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Properties and suitability of liquid electrode plasma
optical emission spectrometry (LEP-OES) for the
determination of potassium, lithium, iron, and zinc
in aqueous sample solutions

Ilkka Vesavaaraa, Anssi M€akynenb, and Paavo Per€am€akia

aResearch Unit of Sustainable Chemistry, University of Oulu, Finland; bOptoelectronics and
Measurement Techniques, University of Oulu, Finland

ABSTRACT
The effects of different parameters and the nitric acid concen-
tration on the sensitivity and repeatability of elemental ana-
lysis were characterized for liquid electrode plasma optical
emission spectrometry (LEP-OES). In addition, internal stand-
ardization for LEP-OES was investigated. The developed LEP-
OES method was used for the determination of lithium, potas-
sium, iron, and zinc in aqueous solutions and in samples with
high acid concentrations after microwave-assisted digestion.
The results were compared with those obtained by inductively
coupled plasma – optical emission spectrometry. The sensitiv-
ity was improved when the plasma parameters were opti-
mized. In addition, some improvement in the accuracy and
reproducibility of the results was achieved when internal
standardization by gold was employed. However, due to the
strong matrix effects, the calibration standards should be
made as similar as possible to the sample matrix.
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Introduction

Plasma is a state of matter at a high temperature (at least 2000K), consisting
of free electrons and ions. The most common source in the elemental analysis
is inductively coupled plasma (ICP).[1] An argon ICP is an excellent ioniza-
tion/excitation source for both optical emission spectrometry (OES) and
mass spectrometry (MS). Other types of plasmas used in OES include the dir-
ect current plasma (DCP) and the microwave-induced plasma (MIP).
One goal in analytical chemistry is miniaturization, which aims to

develop smaller, lighter, and more cost-effective portable equipment to
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perform field measurements at the sampling site, thus avoiding sample
transportation costs and challenges due to sample preservation.[2]

Therefore, miniaturized versions of the ICP, DCP, and MIP sources, among
others, have been developed.[3–6]

One type of micro plasma is the liquid electrode plasma (LEP).[7] LEP is
formed when an electric current is concentrated in a narrow portion of the
sample path. The local heating of the sample solution results in the forma-
tion of a water vapor bubble between which an electric discharge ignites a
transient plasma. The liquid interfaces on the anode and cathode side of
the bubble act as the so-called liquid electrodes.
LEP exhibits a lower excitation energy and temperature than an ICP. Thus,

the used emission lines are mainly atomic lines.[8] For some elements, LEP
does not produce emission signals at all, or the sensitivity of the measure-
ments is poor. In some cases, this might be an advantage, since LEP-OES
measurements have less spectral interferences than more efficient excitation
sources. One example is the determination of trace elements in samples for
which the LEP-OES device is insensitive to the main components, such as the
determination of sodium and lithium in a zirconium matrix.[9]

In practice, reliable quantitative analysis by LEP-OES using external cali-
bration may be difficult due to the fluctuations of emission signals from
the source. Internal standardization is frequently applied in atomic spec-
trometry to improve the quality of the results.[10] For example, rubidium
and cadmium have been used as internal standards for the determination
of zinc, potassium, and sodium by LEP-OES.[11,12]

Benefits of LEP-OES include on-site-capability, ease of use, and low ana-
lysis costs. Potential applications for portable LEP-OES instruments may
include natural water and wastewater monitoring, as well as process con-
trol. The sample consumption of the LEP-OES is low. However, this tech-
nique is not well suited for elemental analysis of organic solvents due to
their poor electrical conductivity. In addition, high viscosity in the sample
solution may lead to poor repeatability and solid particles in the solution
may cause clogging of the narrow sample path. Such samples may require
dilution to reduce viscosity, filtration to remove solids, or acid digestion to
dissolve solids.[9,11,12]

Despite the advantageous features of the LEP-OES described in the litera-
ture, there are limited results describing the actual performance of LEP-
OES. In this work, the determination of potassium, lithium, iron, and zinc
by LEP-OES is studied using a commercially available spectrometer to
make preliminary assessment of its suitability for practical applications.
The effects of measurement parameters on the sensitivities and reproduci-
bilities of several emission lines were investigated and optimal parameters
for the measurements were selected. In addition, the suitability of gold and
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thallium as internal standards for the previous elements was studied. The
real samples analyzed in this work had high acid and dissolved solid con-
centrations. Hence, these results are useful when the suitability of the LEP-
OES is evaluated for these types of samples.

Experimental

Reagents

Commercial 1000mg L�1 elemental standards were used to prepare the
working solutions used in the measurements. Ultrapure water (resistivity
18.2 MX � cm, Milli-Q Gradient A10, Millipore Corporation, Burlington,
MA, USA) was used to prepare all test samples and calibration solutions .
Hydrochloric acid (Honeywell Fluka, Puriss. p.a., ACS Reagent, fuming, �
37%) was used in the microwave-assisted digestions of solid samples. Nitric
acid (Honeywell Fluka, puriss. p.a., ACS reagent, � 69%) was used in the
sample digestions and acidification of test samples and calibra-
tion standards.

Instrumentation

A Micro Emission Ultra Compact Elemental Analyzer MH-5000 (Micro
Emission, Ishikawa, Japan) was used in the work. The MH-5000 analyzer
may be battery operated or use laboratory electricity and is controlled
either via computer software or using the buttons and display on the front
panel. More information about the instrument is provided in the
Supplemental data.
The MH-5000 analyzer has a wavelength range from 200 to 860 nm. The

studied elements and their emission lines are shown in Table S1 in the
Supplemental data. All studied emission lines were atomic.
The plasma of this LEP device is formed in a capillary tube in a cuvette

between two sample containers.[13] A quartz LepiCuve-C cuvette was used
in the measurements. This cuvette design offers better sensitivity and
reproducibility compared to a resin cuvette. The use of resin cuvettes result
in impaired analytical performance for repeated measurements due to an
increase in plasma volume and a decrease in excitation temperature due to
ashing.[14,15] The lifetime of a resin cuvette depends on, among other
parameters, the voltage used for plasma formation.[16]

Reference measurements were carried out using ICP-OES. An Agilent 5110
VDV ICP-OES instrument was used for the determination of iron (259.940nm),
zinc (206.200nm), lithium (670.783nm), and potassium (766.492nm). Yttrium
at 224.303nm was used as an internal standard. The instrumental parameters
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are shown in Table S2 in the Supplemental data. Quality control samples and
blanks were used to ensure the reliability of the results.

Sample digestion

An ETHOS UP microwave digestion system was used for the digestion of solid
inorganic samples. A SK-15 high-pressure rotor with 100ml PTFE-TFM-Teflon
vessels was used in sample preparation. Samples (0.4 g) were weighed into diges-
tion vessels and 12mL of a HNO3:HCl mixture (reverse aqua regia, 3:1 (v/v))
was added. The samples were digested according to the EPA3051 standard pro-
cedure. After digestion, the samples were diluted to 50mL with ultrapure water.

Results and discussion

Preliminary voltage tests

The effect of applied voltage on the emission intensities and repeatability was
investigated using potassium as a test element (atomic line at 766.491 nm,
excitation energy 1.62 eV). The measurement cycle was repeated 10 times for
each sample using the parameters recommended by the manufacturer.
At the highest voltage value (1200V), saturation of the emission signal

was observed at only a 10mg L�1 concentration of potassium. In addition,
the sample bubbled out of the cuvette during the measurement when a
voltage of 1200V was applied. Therefore, 1000V was used as the maximum
voltage in further measurements.
As an example, a spectrum for a 50mg L�1 potassium solution, obtained

with 700 and 900V, is shown in Figure 1. The variation in intensity was
mainly random and there were no upward or downward trends in the
observed intensities during the 10 measurements.
The sensitivity of the potassium measurement was shown to be strongly

dependent upon the applied voltage (Figure 2). This is due to the increase in
micro-plasma temperature and electric current with the voltage.[14] The
smallest relative standard deviation for potassium (50mg L�1) was observed
when the applied voltage was 1000V. However, the potassium emission
intensity in this experiment was close to the maximum measurable intensity
of the instrument (approximately 31,000) and the response may not be lin-
ear. Therefore, the intensity results obtained using voltage of 1000V were
outside the recommended measurement range. The same applies for the
measurement of 100mg L�1 potassium when the applied voltage was 900V.
The optimal sensitivity for potassium at 766.491 nm (concentration range
from 10 to 100mg L�1) was achieved using 800V. If lower concentrations
are measured, a higher voltage may be used to achieve higher sensitivity.
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The relative standard deviation of the replicate measurements was gener-
ally over 10%. However, internal standardization should be able to com-
pensate for the variation in the measurements. The results for potassium
are summarized in Table S3 in the Supplemental data.

Figure 1. Emission signals for potassium (50mg L�1) at 766.491 nm with voltage values of
(a) 700 V and (b) 900 V.
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Effect of applied voltage and acid content on the emission intensities of
alkali metals, thallium, and gold

In addition to the applied voltage, the electric conductivity of a sample
solution has a significant effect on the emission intensities of different ele-
ments. The electric conductivity of a sample solution should be sufficiently
high for micro-plasma formation. Therefore, the effects of applied voltage
and nitric acid concentration on the emission intensities of lithium,

Figure 2. Effect of applied voltage on the relative emission intensity of 10mg L�1, 50mg L�1

and 100mg L�1 potassium with the relative standard deviations. Each measurement was
repeated 10 times.
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potassium, thallium, and gold were studied. Three standard solutions were
prepared, containing 0.5, 2.0, and 6.0% (v/v) of nitric acid. The concentra-
tion of lithium, potassium, and thallium was 60mg L�1, and the concentra-
tion of gold was 150mg L�1. The emission intensities of the above
elements were investigated using voltages of 700, 800, and 900V.
The increase in the applied voltage resulted in a higher net intensity for

all of the emission lines (Figure 3). For each line, a relative value of 1.00 is
designated for the results at 800V and 0.5% (v/v) nitric acid. In the sample
solution with 6.0% (v/v) of nitric acid, the applied voltage of 900V resulted

Figure 3. Effects of acid concentration and applied voltage on the relative emission intensities of
lithium, potassium, thallium (60mg L�1), and gold (150mg L�1). A relative value of 1.00 is given
for the signal obtained at 800 V in 0.5% nitric acid. Each measurement was repeated 10 times.
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in signal saturation for the lithium line at 670.780 nm. Furthermore, in
most cases, the increase in the acid concentration led to increased sensitiv-
ity when voltages between 700 and 800V were employed. This phenom-
enon is likely due to the increased ionic strength and conductivity of the
solution, which affects the plasma formation.
The effects of voltage changes on the intensities of the emission lines are

likely due to differences in excitation energies and M-O and M-OH bond ener-
gies for elements bound to oxides and hydroxides.[17] The appropriate voltage
for the LEP should be selected according to the analyte and its emission line.
The results indicate that alkali metals are more sensitive to changes in acid

concentration and voltage than gold and thallium. For example, when the
voltage was 800V, an increase of acid concentration from 0.5% to 6%
resulted in 3.1-fold to 3.8-fold increase in the intensities of alkali metal emis-
sion lines, while the background-corrected intensity for gold increased by a
factor from 1.7 to 2.2. No significant change was observed for thallium.
When the voltage was increased from 800 to 900V in 0.5% nitric acid,

the following observations were made: The intensity for lithium increased
from 3.9-fold to 5.1-fold, a 12-fold increase in the intensity was observed

Figure 4. Relative changes in the net emission intensities of atomic emission lines of potas-
sium, lithium, thallium (60mg L�1), and gold (150mg L�1) in 0.5% (v/v) nitric acid. For each
line, a relative value of 1.00 is given at 800 V. Each measurement was repeated 10 times.
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for potassium, and there was a 2.6- to 3.0-fold increase in intensity for
gold and thallium.
Figure 4 shows the observed relative intensities for the emission lines in

0.5% (v/v) nitric acid when voltages of 700, 800, and 900V were used. The
emission lines are shown in the order of increasing excitation energy. For
each line, a relative value of 1.00 was designated at 800V. The figure shows
that an increase in the applied voltage results in an increase in the relative
intensity. Potassium lines (excitation energies around 1.6 eV) are very sensi-
tive to the applied voltage. For the gold lines (excitation energies 4.6 and
5.1 eV), there is only an approximate twofold increase in relative intensity
when the applied voltage is increased from 800 to 900V. The observed
trends are likely related to the properties of the atomic emission lines.
Gold, for example, is a precious metal and does not form stable chemical
compounds. Therefore, it should be easily atomized in the LEP.
Figure 5 shows the LEP spectra for an aqueous solution containing lith-

ium, potassium, sodium, thallium, and gold in 0.5% nitric acid. An increase
in the applied voltage strongly increases the emission intensities for all of
these elements. However, the background emission is also increased across
the entire wavelength range.

Internal standardization

Various internal standards in LEP-OES determinations were tested to com-
pensate for the short-time variation and drift due to the LEP source (Table
S1 in the Supplemental data). The concentration of internal standard ele-
ments in all calibration standards was 40mg L�1 except for gold whose
concentration was 60mg L�1. The calibration standards were prepared in
2% (v/v) nitric acid.
Strontium and palladium did not produce detectable signals at the

employed emission wavelengths. For that reason, in addition to the require-
ment that the internal standard should not be present in significant con-
centrations in the samples, gold and thallium were selected as the potential
choices. The use of gold as the internal standard provided better results
compared to thallium. For example, the drift observed for 40mg L�1 qual-
ity control samples was best compensated with gold.
As an example, calibration curves for zinc are shown in Figure 6. The

results of all measurements are shown as light blue dots and the averages
of each calibration standard as dark blue dots. Results marked with light
red dots and an average marked with a dark red dot was excluded from
the calibration curve calculations. Two-point background correction was
employed in the measurements. However, after background correction, a
small positive signal remained for the blank sample.
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Figure 5. Effect of the applied voltage on the emission spectra obtained by LEP-OES from a solution
containing potassium, lithium, sodium, thallium (60mg L�1), and gold (150mg L�1) in 0.5% (v/v) nitric
acid.
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When using internal standardization, the fit of the calibration curve was
significantly improved for all sufficiently sensitive emission lines. In add-
ition, in most cases, the scatter of the repeated measurements was
also reduced.

Analysis of real samples

LEP was tested by determining iron, zinc, potassium, and lithium in aque-
ous samples and in sample solutions after acid digestion. External calibra-
tion and internal standardization were employed in the determinations.
Nitric acid (2%, v/v) was added to the calibration standards and gold was
used as an internal standard in these measurements.
The detection limits and sensitivities for the elements varied considerably

(Table 1). For example, the iron line at 247.291 nm is difficult to excite,
which resulted in poor sensitivity and a high detection limit. The sensitivity
of the zinc line at 334.557 nm was poor but the wavelength at 481.053 nm
led to a satisfactory detection limit. The excitation energies of the lithium
(670.784 nm) and potassium (766.491 nm) atomic lines are much lower

Figure 6. (a) External calibration curve for zinc at the 481.053-nm emission line and (b) calibra-
tion curve for zinc using the gold line at 267.595 nm (60mg L�1 of Au) as the internal stand-
ard. The results in red points were excluded from the calibration. Each calibration solution was
measured 10 times. The equations of the calibration curves were (a) y¼ 256.549þ 1.976x and
(b) y¼ 0.211þ 0.005x.

Table 1. Limits of detection (LOD) (mg L�1) for LEP-OES in aqueous solution.a

Element/line External calibration Internal standard

Fe/247.291 nm 60 40 (Au 242.795 nm)
K/766.491 nm 0.9 0.9 (Au 267.595 nm)
Li/670.784 nm 0.06 0.05 (Au 242.795 nm)
Zn/481.053 nm 3 3 (Au 242.795 nm)
aLOD ¼ 3SD=k where k is the slope of the calibration graph and SD is the standard deviation of 10 replicate
measurements.
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compared to the iron and zinc lines. Hence, the sensitivities for lithium
and potassium by LEP-OES were good and low detection limits were
obtained for these elements.
The results for some test samples are shown in Table 2. Direct measure-

ment of acid-decomposed samples by LEP-OES was not possible since the
electrical conductivity of the sample solutions after digestion was too high
to carry out the measurements. For this reason, these samples were diluted
fourfold before analysis.
Due to poor sensitivity, the accurate determination of iron from the real

samples was not possible and the relative standard deviation of the deter-
minations varied between 25% and 50%. The results for zinc at 481.053 nm
were in good agreement with the ICP-OES measurements. The use of the
internal standard (Au 242.795 nm) improved the accuracy. For example,
the value obtained by LEP-OES was within 20% of the result obtained by
ICP-OES. However, for the acid-decomposed solid sample, the average zinc
result deviated more compared to the ICP-OES value. LEP-OES measure-
ments without an internal standard gave low results and the use of the
gold line at 242.795 nm as an internal standard resulted in high values.
However, the reproducibilities of the results were satisfactory.
For lithium, the use of a gold line as an internal standard (Au 242.795 nm)

provided mostly acceptable results for the digested inorganic samples com-
pared to the values obtained by ICP-OES (Table 2). When internal standard-
ization was not utilized, the results were too high. Matrix effect due to the

Table 2. Analysis of the samples by LEP-OES and ICP-OES. The concentration units for solid
and solution samples are mg/g and mg L�1, respectively. The uncertainties represent one
standard deviation of 10 replicate measurements for LEP-OES and one standard deviation of
three replicate measurements for ICP-OES.
Element/line Sample LEP-OES ICP-OES

Fe 247.291 nm Microwave-digested solid
adsorbent material from zinc
removal experiments

External calibration 380 ± 50 625 ± 3
Internal standarda 500 ± 100

Solution from precipitation
experiments

External calibration <60 4.52 ± 0.02
Internal standarda <40

K 766.491 nm Deionized water used in the
leaching of a
geopolymer material

External calibration 90 ± 10 74.2 ± 0.2
Internal standardb 15 ± 2

Li 670.784 nm Microwave-digested nickel-
based inorganic material 1

External calibration 5.5 ± 0.6 4.75 ± 0.1
Internal standarda 4.7 ± 0.6

Microwave-digested nickel
-based inorganic material 2

External calibration 90 ± 30 63.9 ± 0.6
Internal standarda 50 ± 10

Microwave-digested nickel-
based inorganic material 3

External calibration 17 ± 3 13.41 ± 0.09
Internal standarda 11 ± 1

Zn 481.053 nm Microwave-digested solid
adsorbent material from zinc
removal experiments

External calibration < 1 3.14 ± 0.02
Internal standarda 5 ± 1

Solution from precipitation
experiments

External calibration 23 ± 9 44.9 ± 0.2
Internal standarda 54 ± 3

aAu 242.795 nm, 60mg L�1.
bAu 267.595 nm, 60mg L�1.

INSTRUMENTATION SCIENCE & TECHNOLOGY 157



higher electrical conductivity of the sample solutions (containing, among
others, nitric acid and hydrochloric acid) may be the cause of the increased
sensitivity in the lithium determination (compared to Figure 3).
The excitation energy of the potassium line at 766.491 nm is very low

(1.6 eV). Hence, the changes in the measurement parameters and the sam-
ple solution composition may strongly affect the sensitivity of this deter-
mination by LEP-OES. This assumption is supported by the results in
Figures 3 and 4, where potassium shows a higher susceptibility to changes
in acid concentration and voltage compared to gold and thallium, which
have significantly higher excitation energies.
It is difficult to find suitable internal standards for potassium when many

theoretical and practical requirements are taken into account. For example,
the repeated measurement of the 40mg L�1 standard solution gave slightly
elevated results at the end of the series. However, the result for the standard
solution was closer to the expected value when gold (267.595 nm) was used as
an internal standard. Nevertheless, the results for the leachate sample were
incorrect regardless of the internal standard. For example, the internal stand-
ardization with gold (267.595 nm) gave very low values (Table 2).
The studied emission lines are free of any significant spectral interfer-

ences from other metals, apart from potential interferences from rare ele-
ments such as tantalum and tungsten near the iron line at 247.291 nm. In
the case of the inorganic samples, high levels of nickel and cobalt may also
cause spectral interferences for the iron line. Because of the lower ioniza-
tion efficiency of the LEP, spectral interferences caused by ionic lines are
assumed to be small. Hydrogen and hydroxide emission, inherent for the
LEP, were observed to coincide with the lithium emission line at
670.784 nm when high voltages, long pulse lengths, and long pulse intervals
were used. However, hydrogen and hydroxide interferences may be avoided
by the careful choice of measurement conditions.
The analysis of real samples revealed that the matrix has strong effects on

the sensitivity of elemental analysis by LEP-OES. Therefore, the matrices of
the standard and sample solutions should be as similar as possible. The accur-
acy of the results may be improved using internal standardization, but this
option must be carefully studied to find suitable elements and lines. In terms
of excitation energies, gold and thallium are not ideal internal standards for
alkali metals. However, due to the transient nature of the LEP source, internal
standardization may improve the accuracy of the results by correcting for
drift and changes in the physicochemical properties of the sample solution.
The relative standard deviation of the 10 replicates of the real samples was
between 11% and 40% for all elements when internal standards were not
used. However, the corresponding relative standard deviations were from 5%
to 20%, when internal standardization was employed.
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Conclusions

The measurement parameters and sample matrix were found to have signifi-
cant effects on the sensitivities of the emission lines for LEP-OES. The sam-
ples analyzed in this study had challenging matrices due to the high acid
concentrations and ionic strengths. For example, changes in the electrical
conductivity of sample solutions directly affect plasma formation and serious
matrix effects were observed. Further, changes in solution conditions and
applied voltage have different effects upon different elements and emission
lines. For example, alkali metals with relatively low excitation energies react
strongly to changes in applied voltage and sample acid concentration.
Due to the strong matrix effects, the calibration standards should be

made as similar as possible to the sample matrix. Internal standardization
may compensate for the drift and signal instability due to the LEP source.
Also, some matrix effects might be corrected by employing suitable internal
standards. However, due to element-specific differences, the selection of a
suitable internal standard(s) for each element requires careful investigation.
Promising results (improved the accuracy and reproducibility) were
obtained when gold was used as the internal standard. When potassium,
lithium, iron, and zinc were determined in real samples, optimized internal
standardization led to more accurate results for lithium and zinc.
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