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Abstract: The chemical properties of engine oil are part of the main parameters to evaluate its
condition since oxidation starts chemical reactions that alter its operating conditions. In this work,
the chemical properties of engine oil were analyzed based on the standard ASTM E2412 by FT-IR
spectroscopy to evaluate the lubricating oil condition. Furthermore, a sensor based on the position of
the localized surface plasmon resonance (LSPR) band of silver nanoparticles (AgNP), synthesized
by the laser-assisted photoreduction method, was developed. This plasmonic sensor can detect
changes in the permittivity of the oil, caused by the modification of the chemical properties of the
lubricant. The response of the sensor during the study of degraded oil resulted in a notorious
displacement to higher wavelengths of the LSPR band as mileage increases. The results of FI-IR
analysis were correlated with the measurements of the proposed sensor presenting linear trends with
good correlation (R? > 0.9491).
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1. Introduction

Lubricating oil is essential in the automotive industry and it is one of the more
important liquids that requires monitoring to guarantee the correct operation of the engine,
in order to avoid improper friction between moving surfaces of the different mechanical
parts [1]. Automotive manufacturers make conservative time or mileage suggestions to
replace it, without knowing the real condition of the lubricant and ignoring the operating
conditions of the vehicle, causing an early disposal and an environmental problem [2].

Among the different mechanisms of oil degradation, oxidation is the main reaction
to cause the loss of properties of the lubricant, given that its base is composed of long
hydrocarbon chains that are susceptible to oxidation when exposed to high temperatures [3].
During this process, free radicals are generated, which are undesirable because they damage
the chemical structure of the lubricant [4]. These reactive chemical species trigger a series
of complex chemical reactions on the oil base. To avoid early degradation or a delay in this
process, some additives, like antioxidants, are added into the composition. However, the
oxidation products along with the high temperatures of the medium can react with the
sulfur containing species that are present in the lubricant composition, producing sulfated
byproducts (SOx), a process known as sulfation [5]. In the same way, the gases produced
during the combustion process, filtered through the walls of the cylinders, can react with
the oil base producing nitrogenated compounds. Both nitration and sulfation products
reduce the effectivity of the different additives and, in the presence of water, they acidify
the environment, reducing the lubricant properties of oil, which can produce corrosion
or another damage to the engine [6]. Additionally, the oxidation reaction also generates
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molecules with increased polarity with respect the original ones, which in turn change the
polarization of the lubricant causing an increase of the permittivity of the medium, as the
lubricant oxidates [7,8].

The chemical properties of the lubricants were widely studied, with Fourier-transform
infrared spectroscopy (FI-IR) the main used technique. The American Society for Testing
and Materials (ASTM) established a standard practice to monitor oil condition through this
technique (ASTM E2412) [9]. However, many investigations have opted to develop sensors
to monitor the condition of the engine oil by studying its physical and chemical properties,
such as viscosity, refractive index, permittivity, oxidation, sulfation, nitration, wear, water
content, insoluble particles, etc. [3,10,11]. However, the development of sensors based
on the properties of nanoparticles was on the rise over the last decades, generating great
advances in many areas of science. In particular, advances were made in the detection
of the interaction between molecules close to the surface of the nanoparticles through
changes in the surface plasmon resonance (SPR) or LSPR, due to the high sensitivity to
the refractive index of the medium surrounding the nanoparticle [12,13]. These types of
sensors have several advantages since they could be used for real-time sensing and the
wavelength of the SPR or LSPR can be tuned for different applications, such as detectors
for drugs, biomolecular interactions, gases, pH, among others [14-21]. Therefore, they are
good candidates to monitor the condition of the lubricant, since its degradation modifies
the physicochemical properties, which can be detected by changes in the SPR or LSPR
bands. Milanese et al. [22] reported a sensor based on the SPR of different nanoparticles
(Ag, Au and Ti), analyzing only two lubricant samples, which corresponded to a new
lubricant and another lubricant used during a certain mileage, and the sensor response was
a variation of the SPR angle with the used lubricant. Similarly, Aghayan et al. [23] analyzed
the evolution of the SPR of artificially contaminated lubricant samples, who observed a
tendency for the SPR to shift toward higher angles as the percentage of contamination in
the lubricant increases.

The plasmonic sensor developed in this research consists of AgNP deposited on the
surface of the inner face of a polystyrene cuvette to measure the change in the LSPR signal
position when interacting with engine oil, at different degradation levels. The deposited
AgNP were synthesized by a photochemical method using a laser beam to carry out the
reaction. This is a versatile approach that involves the direct photoreduction of metal salts
in solution and its reaction mechanism was reported previously for our research group [24].
The characteristics of this method allow stopping the reaction at any time, thus controlling
the growth of the AgNP and, consequently, the opacity or transparency of the deposited
film. Finally, the sensor based on the LSPR of AgNP was used to detect changes in the
engine oil condition, and the response of the sensor was correlated with the chemical
properties obtained by FI-IR analysis based on the standard practice ASTM E-2412 in order
to compare its effectiveness.

2. Materials and Methods
2.1. Oil Samples

The samples used in this study were SAE 15W-40 mineral oil, manufactured by Exxon
Mobil Corporation, with a maximum service life of 7500 km or up to 6 months of use
according to the manufacturer, from a 1.6 L inline-four engine of a passenger car. This
vehicle was selected to degrade the oil under real driving conditions: trips longer than
10 km, hot and dry climate, and maintaining the same engine performance. The volume
of the oil samples was 10 mL and the oil was extracted from the crankcase at different
driving distances, assuring different degradation levels. Table 1 shows the relationship of
the lubricant samples with their respective driving distance.
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Table 1. Oil samples with their respective driving distance.

Mineral Oil 15W-40

Sample Driving Distance (km)

1 0

1500
3000
4300
6366
7000

QN Ul = W N

2.2. Prototype Design
2.2.1. Deposition of AgNP in Polystyrene Cells

The deposition of the silver nanoparticles was carried out on the walls of 3 mL
disposable polystyrene cuvettes (Brand GmbH, Wertheim, Germany). First, silver nitrate
(Sigma-Aldrich, >99%) and sodium citrate dihydrate (Sigma-Aldrich, >99%) aqueous
solutions were prepared at 15 mM and 9 mM, respectively. Next, 990 pL of sodium citrate
and 10 pL of silver nitrate solutions were poured into the cuvette, followed by the addition
of 500 uL of ultrapure water with a resistivity of 18.2 M()-cm. Once the reaction mixture
was prepared, the cuvette was irradiated with a Melles Griot Ar ion laser (A = 488 nm,
100 mW) for 30 min, resulting in the deposition of AgNP on both surfaces of the polystyrene
cuvette where the laser incised. After the deposition procedure, a semi-translucent zone
was easily observed with the naked eye on both walls of the cuvette (Figure 1). To carry
out the absorbance measurements, just one covered area was selected to analyze the LSPR
band of the AgNP (Figure 1b). Although the deposition of AgNP on polystyrene cells
influences LSPR band, it is not the subject of study in this work.

.....

Figure 1. (a) Schematic representation of the covered areas on polystyrene cuvette, (b) photograph of
the cuvette after the deposition process, used for the experimental tests.

2.2.2. Prototype Operation

The rationale for using LSPR to detect changes in lubricant chemical properties is
based on the fact that, according to Jesen et al. [25], the wavelength of the LSPR band
depends on the permittivity of the medium (lubricant) that surrounds the nanoparticle

(Equation (1)).
Amax = Ap/2&m + 1 1)

where A4y is the wavelength of the LSPR peak, ?\p is the wavelength corresponding to the
plasma frequency of the bulk metal and ¢, is the permittivity of the medium.

Therefore, the LSPR could detect when the lubricant starts to degrade, given that as the
oxidation increases the permittivity of the lubricant modifies [7,8]. For the operation of the
prototype, it was necessary to cut the front face of the cuvette to assure just the interaction
of the incident light with the lubricant and only a layer of AgNP. A UV-Vis spectrometer
was used to measure the absorption spectrum to obtain the LSPR response of the deposited
AgNP when interacting with the degraded lubricant samples. The displacement of the
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LSPR band was then compared and quantified for the different lubricant samples. Figure 2
shows the experimental setup to operate the sensor and a schematic representation of the
expected response.

Ocean
@. Optics
USB2000+

New oil  Degraded oil

Engine oil

Hole

Detector
T AgNP

Samble

Figure 2. Experimental setup of the LSPR sensing technique.

2.3. Measurement Equipment
2.3.1. FT-IR Analysis

The evaluation of the chemical properties of the engine oil was conducted by means
of FT-IR spectroscopy based on ASTM E2412 [9]. A Perkin Elmer Spectrum Two FT-IR
spectrometer with specific accessories for this end was used (a liquid flow cell with zinc
selenide windows and an optical path of 0.1 mm). The three parameters of oil degradation
of this study were oxidation, nitration, and sulfation; where analyzed by monitoring the
changes in the absorption bands corresponding to carbonyl group (C = O) stretching
vibration, as well as the NOjy stretching mode and SOy bending, centered at 1718 cm L
1600 cm~!, and 1158 cm ™!, respectively. Quantitative analysis of the obtained spectra
was performed using In-Service Lubricant FT-IR Touch Apps software from Perkin Elmer.
Briefly, the software quantifies the changes in the area under specific absorbance bands
related to the three parameters under study (Figure 3) and presents a report for every
sample according to standard practice ASTM E2412.
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Figure 3. FI-IR spectra of all samples and identification of the vibrational bands used for the
determination of oxidation, nitration, and sulfation levels.
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2.3.2. Scanning Electron Microscopy and X-ray Energy Dispersive Spectroscopy

The morphology and composition of the AgNP deposited on the surface of the cu-
vette were analyzed by scanning electron microscopy (SEM) and X-ray energy dispersive
spectroscopy (EDS), using a field-emission scanning electron microscope JEOL JSM-7800F
equipped with a Bruker XFlash 61 60 EDS spectrometer.

2.3.3. UV-Vis Absorption Spectroscopy

Once the presence of AgNP in the polystyrene cell was confirmed, an Ocean Optics
USB 2000+ UV-Vis spectrometer was used to measure the absorption spectrum of the
AgNP. To obtain the characteristic spectrum of AgNP, the absorption spectrum of a new
(empty) cuvette was chosen as the background, to eliminate the absorption spectrum of
the polystyrene. Next, the AgNP-modified cuvette was measured to obtain the reference
spectra of the nanostructures (Figure 4).

Peak center 552.5 nm

1.0 R = 0.9922
=
5 094
c
2
IS
[
K-
<
g 074
N
®
E
5 064
4

0.5 T T T T v T T T

400 500 600 700 800

Wavelength (nm)

Figure 4. LSPR response of the AgNP deposited on polystyrene cuvette.

Once the position of the LSPR band of the deposited AgNP was determined, the
effect produced by the interaction of the degraded lubricant on the LSPR was analyzed.
To carry out the LSPR measurements of degraded oil samples, the background spectrum
was taken from one clean face of the polystyrene cuvette covered with its respective oil
sample for each measurement. This was so the acquired data would correspond to the
LSPR response made by the interaction between the oil sample (dielectric medium) and
AgNP (metal). Figure 5 shows the absorbance spectra of new and used oil sample. As can
be seen, both spectra show an increased absorbance below 400 nm due to the organic base
of the lubricant. Another observed feature is the baseline variation in the used oil spectrum
caused by the darkening of the lubricant with use. The spectral subtraction mentioned
above was performed to optimize the signal corresponding to AgNP.
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Figure 5. Absorbance spectra of new and used oil.
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After obtaining the background spectrum of the degraded oil sample to analyze,
5 drops of degraded oil were deposited through a syringe onto the AgNP-covered area of
the sensing device. The detection sample was allowed to dry for about 1 min and then the
absorption spectrum was measured. Before each new measurement, the sensing device
was cleaned with heptane until complete removal of waste oil, then rinsed out with ethanol,
dried with ultrapure air and, finally, the LSPR of the sensing device was measured again to
confirm the same initial conditions for each measurement.

3. Results and Discussion
3.1. FT-IR Analysis

FT-IR evaluation of the three oil degradation parameters are of important interest in
the current study given that they are used as a reference and validation method for the
measurements obtained with the proposed sensor. Furthermore, the critical values for each
one can be found in the literature and serve to establish precautionary and critical values.
Once the critical limits were reached or surpassed, the lubricant oil had to be replaced to
avoid mechanical damage. These values are enlisted in Table 2 [26,27].

Table 2. Critical limits of the three lubricant oil degradation parameters under study [26,27].

Test Critical Limits (Abs/0.1 mm)
Oxidation 23-25
Sulfation 30-40
Nitration 14

Figure 6 shows the evolution of oxidation, sulfation, and nitration levels of the lu-
bricant at different mileage, obtained according to standard practice ASTM E2412. These
measurements represent the main reference to evaluate the quality of the lubricant oil
and are useful to correlate and validate the results obtained with the proposed sensor. As
expected, all three parameters presented a linear dependence with driving distance given
that we were focused on the service life interval of the lubricant recommended by the
manufacturer. The linear fit presented good correlation with the experimental data (R?
above 0.9210 for all samples). From the graph it is possible to observe that oxidation level
surpassed the critical limits after 6000 km of usage. However, the other two parameters
barely reached the critical limits. Considering these results, the oil samples used in this
study are useful to evaluate the proposed sensor as they are representative of the different
degradation stages of the lubricant. Moreover, its linear behavior with mileage facilitates
its future correlation with the obtained results of the plasmonic sensor.

36 -
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@ Sulfation R’=0.9763
A Nitration R’=0.9210
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.
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Figure 6. Evolution of lubricant oil degradation parameters plotted as function of mileage. Red lines
represent linear fits of the experimental data, coefficients of determination (R?) for each degradation
parameter are showed in the inset.
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3.2. SEM and EDS

Figure 7a corresponds to the EDS spectrum obtained from the cuvette wall covered
with silver nanoparticles. The characteristic X-ray lines around 3 keV confirm the presence
of AgNP, while the other peaks that appear, carbon and oxygen, correspond to the chemical
composition of the polystyrene cuvette. Figure 7b,c shows the morphology of the AgNP
deposited on the polystyrene cell before and after the measurement of an oil sample,
respectively. As can be seen, in both micrographs, the size of AgNP is between 50 nm and
90 nm with an irregular shape, homogeneously distributed on the surface of the cuvette,
with no apparent variations in the size or shape of the AgNP caused by interaction with
the degraded oil. Mayer and Hafner [12] reported that sensors based on the plasmonic
properties of nanoparticles tend to be more sensitive with larger nanoparticles, causing a
wider LSPR peak, due to multipolar excitation and radiative damping. Therefore, the size
of the deposited AgNP was favorable for the sensing purpose.

Figure 7. (a) EDS spectrum of the covered area on the polystyrene surface. It confirms the presence of AgNP. SEM

micrographs of the AgNP deposited on polystyrene cell before (b) and after (c) measuring all the oil samples, no apparent

variation in size or shape caused by interaction with degraded oil can be observed.

3.3. UV-Vis Spectroscopy

Figure 8 presents the normalized absorption spectra of the six samples of degraded
oil. A Gaussian function fit was necessary to obtain the exact LSPR maximum to determine
changes in its wavelength caused by different stages of degradation (mileage) in the oil
samples. Table 3 shows the results of the Gaussian function fit for all measured samples;
the results clearly demonstrate that the LSPR band shifted to higher wavelengths with the
increase in mileage. This displacement is associated with changes in the permittivity of the
medium as the engine oils degrades [2].



Appl. Sci. 2021, 11, 8518

8of11

— AgNP
New oil
— 1500 km
— 3000 km
——4300 km
6366 km
— 7000 km

-
(=]
(1

Normalized Absorption (a.u.)
o
[ =]
[

0.6

T v 1 T T v T T T
400 500 600 700 800
Wavelength (nm)

Figure 8. Normalized absorption spectra of AgNP and six degraded oil samples measured in the
sensing prototype.

Table 3. LSPR band maximum position of AgNP alone and after interaction with the oil samples and
coefficients of determination obtained from the Gaussian fit applied to each spectrum.

Sample Band Maximum (nm) R?
AgNP 552.5 0.9922
0km 564.8 0.9926
1500 km 573.0 0.9834
3000 km 579.4 0.9860
4300 km 583.6 0.9838
6366 km 588.2 0.9883
7000 km 596.0 0.9945

Additional to the displacement of the maximum position, a random variation of the
widths of the LSPR bands can be observed in the normalized spectra that could be related
with the different oxidation rates of the oil samples. Holland et al. [28] found similar results
when they studied the oxidation of engine oil at different oxidation times by means of UV-
Vis spectroscopy. They focused on an absorbance band of the engine oil and their results
show that not all the widths of the absorbance bands become wider as oxidation increases.
They attributed this, in part, to the n — 7t * transition of the lubricant base oils and additives
caused from a decrease in the pH values of the oxidized samples, according to their results
of the total base number (TBN). Furthermore, as oxidation increases, multiple conjugated
bonds could be broken down at different rates changing the engine oil properties. However,
the undesired broadening effect mentioned above did not affect the results obtained with
the proposed sensor, which operating principle is the displacement of the LSPR band with
the change of the permittivity of the medium, related to oil degradation, as described by
Equation (1). Moreover, the broadening effect cannot be associated with morphological
changes of the AgNP either, as shown by electron microscopy images obtained before and
after the measurement.

Figure 9 displays a correlation between LSPR peak and mileage, a linear fitting with a
R? = 0.9605 was obtained. This correlation represents an important result to the sensing
device due to its capability to detect changes in the oil degradation caused by mileage.
Therefore, this facilitates the interpretation of the sensing device to be an option to monitor
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engine oil condition. Any sudden change in the LSPR peak tendency will involve an
abnormal oil degradation process and it would be detected this way.

600

R’= 0.9605 -
592

584

576 -

LSPR Wavelength (nm)

568

560

L) M 1 v T v T M T v T v T v 1 T
0 1000 2000 3000 4000 5000 6000 7000 8000
Mileage (km)

Figure 9. Displacement of the LSPR band position with mileage. Red line represents a linear fit of the
experimental data.

Mitsushio et al. [29] developed an SPR sensor to detect hydrocarbons and gasoline
in engine oils, their sensor was composed of various layers of different materials and a
complicated experimental setup. However, they can detect the presence of gasoline at
low concentrations and they expected to apply it in areas such as lubricant degeneration
detection. Milanese et al. [22] used an SPR sensor to measure lubricant degradation in real-
time. The sensor was elaborated with different materials such as silver, gold, copper, and
titanium, and a simulation was performed to optimize and select the proper combination of
metal. However, only two oil samples were analyzed, 0 and 5700 km. The results showed a
variation in the SPR angle that can be detected in real-time. Nonetheless, the equipment
used to carry out the measurement was complex and expensive. Aghayan et al. [23] studied
the capacity of the SPR sensor to detect contaminants in engine lubricants. They prepared
oil samples under artificial degradation, adding gasoline, coolant, and water at different
concentrations. Their sensor was able to detect a low concentration of all the contaminants.
However, the artificial degradation implies the absence of other mechanisms of degradation
during real conditions, so that their SPR sensor needs to be tested under real degradation.

3.4. Correlation between FT-IR and UV-Vis Spectroscopies

The obtained results from UV-Vis spectroscopy measurements of the degraded oil
samples were correlated with the values of the degradation parameters analyzed by FT-IR
spectroscopy (Figure 10). The oxidation, sulfation, and nitration levels presented a good
correlation and linear trends with a RZ > 0.9491, and the correlation with the chemical
properties of the degraded oil gives support and confirms the effectiveness of the sensing
device to detect and monitor the evolution of the engine oil degradation process. Since
engine oil analysis by FT-IR is a well-established method to evaluate oil condition with
critical limits defined in the literature, the oxidation, sulfation, and nitration levels can
be described by the displacement of the LSPR band given the good correlation between
both methods. Based on the above and considering the linear trends obtained from the
different measurements of the specific samples under study, which are in the service life
interval of the lubricant recommended by the manufacturer, it is possible to propose that a
displacement of the LSPR band beyond 590 nm, using the proposed sensor, will indicate
that the lubricant has reached the end of its useful life. However, it is important to mention
that the results obtained with this prototype are specific for the system under study and
cannot be extrapolated to different vehicles, lubricants, or mileage intervals.



Appl. Sci. 2021, 11, 8518

10 of 11

36 "
B Oxidation R"=0.9591 ®

32]| @ sulfation R’= 0.9491
A Nitration R’=0.9538

28 4

24 4

20

16

FT-IR reported values (Abs/0.1mm)
0
L

T VSRS, NRFRER PN JOYETI | Y e T i T 4
565 570 575 580 585 590 595 600
LSPR wavelength (nm)

Figure 10. Correlation between FT-IR and LSPR wavelength, colored lines represent linear fittings of
the experimental data.

4. Conclusions

The chemical properties of lubricant oil were analyzed by FT-IR spectroscopy accord-
ing to standard practice ASTM E2412 to evaluate the evolution of oxidation, nitration, and
sulfation levels with mileage, as the reference and validation method for the proposed
sensor, of which the results were further correlated. The response of the LSPR sensor during
the study of degraded oil at different mileage resulted in a notorious displacement to higher
wavelengths of the LSPR band as mileage (oil degradation) increases. The plot of the LSPR
band position as a function of mileage presented a linear behavior with a coefficient of
determination above 0.9605. The correlation between the chemical properties obtained by
FT-IR analysis and the LSPR band position exhibited a linear trend with good coefficients
of determination, above 0.9491 for the three parameters under study, which confirms the
effectiveness and feasibility of the proposed sensor based on the LSPR of AgNP to detect
changes in the chemical properties of lubricating oils. Finally, under the experimental
conditions described above, a displacement of the LSPR band position beyond 590 nm
can be proposed as an indicator that suggests the end of the useful life of the lubricant.
However, a more extensive and detailed work is needed to extrapolate the results herein
reported to different types of lubricants, vehicles, and mileage intervals.
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