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Highlights

Method for rapid multi-element screening of oils.

Internal standardization reduces matrix-induced variability.
Small sample volume and simplified analytical workflow.

193 and 213 nm laser compared for sensitivity and fractionation.

Abstract

A droplet-based laser ablation inductively coupled plasma mass spectrometry (LA-ICP-
MS) method was developed for the direct multi-elemental analysis of oils using minimal sample
preparation. Small sample volumes (0.2-10 pL) were deposited onto a flat PTFE substrate and
analyzed directly. The influence of key laser ablation parameters, including fluence, repetition
rate, number of laser shots, and droplet volume, was systematically investigated.

Under optimized conditions, limits of quantification were in the low pg g range for
most elements, and repeatability typically remained below 8-10 % when internal
standardization (In) was applied. The internal standard significantly reduced matrix-related
signal variability. Accuracy was assessed using spiked samples, yielding recoveries within 90—
110%, and by comparison with conventional ICP-MS after microwave digestion, showing good
agreement between both approaches.

The method was applied to the elemental screening of 20 commercial oil samples.
Although not intended for ultra-trace quantification, the proposed approach provides a rapid,
low-consumption, and operationally simple alternative for routine multi-element screening of
complex oil matrices.

1 Introduction

Elemental analysis of organic liquids is of considerable analytical interest due to their
widespread use in industrial, environmental, and technological applications. Among these
materials, lubricating and technical oils represent a particularly important class, as their
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elemental composition reflects both additive formulation and ongoing mechanical and chemical
processes during operation.[1, 2] Moreover, elevated concentrations of certain metals can
negatively affect refining operations, contributing to corrosion, catalyst poisoning, and overall
deterioration of product quality[3, 4], and the presence of metallic wear particles within the oil
serves as an indicator of machinery condition, enabling early detection of mechanical
degradation and potential failures[5].

Inductively coupled plasma optical emission spectrometry (ICP-OES)[6-9] and
inductively coupled plasma mass spectrometry (ICP-MS)[7, 10-12] are the most widely applied
techniques for elemental analysis of oils. the direct introduction of hydrocarbon-rich matrices
into the plasma is analytically challenging and may lead to carbon deposition on the
spectrometer interface, plasma instability, spectral polyatomic interferences, and non-spectral
interferences[11-15]. Direct measurements are possible after dilution with xylene, but this
typically requires specialized instrumentation[14], such as a high-temperature torch integrated
sample introduction system (hTISIS)[8], direct injection high-efficiency nebulizer
(DIHEN)[15], ultrasonic nebulization [13], or solvent-resistant tubing[7], and generally
involves complex optimization of pneumatic nebulization conditions[8, 13].

Microwave-assisted acid digestion is thus currently the most established approach,
enabling complete decomposition of the organic matrix with acids under elevated temperature
and pressure[10, 11, 16]. Nitric acid is typically used, often in combination with H.0-[10, 11,
16], while HCI is sometimes included in the process[11]. Alternative decomposition method,
microwave-induced combustion (MIC), combines the advantages of acid digestion and
combustion by oxidizing the sample in a pressurized oxygen-rich vessel[3, 9]. Liquid-liquid
extraction has also been applied[17], with extraction agents including water[18], mineral acids
such as HCl and HNO;[19], chelating agents such as N,N'-bis(4-methoxysalicylidene)-1,2-
diaminoethane for Fe and Cu[17], and ionic liquids, which have recently gained popularity[20].
Despite their effectiveness, these techniques are time-consuming and require specialized
reagents.

Laser ablation ICP-MS (LA-ICP-MS) offers an attractive alternative for elemental
analysis of oils, as it minimizes plasma-related issues associated with high carbon loads and
requires only minimal sample preparation. Despite these advantages, the application of LA-
ICP-MS to direct analysis of liquids remains uncommon. Previously reported approaches
typically rely on confined liquid geometries, such as sealed micro-containers, capillaries, or
absorbent supports. Giinther et al. [21] deposited liquid samples into Teflon® micro-beakers
and sealed them with Parafilm® to prevent evaporation, uncovering the surface by laser-drilling
through the film immediately before analysis. Boué-Bigne et al.[22] investigated liquid ablation
only in the context of evaluating ablation yields of aqueous standards, where absorption
coefficients were modified by chromophore addition. Heilmann et al.[4] analyzed trace
elements in organometallic standards and oil samples dissolved in isobutyl methyl ketone and
absorbed onto cellulose mounted in a Teflon® holder. More recently, Chbani et al.[23] described
the ablation of oil standards contained in silica capillaries, which minimized sample
evaporation. In that approach, the capillary was positioned in a holder, a laser-drilled hole
provided access to the oil, and carbon concentration was used as an internal standard. While
this demonstrates that ablation of oils is feasible and highlights the potential of silica capillaries
for handling micro-quantities, the use of carbon as an internal standard remains
problematic[24]. Accurate quantification requires knowledge of the carbon content in each
sample[23], which is difficult in ICP-MS due to high carbon background from atmospheric CO>
[25, 26], low sensitivity[25], and additional challenges related to non-spectral interferences[12].
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Reliable application of carbon as an internal standard therefore often requires complementary
analytical techniques, which compromises analytical simplicity.

Consequently, a simple and robust LA-ICP-MS strategy that enables direct elemental
analysis of oils without increased experimental complexity is still lacking. In this work, we
address this gap by demonstrating that fast screening elemental analysis of oils can be achieved
by direct ablation of microlitre-scale oil droplets deposited onto a flat PTFE substrate. The
influence of key ablation parameters is systematically investigated, and indium is evaluated as
an internal standard for correcting signal fluctuations and matrix-related effects. The
performance of the proposed droplet-based LA-ICP-MS approach is demostrated by analysis
of set of engine and lubricating oil samples, with results compared to conventional ICP-MS
following acid digestion.

2  Material and methods

2.1 Instrumentation

All experiments were conducted using LA instrument LSX-213 G2+ (Teledyne Photon
Machines, Bozeman, USA) coupled to ICP-MS Nexlon 5000 (PerkinElmer, Shelton,
Connecticut, USA). Evaluation of elemental fractionation was also carried out using... Samples
were weighted on balances METTLER AE 200 (METTLER-TOLEDO, Columbus, Ohio,
USA). For digestion of the samples prior to conventional ICP-MS analysis, a microwave
digestion system SpeedWave 4 (Berghof, Einigen, Germany) was employed.

For homogenization of the samples intended for LA-ICP-MS analysis, a Heidolph multi
Reax shaker (Heidolph Scientific Products GmbH, Schwabach, Germany) was used in
combination with an ultrasonic bath Elmasonic S30 (ElIma Schmidbauer GmbH, Singen,
Germany). Centrifugation of the samples was carried out using a Sigma 2-16KL centrifuge
(Sigma Laborzentrifugen GmbH, Osterode am Harz, Germany). The solid wear particles were
monitored using optical microscope (Student 303, Sagittarius Optical, Czech Republic).

2.2 Samples and reagents

CONOSTAN® S-21 standard containing 21 elements (at 100 mg/kg level) and
CONOSTANE® blank (both from SCP Science, Clark Graham, Baie d'Urfe, Canada) were used
for preparation of calibration standards at various concentrations and for optimization of the
ablation process. Xylene (PENTA s.r.o., Prague, Czech Republic) and indium(lIl)
acetoacetonate (Sigma Aldrich, Steinheim, Germany) was used for preparation of the internal
standard (1S) solution.

HNOs (67-69%, Analpure® grade, Analytika spol. s.r.o0., Prague, Czech Republic) was
used for stabilization of elements in solution during the conventional ICP-MS measurement
and, together with H20 (30%, PENTA s.r.0., Prague, Czech Republic), for microwave-assisted
acid digestion of samples. For calibration, single element standards of Al, Cr, Ca, Fe, Mg, Ti,
V, P, Zn, Mo, B, Ba, Mn, Ni, cu, Cd, Sn and Pb (all 1000+2 mg/L, Astasol®, Analytika spol.
s.r.o., Prague, Czech Republic) were used.

Besides that, twenty real samples of engine oils were used for the analysis of real
samples.



2.3 Preparation of the calibration standards and samples for LA-ICP-MS

First of all, internal standard solution containing 0.1 % (m/m) In in form of indium(llI)
acetoacetonate in xylene was prepared. The solution needed to be homogenized in the ultrasonic
bath for 30 s to ensure, all the indium(l11) acetoacetonate is dissolved.

From CONOSTAN® S-21 standard and CONOSTAN® blank (both from SCP Science,
Clark Graham, Baie d'Urfe, Canada), set of calibration standards of different concentrations
was prepared (0.05, 0.1, 0.5, 1, 5, 10, 50 and 100 mg/kg). To one gram of each calibration
standard, 10 pL od IS xylene solution (made in previous step) was added. Plastic test tubes
containing the standards were then centrifuged for 30 seconds at 6000 rpm to collect the viscous
oil standard from the tube walls after mixing with the internal standard, shaken for 20 minutes,
and centrifuged again. The samples of oils were treated the same way.

Spike recovery experiments were performed using samples No. 10 and 17 (see Table S4
for the list of samples). Recovery was assessed at two spike levels, 10 and 50 mg/kg. The
samples were prepared by mixing the sample with the CONOSTAN® S-21 standard at mass
ratios of 9:1 for the 10 mg/kg spike level and 1:1 for the 50 mg/kg spike level. Indium was
subsequently added as an internal standard, and the samples were treated in accordance with
the procedure described above.

Standards and samples were then transferred into the plastic syringe (Terumo
Corporation, Tokyo, Japan), with dosing needle with diameter of 100 um (HOTAIR®, Ostrava,
Czech Republic). The drops were allowed to drip freely from the dosing needle, which ensures
the similar volume of all droplets (3-4 pL). Droplets were deposited onto the
polytetrafluorethylene (PTFE; Onpira, Czech Republic), substrate, which was determined in
our previous work as most suitable material for laser ablation of liquids[27]. For testing
different droplet volume, Hamilton® syringe (10 pL, 700Series, Hamilton®, Reno, NV, USA)
was used. Deposited droplets on PTFE a substrate was placed into the ablation cell and LA-
ICP-MS analysis was performed.

2.4 Sample digestion for ICP-MS measurement

Approximately 0.2 g of each sample was weighed into a digestion tube. Subsequently,
3 mL of HNOs and 3 mL of H>O: were added, and the mixture was left to stand for 15 minutes.
Microwave-assisted acid digestion was then carried out under the conditions specified in
Table S1. After digestion, the solutions were diluted to a final volume of 50 mL with Milli-Q
water (Millipore, Bedford, USA). Further dilutions were prepared by factors of 10 and 1000 to
a total volume of 10 mL. Indium (In) was added as an internal standard. Each sample was
prepared in two replicates. CONOSTAN® S-21 standard for evaluation of recovery was treated
the same way. ICP-MS analyses were subsequently performed.

2.5 ICP-MS and LA-ICP-MS measurement

The operating conditions for ICP-MS and LA-ICP-MS measurements are summarized
in Table S2. Calcium, iron, chromium and titanium were analysed using mass shift mode with
the dynamic reaction cell (DRC) with ammonia as reaction gas to minimize major spectral
interferences, such as Ar*, ArO*, ArC* and SO" respectively. The values obtained by
conventional ICP-MS were used as reference values.

For LA-ICP-MS measurements, the ablation cell was initially purged with helium.
Various laser ablation parameters were systematically investigated, including laser fluence,
laser frequency, the number of laser shots, beam diameter and the volume of the oil droplets.



2.6 Calculation of the limit of detection and limit of quantification for LA-ICP-MS

In the present study, limits of detection (LOD) values were calculated from linear
regression analysis of calibration data according to Equation (1)[28]:

Svyx 1 c2
LOD = Lt gy, -J1 +e (1)
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where sy, is residual standard deviation, b is the slope of the regression, #(1-q, ver) is the critical
value of the Student’s ¢-distribution, »n is the number of measurements, ¢ is the mean
concentration, and ¢; represents individual standard concentration. Limit of quantitation (LOQ)
values were subsequently derived as three times the corresponding LOD values.

2.7 Calculation of recovery and its uncertainties
Spike recovery was calculated using Equation (2):
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where ¢; is the measured concentration of the element and, co is concentration in the unspiked

sample, f is mixing factor and csq is concentration of standard used for spiking (CONOSTAN®
S-21).

Recovery for real samples and CONOSTAN® S-21 oil standard was calculated using
Equation (3):
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where ¢;, is the measured concentration of the element and cref is reference concentration
obtained by conventional ICP-MS measurement.

The uncertainty of recovery (ur) was calculated using Equation (4):

= (2 ¢ (22) @

where u; and urer are the standard uncertainties of measured and reference concentrations,
respectively. These uncertainties were expressed as repeatability (sample standard deviation).

3 Results and discussion

3.1 Optimization of laser ablation

Laser ablation of liquid droplets fundamentally differs from ablation of solid samples
due to the absence of a rigid surface, which can lead to droplet deformation or partial ejection
during irradiation. Therefore, careful balance between ablation efficiency and droplet stability
must be established to obtain reproducible analytical signals. For optimization of the ablation
process, CONOSTAN S-21 oil standard (element concentrations 100 mg/kg) was used, and
signals of five isotopes (*>Mn, Cu, '''Cd, **Ba and 2°Pb) were monitored. These isotopes
were selected to cover a wide mass range. The influence of laser ablation parameters, including
the number of laser shots, repetition rate, laser fluence, and droplet volume, was systematically
investigated. Each parameter is discussed below, and a summary of the optimized ablation
conditions is provided in Table S2.



3.1.1 Different number of laser shots and frequency

The effect of the number of laser shots on signal intensity was investigated using 1, 2,
5, 10, 50, 100, and 300 laser shots at a constant laser fluence of 1 J/cm? and repetition rate of
10 Hz. For all monitored isotopes, signal intensity increased with the number of laser shots,
reflecting the increasing amount of ablated material. A signal plateau was reached at 50 shots,
beyond which no further significant increase in signal intensity was observed (Fig. 1)

Subsequently, the effect of laser repetition rate was investigated at 1, 2, 5, 10, 15, and
20 Hz, using 50, 100, and 300 laser shots (Fig. 2). In general, signal intensity increased with
increasing repetition rate. However, at lower repetition rates (1 and 2 Hz), pronounced signal
variability was observed for most elements. This behaviour thus demonstrates the need to use
higher frequencies to achieve more stable measurements.

In LA-ICP-MS, transient signals can be processed using averaging, median, or signal
integration approaches. Consequently, an appropriate combination of the number of laser shots
and repetition rate must provide not only sufficient signal intensity but also a signal duration
compatible with reliable data processing. Based on these considerations, 100 laser shots at a
repetition rate of 5 Hz were selected as optimal, resulting in a transient signal of approximately
20 s. Alternative parameter combinations, such as 300 laser shots at 10 Hz, produced longer
signals of approximately 30 s with comparable stability. However, the selected conditions offer
improved time efficiency while minimizing excessive energy input into the droplet, which may
result in sample heating or degradation.

3.1.2 Different fluence of the laser

Laser fluence is a key parameter in ablation, influencing both signal intensity and sample
integrity. Its influence on signal intensity was systematically investigated by varying fluence
from 0.3 to 1.8 J/cm? (Fig. 3A). Signal intensity increased with laser fluence with the first
detectable signal observed at a fluence of 0.3 J/cm? (for '*®*Ba). Above 1.2 J/cm?, the signal
intensity reached a plateau for all measured isotopes. The fluence of 1.2 J/cm? was thus selected
as optimal, because visual inspection revealed partial droplet disruption and the formation of
secondary microdroplets around the ablation site at higher fluences (Fig. 3B). Such effects may
increase the risk of samples cross-contamination within the ablation cell.

3.1.3 Different beam diameter

The influence of beam diameter on signal intensity was investigated for both laser
systems (193 nm and 213 nm). Beam diametr is a key parameter in laser ablation, as larger
diameters generally increase the amount of ablated material and thus signal intensity. However,
excessive material removal may lead to inefficient aerosol transport and signal instability,
particularly in systems without rapid washout ablation cells.[29, 30]. Such behaviour is well
documented in laser ablation mapping of solid samples; however, the dynamics during ablation
of liquid droplets may differ due to their distinct physical properties.

For the 213 nm system, beam diameters of 10, 20, 50, 100, and 200 um were tested. A
droplet of the CONOSTAN® S-21 oil standard was ablated at a laser fluence of 1.2 J/cm?, a
repetition rate of 5 Hz, and 100 laser shots. For the 193 nm system, beam diameters of 10, 20,
35, and 50 um were evaluated, as larger beam diameters were not available on this instrument.
Droplet was measured at fluence of 3.81 J/cm?. The results are presented in Fig. 4.

No measurable signal was observed for any monitored element at beam sizes below 50
um for the 213 nm system and below 20 um for the 193 nm system. In contrast, stable and
reproducible signals were obtained at beam diameters of 50 um and above for the 213 nm
system, despite the absence of a fast washout ablation cell. For the 193 nm system, reproducible
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and stable signals were observed at beam sizes of 20 um and above. These results indicate that
larger beam diameters are required to achieve sufficient and stable signal intensity for liquid
sample analysis under the specified experimental conditions. The lower threshold observed for
the 193 nm system is consistent with its higher ablation efficiency.

3.1.4 Different droplet volume

Precise and reproducible dosing of very small liquid volumes can be analytically
challenging and may affect measurement repeatability. To assess this effect, the influence of
droplet volume on signal intensity was investigated using droplets ranging from 0.2 to 10 pL
(Fig. 5A). The signal intensity of all measured isotopes was slightly higher for small (>1 pL)
droplets, likely due to enhanced droplet heating (Fig. 5B). However, within the microlitre range,
these effects were less pronounced, and the signal became largely independent of droplet size.
At higher volumes, signal variability decreased, indicating improved measurement stability.
Therefore, when using droplets of 3—4 uL in our work (see Section 2.3), minor variations in
droplet volume during dosing have a negligible impact on analytical accuracy.

In addition to droplet size, method robustness is crucial for practical application,
particularly with respect to laser beam focusing, which can be more challenging for liquid
samples in comparison to solid, as well as droplet stability during measurement.

Fig. S1 shows that the effect of incorrect focusing becomes significant only at
defocusing values exceeding 0.5 mm, providing a sufficiently wide tolerance window to
minimize errors associated with improper beam alignment. Furthermore, repeated ablation of
the droplet does not affect its geometry or physical properties, as demonstrated in Fig. S2 Even
after 49 ablation cycles, the measurement remains stable, with no substantial impact on
analytical precision.

3.1.5 Elemental fractionation

Another critical aspect of LA-ICP-MS analysis is elemental fractionation, which refers
to the preferential loss or gain of certain elements or isotopes during laser ablation and
subsequent transport to the plasma. Fractionation can lead to inaccurate quantification if not
properly accounted for. Since laser ablation of liquids is less common than that of solid samples
and liquids exhibit markedly different physical properties, the assessment of fractionation is
particularly important in these matrices.[31]

Fractionation was evaluated using the CONOSTAN® S-21 oil standard (100 mg/kg),
which was ablated using two laser systems operating at wavelengths of 213 nm and 193 nm.
For the 213 nm system, ablation was performed at five different laser fluences (0.5, 1, 2, 3, and
4 J/cm?). For the 193 nm system, eight fluences were tested (2.5, 2.7, 3.0, 3.2, 3.4, 3.6, 3.8, and
4.1 J/ecm?). In both cases, indium was employed as an internal standard for signal correction
(sample preparation is described in Section 2.3).

Fractionation was assessed by quantifying the measured signals using the certified
reference materials NIST SRM 610 (for 193 nm measurements) and NIST SRM 612 (for
213 nm measurements), as these materials exhibit minimal elemental fractionation under
typical ablation conditions. Uncertified reference values for these CRMs were taken from[32].
The resulting concentrations were then relativized to evaluate the extent of elemental
fractionation.

Measurements with the 213 nm laser were performed at a repetition rate of 20 Hz using
400 laser shots and a spot diameter of 200 um. Isotopes *°Ca, “*Ti, *2Cr, and **Fe were measured
in reaction cell mode, as described in Section 2.5. Measurements with the 193 nm laser were
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conducted under Dosage 8, SPR =500 ms, Rep rate 20 Hz.Representative results for the 193
nm system at 3.8 J/cm? and for the 213 nm system at 2.0 J/cm? are shown in Fig. 6. These
fluences were selected as representative conditions because fractionation did not vary
substantially across the tested fluence range for the 213 nm system and showed minimal
variation between 3.0 and 4.1 J/cm? for the 193 nm system. Detailed fractionation data for all
tested fluences are provided in Table S3.

As shown in Fig. 6, fractionation factors ranged from 0.84 to 1.22 for the 193 nm system
and from 0.77 to 1.16 for the 213 nm system at the selected fluences. Boron exhibited a notably
lower fractionation factor (0.56 for the 213 nm system). This behaviour is consistent with its
higher volatility and potential plasma-induced discrimination in ICP-MS systems, which may
explain its systematic underestimation. A pronounced difference between the two systems was
observed for phosphorus: fractionation was relatively low for the 213 nm system (0.66) but
significantly higher for the 193 nm system (1.98). Significant differences were also observed
for barium and calcium; however, this may be partially attributed to the use of different
monitored isotopes for each laser system.

Overall, most elements did not exhibit substantial fractionation in either system. These
results support the suitability of LA-ICP-MS for the elemental analysis of oil matrices under
the tested experimental conditions.

3.2 Limit of quantification for selected elements for LA-ICP-MS

LOQ is critical performance parameter for evaluating the applicability of LA-ICP-MS
to direct oil analysis. A comparison of LOQ values obtained by LA-ICP-MS with and without
internal standardization (IS) is summarized in Table 1. For the majority of investigated
elements, the application of indium as an internal standard resulted in lower LOQ values,
demonstrating its effectiveness in compensating for signal fluctuations.

The only exception is calcium, for which the LOQ without IS is slightly lower; however,
as calcium is typically present in engine oils at high concentrations, this difference has no
practical impact on routine oil analysis The LOQs obtained in this study with IS are comparable
to those reported by Chbani et al.[23], and are approximately an order of magnitude higher than
those reported by Heilmann et al.[4], whose data were evaluated using the isotope dilution
method, known to significantly reduce detection limits[33].

Notably, the LOQs for ©*Cu are higher than those of the other analysed elements, likely
due to the naturally elevated background signal of the copper. Overall, the obtained LOQ values
confirm that droplet-based LA-ICP-MS is primarily suited for the determination of elements
present at >mg/kg concentration levels in oils. While the method does not compete with
digestion-based ICP-MS for ultra-trace elemental analysis, the use of internal standardization
is an effective approach to improve analytical performance.



Table 1 — Comparison of LOQ values for LA-ICP-MS with and without IS for selected isotopes. LOQ
values are expressed in mg/kg.

5286Cy 4057Cqy SHPVFg 4WIT)  27A]  24\Mg SV 31p 6671
with IS 1.7 8.1 2.0 1.5 2.9 1.3 0.7 7.5 0.9
without 1S 2.3 6.5 2.3 2.2 4.1 2.9 2.3 8.4 2.6

98Mo llB 1388a SSMn BONi 63Cu 111Cd 1185n 208Pb

with IS 0.8 2.8 0.6 3.5 1.0 14 1.5 0.7 0.9
without IS 2.1 3.8 2.6 4.1 2.5 16 3.2 2.6 3.8

3.3 Method validation

3.3.1 Conventional ICP-MS

To verify that conventional ICP-MS provides accurate results suitable for use it as
reference values, the CONOSTAN® S-21 standard was analysed and spike recoveries were
evaluated. The results are presented in Table 2. For most elements, the obtained recoveries
range from 86.4-105.6%, with the exception of B. The low recovery of B (60.7 %) demonstrates
that its accurate determination by conventional ICP-MS is not feasible under the present
conditions, primarily due to boron’s volatility and memory effects, which lead to signal bias
and reduced apparent recoveries.

Table 2 — Recoveries of elements in CONOSTAN® S-21 oil standard (100 mg/kg) for conventional
ICP-MS with corresponding standard uncertainties (k = 1, in the brackets).

52/86c:r 40/57Ca 56/90Fe 48/131Ti 2T A 24Mg SIAV 31p 667n

ICP-MS 953 893 922 935 1002 1048 985 101.6 100.7
(12) (7.7) (06) (08) (0.3) (02) (0.6) (0.8) (0.6)

98Mo 1lB 1385a 55Mn 60Ni 63Cu 111Cd 118Sn 208pb

100.2 607 864 956 1056 100.7 1016 91.8 1011
07) (©7) (03) (©7) (02 (01 (02) (35) (45)

ICP-MS

3.3.2 LA-ICP-MS spike recovery

To evaluate the accuracy of the method, spike recovery experiments were performed at
two concentration levels using two oil samples. The data were processed both with internal
standardization, using indium (In) as the internal standard, and without internal standardization.
Results obtained are presented in Table 3. The oil samples (10 and 17) were selected based on
their elemental composition to ensure that all investigated elements were adequately
represented.

The results clearly demonstrate that data processed using internal standardization
exhibit higher and more consistent recoveries than those obtained without internal
standardization. When internal standardization was applied, accuracy was significantly better
at the higher spike level, with all values of recoveries falling within the range of 85-138 %. The
elevated recovery observed for Cu in sample 10 may be attributed to the fact that this spike
level is close to the limit of quantification (LOQ). The reason for the higher recovery of Ni at
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the lower spike level remains unclear; however, it may be related to a significantly different
ablation rate of sample 10 compared to the standard. This interpretation is supported by the
results obtained for sample 17, where recoveries for both mentioned elements fall within the
range of 93-99 %.

In contrast, recoveries obtained without internal standardization are considerably lower,
ranging from 39-104 %. For sample 17 at the higher spike level (50 mg/kg), recoveries between
82-104% were achieved, which can be considered acceptable. At the lower spike level (10
mg/kg), however, the proportion of the original sample matrix is substantially higher
(approximately 9:1 sample to spike) compared to the 1:1 ratio at 50 mg/kg. As a result, matrix-
related effects differing from those of the calibration standard become more pronounced,
leading to greater deviations in recovery. These findings indicate that the observed differences
are primarily driven by matrix effects. Internal standardization effectively compensates for
these matrix-induced variations and improves the accuracy and reliability of the LA-ICP-MS
analysis of oils.

Overall, these results clearly illustrate the importance of internal standardization in LA-
ICP-MS analysis of oils, as the ablation rates can vary significantly between samples.
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Table 3 — Spike recovery (%) at two different spike levels (10 and 50 mg/kg) for the two selected samples, with their uncertainty (k = 1, in the brackets). The
() symbols means, that base element concentration in the sample was significantly higher than the spike level.

IS Sa,\']f;ple S|£\I,:;f s0%Cp 4SICq SHMFg 4BIBIT| 2IAl 24Mg Sy 3p  6zpn Mg B 138Bg SMp ONj 6Cu icd 118Sp  208ph
' (mg/kg)

10 10 132 B 121 126 100 104 125 3 3 130 126 120 108 162 192 98 124 114

(6) (6) (5) @ 6 O G © @ G @0 O (7) (6)
50 107 B 104 108 101 93 106 3 a 109 114 99 104 138 136 110 106 108

Yes 3) 1) 3) ® @O (6 g 6 6 O @13 @ @6 @@ ©6
17 10 95 88 103 101 101 91 97 139 83 98 116 89 97 97 99 107 96 92

) ®) (1) (1) ® @4 @ 0 @»H B B @ By O @ 6 G O

50 97 85 96 97 93 94 93 123 99 95 100 85 92 94 93 98 90 87

3) (13) 1) 1) Q) @ @ 6 @é 6 @4 @ @ O O @ O @

10 10 41 - 39 40 47 43 47 - - 47 52 45 37 60 66 20 46 44

4) (4) (3) @ O @ g @ 6 O @ & 6 6 @

50 53 — 53 54 51 53 52 — — 54 60 48 47 67 65 50 52 51

No 3) 3) 4) B 4 @ 4 @4 @ 4 @ 3) (4) 4)
17 10 46 43 49 47 79 78 75 89 86 77 87 70 62 80 75 82 75 71

4) (8) 2 (3) n e O & © ©6 & O aau G @© (7 (7) (8)

50 92 82 90 90 86 88 86 104 91 87 95 82 85 87 84 87 83 83

4) ©) ) @ @ @ B 6 @ @ 6 @ B @ @ @ @ O
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3.4 Measurement of real samples (comparison of the methods)

To evaluate the analytical performance of the proposed droplet-based LA-ICP-MS
approach, twenty real oil samples of different types (Table S4) were analysed, and the obtained
results were compared with reference concentrations determined by conventional ICP-MS
following microwave-assisted acid digestion. The digestion-based ICP-MS data were used as
reference values, as this approach ensures complete decomposition of the organic matrix and
homogeneous analyte distribution. The same samples were then analysed by LA-ICP-MS, and
the resulting contents were evaluated both with and without IS. Indium was chosen as internal
standard, as this element is often used as internal standard in lot of ICP-MS applications[34]
and it is not commonly present in oils at significant concentrations. A summary of recoveries
obtained for selected elements by LA-ICP-MS with and without internal standardization is
provided in Table 4, while the corresponding element concentrations determined by
conventional ICP-MS are listed in Table S5. Overall, the application of internal standardization
resulted in improved agreement with reference values and reduced signal variability across the
analysed sample set.

When indium was used as internal standard, recoveries for most elements ranged
between 74 and 144 %, whereas significantly larger deviations and higher uncertainties were
observed without internal standardization. Elements present at higher concentration levels,
particularly additive-derived elements such as Ca, Zn, P and Mg, as well as wear-related metals
Fe and Al, were quantified with satisfactory accuracy in the majority of samples. For these
elements, recoveries with internal standardization typically fell within the 80—120 % interval.

In contrast, recoveries outside the optimal range were predominantly observed for
elements present at low concentrations, typically close to the respective limits of quantification.
Low recoveries were also reported by Chbani et al.[23], where recoveries were 60 % for V and
Pb in concentration of 0.1 mg/kg. Compared to measurements performed without internal
standardization, the use of indium significantly reduced both systematic bias and random
variability. Without internal standardization, recoveries were frequently below 60 % and
relative uncertainties often exceeded 10-20 %, particularly for elements present at low
concentrations. This clearly demonstrates that internal standardization is essential for obtaining
reliable quantitative data in droplet-based LA-ICP-MS.

From a practical perspective, the obtained results show that the proposed methodology
is particularly well suited for routine screening and quality-oriented analysis of oils. The
analysis of the samples revealed an excellent correlation between P and Zn, clearly
demonstrating the method’s capability to reliably quantify additive-related elements. This is
particularly evident for additives such as zinc dialkyldithiophosphates (ZDDPs)[35, 36], as well
as for elevated concentrations of Ca, B, and Mo associated with additives including calcium
sulfonates[35], molybdenum dithiocarbamates[36], and boron-containing compounds[37].

In contrast, for ultra-trace elements present at very low levels, conventional digestion-
based ICP-MS remains the method of choice. The droplet-based LA-ICP-MS approach should
therefore be regarded as a complementary technique that prioritizes experimental simplicity,
rapid analysis and minimal sample preparation over ultimate detection limits.

3.5 Fresh and used engine oil

The ability to quantify wear-related metals directly in used oils is of particular relevance
for engine operating condition monitoring and tribological studies, where rapid assessment of
lubricant condition and component wear is required. This study also represents a proof-of-
concept for determining the elemental composition of solid particles in oils.

Samples 19 and 20 represent fresh and used oil collected from a lawn mower. As shown
in Table S5, the used oil exhibits higher concentrations of Al and Fe compared to the fresh oil.
This increase can be attributed to the transfer of these elements into the lubricant during engine
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operation as a result of mechanical wear processes. More importantly, these elements are
introduced in the form of wear debris[38, 39] — microscopic solid particles generated by
mechanical wear (Fig. 7). The presence of such particles poses a potential challenge for direct
analytical techniques. This dimension is negligible compared to the applied laser beam diameter
of 200 um used for droplet ablation. Consequently, each laser pulse interacts simultaneously
with many particles rather than with individual isolated particles.

Under these conditions, the ablated material can be regarded as spatially- and mass-
representative with respect to the particulate fraction present in the droplet. This substantially
reduces the risk of particle-related signal fluctuations that may otherwise arise from stochastic
sampling of individual wear particles.

As demonstrated by the recovery data summarized in Table 5, the application of indium
as an internal standard enabled accurate quantification of aluminium and iron in the used oil
sample despite their presence in particulate form. This indicates that internal standardization
effectively compensates for variations in ablated mass and transport efficiency associated with
heterogeneous droplet composition. Importantly, no additional sample pretreatment or
homogenization steps were required prior to LA-ICP-MS analysis. The combination of
microlitre-scale droplet ablation and internal standardization thus provides also a practical
approach for the analysis of both fresh and used oils containing wear-related particulate matter.
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Table 4 — Comparisson of recoveries (%) of selected elements with standard uncertainities (k = 1, in the
brackets) for real samples for LA-ICP-MS with and without internal standardization. Values obtained
by conventional ICP-MS were chosen as reference values. The (-) symbols means, that measured values
were below the detection limit.

No. LAI\'/'IgP' Ca Fe Al Mg P Zn Mo B
with IS 89 (10) 95 (6) 91 (4) 100(9)  111(6) 122 (5)
without IS~ 86 (11) 84 (8) 75 (5) 82(10)  83(16) 114 (10)
) with IS 102 (5) 79 (5) 95 (9) 84 (7) 95 (4) 87 (3) 109 (26)
without IS 88(13) 96 (13) 77(13)  73(10)  65(16)  73(11)  92(26)
3 with IS 95 (5) 82 (7) 89 (6) 102(6) 112(11) 124 (5)
without IS 91 (10) 94 (9) 86 (9) 82(18)  113(13) 126(12)
A with IS 92 (4) 55 (5) 88 (6) 96 (6) 112 (3)
without IS 87 (9) 56 (7) 74 (10) 67 (16) 99 (14)
5 with IS 96 (4) 81 (3) 98 (10) 86 (8) 93 (6) 116 (7)  83(19)
without IS~ 67 (13) 90 (13) 63(13) 54(10) 51(14) 79(16) 56 (17)
6 with IS 116 (7) 74 (6) 79(17)  103(6) 107 (8) 137 (8)
without IS 84 (9) 94 (10) 81 (18) 69 (4) 77 (6) 119 (9)
; with IS 109(6)  101(3) 105 (17) 102 (9) 94 (6) 94 (15)
without IS~ 98(13) 105 (11) 110 (11) 82(11)  92(12) 97 (20)
g with IS 130 (15) 136 (7)  126(6)  137(12) 156 (11) 123 (11)
without IS~ 97 (15) 110 (12) 79 (6) 95(11)  116(18) 96 (11)
9 with 1S 119(11) 90(34)  84(31) 97 (8) 105 (3) 90 (3) 131(14) 119 (14)
without IS 57 (9) - - 52 (4) 48 (4) 48 (8) 72 (8) 55 (11)
10 with IS 144 (17) 67(38) 124(19) 115(11) 86 (5) 29 (4) 58 (10)
without IS 42 (6) 37 (7) 25 (5) 19 (5)
1 with 1S 99 (7) 96 (7) 98 (6) 91 (5) 106 (4)  120(7)
without IS 76 (9) 87 (10) 82 (9) 93(10) 101 (13) 146 (27)
" with 1S 102 (8) 77 (7) 110(3)  100(4) 160 (12)
without IS 92 (12) 72 (9) 71 (4) 87 (8) 137 (14)
13 with IS 90 (5) - 91 (7) 82 (2) 96 (4) 97 (6)
without IS~ 98 (17) 88 (24) 80 (19) 73 (9) 98 (13) 81 (19)
" with IS 89 (3) 75 (15) 83 (3) 91 (8) 123(13) 121(11)
without IS~ 86 (12) 82 (17) 79 (5) 92 (11)  126(16) 143 (25)
15 with 1S 113 (16)
without IS 88 (14)
16 with 1S 75(11) 74 (16)
without IS 39(11)  46(21)
17 with IS 95 (55) 80 (31)
without IS - -
18 with IS 119 (9) 114(5)  121(33)
without IS 34 (3) 30 (2) 32 (10)
19 with 1S 129 (8) 107 (20) 112(4)  100(2) 180(22) 189 (13)
without IS 66 (6) 58 (11) 53(2) 48 (2) 105 (12)
20 with 1S 129 (11) 104 (9) 86 (7) 106 (19) 111(3)  102(5) 157(15) 168 (4)
without IS 59 (8) 51 (8) 40 (5) 51 (10) 47 (2) 45 (3) 68 (9) 74 (3)




4 Conclusion

This work demonstrates that LA-ICP-MS can be applied for the direct elemental
analysis of oils by simple ablation of microlitre-scale droplets deposited on a flat PTFE
substrate. The proposed approach eliminates the need for digestion, dilution, or complex liquid-
handling systems, thereby significantly reducing experimental complexity and analysis time.

Systematic optimization of laser parameters confirmed that stable and reproducible
signals can be obtained despite the inherently dynamic nature of liquid droplet ablation. The
use of indium as an internal standard proved essential for compensating signal fluctuations and
matrix-related effects, leading to improved accuracy.

Application to a diverse set of real engine and lubricating oils showed that the method
is particularly well suited for the determination of additive-derived elements and wear-related
metals, including elements occurring in particulate form in used oils. Nevertheless,
conventional digestion-based ICP-MS remains the method of choice for ultra-trace elements
levels close to the limits of quantification.

Overall, the droplet-based LA-ICP-MS strategy should be regarded as a complementary
analytical tool that prioritizes speed, simplicity, and minimal sample preparation. Its main
strength lies in rapid screening, comparative analysis, and process-oriented studies of oils,
where direct analysis and reduced experimental overhead provide clear advantages over
traditional methodologies.
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