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Indirect ablation laser induced breakdown spectroscopy (IA-LIBS) was applied to the analysis of the
nonmetallic constituents of engine oil and considered as a feasible technique for the evaluation of the con-
sumption and/or combustion of engine oil during routine engine operation. The evolution of CN emission
and C; emission was investigated for different driving time intervals of the motor. The exponentially decay-
ing curve showed that the intensity of CN emission and C; emission decayed at different driving time inter-
vals. The evolution of total CN emission and C; emission was analyzed, and the ratio of CN to C; was calcu-
lated, which might be taken as an indicator to evaluate the performance of the used engine oils and/or to
diagnose the conditions of the motor engine. Thus, it is shown that IA-LIBS is a potential method for analyz-
ing the metallic and nonmetallic constituents of engine oil.
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Jna ananuza HemMemaniuueckux coCmasisiowux MOMOPHO2O MACIA NPUMEHEHA A3ePHAsI CHEKMPOCKO-
nusi ¢ KOC6eHHbLIM abaayuonHbiM 8o30eticmsuem (IA-LIBS), komopas paccmampusaemcs 6 Kauecmee 603-
MOIUCHO20 MeMOoOad OYeHKU NOMpeOaeHUsL U/UTU C2OPAHUSL MOMOPHO20 MACIA 80 8peMsi pabomvl 08Ucamels.
Hccreoosana s6omoyus usnyuenus CN u Cr npu pasHom epemenu pabomsi 0gueamens. Kpusaa sxcnonen-
YUATbHO20 3amyXanus noxkasvigaem, umo unmencusHocmov uznyuenus CN u Cr ymenviiaemcs @ pasHvle uH-
mepeanvl epemenu oxcoenus. llpoananrusuposana seonoyus obweo evibpoca CN u Ci. Paccuumarno om-
Houterue 06vemog b1opocos CN k Ci, KOMOpoe MONCHO UCHOTb308AMb 8 KAYeCmee NOKA3ames Ol OYeHKU
aghpexmusHocmu npuUMeHeHUsE MOMOPHLIX MACeN U/ Unu 01 OUASHOCMUKU cocmosanus dsueamens. ITloxasa-
Ho, umo IA-LIBS — nomenyuanohvili Memoo aHaiuza Memauiludeckux U HeMemailudeckux KOMNOHEHMO8
MOMOPHO20 MACIA.

Knroueswie cnosa: cnexmpockonusi 1a3eproco npobos, MOMoOpHOe MACIO, TUHUSL UCHYCKAHUSL.
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Introduction. Lubricating oil plays an important role in the normal operation of the motor. It is com-
posed of hydrocarbons and nitrile compounds containing one or more cyano groups (-C=N). During engine
operation, wear is unavoidable because it has both physical (friction between metallic parts causing high
temperature and pressure) and chemical (corrosion) reasons. Chemical wear may produce not only metallic
particles but also soluble metallo-organic species, whereas physical wear is generated by metallic particles of
varying sizes (up to a few micrometers) [1, 2].

Some metallic elements need to be added to virgin lubricating oil to improve its capacity and achieve
antioxidative, anticorrosive, dispersing, antiwear, or other properties. Such compounds involve a large num-
ber of elements, such as Mg, Si, Ca, Zn, and Ba [3]. However, the used engine oil may contain gasoline, ad-
ditives (detergents, dispersants, oxidation inhibitors, rust inhibitors, and viscosity improvers), nitrogen and
sulfur compounds, and a broad range of aromatic and aliphatic hydrocarbons with chain lengths ranging
from C 15 to C 50, in addition to metals [4]. The used engine oil undergoes heating, friction, oxidation, and
combustion when the motor is operating, which may generate higher percentages of polycyclic aromatic hy-
drocarbons (PAHs) and additives [5, 6]. For example, hydrocarbon molecules will react to incorporate oxy-
gen atoms into their structure over time. This reaction produces acids, sludge, and varnish that foul or dam-
age metallic parts. The compositions of engine oil are always changing with the engine operating, which can
affect the performance of engine oil. Therefore, monitoring and determining the composition and concentra-
tion of elements in lubricating oils, which may come from either metallo-organic compounds or nonmetallic
constituents, would provide an efficient way to alert and diagnose any defective functioning in oil-lubricated
engines, and, if possible, before failures occur [7].

However, the complexity of the matrix, high viscosity, and high organic loads bring serious challenges
in using analytical chemistry to deal with engine oils. In general, indirect analysis procedures involving an
elaborated sample preparation are considered as established techniques for the determination of elements in
liquids. The common associated analytical techniques are atomic absorption spectrometry (AAS) [8, 9], in-
ductively coupled plasma optical emission spectrometry (ICP-OES) [10], the spectrophotometric method
[11], or mass spectrometry (ICP-MS) [12]. However, the above established indirect analytical methods ex-
hibit disadvantages not only in the highly complex and expensive equipment, but also in the required exper-
tise and long time for reliable sample preparation. They increase the cost of the analysis and prevent in situ
or online monitoring and measurement. Therefore, direct determination of elements in oils is required to sat-
isfy the need for fast analysis.

Laser induced breakdown spectroscopy (LIBS) technology, as a rapid, online, sensitive and multi-
element analysis method, has gotten more and more attention in recent decades [13, 14]. Moreover, LIBS
has been applied successfully to the detection of metals in engine oils [13—19] and the analysis of nonmetal-
lic constituents in crude [20] or engine oil [4]. In our previous work, we introduced an indirect ablation LIBS
(IA-LIBS) configuration where a thin film of oil was coated on the polished surface of a pure aluminum tar-
get. The laser pulse was focused slightly under the target surface and transmitted through the transparent thin
liquid layer, which induced a dense and hot metallic plasma. Then the hot metallic plasma ablated the thin
oil film and excited the emissions of metals in the coating oil film [21]. The quantitative analysis of trace
metal elements in engine oils was achieved by IA-LIBS [22, 23]. The matrix effect in different oils was also
studied [23, 24], and the lower LODs ranging from several ppm to hundreds of ppb were demonstrated for
various metals [22].

In this paper, an extensive investigation of indirect ablation LIBS for the analysis of nonmetallic con-
stituents in engine oils was conducted. Used engine oil samples collected from the same motor with different
driving time intervals were detected by IA-LIBS. The evolution of cyanide (CN) emission and carbon mo-
lecular (C») emission from used engine oil samples was explored. Our aim was to evaluate the performance
of used engine oils and/or to diagnose the conditions of the motor engine based on the evolution of cyanide
(CN) emission and carbon molecular (C,) emission in used engine oils.

Experiment. Experimental setup. A standard LIBS setup was used in this experiment (Fig. 1). Its de-
tailed description can be found elsewhere [21, 25]. Briefly, the fundamental output (1064 nm) of a Q-swit-
ched Nd:YAG laser operating at 5 Hz was used for ablation with a laser pulse energy of 90 mJ delivered to
the sample. The laser pulse was focused slightly on the sample surface by a lens of 50 mm focal length (L1).
The lens-to-sample distance was monitored to be constant for the translation of the target, where a system
combining a laser pointer in oblique incidence on the target surface and a monitoring camera was used.
A pair of tubes was placed above the target to bring a stream of argon gas with a fixed flow of 8 L/min,
which ensured the plasma to expand into a pure argon ambient at a 1 atm pressure (not shown in Fig. 1).
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The plasma emission was collected by a combination of two lenses L2 and L3 with a focal length of 100 mm
and 50 mm, respectively, and it was coupled to an optical fiber. The output of the fiber was connected to the
entrance of a spectrometer (Andor, Mechelle 5000), which was in turn coupled to an intensified charge-
coupled device camera (ICCD, iStar, Andor Technology). The detection system offered a spectral range
220-850 nm with a resolution of A/AA = 5000. Each spectrum was recorded by the accumulation of over 200
single-shot ablations at 200 different craters. A photodiode was used to detect the part of the laser pulse that
provided the trigger signal for the ICCD camera. The detection window was set from 1.0 to 3.0 us after the
impact of the laser pulse on the target. The experimental condition, including the laser parameters and detec-
tion parameters such as the detection gate and the gain applied to the ICCD, were kept similar for all the

samples.
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Fig. 1. Schematic diagram of the LIBS experimental setup.

Sampling. In our experiment, one virgin lubricating oil sample (pure synthetic engine oil) and seven
used lubricating oil samples were obtained from an authorized car service station. Used lubricating oil sam-
ples were collected from the same car which had been steered in different time intervals. We remark that one
usually changes lubricating oil after 5000 km of mileage or six months of driving time. However, car driving
mileage is usually less than 5000 km, whereas the driving time is more than six months. In order to deter-
mine the performance of engine oil in different driving time intervals, the seven used engine oil samples
were collected when the same car’s driving time was zero, three, six, seven, eight, nine, ten, and twelve
months, respectively. About 10 ml of each oil sample was collected in a dark glass bottle.

About 2 ml of the prepared sample was smeared with the help of a glass slide as uniformly as possible
on the polished surface of a pure aluminum (Al 99.99%) target to form a uniform thin layer. The prepared
film was left for 10 min to get a more uniform and stable distribution of the oil on the target surface before
laser ablation. The thickness of the oil layer was estimated to be 15 + 5 pm as reported in our previous works
[21-24]. The detailed sampling procedure can be found elsewhere [22, 23].

Results and discussion. /A-LIBS raw spectroscopy and representative lines. In order to obtain high
analysis performance, the selection of a sensitive and suitable spectral line for each emission to be detected
is very important. In this work, the echelle spectrometer was used to record the emission spectrum from the
virgin lubricating oil sample over a wide spectral range 220-850 nm. Figure 2 shows the IA-LIBS spectra of
the virgin lubricating oil sample for nonmetallic constituents with different spectral emission regions includ-
ing the CN molecular band, the C; molecular band, and the N atomic emission. In Fig. 2, two CN molecular
band emissions can be observed near 388 and 421 nm, three C; molecular band emissions can be observed
near 473, 516, and 563 nm, and three nitrogen atomic emissions could be observed at 742.36, 744.23, and
746.83 nm. The selected lines were relatively intense for the corresponding element under the given condi-
tions of ablation and detection. They were chosen to be as free as possible from any interference from other
spectral features. Another important criterion is that the line should not be affected by self-absorption. In this
work, according to the criteria above, the strongest spectral lines of each emission in each spectral region
were selected. The CN lines were selected finally as 388.31 and 421.58 nm, C; lines were selected as 473.67,
516.48, and 563.47 nm, and the N atomic line was selected as 746.83 nm.
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Fig. 2. IA-LIBS spectra of the virgin lubricating oil sample for nonmetallic constituents
with different spectral emission regions including that of the CN molecular band (a, b);
the C, molecular band (¢, d, ¢), and the N atomic emission (f).

In order to average the shot-to-shot fluctuation of the laser energy and avoid any unwanted experi-
mental fluctuation, we used the C I 247.86 nm line as an internal reference to normalize the emission intensi-
ty of each analyte. The C I 247.86 nm line as an internal reference was available to IA-LIBS for different
types of oils [22-24]. In our work, all emission intensities were normalized against the intensity of the
C 1247.86 nm spectral line.

Emission evolution of nonmetallic constituents in used lubricating oils. The composition of engine oils
including trace metallic elements and nonmetallic constituents is always changing during the normal opera-
tion of the engine. Nonmetallic constituents such as hydrocarbons and cyano groups are subject to chemical
deterioration under normal operating conditions of the engine. However, a wide variety of byproducts such
as ketones, esters, aldehydes, carbonates, and carboxylic acids might be produced during the degradation and
combustion process of engine oil. The exact distribution and composition of these byproducts are complex,
and they contributed effectively to the depletion of basic lubricating properties of the oil [26]. In order
to determine the performance of engine oil under normal operation of the engine at an early stage, eight en-
gine oil samples were detected from the same engine with different driving time intervals of zero, three, six,
seven, eight, nine, ten, and twelve months. Figures 3 and 4 show the lines representing the evolution of CN
and C, emissions (not N element emission) in engine oil samples at different driving time intervals. We re-
marked that the emission intensity evolution of the N element was not fitted to certain function, and it may
change irregularly due to complicated chemical decomposition in engine oil during the normal operation
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of the engine. As shown in the figures, the spectral intensity was normalized with the reference line intensity
of the C 1 247.86 nm. The error bars represent the associated standard deviations of the experimental data.
The curves of the experimental points in Figs. 3 and 4 can be fitted to a nonlinear function:

y=yotde™, M

where x represents the driving time intervals, and y is the relative intensity of the emission line. The nonline-
ar parameters of the fitting curves are provided in Table 1.
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Fig. 3. The evolution of the normalized intensi- Fig. 4. The evolution of the normalized intensi-
ties for CN emission at representative lines of ties for C, emission at representative lines of
388.31 (1) and 421.58 nm (2) under different 473.67 (1), 516.48 (2), and 563.47 nm (3) under
driving time intervals. different driving time intervals.

TABLE 1. Fitting Parameters of the Experimental Data Corresponding to the Fitting Curves

Emission lines, nm 30 A B R?
CN 388.31 0.3391 0.4836 -0.3329 0.998
CN 421.58 0.0074 0.0236 -0.4726 0.998
C, 473.67 0.0396 0.0455 -0.3597 0.997
C2516.48 0.0305 0.0305 —0.4228 0.997
C> 563.47 0.0052 0.0145 —0.4991 0.998

N o t e. The parameters are defined according to Eq. (1).

In Fig. 3, we can see that the intensity of the CN emission decayed at different driving time intervals
following the exponentially decaying curve equation shown above. The fitting coefficients are all superior to
0.99, as listed in Table 1. It indicated that the chemical bonds of the hydrocarbons and cyanide groups in
engine oil were dissociated under friction and high temperature during the normal operation of the engine.
A similar evolution of the C, emission can be observed in Fig. 4, showing that molecular carbon was disso-
ciated because of heating, contamination, and oxidation of engine oil under engine operation.

The evaluation of lubricating oil performance. As shown in Figs. 3 and 4, the CN and C; emissions of
the representative spectral lines display a similar evolution behavior. We plotted the evolution of the normal-
ized intensities of all CN and C, emissions in the spectral emission of oil samples at different driving time
intervals, as shown in Fig. 5. The fitting parameters of the curves are listed in Table 2. As shown in Fig. 5,
the number of CN and C, molecules decayed gradually after certain driving time intervals. When the driving
time interval was three months, the number of CN and C, molecules decayed to 39.3 and 41.2%, respective-
ly, of the largest value from the virgin oil at month zero. When the time interval was six months, the decay
was about 50%, and it was variable more or less when the driving time intervals were more than six months.
This shows that the chemical bonds of the hydrocarbons and cyanide groups in engine oils decreased sharply
when the driving time intervals were before six months (half a year), and decreased less with the increasing
time intervals. The obtained results indicated that during normal degradation or consumption of engine oil
(oxidization, heating, chemical breakdown, and contamination), the performance of the engine oils was de-
graded and deteriorated as the driving time intervals increased.
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TABLE 2. Fitting Parameters of the Experimental Data Corresponding

to the Fitting Curves Shown in Figs. 5 and 6

Emissions Yo A B R?
CN 0.7749 1.3034 -0.3533 0.995
C 0.0843 0.1615 -0.3610 0.995
CN/C, 9.3358 —-0.8931 —0.1286 0.985
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Fig. 5. The evolution of the normalized intensi-
ties of all CN (m) and C; (o) emissions of oils
samples at different driving time intervals.

Fig. 6. The trends of the intensity ratio of CN and
C; emissions at different driving time intervals.

The results above showed that both CN and C, emissions decayed gradually after certain driving time
intervals during engine operation, with obvious differences in the rationed intensities. CN molecules in ni-
trile compounds displayed high dissociation sensitivity under extreme conditions during the degradation and
combustion process of engine oil, and C, molecules mainly from the aromatic were dissociated because of
heating and oxidation of lubricating oil during engine operation [4, 20]. The heating, oxidation, and aging of
oil could cause a different distribution in the content of aliphatic and aromatic hydrocarbon, as well as the
changes in the organic fraction (CN and C,) [20]. The changing process of the oil statues could be explained
by the variations of the ratio of CN/C; [20]. In this work, we calculated the ratio of total CN emissions to C
emissions in order to offer additional information on the engine oil performance of the used engine oils. Fi-
gure 6 shows the trends of the intensity ratio of CN emission to C, emission at different driving time inter-
vals. The fitting parameters of the curves are listed in Table 2. The changes in used engine oils could be ex-
plained by the variations observed in the ratio of CN/C,. In Fig. 6, the lower CN/C; intensity ratio indicated
a higher performance of engine oil. The comparison of the ratio of CN/C; detected in an oil sample with that
of the unused oil could be an indicator of the performance of the engine oil.

All results show that CN and C, emissions displayed a unique behavioral variation with increasing
driving time intervals. Thus, the evolution of CN and C, emissions can be used to evaluate the performance
of used engine oils or to diagnose the condition of the motor engine. We suggest to change engine oils when
a car’s driving time is more than half a year in order to optimize and protect the motor engine.

Conclusions. IA-LIBS was successfully applied to the analysis of the nonmetallic constituents of en-
gine oil. This method was considered as a feasible technique for the evaluation of the consumption and/or
combustion of engine oil during routine engine operation. The evolution of CN and C, emissions was ob-
tained with different driving time intervals of the motor. It was found that the intensity of CN and C, emis-
sions decayed at different driving time intervals. The evolution of total CN and C, emissions was plotted,
and the CN to C; ratio was calculated, which might be taken as an indicator to evaluate the performance of
used engine oils and/or to diagnose the condition of the motor engine. All results show that IA-LIBS is a
potential technique for determining metallic and nonmetallic constituents of engine oil.
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