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and Toni Laurilab

The increasing demand for high purity battery elements and the necessity to reliably determine trace

concentrations of impurity metals have triggered recent development of new analytical methods. Both in

battery metal production and recycling there is a growing need for new fast, precise and easy-to-use

analytical methods, especially for the on-line and on-site analysis of lithium salt solutions, whose derivative

products are used in the battery industry. Typically used established techniques, such as ICP-OES or ICP-MS,

are usually limited to laboratory use due to high plasma gas flow rates and power consumption, making

them unsuitable for real-time analysis and monitoring of industrial processes on-site. Therefore, a fast and

precise on-site method which allows trace element analysis would be preferable. Here we have investigated

the potential of micro-discharge optical emission spectroscopy (mDOES) for the given challenge of on-line

quantification of impurity metals in lithium matrices. The technology is based on a micro-plasma, which is

directly created inside an aqueous sample without any carrier gas by using electrodes and high voltage

pulses. In this study, the impurity elements Na, K, Al, Fe and Zn were simultaneously measured both in

lithium carbonate and lithium hydroxide solutions. For this purpose, the lithium concentrations were varied

between 0.3 and 2 mg L−1 and those of the contaminants between 0 and 50 mg L−1. Calibration series and

long-term stability measurements were carried out, whereby various parameters such as the plasma

discharge energy, signal integration setting and sample electrical conductivity were optimised. Micro-

discharge optical emission spectroscopy proved to be useful for the fast and precise main component and

trace analysis of saline solutions. A relative standard deviation of 3% was achieved for the lithium

concentration in long-term measurements over 9 h. For the trace impurity metals (Na, K, Al, Fe, and Zn) high

coefficients of determination (R2 > 0.99) and limits of detection in the low mg L−1-region, comparable to

ICP-OES, were obtained. Multi-linear regression models were used to correct for cross-element correlations

that may occur at increasing lithium concentrations due to ionisation effects. Industrial process samples

were measured on-site and the results were validated using laboratory ICP-OES.
Introduction
Lithium – resources, properties and applications

Lithium is an essential element for the ongoing green energy
transition towards renewable energies, green chemistry and
other future technologies. It is used in a wide variety of applica-
tions, has high economic importance and is therefore considered
a critical metal.1,2 The most important elds of application
include batteries for mobile devices,3,4 components for electric
cars3,4 and grid storage applications.4 It is estimated that batteries
account for 74% of the global end-use lithium market, followed
by ceramics and glasses with about 14%.4 Lithium is especially
ytical Chemistry, Lessingstraße 45, 09599

mie.tu-freiberg.de
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tion (ESI) available. See DOI:

39, 1248–1259
suited for use in batteries due to its very high specic capacity of
3.86 A h g−1, resulting from the fact that it has a very low elec-
trode potential (−3.04 V) and is the lightest metal.5 The most
important raw material sources for lithium are brine lake
deposits and pegmatites. The former are found particularly in
Bolivia, Chile and Argentina, and the latter in the Greenbushes in
Australia.6 In 2022, the identied total worldwide lithium
resources were estimated to be about 89 Mt.4 The production in
2021 exceeded 100 000 t.4Depending on the lithium rawmaterial,
various processing methods and steps have to be used to obtain
a pure end product, which is usually Li2CO3 or LiOH.7 To ensure
properly running production, accompanying analytics of the
whole process chain are necessary. This includes the analysis of
raw materials, intermediates and end products. In this specic
case, the analysis of other main/minor components or impurities
such as Na, K, Al, Fe and Zn in addition to lithium is required.
These elements may be present at varying concentrations in the
raw material and must be removed during the process.
This journal is © The Royal Society of Chemistry 2024
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Furthermore, process analyses must be carried out as quickly as
possible and with a high degree of accuracy.
Micro-plasmas as an alternative

Although established techniques such as ICP-OES or ICP-MS are
primarily used for the analysis of such lithium containing solu-
tions, they have some limitations such as a high consumption of
gas for plasma creation or power and are therefore usually limited
to off-line laboratory use,8 making them time-consuming tech-
niques and unsuitable for real-time on-site analysis of industrial
processes. In addition, high salt loads may cause memory prob-
lems, clogging of nebulizers and non-linear response in the cali-
bration process. Even though microwave induced plasma optical
emission spectrometry (MIP-OES) replaces argon with nitrogen
and offers similar performance to ICP-OES,9 matrix effects related
to easily ionisable elements such as Li or Na can be intense10 and
the same disadvantages in terms of automated on-site suitability
occur. These limitations can be overcome by the use of micro-
plasmas, which are a special form of electrical discharge charac-
terized by at least one dimension being in the sub-millimetre
range.11 In general, they are generated by applying a high voltage
to electrodes or by focusing a high power laser into the discharge
medium.11Micro-plasmas typically have benecial features such as
small size, operation under atmospheric pressure and low power
consumption.12 They can be electrically generated using a wide
choice of instrumentation using direct current (dc) and pulsed
direct current or alternating current (ac).11 A variety of micro-
plasma techniques and applications have been reported in the
literature. One development is glow discharge, whereby plasma is
generated between thin-lm and other electrodes and expands
depending on the voltage, carrier gas ow and electrode design.8

Needle electrodes can also form a stable plasma in the form of
a point discharge13 and are frequently used.14–17 Micro-hollow-
cathode discharge (MHC) is characterized by micro-discharges
that are generated in spatially limited cavities18 and is in prin-
ciple the miniaturized version of the classic hollow cathode
discharge.19 Capillary tubes as hollow cathodes with internal
diameters of a few hundred micrometres can be regarded as
a further development of MHC20 and have been used, for example,
in the analysis of Hg and Cd in human blood.21 A low-frequency
micro-plasma can be generated by a dielectric barrier placed
between two electrodes whereby a discharge takes place on the
surface of the dielectric as a result of the potential difference.22 The
use of an activated carbon electrode tip as a solid carrier has been
applied to pre-concentrate heavy metals in water. The carbon
electrode tips were dried and subsequently used as an inner elec-
trode to generate the micro-plasma.23 High-frequency micro-
plasmas can be capacitively coupled,24,25 inductively coupled26–31

ormicrowave induced.32,33 Furthermore, there are developments in
the eld of micro-plasma induced vapor generation,34 which can
be coupled to various analytical methods such as ICP-OES.35 An ac-
driven micro-plasma has been used as an excitation source inte-
grated using a pneumatic micro nebulizer36 and gas bubbles have
been created to assist in the generation of underwater electric
sparks.37–39 All themethodsmentioned have in common that gases
such asHe, Ne, Ar or N2 were used to generate themicro-plasma or
This journal is © The Royal Society of Chemistry 2024
transport analytes. Although gas consumption is low due to
miniature size, the complete elimination of carrier gas would be
the most economical option. At this point, the idea of generating
the plasma directly in the liquid sample without any carrier gas
comes into play. A typical method of excitation is the discharge of
a capacitor with the aid of a short-time switch that generates
pulsed discharges in themicrosecond range in pin-to-pin or pin-to-
plate congurations. These in-liquid corona discharges are
a partial breakdown, whereby a conductive channel between the
two metal electrodes is not achieved in most cases.40 It is generally
assumed that micro-discharges are generated by pre-existing
bubbles or bubbles that are created in situ by applying high
voltage.41 The discharge of an electrolyte solution in a capillary that
formed a gas bubble through two platinum electrodes at a voltage
of over 1 kV was investigated and the system was successfully used
to determine water hardness.42 Furthermore, studies have been
carried out to determine the inuence of various parameters such
as conductivity,43 pH and polarity,44 using nanosecond pulsed
discharges45–48 or to perform the analysis of reactive species.49–51

Furthermore, underwater plasmas are used in water treatment,
such as the removal of chlorine-containing volatile organic
compounds,47 or wet welding.52 Liquid electrodes have also been
used for the analysis of solutions, whereby the solution itself serves
as an electrode and is usually connected to another electrode via
an air gap.53,54 In solution-cathode glow discharge (SCGD), the
sample is transported through a glass pipette via a pump and
overows the tip into a waste reservoir with a grounded graphite
electrode. The overow is essential to creating an electrical
connection between the graphite electrode and the solution at the
tip. An electrode, e.g. made of titanium, with positive potential is
placed above the solution. The discharge is then initiated by
bringing the anode to approx. 1 mm distance from the solution
and applying a potential of 1–2 kV.55 Although some studies have
been reported on micro-plasma generation directly in aqueous
solutions, real-world demonstrations where a micro-plasma
system has been employed for quantitative real-time analysis
over long periods of time are still very limited. A candidate is
micro-discharge optical emission spectroscopy. Compared tomost
existing micro-plasma techniques, it is distinguished by the fact
that themicro-plasma is directly generated in the aqueous solution
using electrodes and applying high voltage pulses without the
necessity of any carrier gas such as argon. Contrary to the well-
known SCGD, both electrodes are located inside the sample
solution (without an air gap) and no waste reservoir is needed to
establish an electrical connection. In addition to similarities with
classical ICP-OES, which is considered the golden standard for
many industrial applications where simultaneous determination
of a number of elements and high sensitivity are required and
therefore serves as the benchmark, there are potential advantages
to the method for industrial process monitoring applications.
Therefore, the aim of this study was to investigate the applicability
of micro-discharge optical emission spectroscopy to the analysis of
the trace elements Na, K, Al, Fe and Zn in lithium containing
solutions and to examine analytical performance such as the linear
range as well as the long-term stability of the method. As matrices,
lithium carbonate (Li2CO3) and lithium hydroxide (LiOH), both
highly relevant to the battery industry, were used. Various
J. Anal. At. Spectrom., 2024, 39, 1248–1259 | 1249
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parameters such as the plasma discharge energy, spectrometer
integration setting and sample electrical conductivity were varied.
Micro-discharge optical emission spectroscopy

The method is based on optical emission spectroscopy where
excited atoms and ions emit electromagnetic radiation at their
characteristic wavelengths. Contrary to conventional ICP-OES,
the plasma is directly generated inside the aqueous sample
without any carrier gas such as argon. For this purpose, the
sample is introduced into a measurement cell, which is equip-
ped with two rod electrodes with a diameter of approx. 1
mm.56,57 Depending on the required performance, different
electrode congurations and materials such as tungsten or
glassy carbon can be used. Fig. 1 illustrates the operation
principle. Using high voltage electronics consisting of a capac-
itor bank, switch card and ballast, a high electrical power of up
to 1–2 kW is directed into a small volume of less than 1 mm3

around the cathode placed inside the sample-lled measure-
ment cell.

By applying high-voltage pulses to the electrodes, a micro-
plasma is generated at the cathode directly inside the liquid
sample. The micro-plasma is formed by a corona discharge and
can be characterized as a non-equilibrium water vapor plasma
consisting mainly of H+, OH+ and e−. Using Boltzmann's plot
technique an electron temperature of approx. 10 000 K in the
plasma has typically been determined. As a result, molecules
are dissociated into atoms and the atoms are subsequently
excited in the small volume around the cathode. The emitted
light is then transferred to a spectrometer via an optical bre
cable whereby, similar to SCGD,58 predominantly spectra with
neutral atomic lines are obtained. During a single analytical
measurement, typically 1000–3000 of approx. 1 ms long micro-
plasma pulses are generated and averaged. Depending on the
application, various parameters such as electrical sample
conductivity, plasma discharge energy or electrode material can
be adapted. Additionally, there are several options for signal
processing such as the integration setting of the spectrometer.
Experimental
Instrumentation

The experiments were carried out using a mDOES® Online
Multi-Metal Process Liquid Analyser (Sensmet Oy, Finland). The
Fig. 1 By applying high-voltage pulses to the electrodes, a micro-
plasma with an electron temperature of approx. 10 000 K is generated
by a corona discharge at the cathode directly inside the liquid sample.

1250 | J. Anal. At. Spectrom., 2024, 39, 1248–1259
analyser was equipped with a tungsten cathode (99.95%) and
a glassy carbon anode (99.99%) with an electrode distance of
2 cm as well as Teon sample tubing. The spectrometer unit
employs Czerny–Turner design with CMOS sensors to cover
a wavelength range from approx. 200 to 840 nm at a resolution
of 0.1 nm, whereby the entire spectrum is always acquired
during a measurement. For analysis, interference-free emission
lines were selected for each element. A total of 2500 plasma
pulses were generated for each measurement, consisting of 50
repeats with 50 pulses each. Based on preliminary investiga-
tions, four different parameter settings (A–D) were chosen. To
optimise the analysis further, various parameters such as the
plasma discharge energy, electrical conductivity of the sample
and spectrometer integration time settings were varied,
whereby the settings differed in at least one parameter (e.g. A
and C in conductivity). In the case of the integration setting, it is
possible to either integrate the spectral signal being emitted
from single plasma pulses and average over all pulses or inte-
grate over an entire pulse series of 50 pulses and average all
series. The “single pulse” (1 pulse) and “pulse series” (50 pulses)
integration represent two extremes. The “pulse series” option
can be a useful method, but it may result in saturated signals in
some cases, which limits its applicability at higher concentra-
tions. Conversely, the “single pulse” method can introduce
readout noise, which can become a limiting factor at lower
concentrations. Therefore, nding optimal integration settings
may depend on the specic application. A summary of the
measurement settings used for the trace element analysis and
their respective parameters is given in Table 1.

During the analysis, the temperature of the sample was kept
constant at 25 °C using a Peltier element.
Materials and reagents

For sample preparation, certied ICP element standard solu-
tions containing the elements Li (as Li2CO3), Na, K, Al, Fe and
Zn were used (Merck, 10 000 mg L−1 respectively). The lithium
hydroxide solution was prepared by dissolving the solid salt
(VWR, analytical grade). Ultrapure water (Merck Milli-Q®, 18.2
MU cm−1) was used to dilute the solutions and 1% hydrochloric
acid (Merck, analytical grade) to adjust the conductivity. All
samples were prepared and stored in metal-free Falcon™ tubes
(50 mL) or plastic asks (500 mL).
Sample preparation and measurement procedure

First, stock solutions were prepared from the individual
elemental standards, whereby the lithium (as Li2CO3)
Table 1 Parameters of the different measurement settings

Parameter A B C D

Plasma discharge energy (J) 2.0 1.2 2.0 2.0
Electrical conductivity (mS cm−1) 1000 1000 2500 1000
Number of pulses 2500 (50 × 50)
Frequency (Hz) 750
Integration setting Pulse series Single pulse

This journal is © The Royal Society of Chemistry 2024
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concentration was 100 mg L−1 and the trace element multi-
standard concentration was 2 mg L−1. Target concentrations
could be specied via analyser's SenSpec™ soware allowing
the creation of calibration series. Employing micropumps an
aliquot of the stock solution was automatically diluted with
ultrapure water resulting in the desired calibration concentra-
tion. Next, 1% hydrochloric acid was added in a stepwise
sequence (0.034 mL per step) using a micropump until the set
conductivity target value was reached. During this process, the
sample was mixed. Aer adjusting the sample conductivity, the
actual measurement was carried out by generating the sequence
of micro-plasmas and acquiring the emission spectra. The
dilution and conductivity adjustment were repeated for every
target concentration, using the same stock solution in each
case, whereby a complete measurement process takes approx.
2 min per sample. Before each series of measurements, blank
measurements were carried out either with ultrapure water or
with the lithium salt solution without impurities. Using lithium
as an example, the linear range was determined by calibrating
from 0 to 10 mg L−1 (0/0.05/0.10/0.25/0.50/0.75/1/1.25/2/2.5/3/5/
10 mg L−1).

To investigate the inuence of lithium (Li2CO3) on the trace
elements, the concentration was varied from 0.3 to 2.0 mg L−1

(0.3/0.6/0.9/1.2/1.5/2.0 mg L−1). At each of these lithium concen-
tration levels the concentrations of the trace elements were varied
between 0 and 44 mg L−1 (0/9/18/27/36/44 mg L−1) to verify the
linearity of the analyte signals and determine the recovery rates,
whereby each measurement was repeated ve times. The
concentrations of the trace elements were chosen to achieve the
highest possible lithium analyte ratios, as these are of great
importance in the purication step of the nal product (Li2CO3 or
LiOH). To check the long-term stability of the measurement,
a LiOH solution with a lithium concentration of 1 mg L−1 was
prepared and analysed for a total of 80 times in succession with
a total measurement time of over 9 hours. For this purpose,
measurement settings A and D (cf. Table 1) were used, whereby
a measurement was carried out every 7 minutes without addi-
tional rinsing in between. In addition, the trace elements were
also analysed in lithium hydroxide (1 mg L−1 Li) using measure-
ment settings A and B to investigate the long-term stability of their
signals as well. Aer each measurement series the rinsing and
cleaning of the system were carried out with ultrapure water.
Fig. 2 Influence of the integration setting on the intensity of selected
lithium emission lines (1 mg L−1 Li) comparing measurement settings A
(pulse series integration) and D (single pulse integration).
Analysis of process samples

Industrial process samples were provided by K-UTEC AG SALT
TECHNOLOGIES. The samples originate from a lithium
hydroxide production process (battery grade), whereby the most
important elements of the selected process step were Li, Na and
K. The micro-discharge OES measurements were performed
fully automated on-site using optimised parameter settings and
a dilution ratio of 10 000× without prior ltration of the
samples. Laboratory reference measurements were carried out
using a Thermo Fisher Scientic iCAP 6500 Duo spectrometer
(RF-Power 1250 W, plasma gas 14 L min−1, auxiliary gas 1.0
L min−1, nebulizer gas 0.6 L min−1, pump rate 25 rpm) to verify
the results of micro-discharge OES.
This journal is © The Royal Society of Chemistry 2024
Data evaluation

For spectra evaluation the analyser soware SenSpec™ and
Python (version 3.10.2) were used. Two suitable emission lines
were selected for each element, whereby the most intensive and
interference-free lines were chosen. A baseline correction was
performed on each spectrum using the adaptive iteratively
reweighted penalized least squares method.59 Since hydrogen is
ubiquitously present in aqueous samples it can be used as an
internal standard. All emission lines investigated here were nor-
malised with a selected hydrogen emission line (H 486.1 nm),
which allows residual plasma uctuations to be compensated.

Results and discussion
Spectrometer integration setting and linear range

Since the entire spectrum is acquired during each measure-
ment, the emission lines can be freely selected for analysis,
depending on the specic problem. By varying the integration
setting of the spectrometer (cf. Experimental section – Instru-
mentation), the signal intensity of the emission lines can be
controlled. This is helpful because it allows both low and higher
concentrations to be analysed. This can be demonstrated with
the example of a 1 mg L−1 lithium carbonate solution. Fig. 2
shows the intensities of selected lithium emission lines at two
different integration settings, comparing parameter settings A
(pulse series integration) and D (single pulse integration).

One can see that applying the pulse series integration setting
(blue) the main analytical line of lithium at 670.7 nm is saturated.
In this case, however, it is possible to use the 812.6 nm emission
line, as this is not saturated but still has a sufficiently high
intensity. If single pulse integration (red) is applied, all intensities
are reduced, and themain line can also be used. Depending on the
sample composition and focus of the analysis this circumstance
allows for an increased exibility and dynamic range. In the
application presented here, a long integration time is preferable
because the impurities are present at low concentrations up to
approx. 50 mg L−1. Consequently, the 812.6 nm emission line was
mainly used for the lithium analysis. Alternatively, two separate
parameter settings could be applied, one for the trace impurity
elements and one for the lithium.However, this would be less time
efficient and thus not preferable for on-site applications. The range
J. Anal. At. Spectrom., 2024, 39, 1248–1259 | 1251
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Fig. 3 Calibration curves of the Li 670.7 nm (left) and Li 812.6 nm
(right) emission lines comparing single pulse (red) and pulse series
integration settings (blue).

Fig. 4 Influence of the conductivity on the intensity of the Li 670.7 nm
emission line (500 mg L−1 Li, n = 5).
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of linear response is of particular importance in analytical chem-
istry. In classical ICP-OES, depending on emission line andmatrix,
linearity ranges of up to 6 orders of magnitude can be achieved60

and with SCGD 3–5 orders of magnitude.58 The typical linearity
range of micro-discharge OES is illustrated in Fig. 3, using
a lithium calibration from 0 to 10 mg L−1 as an example.

Due to saturation of the intense Li 670.7 nm line (Fig. 3, le)
when using pulse series integration (blue), the response in this
case is linear only up to 0.25 mg L−1 and the formation of
a plateau is recognisable. Higher concentrations no longer
follow a linear trend, instead deviating signicantly from it
limiting the linear range. By using single pulse integration (red),
a linear response up to 1.25 mg L−1 was achieved. However,
there is no recognisable plateau in the considered concentra-
tion range, as is the case with pulse series integration. Another
contributing effect leading to non-linearity could be self-
absorption, i.e. reabsorption of part of the radiation by the
same emitting species, similar to the behaviour of laser induced
breakdown spectroscopy analyses.61 By applying the single pulse
integration setting on the Li 812.6 nm line (Fig. 3, right), it is
possible to measure up to 10 mg L−1 with a linear response, yet
the detection limit is higher compared to that of the Li 670.7 nm
line as the weaker emission line is less sensitive. Consequently,
a linearity range of up to about 3 orders of magnitude is
achievable in both cases as can be seen in Table 2. The linearity
range covers the range from the detection limit, which was
determined using the blank value method,62 to the highest
possible concentration at which a linear regression is still
acceptable according to Mandel's test (a = 0.99).63

By combining both lines in single pulse mode, using lithium
670.7 nm from 0 to 1.25 mg L−1 and Li 812.6 nm from 1.25 to
10 mg L−1, the linear range can be extended to about 3.5 orders
of magnitude. Depending on the concentration in the sample,
Table 2 Analytical parameters of lithium emission lines comparing diffe

Analytical parameter

Li 670.7 nm

Single pulse Pulse series

R2 0.9944 0.9960
LOD in mg L−1 3.51 6.59
Upper limit in mg L−1 1.25 0.25
Linearity range (orders) 2.6 1.6

a 0–1.25 mg L−1: Li 670.7 nm, 1.25–10 mg L−1: Li 812.6 nm.

1252 | J. Anal. At. Spectrom., 2024, 39, 1248–1259
either the more sensitive emission line (Li 670.7 nm, low
concentrations) or the less sensitive one (Li 812.6 nm, high
concentrations) can be used.

The differences between the two spectrometer settings can be
explained by the fact that the detector saturates more quickly as
the integration time increases (i.e. more pulses are integrated)
and therefore reduces the upper linearity limit. It should be
noted, however, that pulse series integration is required for less
intense emission lines for accurate analysis. In particular, the two
iron emission lines used (Fe 275.5 and 382.0 nm) require a longer
integration time due to their low sensitivity. The iron emission
lines at 238.2 nm and 259.9 nm, typically used in classical ICP-
OES, are not feasible in this case due to interference of the
tungsten electrode material used in this study.
Inuence of the conductivity

One key parameter is the sample conductivity, which inuences
the properties of the plasma. With increasing sample conduc-
tivity, more free charge carriers are present in the solution,
whereby especially the H+ concentration increases through
addition of hydrochloric acid. The applied high voltage between
the two electrodes can thus be better compensated, whereby the
corona discharge becomes increasingly weaker and above
a certain conductivity limit no discharge at all takes place.
Experiments have shown that from approx. 15 000 mS cm−1

onwards no discharge takes place.
As can be seen for the example of 500 mg L−1 lithium in Fig. 4,

by comparing ve different conductivity levels (1000/2500/5000/
7500/10 000 mS cm−1), the emission intensity decreases with
increasing sample conductivity. Between 1000 mS cm−1 and 10
rent spectrometer integration settings

Li 812.6 nm Combineda

Single pulse Pulse series Single pulse

0.9995 0.9985 —
43.2 10.8 3.51
10 3 10
2.4 2.4 3.5

This journal is © The Royal Society of Chemistry 2024
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Fig. 5 Calibration curves of the Na 589.5 nm and K 766.4 nm emission
lines in lithium carbonate solution containing 2 mg L−1 Li using
parameter setting B (n = 5).
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000 mS cm−1 there is a factor of approx. 10.4 in the resulting
signal intensity. Therefore, a conductivity of 1000 mS cm−1

should be used for the highest possible intensities. The
advantage of a lower conductivity further lies in the fact that the
conductivity adjustment is much faster and less acid is
consumed. Lower conductivities were also tested, e.g., 500
mS cm−1. However, no further work was carried out aer
preliminary tests, because the concentration range available
was limited as the conductivity of the samples themselves
became too high above certain concentrations.

Trace elements in Li2CO3

The concentrations of the trace elements were varied from 0 up
to 44 mg L−1 (0/9/18/27/36/44 mg L−1) at different lithium
concentration levels. In Fig. 5 the normalised intensities of
selected sodium and potassium emission lines are plotted
against the concentration.

As can be seen, R2 > 0.999 and small repeatability error were
achieved for both elements indicating low uctuations of the
analyte signals. In Table 3 the resulting sensitivities (slope of
the calibration curve) are listed comparing different measure-
ment settings with each other. It is apparent that setting A has
Table 3 Sensitivity (a.u. mg L−1) of selected normalised analyte emis-
sion lines in lithium carbonate comparing different parameter settings
(0–44 mg L−1 analytes, 2 mg L−1 Li)a

Emission line
in nm

Sensitivity in a.u. mg L−1

A B C

Al 394.4 8.54 × 10−5 1.24 × 10−4 1.89 × 10−4

Al 396.1 1.99 × 10−4 2.88 × 10−4 4.21 × 10−4

Fe 275.5 4.02 × 10−5 1.27 × 10−4 4.92 × 10−5

Fe 382.0 2.46 × 10−5 7.49 × 10−5 2.67 × 10−5

K 766.4 1.24 × 10−3 1.36 × 10−3 1.01 × 10−3

K 769.8 6.25 × 10−4 6.72 × 10−4 5.07 × 10−4

Na 588.9 3.95 × 10−3 4.09 × 10−3 3.16 × 10−3

Na 589.5 1.95 × 10−3 2.02 × 10−3 1.56 × 10−3

Zn 213.8 9.03 × 10−4 1.64 × 10−3 7.41 × 10−4

Zn 481.0 1.91 × 10−4 3.21 × 10−4 1.20 × 10−4

a A: 2.0 J, 1000 mS cm; B: 1.2 J, 1000 mS cm; C: 2.0 J, 2500 mS cm; A–C:
pulse series.

This journal is © The Royal Society of Chemistry 2024
lower sensitivity than B and C, with values differing by 1 order of
magnitude in some cases. Overall parameter setting B yields the
best results, whereby in some cases like for the emission lines K
766.4 nm or Na 589.5 nm the differences are rather small. A
possible explanation is that a lower conductivity and lower
plasma discharge energy result in a more stable plasma. An
exception is aluminium, which is most sensitive with parameter
setting C. Further investigations are necessary to explain the
analytical behaviour in more detail.

The resulting detection and quantication limits obtained
using parameter setting B are listed in Table 4. The gures of
merit were calculated according to the calibration curve
method.62 Limits of detection and quantication in the single-
digit or lower mg L−1-range were achieved for almost all inves-
tigated elements, which is comparable to classical ICP-OES64

and SCGD analysis.65

The data in Table 4 show that the trace elements investigated
here can be measured well at low mg L−1-levels, whereby lithium-
analyte-ratios of up to 2500 : 1 and 650 : 1 can be analysed
according to the calculated limits of detection and limits of
quantication, respectively. These concentration ratios are suffi-
cient for the analysis of various intermediate products during
lithium production. Nevertheless, higher concentration ratios are
the aim of future work to allow the analysis of, for example, trace
elements in battery grade and thermal nuclear grade Li2CO3,
where purities of >99.5% and >99.9% are required, respectively.66
Inuence of cross-element correlations

Especially for lighter elements such as Li, Na or K, cross
correlations can occur, since they all belong to easily ionisable
elements resulting in an excess of electrons that can shi the
atom–ion equilibrium in the plasma towards atoms.67 This can
lead to an under- or over-determination of the actual concen-
tration in the sample, depending on the type of emission line.
Alkali metals are usually overdetermined as the atomic lines are
primarily used for analysis. Using the example of Na in lithium
carbonate, the use of multi-linear models as a correction
possibility was investigated. As can be seen in Fig. 6, the
intensity of the Na signal (blue) increases with an increasing Li
Table 4 Detection and quantification limits according to the calibra-
tion curve method of the selected analyte emission lines using
parameter setting B measuring all analytes simultaneously (0–44 mg
L−1, 2 mg L−1 Li)

Emission line
in nm LOD in mg L−1 LOQ in mg L−1

Al 394.4 1.9 6.4
Al 396.1 1.5 5.3
Fe 275.5 3.8 11.7
Fe 382.0 4.9 14.4
K 766.4 1.0 3.5
K 769.8 0.8 3.1
Na 588.9 1.3 4.6
Na 589.5 1.1 4.0
Zn 213.8 1.2 4.4
Zn 481.0 2.5 8.4

J. Anal. At. Spectrom., 2024, 39, 1248–1259 | 1253
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Fig. 6 Normalised intensity of the Na 589.5 nm emission line as
a function of sodium (0–44 mg L−1) and lithium concentrations (0.3–
2.0 mg L−1) using parameter setting C.

Table 5 Recovery rates (RRs) in % calculated by comparing the values
obtained using the multi-linear model with the experimental
concentrations using Na 589.5 nm as an example (in 2 mg L−1 Li)

cNa, target in mg L−1 cNa, model in mg L−1 (n = 5) RR in % (n = 5)

9 9.22 � 0.47 102.4 � 5.2
18 18.36 � 0.84 102.0 � 4.6
27 27.59 � 1.64 102.2 � 6.1
35 35.49 � 1.68 101.4 � 4.8
44 44.81 � 1.74 101.8 � 4.0

Fig. 7 Long-term (>9 hours) stability measurement of a lithium
hydroxide solution containing 1 mg L−1 Li using parameter setting A.
The normalised intensity of the Li 812.6 nm emission line is plotted
against time. The secondary y-axis shows the relative deviation in %
around the mean value.

Table 6 Comparison of RSD% values for the normalised intensities of
selected analyte emission lines (50 mg L−1) in lithium hydroxide con-
taining 1 mg L−1 Li in a long-term measurement (n = 100, >9 hours)
obtained with different parameter settingsa

Emission line
in nm A B

Al 394.4 7.72 3.98
Al 396.1 6.76 4.27
Fe 275.5 5.16 6.37
Fe 382.0 6.96 7.27
K 766.4 4.90 7.53
K 769.8 5.00 7.69
Li 812.6 9.89 13.33
Na 588.9 6.60 10.91
Na 589.5 7.24 11.67
Zn 213.8 4.42 4.66
Zn 481.0 6.68 4.70
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concentration (red), despite the concentration levels of the trace
element remaining constant.

It can be deduced that cross correlation occurs, which needs
to be considered for a more accurate quantitative analysis.
Mathematically, this behaviour can be described by means of
multi-linear models with interaction terms.68 For analysis, the
data (180 measurement points) were randomly divided into
training data (150/180z 80%) and testing data (30/180z 20%,
n = 5 per concentration level). In practice, the concentration of
the analyte is the target value and only the intensities can be
measured. Therefore, the following model (eqn (1)) can be used.

cAnalyte = k0 + k1IAnalyte + k2ILi + k3IAnalyteILi + k4IAnalyte
2

+ k5ILi
2 (1)

Thereby, IAnalyte stands for the respective normalised inten-
sity of a selected emission line of the analyte, ILi for the nor-
malised intensity of the Li 812.6 nm line and ki for the
corresponding constants. The term k3IAnalyteILi describes the
mutual interaction that occurs. Using statistical packages in
Python or Excel, the corresponding constants can be calculated
based on the training data set and t-tests can be used to check
whether the respective term is statistically signicant. The
evaluation resulted in the following mathematical relationship
(eqn (2)) for the sodium concentration, which is valid for the
concentration range under consideration.

cNa =−1.15 + 829.37$INa589.5 − 24.48$ILi812.6
− 842.23$INa589.5$ILi812.6 + 73.64$ILi812.6

2 (2)

An adjusted coefficient of determination of Radj
2 = 0.9878

was obtained for the model. In principle, the inuence of other
minor or trace elements can also be modelled. However, since
overtting should be avoided, only the inuence of the main
component Li was considered in this exemplary case. In Table 5
the recovery rates obtained by applying the model (eqn (2)) on
the testing dataset are listed.

As can be seen the model appropriately takes the cross
correlation into account and there are only small deviations
from the target value, which was experimentally given. Thus,
with this approach the fully automated analysis of Na in lithium
1254 | J. Anal. At. Spectrom., 2024, 39, 1248–1259
matrices with variable composition (within the model limits) is
possible with good recovery rates in the range of approx. 96 to
108%, which is typically sufficient for fast on-site and on-line
process monitoring.

Long-term stability measurement

To check the long-term stability of the analytical results, a LiOH
solution with a lithium concentration of 1 mg L−1 was analysed
a A: 2.0 J, 1000 mS cm−1, pulse series; B: 1.2 J, 1000 mS cm−1, pulse series.

This journal is © The Royal Society of Chemistry 2024
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Table 7 Comparison of the on-site micro-discharge OES measurements with the laboratory ICP-OES results of selected process samples
(concentrations in g L−1)a

Sample

Li Na K

mDOES ICP-OES mDOES ICP-OES mDOES ICP-OES

1 1.35 1.34 � 0.14 4.53 4.53 � 0.20 5.12 5.19 � 0.34
2 1.29 1.30 � 0.14 4.63 4.45 � 0.21 5.22 5.50 � 0.34
3 1.29 1.41 � 0.15 4.04 4.56 � 0.21 4.83 5.68 � 0.35
4 1.26 1.16 � 0.14 4.28 3.99 � 0.20 5.27 5.02 � 0.33
5 1.46 1.35 � 0.14 4.64 4.35 � 0.21 5.56 5.96 � 0.35

a Laboratory ICP-OES: n = 5; on-site mDOES: n = 1 (continuous process).
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80 times in succession using parameter settings A and D,
whereby a measurement was carried out every 7 minutes
without additional rinsing in between. In Fig. 7, the intensity of
the lithium 812.6 nm emission line normalised with hydrogen
is plotted against the measurement time exemplary for
parameter setting A. On the secondary y-axis the relative devi-
ation in % around the mean value is shown.

As can be seen, most measurement points fall within a± 5%
range (red dashed lines) around the mean value (red line). This
range represents a typical target value for industrial on-site
measurements of saline process solutions. Furthermore, no
trend can be seen, which allows the conclusion that no memory
effects have occurred. In general, the repeatability is good, as
can be seen from the overall RSD of approx. 3.1%. The addition
of an internal standard, e.g., indium or yttrium, can further
improve the results and has been tested during the experiments
(not shown here). However, the addition of any chemicals
should always be avoided in industrial on-site measurements.
Using parameter setting D (single pulse integration) a RSD of
1.6% was achieved for the main analytical line of lithium at
670.7 nm, yet setting D cannot be used for simultaneous trace
element analysis due to detection limits.

The repeatability measurement was also performed in the
presence of 50 mg L−1 of the trace elements, whereby parameter
settings A and B were compared. The results for the normalised
intensities are given in Table 6. Here, the stability of the lithium
signal is decreased by the presence of trace elements. However,
for each element overall low relative standard deviations of less
than 10% could be achieved by choosing the appropriate
parameter setting out of the tested ones. For all investigated
elements except aluminium (and Zn 481.0 nm) parameter
setting A is slightly preferable. Consequently, these trace
elements can also be analysed reliably over a longer period of
time at mg L−1-levels.
Analysis of process samples

Reference measurements to verify the on-site micro-discharge
OES results were carried out using laboratory ICP-OES. For
the relevant elements of the selected process step (Li, Na, and K)
there was a good agreement between both techniques with
deviations of less than 10% formost samples (cf. Table 7), which
can also be commonly observed between two different labora-
tories. In addition, it should be noted that on-site conditions are
This journal is © The Royal Society of Chemistry 2024
much less stable than laboratory conditions regarding
temperature of the samples, vibrations or dust.
Conclusions

Within the scope of this study, micro-discharge optical emis-
sion spectroscopy was investigated for its applicability for
automated on-line analysis of impurities in lithium-containing
salt solutions. The determination of Na, K, Al, Fe and Zn at a mg
L−1-level in Li2CO3 and LiOHmatrices and long-term stability of
the measurements for verifying the repeatability was per-
formed. Various parameters such as the plasma discharge
energy, spectrometer integration setting and sample's electrical
conductivity were optimised for the given sample systems. For
the analysis of the trace elements in lithium carbonate and
lithium hydroxide, precise and time–efficient parameter
settings were developed. When analysing the trace elements Na,
K, Al, Fe and Zn in lithium carbonate, it was found that a lower
conductivity (1000 mS cm−1) and a lower plasma discharge
energy (1.2 J) are benecial. In most cases, high coefficients of
determination (R2 > 0.99) as well as LODs and LOQs in the
single-digit mg L−1-range were achieved, which is comparable to
those of classical ICP-OES. Therefore, lithium-analyte ratios of
up to 2500 : 1 can be measured. Improvements are still neces-
sary to analyse higher matrix-analyte ratios. Currently high
dilution ratios are required since conductivity is the limiting
factor and must not exceed a certain value, as otherwise plasma
stability will decrease. Furthermore, the linear range is currently
limited compared to ICP-OES because measurements can be
carried out over 3.5 orders of magnitude as shown for lithium.
The use of modied electrodes or higher voltages and currents
could be helpful to improve plasma stability at higher sample
conductivities. An alternative approach would be to use the
effect of the conductivity on plasma stability (lowering signal
intensities) to enable the analysis of signicantly higher
concentrations. This would have the additional advantage that
the samples would have to be diluted less, saving ultrapure
water and time. Multi-linear regression models were success-
fully applied to correct for cross correlations that may occur
with increasing matrix concentrations due to ionisation effects,
as shown by the example of sodium in lithium carbonate where
a Radj

2 > 0.98 and recovery rates in the range of 96 to 108% were
achieved. The disadvantage of this approach is that it has to be
J. Anal. At. Spectrom., 2024, 39, 1248–1259 | 1255
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adapted to the specic sample type and matrix composition.
However, this is not a problem when analysing industrial
processes with a constant or rather steady sample composition
where only small uctuations occur. Furthermore, the proce-
dure with Python (or other statistical programmes) is straight-
forward. Based on the long-termmeasurement of a sample with
a concentration of 1 mg L−1 lithium (as LiOH) it was shown that
a good repeatability can be achieved. With over 80 measure-
ments in succession and a total measurement time of over 9 h,
relative standard deviations of approx. 3% (Li 812.6 nm) and
1.6% (Li 670.7 nm) were obtained for the main component
lithium using pulse series integration or single pulse integra-
tion, respectively. For trace elements in LiOH, low RSD% values
(e.g. Zn or Al 4%) were obtained at a concentration of 50 mg L−1

in long-term measurements. On-site measurements were per-
formed to monitor a selected process step of the lithium
hydroxide production, whereby Li, Na and K were the most
relevant elements. Laboratory ICP-OES measurements were
carried out to verify the results and a good agreement between
both techniques with deviations of less than 10% was found for
most samples. In summary, it can be concluded that micro-
discharge optical emission spectroscopy is promising for the
considered challenge of automated on-line lithium process
monitoring showing a good repeatability, long-term stability,
linearity in the examined concentration ranges and detection
limits in the single-digit mg L−1 range, and there is still potential
for further improvements. The measurement method is also
environmentally friendly, as no carrier gases such as argon or
helium and no hazardous chemical reagents or organic solvents
are required. The use of diluted hydrochloric acid (1%), to
adjust the conductivity, is also minimal with only a few milli-
litres per analysis. The typical average power consumption is
about 200 W (including PC for control and data analysis), which
is much less than that required for classical ICP-OES (typically
1–2 kW)12 and in the range of that required by other micro-
plasma techniques.58 A disadvantage, however, is the relatively
high consumption of deionised water needed to dilute the
originally concentrated solutions in the linear range. This can
currently be as high as 25 Litres on one typical measurement
day. Based on the “AGREE: Analytical GREennEss Calculator”,69

which takes 12 different categories such as energy consumption
and degree of automation or sample preparation into account,
a greenness score of 0.90 (maximum value is 1.0) was calculated.
The aim of future work will include developments for increased
matrix-analyte-ratios, expansion of the linear range and the
investigation of other industry-relevant sample systems. Of
particular interest would be the analysis of black mass, which is
produced during the recycling of battery products and can
contain other valuable metals such as Mn, Co or Ni in addition
to Li and at much higher concentrations, but also graphite
which could lead to unwanted interference. In collaboration
with industrial partners, work is currently underway on the fully
automatedmonitoring of the entire process chain directly at the
industrial plant, from the calcined lithium-containing ore as
the starting material to high-purity LiOH as the product, using
ICP-OES and ion chromatography as reference methods.
1256 | J. Anal. At. Spectrom., 2024, 39, 1248–1259
Author contributions

Bastian Wiggershaus: conceptualization, data curation, formal
analysis, investigation, methodology, soware, validation,
visualization, writing – original dra, Miisamari Jeskanen: data
curation, investigation, supervision, validation, writing – review
& editing, Aappo Roos: data curation, formal analysis, meth-
odology, supervision, validation, writing – review & editing,
Carla Vogt: conceptualization, funding acquisition, resources,
supervision, writing – review & editing, and Toni Laurila:
conceptualization, funding acquisition, resources, supervision,
writing – review & editing.

Conflicts of interest

There are no conicts to declare.

Acknowledgements

Parts of this work were funded by K-UTEC AG SALT TECH-
NOLOGIES. We acknowledge Ms. Johanna Helminen for her
contribution to the analytical measurements.

Notes and references

1 National Research Council, Minerals, Critical Minerals, and
the U. S. Economy, National Academies Press, Washington,
D.C, 2008.

2 C. Dessemond, F. Lajoie-Leroux, G. Soucy, N. Laroche and
J.-F. Magnan, Spodumene: The Lithium Market, Resources
and Processes, Minerals, 2019, 9, 334.

3 J. Dewulf, G. van der Vorst, K. Denturck, H. van Langenhove,
W. Ghyoot, J. Tytgat and K. Vandeputte, Recycling
rechargeable lithium ion batteries: Critical analysis of
natural resource savings, Resour., Conserv. Recycl., 2010, 54,
229–234.

4 U. S. Department of the Interior, U. S. Geological Survey,
Mineral Commodity Summaries 2022, 2022.

5 J. Xie and Y.-C. Lu, A retrospective on lithium-ion batteries,
Nat. Commun., 2020, 11, 2499.
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