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easurements of lithium isotopic
composition at sub-nanogram by MC-ICP-MS with
membrane desolvation

Mao-Yong He, *ad Li Deng,a Jianni Liu,*b Zhang dong Jin a and Tongxiang Renc

The geochemistry of Li and Li isotopes is a promising tracer of chemical weathering processes for both

modern and ancient times. Therefore, accurate and precise determination of the isotopic composition of

Li is required for a large variety of complex geological samples with different Li concentrations and

matrix/Li ratios. Especially, geochemical studies of precious geological samples with ultra-low lithium

content and high matrix. In this study, the accuracy and the precision corresponding to Li isotopic

measurements of low-level samples using multi-collector inductively coupled plasma mass

spectrometry (MC-ICP-MS) with membrane desolvation introduction system was evaluated. The method

of MC-ICP-MS with membrane desolvation and a high-sensitivity X-skimmer cone, together with

a simple one-step column separation enabled the high-precision isotopic analysis of Li quantities as

small as 2 ng. The long-term instrumental external reproducibility of d7Li values for the L-SVEC and

SPEX-Li were 0.0 ± 0.1& (n = 20) and 12.1 ± 0.4& (n = 20), respectively. Based on the measurements

on a series of international reference materials over the last two years. The measured d7Li values for the

standards with a variety of matrices, including BHVO-2, AGV-2 and seawater (NASS-6). The d7Li values of

BHVO-2 (4.58 ± 0.35&), AGV-2 (6.85 ± 0.40&) and NASS-6 (30.88 ± 0.20&) are in agreement with the

published data within the uncertainty. We also present analytical results for South China Sea surface

seawater water, meteorite, limestones and rain water. These results demonstrate the validity of the

method for obtaining highly precise and accurate outcomes.
1. Introduction

Lithium (Li) is the third lightest chemical element and its
atomic number is 3. Li is the lightest alkali metal and the
lightest lithophile element. Li has two naturally occurring
isotopes, 6Li (7.52%) and 7Li (92.48%).1 A relatively large mass
difference (17%) between the two isotopes and high volatility
results in signicant mass-dependent fractionation during
geochemical processes. The range of variation in lithium-
isotope compositions (d7Li) is more than 60& in geological
materials.1 Besides, Li is present only in the +1 valence, its
isotopic composition is not inuenced by redox reactions. Also,
Li is not a nutrient and does not participate in biologically
mediated reactions and Li isotopes variations are not
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signicantly affected by biological processes. These character-
istics make Li isotopes have numerous applications in
geochemistry, isotope hydrology, oceanography, environmental
sciences, cosmology, and nuclear technology.2,3

Consequently, it is quite essential to conduct high-precision
and accurate Li isotopic measurements on geological samples.
The isotopic composition of Li can be analyzed by numerous
mass spectrometric techniques, e.g., positive ion thermal ioni-
zation mass spectrometry (PTIMS), multi-collector inductively
coupled plasma mass (MC-ICPMS), inductively coupled plasma
source mass spectrometry (ICPMS), and secondary ion mass
spectrometry (SIMS).1 Li isotopes were initially performed by
PTIMS.4 However, it is only since the advent of the MC-ICP-MS
that lithium isotopic analyses have become sufficiently precise
for a variety of earth and ocean-science applications.5,6 The MC-
ICP-MS technique quickly became a typical approach for
determination of Li isotopic compositions in natural samples
due to its higher ionization efficiency.7–11

Precise and accurate determination of Li isotope composi-
tions in geological samples is crucial to expanding the appli-
cation of Li isotopes. Nevertheless, geochemical studies of
precious geological samples with ultra-low lithium content and
high matrix, such as Lunar soil, meteorite and ocean drilling
samples using Li isotopes are limited due to the matrix effects
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Lithium purification procedure

Separation steps Eluents Volume/mL

Resin cleaning 6 M HNO3 16 (2 × 8 mL)
Milli-Q H2O 8 (1 × 8 mL)

Conditioning 0.5 M HNO3 16 (2 × 8 mL)
Sample loading 0.5 M HNO3 2 (1 × 2 mL)
Elution 0.5 M HNO3 20 (5 × 4 mL)
Pre-cut collection 0.5 M HNO3 2 (1 × 2 mL)
Li elution 0.5 M HNO3 25 (5 × 5 mL)
Aer-cut collection 0.5 M HNO3 2 (1 × 2 mL)
Resin cleaning 6 M HNO3 16 (2 × 8 mL)

Milli-Q H2O 8 (1 × 8 mL)
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and instrumental sensitivity. To minimize matrix induced mass
bias effects, high recovery and complete separation of Li from
matrix elements are essential. As is known, the ion intensity can
be improved by 3–10-fold with a desolvating nebuliser (i.e., dry
plasma). Most Li isotope data in the literature are measured
using new generation MC-ICP-MS coupled with the desolvation
system to achieve a higher sensitivity too.12 However, systematic
research has not yet been conducted to evaluate the inuence of
membrane desolvation injection system on lithium isotopes. In
this study, High precision measurements of lithium isotopic
composition by MC-ICP-MS with membrane desolvation intro-
duction system was evaluated. Such as, the sensitivity of
different Li concentrations with membrane desolvation intro-
duction system, accuracy and precision of Li isotope measure-
ments with different Li concentrations using membrane
desolvation introduction system, etc.

2. Experimental

Chemical purication and isotopic analysis for Li were carried
out at Institute of Earth Environment, Chinese Academy of
Sciences (IEECAS) in a class-1000 ultraclean laboratory equip-
ped with class-100 laminar ow exhaust hoods to minimize
contamination.

2.1. Reagents and materials

Bio-Rad® AG 50W X-12 cationic resin was used in this study for
Li purication. Electronic production of HNO3 and HCl (Suzhou
Jingrui Chemical Co., Ltd.) were puried by double sub-boiling
using a Savillex DST-1000 system at a temperature <60 °C. The
ultrapure grade HF (48%) was directly used without further
distillation.

Geological certied reference materials samples: a NIST L-
SVEC lithium carbonate standard, Seawater reference material
for trace metals (NASS-6), basalt powdered reference materials
(BHVO-2) and andesite powdered reference materials (AGV-2).

Natural samples: surface seawater water (collected from
South China Sea, 80 kilometers from Sanya bay of Hainan,
China), meteorite (collected in the desert, 100 kilometers south
of Hami city of Xinjiang, China), limestones (collected from the
Meishan section in South China, as the Global Strato type
Section and Point (GSSP) of the PTB), and rain water (collected
from Xi'an of China) were used in this study.

2.2. Sample pretreatment

2.2.1 Sample digestion for rock and meteorite. To reduce
the effects of procedural blanks and sample heterogeneity, 1–
5 mg of each rock standard and samples (containing 2 to 10 ng
of Li) were weighed into a pre-cleaned 15 mL of Teon micro-
wave digestion vessel. Next, 4 mL of HNO3 and 1 mL of HF were
added. Samples were digested using an UltraClave microwave
digestion system (Milestone, Italy) following the method of He
et al.13 Aer digestion, the sample solutions were evaporated to
dryness on a hot plate at 180 °C. Then, 1.2 mL of aqua regia was
added to re-dissolve the samples, which were heated for 4 h at
180 °C. Following this step, the solution was dried again and re-
© 2023 The Author(s). Published by the Royal Society of Chemistry
dissolved in 10 mL of 2% v/v HNO3. This solution was dried and
nally re-dissolved in 1 mL of 0.5 M HNO3 for ion exchange
chromatography.

2.2.2 Sample pretreatment for rain water and seawater.
The rain water and seawater containing approximately 2 ng Li,
were evaporated to dryness on a hot plate at 180 °C. The nal
dried sample was dissolved in 2 mL 0.5 M HNO3 for column
separation.

2.2.3 Sample pretreatment for limestones. Sample disso-
lution protocols for Li isotope analysis in limestone following
Kalderon-Asael et al.14
2.3. Ion exchange chromatography for Li chemical
separation

The Li chemical separation is carried out using a simple one-
step ion-exchange chromatography with a procedure following
the same method as described in He et al.13,15 Briey, Li is
puried by passing of 8 mL of Bio-Rad® AG 50W X-12 cationic
resin in 0.5 mol L−1 HNO3 medium. The precleaning procedure
of the resin batch consisted of six-fold washing with concen-
trated HCl (6 mol L−1) and rinsing with ultrapure water before
column packing. The resin was conditioned for the separation
with 16 mL of 0.5 M HNO3 before loading the sample. Subse-
quently, 2 mL of the 0.5 mol L−1 HNO3 sample was loaded on
the resin. Aer the sample was loaded, 0.5 mol L−1 HNO3 was
used to elute the sample, with the rst 20 mL of eluate dis-
carded. Then, the 21st−22nd mL of eluate was collected in
a 5 mL centrifuge tube to monitor Li breakthrough. Then, the
following 25 mL (23rd–47th) of eluate was collected as the Li
fraction, and the 48th−49th mL was also used to check the
recovery. The details of protocol are given in Table 1.
2.4. Mass spectrometry of Li isotopes

The isotopic ratios of Li were performed on a Thermo Fisher
Neptune Plus MC-ICP-MS also at the IEECAS. This instrument is
a double-focusing magnetic sector instrument with variable
dispersion (17%) ion optics equipped with nine collectors
(Faraday cups). Faraday noise and pre-amplier gain calibration
were performed every analytical day, and ESA deection (20 V)
was used to measure the zero value.

Firstly, Sample solutions were introduced under solution
mode (‘wet’ plasma conditions) using a low-ow PFA
RSC Adv., 2023, 13, 32104–32109 | 32105
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Fig. 1 The integrated average signal intensity of 7Li from Li standard
solution (SPEX-Li) with different contents.
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microcentric (50 mLmin−1) nebulizer and a cyclone/double pass
spray chamber. The nickel Jet type sample cone and X type
skimmer cone were used. The lens voltages, carrier gas, and all
parameters were optimized in solution mode. All solutions were
in 2% (v/v) HNO3. Then, membrane desolvation introduction
system was switched solution mode. Measurements were per-
formed using an Apex Omega (ESI®, USA) sample introduction
system with a heated spray chamber set at 140 °C and a Peltier
cooling coil at 2 °C. Lithium isotopic ratios were determined
using the standard-sample bracketing (SSB) protocol. The
operating parameters are provided in Table 2. 6Li and 7Li were
measured simultaneously in separate Faraday cups (L4 and H4).

The Li isotopic composition is reported in delta (d) notation
in per mil relative to natural reference material L-SVEC
following previous recommendation:2

d7Li& ¼
( �

7Li
�
6Li

�
sample�

7Li
�
6Li

�
standard

� 1

)
� 1000

3. Results and discussion
3.1. Sensitivity of different Li concentrations with
membrane desolvation introduction system

Previous studies indicate that different concentrations have
different signal sensitivity. The 7Li intensities of SPEX-Li solu-
tions containing 10, 8, 5, 3, 2 and 1 ng Li were determined with
desolvationmembrane introduction system. The intensity of 7Li
ion beam for these different Li concentrations are shown in
Fig. 1. The signal intensities of 7Li were 6 V, 4.8 V, 3 V, 1.8 V,
1.2 V and 0.8 for the [Li] as 10, 8, 5, 3, 2 and 1 ng. Generally, to
avoid noise disturbance, background intensity should be <1%
of sample signal for isotopic analysis. By washing the inlet
Table 2 Typical operating parameters for Li isotopes measurement
using Neptune MC-ICP-MS with membrane desolvation

Parameters Values

RF forward power (W) 1200
Ar cooling gas (L min−1) 15
Ar auxiliary gas (L min−1) 0.76
Ar sample gas (L min−1) 1.081
Extraction voltage (V) −2000
Acceleration voltage (kV) 10
Sampler cone X (nickel)
Skimmer cone Jet (nickel)
Detection system L4, H4 Faraday cups
Nebulizer Low-ow PFA microcentric (50

mL min−1)
Focus quad (V) 0.5
Dispersion (V) 26.5
Uptake time (s) 60
Integration time (s) 4.195
Measurement time (min) 4
Rinse time (min) 4
Membrane desolvation introduction
system

Apex Omega (ESI®, USA)

Spray chamber (heater/chiller) 140 °C/2 °C

32106 | RSC Adv., 2023, 13, 32104–32109
system via 5% HNO3 and 0.1% HF and then 2% HNO3, the
instrumental background intensities of 7Li were lower as
0.008 V.

3.2. Accuracy and precision of Li isotope measurements with
different Li concentrations using membrane desolvation
introduction system

A series of SPEX-Li containing 100, 50, 20, 10, 8, 5, 2, 1 ng Li was
analyzed using “wet plasma” and “Dry plasma (with membrane
desolvation)”, respectively. And the results are shown in Fig. 2.
Repeated analyses of 100 ng and 50 ng Li had d7Li values were
12.05 ± 0.06& (n = 4) and 12.00 ± 0.16& (n = 4). The results
from the analyses of 20, 10, 8, 5, 2, 1 ng Li with membrane
desolvation were consistent with those of 100 ng and 50 ng Li
using “wet plasma”. And d7Li values were 11.89 ± 0.08&, 12.01
± 0.08&, 12.15 ± 0.06&, 12.14 ± 0.14&, 12.12 ± 0.30& and
12.40 ± 0.16&.

3.3. Accuracy and reproducibility of Li isotope
measurements for standards

The accuracy and reproducibility of Li isotope measurements
was evaluated by repeated analyses of the two standards (L-
SVEC and SPEX-Li) with 2 ng [Li] over a one-year period. And
the results are shown in Fig. 3. The long-term instrumental
external reproducibility of d7Li for these samples is <0.5&
(2SD). The measured d7Li values for the L-SVEC and SPEX-Li
were 0.0 ± 0.1& (n = 20) and 12.1 ± 0.4& (n = 20), respec-
tively. Therefore, high-precision Li isotopes determinations can
be obtained using our MC-ICP-MS with membrane desolvation.

3.4. Li isotopic compositions of reference materials

Based onmore than 1 year repeated measurement of unpuried
and puried L-SVEC, and SPEX-Li with 2 ng [Li] (Fig. 3), two
geological reference materials BHVO-2, AGV-2 and seawater
reference material NASS-6 with 2 ng [Li] were measured to
conrmed the accuracy of d7Li. Data for measurements of
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 The d7Li measured for SPEX-Li with sample sizes of 100 ng and 50 ng [Li] using “Wet plasma” and 20 ng, 10 ng, 8 ng, 5 ng, 3 ng, 2 ng, 1 ng
[Li] using “Dry plasma”.
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reference materials in this study and literature are plotted in
Fig. 4. The d7Li values of BHVO-2 (4.58 ± 0.35&), AGV-2 (6.85 ±

0.40&) and seawater (30.88 ± 0.20&) are in agreement with the
published data within the uncertainty (Fig. 4).3,11,15–22

3.5. Li isotope measurements of natural samples

3.5.1 Seawater d7Li. In the open ocean, Li is a conservative
element that is well-mixed with a uniform concentration and
isotopic composition. In the ocean, due to its long residence
Fig. 3 Evaluation of external precision (2SD) of d7Li by 20 analyses over o
represents the precision of this study.

© 2023 The Author(s). Published by the Royal Society of Chemistry
time >1.5 My relative to the mixing time of the ocean (1000
years), modern seawater is homogenous with respect to lithium
concentration (26 mM) and isotopic composition lithium
displays uniform concentration isotopic composition (d7Li =
31.0± 0.5&).23,24 Additionally, seawater is commonly used as an
interlaboratory standard. Therefore, a more precise denition
of d7Lisw is desirable.

0.2 mL South China Sea surface water was conducted with
AG 50W X-12 cationic resin. Li isotope ratios were investigated
ne year for NIST L-SVEC and SPEX-Li. Error bars are 2SD uncertainties

RSC Adv., 2023, 13, 32104–32109 | 32107
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Fig. 4 Comparison of d7Li values of selected geological reference materials measured in this study and literature. Precision is plotted as 2SD for
comparison.
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by MC-ICP-MS. The average (n = 5) d7Lisw values was 30.97 ±

0.24&. The average d7Lisw value of seawater is generally
understood to be 30.8&, with reported values ranging from
30.60 to 31.20& (Fig. 4).

3.5.2 d7Li of rain water. Rainwater is one of important end
members, however, the lithium content is relatively low with
less than 1.0 ppb. There rainwater samples from Xi'an in China
were collected and analyzed. The d7Li values of these samples
were 8.53 ± 0.14& (n = 3), 10.19 ± 0.04& (n = 3) and 8.51 ±

0.23& (n = 3), respectively.
3.5.3 d7Li of limestones. Limestones is one of useful

archive for reconstruct seawater Li isotope compositions. Two
samples from different time were processed with AG 50W X-12
cationic resin. The d7Li values of these two samples were 9.93 ±

0.21& (n = 3) and 14.49 ± 0.12& (n = 3).
3.5.4 d7Li of meteorite. Lithium isotope ratios were inves-

tigated by MC-ICP-MS using membrane desolvation on two
meteorites. The measured d7Li values of these two samples were
−1.5 ± 0.39& (n = 4) and 6.41 ± 0.32& (n = 4), showing huge
isotope fractionation of Li.
4. Conclusions

High precision (<0.5& at the 2 s level) Li isotope determinations in
small amounts of Li (2 ng) were achieved using a combination of
MC-ICP-MS and amembrane desolvation system. The accuracy and
reproducibility of Li isotope measurements were assessed through
32108 | RSC Adv., 2023, 13, 32104–32109
repeated analyses of the two standards (L-SVEC and SPEX-Li) with 2
ng [Li] over a one-year timeframe. The long-term instrumental
external reproducibility of d7Li for these samples was found to be
less than 0.5& (2SD). Themeasured d7Li values for the L-SVEC and
SPEX-Li standards were determined to be 0.0 ± 0.1& (n = 20) and
12.1 ± 0.4& (n = 20), respectively. Additionally, three reference
materials (BHVO-2, AGV-2 and NASS-6) were analyzed and dis-
played mean d7Li values of 4.58± 0.35& (2 s, n= 6), 6.85± 0.40&
(2 s, n = 6) and 30.88 ± 0.20& (2 s, n = 6). The same protocol was
then applied to samples with very low sample amounts, such as
South China Sea surface seawater water, meteorite, limestones and
rain water. This method allows for precise (#0.6&) and accurate
determination of d7Li in sub-nanogram samples.
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18 F. Álvarez-Amado, M. Rosales, L. Godfrey, C. Poblete-
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