three replicate anal-
yses were performed for each sample in ambient condi-
tions to estimate the reproducibility and uncertainties
(Fig. S2a).

3.2. Infrared spectroscopy

To determine the changes of Li complexation on kaolin-
ite surfaces at different pH, we measured the attenuated
total reflectance Fourier transform infrared (ATR-FTIR)
spectra of reacted solids (Fig. S2b). All ATR-FTIR spectra
were collected in the 400–4000 cm�1 range under ambient
temperature, using a BRUKERTM Alpha spectrometer
equipped with an ATR attachment. Air-dried samples were
directly coated on a diamond crystal surface and pressed
tightly by a pressure head. Twenty-four scans were col-
lected at a resolution of 2 cm�1, and background spectra
were acquired in clay-free areas of the diamond sample
mount. The ATR-FTIR spectra data were collected and
processed using the OPUS software.

3.3. Element analysis

Elemental analyses were performed on an AgilentTM

7900 quadrupole inductively coupled plasma mass spec-
trometer (Q-ICP-MS) at the Plasma Mass Spectrometry
Lab of the University of North Carolina, Chapel Hill. Con-
centration calibration curves were acquired by using exter-
nal standards with a series of multi-element reference
solutions of known concentrations (prepared by the ICP
standard solutions, Inorganic VenturesTM). Internal stan-
dards, including Be, Ge, Ph, In, Ir, and Bi, were added
for instrumental drift correction. Data quality was con-
trolled based on repeated analyses of international refer-
ence materials BHVO-2 (Hawaiian basalt) and SLRS-5
(Ottawa Britannia water) (element compositions certified
by the United States Geological Survey and the National
Research Council of Canada, respectively) (Table S1). Rel-
ative standard derivation (RSD) < 3% can be achieved, and
digestion yields were 100 ± 5%. The percentage of Li
adsorption onto clays was calculated based on staring
and final solute Li concentrations and was reported in wt.
% (weight percent).

3.4. Column purification

Prior to Li isotopic analyses, solid and liquid samples
were processed in different ways. For liquid samples, fil-
trates were evaporated and re-dissolved in 0.2 M HCl solu-
tions. The solid residues were completely digested by
successive acid baths in Teflon beakers (SavillexTM) using
concentrated HF-HNO3-HCl mixture. The Li fraction
was purified by two-step cation-exchange chromatography
(Bio-RadTM AG50W X-8 resin) using HCl as the eluent.
In brief, samples were evaporated to dryness and converted
to HCl form in 0.2 M HCl. Samples were first passed
through a cycle of the first column, which is filled with
2.4 mL AG50-X8 200–400 mesh cation-exchange resin
(Bio-RadTM). After sample loading, 60 mL of 0.2 M HCl
was added slowly to the column at an average elution rate
of ca. 2 min mL�1. The Li fraction between 19 and 44 mL
was collected. Collected 1st Li fraction was dried down,
and re-dissolved in 1 mL 0.5 M HCl, and passed through
another cycle of the second column, filled with 2 mL
AG50-X8 200–400 mesh resin (Bio-RadTM). The Li frac-
tion between 4 and 16 mL was collected, with Li/Na > 1.
We achieved satisfactory Li yields (�100%), and the total
procedural blanks (0.004 ng Li) far less than the experimen-
tal Li loads had negligible impacts on the isotopic analyses.
Because the matrix elements-to-Li ratios were less than 1,
matrix interferences during isotope measurements can be
avoided.
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3.5. Lithium isotope analysis

Liquid samples were analyzed on the Thermo Scien-
tificTM Neptune Plus multi-collector inductively coupled
plasma mass spectrometer (MC-ICP-MS) at the Rutgers
University. A concentration matched unprocessed NIST
L-SVEC standard was measured before and after each sam-
ple to monitor instrument drift. The standard-sample nor-
malization approach was adopted to correct for
instrumental mass discrimination. Before isotopic analyses,
the Li collected after chromatographic separation was
evaporated to dryness, converted into nitric form, and
diluted to 20 ppb Li in 2% HNO3. Prepared Li solutions
of 20 ppb were analyzed that, utilizing a Teledyne Cetac
Aridus II and X-type Ni skimmer cone, yielded a signal
exceeding 18 V on d7Li signals with an acid blank of
<150 mV. The high sensitivity of the instrument allows
small samples to be processed through ion chromatogra-
phy, which enables column calibrations to be stable. A
standard–sample–standard bracketing method was used,
and signals matched to within 5%. Measured isotopic ratios
are reported in d notation, as the deviation in parts per
thousand of the measured 7Li/6Li from the to the NIST
RM 8545 (L-SVEC) standard (Tomascak et al., 1999).
The long-term external uncertainties (two standard devia-
tions, 2SD) of Li isotopic analyses by our MC-ICP-MS
instrument are 0.6‰ (W.-Li et al., 2019). The granite
(GSP-2, �0.64 ± 0.6‰) and basalt (BHVO-2, 4.7 ± 0.6‰)
USGS standards were measured, and the values fall within
the uncertainties of previously reported data (Lin et al.,
2016; Liu and Li, 2019) (Table S2) The d7Liad values of
adsorbed Li were corrected by the deduction from the orig-
inal structural Li composition in kaolinite lattice (0.2
± 0.6‰) following Eq. (1):

d7Liad ¼ Li½ �total � d7Litotal � Li½ �kao � d7Likao
½Li�ad

ð1Þ

where [Li]total and d7Litotal are the Li concentration and iso-
topic composition of reacted kaolinite, and [Li]kao and d7-
Likao are those of cleaned kaolinite. The isotope
fractionation between adsorbed Li and aqueous Li, D7Li
was defined as (Eq. (2)):

D7Li ¼ d7Liad � d7Liaq ð2Þ
For calculations, analytical errors were propagated

using the following equation (Eq. (3)):

E ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
c1DW1ð Þ2 þ c2DW2ð Þ2 þ � � � þ cnDWnð Þ2

q
ð3Þ

where DE notates the absolute error of additive functions, c
is the multiplicative factor, and W represents the additive
function input. In the text, we employed the long-term ana-
lytical uncertainties for reported data, and the error of
0.6‰ keeps constant.

3.6. Kinetic models

Kinetic modeling of the time-series adsorption data is
shown in Fig. S3. The overall sorption rates and migration
processes of the adsorbate at solid-water interfaces are con-
trolled by surface characteristics and the resistance of the
solid particles to diffusion. Therefore, the utilization of
proper kinetic models can provide instructive information
on the mechanism of adsorption processes such as mass
transfer and chemical reaction during the entire adsorption
process. Here, we use the pseudo-second-order model, the
pseudo-first-order model, the intra-particle diffusion model,
and the Elovich model to explore Li adsorption kinetics.
Linear correlation coefficients (R2) near or equal to 1, indi-
cating consistency between predicted values and the exper-
imental data, suggest that a particular model effectively
describes the observed Li adsorption kinetics. One to three
adsorption could be generally distinguished: the first repre-
sents the initial rapid to instantaneous adsorption of exter-
nal adsorbate, the second is the rate-limited adsorption
stage, and the third is the equilibrium stage, in which
adsorption slows significantly due to the low adsorbate con-
centrations remaining in the dissolved phase.

The pseudo-first-order model (Lagergren, 1898) is based
on solid capacity, which primarily involves ion-exchange
physisorption in a homogeneous liquid-solid system, and
is generally expressed in a linearized form as follows (Eq.
(4)).

1=qt ¼ k=tqt þ 1=qe ð4Þ
where qe is the equilibrium concentration of Li adsorbed on
clays or adsorption capacity, qt is the dissolved Li concen-
tration at time t, and k1 is the first-order model constant.
Pseudo-first-order reactions are those that should occur at
some higher order (>1), but occur as a first-order since
the concentration of one reactant is high relative to the
other(s).

The pseudo-second-order model (Ho and McKay, 1999)
is based on a limited adsorbate concentration, which mainly
involves chemisorption in a liquid-solid system, and is gen-
erally expressed in a linearized form as follows (Eq. (5)).

t=qt ¼ 1=k2 qeð Þ2 þ t=qe ð5Þ
where qe is the adsorbed amount of Li at equilibrium, qt is
the adsorbed amount of Li at time t, and k2 notates the -
second-order model constant. Pseudo-second-order reac-
tions assume solid-phase adsorption, and that the rate-
limiting step is chemisorption involving valence forces
through the sharing or exchange of electrons between sor-
bent and sorbate.

The Elovich model (Low, 1960) is another rate-based
equation derived from adsorption capacity, which mainly
involves chemisorption in heterogeneous systems, and is
generally expressed in a linearized form as follows (Eq. (6)).

qt ¼ bLn abð Þ þ bInt ð6Þ
where qt is the amount of Li adsorbed on clays at the
time t, a denotes the initial Li adsorption rate, and b repre-
sents the desorption constant related to the surface cover-
age and the activation energy for chemisorption. The
integration of the rate equation with the same boundary
conditions as the pseudo-first- and second-order equations
(as mentioned above) becomes the Elovich equation.

Alternatively, the intra-particle diffusion model (Srihari
and Das, 2008) describes adsorption from a mechanistic
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point of view, which mainly involves diffusion mechanisms,
and is expressed in a linearized form as follows (Eq. (7)).

qt ¼ k3t0:5 ð7Þ
where qt is the amount of Li adsorbed on clays at the
time t, and k3 is the intra-particle rate constant. The overall
adsorption process may indeed be controlled by one or
more steps, e.g., film or external diffusion, pore diffusion,
surface diffusion and adsorption on the pore surface, or a
multi-linear combination of steps. Our results show that
the pseudo-second-order model achieves R2 values closest
to 1 and thus best describes the adsorption kinetics, assum-
ing that the main rate-limiting step is chemisorption involv-
ing covalent forces through the sharing or exchange of
electrons between Li+ and clay surface hydroxyl groups.

3.7. Isotherm adsorption models

Adsorption isotherms describe chemical equilibrium and
the interaction between adsorbate and adsorbent. The equi-
librium state is reached when the adsorbate concentration
in the dissolved phase is in the dynamic balance with adsor-
bent concentration. Here, we employed the widely used
Langmuir (Eq. (7)) and Freundlich (Eq. (8)) isotherm
adsorption models to fit the experimental data in
concentration-control sets (Fig. S4). Importantly, we note
that the Langmuir and Freundlich models describe macro-
scopic data only, and do not definitively prove sorption
mechanisms. Therefore, the mentioned modeling
approaches may imply a single adsorption process or an
interplay of multiple adsorption processes.

The Langmuir model (Langmuir, 1918) implies that
adsorption takes place with a mono-molecular layer
arrangement on adsorbent surfaces, and there is no interac-
tion between the adsorbed molecules. A linearized for-
m of the Langmuir isotherm model can be expressed as
follows (Eq. (8))

1=Qe ¼ 1=Q0 þ 1=Q0KLCe ð8Þ
Where qe is the amount of solute adsorbed per unit weight
of adsorbent, Q0 is the theoretical maximum adsorption
capacity, Ce notates the equilibrium Li concentration (mg/
L), and KL represents the Langmuir constant.

The Freundlich isotherm model (Freundlich, 1928) sug-
gests that molecules are adsorbed as a mono-molecular
layer or multilayer on heterogeneous adsorbent surfaces,
and there is an interaction between adsorbed molecules.
A Linearized form of the Freundlich isotherm model can
be expressed as follows (Eq. (9))

LogQe ¼ LogKf þ 1=nLogCe ð9Þ
where Qe is the amount of solute adsorbed per unit weight
of adsorbent, Ce is the equilibrium concentration of solute
in the bulk solution; n and Kf are Freundlich constants (in-
formation about bond energies between the adsorbent and
the metal ions.). Generally, the energy distribution of the
real solid surface is not uniform. In this case, the Freundlich
adsorption model presumes that adsorption occurs on the
non-uniform surface, which may be closer to the real sur-
face of clays in nature.
4. RESULTS

4.1. Characterization of Li adsorption and desorption

A total of 127 batch experiments were performed in
three individual experimental series. Clay adsorption results
are summarized in Tables 1–3, and shown in Fig. 1. Clay
desorption results are provided in Table S3, and shown in
Fig. S5a. In the time-series experiments, the percentage of
Li adsorbed onto kaolinite ranges from 37.3% to 91.4%
(10/75 lM Li) at solute IS of 0.001 M, and from 43.3% to
82.8% (10/75 lM Li) at solute IS of 0.1 M. A rapid increase
in the magnitude of Li adsorption was observed at the early
stage of reaction (stage I, within 1000 min), and reached the
equilibrium status until the end of experiments (15 days)
(stage II, Fig. 1). Kaolinite surface coverages range from
0.04 to 0.24 lM Li/m2. In the pH-dependent experiments,
the percentage of Li adsorbed onto kaolinite increases with
pH from 3 to 10, ranging from 11.2% to 91.3% at solute IS
of 0.001 M, and from 11.2% to 96.2% at solute IS of 0.1 M.
Kaolinite surface coverages range from 0.04 to 0.36 lM Li/
m2. In the concentration-control experiments, the percent-
age of adsorption on kaolinite decreases with incremental
[Li] of 2 to 1000 lM, and ranges from 11.2% to 99.2%.
The K adsorption decreases with increases in solute IS from
0.001 M to 0.1 M at pH < 7, and remains near-consistent at
high/low IS at pH > 7. Kaolinite surface coverages range
from 0.01 to 1.14 lM Li/m2. In the desorption experiments,
the percentage of Li adsorption at pH = 8.5 and
IS = 0.001 M is 90.2% to 92.5% (Kaolin (1)), and the per-
centage of Li adsorption at pH = 4.3 and IS = 0.001 M is
65.1% to 68.9% (Kaolin (2)). With IS increasing to 0.1 M
(Step (1)) or addition of 0.0001 M [Co(NH3)6]Cl3 (Step
(2)) at pH = 8.5, there is no apparent change (<1%) in Li
adsorption ratios. With pH decreasing from 8.5 to 4.3 in
the same batch (Step (3)), Li adsorption ratio changes from
�90% to 62.4% to 70.2%, higher than these of Kaolin (2).

4.2. Characterization of Li isotope fractionation

The isotopic compositions of aqueous and adsorbed Li
are provided in Tables 1-3, and displayed in Figs. 2 and
3. The Li isotope data of clay desorption are provided in
Table S3, and displayed in Fig. S5b. Long-term analytical
uncertainty of 0.6‰ (2SD) is used for all reported data
(W.-Li et al., 2019). The isotopic compositions of initial
LiCl and pristine kaolinite are 5.8 ± 0.6‰ and 0.2
± 0.6‰, respectively. In all sets, lighter isotopes were pref-
erentially adsorbed. In the time-series experiments, aqueous
isotopic compositions of Li (10/75 lM Li) ranges from
10.1‰ to 26.0‰ at solute IS of 0.001 M, and from
�9.3‰ to 22.2‰ (10/75 lM Li) at solute IS of 0.1 M. A
transit positive isotope shift in aqueous Li from the LiCl
signal was observed at the early stage of reaction (stage I,
within 1000 min), and approached the steady status until
the end of experiments (15 days) (stage II, Fig. 2) at IS of
0.001 M. Such a feature did not occur at IS of 0.1 M. In
the pH-dependent experiments, Li isotope compositions
of liquids remained in the fluids (d7Liaq) range from 6.0
‰ to 28.7 ‰ at IS of 0.001 M, and from 5.9‰ to 29.0‰



Table 1
Kaolinite Li adsorption and isotope fractionation in time-series sets.

pH Initial [Li] (uM) Final [Li] (uM) 2SD Sorption ratio (%) Solution d7Li (‰) IS (M) Time (h)

7.0 10 1.9 0.2 81.4 20.1 0.001 5 min
1.7 0.5 82.9 n.d. 0.001 10 min
1.7 0.4 82.9 20.6 0.001 20 min
1.4 0.3 85.7 n.d. 0.001 30 min
1.3 0.3 87.1 24.5 0.001 1 h
1.1 0.3 88.6 24.1 0.001 3 h
1.1 0.3 88.6 n.d. 0.001 5 h
1.0 0.1 90.0 n.d. 0.001 10 h
0.9 0.0 91.4 25.2 0.001 1 d
0.9 0.2 91.4 n.d. 0.001 3 d
0.9 0.2 91.4 25.1 0.001 7 d
0.9 0.3 91.4 26.0 0.001 15 d

7.0 10 2.7 0.6 72.7 11.2 0.1 5 min
2.4 0.3 75.7 n.d. 0.1 10 min
2.3 1.2 76.8 19.6 0.1 20 min
2.1 0.9 78.6 n.d. 0.1 30 min
2.0 0.5 80.0 20.2 0.1 1 h
1.9 0.7 81.2 20.5 0.1 3 h
1.9 0.3 81.1 19.9 0.1 5 h
1.9 0.1 81.4 n.d. 0.1 10 h
1.9 0.5 81.5 20.0 0.1 1 d
1.7 0.3 82.7 20.7 0.1 3 d
1.7 0.4 82.8 22.2 0.1 7 d
1.9 0.3 81.5 20.0 0.1 15 d

7.0 75 47.0 5.6 37.3 n.d. 0.001 5 min
42.5 7.2 43.3 10.1 0.001 10 min
38.3 2.3 48.9 n.d. 0.001 20 min
35.7 1.1 52.4 n.d. 0.001 30 min
31.4 2.2 58.1 14.5 0.001 1 h
32.3 1.7 57.0 n.d. 0.001 3 h
32.2 3.0 57.1 n.d. 0.001 5 h
30.9 1.6 58.7 n.d. 0.001 10 h
30.9 4.3 58.9 12.4 0.001 1 d
31.6 5.4 57.9 n.d. 0.001 3 d
31.2 4.9 58.5 12.3 0.001 7 d
30.9 3.4 58.9 12.3 0.001 15 d

7.0 75 42.5 5.1 43.3 n.d. 0.1 5 min
38.0 6.5 49.3 9.3 0.1 10 min
34.6 1.1 53.9 n.d. 0.1 20 min
33.5 5.4 55.4 n.d. 0.1 30 min
29.9 4.8 60.1 12.0 0.1 1 h
28.5 3.4 62.0 n.d. 0.1 3 h
28.4 4.1 62.1 n.d. 0.1 5 h
28.3 1.4 62.2 n.d. 0.1 10 h
28.1 3.9 62.6 11.8 0.1 1 d
27.9 4.7 62.9 n.d. 0.1 3 d
27.9 2.9 62.9 11.6 0.1 7 d
27.9 2.7 62.9 11.6 0.1 15 d

Note 1: The percentage of adsorbed Li (%) is calculated from (initial [Li]-final [Li])/initial [Li] (in uM) in average. Two standard deviation
(2SD) is calculated from the data of the experiment in triplicates. The analytical uncertainty of Li isotope analysis is 0.6‰ (2SD) (W.-Li et al.,
2019). The Li isotope composition of LiCl is 5.8 ± 0.6‰.
Note 2: n.d. means not determined.
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at IS of 0.1 M. It can be seen that d7Liaq exhibit positive
correlations with the adsorption ratio of Li, in line with
increases in solute pH in the studied pH range of 3 to 10.
In the concentration-control experiments, d7Liaq ranges
from 6.1‰ to 39.7‰, and adsorbed Li isotopic composition
d7Liaq ranges from �4.3‰ to 3.7‰. The Li isotope frac-
tionation between adsorbed and aqueous Li exhibits a wide
variety of �35.8‰ to �1.6‰, in negative relationships with
the percentage of Li adsorption. In the desorption experi-
ments of kaolinite, d7Liad at pH = 8.5 and IS = 0.001 M
is 2.2‰ to 2.5‰ (Kaolin (1)), and 7Liad at pH = 4.3 and
IS = 0.001 M is �3.7‰ to 3.1‰ (Kaolin (2)). With IS
increasing to 0.1 M (Step (1)) or addition of 0.0001 M
[Co(NH3)6]Cl3 (Step (2)) at solute pH = 8.5, there is no



Table 2
Kaolinite Li adsorption and isotope fractionation in pH-dependent sets.

pH Initial [Li] (uM) Final [Li] (uM) 2SD Sorption ratio (%) Solution d7Li (‰) IS (M) Time (h)

3.7 75 66.6 7.3 11.2 6.0 0.001 24
4.4 65.9 1.3 12.2 6.1 0.001
5.6 55.3 0.6 26.3 9.0 0.001
6.6 39.0 2.7 48.0 10.8 0.001
7.0 27.9 1.4 62.9 12.4 0.001
7.5 14.1 1.9 81.2 18.2 0.001
8.5 3.5 0.6 95.4 28.7 0.001
9.1 6.5 1.4 91.3 25.0 0.001
3.7 75 66.6 16.7 11.2 5.9 0.1 24
4.4 66.5 20.6 11.3 5.9 0.1
5.6 59.7 7.2 20.4 8.3 0.1
6.6 41.7 6.3 44.4 11.0 0.1
7.0 30.7 0.3 59.1 11.8 0.1
7.4 13.4 0.7 82.1 20.6 0.1
8.5 2.9 0.2 96.2 29.0 0.1
9.1 5.8 0.6 92.2 25.2 0.1

Note 1: The percentage of adsorbed Li (%) is calculated from (initial [Li]-final [Li])/initial [Li] (in uM) in average. Two standard deviation
(2SD) is calculated from the data of the experiment in triplicates. The analytical uncertainty of Li isotope analysis is 0.6‰ (2SD) (W.-Li et al.,
2019). The Li isotope composition of LiCl is 5.8 ± 0.6‰.
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apparent change (within the analytical uncertainty of 0.6‰,
W.-Li et al., 2019) in Li adsorption ratios. With solute pH
decreasing from 8.5 to 4.3 in the same batch (Step (3)), d7-
Liad changes to a range of 0.9‰ to 0.2‰, while is greater
than these of Kaolin (2) by �3‰ at the same pH.

5. DISCUSSION

The isotopic compositions of aqueous Li and adsorbed
Li in the adsorption experiments exhibit wide variations
from �4.3 to 39.7‰ under various conditions. Absolute
Li isotope fractionations between aqueous and adsorbed
Li in the same condition are heterogeneous (-35.8‰ to
�1.6‰), positively correlated with the percentage of Li
adsorption. We provide a conceptual model describing pos-
sible complexation mechanisms for Li adsorption onto
kaolinite (Fig. 4). Generally, there are two adsorption sites
available of different proportions on clay surfaces: (i) edge
surfaces (the surface charge from hydroxyls) and (ii) basal
surfaces (permanent structural charge). The pH-
dependence of the edge surfaces can be verified by our zeta
potential analysis, which shows increasing surface negative
charge density with increasing pH (Fig. S2a). Commonly,
Li+ could be adsorbed as inner-sphere complexes
(chemisorption) on clay edge surfaces, and as outer-
sphere complexes (physisorption) on clay basal surfaces.
Our infrared spectra further confirm the site-specific Li
adsorption onto clay edge surfaces, which is supported by
attenuated hydroxylic Al-O (aluminols), Si-O (silanols),
and Al-O-Si vibrations from alkaline to acidic conditions
(Fig. S2b). Using 7Li NMR, Wimpenny et al. (2015) sug-
gested that adsorbed Li may be incorporated into gibbsite
structure. Since the kaolinite sample used here is poorly-
ordered and a large number of defects exist on its edge sur-
faces, we infer that adsorbed Li might be incorporated into
the defects on edge surfaces of kaolinite samples. Two pos-
sible mechanisms (path 1, kinetic, and path 2, equilibrium)
might influence the isotopic compositions of dissolved Li
(Fig. 4). In the following sections, we propose and evaluate
the mechanisms of Li adsorption on clays and its isotope
fractionation during clay adsorption, then address potential
interfacial paths controlling Li isotopic behavior. Further
implications for tracing chemical weathering using Li iso-
topes are provided at the end.

5.1. Li adsorption mechanism

Dissolved Li concentrations decrease parabolically as
the reaction proceeds and depend on solute pH, initial
[Li], and IS (Fig. 2). Time-series experiments show linear
correlations between t/[Li] and t (t being time; R2 > 0.999)
and are best fitted by pseudo-second-order kinetics; rate
constants can thus be calculated from the slopes of the t/
[Li] versus t relationships (Fig. S3). Such kinetic patterns
suggest a rate-limiting step and single characteristic adsorp-
tion that is probably dominated by chemisorption rather
than physisorption (Fig. S3). The Langmuir model simu-
lates the sorption isotherms better at high pH/IS, and the
Freundlich model fits the data better at low pH and IS. This
indicates that the binding energy is homogenous on the
kaolinite surface at high pH and IS, but heterogeneous at
low pH and IS. These results are consistent with the gradual
deprotonation and activation of surface hydroxyl groups
from acidic to alkaline conditions (Tombácz and
Szekeres, 2006), as confirmed by zeta-potential analyses
(Fig. S2a). This interpretation is also supported by Li-Na
exchanges on the kaolinite surface at high IS (as supported
by the deduction from adsorption; Tables 1–3). Moreover,
as prepared, the kaolinite samples have finite specific sur-
faces and cation sorption capacities. Thus, adsorption at
high pH is better described by the Langmuir rather than
the Freundlich model because the Freundlich model
assumes exponentially increasing adsorption amount. Com-
bining the results from the kinetic and isotherm models, we



Table 3
Kaolinite Li adsorption and isotope fractionation in concentration-control sets.

pH Initial [Li] (uM) Final [Li] (uM) 2SD Sorption ratio (%) Solution d7Li (‰) Adsorbed d7Li (‰) IS (M) Time (h)

4.3 2 0.6 2.2 72.0 11.6 0.8 0.001 24
4.3 5 2.7 0.9 45.8 9.5 �0.3
4.3 10 6.7 1.1 32.7 8.6 �0.6
4.3 25 17.9 4.3 28.4 6.4 �1.5
4.3 50 42.8 6.8 14.4 6.4 �2.5
4.3 75 65.9 5.3 12.2 6.1 �3.1
5.5 5 0.8 0.1 84.3 16.9 1.1 0.001 24
5.5 10 2.2 0.4 78.0 14.4 0.5
5.5 25 11.7 1.5 53.3 11.2 0.2
5.5 50 33.0 5.9 34.1 8.1 �0.4
5.5 75 55.3 9.4 26.3 n.d. n.d.
5.5 100 81.1 15.4 18.9 6.2 �1.1
5.5 125 104.8 12.6 16.1 n.d. n.d.
5.5 5 1.0 0.3 79.9 19.1 0.4 0.1 24
5.5 10 3.1 0.7 69.3 14.9 0.6
5.5 25 10.5 2.7 58.0 n.d. n.d.
5.5 50 30.5 7.0 39.1 9.4 �1.2
5.5 75 59.7 10.2 20.4 n.d. n.d.
5.5 100 85.2 6.8 14.8 8.5 �2.7
5.5 125 110.9 23.3 11.2 n.d. n.d.
6.5 10 0.8 0.2 92.1 16.1 1.4 0.001 24
6.5 25 7.0 1.3 72.1 11.9 �0.2
6.5 50 22.5 4.7 55.0 n.d. n.d.
6.5 75 41.3 4.1 45.0 9.4 �0.8
6.5 100 61.5 8.0 38.5 n.d. n.d.
6.5 125 79.0 12.6 36.8 8.5 �1.9
6.5 5 0.5 0.1 90.1 23.2 2.1 0.1 24
6.5 10 1.8 0.6 82.4 18.4 1.0
6.5 25 9.4 3.7 62.2 14.8 0.7
6.5 50 23.7 3.8 52.5 13.9 0.1
6.5 75 41.7 4.6 44.4 11.0 �0.5
6.5 100 61.1 7.9 38.9 9.5 �1.4
6.5 125 85.2 13.6 31.8 9.4 �1.4
7.5 25 2.1 0.2 91.6 26.1 3.7 0.001 24
7.5 50 6.3 1.4 87.5 20.4 1.0
7.5 75 14.1 2.4 81.2 18.2 0.7
7.5 100 24.1 1.7 75.9 15.9 0.1
7.5 125 48.6 11.2 61.1 14.3 �0.2
7.5 250 178.4 5.4 28.6 n.d. n.d.
7.5 500 419.6 67.1 16.1 n.d. n.d.
7.5 1000 875.0 105.0 12.5 n.d. n.d.
8.5 25 0.2 0.0 99.2 39.7 3.9 0.001 24
8.5 50 1.6 0.3 96.7 28.4 3.2
8.5 75 6.5 0.1 91.3 25.0 2.3
8.5 100 20.6 4.1 79.4 22.6 0.5
8.5 125 34.2 2.4 72.6 n.d. n.d.
8.5 250 95.4 24.8 61.8 10.8 �2.3
8.5 500 291.3 110.7 41.7 n.d. n.d.
8.5 1000 771.0 131.1 22.9 7.7 �4.3

Note 1: The percentage of adsorbed Li (%) is calculated from (initial [Li]-final [Li])/initial [Li]. Two standard deviation (2SD) is estimated
from the experiment in triplicates.
Note 2: Analytical uncertainty of Li isotope analysis is 0.6‰ (2SD) (W.-Li et al., 2019). The Li isotope composition of LiCl salt is 5.8 ± 0.6‰.
n.d. means not determined.
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suggest that the inner-sphere rather than outer-sphere com-
plexation dominates the adsorbed Li pool with increasing
pH and IS. Hence, monolayer adsorption and chemisorp-
tion dominate in such aqueous conditions.

Increased Li adsorption with increasing pH at both low
and high IS suggests that inner-sphere complexation
becomes important at pH > 5. Furthermore, identical Li
adsorption ratio at high (high Na+) and low IS (low Na+)
at pH > 7 supports that the replacement of physically
adsorbed Li+ (outer-sphere complex) by Na+ becomes neg-
ligible at pH > 7 (Fig. 2). Such a feature implies that inner-
sphere complexation dominates in circumneutral to alkaline



Fig. 1. Kaolinite Li adsorption in the time-, pH-, and concentra-
tion-series experiments. (a) Kaolinite Li adsorption with the initial
[Li] = 10 and 75 mM in the time-series sets for kaolinite. (b)
Kaolinite Li adsorption with initial [Li] = 75 mM in the pH-
dependent sets (pH � 4–10). (c) Kaolinite Li adsorption at a pH
range of �4–10 in the concentration-control sets ([Li] = 2–
1000 mM). The colors of light blue and dark blue denote time-
series sets with [Li] of 75 mM and 10 mM, respectively. The colors of
black and grey represent solute IS of 0.001 M and 0.1 M,
respectively. The colors from red to purple show increasing solute
pH from 3 to 10 in concentration-control sets. The analytical
uncertainties on Li adsorption ratios using Q-ICP-MS ([Li],
RSD < 2‰) are smaller than the symbol sizes.

Fig. 2. Solute Li isotopic compositions in the time-, pH-, and
concentration-series experiments during kaolinite adsorption. (a)
Li isotopic signals of aqueous phases at initial [Li] = 10 mM and
75 mM in the time-series experiments at pH 7 for kaolinite. The
aqueous Li isotopic composition at IS of 0.001 M and [Li] = 75 mM
reached the maximum value before decreasing to the equilibrium
state. (b) Li isotopic signals of aqueous phases at [Li] = 75 mM in
the pH-dependent experiments (�4–10) for kaolinite. (c) Net Li
isotope fractionation between aqueous phases and adsorbed phases
at a pH range of �4–10 in the concentration-control sets ([Li] = 2–
1000 mM) for kaolinite. The initial isotopic composition of added
LiCl (d7LiLiCl) was 5.8‰. The colors of light blue and dark blue
denote time-series sets with [Li] of 75 mM and 10 mM, respectively.
The colors of black and grey represent solute IS of 0.001 M and
0.1 M, respectively. The colors from red to purple show increasing
solute pH from 3 to 10 in concentration-control sets. Long-term
analytical uncertainty on d7Li (2SD = 0.6‰) is smaller than the
symbol size.
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conditions, which cannot be easily replaced by excess Na+

of high ionic potential (Strawn and Sparks, 1999). This con-
clusion is further supported by the negative charge accumu-
lation on clay surface in response to increasing solute pH
(Fig. S2a), which provides deprotonated hydroxyls located
on clay edge surfaces for direct bonding (Guinoiseau et al.,
2016). According to the changes in adsorption ratios at high
and low IS, the concentration-controlled experiments show
that both physisorption and chemisorption occur at low
pH < 7, and chemisorption dominates at high pH. This
interpretation is supported by the isothermal models
(Fig. S4) and consistent with increased occurrence of
inner-sphere complexation with increasing solute pH from
3 to 10.

Our infrared data reveal that Li adsorption occurs exclu-
sively on basal and edge surfaces (Fig. S2b), particularly the
edge surfaces in high-pH/IS conditions, as supported by the
pH dependence of edge site availability. After adsorption as
outer- or inner-sphere complexes, Li is closely surrounded
by oxygen atoms of water molecules (outer-sphere complex)
or oxygen atoms of hydroxyls on clay surfaces that are
bound to the central metal atom, displacing water mole-
cules (inner-sphere complex). The extended X-ray absorp-
tion fine structure (EXAFS) of the local atomic
coordination of Cd, Zn, and Cu complexed on clay surfaces
indicates monodentate-mononuclear, monodentate-
binuclear, or bidentate-mononuclear binding at high pH
(e.g., Peacock and Sherman, 2004; Lee et al., 2004;



Fig. 3. Modeling of the observed Li isotope fractionations during kaolinite adsorption. Rayleigh distillation (kinetic, solid curves, a = 0.990
to 0.994) and equilibrium models (dashed curves a = 0.980 to 0.990) of closed-system isotope fractionation in (a) the pH-dependent
experiments and (b–f) the concentration-control experiments over a range of pH values. The initial d7Li values of LiCl (solid black line) and
pristine kaolinite (dashed black line) are 5.8 ± 0.6‰ and 0.2 ± 0.6‰, respectively. The isotopic compositions of dissolved and adsorbed Li
phases are marked by stars and diamonds, respectively. The colors of black and grey represent solute IS of 0.001 M and 0.1 M NaCl,
respectively. Long-term analytical uncertainty on d7Li (2SD = 0.6‰) is smaller than the symbol size. Modeled fractionation patterns are
shown in the plot by lines in light blue (the lowest one), cyan (the optimal one), and purple (the highest one).
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Vasconcelos et al., 2008). However, the adsorption feature
of Li+ may be different from the above divalent metal ions
due to its strong hydration (Rudolph et al., 1995). The
interlayer spaces in kaolinite seem to be inaccessible to
aqueous Li+ due to strong interlayer hydrogen bonds.
However, solid-state 7Li NMR and scanning electron
microscopy analyses suggest Li incorporation into gibbsite
octahedral vacancies (i.e., intercalation in interlayers) and
Li adsorption with excess Li (Wimpenny et al., 2015).
Therefore, our isotopic data aid in the understanding of
dominant controls on Li isotope fractionation during soil
formation, and the magnitude of isotope fractionation for
structural substitution and surface adsorption needs further
differentiation.

5.2. Li isotope fractionation mechanism

The Li isotopic trends observed in the time-series exper-
iments with [Li] = 75 lM (i.e., rise-fall-plateau at low IS,
and rise-plateau at high IS; Fig. 2) correspond to different
Li isotopic behaviors, reflecting the influences of
chemisorption and physisorption. The former trend was
not observed in experiments with [Li] = 10 lM at low or
high IS (Fig. 2), which may suggest the preferential occupa-
tion of strong hydroxyl sites via inner-sphere complexation.
We infer that the isotopic composition of weakly fixed Li
(i.e., outer-sphere complexes) is easily erased by cationic
competition with Na, and that only inner-sphere complexes
are preserved at high IS, as reported for the successive
involvement of different binding sites for Cu and Zn
adsorption on kaolinite (Heidmann et al., 2005;
Guinoiseau et al., 2016). Indeed, surface complexation
models estimate the isotope fractionation factors of Zn in
outer-sphere complexes on kaolinite basal surfaces to be
about 0.18‰, regardless of aqueous chemistry
(Guinoiseau et al., 2016). In comparison, the degree of
equilibrium isotope fractionation of Ca2+ as outer-sphere
complexes on soil phyllosilicates (kaolinite, montmoril-
lonite, and muscovite) is related to the permanent negative
charge of Ca on clay basal surfaces and/or in interlayers
(Brazier et al., 2019). It is difficult to estimate the isotope
fractionation factor of outer-sphere Li complexes using sur-
face models due to a lack of thermodynamic parameters.
Here, we infer that reversible Li adsorption (i.e., physisorp-
tion without direct bonding) follows an equilibrium iso-
topic mechanism, as proposed to describe a similar Zn
isotope pattern during adsorption onto Mn oxyhydroxides
(Bryan et al., 2015).

To decipher between equilibrium and kinetic isotope
fractionation mechanisms, we predict the Li isotopic com-
positions of absorbed (d7Liad) and dissolved Li (d7Liaq)
using the Rayleigh distillation (kinetic) and batch steady-
state (equilibrium) models in closed systems, which can be
expressed as (Eqs. (10) and (11)):

d7Liad ¼ a� d7LiLiCl þ 1000f Li � ða� 1Þ
a 1� f Lið Þ þ f Li

� �
;

d7Liaq ¼ ðd7LiLiCl � f LiÞ=ð1� f LiÞ ðBatchsteady� stateÞ
ð10Þ



Fig. 4. Conceptual of clay surface Li complexation and isotope
fractionation. A schematic illustration of possible processes occur-
ring during Li+ uptake by kaolinite and subsequent effects on
d7Liaq. (a) The adsorption of Li+ onto kaolinite could result in the
inner-sphere (chemisorption) and outer-sphere complexations (ph-
ysisorption). (b) After adsorption, Li may migrate into interlayer
spaces and/or occupies structural defects in clay structures. In this
case, equilibrium Li isotopic exchange (i.e., the backward reaction)
may be inhibited. (c) Conceptual sketch of the sorption of light Li
isotopes, resulting in the enrichment of heavy Li isotopes in
surrounding solutions. Observed trends imply three successive
stages related to solute pH, [Li], and IS. In the plot (c), the path (1)
represents the progressive establishment of the stationary isotopic
state following a kinetic law. The path (2) reflects successive
isotopic behavior, including (I) an initial kinetic fractionation due
to preferential diffusion of 6Li to clay surfaces/interlayers, (II) a
gradual transition to isotopic equilibration with surrounding
solutions, and (III) a final equilibrium with preferential 6Li
adsorption on clays. In the dashed box, net isotope fractionation
between dissolved Li and initial LiCl becomes smaller with reduced
Li adsorption, when IS and [Li] are higher, or pH is lower.
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d7Liad ¼ ðd7LiLiCl þ 1000Þ � ð1� ð1� f LiÞ � aÞ
f Li � 1000

 !
;

d7Liaq ¼ e½ a�1ð Þ ln f Liþln d7LiLiClþ1000ð Þ� � 1000 ð11Þ
where aad-aq is the fractionation factor which defines the
magnitude of isotope fractionation of adsorbed Li to dis-
solved Li, d7LiLiCl is the isotope composition of the initial
LiCl solution (5.8 ± 0.6‰), and fLi is the proportion of Li
lest in solution after releasing from rocks and (1 – fLi)
denotes the proportion of Li removal by secondary mineral
uptake.

The magnitudes of Li isotope fractionation in pH-
dependent experiments increase with increasing Li adsorp-
tion ratios, and fit the Rayleigh models as opposed to the
equilibrium batch models (Fig. 3). Based on the correlation
between the fractionation factor a and the adsorption ratio,
we estimate the kinetic fractionation factor aad-aq to be
�0.992. To exclude potential influence of pH variations in
our model fitting, we compared closed-system models using
the Li isotopic data from the concentration-control experi-
ments at each pH conditions. At pH = 4.3, Li isotope frac-
tionations fit closed-system batch models, indicating a
potential equilibrium isotopic pathway with aad-
aq � 0.990. This finding supports our expectation of reversi-
ble Li isotopic exchange for outer-sphere complexes under
acidic conditions. It is consistent with recent clay synthesis
experiments (Hindshaw et al., 2019) showing that Li in
outer-sphere complexes is not significantly fractionated rel-
ative to the starting solution. Notably, all our Li isotopic
data from concentration-controlled experiments under
weakly acidic to alkaline conditions confirm closed-system
kinetic fractionations when sorption ratios are high
(>80%). A recent examination of closed-system basalt
sand-natural river interactions of up to 9 months estimated
a Rayleigh-type logarithmic relationship between dissolved
d7Li (i.e., d7Liaq) and Li/Na with a = 0.991 (Pogge von
Strandmann et al., 2019), which supports our findings.

In most cases, Li adsorption onto clays is primarily asso-
ciated with kinetic isotope fractionations, contrasting the
conventional assumption of equilibrium isotope fractiona-
tion (Williams and Hervig, 2005; Vigier and Goddéris,
2015) that corresponds to the changes in local atomic envi-
ronments (Schauble, 2004). In previous studies focusing on
clay adsorbed and/or incorporated Li, 6Li could be prefer-
entially trapped in octahedral sites, following the equilib-
rium fractionation path, which predicted that 7Li would
be preferentially retained in solutions as tetrahedral aquo-
complexes. The proposed equilibrium isotope fractionation
mechanism via isomorphic substitutions within octahedral
sites of soils depended on both internal (atomic bond
strength) and external (e.g., temperature and hydrochem-
istry) conditions (Vigier et al., 2008; Wimpenny et al.,
2015; Hindshaw et al., 2019). For example, the negative
correlation between pH and Li isotopic composition in for-
aminifera has been attributed to changes in Li speciation
(Roberts et al., 2018). However, a possible pH control on
Li isotope fractionation has not been observed during our
clay adsorption experiments nor clay precipitation experi-
ments (Hindshaw et al., 2019), thus solute pH is unlikely
to affect Li isotope fractionations. It is noteworthy that
the equilibrium fractionation of Li isotopes was verified
during clay synthesis based on changes in local Li coordina-
tion (Vigier et al., 2008; Hindshaw et al., 2019). The direc-
tions and magnitudes of Li isotope fractionations through
clay adsorption observed in this study are comparable to
those in clay synthetic experiments. Notably, a kinetic Li
isotope fractionation was also suggested during stevensite
precipitation at high pH (Hindshaw et al., 2019). Therefore,
we suggest that both kinetic and equilibrium Li isotope
fractionation mechanisms play roles during chemical
weathering by Li adsorption onto and Li incorporation into
secondary minerals during soil formation.

5.3. Interfacial path for Li isotope fractionation

From this study, there are two types of surface complex-
ation during closed-system Li adsorption onto clays –
chemisorption and physisorption, representing the kinetic
and equilibrium fractionation processes, respectively
(Fig. 4). Hence, clay adsorption occurs predominantly on
kaolinite edge surfaces during Rayleigh-type kinetic frac-
tionations (a � 0.992) and on basal surfaces during equilib-
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rium fractionations (a � 0.990). And the observed D7Liaq-ad
values probably reflect the net effect of both fractionations.
The dominance of the kinetic mechanism at high pH/IS can
be attributed to the inner-sphere Li complexation under
those conditions. However, a critical question remains:
why are covalently adsorbed Li isotopes not rapidly
exchanged with the surrounding solution? Rayleigh frac-
tionation implies that adsorbed Li can be rapidly isolated
from the solution. Indeed, Li is incorporated into crystallo-
graphic defects, and interlayers of gibbsite after adsorption
(Wimpenny et al., 2015) and monovalent cations intercalate
into kaolinite (Smith et al., 1966). Based on these pieces of
evidence, we suggest that adsorbed and kinetically fraction-
ated Li rapidly occupy the structural defects at kaolinite
edge surfaces, perhaps even diffusing into the interlayers
or deep vacancies after ion dehydration (Fig. 4), where it
is then inaccessible to the surrounding aqueous media. Pos-
sible Li incorporation may be supported by incomplete des-
orption after pre-adsorbing on kaolinite (Fig. S5).

Likewise, Hindshaw et al. (2019) proposed that the
kinetic-rate processes likely play a role in Li isotope frac-
tionation during phyllosilicate synthesis in high-pH range,
similar to Si and Ca isotopes in disequilibrium crystal-
growth phenomena (e.g., Nielsen et al., 2012; Geilert
et al., 2014). Studies on isotope fractionations within Ca
adsorption/desorption processes on soils (Ockert et al.,
2013; Brazier et al., 2019) demonstrated that the amplitude
of associated isotope fractionation depended on the nature
of clay minerals and adsorption site, with both kinetic and
equilibrium isotope fractionation being observed. We thus
interpret the Li isotopic compositions measured during
our experiments to result from three stages of Li adsorption
(Fig. 4): (i) two simultaneous kinetic isotope fractionations
occur due to the preferential attachment of 6Li onto kaolin-
ite by inner-sphere and outer-sphere complexation; (ii)
chemically adsorbed Li is structurally bound after dehydra-
tion, while an equilibrium fractionation continues by phys-
ical adsorption of Li from the solute; and (iii) the stationary
Li isotopic state is reached and is linked to adsorption ratio.
The equilibrium Li isotope fractionation can be reduced by
increasing IS, or by decreasing pH or [Li]. Nonetheless, the
clay-Li coordination environment cannot be directly
detected by common synchrotron-based techniques (e.g.,
EXAFS) and still remains an open question.

The d7Liaq values observed in our experiments were as
high as 39.7‰, spanning the wide range of natural observa-
tions, and could be quantified using a Rayleigh distillation
model with aad-aq constant at �0.992 (Fig. 5a and b). The
presence of a similar ‘‘distillation” process along the
groundwater path has been postulated and simulated by
Bohlin and Bickle (2019) for modeling kinetically limited
weathering environments. Three distinct mechanisms might
explain the observed kinetic Li isotopic behaviors. (I)
Hydrated Li ions in the form of [Li(H2O)4]

+ pass through
the clay-fluid boundary layer by diffusion, resulting in sig-
nificant mass-dependent isotope fractionation due to differ-
ent diffusion coefficients. (II) The kinetic isotope
fractionation of Li predominately depends on surface com-
plexation kinetics in which isotopic exchange is limited by
the large activation energy barriers that must be surpassed
to break atomic bonds (Schauble, 2004). (III) The kinetic Li
isotope fractionation occurs in a reaction-limited regime of
surface interaction (DePaolo, 2011). The kinetic fractiona-
tion factor a depends on the ratio of net to backward reac-
tion rates. Thus, mechanisms II and III describe a similar
mechanism in which the backward reaction becomes negli-
gible compared to the forward reaction once the maximum
kinetic isotope fractionation is attained. To distinguish
between mechanisms I and III, we compare our data to a
molecular dynamic simulation using theoretical diffusion
(Bourg et al., 2010) and ion desolvation (Hofmann et al.,
2012) parameters for Li isotopes (Fig. 5c). Our data agree
with the theoretical ion desolvation model with a of
0.9925 ± 0.0014, corresponding to a quantum–mechanical
mechanism of complexation and subsequent incorporation
(Hofmann et al., 2012). The result of desorption experi-
ments implies that Li clay adsorption is not fully reversible
(Fig. S5). We infer that a loose water solvation shell sur-
rounds hydrated Li; rate-limited dehydration thus causes
kinetic effects during interfacial interactions.

5.4. Implications

A critical finding of this study is that the equilibrium
fractionation of Li isotopes occurs through outer-sphere
complexation, predominately under low pH/IS conditions.
Because physically fixed outer-sphere Li should maintain
four-fold coordination (similar to the four-fold coordinated
hydrated Li-ions), Li isotopes are unlikely to be fraction-
ated during outer-sphere complexation. Nevertheless,
observable metal stable isotope fractionations have been
reported for outer-sphere complexes. For example,
Brazier et al. (2019) highlighted the importance of inter-
layer charges in determining the magnitude of weakly-
bonded Ca (outer-sphere) isotope fractionations (Brazier
et al., 2019). Hence, we postulate that electrostatic interac-
tion affects the solvation number, though this requires fur-
ther laboratory and theoretical examination. Increasingly
significant kinetic control on isotopic fraction with increas-
ing inner-sphere Li complexation (i.e., at higher pH) may be
important in natural systems (e.g., rivers and oceans) under
neutral to alkaline conditions. As clay sorption usually
occurs prior to lattice incorporation (Pogge von
Strandmannet al., 2017b), kinetic Li isotopic fractions
may be preserved during soil formation. Furthermore,
our interpretations are consistent with global riverine
observations (Fig. 5d). The good agreement between
observed and experimental d7Li values suggests that kinet-
ically driven adsorption and incorporation may be a pri-
mary mechanism driving natural isotope fractionations.

The consistency between our results and natural obser-
vations demonstrates the critical role of kinetic controls
on Li isotope fractionations during chemical weathering,
although it invokes another question: can river systems be
treated as closed systems? At first glance, riverine systems
are open systems because they receive influxes from bed-
rock weathering and erosion, deposit sediments during
transport, and, subsequently, provide outfluxes to reser-
voirs as oceans. However, it takes time to follow the entire
source-to-sink pathway, from bedrock via weathering pro-



Fig. 5. Experiment and field Li isotope data compilation and integrated modeling results. (a) Exponential fitting and (b) Rayleigh distillation
model based on linear fitting to our data using fractionation factor aad-aq from 0.990 to 0.994. A closed-system Rayleigh distillation model
produces the best fit with the aad-aq � 0.992, and agree with the range of d7Li values observed in continental to marine environments (data
refer to Tomascak et al., 2016 and references therein). The initial Li isotopic compositions of the LiCl and pristine kaolinite are 5.8‰ and
0.2‰, respectively. (c) Molecular dynamic simulations of Li isotope fractionation via Li desolvation in aqueous systems (fractionation factor
a = 0.9925 ± 0.0014; Hofmann et al., 2012) and Li diffusion in liquid water (diffusivity empirical constant, b = 0.0171 ± 0.0159, Bourg et al.,
2010). (d) Rayleigh distillation modeling of data from a literature compilation of river suspended and dissolved loads (data summarized in
Tables S4-S5) of global riverine systems. MORB: the mid-ocean-ridge basalts. Long-term analytical uncertainty on d7Li (2SD = 0.6‰) is
smaller than the symbol size. fLi represents the fraction of Li remaining in the liquid after lithology correction, normalized to the Li
composition of source rock. If (1-fLi) = 1, chemical weathering is congruent. The percentage of Li adsorption from solution (1-fLi) is
calculated using (Li/Na)source/(Li/Na)dissolved and (Li/Al)suspended/(Li/Al)source, corresponding to Li re-incorporated into soils after initial
release from silicate rocks by weathering. Plotted field data refer to the data of Amazon rivers (Dellinger et al., 2015, 2017), Congo rivers
(Dellinger et al., 2017), Mackenzie rivers (Millot et al., 2010), Ganges rivers (Pogge von Strandmannet al., 2017b), Brahmputra rivers
(Dellinger et al., 2014), Stikine rivers (Dellinger et al., 2017), Iceland rivers (Vigier et al., 2009; Pogge von Strandmann et al., 2016), Azores
archipelago (Pogge von Strandmann et al., 2010), Changjiang rivers (Gou et al., 2019; Ma et al., 2020), Columbia rivers (Liu et al., 2015),
Lena rivers (Murphy et al., 2019) and high Himalaya rivers (Kısak}urek et al., 2005). Analytical uncertainties of Li isotope analysis in
mentioned publications are within the symbol size in the Y-axis.
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files, to groundwaters and rivers (with potential floodplain
storage), and to the marine realm. The dissolved and sus-
pended loads travel together within rivers, especially in
transport-limited weathering regions (e.g., floodplains)
characterized by long water residence times (days to weeks,
or longer) and low sedimentation rates. For example, the
alluvial plains and vast riparian zones of rivers that carry
even a low amount of suspended clays can certainly be con-
sidered as closed systems. In such cases, it is appropriate to
treat the dissolved and suspended loads as being in a semi-
closed system. Assuming that kinetic Li isotope fractiona-
tions are ubiquitous on Earth’s surfaces, rivers potentially
exert a more prominent impact on oceanic isotope mass
balance compared with early expectations. It is consistent
with the interpretation that enhanced weathering during
the Cenozoic promoted heavy d7Li inputs into the oceans,
contributing to a � 9‰ increase of oceanic d7Li (Misra
and Froelich, 2012; Wanner et al., 2014). Our findings
demonstrate kinetically controlled Li isotope fractionation
during uptake by kaolinite, refining Li isotopic systematic
as tracers of weathering and climate. This work also estab-
lishes d7Li as a sensitive index for clay formation during
chemical weathering and also demonstrates that natural
observations on Li isotope records cannot be simply treated
as representing constant isotope fractionation level (e.g.,
Bouchez et al., 2013; Bohlin and Bickle, 2019). Previous
quantitative interpretations of natural Li isotopic records
thus may require refinements to account for low-
temperature kinetic Li isotope fractionations during chem-
ical weathering.
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6. CONCLUSIONS

We performed systematic laboratory batch experiments
to explore the mechanism and quantify the magnitude of
Li isotope fractionation during the adsorption of kaolinite
- a common weathering product. According to our system-
atic experiments, including time series-, pH- and
concentration-control sets, the liquid-solid isotopic varia-
tions range from �0‰ to 36‰, with 10–99% starting solute
Li being adsorbed. Li was removed by inner-sphere/outer-
sphere surface complexation, likely followed by lattice
occupation. We demonstrated that Li isotope fractionation
during kaolinite uptake could be best described using a
closed-system Rayleigh distillation model (a � 0.992).
These results are also consistent with the theoretical calcu-
lation of Li+ desolvation (a � 0.9925), and field observa-
tion of worldwide rivers. We conclude that the same
kinetic isotope fractionation mechanism may be responsible
for the wide ranges of Li isotopic signatures on Earth’s sur-
faces. The importance of this finding includes that soil for-
mation associated with kinetic controls may be the main
driver for pronounced Li isotope fractionation, particularly
in transport-limited weathering regions and, by extension,
the continental-marine Li isotopic fluctuations during
weathering over geological timescales.
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