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In engine oil, the element composition and concentration changes as the engine operates. A rapid and
effective detection of these changes, therefore, is needed to prevent accidents. Indirect ablation laser-
induced breakdown spectroscopy (IA-LIBS) is a new technology introduced specially for oil samples. In this
paper, 5 different oils are used for the analysis. The matrix effect on the calibration curves of analytical ele-
ments (Cu, Ti, Fe, and Ni) in these oils is investigated. The results show that the matrix effect is reasonably
negligible under the conditions of our experiment. A generalized calibration curve can be established for
analytical metals in different types of oils. We use the generalized calibration curves established to deter-
mine the concentrations of Cu, Ti, Fe, and Ni in mixed oils. The IA-LIBS results show that good agreement is
obtained between the measured and known values.
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Hccnedosano enusinue mampuyvl Ha Kaaubpogounvie Kpusvle anarumuyeckux snemenmos Cu, Ti, Fe u
Ni 6 namu paznuunvix macaax. Ioxkasano, umo smo enusinue npenedpedicumo mano. Illosmomy ons memannos
6 PA3IUMHBIX MUNAX Macell Modcem Obimb Noayuena obodujennas kambposounas kpueas. Ilpedcmasnenvl
maxkue 0bobujenHvle KaIubpogounsle Kpugvle 015 onpeoenenus konyenmpayuti Cu, Ti, Fe u Ni. Pesyrbma-
Mmbl CHeKMPOCKONUU TA3EPHO-UHOYYUPOBAHHOU NIA3MbL NOKA3LIEAIOM XOpOUiee COOMEEMCmaUue Mexcoy u3-
MEPEHHBIMU U U38ECIHBIMU KOHYESHMPAYUSMU MEMALI08 8 00pa3yax.

Knrwouessle cnosa: cnekmpockonust 1a3epHO-UHOYYUPOBAHHOU NAA3MbL, MEMALIbL 8 MOMOPHbIX MACAX,
GNUSIHIE MAMPUYbLL, KATUOPOBOUHbBIE KPUBbLE.

Introduction. Quantitative analysis of traces of metals in viscous liquids has a number of applications,
for example, in detecting heavy metal pollution due to petroleum spills [1, 2], monitoring lubricating oil in
engines [3], or screening cooking oils for the presence of hogwash oils [4]. Such metals as Fe, Cu, Ni, Ti, Cr,
and Al can be added into engine oil by contamination or by wear in an engine during its operation. There-
fore, the monitoring and determination of the metal content in engine oils is essential to identify the adverse
consequences of contamination in engines and avoid losses [5]. However, the complexity of the matrix as
well as high viscosity and high organic loads represent serious challenges for analytical chemistry to deal
with engine oils.
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In general, indirect analytical procedures involving elaborate sample preparation are regarded as estab-
lished techniques for the determination of metals in liquids. The associated analytical techniques are atomic
absorption spectrometry (AAS) [6, 7], inductively coupled plasma optical emission spectrometry (ICP-OES)
[8], the spectrophotometric method [9], and mass spectrometry (ICP-MS) [10]. Good analytical performance
can be obtained with a limit of detection (LOD) in the range from 10 to 100 ng/g (ppb in weight) for the
dilution factor of the initial oil [11]. However, the above-mentioned indirect analytical methods exhibit
disadvantages not only because of the highly complex and expensive equipment but also because of the
required expertise and the time-consuming preparation of the sample. This increases the cost of the analysis
and prevents in situ or online monitoring and measurement. Therefore, direct determination of metals in
liquids is required.

Laser-induced breakdown spectroscopy (LIBS), as a rapid, sensitive, and multi-element analysis
method, has attracted more and more attention in recent decades [12, 13]. Moreover, LIBS has been applied
successfully to detect metals in engine oils [12—17]. Due to the complex process of ablation for liquids, a
lower detection sensitivity is produced in this case as compared with the solid sample [13, 18]. In our previ-
ous work, we introduced an indirect ablation LIBS method for which a thin film of oil was coated on the
polished surface of a pure aluminum target. The laser pulse was focused slightly under the target surface. It
transmitted through the transparent thin liquid layer and induced hot metallic plasma, which, in turn, ablated
the thin oil film and excited the emissions of metals in the coating oil film [19]. Indirect ablation LIBS for
the detection of metals in engine oils is investigated, and lower LODs, ranging from several ppm to several
hundred ppb, level are demonstrated for various metals [20].

In this paper, we use indirect ablation LIBS for quantitative analysis of metals in engine oils. During the
engine operation, the composition of the engine oil changes. This results in the changing matrix of the en-
gine oil. Also, the matrix of oils in different engines, such as cars, ships, and aircraft, is different. The aim of
this paper is to investigate the matrix impact on the results of measurements and to establish a generalized
calibration curve for several metals in different oils. This paper represents the approach to the quantitative
analysis of typical metallic elements, such as Cu, Ti, Fe, and Ni, in base oil and used engine oils.

Experimental. A standard LIBS setup is presented in Fig. 1. Its description can be found in [20].
Briefly, the fundamental output (1064 nm) of a Q-switched 10 Hz Nd:YAG laser is used for the ablation, the
laser pulse energy being 90 mJ. The laser pulse is focused under the surface of the target with a shift of
1.5 mm by a lens of 50 mm focal length (L1). The target is mounted on motorized micrometric displacement
stages with 3D displacement ability in order to provide a fresh oil layer for each laser pulse during the meas-
urements. The distance between the focusing lens (L1) and the target surface is maintained constant during
the measurement with a monitoring system consisting of a laser beam pointer and a monitoring CCD camera
installed above the mirror M2. The small change of the height of the sample surface due to the presence of
the oil layer on the target surface can be detected with the sample surface monitoring system. The thickness
of the oil layers is estimated to be 15+5 um. The plasma emission is collected by two lenses L2 and L3 with
focal lengths 75 and 50 mm, respectively, and it is coupled into an optical fiber. The output of the fiber is
connected with the entrance of a spectrometer, which is coupled with an intensified charge-coupled device
camera (ICCD, iStar, Andor Technology). In our experiment, each spectrum is accumulated over 200 single
laser shots realized in a matrix of 20x10 with the visible matrix of ablation craters (Fig. 1). The detection
window is from 1.0 to 3.0 us after the impact of the laser pulse on the target.
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Fig. 1. Indirect ablation LIBS experimental set-up.
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The two lubricating oils used in our work are collected from different ship engines, and the matrix com-
positions in them are different. We refer to the two oil samples as Ol and O2. Certified oil containing
12 metals (Ag, Al, Cr, Cu, Fe, Mg, Na, Ni, Pb, Si, Sn, and Ti) of 500 pg/g concentration in 75 ¢St hydrocar-
bon base oil (Techlab, France) is used as the standard oil sample, named O3. Notice that we do not observe
the spectral lines of Ag, Cr, Cu, Ni, Pb, Si, Sn, Fe, and Ti in both the O1 and O2 samples. In our work, we
select Cu, Ti, Fe, and Ni as analytical elements. A set of reference samples is obtained by adding O3 into O1
and O2 with the metal concentration between 500 and 10 pg/g. The second set of oil samples labeled O4 and
05 is obtained by mixing O1 with O2 in varying proportions. For O4, the concentration ratio of O1 and O2
is 1:2. For OS5, the ratio is 2:1. The matrix compositions in five oil samples are different. Two concentrations
of Cu, Ti, Fe, and Ni are chosen as small and high values by adding O3 into O4 and OS5 within the range
of the calibration concentrations.

About 2 mL of the prepared sample is smeared with the help of a glass slide as uniformly as possible on
the polished surface of a pure aluminum (Al 99.99%, Techlab, France) target to form a uniform thin layer.
The thickness of the layer is 15+5 pm. The prepared sample is left for 3 min prior to the laser ablation for the
oil layer to be stabilized on the target surface. After the analysis, the target surface can be cleaned and re-
polished for use a new liquid sample. We can thus see that the entire sample preparation needs a very small
quantity of liquid to be analyzed, a recyclable pure metallic substrate, the same basic laboratory tools, and
less than 10 min of work. Such a procedure is very suitable for routine laboratory as well as field analysis.

Indirect ablation LIBS consists of an indirect breakdown of a thin layer of a viscous liquid on an alumi-
num target [19]. In this approach, the coating of the viscous liquid layer is prepared on the surface of the
aluminum target. A laser pulse is focused slightly under the surface of the target, which induces hot alumi-
num plasma (Fig. 2a). The interaction between the aluminum plasma and the layer leads to an indirect
breakdown of the layer (Fig. 2b). After the evolution of the plasma, one gets a mixture of the aluminum
plasma and the layer plasma at a very high temperature for the sensitive detection of elements contained in
the layer (Fig. 2¢). The characteristics of indirect ablation plasma are described in detail in [19].
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Fig. 2. The evolution of the plasma induced by indirect ablation LIBS.

TABLE 1. Limits of Detection of Metals in Engine Oils with This Approach and Other Approaches

Element | LOP (ne/8) LOD (ng/g) LOD (ug/g)
Al substrate | FP, single* [21] | FP, double** [21]

Cu 2.87 4.00 1.00
Ag 1.50 2.00 1.00
Ti 3.20 5.00 2.00
Si 9.71 19.00 11.00
Cr 10.59 29.00 12.00
Ni 10.73 20.00 7.00
Fe 3.73 4.00 3.00
Mg 0.29

Sn 11.59

* Filter paper substrate with single pulse LIBS.
** Filter paper substrate with double pulse LIBS.

When the laser pulse is focused slightly under the target surface, it transmits through the transparent
thin liquid layer and induces hot metallic plasma. The last one is confined by the liquid layer in its early
stage of propagation. The interaction between the metallic vapor and the liquid layer leads to the vaporiza-
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tion and ionization of the layer. At a delay of about 1 ps after the laser pulse impact, plasma is observed with
a mixture of species from the metallic target as well as the liquid layer. A temperature as high as 15000 K is
observed for the mixture plasma. It allows a high excitation energy emission from the elements. The emis-
sion from the elements evaporating from the oil layer is maximal at a height of 2.0 mm with respect to the
sample surface. This is why a fiber is put inside the plasma. Limits of detection from several ppm to hun-
dreds ppb are demonstrated for various metals (Table 1 [21]).

Results and discussion. Single calibration curves of metals in different oils. Emission spectra are re-
corded for 3 sets of laboratory-prepared oil samples (O1, O2, and O3) with the setup and protocol described
above. The representative lines for the quantitative analysis of the four elements are selected as Cu I
324.7 nm, Ti II 334.9 nm, Fe 11 259.9 nm, and Ni I 352.45 nm, according to the criterion shown in [21]. The
emission intensities of the 4 representative lines of the 4 elements are then extracted from the spectra by fit-
ting the line profiles with a polynomial function. In order to average the shot-to-shot fluctuation of the laser
energy, we use the C I 247.9 nm line as an internal reference to normalize the emission intensities of the ana-
lyzed elements. Such a choice is reasonable for an organic matrix, such as oil. The concentrations of Cu and
Ti in the oils samples are selected in the lower level (<100 ppm) due to a higher detection sensitivity than the
other two elements Fe and Ni. The obtained calibration curves are shown in Fig. 3. In this figure, the data
points represent the mean values of the line intensities resulting from the 8 replicate measurements. The error
bars represent the associated standard deviations (o).
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Fig. 3. Calibration curves of Cu, Ti, Fe, and Ni for the three oil samples O1 (a), O2 (b), and O3 (c).

The fitting parameters for the 4 elements (Cu, Ti, Fe, and Ni) detected in the 3 oil samples are provided
in Table 2. From the data shown in Table 2, we can see that the calibration curves established for the 3 sets of
oil samples present similar slopes for the 4 analyzed elements. This means that the matrix effect between the
different oils is small and reasonably negligible under the conditions of our experiment. Such remarkable
behavior is believed to be due to the fact that the characteristics of the plasma are mainly determined by the
aluminum plasma directly induced by the laser pulse on the oil film coated on the target surface. Such per-
formance demonstrates clearly the reliability and stability of the LIBS measurements with the developed
experimental setup and protocol. We remark finally that the correlation of the experimental data with linear
regressions is always very good and the linear fitting coefficients are all superior to 0.99. The similitude be-



QUANTITATIVE ANALYSIS OF TRACE METALS 55

tween the calibration curves established with the three oils samples suggests that a universal calibration
curve can be built for each analyzed element. Such a calibration curve can take into account the matrix of an
ensemble of different types of oil and be used for the element determination in these samples.

TABLE 2. Fitting Parameters Extracted with Linear Regression of The Individual Data Measured

with the Three Oils for Cu, Ti, Fe, and Ni

Element |Parameter | Sample O1 | Sample O2 | Sample O3 | Relative deviation, %

a 1.06x10° | 1.19x107° | 1.17x10° 6.98

Cu s 1.25x10* | 1.19x10* | 1.21x107" 2.30
R’ 0.998 0.994 0.993 -
a 747107 | 4.82x107 | 5.63x107" 28.5

Ti s 8.89x107° | 9.52x10° | 9.10x107 1.65
R’ 0.995 0.996 0.995 -
a 1.04x10° | 7.01x10°° 1.75x10°° 46.0

Fe s 529x10° | 5.71x10° | 5.12x10°° 5.65
R’ 0.994 0.993 0.994 -
a 1.71x10* | 1.73x10* | 1.89x107* 5.55

Ni s 2.53x10° | 2.64x10° | 2.36x10° 5.62
R’ 0.996 0.995 0.993

Generalized calibration curves established for each element. In order to check how close are the cali-
bration curves built with 3 sets of laboratory-prepared oils, we merge the ensemble of the line intensities
measured for the 3 sets of oils in order to build generalized calibration curves for the 4 elements (Cu, Ti, Fe,
and Ni). More precisely, in such a procedure, 4 calibration curves are plotted respectively for the 4 elements,
as shown in Fig. 4. The fitting parameters extracted with linear regression of the data are provided in Table 3.
We can see in Fig. 4 that the merged data show a high linear correlation. The linear fitting coefficients for the
4 elements are all larger than 0.99. This demonstrates the negligible matrix effect between the different oils,
as we already mentioned above. The fitting parameters presented in Table 3 and Table 2 show little differ-
ence in the slopes between the calibration curves established with the merged data and each value of the
slopes calculated from the individual oil data. The difference of the intercept is also much reduced, as com-
pared with the case of the data for individual oils.

TABLE 3. Fitting Parameters Extracted with Linear Regression of the Merged Data Measured
with Three Oils for Cu, Ti, Fe, and Ni

Parameter Cu Ti Fe Ni
a 1.19x10°° 5.75x10° | 7.00x10° | 1.79x10°"
s 1.23x10°* | 9.26x107° | 5.37x10° | 2.50x10°°
R 0.994 0.996 0.991 0.993

Accuracy of the concentration determination in the prepared samples. We use the established general-
ized calibration curves to determine the concentrations of Cu, Ti, Fe, and Ni in mixed oils O4 and O5. The
nominal concentrations used for the preparation of the samples are considered as the reference concentra-
tions in our experiment to evaluate the accuracy and precision of the concentration determination using the
setup and protocol described above. The obtained results are presented in Fig. 5. We can see in Fig. 5 that
the concentrations for the oil samples are determined with the calibration curves established with the merged
data of 2 sets of the laboratory reference samples (merged), as well as with the calibration curves established
with the 75¢St base oil (base oil), for comparison. The determined concentrations together with their uncer-
tainty (standard deviation) are represented in Fig. 5. Good agreement is obtained between the calculated
from the generalized calibration curves and the reference values. It indicates that our method is suitable for
quantitative analysis of trace metals elements in engine oils samples of different types. Also it is possible to
extend the validity of the generalized calibration curves established with engine oils to other kinds of oils.
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Fig. 4. Generalized calibration curves with the merged data obtained from three oils
(01, 02, and O3) for Cu (a), Ti (b), Fe (c), and Ni (d).
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Fig. 5. Determination of the concentrations of Cu (a), Ti (b), Fe (c), and Ni (d) in oils O4 and O5 with

the use of two sets of calibration curves. The first one is established with the merged data (generalized),

and the second one is obtained with the data from the 75¢St oil (single). The nominal values
of the concentrations (Nominal) are also presented as references.
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Conclusion. A specific configuration of indirect ablation LIBS for trace metals in engine oils is herein
investigated. The main objective of this work is to address the quantitative analysis of trace metals in differ-
ent types of engine oils. Our results show that the calibration curves established with different types of oils
exhibit a similar behavior. This means that the matrix effect between the different oils is quite small and rea-
sonably negligible under the conditions of our experiment. Generalized calibration curves can be established
for trace metals in different types of oils. We have evaluated the accuracy of our measurements, and good
agreement has been obtained between the calculated from the generalized calibration curves and the refer-
ence values. For indirect ablation LIBS, the oils are smeared as uniformly as possible on the polished surface
of a pure metallic substrate to form a uniform thin layer. We believe that such a negligible matrix effect ob-
served in our experiment is due to the fact that the properties of the plasma are mainly determined by the
metallic plasma directly induced by the plasma pulse. This indicates that our method is suitable for quantita-
tive analysis of trace metals elements in oils samples of different types with accurate results. Indirect abla-
tion LIBS provides a feasible and sensitive method for rapid detection of trace metals in viscous liquids.
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