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icrowave induced plasma optical
emission spectrometry for wear metal
determination in lubricant oil using
a multinebulizer†

Sergio J. Abellán-Mart́ın, Miguel Ángel Aguirre * and Antonio Canals *

In this work, the determination of metals (i.e., Al, Cr, Cu, Mn, Ni and V) in engine lubricating oils by

microwave induced plasma atomic emission spectrometry (MIP OES) has been revisited. For this

purpose, a new multinebulizer in combination with the standard dilution analysis (SDA) calibration

methodology has been used. The microwave plasma is very unstable and may even be extinguished

when organic solvents are directly introduced. This problem can be avoided by the synergetic

combination of SDA calibration and the new multinebulizer since it allows the determination of analytes

in complex matrices due to the simultaneous introduction of organic and aqueous solutions, favoring

plasma stabilization. Furthermore, SDA calibration also corrects the matrix effects associated with

complex matrices. For the purpose of comparison, the same study has been performed using

conventional calibration methodologies (i.e., external calibration (EC), internal standard calibration (IS)

and standard addition calibration (SA)). To compare the calibration performances, the analytical figures of

merit (i.e., limit of detection and limit of quantification) and the accuracy (i.e., trueness and precision) of

the results have been evaluated. The results obtained show very similar values for SDA calibration

compared to the other calibrations with a much lower consumption of reagents and resources and with

a higher easiness of operation. In addition, the total analysis time has also been evaluated, which has

emphasized the great advantage of the synergetic association of SDA calibration with the multinebulizer

in chemical analysis using MIP OES.
1. Introduction

The concentration of metals andmetalloids in fuels and oils has
a direct impact on engine performance, making the detection of
metals in lubricating oils extremely important.1,2 Depending on
their concentrations, these species can cause a variety of issues,
including engine part corrosion and reduction of the machinery
lifetime. From an environmental perspective, certain elements
act as catalyst poison, which increases the amount of poisonous
gases and particulate matter released by vehicles.1 On the other
hand, engine components suffer continuous wear under
normal operating conditions, which can be minimized using
lubricating oils. In addition to chemical wear, which results in
organometallic species, there may be physical wear, which
produces metallic particles as a result of friction, high
temperatures, and pressure. Despite the presence of lters and
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manifolds, most of the wear metals remain in the lubricating oil
and are transported through the entire system.3

As a result, an increase in the concentration of certain
elements in the lubricating oil following a period of activity may
indicate some potential issues with engine components and
their extent. The elemental analysis of used lubricating oils can
be used to diagnose the condition of an engine component
because some elements are related to certain engine parts. For
example, elevated chromium levels may indicate excessive
piston ring wear, while increases in copper, silver, aluminum,
tin or lead concentrations could indicate bearing wear or
corrosion. On the other hand, a high iron content indicates
possible problems with the oil pump and gears or that there is
rust in the system.4 Nowadays, it is a routine trend to perform
an elemental analysis on used lubricating oils as part of
preventive maintenance, which attempts to minimize any
potential damage in the engine before irreversible damage
occurs. Therefore, this analysis has economic benets, reduces
potential risks and aids in the creation of new maintenance
procedures.3

The majority of analytical methods reported for this purpose
were based on atomic spectrometric methods, including ame
J. Anal. At. Spectrom., 2023, 38, 1379–1386 | 1379
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Fig. 1 Lateral view (left) and frontal view (right) of the multinebulizer
(MultiNeb®) used.
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atomic absorption spectrometry (FAAS),5–7 electrothermal
atomic absorption spectrometry (ETAAS),8–11 X-ray uorescence
spectrometry (XRF),12–14 laser-induced breakdown spectrometry
(LIBS),15–17 inductively coupled plasma optical emission spec-
trometry (ICP OES),18–21 and inductively coupled plasma mass
spectrometry (ICP-MS).3,22,23 Among all the mentioned tech-
niques, ICP OES was the preferred technique for the analysis of
lubricating oils.3 The capability to determine several elements is
one of the key advantages of ICP-based techniques,24 especially
when compared to atomic absorption spectrometry (AAS).
However, ICP-based techniques have relatively high acquisition
and operating costs which are one of their potential limitations.
For instance, a high amount of argon is required to run an ICP
analysis, and it may represent a large portion of a chemical
analysis laboratory annual budget. Microwave induced plasma
atomic emission spectrometry (MIP OES) is an alternative to
AAS and ICP-based techniques to perform the oil analysis in
terms of acquisition and operating costs.25 This technique has
attracted considerable interest since a commercial instrument
became available in the 2000s.26 This instrument is easy to
operate, versatile, and has multi-elemental analysis capability
that makes MIP OES a promising alternative. However, the
main limitation in lubricant oil analysis is its matrix complexity.
The organic nature of the lubricant oil itself generates matrix
effects and its high viscosity makes it difficult to properly
introduce the sample into the plasma. In addition, the high
organic solvent load and the formation of carbon deposits on
different locations of the plasma torch impose serious diffi-
culties and practical problems. One solution to overcome these
problems is the use of an external gas control module
(EGCM)1,27,28 to introduce air into the plasma and contribute to
maintaining its stability and minimizing background emission
from organic compounds. This is because the oxygen in the air
reacts with the organic matrix at high temperature to form CO
and CO2, preventing the carbon emission and soot deposition
on the MP torch.27 However, an MIP OES instrument equipped
with an EGCM is more expensive, and therefore, the cost of
analysis would increase.

A cheaper and simpler solution has been shown in previous
studies29–32 where the matrix effects caused by organic matrices
can be avoided by the synergistic combination of a multi-
nebulization-based system and appropriate calibration
methods. Themultinebulization-based system incorporates two
independent liquid inlets into a single nebulizer body with
a common nebulizer gas inlet and a single outlet orice. The
nebulization mechanism is based on ow blurring technology,
and as a result, it provides a great mixing efficiency.33 The main
strength of the multinebulization-based system is the simulta-
neous introduction of organic and aqueous solutions into the
plasma, mixing both immiscible solutions at the tip of the
nebulizer. The introduction of water into the plasma allows the
supply of oxygen necessary to carry out the complete combus-
tion of the organic matrix in the plasma and reduce carbon
deposits in the torch concentric tubes and at the tip of the
injector tube. This is an important advantage over conventional
liquid sample introduction systems since it does not require the
continuous cleaning of the torch or the use of additional
1380 | J. Anal. At. Spectrom., 2023, 38, 1379–1386
components such as cooled spray chambers or an auxiliary
oxygen supply.34

On the other hand, calibration is one of the most critical
steps in lubricating oil multi-element analysis. It usually
requires several standard reference solutions, which can affect
the sample throughput.35,36 Except when an absolute method of
determination is available, it is essential to choose the most
suitable calibration strategy.37 Besides, due to the lower
temperatures and lower plasma robustness, MIP OES is more
prone to matrix effects than ICP OES, thus typically requiring
either sample treatment or the application of the standard
addition method to ensure adequate accuracy when analyzing
complex matrix samples. When combining the standard addi-
tion and internal standard calibrations, standard dilution
analysis (SDA)35,38,39 emerges as a calibration strategy, improving
the trueness of the results in complex matrix determinations.35

This calibration methodology is able to correct the matrix
effects (i.e., systematic errors) caused by the sample matrix and
also the uctuations (i.e., random errors).38 Different from the
traditional methods, only two solutions are required in SDA
calibrations.

Therefore, the main purpose of this study was to analyze, for
the rst time, lubricating oil with a minimal sample pretreat-
ment (i.e., dilution) by MIP OES. To this end, the analysis of
wear metals has been investigated using a combination of the
multinebulization-based system and SDA. Additionally, the
method efficiency has also been checked by comparing the
results obtained by means of SDA and more conventional cali-
bration strategies (i.e., standard addition and internal stan-
dardization) in terms of accuracy (i.e., trueness and precision)
of the results and productivity.
2. Experimental
2.1 Instrumentation

In the experimental work carried out, an MIP OES equipment
(Model 4100, Agilent Technologies, Melbourne, Australia) was
used to perform all the determinations. The sample introduc-
tion system was as follows: (i) a tube (F-4040-A, i.d. 0.76 mm,
Ismatec, Switzerland) to transport organic solvent through
which the samples and organic standards were introduced, (ii)
a Tygon® tube (R-3607, i.d. 1.65 mm, Ismatec) to transport
aqueous standards, a cyclonic spray chamber provided with an
inner tube (Glass Expansion, Victoria, Australia) and
This journal is © The Royal Society of Chemistry 2023
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a multinebulization-based system (MultiNeb®, Ingeniatrics,
Seville, Spain) (Fig. 1). The multinebulizer incorporates two
independent liquid inlets in a single nebulization body with
a common nebulization gas inlet and a single outlet orice.

The liquid streams are mixed at the tip of the nebulizer and
the aerosol of the mixture of the liquids exits by the unique
orice. The newMultiNeb® provides a signicant improvement
since it allows mixing of two liquids in the aerosol phase inside
the nebulizer at high pressure. As a result, there is an increase
in the mixing efficiency and in the chemical reaction speed.

Nitrogen and compressed air were used as the source to
generate the plasma and their ow rate remained constant
throughout the experiments (i.e., the nitrogen for plasma
generation was provided by using an external cylinder). The
same nebulizer gas ow rate (i.e., 0.7 L min−1) and plasma
observation position (i.e., 0.0) were used for all analytes since
these were the optimized parameters for the internal standard.
Since the used MIP OES collects data sequentially, SDA cali-
bration can be strongly affected by using different conditions of
the nebulizer gas ow rate and plasma observation position for
different analytes.40 For comparison purposes, it was decided
that the same conditions would be used for all calibration
strategies. The optimum operating conditions used are shown
in Table S1.†

To check the efficiency to overcome matrix effects, lubricant
oil analysis was performed using different calibration method-
ologies. The normal mode refers to external calibration (EC),
internal standardization (IS), and standard addition (SA). The
continuous mode was used in calibration by standard dilution
analysis (SDA), where data were acquired continuously in real
time. Fig. S1† shows the experimental setup for all the calibra-
tion methodologies evaluated.

The monitored emission lines for each element are shown in
Table S2.† This table also shows the yttrium emission line
because it is used as an internal standard.
2.2 Samples and reagents

Samples of lubricating oils were obtained from different local
car workshops. Used and unused lubricating oil were employed
as real-world samples. Used lubricating oils were drained from
different car engines during a routine service at a garage aer
usage at a certain mileage (i.e., 20 000 km). The samples were
stored in amber glass asks at 4 °C. The only sample treatment
carried out was a gravimetric dilution (1 : 10) with petroleum
ether (QP, Panreac, Barcelona, Spain) in order to reduce the
sample viscosity. In order to evaluate the analytical gures of
merit, several solutions were made depending on the calibra-
tion strategy.

2.2.1 External calibration. Four organic standards were
prepared in a concentration range from 0.5 to 2 mg g−1 (i.e., 0.5,
1, 1.5, and 2 mg g−1) using Conostan S21 500 mg g−1 (SCP
Science, Baie D'Urfé, Canada) in petroleum ether. A blank was
prepared using only petroleum ether. To perform the analysis,
channel 3 (see Fig. S1†) was used to continuously introduce
ultrapure water (18 MU cm resistivity) puried in a Milli-Q
system (Purelab Flex, ELGA-Veolia LabWater, High Wycombe,
This journal is © The Royal Society of Chemistry 2023
United Kingdom) with 1 g g−1 nitric acid. Channel 1 was used to
introduce the organic standards and the sample sequentially.
Channel 2 was not used in EC calibration.

2.2.2 Internal standard calibration. The organic standards
were prepared following the same steps as in the EC and with
the same standard concentrations. In this case an aqueous
solution of 1 mg g−1 of yttrium in ultrapure Milli-Q water (18
MU cm resistivity) with 1 g g−1 nitric acid was used as an
internal standard. In this calibration methodology, channel 3
was used to continuously introduce an aqueous internal stan-
dard, while channel 1 was used to pump the organic standards
and the sample sequentially. Channel 2 remained unused
during IS analysis.

2.2.3 Standard addition calibration. Five aqueous stan-
dards were prepared from commercial multielemental Merck IV
solution (Darmstadt, Germany) containing 1000 mg L−1 of Al,
Cr, Cu, Mn, Ni, and V. The concentration ranged from 0 to 1 mg
g−1 (i.e., 0.2, 0.4, 0.6, 0.8, and 1 mg g−1) and the standards were
prepared using ultrapure Milli-Q water (18 MU cm resistivity)
with 1 g g−1 nitric acid. The aqueous blank solution was
prepared using only ultrapure Milli-Q water (18 MU cm resis-
tivity) with 1 g g−1 nitric acid. In this calibration methodology,
channel 1 was used to continuously introduce the sample, while
channel 3 was employed to sequentially introduce the aqueous
standards. As carried out in EC and IS calibration, channel 2
was not used in SA calibration.

2.2.4 Standard dilution calibration. Only an aqueous
standard and the blank solution are needed in the SDA cali-
bration methodology. The aqueous standard (i.e., 2 mg g−1) was
prepared from commercial multielemental Merck IV solution as
prepared in standard addition calibration. This standard was
also 2 mg g−1 of yttrium.

In the case of lubricating oil analysis, the concentration of
the calibration standards was adjusted depending on the
concentration of the analytes in the sample.
2.3 On-line SDA calibration

The conventional SDA requires the preparation of only two
analytical solutions (e.g., A and B) for each sample. Solution A,
containing 50% sample and 50% standard (including the
internal standard), is gradually mixed with solution B, which
contains 50% sample and 50% blank. As the standard is diluted
(retaining the same amount of sample), many calibration points
are generated over time as shown in Fig. S2.† The mathematical
approach used for the calculation of the sample concentration
using SDA calibration can be found elsewhere.38

The on-line SDA was performed using three channels of
a peristaltic pump accompanied by the instrument used. A
scheme of the system is shown in Fig. S1.† Channel 1 was used
to introduce organic samples. Channel 2 was used to perform
the continuous dilution of the aqueous standard by the intro-
duction of the aqueous blank. Finally, channel 3 was employed
to aspirate the aqueous standards (i.e., analytes and internal
standard). The three channel ows are given in Table S1.†

As shown in Fig. S1,† SDA calibration has been adapted to
a ow system, where dilution is performed automatically. In
J. Anal. At. Spectrom., 2023, 38, 1379–1386 | 1381
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this way, less solutions need to be prepared since it is not
necessary to prepare solution A and solution B as mentioned
above.21

When on-line SDA (Fig. S1†) and SA calibration are applied,
the organic sample and the aqueous calibration standards are
introduced through different channels and also with different
ow rates. It is well known that the transport efficiencies of
organic and aqueous samples are different. Therefore, a math-
ematical correction is needed for the different transport effi-
ciencies of the nebulized organic and aqueous solutions.34

Thus, if the signal in an aqueous medium is known, the rela-
tionship between the two signals (i.e., organic and aqueous) will
allow us to predict the signal in an organic medium and vice
versa. To that end, the relative transport efficiency was calcu-
lated using a standard of known concentration and aqueous
and organic matrix blanks. For more details, the mathematical
correction has already been described elsewhere.29,34

3. Results and discussion
3.1 Limits of detection (LOD) and quantication (LOQ)

Limits of detection (LOD) were calculated according to IUPAC
recommendations as 3 times the standard deviation of the
blank signal (10 measurements) divided by the slope of the
calibration curve.41 These recommendations were also followed
to calculate the limits of quantication; in this way the LOQ is
calculated as 10 times the standard deviation of the blank signal
divided by the slope of the calibration curve.41 Table 1 shows the
limits of detection and quantication for the calibration
methods used.

As can be seen, the LOD and LOQ values in the IS calibration
were slightly better than those obtained in the EC. On the other
hand, in SA calibration, a slight increase in the LOD and LOQ
values was observed for most analytes because the sample
matrix reduces the sensitivity. In the case of vanadium, the
sample matrix increased the sensitivity and therefore caused
a decrease in the LOD and LOQ. In the case of SDA calibration,
the LOD and LOQ values obtained were similar to those ob-
tained by SA calibration.

3.2 Analysis of engine lubricant oil samples

Different oil samples were chosen in order to evaluate the
matrix effects under the calibration methods evaluated. Table 2
Table 1 Instrumental limits of detection (LOD) and quantification (LOQ

Element

Calibration strategy

EC IS

LOD (mg kg−1) LOQ (mg kg−1) LOD (mg kg−1) LOQ (mg kg

V 3 9 2 6
Ni 13 43 12 39
Cu 3 9 2 6
Mn 3 11 2 7
Cr 1.3 4 0.9 3
Al 2 7 1.3 5

1382 | J. Anal. At. Spectrom., 2023, 38, 1379–1386
shows the concentration of each element found for the different
calibration methods and the amount of standard added in
spiked and non-spiked samples for used and unused lubri-
cating oil.

In unused oil, when the non-spiked sample was measured,
every element concentration was under the limit of quantica-
tion. On the other hand, except for Ni andMn, the analytes were
detected in used lubricating oil. The higher concentration
found in the used lubricating oil sample, for the majority of
analytes, conrms the change in the elemental composition of
the lubricating oil aer a certain usage.

The recovery value of each element was also calculated to
evaluate the matrix effects by adding a known amount of ana-
lytes to each sample (Table 2). To better visualize the results
obtained, Fig. S3† shows recovery values for each element and
for each calibration method. As can be seen, the results ob-
tained by using EC show that the sample matrix strongly
affected the determination of the evaluated elements. The
matrix effect produced a decrease in the signal, providing
recovery values ranging from 81 to 93% with the exception of
vanadium (i.e., 114 and 122% in unused and used lubricating
oil, respectively) and nickel in unused lubricating oil (i.e.,
106%). In those cases, there are still matrix effects causing an
increase in the signal. Evaluating the IS calibration, recovery
values ranging from 86 to 106% were obtained for all elements,
except for vanadium where a recovery of 117% was obtained in
the unused oil sample and 164% in the used one. These results
show that yttrium was not capable of correcting the matrix
effects for vanadium. Regarding the SA calibration method-
ology, recovery values between 94 and 105% were obtained,
which means that this type of calibration corrected the matrix
effects for all the analytes evaluated. It is possible to see that
there were no differences for both types of samples, providing
similar recovery values. Finally, the SDA methodology was
evaluated, and the results were similar to those obtained with
the SA calibration, obtaining recovery values in a range from 95
to 106% for all elements and without differences for both
lubricating oil samples, which means that both calibration
strategies can correct the matrix effects successfully. The
precision of each calibration methodology was evaluated
through the standard deviation of the regression equation at the
calculated concentration. The standard deviations for EC and IS
were similar, because in both calibration methodologies
) for MIP OES determinations using EC, IS, SA and SDA methodologies

SA SDA

−1) LOD (mg kg−1) LOQ (mg kg−1) LOD (mg kg−1) LOQ (mg kg−1)

1.3 4 1.8 6
20 80 20 70
5 15 4 13
5 16 4 15
1.9 6 2 7
3 10 4 13

This journal is © The Royal Society of Chemistry 2023
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Table 2 Found concentration (mg g−1) in lubricating oil samples (diluted 1 : 10 petroleum ether) usingmultinebulizer/MIPOES. Recovery is shown
in parentheses (%)

Sample
Calibration
method

Spiked
concentration
(mg g−1)

Found concentration (mg g−1) and recovery (%)

V Ni Cu Mn Cr Al

Unused
lubricating
oil sample

EC — <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ
0.97 1.12 � 0.05

(114 � 9)
0.88 � 0.04
(106 � 8)

0.85 � 0.02
(85 � 3)

0.887 � 0.007
(87.6 � 1.1)

0.89 � 0.03
(91 � 5)

0.91 � 0.03
(91 � 5)

IS — <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ
0.97 1.15 � 0.04

(117 � 6)
1.00 � 0.08
(105 � 14)

0.87 � 0.02
(86 � 3)

0.91 � 0.02
(89 � 4)

0.92 � 0.02
(93 � 3)

0.94 � 0.03
(93 � 4)

SA — <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ
0.97 1.15 � 0.13

(103 � 13)
0.97 � 0.03
(100 � 3)

0.93 � 0.06
(95 � 6)

0.98 � 0.18
(101 � 16)

0.94 � 0.03
(97 � 3)

0.97 � 0.18
(100 � 16)

SDA — <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ
0.98 0.98 � 0.09

(100 � 9)
1.02 � 0.05
(105 � 5)

1.01 � 0.05
(103 � 5)

0.92 � 0.05
(95 � 5)

0.96 � 0.06
(98 � 6)

0.93 � 0.06
(95 � 6)

Used
lubricating
oil sample

EC — 0.56 � 0.02 <LOQ 2.06 � 0.02 <LOQ 0.19 � 0.04 0.39 � 0.02
1.06 1.84 � 0.02

(122 � 2)
0.86 � 0.03
(81 � 3)

3.00 � 0.03
(88 � 3)

0.90 � 0.03
(85 � 2)

1.18 � 0.04
(93 � 3)

1.38 � 0.02
(93 � 2)

IS — 0.61 � 0.02 <LOQ 2.25 � 0.03 <LOQ 0.21 � 0.04 0.43 � 0.02
1.06 2.34 � 0.02

(164 � 2)
1.03 � 0.03
(98 � 3)

3.37 � 0.04
(106 � 4)

1.01 � 0.03
(96 � 3)

1.32 � 0.03
(105 � 3)

1.55 � 0.02
(106 � 2)

SA — 0.32 � 0.07 <LOQ 2.27 � 0.4 <LOQ 0.29 � 0.08 0.57 � 0.13
0.99 1.24 � 0.13

(94 � 10)
0.97 � 0.09
(99 � 9)

3.31 � 0.3
(105 � 11)

1.01 � 0.12
(102 � 13)

1.22 � 0.16
(95 � 13)

1.53 � 0.19
(98 � 13)

SDA — 0.310 � 0.08 <LOQ 2.19 � 0.11 <LOQ 0.29 � 0.02 0.58 � 0.02
1.01 1.38 � 0.07

(106 � 9)
1.02 � 0.09
(101 � 9)

3.18 � 0.07
(99 � 6)

0.97 � 0.02
(95 � 10)

1.36 � 0.03
(105 � 8)

1.65 � 0.06
(106 � 6)
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standard deviations associated with the interpolated concen-
tration were similar. Regarding the standard deviation in the SA
calibration, the results obtained ranged from 3 to 16% showing
a general increase, because standard deviations associated with
the extrapolated concentration are less precise than in inter-
polated methods. Finally, in SDA calibration, standard devia-
tions ranged from 5 to 10%. In this case, standard deviations
were slightly lower compared with those of SA calibration since
the high number of calibration points in the calibration curve
signicantly improved the statistical parameters.

3.3 Advantages of using a multinebulizer combined with
SDA calibration

The main strength of the multinebulizer is the simultaneous
introduction of organic and aqueous solutions into the plasma,
mixing both immiscible solutions at the tip of the nebulizer.
The introduction of water into the plasma allows the supply of
oxygen necessary to carry out the complete combustion of the
organic matrix in the plasma and reduce carbon deposits in the
concentric tubes of the torch and at the tip of the injector tube.
This is an important advantage over conventional liquid sample
introduction systems, since it does not require continuous
cleaning of the torch or the use of additional components such
as refrigerated spray chambers or an auxiliary oxygen supply.31

On the other hand, in SDA calibration, unlike EC, IS and SA
calibration, only two solutions are required. This signicantly
reduces the consumption of reagents and the time required to
perform the analysis. The time needed in each calibration
method is shown in Table S3.†
This journal is © The Royal Society of Chemistry 2023
As can be seen, the time needed to prepared standards
(sample) is lower in SDA calibration than in the rest of the
calibration methodologies. The SA methodology can also avoid
the matrix effects produced by the organic sample, but the time
required for the analysis is 2.6 times higher than that for the
SDA calibration method. Considering this, the SDA, that also
corrects the matrix effects is a perfect methodology. In addition,
the SDA method provides a higher sample throughput in
comparison with the other calibration strategies.

Taking into account all of the above mentioned and
summarizing, the most important advantages of the synergetic
combination are (i) it reduces the carbon deposits at different
places of the plasma torch (e.g., concentric tube and the tip of
the injector tube); (ii) SDA simultaneously corrects for matrix
effects (i.e., systematic errors) and for uctuations (i.e., random
errors) due to changes in instrumental parameters; (iii) it can be
adapted to many chemical elements and sample types; (iv) it
provides ease of operation because the system setup is simple,
robust and easy to handle; (v) it signicantly reduces the anal-
ysis time as less sample dilution is needed and only one stan-
dard solution is required per sample, reducing the solvent
amount and the reagents needed.
4. Conclusions

It has been demonstrated that a multinebulizer together with
SDA calibration is appropriate for the determination of metals
(i.e., Al, Cr, Cu, Mn, Ni and V) in used engine lubricating oils by
the MIP OES technique. The combination of the multinebulizer
J. Anal. At. Spectrom., 2023, 38, 1379–1386 | 1383
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with SA and SDA calibration provided accurate results. The
simultaneous introduction of organic and aqueous solutions is
an easy and fast way to carry out the elemental analysis of
lubricating oil samples using MIP OES. In fact, the same anal-
ysis was attempted by the direct introduction of the used
lubricating oil sample, and it was not possible, as the plasma
was totally unstable, and the torch deteriorated rapidly. SDA
calibration provides very satisfactory results, comparable to
those of SA calibration. However, the time required to prepare
the calibration standards is minimal, as only one standard and
the blank are required. In conclusion, taking into account all
the advantages and disadvantages provided by each calibration
method, SDA calibration together with the multinebulizer is
a reliable, simple, fast and economical approach for the analysis
of used lubricating oils using MIP OES.
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Determination of Heavy Metals in Waste Lubricating Oils by
Inductively Coupled Plasma-Optical Emission Spectrometry,
Int. J. Environ. Anal. Chem., 2001, 81, 89–100, DOI: 10.1080/
03067310108044347.

19 D. Prokic-Vidojevic, Z. Zivkovic and O. Barac, Application of
Atomic Emission Spectrometry in Aviation Piston Engine
Abnormal Wear Prevention, Sci.-Tech. Rev., 2017, 66, 23–28,
DOI: 10.5937/str1601023p.

20 R. M. Souza, C. L. P. Silveira and R. Q. Aucélio,
Determination of Refractory Elements in Used Lubricating
Oil by ICPOES Employing Emulsied Sample Introduction
and Calibration with Inorganic Standards, Anal. Sci., 2004,
20, 351–355, DOI: 10.2116/analsci.20.351.
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