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The memory effect significantly impacts the precision and accuracy of lithium isotope measurements using
MC-ICP-MS. This study evaluates the origin of the memory effect, identifying the cones, especially the
skimmer cone, as the primary site responsible for lithium memory accumulation. To investigate the type
and optimal concentration of sodium-containing solutions, scanning electron microscope (SEM) and
cone elution experiments were conducted. Results demonstrated that a 0.5% NaNOsz solution was the
most effective based on the high signal-to-blank ratio, less impacted signal intensity and non-
interferences. Combined with the SEM results and KCl elution experiments, the mechanism by which the
Na solution reduces the lithium memory effect can be attributed to two aspects. First, a nanoscale
particle coating is formed on the cone surface, preventing the deposition of Li material on the cone.
Second, Na/K solutions are preferentially ionized due to their low ionization energies, reducing or even
eliminating the ionization of the analyzed Li. Based on these findings, we infer that high-concentration
rinse solutions of alkali or alkaline earth metals may effectively reduce the memory effect of other

rsc.li/jaas related elements.

1. Introduction

Lithium (Li) has two stable isotopes (°Li and “Li), with natural
abundances of 7.52% and 92.48%, respectively. Their signifi-
cant mass difference of 16.7% results in notable isotopic frac-
tionation during various geological processes, including
weathering, magmatic differentiation, hydrothermal alteration,
and crust-mantle cycling."™® As a result, Li isotopes are widely
used as tracers in studies of continental weathering, rock
origins, and the mechanisms of deposit formation.

For geological applications, accurate and precise measure-
ment of Li isotopic compositions is essential. Multi-collector
inductively coupled plasma mass spectrometry (MC-ICP-MS)
has become the preferred method for Li isotope determina-
tion owing to its high ionization efficiency, effective sample
introduction, minimal matrix effects, and excellent instrument
stability.’*** However, the accuracy of Li isotope analysis on
MC-ICP-MS is often compromised by significant instrumental
background and memory effects. Li blanks are difficult to
remove and tend to accumulate during measurement (20-200
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mvV).>® Additionally, the Li isotopic composition of the blank
(67Li: —200%, to —450%,)*>* differs substantially from that of
geological samples (6’Li: —10%, to —50%,),2** leading to
considerable errors if blank corrections are not properly cor-
rected due to the memory effect. For example, Tomascak et al.*®
found that without blank correction during Li isotope
measurements, the actual sample value decreases by 0.24%,.
The most commonly used method to reduce the Li memory
effect is to extend the washing time,**** typically using cleaning
solutions such as Milli-Q water or 2% HNO;. However,
increasing the wash time from 15-20 s to 240 s results in
reduced experimental efficiency and extends the time gap
between sample and standard measurements, which compro-
mises the accuracy of sample-standard bracketing.**** Alterna-
tively, changing the cleaning solution can also reduce Li
memory effects. Liu et al.>* proposed a sequence of 1% HF + 2%
HNO;, 1% HNO; + 5% HCI, and 2% HNO; to eliminate Li
memory effects, while Gou et al* recommended using 5%
HNOj3, 0.1% HF, and 2% HNO3;, despite HF causing wear to the
spray chamber and torch. Lin et al.*® introduced a more effective
method involving flushing the system with a 5% NaCl solution
for 1 min, which significantly reduces the Li memory effect by
lowering the background Li signal by two orders of magnitude,
while maintaining stable signal intensities for up to 3 h. This
method improves the cleaning efficiency of the instrument
background by three to five times. It has been widely adopted by
numerous institutions, including the University of Cambridge,
Indian Institute of Science, and Thermo Fisher Scientific,
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Guiyang Institute of Geochemistry, Chinese Academy of
Sciences.*””*> Bohlin et al.*® refined this method, suggesting that
10 pg per g of NaCl can still significantly reduce the Li memory
effect in the Neptune Plus MC-ICP-MS system. Their study
demonstrated that pre-conditioning the system with NaCl
solution for 10 min reduced the blank from 100 mV to 0.5-3 mV.
This approach was effectively applied in the Nu Plasma MC-ICP-
MS for Li isotope determination. Tang et al*® further recom-
mended using 0.3% NaCl for 60 s, which significantly reduced
the background Li signal in Nu Plasma instrument.

Further research shows that Be, B, Na, Cl, K, Zr, Pt, and U
elements are affected by the memory effect.”****° Consequently,
the memory effect is recognized as a widespread phenomenon
that impacts the accurate simultaneous determination of
multiple elements, not only Li. The discovery that NaCl can
reduce the memory effect of Li is expected to provide significant
insights into the reduction of memory effects for other
elements. Therefore, it is crucial to elucidate the mechanism by
which NaCl reduces the memory effect. The study of the
mechanism will also influence the selection of the optimal
concentration. Lin et al.*® hypothesized that a thin “Na coating
film” forms in the interface system after introducing concen-
trated NaCl solution, which prevents or reduces Li deposition
on the cones. In addition to NaCl, other solutions used for cone
coating include urine,** Si solutions,*”” and Be solutions.*®
Rodushkin et al.®* pointed out that injecting ten-fold diluted
urine for 10-15 min before sample analysis forms a salt crust on
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the cone, which can reduce the deposition of elements on the
cone. Engstrom et al.®* utilized a 0.2% Si solution to coat the
cone for 10 min to determine the elemental content in biolog-
ical soft tissues. This method reduces background signals, and
the oxide yield fell from 2.5% to 1%. Therefore, researching the
mechanism to reduce the memory effect of Li and other
elements is of great significance.

This study investigated the mechanism by which NaCl
reduces the Li memory effect. Scanning electron microscopy
(SEM) analysis of the cone surface and the observation of the
distribution of ions reveals a thin deposited film. Cone elution
experiments were performed to wash off the ions from the cone
surface, followed by elemental analysis of major and trace
elements to differentiate between the inner and outer deposits.
A gradient experiment was designed to explore the effect of
0.05%, 0.5%, 1%, and 5% NaCl concentrations. A comparative
experiment using NaNO; and NaCl was conducted to determine
whether Na' or Cl™ is primarily responsible for the observed
effects. Additionally, the underlying mechanism was further
investigated by comparing the ionization energies of KCI and
NacCl.

2. Experimental section

2.1 Instrumentation

Lithium isotope analysis was conducted using a double-
focusing MC-ICP-MS instrument (Neptune Plus, Thermo
Fisher Scientific, Germany) at the State Key Laboratory of

Table 1 Instrumental parameters for MC-ICP-MS and ICP-MS/MS

MC-ICP-MS Li isotopic analysis
Parameter Value

Resolution Low (~400)

Power (W) 1200

Cooling gas (L min™") 16.0

Auxiliary gas (L min™?") 1.21

Sample gas (L min ) 0.984

Integration time (s) 4.194

Cone type Jet +X

Zoom optics (V)

Focusing lens voltage (V)

Sensitivity (V pg per g ("Li))
Background signal (2% HNO;) (mV)

Focus quad: —4; dispersion quad: 17.6

Focusing lens: —5; dispersing lens: 17.6
100-130

Without NaCl: 53-180; with NaCl: 6-16

Agilent 8900

Elemental analysis

RF power (W)

Sampling depth (mm)

Plasma gas flow rate (L min ")
Carrier gas flow rate (L min™ ")
Extraction 1 lens (V)
Extraction 2 lens (V)

Omega bias lens (V)

Omega lens (V)

Q1 bias (V)

Octopole bias (V)

Q2 bias (V)

Integration time (s per isotope)
Replicates

This journal is © The Royal Society of Chemistry 2025

1550
8

15
1.09
—2.7
—250
—150
11.6
-1.0
—5.0
—12.0
0.3
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Geological Processes and Mineral Resources (GPMR), China
University of Geosciences (Wuhan). The instrument is equipped
with nine movable Faraday cups, with "Li/°Li measured in the
H4 and L5 cups, respectively. Detailed instrument parameters
are shown in Table 1. Sample solutions were introduced using
a stable sample introduction system (~100 pL min~') equipped
with a PFA nebulizer, a quartz spray chamber, and an auto-
sampler (SX-112FR). Ni “Jet + X” cone combinations with orifice
diameters of 1.2 mm and 0.7 mm were used, achieving an
instrumental sensitivity of 100-130 V ug~* g~ ("Li).

The SEM experiments were performed using a field emission
scanning electron microscope (FEG-SEM). Backscattered elec-
tron (BSE) images of the nickel cone deposits were captured
with a Zeiss Sigma 300 FEG-SEM, operated at an accelerating
voltage of 20 kV, a beam current of 20 nA, a working distance of
8-15 mm, and a beam spot size of approximately 1 pm.

Major and trace element analyses of the cone deposits were
conducted using an Agilent 8900 ICP-MS/MS. Detailed instru-
ment parameters are listed in Table 1. Data acquisition was
obtained using a single internal standard (In) and multiple
external standards for calibration. Before testing, samples were
diluted with 2% HNO; to a final volume of 2 mL. A laboratory
internal quality control sample (QC) was inserted every 10
samples to correct for time drift and monitor long-term quality.
Element concentrations were obtained online based on the
calibration curve, and further corrected offline using the
ICPMSDataCal software.*

2.2 Reagents and solutions

The lithium isotope standards used in this study included the
internationally recognized L-SVEC standard (pure Li,CO3) and
the high-purity plasma standard solution Alfa-Li from Alfa
Aesar (China). Approximately 50 mg of L-SVEC powder was
dissolved in 2 mL of concentrated nitric acid, evaporated to
dryness, and then diluted with 2% nitric acid to produce
a solution of approximately 20 pg per g. Before analysis, the
solution was further diluted with 2% nitric acid to the appro-
priate concentration. The L-SVEC Li solution (20 pg per g) was
diluted with 2% nitric acid to prepare 100 ng per g and 200 ng
per g solutions. Similarly, Alfa-Li (1000 pg per g) was diluted
with 2% nitric acid to prepare a 200 ng per g solution. BHVO-2
(basalt) used to estimate the effect of accurate blank subtraction
was from United States Geological Survey (USGS).

The preparation of reagents and sample digestion were all
conducted in a class-100 cleanroom. Nitric acid used was
purified through a DST-1000 acid purification system (Savillex)
using double sub-boiling distillation. Ultrapure water was ob-
tained using a Milli-Q Element purification system (Millipore
Corp. Billerica, MA, USA), with a resistivity of 18.2 MQ. All
beakers and disposable plastic containers such as pipette tips,
sample introduction tubes, and centrifuge tubes used during
the experiments were acid-washed and rinsed with Milli-Q
water. To reduce the memory effect of Li, a 5% NacCl solution
was prepared by diluting 5 g of =99.99% NaCl powder in
ultrapure water to a total of 100 g. The optimal NaCl concen-
tration was determined by testing diluted 5% NaCl solutions
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(0.05%, 0.5%, and 1%). A 0.5% NaNOj; solution was prepared by
evaporating a 1000 pg per g sodium single-element standard to
dryness, followed by medium conversion with nitric acid. KCl
powder (=99.99%) was dissolved with ultrapure water to
prepare 0.05%, 0.1%, 0.5%, and 5% solutions to evaluate their
effectiveness in reducing Li memory effect. The Na single-
element standard was purchased from China Iron & Steel
Research Institute Group (CISRI).

3. Results and discussion

3.1 Impact of the Li memory effect on the isotopic accuracy

To investigate the existence and impact of the lithium (Li)
memory effect, experiments were conducted using two solu-
tions with significantly different Li isotopic compositions: L-
SVEC (0.00%, + 0.25%,),°° and Alfa-Li (105.33%, + 0.39%,).%
The measurement sequence was as follows: Blk—L-SVEC—
Blk—Alfa-Li—Blk—L-SVEC—BIlk—Alfa-Li—Blk to assess the
blank (BIk) Li isotopic composition and the background signal
intensity. The Li signal intensity in the blank solution increased
over time. Furthermore, the Li isotopic composition of each
blank measurement was influenced by the composition of the
preceding solution. Specifically, the blank Li isotopic compo-
sition was consistently higher after measurements with the Alfa-
Li solution compared to those following L-SVEC. This pattern
provides strong evidence for the presence of a significant Li
memory effect, as both the increasing Li blank signal and the
influence of the preceding solution's composition were clearly
observed (Fig. 1).

To minimize the impact of the memory effect on Li isotopic
measurements, a blank subtraction is commonly employed.
However, the existence of a memory effect makes it difficult to
obtain true blank values, as there can be significant discrep-
ancies between the actual blank Li isotopic composition and
that of the sample. This difficulty can introduce substantial
errors when accurate blank subtraction is not possible. For
example, Tomascak et al.®® reported a Li process blank of 610 pg
with an isotopic composition of 6’Li ~ +20%,. For a sample
containing 40 ng of Li, the isotopic bias could reach 0.249, if
blank subtraction was not performed accurately. Elburg et al.*’
consolidated methods for blank subtraction in solution-based
measurements and highlighted that failure to perform precise
blank correction could significantly impact the precision and
accuracy of isotopic composition determinations.

Eqn (1) can be used to estimate the effect of accurate blank
subtraction on Li isotopic measurements. The sample analyzed
is assumed to be BHVO-2 (6”Li = 4.50%, + 0.249%,,*® while the
isotopic composition of the blank is represented by the long-
term monitoring value from laboratory data, which is
—329.75%, + 258.08%, (2SD, n = 535). The Li content for BHVO-
2 varied at 0.5, 1, 5, 10 and 100 ng, with blank Li mass ranging
from 0 to 0.05 ng. Using eqn (1), errors resulting from inaccu-
rate blank subtraction become more pronounced as the sample
amount decreases (Fig. 1b). For example, the isotopic bias
introduced by inaccurate blank subtraction could reach 2.389%,
if the sample contains 10 ng of Li and the blank Li mass is 0.05
ng. This bias would exceed the laboratory's long-term

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 (a) Monitoring Li isotopic composition (“Li/®Li) for L-SVEC and Alfa-Li blanks. (b) Simulation of experimental error introduced by blank
contributions during lithium measurements. The x-axis represents the mass of lithium in the blank, while the y-axis displays the combined lithium
isotopic composition resulting from the blank and the sample. The green, black, red, blue, and purple lines represent 0.5, 1, 5, 10, and 100 ng

sample masses, respectively.

measurement precision of 0.249,%*
measurement accuracy.

To achieve a true blank value, one effective method is to
extend the wash time to mitigate the memory effect. However,
this approach reduces experimental efficiency and increases the
time interval between sample and standard measurements,
which negatively affects the accuracy of correction through
sample-standard bracketing.®® Alternative methods such as
linear interpolation accurately assess blanks in the presence of
significant memory effects.®*”® For example, Kimura et al.”
measured 30 blank Li values before and 15 values after sample
measurements, applying linear interpolation to the blanks for
the 34 samples analyzed in between. This time-dependent blank
correction method mitigated the influence of the Li memory
effect. Nevertheless, the most reliable strategy to avoid inter-
ference from the memory effect in Li isotopic measurements is
to investigate the source of the memory effect and eliminate it.

1)

severely impacting

Myl X Tpik + Mgam X Fsam
Myl + Mgam

Rsum =

where Rgam, 7sam and 7y, represent the Li isotopic composition
of the sample after blank subtraction, the instrument-measured
Li isotopic composition, and the blank Li isotopic composition,
respectively. mg,m and my, denote the mass of Li in the sample
and the blank, respectively. When applying this equation, it is
essential to consider the challenges associated with accurately
determining the blank Li mass. This limitation highlights the
importance of minimizing the blank signal to the greatest
extent possible and ensuring precise blank correction to avoid
introducing significant errors into the final isotopic
composition.

3.2 Li memory effect on the sampling and skimmer cone

The sample cone and skimmer cone serve as the critical inter-
face between the plasma and the mass spectrometer,

This journal is © The Royal Society of Chemistry 2025

facilitating the efficient transmission of ions. At this interface,
the plasma expands in a horn-like shape along the outer surface
of the sample cone, with most of the ion flux drawn into the
cone orifice. The skimmer cone then selects the ion flux exiting
the sample cone orifice, allowing it to pass through the
skimmer cone orifice into the next stage of the vacuum system.
As the ion flux passes through this interface, analyte elements
tend to deposit on the surfaces of the sample and skimmer
cones. These deposits can re-evaporate and ionize, leading to
the memory effect.”>”*”* For example, Boomer et al.” reported
elemental deposition on the cone surfaces in the measurement
of U concentration using solution nebulization (SN)-ICP-MS,
where the SEM clearly detected deposits. Similarly, Andrén
et al.”® observed that 1% and 6% of the analyzed element were
deposited on the sample cone and skimmer cone, respectively
during SN-ICP-MS analysis of B. Yang et al.”” also identified
elemental deposition on the sample cone and skimmer cone
during Sr isotope analysis. Our experiments showed that severe
Li memory effects could be mitigated by only replacing the
cones, without altering other instrument components such as
the spray chamber. After cone replacement, the background Li
signal returned to its initial level, confirming that the cones are
the primary site of Li memory effect.

To further investigate the specific locations and deposition
patterns of Li on the inner and outer surfaces of the cones, three
new sets of sample cones (Jet cone) and skimmer cones (X cone)
were used. The cones were treated according to the methods
outlined in Table 2, and the deposits on the outer surfaces of
the sample and skimmer cones were examined for morpho-
logical changes after exposure to various solutions using SEM
(Fig. 2). Due to the conical shape of the cone tips, SEM light
cannot fully penetrate the inner surfaces, limiting effective
observation. Therefore, the cones were repeatedly rinsed with
10% HNO; to analyze the elemental composition of deposits on
the inner and outer surfaces of the cones, and the elemental

J. Anal. At. Spectrom., 2025, 40, 1220-1230 | 1223
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Table 2 Injected solutions and deposition of Li for the three different cones

Cone no. Injected solution Jet-outside (ng) Jet-inside (ng) X-outside (ng) X-inside (ng)
1 Nothing — — — —

2 200 ng per g L-SVEC (1 h) 5.3 8.6 178.4 38.8

3 200 ng per g L-SVEC (1 h) — 2% HNO; (5 min) 1.9 13 177.2 23.8

concentrations in the rinse solution were measured. The first
set of cones was left untreated for comparison (Fig. 2a). The
second set of cones was exposed to a continuous inlet of 200 ng
per g L SVEC for 1 h to observe Li deposition on the cones to

allow a better understanding of the Li memory effect (Fig. 2b).
The third set of cones was initially exposed to a continuous inlet
of 200 ng per g L SVEC for 1 h, followed by a 5-minute rinse with
2% HNO;, simulating the conventional cleaning method used

HV  [mag O pot| WD |4 —————100 pm ———
1 =

14.8 mm/| Ch niv. of Geoscien

Fig. 2 Exterior of the sampling (left) and skimmer (right) cones following the introduction of various solutions; (a and d) new cones; (b and e)
cones treated with 200 ng per g L-SVEC for 1 h; and (c and f) cones treated with 200 ng per g L-SVEC for 1 h, followed by 5 minutes with 2%

HNO:s.
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in Li isotope analysis. The deposition patterns on the cone
surfaces were then analyzed to evaluate the cleaning effective-
ness of 2% HNO; (Fig. 2c).

SEM observations revealed material deposition on the
sample and skimmer cone (Fig. 2). The deposition area and
thickness on the outer surface of the skimmer cone were greater
than that on the sample cone. Furthermore, cone elution
experiments showed that the amount of Li deposited on the
inner surface of the skimmer cone (38.8 ng) was significantly
higher than that on the inner surface of the sample cone (8.6
ng). Similarly, the Li deposition on the outer surface of the
skimmer cone (178.4 ng) exceeded that on the outer surface of
the sample cone (8.9 ng). This disparity can be attributed to the
thermal and flow dynamics in ICP-MS. The initial temperature
of the argon ion source in ICP-MS is approximately 8000-10000
K, and it gradually decreases along the axial direction, reaching
about 1700 K near the front wall of the sample cone. Subse-
quently, particles extracted through the sample cone orifice
undergo supersonic expansion. While a small portion of parti-
cles pass through to the skimmer cone, the majority collide with
the skimmer cone surface, resulting in a larger deposition on
the skimmer cone. Lim et al’® noted that the gas-dynamic
temperature in the Mach disk region of the extracted plasma
is approximately 2200 K. As the particles approach the skimmer
cone, the temperature rapidly decreases to 673-731 K at the
skimmer cone tip.”® During this rapid cooling, condensation of
materials from the high-temperature plasma leads to solid
deposition on the sample cone and skimmer cone.”"* However,
condensation is less pronounced on the sample cone due to the
relatively higher temperature. Supersonic expansion further
disperses particles after passing the sample cone, contributing
to a larger deposition area on the skimmer cone.

Significant particle deposition remained visible on the
sample cone (Fig. 2c) and skimmer cone (Fig. 2f) even after
cleaning with 2% HNO; for 5 min. The elution experiments
further revealed that 215.9 ng of Li deposited at the cone orifice
after cleaning with 2% HNO; for 5 min, which is of the same
magnitude as the total Li deposition (231.2 ng) after exposure to

100
— (a) 0.05%NaCl
) O 0.5%NaCl
Zz. A 1%NaCl
£ X 0.5%NaNO3
- x ——— - 5%NaCl
£ 10 -
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3 o
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the Li solution alone (Fig. 3). These findings demonstrate that
2% HNO; is not an efficient cleaning solution for removing Li
deposits at the cone orifice. This suggests that Li-containing
deposits progressively accumulate on the cone surfaces and
are influenced by the Li isotope composition of the preceding
sample during Li isotope analysis. This accumulation leads to
an increase in background Li signals over time, thereby
contributing to the observed memory effect.

3.3 Optimal type and concentration of eluent

To mitigate the memory effect of Li during Li isotopic analysis,
a 5% NacCl cleaning method has been identified as the most
effective solution. This method decreases the Li background
signal by two orders of magnitude without significantly
diminishing the Li signal intensity, with efficacy persisting for
up to 3 h.*® This method has been widely adopted in practice,
and has undergone iterative refinements by various researchers.
The 5% NaCl cleaning method can effectively reduce Li memory
effect, and the maintenance time of such a low Li background
can be extended from 3 to 6 h.** Without NaCl cleaning, the Li
background rapidly rises to 100 mV, whereas the Li background
can be reduced to 0.5 mV by employing the NaCl cleaning
method.* In addition, 10 ng per g of NaCl solution effectively
mitigate the Li memory effect.*® A 0.3% NacCl solution signifi-
cantly reduces the Li memory effect during isotope analysis
using Nu Plasma MC-ICP-MS.>

Although NaCl can eliminate the Li memory effect, some
researchers suggest reducing the concentration of NaCl used.
This is because an excessively high NaCl concentration will
block the nebulizer and induce matrix effects induced by Na.
However, an insufficient NaCl concentration fails to form an
effective coating based on the surface-coating mechanism
proposed by Lin et al.,*® rendering the method inadequate to
eliminate the memory effect. Thus, determining an optimal
NacCl concentration is essential for enhancing the applicability
of this technique.

To identify the optimal concentration of NaCl for mitigating
the Li memory effect, varying concentrations of NaCl solutions

1.18
g (b)
3
$
w,
s 113 ¢
é 03
£ 0O o x O O g
& 108 - % X o0 (m e
2 A X
£
= a b xxxxxxx
2 103 | 8 Ao a8
A A
0.98 1 1 1 1
0 3 6 9 12

Analysis number

Fig. 3 Verification of optimal NaCl concentration and the effectiveness of NaNOs. (a) “Li intensity of background and (b) “Li intensity.
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were evaluated as eluents: 0.05%, 0.5%, 1%, and 5%. The
cleaning procedure involved the following steps: initially, a 100
ng per g L-SVEC solution was introduced into the MC-ICP-MS,
with instrument parameters optimized to generate a “Li signal
of ~12 V. After 5 h of continuous injection to induce the
memory effect, the system was cleaned with NaCl eluents for
5 min, followed by a 5-minute rinse with 2% HNO;. Subse-
quently, the Li background signal was recorded. Following
cleaning with NaCl eluents of varying concentrations (0.05%,
0.5%, 1%, and 5%) and 2% HNOj3, the respective Li background
signals were 17.0 + 1.7 (2SD, n = 6) mV, 10.5 &+ 3.7 (2SD, n =
6) mV, 13.0 & 4.2 (2SD, n = 6) mV, and 10.8 + 2.2 (2SD, n =
6) mV (Fig. 3a). Corresponding signal-to-noise ratios (SNRs)
were 720.8 & 68.1 (2SD, n = 6), 1200.9 + 455.2 (2SD, n = 6), 862.9
+ 190.1 (2SD, n = 6), and 1105.4 + 225.5 (2SD, n = 6). In
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contrast, cleaning only with 2% HNO; yielded a Li background
0f 119.9 + 13.4 (2SD, n = 5) mV and a SNR of 49.9 + 5.1 (2SD, n
= 5) (Table 3).

These results indicate that each concentration of NaCl
solution effectively reduced the Li memory effect. Although
higher NaCl concentrations provided superior memory effect
mitigation, they pose an increased risk of nebulizer clogging
and signal attenuation due to sample extraction inefficiency
(Fig. 3b). Normalized data relative to the 5% NaCl + 2% HNO;
combination reveal that 0.05% and 1% NaCl demonstrate
inferior cleaning effects compared to 5% NacCl, although they
induce less signal suppression. The 0.5% NaCl solution ach-
ieved the most effective memory effect reduction with relatively
minimal signal attenuation (Fig. 3). Thus, the optimal cleaning
performance was attained with 0.5% NaCl considering the

Table 3 Background (mV) and signal-to-noise ratio (SNR) of ’Li under different cleaning solutions

Elute “Li blk (mV)

Intensity (V) SNR

2% HNO,

0.05% NaCl — 2% HNO,
0.5% NaCl — 2% HNO,
1% NaCl — 2% HNO,
5% NaCl — 2% HNO;
0.5% NaNO; — 2% HNO;

119.9 + 0.0 (2SD, 7 = 5) mV
17.0 + 1.7 (28D, n = 6) mV
10.5 + 3.7 (28D, n = 6) mV
13.0 + 4.2 (28D, n = 6) mV
10.8 + 2.2 (28D, n = 6) mV
9.6 + 4.9 (28D, n = 6) mV

15.0kV COMPO  NOR

WD 17.4mm 12:02

5.7 + 0.0 (2SD, n = 169)
12.4 + 0.4 (28D, n = 174)
12.1 + 0.4 (28D, n = 179)
11.5 + 0.2 (28D, n = 213)
)
)

49.9 £ 5.1 (2SD, n = 5)
720.8 + 68.1 (2SD, n = 6)
1200.9 =+ 455.2 (2SD, n = 6)
862.9 & 190.1 (2SD, n = 6)
1105.4 + 225.5 (2SD, n = 6)
1317.8 & 684.1 (2SD, n = 6)

11.1 + 0.5 (28D, n = 176
11.8 + 0.4 (2SD, n = 195

15.0kV COMPO  NOR

Fig. 4 Exterior surfaces of the sampling cone (left) and skimmer cone (right) after the introduction of different solutions as follows: (a and c) 5
minutes of 5% NaCl and (b and d) 1 hour of 200 ng per g L-SVEC followed by 5 minutes of 5% NaCl.
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balance between memory effect reduction and
suppression.

In addition to considering the reasonable concentration of
NacCl, we also tested the appropriate type of the eluent. This is
because CI™ may introduce spectral interferences, such as the
10A1*>Cl, *°C1'°0, *’Cl1'°0, and *°Ar*’Cl, potentially affect the
detection of "°As, *'V, **Cr and 7’Se, respectively.®*® In
contrast, the nitrogen (N) and oxygen (O) components in NaNO3
are primarily derived from atmospheric sources and do not
introduce additional interferences. From an interference
reduction perspective, NaNOj; is a more suitable cleaning agent.

The efficacy of NaNO; was evaluated using solutions with the
same concentrations as NaCl. Using a 0.5% NaNO; solution, the
“Li background signal was reduced to 9.6 & 4.9 mV (2SD, 1 = 6),
with a SNR of 1317.8 + 684.1 (2SD, n = 6), surpassing the
memory effect mitigation performance of the 0.5% NacCl solu-
tion (Table 3 and Fig. 3). Considering both interference reduc-
tion and signal attenuation, 0.5% NaNO; is deemed more
suitable than NaCl.

signal

3.4 Elucidating the mechanism of the Na solution in
reducing the memory effect

To investigate the mechanism by which NacCl solutions reduce
the Li memory effect, three new sets of sample and skimmer
cones were selected, and experiments were conducted using two
different solutions. For the first set of cones, a 5% NaCl solution

100pm

Fig. 5
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was introduced for 5 minutes to assess whether NaCl could
form a “Na film” on the cone surfaces (Fig. 4a). The second set
of cones was exposed to a 200 ng per g L-SVEC solution for 1
hour, followed by a 5% NaCl rinse for 5 minutes to examine
whether NaCl reduces the memory effect by flushing Li deposits
from the cones (Fig. 4b).

The SEM observations revealed that a “Na film” formed at
the orifices of the sampling and skimmer cones after intro-
ducing the 5% NaCl solution for 5 min, with more extensive
deposition observed on the skimmer cone (Fig. 4a and c). When
a Li solution was introduced prior to the NaCl solution, uniform
deposition layers were observed at the cone orifices, suggesting
that the NaCl film was superimposed on existing Li deposits
(Fig. 4b and d). Elution experiments indicated that introducing
NaCl after a Li solution did not significantly reduce the Li
content on the cones, with Li levels remaining at 225.7 ng
compared to 231.2 ng (Li-only condition). These findings indi-
cate that the NaCl solution does not flush away Li deposits;
instead, it forms a coating that completely encapsulates them.
Detailed SEM analysis revealed that the “Na film” formed by the
NacCl solution consists of a nano-coating composed of spherical
particles at the nanometer scale (Fig. 5a). This structure
resembles the micro/nano-architecture of lotus leaf surfaces
(Fig. 5¢ and d) known for their hydrophobic and self-cleaning
properties,*® similar to the SiO, layer formed by the introduc-
tion of Si solutions, which reduces the memory effect by
creating a dense particle layer.*® Thus, we inferred that the NaCl

s
g 20pm .

A

(a) NaCl nano-particle coating and the hydrophobicity of lotus leaf surfaces; (b) SiO, nano-particle coating; and (c and d) SEM obser-

vations of the micro—nano structure of lotus leaf surfaces (modified from Barthlott et al.).®®

This journal is © The Royal Society of Chemistry 2025
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Fig. 6 Elucidating the reduction in the memory effect of Li by the addition of Na solution. (a) Sodium chloride nanoparticle coating. (b) Pref-

erential ionization of sodium ions.

film consisted of nano-particles that can minimize the deposi-
tion of analyzed Li to reduce the Li memory effect.

The Li memory effect arises from the deposition and
subsequent re-ionization of Li on the cones. To further elimi-
nate the Li memory effect, it is necessary to inhibit deposition
and re-ionization. Bohlin et al** proposed that alkali and
alkaline earth metal solutions could theoretically reduce the Li
memory effect. Lee et al.®® reported that introducing a 1000 ng
per g Be solution for 2 min effectively reduces the memory effect
during trace element determination by ICP-MS. However, the
mechanism remains unclear. We hypothesize that the low
ionization energies of alkali and alkaline earth metals enable
them to form coatings on the cones, and these coatings pref-
erentially ionize under the influence of discrete Ar' ions. As
a result, the Li ionization is suppressed. The lower first ioni-
zation energy of Na compared with Li (5.14 vs. 5.39 eV) means
that Na preferentially ionizes, thereby reducing the re-
ionization of deposited Li.

To verify this hypothesis, experiments were conducted using
potassium (K) as a cleaning eluent since it has an even lower
ionization energy (4.34 eV). Different concentrations of KCI
solutions (0.05%, 0.5%, 1%, and 5%) were tested for their ability
to mitigate the Li memory effect. Additionally, 5% NaCl and 5%
KCl were tested on the element XR, and varying concentrations
of KCl were compared with 5% NaCl on the MC-ICP-MS (ESI
Fig. S1 and S27). KCI solutions were more effective than NaCl in
reducing the Li memory effect, with Li SNRs improving by 1.2-
5.4 times. However, KCI solutions caused signal suppression of
6-29%, which gradually recovered after prolonged Li solution
introduction.

In summary, the NaCl solution reduces the Li memory effect
through the formation of a nano-structured coating that limits
redeposition and re-ionization of Li analytes. Deposition
Reduction: A micro/nano-coating formed by high-
concentrations of NaCl reduces the deposition of Li on cone

1228 | J Anal. At. Spectrom., 2025, 40, 1220-1230

surfaces (Fig. 6a). Re-ionization suppression: Na preferentially
ionizes over Li owing to its lower ionization energy to prevent Li
re-ionization (Fig. 6b).

4. Conclusion

We provide a comprehensive analysis of the Li memory effect on
the determination of Li isotopic composition. It was confirmed
that the primary location of the Li memory effect lies within the
skimmer and sampling cones through SEM observations and
cone elution experiments. Conditional experiments further
demonstrated that 0.5% NaNOj is an optimal cleaning solution,
as it effectively reduces the Li memory effect while avoiding C1™
related mass spectrometry interferences, offering a practical
alternative to NaCl solutions. The mechanism by which Na-
based solutions mitigate the memory effect was explored via
SEM, cone elution and KCl rinsing experiments. The findings
suggest that the nano-coating formed by Na-based solutions at
the cone orifice reduces the redeposition and re-ionization of Li
analytes. These findings are applicable to Li isotopic analysis by
SN-MC-ICP-MS and hold significant value for Li isotopic
determination by LA-MC-ICP-MS and Li content analysis by ICP-
MS. Moreover, this research can provide valuable insights into
mitigating memory effects of other elements.
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