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Lubrication of machine parts is necessary to prevent friction and wear in machine operation. However, oxidation
of lubricants upon operation changes their chemical and physical properties and causes lubrication performance
to deteriorate. Besides, one liter of wasted/used lubricant oil can contaminate a million liters of water. Current
methods for the timely detection of oil deterioration lack practicality. Here we show simple, a
triboelectrification-based method for oil degradation monitoring, in which the oxidation can be monitored by the

changes in the contact charging (and separation) signals of oil-dipped cellulose and a common polymer tapped to
each other. The commercial and base oil samples are oxidized at 100-200 °C for up to 80 h, simultaneously
monitored by ATR-FTIR and the triboelectric method. The results show that a 40-90% decrease in the tribo-
electric open-circuit potentials in the presence of oxidized oil can directly indicate the start of oil oxidation
without other accompanying analyses.

1. Introduction

Lubricating oil is an indispensable element in any machine with
moving parts. It not only helps to decrease friction (the major contrib-
utor of the energy losses in these systems) and therefore minimizes the
carbon footprint of the engine but also helps to reduce wear and abra-
sion of the machine parts. The lubricant market is a major one - the
global demand is currently about 45 million tons, and the global market
size is projected to reach USD 182.6 billion by 2025.[1] All lubricants
have a lifetime, after which the lubrication function significantly de-
teriorates, and the lubricant has to be changed. If this change is not made
timely, it may cause severe wear of the machine parts and even mal-
functioning of the machine. On the other hand, lubricant disposal is a
severe environmental issue: Lubricants are produced from non-
renewable fossil resources, and one drop of oil (lubricant) contami-
nates 100 L of clean water.[2] Therefore, it is vital to prevent the un-
necessary and premature disposal of lubricants. To estimate the end-of-
life for their product, the lubricant manufacturers usually provide a
*change time’ for the lubricant, which provides only a vague estimate.
This estimate is generally inaccurate, especially in varying engine tem-
peratures and speeds, such as urban driving. The more accurate, more
economical, and environment-friendly method would be monitoring the
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oil condition as the oil is used. For this purpose, a few online (in-situ
analysis) and offline (drawing samples for external analysis) methods
have been developed using several chemical and physical properties of
the lubricants that change upon operation. However, the demand for
cost-effective, easy-to-produce, machine-implementable method per-
sists for oil condition monitoring.

This study demonstrates a simple ’oil condition probe’ using a
common phenomenon also encountered in everyday life - contact
charging (aka’ tribocharging’ or’ triboelectricity’). Contact-charging is
the charge development on surfaces when the two surfaces come into
contact and then separate.[3] The triboelectric effect is probably one of
the earliest scientific discoveries in human history,[4] and yet, with a
complicated mechanism that is far from completely understood.[5,6]
However, the effect itself has been used in many technologies such as
photocopying,[7] electrostatic separations,[8] and lately in mechanical
energy harvesters,[9] and in (bio)chemical sensors.[9] For the latter,
there are reports on mercury, pH, glucose, dopamine, and phenol sen-
sors [10-15], all targeted and chemically programmed (functionalized)
towards the given analyte. Here we aim to use a similar approach, using
the triboelectric effect for sensing oil condition; however, our approach
involves monitoring the overall chemical condition of the environment
(lubricant) - rather than targeting a given chemical group or molecule.
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Fig. 1. a) Schematic representation of polymer-cellulose contact for triboelectric oil condition monitoring. b) Photos of the Aluminum counter electrode covered
with a thick (0.2-0.5 mm) polymer film (left) and the oil-absorbed cellulose on the electrode (right). ¢) and d) Triboelectric charges reflected as the contact (C) and
separation (S) open-circuit potential, Voc, signals collected for (c) fresh engine oil, and (d) oxidized (at 200 °C for 32 h) engine oil. e) The carbonyl region of ATR-
FTIR spectra of the thermally oxidized and fresh engine oils prove the former’s oxidation. f) Voc for fresh (blue bars) and thermally oxidized (orange bars) engine oil,

generated by using different polymers on the Al electrode.

The proposed method, which we show to reflect on the chemical
changes, provides information about the oil condition without detailed
chemical analysis.

As we all notice in our cars, oil gets darker and thicker as it is used.
Therefore, lubricant’s color[16] and its viscosity[17-18] can be moni-
tored to determine its end-of-life. In the background of these physical
changes in oil lies the changes in its chemical structure. Liquid lubricants
are hydrocarbons with long carbon chains. These chains break thermally
due to machine heating and mechanochemically[19], because of the
shear at the machine parts’ surface where the lubricants operate. These
thermal and mechanochemical bond-breakages lead to reactive ends,
which capture oxygen in the environment, and therefore the oil is’
oxidized’. The oxygen-containing chemical groups (e.g., carboxyl
—COOH, carbonyl —C=O0, hydroxyl —OH) in oil structure that emerge
from oxidation can be monitored, e.g., with infrared spectroscopy, to
develop a sensor that follows and reports the end-of-life of the lubricant.
The oxidized oil has a higher polarity than the native oil, and therefore,
its electrical conductance and capacitance also change compared to the
native oil. All these changes can be used to determine the end-of-life for
oil and develop methods that prevent early or late oil change. However,

most of these methods cannot be used to develop online sensors since
they involve either lengthy analysis of data[20-25] or complex hard-
ware[26-29] that is hard to implement for online operation, which is the
ultimate aim in oil condition monitoring. Additionally, the current
electrical methods suffer the adverse effects of contamination and the
thick film developing on the sensor elements. These methods require
sensing under static oil conditions. Here we show, a method based on the
triboelectric phenomenon that can be used in simple-to-read and
machine-implementable monitoring of the oil condition. To display that
the method is working, we first screened the trends in the electrical
signal we retrieve from our triboelectric device in parallel with the
changes in the oil condition that is spectroscopically monitored. Then
we match a 'milestone’ chemical change, the complete depletion of an
antioxidant additive, with the obtained electrical signal.

2. Experimental section
2.1. Materials

We used the group I base oil SN 150 in our experiment. (Ozcinarlar
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A.S. Oil Manufacturing Company in Kiitahya/Turkey). Engine oil #1 is
Castrol Power 14 T-10 W-40 motorcycle oil (BP Petrolleri A.S. Oil
Manufacturing Company in Bursa/Turkey). Engine oil #2 is Shell Helix
HX7-10 W-40 motorcycle oil (Shell & Turcas A.S. Oil Petrol
Manufacturing Company in Kocaeli/Turkey).

2.2. Tapping device

We used a tapping device to generate the triboelectric signals for oil
condition monitoring, described in our previous work|3]. This tapping
device collects and displays the individual electrical potential signals
produced upon contact and separation of two surfaces. In this previous
study, we confirmed that this setup is sensitive to the changes in elec-
trical signals generated during the contact-charging of the synthetic
polymers with cellulose and that the time-resolved signal can be used to
analyze the mechanism of contact (and separation) electrification. This
study used the identical setup: The two contacting surfaces are directly
attached to 100-megaohm (input impedance) oscilloscope probes con-
nected to a two-channel oscilloscope. (OWON SDS7072, 70 MHz, 2 + 1
Channel, 1 GS/s). The oscilloscope measures the open circuit electrical
potential at the two channels independently. The magnitude of the open-
circuit voltage signal (Voc) is accepted as the triboelectric signal, which
we use to probe the oil condition.

a) 0.015

0.0101

0.005 -

Abs (a.u)

0.000 1

1760 1720 1680 1640

Wavenumber (cm?)

1800

0.010

1025 1000 975 950 925

Wavenumber (cm?)

Applied Surface Science 584 (2022) 152593
2.3. Conductivity measurements

To investigate whether the degradation of Voc signal in the case of oil
oxidation time is caused by the decrease in conductivity of oil (vide
infra), conductivities of the fresh base oil, and oxidized oil samples
(oxidized at 175 °C for 30 min, 4.5, 9, 17, 31, 55 h) were measured using
a two-probe method and Keithley 6517 Electrometer. Current versus
voltage curves of fresh base oil and oxidized samples were obtained via a
probe station (with w = 5 mm wide and the distance between copper
electrodes d = 100 um), and the applied voltage was changed from 0 to
—50 and 0 to + 50 V in steps of 10 V, which gave identical results in
terms of surface conductivity. The values for surface resistance (Rs) were
calculated according to the equation Rs = (V/I) - (w/d) in Q/sq, using
the slope values of the I-V curves. Then, surface resistivities were con-
verted to surface conductivity () using the equation 6 = 1/Rs. Standard
deviations of the surface conductivities were calculated from at least five
independent measurements.

2.4. Characterization

The cellulose papers’ surface morphologies were imaged using an
FEI ESEM Quanta 200 - Environmental Scanning Electron Microscope
(Thermo Fisher Scientific (USA)). For AFM and surface potential KFM
imaging, a Nanosurf AFM microscope was used. FTIR-ATR spectra were
taken using a Bruker Alpha FTIR-ATR spectrometer. All samples were
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Fig. 2. Chemical changes in the thermally oxidized oil (engine oil #1) monitored by ATR-FTIR spectroscopy of the oil. a) The carbonyl region corresponding to the
engine oil’s oxidized hydrocarbon groups subjected to oxidation at T = 200 °C. The intensity of the peak increases with increasing oxidation time (0-60 h). b) The
increase in the intensity of the ATR-FTIR’ oxidation signal’ (carbonyl band centered around 1710 cm ™) shown in (a), at 150 °C and 200 °C, at the corresponding
oxidation times. ¢) ATR-FTIR peak corresponding to P—O group of the additive material ZDDP monitored at increasing oxidation times (0-80 h) at T = 150 °C. d)
The decrease in the ATR-FTIR "ZDDP signal’ intensity with a maximum at 975 em™! in (¢), 150 °C, 175 °C, and 200 °C, at the marked oxidation times.
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Fig. 3. a) Maximum value of triboelectrification open circuit potential (Voc) vs. oxidation time for engine oil (at 150 °C and 200 °C). b) IR spectra of engine oil that

is oxidized at 150 °C. (See also Fig. 2c for the changes in ZDDP P—O band in detail). ¢) The maximum value of triboelectrification Voc vs. absorbance at 1710 cm

-1

(carbonyl region) (oil oxidized at 200 °C). d) IR spectra of engine oil that is oxidized at 200 °C. Band 1 shows the carbonyl region (hydrocarbon oxidation), Band 2
depicts other chemical groups in other oxidation products, and Band 3 corresponds to the ZDDP P—O group.

analyzed with a spectral width of 4.000-400 cm™! and 64 scans at a
resolution of 4 cm™!* The spectra were baseline corrected, and absor-
bance was normalized at the 2850 c¢m ™ signal (aliphatic C-H stretch-
ing). The viscosities of the oil samples were obtained using a Physica
MCR 301 Rheometer (Anton Paar).

3. Results and discussions
3.1. Oxidation of oil can be followed by triboelectric signal

As is stated above, our ultimate aim is to develop a method for the
online monitoring of oil degradation in an engine. To achieve this goal,
in this study, we first started with ’an offline analysis’ setup that will
display the proof-of-principle of oil condition monitoring through the
changes in the Voc signal. In our experiments, circular cellulose disks
that are previously immersed in the oil sample to be analyzed are tapped
at 1 Hz with synthetic polymer sample disks of (12.3 mm diameter,
0.2-0.5 mm thick) polytetrafluoroethylene (PTFE), polyvinyl chloride
(PVC), Kapton, polyethyleneglycol (PEG), polyethylene terephthalate
(PET), polysulfone (PSU), Nylon, polyvinylidenefluoride (PVDF), poly-
carbonate (PC) (Fig. 1a and b). The tapping produces almost equal but
oppositely charged individual contact (C) and separation (S) Voc signals
(Fig. 1c) on each electrode. To probe the possible effect of oil amount on
the final Voc signal and determine the amount of oil-soaked, 5 different
samples were let to soak oil for 1 min — 3 hrs. The samples were then let
to drip, contacting a filter paper vertically. The final oil amount on the
papers after tapping did not show a significant variation (36-38 mg on
cellulose paper), which shows that the dipping time (after letting the oil
drip) does not affect the results obtained in electrification. In the first set
of experiments, cellulose disks were immersed in fresh commercial

engine oil #1. The disks were then mounted on one of the tapping de-
vice’s electrodes and tapped with a PVC disk fixed on the other elec-
trode. (Fig. 1b). Both surfaces’ tribocharging produces open-circuit
potentials (Voc) with maxima around + 4 V at each electrode
(Fig. 1c). It is shown before that in contact electrification of insulators,
prolonged contact/separation cycles result in material transfer between
the surfaces, affecting the Voc signal intensities. After polymer and oil-
soaked cellulose contact and separate, the polymer can be wet with re-
sidual oil. We performed 54,000 contact-separations (for 3 hrs) to
monitor the possible loss of accuracy because of this residual oil. There
was no attenuation/increase in signal intensity. We should add that, in
another design showing on-site detection, the contact-separation events
take place in oil (Fig. 7), showing that complete wetting of the surfaces
does not change the qualitative outcome.

We then used cellulose disks soaked in thermally oxidized oil in the
tapping experiment and tapped them against PVC. The Vg signals
decreased to + 0.3 V (Fig. 1d) when the thermally oxidized oil instead of
fresh oil was used. The oxidized oil soaked into cellulose disks was
previously prepared by a thermal process in a temperature-controlled
reactor (heating for 32 h, at 200 °C), simulating the lubricant oil’s
oxidation process. The oxidation of thermally oxidized oil was
confirmed by the increase in the carbonyl peak intensity with a
maximum at 1710 cm™! in the Attenuated Total Reflectance FTIR
spectrum (ATR-FTIR) of the oil, Fig. 1e. The decrease in the Voc signal
maxima was observed with some other polymers (listed above) used as
the counter electrode surface, as shown in Fig. 1f, proving that the Voc
decrease is (qualitatively) independent of the nature of the counter
electrode material.

Although the persistent differences between the Voc signals of the
fresh and oxidized oil samples are excitingly high (40-90% decrease in
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Fig. 4. a) The ATR-IR spectra of the fresh and oxidized (at 200 °C, 24 h) base oil samples indicate that there is no substantial change in the absorption intensity of the
OH stretching of water (at 3300 cm ™) in oil. b) Normalized triboelectric Voc separation signals (marked with °S’ in Fig. 1) generated with the tapping of oil-soaked
cellulose on PTFE for different oxidation times of the oil (0 to 55 h). The signals are normalized and overlapped to compare the decay of the separation electrification
signals in time. The decay profiles are almost identical. ¢) I-V curves of the fresh and oxidized base oil samples measured in (b). Oxidation was performed at 175 °C.
Dynamic viscosities of d-g) the engine oil #1 up to 60 h of heating at 200 °C (d), the engine oil #1 up to 80 h of heating at 150 °C (e), the engine oil #2 up to 80 h of
heating at 150 °C (f), the SN150 base oil (BO) up to 26 h of heating at 200 °C (g).

Voc obtained with the oxidation of the oil), the link between the
oxidation and the Voc decrease should be chemically clarified before
getting into the next step. Commercial motor oil has many chemicals
ingredients; each may affect the observed triboelectric Voc displayed in
Fig. 1c and 1d. The main preventer of the oxidation in these motor oils is
zinc dialkyl dithiophosphate (ZDDP), usually doped at ca. 0.1% con-
centrations. Therefore, to prove that the decrease in the triboelectric
signal is mainly due to the oil’s oxidation, we then prepared oxidized oil
samples of SN 150 Base oil (highly refined mineral oil), free of ZDDP. We
first monitored the chemical changes in the base oil and the commercial
engine oil (engine oil #1) upon the identical thermal oxidation processes
by following the changes in the intensity of the peaks at the carbonyl
region (1660 and 1800 cm’l) of their ATR- FTIR spectra. The 150 °C
—200 °Cinterval is taken to match ZDDP depletion kinetics, which helps
generate and use a calibration curve data, monitoring the oil oxidation.

As expected, the base and the engine oil are oxidized at elevated tem-
peratures and with prolonged oxidation times, as evident from the in-
crease in the intensity of the carbonyl absorption due to the formation of
the oxidized products, such as the carboxylic acid species peaking at
1710 ecm™! (Fig. 2a). If this signal is followed as an indication of
oxidation, the antioxidant additive prevents the oxidation for days at
lower temperatures (up to 150 °C) for the engine oil. At elevated tem-
peratures (around 200 °C), the engine oil is oxidized rapidly in a few
hours (Fig. 2b). This rapid oxidation can be straightforwardly linked to
the ZDDP additive’s chemical degradation (consumption) - if one fol-
lows the IR signal of ZDDP P=0O stretching at 975 cm™ . This signal
decreases (Fig. 2¢) in parallel to the increase in the carbonyl signal of the
oxidation products (Fig. 2a); e.g., as shown in Fig. 2d, the intensity of the
ZDDP signal decreased to half after 80 h of heating at 150 °C, and dis-
appeared after 10 h of heating at 175 °C. At that time, the intensity of the
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Fig. 5. AFM height image of a-c) the PVC film after tapping to fresh oil-soaked cellulose, d-f) the PVC film after tapping to oxidized oil-soaked cellulose, g-i) the PVC
film before contact, j-1) the PVC film after tapping to cellulose in air. Oxidation of oil was performed at 200 °C for 24 h. The tapping frequency is set to 1 Hz, and
surfaces were contacted and separated 600 times. m-o0) SEM images of the cellulose surface at different magnifications.

carbonyl signal started to increase rapidly. At 200 °C, the ZDDP was
consumed entirely after only 30 min of heating. As expected, the
oxidation of the oil speeds up as the ZDDP is consumed: Heating the oil
samples (engine oil #1) for 80 h at 100 °C, we observed no oxidation no
ZDDP consumption. At 150 °C and 175 °C, there was a slow ZDDP
consumption but no oxidation (owing to the remaining ZDDP). Finally,

at 200 °C, ZDDP was consumed rapidly, causing fast oxidation of the oil
sample (Fig. 2d).

So far, with the initial experiments, we have shown that the
magnitude of the Voc obtained using the triboelectric device working in
the presence of the oil-wet cellulose disk changes as the condition of the
oil changes upon thermal oxidation (Fig. 1). Then, we separately
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monitored the basic chemical changes, and the emergence of the
oxidation products as the ZDDP antioxidant is depleted (Fig. 2). Next, we
investigated the correlation between the extent of oil oxidation, the
ZDDP depletion, and whether the Voc signal timely reflects these
changes. As shown in Fig. 2b, the oxidation of the oil can easily be fol-
lowed spectroscopically by the sharp increase in the intensity of the
carbonyl absorption (at 1710 cm™!) in the ATR-FTIR spectra of the oil
samples thermally oxidized for increasing oxidation times. Subjecting all
these samples to the triboelectric device (letting the cellulose disks
absorb the oil samples and then tapping the disks at the triboelectric
device at 1 Hz with PVC counter electrode), we collected the Voc signal
vs. oxidation time data (Fig. 3a). Comparing the decrease in the Voc
signal with time and the oxidation/ZDDP depletion signals in the ATR-
FTIR spectra at the corresponding times, it can be concluded that the
reduction of the Voc signal timely follows the oxidation of the oil.

Chemical changes that affect the triboelectric signals

It is also essential to know which chemical changes affect the Voc
signal predominantly: is it the emergence of the oxidized products, or is
it the depletion of the ZDDP? To answer this and get an insight into the
chemical mechanism that results in the Voc signal changes, we per-
formed oxidations at temperatures of 150 and 200 °C. The main dif-
ference between these two oxidations performed at different
temperatures is in the rate of the chemical oxidation processes (the
depletion of the ZDDP and the oxidation of hydrocarbons). At 150 °C,
the oxidation is much slower than that at 200 °C. This slow oxidation
results in the slower depletion of ZDDP (P—O absorption band centered
at 975 cm™! decreases slowly), which leads to almost no carbonyl
oxidation product even at 80 h (Fig. 3b). Therefore, the decrease in the
corresponding triboelectric output (Fig. 3a) can be assigned to the ZDDP
consumption and the emergence of the ZDDP degradation products. This
result is especially valuable since it shows that our method of tribo-
electric sensing of oil degradation is probing the oil oxidation at the
ZDDP depletion stage even before the “damaging oxidation” (formation
of the oxidized hydrocarbons) starts to take place. At 200 °C, the
oxidation is faster, leading to an increase in the oxidation products
followed at the ATR-FTIR carbonyl region (marked as band 1) and at the
broad region of 1000 and 1300 cm ™! (marked as band 2). This fast
oxidation also results in rapid depletion of ZDDP followed at the 975
cm™! (marked as band 3) in Fig. 3d. Therefore, all these chemical
changes at elevated temperatures may decrease the triboelectric output
signal, e.g., as displayed in Fig. 3a for oxidation at 200 °C. Nevertheless,
suppose only the carbonyl region is monitored as the “basic” indicator of
oxidation. In that case, one can finely correlate the increase in the in-
tensity of the carbonyl peak and the corresponding sharp decrease in the
obtained Voc signal (Fig. 3c).

The mechanism of oil oxidation sensing with the triboelectric sensor

Besides the chemical changes, there surely can be other physical
alterations in the oil, leading to the observed decrease in the Voc signal
upon oil oxidation. One possible scenario is; the water content may in-
crease as the oil is oxidized since the oxidation is done under ambient
conditions, which affects the triboelectric signals due to increasing
conductivity. Such an increase would, e.g., cause fast discharging of
tribocharges on the surfaces. However, the ATR-FTIR spectra showed no
substantial increase in the absorption signals corresponding to water
(Fig. 4a). Secondly, the decay profile of the separation signals generated
with the tapping of oil-soaked cellulose on PTFE for different oxidation
times of the oil (0 to 55 h) are almost identical (Fig. 4b). In addition, the
measurement of the oxidized and fresh base oil conductivities shows
both are non-conductive (with resistivity values higher than 1x10°
ohm), implying that the change in the Voc signal is not conductivity-
driven (Fig. 4c). Finally, the decrease in the Voc signal might be due
to the change in viscosity upon oxidation. The viscosity of the engine oil
samples #1 and #2 did not change up to 40 h of heating at 150 °C and
200 °C, respectively. This result implies that the Voc change is not due to
a change in the viscosity (Fig. 4d-g).

To get more insight into the mechanism of sensing oxidized oil by the
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triboelectric sensor, we probed the possible events on the contacting
surface. Previously, other groups and we showed that upon contact and
separation tapping, static charges and thus the Voc potentials are
developed in a series of events initiated by mechanochemical processes
at the surfaces[3,4,30] that also cause a change in surface topography.
[31] Here, analyzing the surfaces using AFM, before and after tapping,
we detected surface deformations on the polymer surface tapped with
cellulose that is wet with either fresh or oxidized engine oil (Fig. 5). SEM
images of the cellulose used in this study were shown in Fig. 5m-o.

As shown above, oxidized samples produced decreased Voc signals
upon tapping, meaning less surface charging with these samples. We
believe that this decrease is due to the stronger secondary interactions
between the oxidized (thus more polar) oil and the polar C-Cl bonds in
PVC and polar cellulose surfaces. (Fig. 6). These stronger interactions
between the oxidized oil, PVC, and cellulose surfaces weaken the in-
teractions between the PVC and cellulose upon their contact, leading to
less surface deformation (see AFM images in Fig. 5d-f), less bond-
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Fig. 7. A pneumatically driven online triboelectric oil oxidation sensor. a) The triboelectric sensor unit showing the tapping compartment. b) The overall photo of
the sensor system and the oil samples. Open-circuit electrical signals (Voc) given for c) fresh base oil, e) for 24-hour-oxidized base oil, and d) 1:1 mixture of (c)

and (e).

breaking, and less charging on surfaces. If the generated Voc signals are
carefully monitored by high-resolution data acquirement, the contact
and the separation signals are resolved.[3] Both the contact and the
separation Voc signals decrease upon tapping polymers with oxidized
oil-soaked cellulose (Fig. 1c and d), implying that these secondary in-
teractions are prominent in contact and separation electrification.

3.2. Online monitoring of oil condition by a triboelectric sensor without
the need for other analysis

Finally, we built an on-site oil condition triboelectric sensor using a
pneumatic actuator. The lubricant oil can continuously flow throughout
the sensor’s compartment, where the triboelectric charge is generated
(Fig. 7) by tapping a flat PVC surface and Aluminum disc. The generated
signals were collected by a brass electrode (2.5cmx2.5 cm) attached to
the backside of the PVC polymer, as shown in Fig. 7a. At the beginning of
the operation, a stable Voc signal (about 10 contact-separation cycles,
taking about a few seconds) was achieved. Since the oil oxidation would
take a long time (days to months, e.g., in engine operation) we operated
the sensor with fresh and oxidized oils separately at room temperature to
show the change in the V. signal. Indeed, in operation, the continuous
detection would not be ultimately necessary — checking, e.g., once in a
month could be practical. The results in the presence of fresh base oil
and oxidized (at 200 °C and 24 hr) base oil samples are shown in Fig. 5c¢
and 5e. The average signal intensity decreases (21%) in the presence of
oxidized base oil. The difference is even larger for the separation signals

(47%). Additionally, both contact and separation signals were measured
to be much irregular in the presence of fresh base oil. This irregularity is
presumably because of a larger adhesion force between Aluminum and
PVC surfaces in the presence of fresh (unoxidized) base oil because of
fresh oil’s more nonpolar character.

4. Conclusion

This study shows that the oxidation of engine oils can be tracked by
the changes in the triboelectric signals produced by tapping the oil-wet
cellulose to common synthetic polymers. As the time of oil oxidation
increases, the Voc signal decreases. With the engine oils having the
antioxidant ZDDP, the change can be probed before the damaging
oxidation levels are reached; since the depletion of ZDDP decreases the
Voc signal. The AFM analyses of the contacting surfaces showed that the
decrease in the Voc signal is associated with the fewer deformations
observed with the polymer surfaces in contact with oxidized oil since the
plastic deformations (bond-breakings) are less pronounced on the
polymer surface. It can be surmised that fewer bond-breaking results
from stronger secondary bonding interactions between the oxidized oil
and the surfaces, which prevents the efficient contact and charging of
the contacting surfaces. We then used our results in the offline analysis
to build an example of a portable online triboelectric oil oxidation
sensor. We believe that this new online oil oxidation monitoring method
can help prevent economic losses and help protect the environment.
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